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1.1	INTRODUCTION	TO	NANOMATERIALS

Recently,	scientists	are	more	interested	in	nanomaterials	and	nanocomposites	because	they
form	 the	 foundation	 of	 nanotechnology.	 Nanomaterials	 and	 nanocomposites	 have	 a	wide
range	of	applications	from	toys	to	aircraft.	Nanomaterials	are	diminutive	and	their	size	is
measured	 in	 nanometers.	 By	 definition,	 they	 must	 have	 at	 least	 one	 dimension	 at	 the
nanoscale.	Nanoscale	materials	are	too	small	to	be	seen	with	the	naked	eye	and	even	with
conventional	optical	microscopes.	Therefore,	we	need	highly	 sophisticated	 techniques	 for
the	 characterization	 of	 nanomaterials.	 Because	 of	 their	 high	 surface	 area,	 most	 of	 the
techniques	 are	 designed	 to	 analyze	 the	 surface.	 The	 techniques	 such	 as	 transmission
electron	microscopy	(TEM),	cryogenic	transmission	electron	microscopy	(cryo-TEM),	high
resolution	 scanning	 electron	 microscopy	 (HRSEM),	 atomic	 force	 microscopy	 (AFM),
scanning	 tunneling	 microscopy	 (STM),	 laser	 scanning	 confocal	 microscopy	 (LSCM),
scanning	electrochemical	microscopy	(SECM),	x-ray	scattering,	x-ray	diffraction	(XRD),	x-
ray	 fluorescence	 spectroscopy	 (XRF),	x-ray	photoelectron	 spectroscopy	 (XPS)	 rheometry,
and	 electrical	 conductivity	 are	 used	 to	 identify	 size,	 composition,	 morphology,	 crystal
structure,	 and	 orientation	 of	 nanoparticles.	 Nanomaterials	 should	 be	 carefully	 analyzed.
Moreover,	 we	 should	 take	 care	 of	 the	 following:	 (1)	 specimen	 handling	 and	 (2)
environmental	 conditions.	 It	 is	 important	 to	 mention	 that	 a	 multitechnique	 approach	 is
required	for	the	better	characterization	of	nanomaterials.



Nanomaterials	can	be	either	natural	or	synthetic	(engineered	nanomaterials).	Examples
for	 naturally	 occurring	 nanomaterials	 are	 volcanic	 ash,	 soot	 from	 forest	 fires,	 etc.
Engineered	 nanomaterials	 are	 produced	with	 specific	 shape,	 size,	 and	 surface	 properties.
Depending	 on	 the	 size	 and	 shape,	 nanomaterials	 are	 classified	 into	 0-D	 (quantam	 dots,
nanoparticles),	1-D	(carbon	nanotubes,	nanorods,	and	nanowires),	2-D	(nanofilms),	and	3-D
nanomaterials,	where	0-D,	1-D,	and	2-D	nanomaterials	are	in	close	contact	with	each	other
to	form	interfaces	(powders,	fibrous,	multilayer,	and	polycrystalline	materials).	Usually	the
performance	 of	 the	 nanomaterials	 depends	 more	 on	 the	 surface	 area	 than	 the	 material
composition.	The	recent	advances	in	nanotechnology	enable	us	to	develop	nanomaterials	to
improve	 the	quality	of	 life.	Examples	 for	 engineered	nanomaterials	 are	carbon	nanotubes
(CNTs),	 carbon	 nanofibers	 (CNFs),	 graphene,	 fullerenes,	 silica,	 clay,	 metal,	 and	 metal
oxide	nanomaterials.

1.2	ADVANTAGES	OF	NANOMATERIALS

Nanomaterials	exhibit	unique	optical,	magnetic,	electrical,	chemical,	and	other	properties.
These	 properties	 have	 great	 impact	 in	 electronics,	 sensors,	 energy	 devices,	 medicine,
cosmetics,	catalysis,	and	many	other	fields	[1–9].	For	example,	a	wide	range	of	electronic
products	 such	 as	 nanotransistors,	 organic	 light	 emitting	 diodes	 (OLED),	 and	 plasma
displays	 are	 due	 to	 the	 invention	 of	 nanomaterials.	 High	 performance	 portable	 batteries,
fuel	 cells,	 and	 solar	 cells	 are	 examples	 of	 the	 impact	 of	 nanomaterials	 in	 energy.	 Smart
drugs	 can	 target	 specific	 organs	 or	 cells	 in	 the	 body	 and	 are	 very	 effective	 in	 healing.
Nanomaterials	 can	 be	 added	 to	 polymers	 to	 make	 them	 stronger	 and	 lighter	 to	 develop
smart	 uniforms,	 nonwetting	 fabrics,	 fire-retardant	 fabrics,	 self-cleaning	 fabrics,	 self-
healing	 fabrics,	 decontaminating	 fabrics,	 lightweight	 high	 performance	military	 aircrafts,
automobiles,	etc.	[10,11].

Because	 of	 their	 large	 surface	 area,	metallic-based	 nanomaterials	 are	 highly	 reactive
with	gases.	This	property	of	metallic-based	nanomaterials	can	be	used	for	applications	such
as	gas	 sensors	 and	hydrogen	 storage	devices	 [12,13].	Nanopesticides,	 nanofertilizers,	 and
nanoherbicides	 may	 have	 positive	 impact	 on	 crops	 [14].	 The	 field	 of	 nanocatalysis	 is
rapidly	growing.	The	large	surface	area	and	effective	surface	activity	make	nanomaterials
attractive	candidates	for	use	as	catalysts.	For	example,	for	the	production	of	biodiesel	from
waste	cooking	oil	aluminum	dodeca-tungsto-phosphate	(Al0.9H0.3	PW12O40)	nanotubes	are
used	as	solid	catalyst	[15].	In	cosmetics,	titanium	dioxide	and	zinc	oxide	nanoparticles	are
widely	used	[8].

1.3	CHALLENGES	AND	OPPORTUNITIES

Even	though	nanomaterials	possess	a	wide	range	of	applications,	there	are	several	issues	to
be	resolved.	The	effect	of	nanoparticles	on	the	human/animal	body	is	still	a	concern.	Since
much	about	this	regime	is	still	unclear,	careful	analysis	must	be	done	to	unravel	the	safety
problems	of	nanoparticles.	For	example,	 inhaling	of	nanoparticles	may	cause	 irritation	 in



the	 lungs	 and	 may	 lead	 to	 lung	 damage	 and	 cancer.	 The	 tendency	 of	 nanoparticles	 to
agglomerate	 because	 of	 weak	 van	 der	Waals	 forces	 is	 a	 concern.	 Technology	 should	 be
developed	 to	 keep	 the	 nanoparticles	 apart	 so	 that	 their	 characteristic	 properties	 can	 be
retained.	 Nanomaterials	 and	 products	 made	 of	 them	 are	 very	 expensive	 compared	 to
traditional	materials.	 It	has	been	suggested	 that	by	 increasing	 the	use	of	nanomaterials	 in
various	new	applications,	their	production	rate	can	be	increased	and	thereby	their	cost	can
be	 decreased.	 It	 is	 important	 to	 recognize	 that	 atomic	 weapons	 are	 possible	 to	 develop,
which	may	be	very	destructive.	Therefore,	 nanomaterials	 should	be	used	 for	 constructive
applications.	Another	increasingly	worrying	fact	is	that	widespread	use	of	nanoparticles	in
agriculture	may	spread	nanoparticles	into	the	environment	and	may	adversely	affect	the	soil
fertility,	plant	growth,	and	animals.	Another	prodigious	task	is	to	control	the	structure	and
chemistry	 of	metallic-based	 nanomaterials,	 before	 using	 them	 in	 gas	 sensors	 and	 for	 the
storage	 of	 hydrogen.	 The	 requirements	 of	 new	 materials,	 performance	 improvement,
extended	product	 life,	and	cost	of	 the	product	are	still	challenges.	All	of	 these	facts	point
toward	 the	 need	 for	 new	 improved	 technologies	 to	 enhance	 the	 performance	 of	 many
products	with	reduced	cost.

1.4	NANOCOMPOSITES

Since	nanomaterials	possess	exceptional	properties,	 they	are	widely	used	 to	mix	with	 the
bulk	 polymeric	 material	 to	 improve	 their	 properties.	 By	 definition,	 nanocomposites	 are
materials	 that	 are	 reinforced	 with	 nanoparticles.	 Based	 on	 the	 matrix	 material,
nanocomposites	 are	 classified	 into	 polymer	matrix	 composites,	metal	matrix	 composites,
and	ceramic	matrix	composites.	In	polymer	matrix	composites,	the	most	important	topic	to
be	 considered	 is	 the	 dispersion	 of	 the	 nanofillers	 in	 bulk	 polymer	matrix.	Homogeneous
distribution	of	 nanomaterials	 results	 in	 improved	properties.	But	 the	 tendency	of	 particle
agglomeration	due	to	the	weak	van	der	Waals	forces	between	the	nanomaterials	 results	 in
deterioration	 in	 properties.	 For	 example,	 homogeneous	 dispersion	 of	 CNTs,	 graphene,
CNFs,	and	clay	in	the	polymer	matrix	improved	mechanical,	thermal,	electrical,	optical,	gas
barrier,	 and	 flame	 retardancy	 properties	 of	 nanocomposites	 [16–21].	 It	 is	 now	 well
established	 that	 for	 better	 dispersion	 of	 the	 nanomaterials	 in	 a	 polymer	 matrix,	 the
nanomaterials	 can	 be	 surface	 modified	 or	 functionalized	 [22–24].	 Recently,	 it	 has	 been
shown	that	addition	of	compatibilizer	also	improved	dispersion	of	the	nanomaterials	in	the
polymer	matrix	[17].	Surface	modification	and	functionalization	of	nanomaterials	improve
the	 interfacial	 interaction	or	compatibility	between	 the	 filler	and	matrix,	which	 results	 in
better	dispersion	which	in	turn	facilitates	effective	stress	transfer	of	the	matrix	and	filler	to
develop	high	performance	lightweight	composites	for	advanced	applications.	A	number	of
techniques	such	as	TEM,	SEM,	AFM,	STM,	XRD,	and	FTIR	can	be	used	to	find	the	size	and
distribution	of	filler	in	polymer	matrix.

1.5	TOPICS	COVERED	BY	THE	BOOK



The	 book	 outlines	 a	 comprehensive	 overview	 on	 nanomaterials	 and	 nanocomposites	 and
their	 fundamental	 properties	 using	 a	wide	 range	 of	 state-of-the-art	 techniques.	Chapter	 2
deals	with	the	fundamentals	of	nanomaterials	and	their	application	in	nanocomposites.	An
overview	of	0-D,	1-D,	and	2-D	nanomaterials	is	given	in	this	chapter.	Further	applications
of	 0-D,	 1-D,	 and	 2-D	 nanomaterials	 in	 thermoplastic,	 thermoset,	 and	 elastomeric
composites	 are	 discussed	 in	 detail.	 In	 the	 last	 part	 of	 the	 chapter,	 the	 current	 trends	 in
nanocomposites	 are	 described.	 Chapter	 3	 provides	 a	 comprehensive	 description	 on	 the
synthesis	 of	 0-D,	 1-D,	 2-D,	 and	 3-D	 nanomaterials.	 A	 number	 of	 routes	 including
microwave-assisted	 synthesis,	 sonochemical	 synthesis,	 chemical	 reduction	 method,
biological	 method,	 sol–gel	 method,	 aerosol	 method,	 emulsion	 method,	 microfluidic
method,	laser	ablation	method,	arc	discharge	method,	and	chemical	bath	technique	for	the
synthesis	 of	 different	 nanomaterials	 are	 presented.	 In	 Chapter	 4,	 optical	 properties	 of
nanomaterials	are	discussed.	Different	 techniques	such	as	electronic	absorption	(UV–vis),
photoluminescence	 (PL),	 infrared	 (IR)	 absorption,	 Raman	 scattering,	 dynamic	 light
scattering,	 and	 x-ray-based	 techniques	 and	 their	 potential	 applications	 in	 the	 optical
properties	of	nanomaterials	are	discussed.	Chapter	5	focuses	on	one	of	the	most	important
and	 powerful	 research	 techniques—“microscopy”—which	 provides	 valuable	 information
regarding	 size,	 shape,	 and	 morphology	 of	 nanomaterials.	 The	 purpose,	 advantages,	 and
limitations	 of	 different	 microscopic	 techniques	 such	 as	 SEM,	 TEM,	 scanning
electrochemical	 microscopy	 (SECM),	 photoacoustic	 microscopy,	 and	 hyperspectral
microscopy	have	been	elaborated	and	pointed	out	the	importance	of	using	multimicroscopic
techniques	to	open	new	horizons	in	the	characterization	of	nanomaterials.	In	Chapter	6,	the
strength,	hardness,	toughness,	fatigue,	and	creep	of	nanomaterials	are	presented.	Chapter	7
discusses	 the	 various	 processing	 techniques	 such	 as	 solution	mixing,	melt	 compounding,
and	in	situ	polymerization	for	the	preparation	of	different	polymer-based	nanocomposites.
The	 preparation	 of	 CNTs	 and	 graphene	 sheets-based	 polymer	 nanocomposites	 are
considered.	 The	 advantages	 and	 disadvantages	 of	 different	 processing	 techniques	 are
discussed	 in	detail.	Chapter	8	 focuses	on	 the	 significance	of	 thermal	 stability	of	polymer
composites	in	many	demanding	practical	applications.	The	applications	of	techniques	like
DSC,	TGA,	DTA,	DMA,	and	TMA	to	analyze	the	thermal	stability	of	polymers	is	presented
in	 this	 chapter.	Chapter	9	 provides	 a	 comprehensive	 overview	 of	 the	 recent	 findings	 and
advances	 on	 the	 investigation	 of	 linear	 and	 nonlinear	 optical	 properties	 of	 polymer
nanocomposites.	Chapter	10	presents	 the	 role	of	 rheology	 in	 identifying	 the	structure	and
processing	 characteristics	 of	 polymer	 nanocomposites.	A	 comprehensive	 overview	 of	 the
progress	in	mechanical	and	thermomechanical	performance	of	polymer	nanocomposites	is
given	in	Chapter	11.
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2.1	INTRODUCTION	TO	NANOMATERIALS	AND	NANOCOMPOSITES

During	the	last	 three	decades,	a	significant	 interest	 in	nanomaterials	by	both	industry	and
academia	 has	 emerged.	 The	 reason	 behind	 was	 the	 need	 for	 solutions	 in	 real-life
applications,	 where	 existing	 approaches	 were	 facing	 limitations	 (e.g.,	 in	 electronics,
catalysis,	 medicine,	 etc.).	 The	 development	 of	 upgraded	 characterization	 and	 processing
techniques	 assisted	 the	 efforts	 of	 the	 scientists	 to	 evaluate	 the	 theoretical	 studies	 on
nanomaterials.	 This	 progress	 supplied	 more	 advanced	 tools	 for	 the	 investigation	 and
manipulation	of	the	nanoscale	world	(Nabok	2005).

In	general,	nanomaterials	are	materials	that	are	characterized	by	at	least	one	dimension

in	the	nanometer	(1	nm	=	10−9m)	range	(Rao	and	Cheetham	2006).	This	length	scale,	which
lies	within	the	atomic	and	the	microscale,	brings	new	physical	and	chemical	properties	to	a
material	(i.e.,	size	effects).	This	becomes	especially	apparent	when	the	nanomaterial	has	at
least	one	dimension	between	1	and	100	nm	 (Murphy	et	 al.	 2004).	Thus,	 it	 is	now	widely
accepted	that	this	latter	specific	range	covers	the	term	of	nanomaterial.

There	are	several	types	of	nanomaterials	classified	according	to	their	composition	and
shape.	A	practical	way	for	their	classification	is	according	to	the	structural	features	of	their
elementary	units	and	the	number	of	dimensions,	which	are	outside	the	nanoscale.	Thus,	they
can	be	zero-dimensional	(0-D)	like	nanoparticles,	one-dimensional	(1-D)	like	nanorods,	and
two-dimensional	 (2-D)	 like	 nanolayers	 (Vollath	 2008).	 The	 various	 combinations	 of
nanomaterials	 may	 configure	 a	 broad	 spectrum	 of	 nanostructures	 characterized	 by	 their
discernible	form	and	dimensionality.	Accordingly,	for	example,	a	linear	or	a	planar	bonding
of	 nanoparticles,	 of	 a	 defined	 composition,	 creates	 a	 one-	 or	 a	 two-dimensional
nanostructured	material,	respectively.	Prerequisite	for	the	latter	classification	in	addition	is
to	 exhibit	 size	 effects	 (Pokropivny	 and	 Skorokhod	 2006).	 Further,	 the	 construction	 of
ordered	 arrays	 of	 nanostructures	 can	 provide	 strategies	 for	 the	 manufacturing	 of
nanodevices	(Rao	and	Cheetham	2001).

Besides,	the	combination	of	two	or	more	components	or	phases	with	different	physical
or	chemical	properties,	wherein	at	least	one	of	these	components	is	in	the	nanometer	scale,
and	results	to	differentiated	properties	compared	to	the	individual	constituents,	introduces
the	 class	 of	 nanocomposites.	 These	 present	 enhanced	 properties	 as	 compared	 to	 their
respective	microcomposites	mainly	 due	 to	 the	 size	 effects	 of	 the	 nanomaterials	 involved
(Pokropivny	et	al.	2007).	The	distinguished	category	of	nanocomposites	 in	which	at	 least
one	 discontinuous	 nanosized	 phase	 is	 dispersed	 in	 a	 continuous	 polymeric	medium	 (i.e.,
matrix)	relates	to	polymeric	nanocomposites	and	it	is	the	subject	of	the	present	chapter.	The
limited	distance	between	the	nanofillers,	along	with	the	huge	surface	area	per	mass,	imparts
significant	property	enhancement	(Manias	2007).

2.2	NANOMATERIALS

There	 is	 a	 plethora	 of	 nanomaterials	 examined	 in	 the	 literature.	 Their	 significant	 role	 in
several	applications	makes	their	research	a	hot	topic	within	materials	science.



2.2.1	0-D	NANOMATERIALS

Particulate	 nanomaterials	 constitute	 the	most	 common	 category	 with	 a	 vast	 spectrum	 of
applications.	 It	 is	 well	 established	 that	 the	 confinement	 of	 the	 electron	 motion	 in	 three
dimensions	 induces	new	optical,	electronic,	magnetic,	and	chemical	properties,	which	are
not	observed	 in	 their	bulk	(Alivisatos	2004).	This	 is	 related	with	 the	quantum	effects	and
the	 high	 surface	 to	 volume	 ratio	 of	 the	 nanoparticles.	 Figure	2.1	 shows	 the	 effect	 of	 the
reduction	of	particle	size	on	surface	area	and	on	melting	temperature	of	gold	(Buzea	et	al.
2007).	Inert	metals	like	gold	and	platinum	become	catalysts	and	opaque	copper	substances
become	 transparent	 under	 nanodimensions	 (Parab	 et	 al.	 2009).	 Common	 metal
nanoparticles	 used	 in	materials	 science	 involve	 silver,	 nickel,	 gold,	 and	palladium,	while
widely	exploited	metal	oxides	relate	to	titanium,	copper,	and	iron	(Basu	and	Pal	2011).	For
example,	nanosilver	is	famous	for	its	antimicrobial	properties	(Sotiriou	and	Pratsinis	2010),
palladium	nanoparticles	have	been	extensively	studied	 in	 relation	 to	 their	catalytic	action
(Cookson	 2012),	 and	 titanium	 dioxide	 nanoparticles	 are	 well	 known	 for	 their	 high
photocatalytic	activation	(Pelaez	et	al.	2009)	and	use	in	cosmetics	(Tyner	et	al.	2011).

Besides,	 nanoparticles	 such	 as	 silica	 (Rosso	 et	 al.	 2006)	 or	 alumina	 (Siengshin	 et	 al.
2008)	are	well	known	for	their	prominent	role	as	fillers	in	polymeric	matrices.	Depending
on	 the	 application,	 the	 nanoparticles	 are	 capped	 with	 functional	 groups,	 which	 provide
solubility	 and	 stability	 (Katz	 et	 al.	 2003,	 Serrano-Ruiz	 et	 al.	 2010).	 Grafting
macromolecules	onto	nanoparticles	possess	advantages	over	modification	by	low	molecular
weight	 surfactants	 or	 coupling	 agents	 (Zhang	 et	 al.	 2009).	 Especially	 for	 biomedical
applications	 dendritic	 structures	 have	 been	 proposed	 for	 the	 functionalization	 of	 the
nanoparticles	 (Nazemi	 and	 Gillies	 2013).	 Bimetallic	 core–shell	 nanostructures	 have	 also
been	proposed	for	their	unique	catalytic	and	biological	sensing	properties	such	as	the	gold–
platinum	core–shell	nanostructure	(Mo	and	Du	2009).

A	 significant	 group	 within	 the	 0-D	 nanomaterials	 relates	 to	 carbonic	 nanomaterials.
Fullerenes	have	been	extensively	examined,	presenting	 interesting	properties.	Among	 this
group,	the	buckminsterfullerene	(C60)	with	60	carbon	atoms	 is	 the	most	popular	one.	The
high	 degree	 of	 symmetry	 in	 its	 structure	 is	 mainly	 responsible	 for	 its	 characteristic
physicochemical,	electronic,	and	magnetic	properties	(Mateo-Alonso	et	al.	2006).	A	rather
common	 particulate	 carbonic	 material	 which	 can	 be	 seen	 in	 nanodimensions	 is	 carbon
black,	mainly	exploited	for	its	electrical,	coloring,	and	reinforcing	properties	(Psarras	and
Gatos	2011).



FIGURE	2.1 	(a)	Schematics	illustrating	a	microparticle	of	60	μm	diameter	about	the	size	of	a	human	hair	shown	in	the
left	 at	 scale,	 and	 the	 number	 of	 nanoparticles	 with	 a	 diameter	 of	 600	 and	 60	 nm	 having	 the	 same	 mass	 as	 one
microparticle	 of	 60	 μm	 diameter.	 (b)	 Surface	 area	 normalized	 to	 mass	 versus	 particle	 diameter.	 (c)	 Gold	 melting
temperature	 as	 a	 function	 of	 particle	 diameter,	 according	 to	 Gibbs–Thomson	 equation,	 shown	 inset,	 the	 gold	 bulk
melting	 temperature	 is	 1336	 K.	 (With	 kind	 permission	 from	 Springer	 Science+Business	 Media:	 Biointerphases,
Nanomaterials	and	nanoparticles:	Sources	and	toxicity,	2,	2007,	17–71,	Buzea,	C.,	Pacheco,	I.	I.,	Robbie,	K.)

Biodegradability	 is	 desirable	 for	 several	 applications	 and	 nanofillers	 like	 starch	 have
been	proposed	for	polymer	reinforcement	(Dufresne	et	al.	1996).	Such	types	of	fillers	are
mainly	 extracted	 from	 maize,	 potatoes,	 corn,	 and	 rice	 and	 their	 hydrophilicity	 can	 be
resolved	by	suitable	modification	(Valodkar	and	Thakore	2011).

Polymeric	materials	have	been	used	also	for	the	fabrication	of	nanoparticles	(Serrano	et
al.	2006).	In	this	case,	controlling	of	the	self-assembled	block	copolymer	morphologies	is	a
facile	 way	 to	 create	 various	 nanoobjects	 like	 spheres	 and	 hollow	 spheres	 (Lazzari	 and
López-Quintela	2003).

2.2.2	1-D	NANOMATERIALS

Highly	emerging	categories	of	nanomaterials	relate	to	nanoscale-rods,	-fibers,	-wires,	and	-
tubes.	Boron	nitride	nanotubes	have	been	proposed	for	applications	in	electronic	devices	as



nanoscale	insulators.	For	such	applications,	 tubes	of	more	than	1	mm	in	length	have	been
manufactured	 (Chen	 et	 al.	 2008).	 In	 general,	 the	 template	 method	 has	 been	 extensively
exploited	 in	 the	production	of	metal	 (e.g.,	Ni,	Ag,	and	Fe),	 chalcogenide	 (e.g.,	MoS2	 and
NdS2),	 and	oxide	 (e.g.,	TiO2	 and	SiO2)	nanotubes	 (Rao	 and	Govindaraj	 2011).	 The	well-
known	 chemical	 vapor	 deposition	 (CVD)	 technique	 has	 been	 extensively	 used	 for	 the
production	 of	 zinc	 oxide	 nanomaterials	 (Schmidt-Mende	 and	 MacManus-Driscol	 2007).
Semiconducting	 ZnO	 nanobelts,	 which	 were	 obtained	 by	 the	 CVD	 method,	 serve
applications	in	optoelectronics	and	piezoelectricity	(Wang	2004).

Glass	nanofibers	fabricated	by	a	high	temperature	taper-drawing	process	are	promising
building	blocks	of	nanoscale	photonic	devices	due	 to	 their	 low-loss	optical	wave	guiding
(Tong	and	Mazur	2008).	Additionally,	bioactive	glass	nanofibers,	which	were	manufactured
by	electrospinning	using	a	glass	sol–gel	precursor	with	a	bioactive	composition,	have	been
shown	to	possess	osteogenic	potential	in	vitro	(Kim	et	al.	2006).

Carbon	nanotubes	have	attracted	a	great	scientific	interest	within	the	1-D	nanomaterials.
Depending	on	their	structure,	they	can	be	metallic	or	semiconducting,	presenting	properties
of	 ballistic	 transport,	 very	 high	 thermal	 conductivity,	 as	 well	 as	 optical	 polarizability
(Dresselhaus	and	Dai	2004).	Apart	from	their	use	in	nanodevices	(Kinoshita	et	al.	2010),	for
several	 other	 applications	 covalent	 (Bottari	 et	 al.	 2013)	 or	 noncovalent	 functionalization
should	 take	 place	 (Tasis	 et	 al.	 2009).	 The	 first	 functionalization	 method	 yields	 higher
stability	while	the	latter	route	preserves	the	electronic	structure	of	the	nanotube	(Bottari	et
al.	 2013).	Carbon	nanotubes	 have	 been	 very	 promising	 for	 their	 reinforcing	 efficiency	 in
polymeric	 matrices	 (Schadler	 et	 al.	 1998,	 Moniruzzaman	 and	 Winey	 2006).
Notwithstanding,	within	the	carbonic	1-D	nanomaterials,	the	carbon	nanofiber	appears	as	a
valuable	candidate	for	the	cost-effective	manufacturing	of	polymer	nanocomposites	due	to
its	exceptional	thermal,	electrical,	and	reinforcing	properties	(Zhang	et	al.	2010).

The	naturally	occurring	clay	nanotube	halloysite	has	been	used	for	its	capability	to	bear
chemically	active	agents	 for	drug	delivery	 (Abdullayev	and	Lvov	2013).	Additionally,	 its
reinforcing	action	in	polymers	has	been	examined	(Hedicke-Höchstötter	et	al.	2009).	Bio-
nanomaterials	 are	 also	 an	 important	 group	 within	 the	 1-D	 nanomaterials.	 For	 example,
cellulose	 is	 a	 linear	 polysaccharide	 macromolecule	 whose	 aggregates	 form	 fibrils	 of
nanodimensions.	 This	 material	 has	 been	 proposed	 for	 the	 manufacturing	 of	 polymer
nanocomposites	with	applications	in	the	packaging	sector	mainly	due	to	its	biodegradability
(Siró	and	Plackett	2010).

2.2.3	2-D	NANOMATERIALS

The	nanoconfinement	in	one	dimension	of	a	material	creates	a	2-D	structure,	which	relates
to	nanoscale	layers,	disks,	platelets,	and	flakes.	Iron	oxide	nanoflakes	have	been	proposed
as	 anode	 material	 for	 lithium	 batteries	 with	 better	 performance	 in	 capacity	 fading	 on
cycling	 compared	 to	 their	 nanoparticle	 or	 nanotube	 counterparts	 (Reddy	 et	 al.	 2007).
Patterned	 gold	 nanodisk	 arrays	 have	 been	 used	 to	 enhance	 the	 efficiency	 of	 organic



photovoltaic	devices	(Diukman	et	al.	2011),	while	silver	nanoplates	were	found	to	improve
the	bacterial	killing	capacity	compared	to	silver	nanoparticles	or	nanorods	(Pal	et	al.	2007).

Regarding	 the	 carbonic	 2-D	 nanomaterials,	 graphene	 is	 the	most	 heavily	 investigated
one	 during	 the	 last	 decade.	 Its	 1-atom	 thick	 planar	 honeycomb	 structure	 imparts	 high
mechanical,	thermal,	electrical,	and	gas	barrier	properties	(Seppälä	and	Luong	2014).	It	can
find	application	in	chemical	and	biological	sensors	(Jiang	2011),	photovoltaics	(Jariwala	et
al.	 2013),	 and	 the	 interest	 in	 the	 electron-device	 community	 is	 tremendously	 growing
(Schwierz	2010).	For	example,	palladium–	graphene	junctions	have	been	proposed	for	the
development	of	high	performance	transistors	due	to	their	low	contact	resistance	(Xia	et	al.
2011).	Besides,	graphene	appears	to	be	a	potential	candidate	for	solar	energy	applications	as
transparent	 conductors	 and	 photoactive	 components	 in	 solar	 cells	 (Jariwala	 et	 al.	 2013).
Additionally,	the	superior	tribological	properties	of	graphene	make	it	suitable	to	serve	as	an
additive	 in	 lubricant	 oils	 or	 as	 a	 self-lubricating	 material	 (Berman	 et	 al.	 2014).	 For
dispersing	graphene	in	polymeric	matrices,	functionalization	is	usually	required	(Kuilla	et
al.	 2010).	 Apart	 from	 single	 graphite	 layers	 (i.e.,	 graphene),	 exfoliated	 graphitic
nanoplatelets	 can	 find	 various	 applications	 as	 a	 rather	 inexpensive	 2-D	 nanofiller
(Stankovich	et	al.	2006b).

Silicate	 platelets	 have	 been	 extensively	 investigated	 for	 manufacturing	 of	 polymer
nanocomposites.	 In	nature,	 these	platelets	are	abundantly	 found	 in	phyllosilicate	minerals
in	 the	 form	 of	 aggregated	 stacks	 (Theng	 1979).	 The	 forms	 of	 clay	 (of	 natural	 origin)	 or
layered	silicates	(of	synthetic	origin),	which	are	able	to	expand	their	interlayer	spacing	and
disperse	their	single	silicate	platelets	in	a	medium	are	potential	candidates	for	mixing	with
polymers.	 It	 is	 very	 common	 to	 attach	 organic	 cations	 on	 the	 silicate	 layers	 in	 order	 to
render	 the	 latter	 organophilic	 and	 assist	 their	 exfoliation	 in	 the	 polymer	 matrix
(Bhattacharya	et	al.	2008).	The	dispersion	of	a	small	amount	of	such	platy	nanofillers	in	a
polymer	 yields	 significant	 improvement	 in	 mechanical,	 gas	 barrier,	 and	 flame	 retardant
properties	(Gatos	and	Karger-Kocsis	2011).	In	contrast	to	layered	silicates,	layered	double
hydroxides	(LDH)	have	positively	charged	layers	stacked	one	on	another	with	small	anions
and	water	molecules	sandwiched	in	the	interlayer	region	(Pradhan	et	al.	2008).

2.2.4	NANOMATERIALS	OF	COMPLEX	STRUCTURE

In	 practice,	 various	 combinations	 of	 the	 above-described	 nanomaterials	 may	 create
complicated	structures	with	special	form	and	dimensionality.	For	example,	zinc	oxide	can
be	 formed	 in	 a	 plethora	 of	 structures	 and	 symmetries	 such	 as	 tripods,	 tetrapods,	 and
nanocombs	 (Banerjee	 et	 al.	 2006).	 Nanoporous	 materials,	 which	 are	 assigned	 as	 3-D
nanostructures	(Foa	Torres	et	al.	2014),	have	potential	applications	in	separation,	catalytic,
biomedical,	and	heat	transfer	applications	(Plawsky	et	al.	2009).	Besides,	researchers	have
created	numerous	complex	structures	like	flower-like	or	urchin-like,	which	actually	belong
to	 the	group	of	3-D	nanostructured	materials.	Nanomaterials	or	nanostructured	materials,
which	are	not	found	dispersed	in	 the	polymer	matrix,	for	example,	polymer	confined	in	a
nanoporous	 inorganic	 matrix	 (Duran	 et	 al.	 2011),	 will	 not	 be	 a	 subject	 of	 the	 present



chapter.

2.3	THERMOPLASTIC	NANOCOMPOSITES

The	 development	 of	 multifunctional	 thermoplastic	 materials	 for	 a	 particular	 application
often	requires	the	incorporation	of	one	or	more	types	of	nanofillers.	Some	of	the	functions
that	can	be	attained	with	 the	presence	of	nanofillers	 in	polymer	matrices	 include	(but	are
not	 limited	 to)	 enhancements	 in	mechanical	 performance,	 chemical	 resistance,	 barrier	 to
oxygen	 or	 moisture,	 compatibility	 between	 different	 phases	 in	 polymer	 blends,	 and
electrical	or	thermal	conductivity.	The	dimensionality	(size,	shape,	and	morphology)	of	the
nanofiller	 is	 one	 of	 the	 main	 considerations	 when	 choosing	 suitable	 nanofillers	 to	 be
incorporated	into	a	thermoplastic	resin.	Types	of	nanofillers	with	different	dimensionalities
but	 of	 the	 same	 chemical	 composition	 may	 result	 in	 nanocomposites	 with	 significant
differences	in	properties	such	as	viscosity,	mechanical	performance,	crystallinity,	 thermal
stability,	and	conductivity.	This	is	especially	apparent	for	systems	containing	1-D	and	2-D
nanofillers	 whereby	 the	 aspect	 ratio	 and	 orientation	 of	 the	 fillers	 are	 important	 in
determining	the	final	properties	of	the	composite.

2.3.1	THERMOPLASTICS	FILLED	WITH	0-D	NANOMATERIALS

The	 incorporation	of	nanoparticles	 into	commodity	 thermoplastics	such	as	polyolefins,	as
well	 as	 engineering	 thermoplastics	 such	 as	 polyamide,	 poly(ethylene	 terephthalate),	 and
polycarbonate	 were	 mainly	 targeted	 at	 influencing	 impact	 response,	 structural	 rigidity,
thermal	stability,	thermal	and	electrical	conductivity,	and	wear	resistance.

The	 initial	 intention	 of	 incorporating	 low	 cost	minerals	 such	 as	CaCO3	 in	 polyolefin
was	merely	to	reduce	the	overall	material’s	cost.	Later,	it	was	discovered	that	CaCO3	was
able	to	enhance	both	the	stiffness	and	the	impact	performance	of	the	polyolefin	especially
when	 the	 particles	 were	 homogeneously	 dispersed.	 Zhu	 et	 al.	 have	 emphasized	 the
importance	 of	 CaCO3	 nanofiller	 dispersion	 on	 the	 crystallization,	 morphology,	 and
mechanical	performance	of	PP	(Zhu	et	al.	2014).	These	authors	recommended	an	effective
method	 to	 obtain	 quantitative	 particle	 size	 distribution	 curves	 from	microscopy	 images,
which	can	be	correlated	to	the	mechanical	performance	of	the	composites.	More	recently,
CaCO3	nanoparticles	have	been	used	 to	 impart	 further	functionalities	with	 the	creation	of
different	polymorphic	crystalline	forms	of	CaCO3,	 that	 is,	calcite,	aragonite,	and	vaterite.
However,	 not	 all	 polymorphs	 can	 be	 easily	 produced	 since	 calcite	 is	 thermodynamically
more	stable	than	all	other	forms.	Aragonite	can	be	found	naturally	in	shells	of	cockles	and
snails.	 It	 has	 been	 reported	 that	 using	 diethylenetriaminepentaacetic	 acid	 (DTPA),	 the
polymorphism	of	CaCO3,	 with	 the	 application	 of	 various	 temperatures	 can	 be	 controlled
(Gopi	et	al.	2013).

The	physical	properties	of	CaCO3	depend	on	the	type	of	polymorphic	composition	and
this	in	turn	influences	the	properties	of	the	composites	(Karamipour	et	al.	2011,	Thumsorn



et	al.	2011,	Yao	et	al.	2014).	Thumsorn	et	al.	reported	that	the	incorporation	of	aragonite-
CaCO3	 derived	 from	 cockle	 shells	 into	 PP	 was	 able	 to	 impart	 higher	 stiffness	 to	 the
composites	 as	 compared	with	 those	 filled	with	 conventional	 calcite-CaCO3	 (Thumsorn	 et
al.	2011).	Yao	et	al.	have	used	aragonite	clam	shell-derived	CaCO3	(CS)	and	compared	its
function	with	commercially	available	calcite	nano-CaCO3	(Yao	et	al.	2014).	CS	was	treated
with	 furfural	 (FCS)	 and	 hydrochloric	 acid	 (ACS)	 in	 order	 to	 improve	 its	 hydrophobicity,
enhancing	 the	 impact	 performance	of	 the	 system.	 It	was	 reported	 that	 the	FCS	 treatment
was	 particularly	 effective	 for	 the	 dispersion	 of	 FCS	 in	 PP	 even	 at	 high	 filler	 contents.
CaCO3	acted	as	an	effective	nucleating	agent	for	PP	decreasing	the	crystallization	rate	and
size	 of	 the	 spherulites.	 Karamipour	 et	 al.	 (2011)	 have	 found	 that	 the	 presence	 of	 nano-
CaCO3	enabled	the	PP	matrix	to	sustain	high	modulus	at	elevated	temperatures	especially
when	the	nanofiller	contents	increased	above	5	wt%.	Many	of	these	reports,	however,	have
not	 indicated	 remarkable	 increments	 in	 the	 composite	 strength.	 The	 reason	 behind	 is	 the
bonding	 between	 CaCO3	 particles	 and	 the	 matrix	 resin,	 which	 consist	 of	 weak	 van	 der
Waals	 forces	 insufficient	 to	 cause	 “bridging	 interactions”	 between	 the	 polymer	 chains
mediated	 by	 the	 filler	 particles	 (Jancar	 et	 al.	 2010).	Therefore,	CaCO3	 is	 not	 reported	 to
cause	 notable	 shifts	 in	 glass	 transition	 temperature	 (Tg)	 of	 polymers	 although	 it	 affects
their	crystallization	kinetics.

The	 usage	 of	 fullerene-like	 nanoparticles	 such	 as	 tungsten	 disulfide	 (WS2)	 and
molybdenum	disulfide	(MoS2)	as	reinforcements	for	polymers	is	an	emerging	strategy	that
can	 provide	 similar	 or	 enhanced	 performance	 (e.g.,	 wear)	 when	 compared	 to
nanocomposites	 reinforced	 with	 1-D	 or	 2-D	 nanofillers.	 Further	 to	 that,	 this	 strategy	 is
expected	 to	 be	 cost-effective	 and	 environmentally	 friendly	 (Naffakh	 et	 al.	 2013).	 These
fullerene-like	 nanoparticles	 (FNP)	 are	 inherently	 unstable	 in	 the	 sheet	 form	 due	 to	 their
abundant	ring	atomic	structure	and	tend	to	curl	into	hollow	nanoparticles.

Due	 to	 their	 higher	 surface	 to	 volume	 ratio,	 nanoparticles	 have	 significantly	 higher
surface	 energy	 than	 micron-sized	 particles.	 Therefore,	 they	 are	 prone	 to	 agglomeration
during	 melt	 blending	 with	 thermoplastics.	 Various	 approaches	 are	 used	 to	 disperse	 0-D
nanoparticles	including	vigorous	mechanical	shearing,	solution	blending,	surface	treatment,
polymer	 grafting	 onto	 nanofiller,	 in	 situ	 polymerization,	 and	 in	 situ	 growth	 of
nanoparticles.	 Nanosilica,	 for	 example,	 possesses	 surface	 hydroxyl	 groups	 and	 tends	 to
agglomerate	via	 hydrogen	bonding.	 In	 this	 case,	 use	of	 organic	 surfactants	 or	 grafting	of
polymers	 to	 the	 surface	 of	 the	 nanoparticle	 is	 a	 common	 approach	 to	 increase	 affinity
between	the	nanoparticles	and	the	thermoplastic	matrix.

Aso	 et	 al.	 (2007)	 successfully	 improved	 the	 dispersion	 of	 nanosilica	 in	 thermoplastic
elastomer	 copolyetherester	 through	 surface	 modification	 with	 dimethyl	 dichlorosilane
(DDS).	They	reported	that	 the	 interaction	between	the	methylene	groups	in	 the	silane	and
the	methylenic	 chains	 in	 the	 elastomer	was	much	 stronger	 as	 compared	 to	 the	 hydrogen
bonds	created	between	the	hydroxyl	groups	in	untreated	nanosilica	and	the	ester	groups	in
the	 elastomer.	 Through	 this	 interaction,	 the	 elongation	 at	 break	 as	 well	 as	 the	 creep



resistance	of	the	nanocomposite	was	significantly	improved.	In	this	system,	it	was	found	a
good	state	of	dispersion	even	at	filler	loadings	up	to	6	wt%.	On	the	contrary,	agglomeration
was	detected	for	3	wt%	of	untreated	nanosilica.

In	 the	 case	 of	 nano-CaCO3,	 surface	 treatment	 with	 stearic	 acid	 or	 a	 certain	 type	 of
silanes	(aluminate	or	 titanate)	has	been	proposed	to	promote	dispersion	in	PP	(Wan	et	al.
2006;	 Liu	 et	 al.	 2007;	Meng	 and	Dou	 2009).	Use	 of	 compatibilizers	 such	 as	 PP-g-MAH
combined	with	silane	treated	filler	is	another	approach	for	a	fine	dispersion	of	nanoparticles
in	 this	matrix	(Palza	et	al.	2011).	 In	another	case,	PP-methyl-POSS	has	been	exploited	 to
disperse	 the	 untreated	 nanosilica	 (Lin	 et	 al.	 2009).	 For	 TiO2	 nanoparticles,	 trisilanol
isobutyl	polyhedral	oligomeric	 silsesquioxane	 (TSIB-POSS)	has	been	 reported	 to	act	 as	a
compatibilizer	for	promoting	dispersion	in	PP.	The	polar	silanol	groups	in	TSIB-POSS	were
able	 to	 interact	 with	 the	 TiO2	 particles	 while	 the	 nonpolar	 groups	 interacted	 with	 PP
(Wheeler	et	al.	2008).

Leong	et	al.	 synthesized	 toughening	agents	based	on	a	block	copolymer	of	polyhedral
oligomeric	 silsesquioxane	 (MA-POSS)	 and	 enantiopure	 poly(D-lactic	 acid)	 (PDLA)	 or
poly(L-lactic	 acid)	 (PLLA)	 [PDLA-b-P(MA-POSS)	 or	 PLLA-b-P(MA-POSS)],	 and
incorporated	them	as	filler	in	a	PLA	matrix	via	melt	compounding	(Leong	et	al.	2014).	This
approach	exploited	the	formation	of	a	stereocomplex	to	enhance	the	filler-matrix	interfacial
adhesion	and	subsequently	to	promote	filler	dispersion.	The	resulting	PLA	nanocomposite
exhibited	 synergistic	 enhancement	 in	 stiffness	 and	 toughness	 even	 at	 very	 low	nanofiller
concentrations.

2.3.2	THERMOPLASTICS	FILLED	WITH	1-D	NANOMATERIALS

Due	to	their	considerable	length	in	one	dimension,	nanofibers,	nanotubes,	or	nanowhiskers
tend	 to	 entangle	 each	 other.	Unlike	 0-D	 nanoparticles	where	 agglomeration	 can	 often	 be
overcome	 by	 mechanical	 agitation	 or	 surface	 treatment,	 entanglements	 between	 1-D
nanofillers	 require	 significantly	 more	 energy	 to	 separate	 and	 disperse	 in	 thermoplastic
matrices.	Therefore,	it	is	more	important	to	prevent	1-D	nanofillers	from	entangling	in	the
first	 place	 in	 order	 to	 promote	 dispersion	 during	 the	 mixing	 process	 with	 the
thermoplastics.

Carbon	nanotube	(CNT)	is	one	of	the	most	promising	1-D	nanofillers	since	its	inception
in	 1991	 (Ijima	 1991).	 It	 has	 been	 incorporated	 into	 thermoplastics	 to	 achieve	 properties
such	 as	 electrical	 and	 thermal	 conductivity,	 stiffness,	 strength,	 and	 fracture	 toughness.
Various	strategies	have	been	used	to	enhance	the	dispersion	of	CNTs	in	thermoplastics,	for
example,	 electropolymerization,	 electrodeposition,	 esterification,	 ring-opening	metathesis
polymerization	 (ROMP),	 atomic	 transfer	 radical	 polymerization	 (ATRP),	 radical-addition
fragmentation	 chain	 transfer	 polymerization	 (RAFT),	 and	 amidation	 (Chen	 et	 al.	 1998;
Gómez	 et	 al.	 2003;	Cui	 et	 al.	 2004,	Kong	 et	 al.	 2004;	Qin	 et	 al.	 2004).	Wu	et	 al.	 (2010)
dispersed	multiwalled	CNT	(MWCNT)	in	polyamide	by	creating	a	MWCNT–polyamic	acid
colloidal	suspension,	which	under	an	electric	field	deposited	coherent	MWCNT–polyimide



film	onto	the	anode	through	an	imidization	reaction.	This	method	was	effective	in	creating
a	uniform	dispersion	of	MWCNT	throughout	the	deposited	polyimide	film.	The	schematic
representation	of	 the	electrophoretic	deposition	 (EPD)	process	 is	 illustrated	 in	Figure	 2.2
while	the	excellent	state	of	MWCNT	dispersion	in	polyimide	is	shown	in	Figure	2.3.	Chen
et	al.	 (2000)	used	electrolysis	 to	uniformly	coat	polypyrrole	 (PPy)	on	 individual	CNTs	 in
order	to	create	a	doped	conducting	polymer.

FIGURE	 2.2 	 (See	 color	 insert.)	 Schematic	 description	 of	 the	 fabrication	 of	 MWCNT/polyimide	 composite	 films
through	EPD.	(Reprinted	from	Polymer,	 51,	Wu,	D.	C.	 et	 al.,	Multiwalled	carbon	nanotube/polyimide	composite	 film
fabricated	through	electrophoretic	deposition,	2155–60,	Copyright	2010,	with	permission	from	Elsevier.)



FIGURE	2.3 	 TEM	photograph	 depicting	 the	 state	 of	MWCNT	 dispersion	 in	 polyimide	 films	 fabricated	 through	 the
EPD	 process.	 MWCNT	 content	 is	 0.8	 wt%.	 (Reprinted	 from	 Polymer,	 51,	 Wu,	 D.	 C.	 et	 al.,	 Multiwalled	 carbon
nanotube/polyimide	 composite	 film	 fabricated	 through	 electrophoretic	 deposition,	 2155–60,	 Copyright	 2010,	 with
permission	from	Elsevier.)

Besides	electrochemical	methods,	polymer	grafting	and	surface	modification	have	also
been	widely	used	 to	prepare	nanocomposites	with	highly	dispersed	1-D	nanofillers.	Tang
and	Xu	prepared	CNT/phenylacetylene	via	in	situ	polymerization	of	phenylacetylene	(PA)
in	the	presence	of	CNT.	This	resulted	in	the	helical	wrapping	of	PA	onto	the	CNT	surface
and	enhanced	its	solubility	in	organic	solvents	(Tang	and	Xu	1999).

Creation	 of	 covalent	 bonding	 between	 CNT	 and	 polymers	 has	 been	 reported	 through
chemical	 functionalization	 of	 the	 CNT	 surface.	 Philip	 et	 al.	 (2005)	 functionalized	 the
surface	of	CNT	with	p-phenylenediamine	so	that	the	phenylamine	functional	groups	formed
covalent	 bonds	 with	 polyaniline	 (PANI).	 Additionally,	 grafting	 of	 polymeric	 surfactants
onto	the	surface	of	pristine,	oxidized	or	surface	functionalized	CNT	is	another	approach	to
promote	dispersion.	Hill	et	al.	(2002)	grafted	polystyrene	copolymer,	poly(styrene-co-p(4-
(4′-vinylphenyl)-3-oxabutanol))	 to	acyl-chloride	activated	single-wall	and	multiple-walled
CNT	 in	 order	 to	 make	 CNT	 soluble	 in	 organic	 solvents	 such	 as	 tetrahydrofuran	 (THF).
Therefore,	 CNTs	 were	 mixed	 successfully	 with	 polystyrene	 due	 to	 their	 increased
solubility,	followed	by	film	casting.

In	 terms	of	 electrical	 conductivity,	 1-D	nanofillers	 like	CNTs	permit	 efficient	 charge
transport	 along	 certain	 directions	 due	 to	 their	 high	 aspect	 ratio.	 Nanofillers	 including
metals,	metal	oxides,	functional	ceramics,	and	conjugated	polymers	could	also	be	exploited
as	elements	 in	many	kinds	of	 electronic	nanodevices,	 as	well	 as	EMI	 shielding	materials
(Hu	et	al.	1999;	Xia	et	al.	2003).	Relevant	potential	applications	and	the	required	electrical
conductivity	ranges	are	depicted	in	Figure	2.4.	In	these	nanocomposites,	the	percolation	or
the	connectivity	between	the	conducting	nanofillers	plays	an	important	role	in	determining
the	 extent	of	 conductivity	 in	 the	macroscale	 (Foygel	 et	 al.	 2005).	These	networks	 can	be
formed	in	two-,	quasi-two-,	or	three-dimensions	depending	on	the	processing	methods	used
and	the	desired	application	(Mutiso	and	Winey	2013).	Factors	in	view	of	the	nanofiller	that
influence	 electrical	 percolation	 are	 mainly	 related	 to	 aspect	 ratio,	 intrinsic	 electrical
conductivity,	 chemical	 purity,	 physical	 and	 crystalline	 structure,	 size	 distribution,
dispersion,	and	orientation	within	the	polymer	matrix.

2.3.3	THERMOPLASTICS	FILLED	WITH	2-D	NANOMATERIALS

2-D	 nanomaterials	 often	 appear	with	 a	 structure	 of	 stacked	 sheets	 and	 galleries	 between
sheets	that	are	bound	together	by	van	der	Waals	forces.	These	stacked	sheets	may	appear	in
a	certain	order	and	therefore	the	distance	between	these	sheets	(height	of	the	galleries)	can
be	 ascertained	 by	means	 of	X-ray	 diffraction	 (XRD).	However,	when	 the	 stacking	 of	 the
sheets	 is	 not	 ordered,	 XRD	 might	 not	 be	 able	 to	 determine	 accurately	 the	 size	 of	 the
galleries.	The	determination	of	the	distance	between	the	sheets	is	important	and	often	used
to	 indicate	 the	 success	 or	 failure	 of	 the	 techniques	 employed	 to	 promote	 exfoliation	 and



dispersion	of	the	2-D	nanofiller.

FIGURE	 2.4 	 Room	 temperature	 electrical	 conductivity	 of	 poly(phenyleneethynylene)–SWNTs/polystyrene
composites	 versus	 the	 SWNT	 weight	 loading.	 Dashed	 lines	 represent	 the	 approximate	 conductivity	 lower	 bound
required	 for	 several	 electrical	 applications.	 (Reprinted	with	permission	 from	Ramasubramaniam,	R.,	Chen,	 J.,	Liu,	H.
Applied	Physics	Letters	83:2928–30.	Copyright	2003,	American	Institute	of	Physics.)

The	interest	in	using	2-D	nanofillers	such	as	graphene	to	impart	electrical	conductivity
to	 polymers	 has	 grown	 especially	 when	 Geim	 and	 Novoselov	 won	 the	 Nobel	 Prize	 in
physics	 in	2010	 for	 successfully	 extracting	 and	 characterizing	 the	 electrical	 properties	 of
single-layered	 graphene.	This	was	 evident	 from	 the	 exponential	 growth	 in	 the	 number	 of
publications	related	to	graphene	and	its	nanocomposites	since	then	(Randviir	et	al.	2014).
Graphene	 is	 defined	 as	 monolayer	 carbon	 atoms	 that	 are	 tightly	 packed	 into	 a	 2-
dimensional	 sheet	 and	 it	 is	 the	 fundamental	 building	 block	 of	 graphite.	 Geim	 and
Novoselov	 had	 successfully	 isolated	 single-layer	 graphene	 sheets	 by	 using	 adhesive	 tape
(Novoselov	 et	 al.	 2004).	 Later,	 more	 complex	 methods	 such	 as	 CVD	 synthesis	 and
mechanical	 exfoliation	 of	 graphite	 enabled	 a	 better	 yield.	 Commercially	 available
“graphene,”	 which	 is	 used	 for	 mixing	 with	 thermoplastics,	 typically	 consists	 of	 stacked
sheets	that	are	bonded	together	by	van	der	Waals	forces.	An	optimum	approach	to	produce



single-layered	graphene	 at	 a	 commercial	 scale	 is	 still	 illusive.	Therefore,	 graphene	oxide
(GO)	is	frequently	used	instead	due	to	its	good	dispersibility	and	processability	in	aqueous
environments	(Hu	et	al.	2014).	The	sheet-thickness	of	GO	is	 typically	double	 than	that	of
graphene	 due	 to	 the	 presence	 of	 bulky	 epoxide	 and	 hydroxyl	 functional	 groups	 on	 the
surface	and	carbonyl	and	carboxyl	groups	at	the	edges	of	the	graphene	sheet,	respectively.
These	groups	are	formed	during	the	oxidation	process	(Kulkarni	et	al.	2010;	Hu	et	al.	2013;
Hofmann	et	al.	2014)	and	provide	hydrophilicity	to	GO	sheets.	Thus,	GO	can	be	exfoliated
and	dispersed	in	aqueous	solutions,	although	incompatibility	with	organic	polymers	can	be
induced.	 Moreover,	 these	 functional	 groups	 are	 insulators	 and	 cause	 deterioration	 in
electrical	 conductivity.	 Stankovich	 et	 al.	 provided	 an	 approach	 to	 disperse	 GO	 in
polystyrene	by	first	completely	exfoliating	graphite	through	Hummers’	method	(Hummers
and	 Offeman	 1958)	 followed	 by	 treating	 GO	 with	 phenyl-isocyanate.	 This	 treatment
reduced	 the	 hydrophilicity	 of	 GO	 allowing	 mixing	 with	 polystyrene.	 Further	 chemical
reduction	 of	GO	 into	 graphene	was	 possible	 by	 adding	 dimethylhydrazine/DMF	 solution,
which	enhanced	the	electrical	properties	of	the	former.	The	key	in	this	process,	in	order	to
prevent	 reagglomeration	 of	 graphene,	 is	 to	 perform	 the	 reduction	 in	 the	 presence	 of	 the
polymer.	 Through	 this	 approach,	 it	was	managed	 to	 create	 highly	 electrically	 conductive
(≈0.1	 S	 m−1)	 polystyrene	 nanocomposites	 with	 a	 percolation	 threshold	 of	 0.1	 vol%	 in
graphene	content	 (Stankovich	et	al.	2006a).	The	compounding	method	 that	 is	 followed	 to
mix	 the	 exfoliated	 graphite	 nanoplatelets	 in	 a	 thermoplastic	 matrix	 affects	 both	 the
percolation	 threshold	value	and	 the	mechanical	properties	of	 the	nanocomposite	as	 it	was
demonstrated	for	a	polypropylene	matrix	(Kalaitzidou	et	al.	2007).

Layered	silicates	or	clays	are	another	class	of	2-D	nanofillers	 that	have	been	featured
since	the	Toyota	research	group	synthesized	polyamide	6	(PA6)/clay	nanocomposites	with
significantly	enhanced	 thermal	and	mechanical	properties	 (Kojima	et	al.	1990).	Clays	are
also	considered	as	inexpensive	among	the	various	commercial	nanofillers.

The	 compatibility	 of	 clay	 with	 thermoplastic	 resins	 is	 usually	 achieved	 through
treatment	 of	 the	 former	 with	 organic	 hosts.	 This	 provides	 a	 way	 for	 macromolecules	 to
intercalate	into	the	clay	galleries.	The	interlayer	spacing	increase	can	be	detected	via	shifts
in	 x-ray	 diffraction	 (XRD)	 peaks	 to	 lower	 angles	 according	 to	 Bragg’s	 law.	 The
disappearance	 of	 the	 relevant	 peaks	 indicates	 that	 clay	 sheets	 are	 exfoliated,	 that	 is,	 the
repetitive	order	of	 the	clay	stacking	 is	 lost.	The	state	of	exfoliation	and	dispersion	of	 the
clay	sheets	can	be	further	examined	by	transmission	electron	microscopy	(TEM).	Figure	2.5
provides	 TEM	 images	 along	 with	 the	 corresponding	 XRD	 spectra	 for	 different	 types	 of
polymer/clay	 nanocomposites	 according	 to	 the	 state	 of	 intercalation,	 flocculation,	 and
exfoliation	 (Sinha	 Ray	 and	 Okamoto	 2003).	 Initial	 applications	 of	 clay-thermoplastic
nanocomposites	 were	 focused	 on	 enhancement	 of	 stiffness,	 strength,	 heat	 distortion
temperature,	and	water	and	gas	barrier	properties	 (Balazs	et	al.	1999).	Uskov	(1960)	 first
noted	 an	 increment	 in	 the	 glass	 transition	 temperature	 of	 poly(methyl	 methacrylate)
(PMMA)	 with	 the	 incorporation	 of	 octadecylammonium	modified	 montmorillonite	 clay.
Later,	 Nahin	 and	 Backlund	 (1963)	 patented	 a	 method	 to	 reinforce	 polyolefin	 with



organoclay	 through	 irradiation	 crosslinking,	 which	 provided	 significant	 enhancements	 in
tensile	 strength	 and	 chemical	 resistance.	 Nevertheless,	 they	 had	 not	 discussed	 the
reinforcement	mechanism	provided	by	the	clay	on	the	polymer	matrix.	The	reinforcement
mechanism	emerged	when	the	Toyota	researchers	conducted	a	detailed	analysis	in	utilizing
in	situ	 polymerization	 to	attain	 intercalation	and	exfoliation	of	clay	 in	polymer	matrices.
Initially,	the	investigated	polymers	involved	polyamide	(Kojima	et	al.	1990),	polystyrene,
elastomers,	and	polyimide	(Okada	and	Usuki	1995,	Okada	et	al.	1987).

Recent	advancements	in	clay–polymer	nanocomposites	consider	clay	as	a	halogen-free
nontoxic	 flame	 retardant	 filler.	 The	 mechanisms	 of	 flame	 retardancy	 in	 clay–polymer
nanocomposites	 have	 been	 derived	 through	 systematic	 cone	 calorimetry	 experiments	 as
well	as	XRD	and	TEM	examinations	(Kiliaris	and	Papaspyrides	2010).	The	heat	release	rate
(HRR)	 and	 mass	 loss	 rate	 (MLR)	 are	 among	 the	 most	 important	 parameters	 that	 are
affected	 by	 the	 presence	 of	 clay	 during	 combustion	 of	 the	 nanocomposites.	 It	 has	 been
shown	 that	 the	 presence	 of	 clay	 reduced	 HRR,	 which	 in	 turn	 reduced	 MLR	 due	 to	 the
development	 of	 a	 multilayered	 carbonaceous	 silicate	 structure	 on	 the	 surface	 of	 the
nanocomposite	 during	 combustion.	 The	 formation	 of	 this	 carbonaceous	 structure	 is
contributed	 by	 the	 pyrolysis	 of	 organic	 compounds	 present	 on	 the	 surface	 of	 the	 clay
particles.	The	degradation	and	subsequent	disintegration	of	organic	compounds	may	cause
rearrangement	of	 the	clay	particles	 into	stacks.	This	 latter	prevents	oxygen	and	heat	from
penetrating	 into	 the	 bulk	 hindering	 further	 combustion	 (Gilman	 1999;	 Alexandre	 and
Dubois	2000;	Wang	et	al.	2002;	Zanetti	and	Costa	2004).	Lewin	(2003,	2006)	proposed	that
the	migration	and	accumulation	of	 silicate	 layers	on	 the	surface	was	caused	by	 the	 lower
surface	free	energy	of	the	filler	as	compared	to	the	polymer.	The	temperature	and	viscosity
gradients	 provided	 a	 convective	 motion,	 which	 transported	 the	 clay	 particles	 toward	 the
surface.	Moreover,	 the	 formation	 of	 bubbles	 caused	 by	 the	 volatile	 compounds	 released
from	 the	 degrading	 polymer	 could	 further	 carry	 the	 clay	 particles	 to	 the	 surface.
Nevertheless,	 the	bursting	of	 these	bubbles	may	cause	a	porous	or	discontinuous	 surface.
This	bubbling	effect	was	found	to	depend	on	the	molecular	weight	of	the	polymer,	the	clay
concentration	and	the	aspect	ratio	of	clay	particles	(Kashiwagi	et	al.	2004).	On	the	contrary,
the	 time	 required	 for	 ignition	 (TTI)	 can	 be	 worsened	 by	 the	 presence	 of	 clay	 in
thermoplastics.	 The	 initial	 quick	 ignition	 of	 the	 clay	 nanocomposites	 is	 attributed	 to	 the
release	of	volatile	compounds	from	the	decomposition	of	clay	surfactants,	which	catalyzes
the	combustion	(Tang	et	al.	2002;	Zanetti	et	al.	2004;	Zong	et	al.	2007).	Another	factor	to
be	considered	 is	 the	 increase	 in	melt	viscosity	with	 the	 incorporation	of	clay.	This	would
not	 only	 affect	 processability	 but	 also	 nullify	 the	 dripping	 effect	 that	 would	 otherwise
prevent	burning	to	a	large	area.



FIGURE	2.5 	 TEM	 images	 depicting	 different	 states	 of	 clay	 dispersion	 in	 a	 polymer	 matrix	 and	 the	 corresponding
XRD	spectra.	(Reprinted	from	Progress	in	Polymer	Science,	28,	Sinha	Ray,	S.,	Okamoto,	M.,	Polymer/layered	silicate
nanocomposites:	A	review	from	preparation	to	processing,	1539–641,	Copyright	2003,	with	permission	from	Elsevier.)

2.4	THERMOSET	NANOCOMPOSITES

Thermoset	polymers	can	be	found	in	everyday	as	well	as	in	hi-tech	applications	including,
among	 others,	 adhesives,	 coatings,	 and	 aircraft	 fuselages.	 Their	 low	 processing	 viscosity



along	with	their	low	creep	and	high	stiffness	when	cured	has	been	proven	to	be	beneficial
for	 composite	 structures	 (Srivastava	 et	 al.	 2013).	 Nevertheless,	 in	 many	 cases	 where
stiffness	 and	 toughness	 enhancement	 are	 required	 at	 the	 same	 time,	 nanomaterials	 are
suitable	 to	 serve	 as	 fillers	 (Kotsilkova	 2007).	 Additionally,	 thermosets’	 wear,	 fracture
toughness,	and	electrical	and	 thermal	performance	have	been	significantly	 improved	with
nanomaterials.

2.4.1	THERMOSETS	FILLED	WITH	0-D	NANOMATERIALS

Incorporation	of	nanoparticles	may	affect	the	curing	reaction	of	the	thermoset	matrix	with
parallel	side	effects.	In	such	an	example,	Fe2O3	of	a	diameter	less	than	50	nm	in	10%	filler
content	 increased	 the	 temperature	 of	 5%	 weight	 loss	 during	 thermogravimetric	 analysis
(TGA)	from	227°C	to	292°C.	This	effect	was	related	with	the	ability	of	the	nanoparticles	to
catalyze	 the	curing	 reaction.	This	performance	was	accompanied	by	 increase	of	 the	glass
transition	temperature	(Zabihi	et	al.	2012).

Adding	lanthanide	anions	doped	LaF3	nanoparticles	of	5	nm	in	diameter	 in	epoxy,	the
Tg	 was	 decreased	 from	 190°C	 to	 110°C	 for	 10	wt%	 filler	 amount.	Nevertheless,	 in	 both
filled	and	unfilled	matrix,	the	conversion	was	corresponded	to	about	70%	of	epoxy	groups,
while	the	thermal	stability	during	TGA	for	the	nanocomposite	was	slightly	improved.	This
reduction	in	the	Tg	was	charged	to	the	presence	of	oleic	groups,	which	were	attached	on	the
nanoparticles’	surfaces	to	avoid	agglomeration	during	processing	(Sangermano	et	al.	2009).

The	 thermal	 conductivity	 of	 epoxy	 has	 been	 improved	 by	 incorporating	 aluminum
nitride	(AlN)	nanoparticles	of	50	nm	in	diameter.	This	improvement	was	further	enhanced
by	modifying	 the	 surface	of	AlN	nanoparticles	with	gamma-aminopropyl	 triethoxysilane.
This	effect	was	related	to	the	better	dispersion	of	the	nanoparticles	in	the	matrix	along	with
the	decrease	of	both	the	interfacial	phonon	scattering	and	interface	heat	resistance	(Peng	et
al.	2010).

The	filler	that	has	been	extensively	exploited	in	thermoset	matrices	is	silica.	Nanosilica
particles	 of	 about	 20	 nm	 in	 diameter	 have	 been	 reported	 to	 increase	 both	 modulus	 and
toughness	 of	 an	 epoxy,	 while	 the	 Tg	 remained	 rather	 unaffected.	 The	 fracture	 toughness
increase,	which	was	measured	compared	to	the	neat	matrix,	was	linked	to	the	debonding	of
the	nanoparticles	and	the	subsequent	plastic	void	growth	(Johnsen	et	al.	2007).	For	in	situ
generated	 silica	 particles	 of	 about	 25	 nm	 in	 diameter,	 the	 well-dispersed	 nanosilica
particles	(see	Figure	2.6)	were	responsible	for	the	enhanced	mechanical	performance	of	the
nanocomposite	up	to	80°C	hindering	the	fast	crack-growth	(Zhang	et	al.	2008).	In	order	to
improve	 the	 fatigue	 performance	 of	 epoxy	 filled	 with	 nanosilica,	 the	 synergy	 by	 rubber
particles	of	about	100	nm	in	diameter	has	been	proposed.	The	rubber	particles	had	a	rubber
core	 of	 90	 nm	 covered	 by	 an	 epoxy-compatible	 random	 copolymer	 shell	 of	 10–20	 nm
thickness	 (Liu	 et	 al.	 2012).	 Additionally,	 in	 an	 effort	 to	 extend	 the	 action	 of	 silica	 in	 a
thermoset	matrix,	 phosphorous	 flame	 retardant	was	 immobilized	 on	 the	 surface	 of	 silica
nanoparticles.	 These	 nanocomposites	 presented	 high	 values	 of	 char	 yield	 and	 limited



oxygen	index	(Kawahara	et	al.	2013).

FIGURE	2.6 	Transmission	electron	microscopy	(TEM)	micrographs	taken	from	epoxy-based	nanocomposites	with	8
vol%	silica	nanoparticles:	 (a)	 lower	magnification	and	(b)	higher	magnification.	(Reprinted	from	Polymer,	 49,	Zhang,
H.	 et	 al.	 Fracture	 behaviours	 of	 in	 situ	 silica	 nanoparticle-filled	 epoxy	 at	 different	 temperatures,	 3816–25,	Copyright
2008,	with	permission	from	Elsevier.)

Although	surface	modified	silica	particles	of	10	nm	in	diameter	have	been	presented	to
improve	 the	 tribological	 properties	 of	 an	 epoxy	 coating,	 the	Al2O3	 particles	 of	 17	 nm	 in
diameter	performed	better	(Scholz	et	al.	2014).	The	wear	behavior	of	Al2O3	can	be	further
improved	with	 the	 appropriate	 surface	 treatment.	 It	 was	 shown	 that	 0.24	 vol%	 of	Al2O3

nanoparticles	of	about	4	nm	in	diameter,	when	grafted	with	polyacrylamide,	decreased	by
97%	the	specific	wear	rate	of	the	neat	matrix.	Among	the	various	pretreatments,	the	graft
polymerization	was	superior	to	silane	treatment	in	improving	the	tribological	performance
of	epoxy	(Shi	et	al.	2004).

The	 scratch	 resistance	 of	 thermosets	 is	 of	 great	 importance	 especially	 for	 gel-coats.
TiO2	 particles	 of	 32	 nm	 in	 diameter	were	 found	 to	 improve	 the	 scratch	 resistance	 of	 an
epoxy	matrix	 at	 10	wt%.	 It	 has	 to	 be	mentioned	 that	 the	 scratch	 resistance	 of	 the	 same
epoxy	matrix	when	filed	with	micron-size	TiO2	particles	of	0.24	μm	at	10	wt%	remained
actually	unaffected	(Ng	et	al.	1999).	Another	candidate	for	improving	the	scratch	resistance
of	thermosets	is	nanodiamond	(Ayatollahi	et	al.	2012).	Nanodiamonds	of	5	nm	in	diameter
at	25	vol%	enhanced	the	mechanical	and	tribological	properties	of	the	epoxy	matrix.	At	the
same	time,	the	thermal	conductivity	of	the	composite	can	be	improved	(Neitzel	et	al.	2011).

Taking	advantage	of	the	optical	properties	of	ZnO,	this	nanomaterial	has	been	proposed
to	be	mixed	with	epoxy	for	ultraviolet	light-based	white	light	emitting	dioxide	applications
(Li	et	al.	2006).	Epoxy	filled	with	ZnO	nanoparticles	at	0.06	wt%	improved	 the	UV	light



shielding	efficiency	maintaining	the	epoxy	visible	light	transparency	(Ding	et	al.	2012).	In
another	 case,	 for	 providing	 an	 encapsulation	 material	 for	 light	 emitting	 dioxides
applications	 which	 requires	 low	 thermal	 resistivity	 and	 high	 refractive	 index,	 an	 epoxy
filled	with	silane-modified	ZrO2	nanoparticles	has	been	proposed	(Chung	et	al.	2012).

In	order	to	improve	the	electrical	conductivity	of	thermosets,	carbon	black	(CB)	appears
to	be	an	inexpensive	nanomaterial.	CB	with	particle	size	of	25–75	nm	has	been	mixed	with
epoxy	presenting	an	increase	in	electrical	conductivity	at	a	filler	content	of	1	wt%.	Above
this	 filler	 percentage,	 the	 dielectric	 permittivity	 constant	was	 increased	 in	 the	 frequency

region	of	10−2	to	10−6	(Kosmidou	et	al.	2008).	When	fullerene	(C60)	was	served	as	filler	in
an	epoxy	matrix,	the	increase	in	dielectric	permittivity	was	detected	at	the	amount	of	0.08
wt%	(Pikhurov	and	Zuev	2014).

2.4.2	THERMOSETS	FILLED	WITH	1-D	NANOMATERIALS

The	most	 popular	 1-D	 nanofiller,	 which	 has	 been	 used	 in	 thermoset	 matrices,	 is	 carbon
nanotube	 (CNT).	 Issues	 of	 high	 concern	 relate	 to	 the	 dispersion	 of	 the	 CNTs	 in	 the
thermoset	matrix,	as	well	as	the	interfacial	adhesion	between	filler	and	matrix.	Sonication
technique	(Gkikas	et	al.	2012)	and	roll-mill	mixing	(Tu rul	Seyhan	et	al.	2007)	have	been
usually	 in	 action	 for	 homogeneous	 dispersion	 of	 CNTs.	 Besides,	 functionalized	 CNTs,
which	 assist	 dispersion,	 are	 able	 to	 interact	with	 the	 thermoset	matrix	 to	 yield	 enhanced
thermo-mechanical	 properties	 (Gojny	 and	 Schulte	 2004).	 An	 optimized	 dispersion	 of
surface-treated	CNTs	would	have	mainly	a	notable	effect	on	fracture	toughness	followed	by
any	 improvement	 on	 strength	 or	 stiffness	 (Gojny	 et	 al.	 2005).	 In	 such	 an	 example,	 an
amino-functionalized	double-wall	CNT	(DWCNT-NH2)	reinforced	epoxy	at	0.5	wt%	filler
content	created	a	rough	fracture	surface	compared	to	the	neat	matrix	as	depicted	in	Figure
2.7.	Grafting	of	well-defined	siloxane	brushes	on	the	nanotube	surface	has	been	reported	to
alter	the	relaxation	dynamics	of	the	network,	increasing	the	glass	transition	temperature	of
the	nanocomposite,	as	well	as	its	strength	and	toughness	(Vennerberg	et	al.	2014).

CNTs	 are	 usually	 exploited	 to	 induce	 electrical	 conductivity	 in	 a	 thermoset	 matrix
(Vavouliotis	 et	 al.	 2010).	The	dispersion	quality	of	 the	CNTs	due	 to	different	 processing
parameters	affects	this	property	as	it	alters	the	induced	aspect	ratio,	the	created	conductive
network,	and	the	percolation	threshold	(Li	et	al.	2007).	Notwithstanding,	the	initial	aspect
ratio	 of	 the	 CNTs	 for	 the	 preparation	 of	 the	 nanocomposite	 affects	 also	 the	 electrical
conductivity.	 In	 such	an	example,	 an	epoxy	was	mixed	with	 two	kinds	of	multiwall	CNT
grades	 at	 1	 wt%	 filler	 content	 without	 functionalization.	 The	 first	 presented	 tube
dimensions	of	about	140	nm	in	diameter	and	7	μm	in	length	while	the	second	included	tube
dimensions	of	about	35	nm	in	diameter	and	30	μm	in	length.	It	was	found	that	the	nanotubes
with	the	high	aspect	ratio	presented	10	orders	of	magnitude	greater	conductivity	compared
to	the	conductivity	induced	by	the	CNTs	of	low	aspect	ratio	(Hernádez-Pérez	et	al.	2008).	It
appears	that	the	former	system	was	above	percolation	threshold	while	the	latter	below,	for
the	 same	 filler	 content.	 Noteworthy,	 optimized	 processing	 parameters	 that	 yielded	 well-



dispersed	CNTs	of	a	high	aspect	 ratio	have	presented	a	percolation	 threshold	at	about	0.1
wt%	 in	 a	 vinyl	 ester	matrix	 (Thostenson	 et	 al.	 2009).	Additionally,	well-dispersed	CNTs
were	able	to	improve	significantly	the	thermal	conductivity	of	the	related	nanocomposites
(Song	and	Young	2005).



FIGURE	2.7 	SEM-micrographs	of	a	fracture	surface	at	low	magnifications	(×1000),	showing	(a)	the	epoxy	and	(b)	a
DWCNT-NH2/epoxy	 composite.	 The	 composite	 containing	 CNTs	 exhibits	 a	 significantly	 rougher	 fracture	 surface

compared	to	 the	neat	epoxy,	 indicating	a	 toughening	effect	of	 the	nanoparticles.	 (Reprinted	from	Composites	 Science



and	Technology,	65,	Gojny,	F.	H.	et	al.,	Influence	of	different	carbon	nanotubes	on	the	mechanical	properties	of	epoxy
matrix	composites	–	A	comparative	study,	2300–13,	Copyright	2005,	with	permission	from	Elsevier.)

Other	1-D	nanomaterials	 that	 have	been	used	 to	 enhance	 the	properties	of	 thermosets
include	attapulgite,	sepiolite,	titanium	dioxide	nanotubes,	and	ceria.	The	first	is	a	rod-like
silicate,	 which	 after	 functionalization	 it	 was	 reported	 to	 increase	 the	 modulus	 of	 the
respective	 epoxy	 nanocomposite	 with	 a	 parallel	 decrease	 of	 the	 coefficient	 of	 thermal
expansion	(Lu	et	al.	2005).	Organophilic	sepiolite	was	found	to	 improve	 the	 toughness	of
epoxy	resin	(Nohales	et	al.	2011),	while	 titanium	dioxide	nanotubes	presented	 to	enhance
the	 corrosion	 resistance	 in	 salt	 of	 an	 epoxy	 coating	 (El	 Saeed	 et	 al.	 2015).	 Finally,	 ceria
nanorods	were	found	to	increase	the	impact	strength	of	an	epoxy	matrix	(He	et	al.	2011).

2.4.3	THERMOSETS	FILLED	WITH	2-D	NANOMATERIALS

Platy	fillers	seem	to	be	attractive	for	several	thermoset’s	applications.	Pioneering	research
by	Pinnavaia	 (Lan	 and	Pinnavaia	 1994)	 and	Giannelis	 (Messersmith	 and	Giannelis	 1994)
showed	 that	 organically	modified	 layered	 silicates	 can	 be	 effectively	 dispersed	 in	 epoxy
matrices.	 There	 are	 several	 factors	 that	 affect	 the	 formation	 of	 intercalated	 or	 exfoliated
organoclay/thermoset	nanocomposites	such	as	clay	characteristics	(Kornmann	et	al.	2001),
intercalant	 type	 (Zilg	et	al.	2000),	crosslinking	process	 (Park	and	Jana	2003),	and	 further
compatibilizers	 (Fröhlich	et	 al.	2004).	Organoclay/epoxy	nanocomposites	are	usually	met
to	 increase	 stiffness	 (Wang	 et	 al.	 2005)	 and	 decrease	 the	 gas	 permeation	 (Osman	 et	 al.
2004).

Another	 2-D	nanomaterial	with	 significant	 impact	 on	 the	manufacturing	of	 thermoset
nanocomposites	 is	 graphene.	 Due	 to	 processing	 parameters,	 usually	 stacks	 of	 graphite
layers	 having	 thickness	 in	 nanodimensions	 are	 seen.	 Graphite	 nanoplatelets	 (GNP)
increased	the	electrical	conductivity	of	an	epoxy	matrix	presenting	a	percolation	threshold
at	 0.3	wt%	 (Chandrasekaran	 et	 al.	 2013).	As	 shown	 in	 Figure	 2.8,	 this	 performance	was
detected	for	nanocomposites	prepared	by	three-roll	mill	(3RM)	rather	than	those	prepared
by	 sonication	 combined	 with	 high-speed	 shear	 mixing	 (Soni_hsm).	 Although	 the
percolation	threshold	obtained	by	CNTs	is	revealed	at	 lower	filler	fraction	values	 than	by
graphene	sheets,	the	overall	mechanical	performance	yielded	by	the	latter	is	better	(Martin-
Callego	 et	 al.	 2013).	 The	 fracture	mechanism	 of	 epoxy	 filled	with	GNP,	which	 involved
crack	deflection,	crack	pinning,	secondary	cracks,	and	separation	between	graphitic	layers,
was	responsible	for	the	significant	improvement	of	fracture	toughness	(Chandrasekaran	et
al.	2014).	For	applications	of	epoxy/graphene	nanocomposites,	apart	from	mechanical	and
electrical	 properties,	 thermal	 conductivity	 is	 important.	 Silane	 functionalized	 graphitic
nanoplatelets,	 which	 presented	 higher	 thermal	 conductivity	 in	 an	 epoxy	 matrix	 than	 the
unmodified	 version,	 appeared	 the	 electrical	 resistivity	 drop	 at	 a	 higher	 filler	 fraction
(Ganguli	 et	 al.	 2008).	Other	 properties	 that	 have	 been	 reported	 to	 be	 improved	 by	 using
graphene	 in	 a	 thermoset	 matrix	 relate	 to	 dimensional	 stability	 (Park	 and	 Kim	 2014),
electromagnetic	interference	shielding	(Yousefi	et	al.	2014),	hydrothermal	ageing	(Starkova



et	al.	2013),	and	wear	resistance	(Shen	et	al.	2013).

FIGURE	2.8 	 Electrical	 conductivity	 of	GNP/epoxy	 nanocomposite	 as	 a	 function	 of	weight	 percentage	 of	 the	 filler.
(Reprinted	 from	 European	 Polymer	 Journal,	 49,	 Chandrasekaran,	 S.,	 Seidel,	 C.,	 Schulte,	 K.,	 Preparation	 and
characterization	of	graphite	nano-platelet	(GNP)/epoxy	nano-composite:	Mechanical,	electrical	and	thermal	properties,
3878–88,	Copyright	2013,	with	permission	from	Elsevier.)

2.5	ELASTOMERIC	NANOCOMPOSITES

Elastomeric	 nanocomposites	 possess	 a	 special	 category	 of	 nanocomposites,	 which	 find
numerous	 applications	 in	 everyday	 life.	 These	 nanomaterials,	 which	 are	 mixed	 with
elastomers,	 usually	 target	 to	 enhance	 the	mechanical,	 the	 electrical,	 as	 well	 as	 the	 wear
performance.	They	 include	 inorganic	or	organic	 fillers	of	metallic,	ceramic,	or	polymeric
structure.

2.5.1	ELASTOMERS	FILLED	WITH	0-D	NANOMATERIALS

Metallic	 nanoparticles	 such	 as	 iron	 or	 nickel	 have	 been	 used	 to	 bring	 dielectric	 and
magnetic	 properties	 to	 elastomers.	 In	 such	 an	 example,	 natural	 rubber	 (NR)	 filled	 with



nickel	 nanoparticles	 of	 25–40	 nm	 in	 diameter	 was	 found	 to	 improve	 the	 magnetic	 and
dielectric	properties	of	the	vulcanizate.	This	property	improvement	was	more	apparent	for
filler	loadings	up	to	100	phr	(Jamal	et	al.	2009).	Magnetite	(Fe3O4)	has	been	used	to	yield
electromagnetic	 interference	 (EMI)	 shielding	 in	 rubber	matrices.	 Acrylonitrile	 butadiene
rubber	(NBR),	which	was	filled	with	magnetite	of	6–8	nm	in	diameter,	maximized	its	EMI
shielding	at	the	frequency	range	of	1–12	GHz	at	a	filler	percentage	of	40	wt%	(Al-Ghamdi
et	 al.	 2012).	 NiZn	 ferrite	 nanoparticles	 of	 7	 nm	 in	 diameter	 have	 also	 been	 exploited
successfully	 for	 similar	 purposes	 (Flaifel	 et	 al.	 2014).	Magnetite	 has	been	 also	 served	 as
filler	 in	 epoxidized	 natural	 rubber	 (ENR)	 aiming	 at	 oil	 spill	 recovery	 applications.	 This
nanocomposite,	on	the	one	hand,	was	reused	in	several	cycles	without	mass	loss	and	on	the
other	 hand,	 was	 recovered	 using	 an	 appropriate	 magnetic	 field	 (Venkatanarasimhan	 and
Raghavachari	2013).

Nevertheless,	the	poor	interface	of	such	nanoparticles	with	the	rubber	matrix	affects	the
ultimate	mechanical	properties	of	 the	 rubber	nanocomposites.	This	property	deterioration
becomes	obvious	as	 the	filler	percentage	 imparts	 the	desirable	electromagnetic	properties
to	 the	vulcanizate.	 In	an	attempt	 to	maintain	and	 improve	 the	mechanical	performance	of
rubber	nanocomposites,	TiO2	nanoparticles	were	modified	with	silane	coupling	agent	when
mixed	with	silicon	rubber	(Dang	et	al.	2011).

Moreover,	the	role	of	TiO2	nanoparticles	of	5	nm	in	diameter	has	been	investigated	in
UV	photodegradation.	It	was	found	that	the	styrene	butadiene	rubber	(SBR)	nanocomposites
with	 0.2	 wt%	 nanoparticles	 degraded	 four	 times	 faster	 than	 the	 pure	 matrix.	 A	 similar
photodegradation	 effect	 to	 this	matrix,	 however,	 at	 a	 lower	 intensity,	was	 delivered	 by	 1
wt%	zirconium	dioxide	(ZrO2)	nanoparticles	of	5–15	nm	in	diameter	(Arantes	et	al.	2013).

Alumina	 nanoparticles	 mixed	 with	 NR	 in	 3–5	 phr	 imparted	 to	 the	 nanocomposites
optimum	acid	and	alkaline	resistance	as	evaluated	by	their	mechanical	response	(Fu	et	al.
2012).	The	reinforcing	efficiency	of	alumina	in	rubber	stocks	has	been	investigated	in	the
case	 of	 polyurethane	 rubber	 (PUR).	 Decreasing	 the	 boehmite	 alumina	 nanoparticle	 size
from	 90	 nm	 to	 25	 nm	 the	 modulus,	 hardness,	 and	 dynamic	 mechanical	 properties	 were
significantly	improved	for	the	respective	nanocomposites	(Gatos	et	al.	2007b).	As	shown	in
Figure	2.9,	the	tanδ	peak	value	of	the	nanocomposite	was	decreased	by	lowering	alumina’s
particle	 size.	Accordingly,	 the	 relevant	TEM	 images	 indicated	 a	 better	 dispersion	 for	 the
alumina	of	25	nm	compared	with	that	of	90	nm	in	the	rubber	matrix.	In	the	case	of	PUR,	the
use	 of	 a	 suitable	 polyhedral	 oligomeric	 silsesquioxane	 (POSS)	 as	 crosslinking	 agent	 for
producing	 PUR	 hybrid	 networks	 has	 been	 presented	 to	 enhance	 the	 dynamic	mechanical
performance	of	the	matrix	(Liu	and	Zheng	2005).



FIGURE	2.9 	Mechanical	loss	factor	(tanδ)	of	PUR	and	PUR/boehmite	alumina	nanocomposites	in	10	phr	filler	loading
versus	temperature	(in	tension	mode	at	10	Hz	frequency).	The	TEM	images	of	PUR/alumina	25	nm	and	PUR/alumina
90	nm	are	depicted	in	the	left	and	right	side	of	the	curve-peak,	respectively.

Another	 nanoparticle,	 which	 has	 been	 extensively	 exploited	 for	 its	 reinforcing
efficiency	in	rubber	matrices,	is	silica.	In	addition,	its	usage	in	tire	applications	due	to	its
good	 abrasion	 properties,	 low	 rolling	 resistance,	 and	 low	 heat	 build-up,	 rendered	 its
research	to	receive	special	attention	among	rubber	technologists.	For	lowering	the	tendency
of	 silica	 to	 agglomerate	 and	 improving	 its	 dispersion	 in	 a	 rubber	matrix,	 silane	 coupling
agents	are	usually	used	(Sae-oui	et	al.	2005).	This	weakening	of	the	silica–silica	interaction
in	the	presence	of	coupling	agents	within	the	rubber	matrix	and	the	induced	filler	dispersion
was	 able	 to	 be	 visualized	with	 three-dimensional	 transmission	 electron	microscopy	 (3-D
TEM)	images	(Kohjiya	et	al.	2008).	The	decrease	of	 the	storage	modulus	when	 the	strain
amplitude	is	increasing	(i.e.,	Payne	effect)	has	been	investigated	for	several	coupling	agents
in	 an	SBR	matrix.	 It	was	 found	 that	with	 the	 same	 level	 of	 silica	 dispersion	 and	 similar
interaggregate	distance,	the	longer	the	alkylsilanes	the	more	effective	the	reduction	of	the
Payne	effect	was	(Guy	et	al.	2005).

For	controlling	the	particle	dispersion	in	a	rubber	matrix,	an	in	situ	silica	synthesis	by
the	 sol–	gel	 technique	 can	be	 exploited.	 In	 such	 an	 example,	 silica	particles	of	 10	nm	 in
diameter	have	been	generated	in	a	crosslinked	NR	at	a	filler	volume	percentage	up	to	11%
and	the	system	was	examined	with	differential	scanning	calorimetry	(DSC)	and	dielectric
spectroscopy.	It	was	found	in	the	vicinity	of	the	silica	particles	the	existence	of	a	polymer



fraction	with	slower	segmental	relaxation	times	(2–3	orders	of	magnitude)	and	reduced	heat
capacity	 increment	 at	 glass	 transition	 temperature	 compared	 to	 bulk	 behavior.	 This
interfacial	layer	was	estimated	to	correspond	to	2–4	nm	(Fragiadakis	et	al.	2011).

Among	the	particulate	nanomaterials,	carbon	black	(CB)	belongs	to	the	most	traditional
one.	 Pioneering	 work	 by	 Guth	 proposed	 models	 for	 rubber	 reinforcement	 based	 on	 the
various	 types	 of	 CB	 dispersion	 within	 a	 rubber	 matrix.	 These	 models	 demonstrated
colloidal	CB	spheres	in	a	continuous	rubber	medium	(up	to	10%	filler	loading),	aggregated
CB	and	chain-creation	(up	to	30%	filler	loading)	and	CB	diluted	by	the	rubber	(above	30%
filler	 loading)	 (Guth	 1945).	 Much	 before	 the	 introduction	 of	 the	 term	 of	 rubber
nanocomposites,	 Mullins	 and	 Tobin	 compared	 results	 of	 two	 NR	 stocks	 filled	 with	 CB
having	particle	size	of	400	nm	or	40	nm.	They	found	a	more	complex	performance	in	the
case	of	the	40	nm	CB,	which	was	attributed	to	the	higher	tendency	for	agglomeration	into
chainlike	 clusters	 (Mullins	 and	 Tobin	 1965).	 Later,	 it	 has	 been	 suggested	 that	 the
reinforcing	 efficiency	 of	 CB	 is	 related	 to	 its	 structure	 (Vilgis	 et	 al.	 2009)	 and	 pH	 value
(Lawandy	et	al.	2009).

There	 are	 several	 types	 of	 CB	 depending	 on	 their	 manufacturing	 method	 (e.g.,	 by
channel	or	furnace	processes).	The	CB	particles	present	differences	on	the	number	of	active
sites,	which	can	be	estimated	by	the	amount	of	bound	(solvent-insoluble)	rubber	measured
in	a	curative-free	compound	(Medalia	1978).	Using	an	atomic	force	microscopy	(AFM),	the
bound	rubber	was	measured	in	an	HNBR	matrix	filled	with	5	vol%	CB	of	13–15	nm	particle
radius.	It	was	visualized	that	the	bound	rubber	had	added	about	10	nm	in	aggregate’s	radius,
while	 the	 respective	 elastic	 properties	 had	 been	 affected	 (stiffening)	 by	 one	 order	 of
amplitude.	 This	 latter	 effect	 which	 was	 measured	 also	 via	 torsional	 harmonic	 AFM
indentation	at	room	temperature	indicated	an	interphase	of	up	to	20	nm	in	thickness	beyond
the	aggregate’s	surface	(Qu	et	al.	2011).

In	 the	 case	 of	 vulcanizates,	 the	 stronger	 rubber–CB	 interaction	 results	 in	 a	 thicker
rubber	shell	around	the	CB	particle,	which	increases	the	effective	volume	of	filler	loading
(Wang	 1998).	 In	 this	 respect,	 graphitization	 of	 CB	 (which	 induces	 deactivation	 of	 the
filler’s	 surface)	 reduces	 the	 mechanical	 properties	 of	 the	 vulcanizate,	 but	 increases	 the
conductivity.	 This	 latter,	 which	 was	 investigated	 in	 40	 phr	 CB	 loading,	 is	 due	 to	 the
shortening	of	the	gap	distance	between	adjacent	particles	(i.e.,	polymer	bridges	between	the
filler)	and	said	gap	was	estimated	using	dielectric	spectroscopy	to	be	below	4	nm	(Geberth
and	Klüppel	2012).	Furthermore,	potential	piezoresistive	applications	of	silicon	rubber	may
be	realized	by	taking	advantage	of	the	conductive	role	of	CB	(Luheng	et	al.	2009).

A	nanomaterial	that	is	abundant	in	nature	and	has	been	proposed	for	substituting	CB	in
some	rubber	applications	is	lignin.	Compared	to	CB,	this	filler	is	less	dense,	nonconductive,
and	 allows	 light-colored	 rubber	 mixtures.	 Lignin	 of	 60	 nm	 particle	 size	 was	 nicely
dispersed	 in	 an	NR	 vulcanizate,	 shifting	 the	 thermal	 degradation	 of	 the	matrix	 at	 higher
temperatures	 (Jiang	 et	 al.	 2013).	Another	 abundant	 in	 nature	 and	 biodegradable	material
that	has	been	proposed	to	substitute	CB	is	starch.	NR/starch	films	improved	their	modulus
and	 tensile	 strength	values	 for	 filler	 loadings	up	 to	20	wt%,	however,	at	 the	cost	of	 their



elongation	at	break	(Rajisha	et	al.	2014).
Rubber	technologists	also	examined	polymeric	nanoparticles	for	obtaining	tailor-made

rubber	 nanocomposites.	 In	 such	 an	 attempt,	 core–shell	 nanoparticles	 composed	 of
crosslinked	polystyrene	 (PS)	and	polyisoprene	 (PI)	 shell	were	 synthesized	with	a	particle
diameter	 of	 50–70	 nm.	 These	 nanoparticles,	 being	 in	 latex	 form,	 were	 mixed	 with	 SBR
latex.	The	 increase	 in	PI	 thickness	 improved	 rubber–filler	 interactions	 yielding	 enhanced
mechanical	performance	for	the	vulcanizate	(Lu	et	al.	2012).

2.5.2	ELASTOMERS	FILLED	WITH	1-D	NANOMATERIALS

Halloysite	 is	 a	 naturally	 occurring	 aluminosilicate	 nanotube,	 which	 has	 been	 added	 in
rubber	matrices	inducing	increased	crosslink	density	and	improved	mechanical	and	thermal
properties	(Ismail	et	al.	2008).	It	has	been	found	that	the	degree	of	dispersion	in	the	case	of
solution	mixing	 is	better	 than	 that	of	 the	mechanical	method	and	the	former	process	may
produce	 vulcanizates	 with	 slightly	 better	 mechanical	 performance	 than	 the	 latter	 one
(Ismail	et	al.	2013).	For	optimizing	both	the	dispersion	within	the	polymeric	matrix	and	the
relevant	properties,	sorbic	acid	(Guo	et	al.	2009)	and	bifunctional	organosilanes	are	usually
proposed.	 NR,	 which	 had	 been	 mixed	 with	 halloysite	 nanotubes	 (HNT)	 in	 10	 phr	 filler
loading,	improved	significantly	the	thermal	degradation	temperature	of	the	vulcanizate	by
about	 64°C.	 Nevertheless,	 the	 same	 degree	 of	 thermal	 stability	 with	 and	 without	 silane
coupling	agent	was	measured	for	these	mixtures	(Rooj	et	al.	2010).

Sepiolite	is	another	silicate	with	fibrous	morphology,	which	improves	rubber	properties
at	low	filler	contents.	It	is	a	2:1	phyllosilicate;	however,	its	structure	allows	the	creation	of
channels	running	along	the	length	of	the	fiber.	In	an	example	of	hydrogenated	acrylonitrile
butadiene	rubber	(HNBR),	a	sepiolite	modified	with	quaternary	ammonium	salt	 improved
the	 tensile	 and	 dynamic	 mechanical	 properties	 along	 with	 pronounced	 thermal	 stability
even	at	4	phr	filler	loading	(Choudhury	et	al.	2010).	Advantages	of	fibrous	fillers	over	the
traditional	particulates	have	been	shown	in	the	case	of	silica.	Various	aspect	ratios	of	silica
produced	by	the	sol–gel	method	have	been	synthesized	within	SBR	matrix	at	35	phr	filler
content.	 It	was	 found	 that	 the	dynamic	mechanical	performance	was	 improved	 in	case	of
rod-like	silica	(Scotti	et	al.	2014).

Regarding	the	carbonic	nanomaterials,	carbon	nanofibers	have	improved	the	mechanical
performance	 of	 NBR	 matrix	 at	 filler	 loadings	 below	 10	 wt%.	 The	 same	 nanofiller	 was
identified	 also	 to	 reduce	 the	 flammability	 of	 a	 NBR	 vulcanizate	 (Felhös	 et	 al.	 2008).	 A
nanotube,	 which	 has	 been	 extensively	 investigated	 in	 elastomers	 is	 CNT	 and	mostly	 the
MWCNT	 version.	 A	 low	 amount	 of	 CNT	 is	 adequate	 for	 producing	 a	 conductive	 rubber
nanocomposite	with	enhanced	mechanical	performance.	Since	the	dispersion	of	CNTs	is	of
vital	importance	for	the	above	characteristics,	several	ways	have	been	exploited	for	tuning
this;	however,	with	care	not	to	improve	the	former	at	the	cost	of	the	latter	property	(Jiang	et
al.	 2008).	 A	 SBR/BR	 (50/50)	 blend	 was	 mixed	 on	 a	 two-roll	 mill	 with	 a	 suspension	 of
hydroxyl-modified	MWCNTs	 in	ethanol	containing	a	nonionic	surfactant.	The	conductive
character	 of	 the	 nanocomposite	 was	 already	 revealed	 at	 2	 wt%	 filler	 content,	 while	 the



reinforcing	efficiency	was	sound	at	5	wt%	(Das	et	al.	2008).	A	further	improvement	of	the
mechanical	 properties	 at	 even	 lower	 filler	 loading,	 while	 maintaining	 the	 electrical
performance	of	 such	nanocomposites,	may	be	obtained	by	using	 ionic	 liquids.	 In	 such	an
example,	 MWCNTs	 were	 mixed	 with	 1-butyl	 3-methyl	 imidazolium
bis(trifluoromethylsulphonyl)imide	 (BMI)	 and	 the	 obtained	 black	 paste	was	 compounded
with	polychloroprene	rubber	(CR)	on	an	open	mill	(Subramaniam	et	al.	2011).	The	effect	of
BMI	on	the	electrical	performance	of	 the	vulcanizate	can	be	attributed	to	 the	smaller	gap
distance	 between	 CNTs,	 which	 promoted	 the	 quantum	 mechanical	 tunneling	 at	 low
temperatures	and	the	thermal	activated	hopping	above	room	temperature	(Steinhauser	et	al.
2012).

Recently,	the	piezoresistive	behavior	at	low	strains	of	EPDM/MWCNT	nanocomposite
(linear	relation	up	to	10%)	(Ciselli	et	al.	2010)	pointed	rubber/CNT	valcanizates	as	possible
candidates	for	pressure	sensor	and	strain	gauge	applications.	Nevertheless,	at	higher	strain
levels,	 the	 situation	 is	 rather	 different.	 Figure	 2.10	 depicts	 an	 NR	 filled	 with	 3	 phr	 of
MWCNTs	(solution	mixed)	stretched	at	three	cycles	increasing	every	time	the	strain	level.
More	 specifically,	 the	 nanocomposite	 was	 stretched	 up	 to	 100%	 (curve	 1)	 and	 released,
stretched	again	at	200%	(curves	2	and	3)	and	released,	and	stretched	for	a	third	time	until
failure	(curves	4	and	5).	It	becomes	apparent	that	the	gradual	decrease	of	resistivity	relates
to	 the	 increasing	distances	between	 the	conductive	 inclusions	and	breakdown	of	contacts.
After	unloading	the	sample,	the	resistivity	is	higher	than	initially	measured,	indicating	that
the	contacts	are	not	reformed	after	the	removal	of	the	stress	(Bokobza	2012).



FIGURE	2.10 	 Strain	 dependence	 of	 the	 electrical	 resistivity	 for	 NR	 filled	 with	 3	 phr	 of	MWNTs.	 (Reprinted	 from
Bokobza,	L.	2012.	Express	Polymer	Letters	6:213–23.	With	permission	from	Budapest	University	of	Technology	and
Economics,	Department	of	Polymer	Engineering/BME-PT	and	GTE.)

Another	potential	 advantage	of	CNTs	versus	 traditional	 particulate	 fillers	 (like	CB	or
silica)	is	their	tribological	properties.	Therein,	the	filler	loading	may	increase	above	usual
percentages	(which	is	lower	than	10	wt%)	and	reach	even	up	to	30	wt%	(Felhös	et	al.	2008).

A	 nanomaterial	 that	 has	 been	 mixed	 with	 elastomers	 to	 enhance	 their	 mechanical
performance	and	solvent	uptake	properties	is	cellulose.	NR,	which	was	mixed	via	the	latex
route	with	cellulose	extracted	from	the	rachis	of	the	palm	of	the	date	palm	tree,	decreased
significantly	 the	 toluene	uptake	even	at	1	wt%	content	 compared	 to	 the	neat	matrix.	The
high	 filler-matrix	 adhesion	 was	 responsible	 for	 the	 increased	 storage	 modulus	 and
decreased	 tanδ	 values	 during	 dynamic	 mechanical	 tests	 (Bendahou	 et	 al.	 2010).	 The
remarkable	reduction	of	solvent	uptake	was	repeated	for	other	solvents	like	benzene	and	p-
xylene,	 where	 cellulose	 nanofibers	 (23–42	 nm	 in	 diameter	 and	 length	 of	 some	microns)
were	more	 effective	 than	 cellulose	 nanowhiskers	 (5–14	 nm	 in	 diameter	 and	 300–400	 nm



length)	(Visakh	et	al.	2012).	In	case	of	PUR,	cellulose	nanowhiskers	were	found	to	improve
both	the	mechanical	performance	and	the	thermal	stability	of	the	matrix	(Park	et	al.	2013).

2.5.3	ELASTOMERS	FILLED	WITH	2-D	NANOMATERIALS

During	the	last	two	decades,	a	lot	of	research	has	been	conducted	on	elastomers	filled	with
platy	nanomaterials	(Gatos	and	Karger-Kocsis	2010).	Following	the	findings	at	the	Toyota
Central	Research	Laboratories	 (Japan)	 on	 the	 barrier	 properties	 of	 rubber/layered	 silicate
nanocomposites	(Kojima	et	al.	1993),	various	2:1	phyllosilicates	have	served	as	fillers	in	a
plethora	of	rubber	matrices	(Potts	et	al.	2012).	In	the	example	of	EPDM,	it	was	presented
that	 the	 modification	 of	 montmorillonite	 affects	 the	 intercalation	 and	 exfoliation	 of	 the
silicate	 layers	 within	 the	 rubber	 matrix	 (Gatos	 and	 Karger-Kocsis	 2005).	 It	 has	 been
presented	that	a	low	amount	of	silicate	content	(<10	phr)	with	the	appropriate	modification
is	 sufficient	 to	 improve	 the	 mechanical	 performance	 of	 the	 vulcanizate	 without
compensating	 the	elongation	at	break	values	 (Gatos	et	 al.	2004).	The	effect	of	 the	aspect
ratio	of	the	layered	silicate	on	the	barrier	properties	of	the	rubber	matrix	was	evident	in	the
case	 of	 HNBR.	 As	 depicted	 in	 Figure	 2.11,	 organically	 modified	 fluorohectorite	 (higher
aspect	 ratio)	 reduced	 the	 oxygen	 permeability	 of	 HNBR	 in	 a	 greater	 extent	 than
montmorillonite	(lower	aspect	ratio)	modified	with	the	same	intercalant	(Gatos	and	Karger-
Kocsis	2007).	The	dispersion	of	the	silicate	layers	within	the	rubber	matrix	can	also	affect
and	 improve	other	properties	 like	wear	 (Gatos	et	al.	2007a),	 thermal	 stability	 in	 terms	of
flammability	(Wu	et	al.	2008),	and	ageing	resistance	(Choudhury	et	al.	2010).



FIGURE	2.11 	Oxygen	permeability	results	for	HNBR	vulcanizates	as	a	function	of	the	aspect	ratio	of	the	filler	in	dry

conditions	and	10	phr	 filler	 loading.	Note	 that	 the	oxygen	permeation	value	 for	HNBR	was	87	cm3	mm/m2	day	atm
and	the	relevant	ratio	was	evaluated	by	dividing	each	permeation	coefficient	by	that	of	the	neat	matrix.	Octadecylamine
(ODA)	was	used	to	modify	both	fluorohectorite	(FHT)	and	montmorillonite	(MMT).

Another	 type	 of	 layered	 silicate,	 which	 has	 received	 some	 attention	 by	 rubber
technologists,	is	layered	double	hydroxide	(LDH).	In	such	an	example,	LDH	modified	with
the	anionic	surfactant	sodium	1-decanesulfonate	was	mixed	with	a	nonpolar	(EPDM)	and	a
polar	 (XNBR)	 elastomer.	 It	 was	 found	 that	 mechanical	 property	 enhancement	 due	 to
nanoreinforcement	took	place	only	for	the	polar	matrix.	It	was	speculated	that	the	modified
LDH	likely	also	affected	the	curing	of	XNBR	(Pradhan	et	al.	2008).

However,	 the	 filler,	 which	 has	 become	 currently	 the	 hot-topic	 of	 rubber
nanocomposites,	 relates	 to	graphene.	An	 inexpensive	way	 to	produce	graphene	 is	 through
oxidation	 of	 graphite	 followed	 by	 exfoliation.	 This	 process	 creates	 numerous	 oxygen-
containing	 functional	 groups	 on	 the	 graphene	 surfaces	 such	 as	 carboxyl,	 epoxide,	 and
hydroxyl	groups.	On	one	hand,	 these	groups	make	graphene	oxide	hydrophilic	and	on	 the
other	hand,	deteriorate	 the	 superior	 electric	properties	of	graphene.	Thus,	graphene	oxide
may	 further	 be	 reduced	 to	 regain	 structure	 and	 property	 (Yang	 et	 al.	 2010).	 It	 has	 been
proposed	that	the	tendency	of	ZnO	to	react	with	the	oxidized	surface	of	graphene	alters	the
vulcanization	of	EPDM/graphene	nanocomposites	even	at	1	phr	filler	content	(Allahbakhsh
et	 al.	 2013).	 Note	 that	 ZnO	 is	 a	 rather	 typical	 component	 of	 a	 curing	 recipe.	 A	 shorter



induction	 period	 along	 with	 increased	 crosslink	 density	 has	 also	 been	 presented	 for
NR/graphene	 nanocomposites	 (Wu	 et	 al.	 2013).	 In	 the	 case	 of	 an	 NBR	 matrix,	 a	 self-
crosslinking	 reaction	 has	 been	 detected	 to	 improve	 the	 performance	 of	 the	 vulcanizates
(Yang	et	al.	2007).	The	effect	of	graphene	to	boost	the	mechanical	performance	of	a	rubber
matrix	usually	appears	at	low	filler	loadings,	as	shown	in	the	case	of	NR	where	0.5	phr	of
graphene	increased	48%	the	tensile	strength	and	80%	the	modulus	without	sacrificing	the
elongation	 at	 break	 values	 (Xing	 et	 al.	 2014).	 Additionally,	 due	 to	 the	 platy	 nature	 of
graphene	and	 its	high	aspect	 ratio,	 significant	barrier	properties	are	expected.	 It	has	been
presented	that	the	addition	of	1.9	vol%	of	graphene	oxide	reduced	the	nitrogen	permeability
coefficient	of	XNBR	by	55%	(Kang	et	al.	2014).

Moreover,	a	property	of	graphene,	which	is	expected	to	encourage	valuable	applications
in	 relevant	 rubber	 nanocomposites,	 is	 electrical	 conductivity.	 NR	 reinforced	 by	 reduced
graphene	 oxide	 presented	 electrical	 conductivity	 of	 7.31	 S/m	 at	 a	 filler	 content	 of	 4.16
vol%.	At	the	same	time,	the	percolation	threshold	of	these	nanocomposites	was	detected	at
0.21	 vol%	 filler	 fraction	 (Luo	 et	 al.	 2014).	 In	 another	 example,	 poly(isobutylene-co-
isoprene)	filled	with	reduced	graphene	oxide	at	5	wt%	presented	linear	changes	of	relative
resistance	under	uniaxial	pressure	 (piezo-resistance),	 suggesting	potential	uses	as	 flexible
force	 sensors	 (Kumar	 et	 al.	 2013).	 It	 has	 to	 be	 mentioned	 that	 the	 solution	 assisted
techniques	 for	mixing	 graphene	 oxide	with	 rubber	matrices	 is	 beneficial	 in	 revealing	 the
desirable	 properties	 of	 the	 vulcanizates	 at	 low	 filler	 loadings	 as	 compared	 to	 dry	mixing
(e.g.,	roll	milling)	(Potts	et	al.	2012).

2.6	OUTLOOK

2.6.1	TRENDS	IN	THERMOPLASTIC	NANOCOMPOSITES

In	 view	 of	 the	 growing	 applications	 involving	 additive	 manufacturing	 and	 3D	 printing,
there	is	an	increasing	demand	for	more	functionalized	materials	as	opposed	to	conventional
neat	thermoplastic	resins	to	be	used	as	the	filament	feeding	material.	The	prospects	of	3D
printed	articles	are	tremendous.	At	home,	3D	printing	could	provide	opportunities	for	vast
customization	 of	 wearable	 devices	 that	 are	 otherwise	 unavailable	 or	 too	 expensive	 to
manufacture.	 In	 the	 industry,	 rapid	 prototyping	 could	 quickly	 turn	 ideas	 into	 3D	 articles
that	 provide	 customers	 and	 buyers	 the	 opportunity	 to	 view,	 touch,	 and	 play	 with	 a
prototype.	This	provides	the	added	dimension	and	confidence	that	could	not	be	achieved	by
mere	graphics	or	drawings.	Since	3D	printing	 is	a	 layer-by-layer	melt	deposition	process,
the	 typical	 requirements	 for	 the	 feed	 material	 would	 be	 fast	 melting	 and	 cooling,	 low
warpage	and	shrinkage,	good	interlayer	bonding,	and	excellent	flow	properties.	The	usage
of	 conventional	 reinforcements	 such	 as	 micron-sized	 particulates	 or	 fibers	 in	 the
thermoplastic	 compound	 is	 not	 feasible	 because	 these	 materials	 will	 typically	 cause
clogging	of	the	printer	nozzles.	Therefore,	the	usage	of	nanofillers	is	feasible	because	only
very	 low	 filler	 concentrations	 are	 needed	 to	 effectively	 modify	 the	 properties	 of	 the
thermoplastic	 resin.	 By	 this	 way,	 additional	 functionalities	 can	 be	 provided	 such	 as



mechanical	 property	 enhancement,	 thermal	 and	 electrical	 conductivity,	 thermal	 stability,
dimensional	stability,	and	stable	 flow	properties.	Potential	products	 that	can	benefit	 from
such	 new	 3D	 printing	 materials	 include,	 among	 others,	 structures	 for	 unmanned	 aerial
vehicles	(UAV),	repair	parts	for	aircraft,	marine	and	building	structures,	wearable	devices,
jewelry,	customized	sports	equipment,	and	assistive	devices.

2.6.2	TRENDS	IN	THERMOSET	NANOCOMPOSITES

Lately,	 combined	 action	 of	 nanomaterials	 has	 been	 proven	 to	 be	 beneficial	 for	 the	 final
properties	of	a	thermoset	matrix.	CNTs	along	with	graphene	nanosheets	in	a	ratio	8:2	were
found	 to	 improve	 the	 flexural	properties	and	decrease	 the	electrical	percolation	 threshold
for	the	respective	epoxy	nanocomposites	(Yue	et	al.	2014).	Exploitation	of	wider	graphene
nanoplatelets	 has	 been	 proposed	 to	 yield	 better	 synergy	 effects	 in	 such	 hybrid	 systems
(Chatterjee	 et	 al.	 2012).	Moreover,	 silica	 nanoparticle-coated	 graphite	 nanoplatelets	 at	 2
wt%	content	were	served	as	thermally	conductive	and	electrical	insulating	filler	in	an	epoxy
matrix	 (Choi	 et	 al.	 2014).	 In	 another	 example,	 matching	 the	 properties	 of	 silver
nanoparticles	 and	 organoclay	 in	 an	 epoxy	 matrix,	 an	 infectionresistant	 and	 strong
implantable	 scaffold	 film	 for	 skin	 tissue	 regeneration	 has	 been	 produced	 (Barua	 et	 al.
2014).

Conventional	thermoset	composites	can	also	benefit	from	the	addition	of	nanomaterials.
In	 such	 examples,	 10	wt%	 of	 nanosilica	 increased	 three	 to	 four	 times	 the	 fatigue	 life	 of
glass-reinforced	plastic	composite	 laminates	 (Manjunatha	et	al.	2010),	while	a	 traditional
glass	 fabric	 reinforced	 epoxy	 composite	 increased	 its	 flexural	 modulus	 and	 interlaminar
shear	strength	only	with	0.5	wt%	CNT–Al2O3	hybrid	nanomaterial	(Li	et	al.	2014).

Besides,	 nanomaterials	 are	 able	 to	 offer	 new	 insights	 in	 conventional	 thermoset
composites.	 In	 this	 view,	 taking	 advantage	 of	 the	 conductive	 CNT	 network,	 the	 impact
damage	 evolution	 of	 a	 woven	 glass	 fiber/epoxy	 composite	 was	 monitored	 by	 in	 situ
electrical	resistance	measurements	(Gao	et	al.	2011).

2.6.3	TRENDS	IN	ELASTOMERIC	NANOCOMPOSITES

Demanding	rubber	applications	make	imperative	the	quest	of	more	sophisticated	fillers.	In
this	 view,	 rubber	 technologists	 combine	 nanofillers	 in	 order	 to	 tune	 the	 performance	 of
rubber	nanocomposites.	Combination	of	40	phr	CB	with	less	 than	5	phr	oxidized	graphite
delivered	a	stable	wearing	process	on	an	NBR	vulcanizate	presenting	a	 low	coefficient	of
friction	(COF)	and	low	wear	rate	even	at	high	loads	and	high	sliding	velocities	(Wang	et	al.
2012).	 On	 an	 example	 of	 SBR/BR	 blend,	 a	 combination	 of	 45	 phr	 CB	 with	 3	 phr	 of
organoclay	 improved	 significantly	 the	 abrasion	 resistance	 of	 the	 relevant	 vulcanizates
(Shan	et	al.	2011).

Cellulose	 at	 filler	 loading	of	25	phr	 combined	with	5	phr	 silica	had	 a	great	 effect	 on
improving	heat	build-up	and	compression	set	at	dynamic	compression	in	NR	compared	with
NR/silica	vulcanizates	of	30	phr	filler	loading.	At	the	same	time,	the	tanδ	values	at	0°C	and



60°C	remained	almost	unaffected	or	reduced,	respectively,	having	in	mind	recipes	for	tire
applications	(Xu	et	al.	2012).	Likewise,	NR	filled	with	84	phr	of	silica	modified	with	silane
coupling	agent	 in	 combination	with	6	phr	of	MWCNTs	yielded	electrical	 conductivity	of

about	 10−3	 S/cm	 maintaining	 a	 moderate	 Payne	 effect	 and	 a	 high	 tanδ	 value	 at	 0°C
(Fritzsche	et	al.	2009).

In	another	case,	silicon	rubber	presented	enhanced	electrical	properties	when	filled	with
a	combination	of	2.5	phr	CB	and	1.0	phr	CNT.	Compared	with	the	single	filler	mixtures,	the
electrical	 resistance	for	 the	dual	system	had	five	 times	 lower	value	 than	CB	and	nearly	3
orders	 of	 magnitude	 lower	 than	 CNT	 for	 the	 same	 filler	 content	 (Witt	 et	 al.	 2013).	 It
becomes	 clear	 from	 this	 chapter	 that	 nanomaterials	 within	 polymer	 matrices	 succeed	 to
achieve	more	(improved	properties)	with	less	(filler	content).
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3.1	INTRODUCTION

Nanomaterials,	 dimension	 size	 between	 1	 and	 100	 nanometers,	 are	 categorized	 in	 four
sections	[1]:	 (1)	zero-dimensional	 (confined	all	dimensions	 in	nanoscale	such	as	clusters,
quantum	 dots,	 and	 nanoparticles),	 (2)	 one-dimensional	 (confined	 two	 dimensions	 in
nanoscale	such	as	nanotubes,	nanorods,	and	nanowires),	(3)	two-dimensional	(confined	one
dimensions	 in	nanoscale	such	as	nanofilms,	nanolayers,	and	nanocoatings),	and	 (4)	 three-
dimensional	 (confined	 no	 dimensions	 in	 nanoscale	 including	 nanocomposites,	 porous
materials,	powders,	fibrous,	multilayer,	and	polycrystalline	materials)	(see	Figure	3.1).

In	general,	several	methods	that	have	been	mostly	used	for	preparation	of	nanomaterials
are	 categorized	 into	 two	 main	 approaches:	 top-down	 and	 bottom-up	 [2,3].	 Top-down
approach	 refers	 to	 reducing	 the	 dimension	 of	 the	 original	 materials	 using	 physical
techniques.	Bottom-up	or	chemical	approach	 is	a	popular	method	 in	which	nanomaterials
could	be	produced	from	the	atomic	or	molecular	scale	[4].	Figure	3.2	shows	physical	and
chemical	approaches	to	obtain	nanomaterials.

3.2	ZERO-DIMENSIONAL	MATERIALS

3.2.1	SYNTHESIS	OF	METAL	NANOCLUSTERS

Metal	 nanoclusters	 (NCs)	 containing	 a	 number	 of	 atoms	 are	 a	 new	 category	 of
nanomaterials	that	cover	the	distance	between	metal	atoms	and	nanoparticles	(NPs).	They
have	attracted	a	great	deal	of	attention	in	recent	years	due	to	optical,	electrical,	chemical,



and	molecule-like	features	[5–8].
Wang’s	 group	 used	 a	 general	 approach	 for	 synthesis	 of	 nanocrystals	 such	 as	 noble

metals	 [9].	 This	 approach	 is	 using	 a	 general	 phase	 transfer	 and	 separation	 mechanism
taking	 place	 at	 the	 interfaces	 of	 the	 liquid,	 solid,	 and	 solution	 phases	 existing	 through
synthesis.	 In	 this	 technique,	 uniform	 noble	 metal	 quantum	 dots,	 or	 nanocrystals,	 were
produced	using	the	reduction	of	noble	metal	ions	via	ethanol	at	various	temperatures	of	20–
200°C	under	hydrothermal	or	atmospheric	situations.

FIGURE	3.1 	(See	color	insert.)	Classification	of	nanomaterials	(a)	0D	spheres	and	clusters,	(b)	1D	nanofibers,	wires,
and	rods,	(c)	2D	films,	plates,	and	networks,	and	(d)	3D	nanomaterials.



FIGURE	3.2 	(See	color	insert.)	Physical	and	chemical	approach	to	produce	nanomaterials.	(Adapted	from	I.	Rahman,
V.	Padavettan,	Journal	of	Nanomaterials,	1,	2012,	1–15.)

Up	 to	 now,	many	 researchers	made	 considerable	 attempts	 at	 the	 synthesis	 of	 several
noble	metal	nanoclusters	such	as	Cu,	Pd,	Ag,	Pt,	and	Au	NCs	[10–12],	but	between	 them,
gold	 nanoclusters	 have	 received	 particular	 interest	 due	 to	 some	 good	 properties	 such	 as
their	 facile	 synthesis,	 nontoxicity,	 outstanding	 photophysical	 features,	 and	 astonishing
chemical	stability.	It	is	interesting	to	note	that	luminescent	gold	nanoclusters	(AuNCs)	are
a	 new	 category	 of	 luminescent	 nanomaterials	which	 have	 a	 particle	 size	 under	 2	 nm	and
contain	about	100	gold	atoms	[13].	Various	methods	have	been	applied	for	preparation	of
uniform	luminescent	AuNCs	with	high	quality.

It	 is	well	 known	 that	 sodium	borohydride	 (NaBH4)	 is	 used	 normally	 for	 reduction	 of
HAuCl4	solution	to	Au	nanoparticles	(AuNPs)	because	the	Au	atoms	have	a	great	tendency
to	aggregation	when	a	strong	reducing	agent	such	as	NaBH4	is	utilized.	Therefore,	partially
weak	 reducing	 agents	 could	 be	 applied	 to	 synthesize	 small	 luminescent	 AuNCs.
Consequently,	 thiol-containing	 precursors	 are	 appropriate	 reducing	 agents	 and	 stabilizers
for	 preparation	 of	 this	 kind	 of	 nanomaterial.	 Also	 the	 reaction	 conditions	 and	 synthesis
processes	could	be	controlled	by	different	techniques	[14].



3.2.1.1	Microwave-Assisted	Synthesis
Microwave	 irradiation	 (MWI)	 is	one	of	 the	most	significant	methods	 for	 the	synthesis	of
nanomaterials	because	of	several	outstanding	superiorities	such	as	low	energy	consumption,
uniform	 heating,	 environment-friendly	 features,	 and	 cost-effectiveness	 [15–17].
Furthermore,	the	main	advantage	of	MWI	in	comparison	to	conventional	heating	is	that	this
method	is	rapid	and	uniform.

Yue	 and	 coworkers	 prepared	 extremely	 fluorescent	AuNCs	 containing	 16	 gold	 atoms
using	 a	 one-step	microwave-assisted	 technique	with	MWI	 for	 6	 h	with	 power	 of	 700	W.
They	utilized	bovine	serum	albumin	(BSA)	as	the	reducing	agent	and	the	stabilizer	which	is
reacted	with	HAuCl4	as	an	Au	precursor.	In	this	method,	the	reaction	was	under	particularly
simple	conditions	(pH	=	12)	at	37°C	via	MWI	as	an	alternative	of	direct	heating	to	maintain
the	temperature	[18].

Moreover,	 in	 this	method	 the	 reaction	 time	can	be	 reduced	 from	several	hours	 to	1	h
with	modified	processes	using	microwaves.	For	instance,	Chen	et	al.	applied	eight	cycles	of
consecutive	microwave	heating	 (5	min	per	 cycle	with	 the	power	of	90	W)	 to	prepare	 the
lysozyme-directed	AuNCs	[19].

A	 very	 rapid	 and	 strong	microwave-assisted	 green	 synthesis	 of	Ag	 nanoclusters	with
high	fluorescent	in	the	presence	of	a	common	polyelectrolyte,	polymethacrylic	acid	sodium
salt	(PMAA-Na),	was	reported	by	Liu	and	coworkers	[20].	In	addition,	we	could	reduce	the
reaction	time	to	some	minutes	by	controlling	the	irradiation	power	[21,22].	The	microwave-
assisted	method	provides	 fast	 and	uniform	heating;	 thus,	 it	 can	 speed	up	 the	 synthesis	of
nanomaterials.

3.2.1.2	Sonochemical	Synthesis
The	 sonochemical	 method	 is	 an	 additional	 important	 approach	 for	 synthesizing
nanomaterials.	This	method	has	significant	advantages	such	as	fast	reaction,	harmless,	easy
to	 control	 the	 reaction	 conditions,	 and	 it	 produces	monosize	 and	 uniform	NPs	with	 high
purity	[23].

In	the	following,	we	will	explain	the	sonochemical	method	by	an	example	of	preparing
highly	water-soluble	silver	nanoparticles	(AgNCs)	by	Liu	et	al.	[23].

In	 this	 work,	 the	 BSA-stabilized	 AgNCs	 were	 synthesized	 by	 a	 facile,	 fast,	 green
sonochemical	synthesis	method.	In	this	method,	briefly,	250	mg	of	BSA	was	dissolved	in	9
mL	 water	 and	 mixed	 with	 aqueous	 AgNO3	 solution	 (1	 mL,	 100	 mmol/L),	 reacting	 at
ambient	 temperature	 for	 5	 min	 with	 vigorous	 stirring,	 then	 0.50	 mL,	 mol/L	 NaOH	 was
added	 to	 the	 solution	 to	 adjust	 the	pH	 to	12,	where	BSA	acted	as	 a	 stabilizing	agent	 and
reducing	agent	in	this	condition;	finally,	the	mixture	was	exposed	to	ultrasonic	irradiation

(50	W/cm2)	 under	 low	 temperature	 (15°C)	 for	 4	 h.	 During	 this	 period,	 the	 color	 of	 the
colloid	 solution	 changed	 from	 colorless	 to	 yellow,	 providing	 clear	 evidence	 for	 the
formation	 of	 AgNCs	 [24].	 The	 AgNCs	 solution	 is	 purified	 via	 dialysis	 using	 7000	 Da
molecular-weight	cutoffs	(MWCO)	dialysis	bag.

Sonochemical	 reduction	of	Ag+	needs	 the	use	of	a	 template	or	capping	agent	 to	avoid



the	 aggregation	of	Ag	nanoclusters	 to	 form	 large	Ag	nanoparticles.	Xu	et	 al.	 [25]	 used	 a
simple	polyelectrolyte,	polymethylacrylic	acid	(PMAA),	as	a	stabilizer	agent.	It	should	be
noted	 that	PMAA	contains	 carboxylic	 acid	groups,	which	have	 a	great	 tendency	 to	 silver
ions	and	silver	surfaces;	therefore,	PMAA	is	a	preferable	capping	agent	for	synthesis	of	Ag
nanoclusters	 [26,27].	The	charged	carboxylate	groups	afford	 stability	 for	Ag	nanoclusters
and	avoid	extra	growth	of	nanoclusters	to	large	nanoparticles.

To	synthesize	Ag	nanoclusters,	a	fresh	solution	of	AgNO3	as	Ag+	precursor	was	mixed
with	an	aqueous	PMAA	solution.	In	this	study,	the	molar	ratio	of	carboxylate	groups	(from

the	 methacrylic	 acid	 units)	 to	 Ag+	 was	 1:1.	 Then	 the	 pH	 was	 adjusted	 to	 4.5	 due	 to
formation	of	compacted	coil	PMAA,	which	has	been	reported	as	the	best	reagent	to	produce
Ag	nanoclusters	 [25].	 The	 solution	was	 purged	with	Ar	 for	 2	 h	 and	 then	 sonicated	 for	 a
different	 period	 of	 time.	 As	 shown	 in	 Figure	 3.3a,	 under	 sonication,	 the	 first	 colorless
solution	slowly	changes	 to	pink	(90	min)	and	then	dark	red	(180	min).	The	producing	Ag
nanoclusters	have	a	high	fluorescence	(Figure	3.3b).	As	it	is	illustrated	in	Figure	3.3c	and	e,
the	resulting	Ag	nanoclusters	are	less	than	2	nm	in	diameter	[25].

In	addition	to	the	methods	of	synthesis	mentioned	above,	other	techniques	may	also	be
used	for	preparing	AuNCs,	for	example:

• Photoreductive	 synthesis:	 In	 this	 technique,	 ultraviolet	 light	 is	 employed	 as	 a
reducing	agent	for	preparation	of	AuNCs	from	Au(III)	precursors.

• Etching-based	 technique:	 In	 this	 method,	 the	 AuNPs	 are	 etched	 with	 extra

amounts	 of	 molecules,	 such	 as	 dendrimers,	 thiols,	 and	 Au3+	 ions	 to	 form	 the
AuNCs	[28].

• Microemulsion	method:	 In	 this	 method,	 AuNCs	 is	 obtained	 by	 adding	 aqueous
NaBH4	solution	 to	a	microemulsion	containing	methanol,	 thiolates,	and	HAuCl4
under	vigorous	stirring	[29–32].	The	microemulsion	method	will	be	explained	in
detail	in	the	next	section.

Figure	3.4	illustrates	a	schematic	of	different	methods	for	preparation	of	AuNCs.	As	it

is	shown	in	this	figure,	Au3+	precursors	and	appropriate	stabilizer	agents	are	essential	 for
synthesis	of	fluorescent	AuNCs	[14].

3.2.2	SYNTHESIS	OF	QUANTUM	DOTS

Semiconductor	 quantum	 dots	 (QDs)	 are	 nanoparticles	 with	 very	 high	 luminescence	 that
have	 received	 great	 attention	 in	 bioanalysis,	 bioimaging,	 and	 optoelectronics.	 These
colloidal	nanocrystalline	semiconductors	are	small	and	spherical	particles	or	nanocrystals
of	 a	 semiconducting	 material	 with	 diameters	 in	 the	 range	 of	 1–12	 nanometers	 (10–50
atoms).	At	such	small	sizes	(smaller	than	the	dimensions	of	the	exciton	Bohr	radius),	these
nanocrystals	act	differently	from	bulk	solids	due	to	quantum	confinement	effects	[33,34].



FIGURE	3.3 	(See	color	 insert.)	 (a)	UV–vis	 spectra	 and	 (b)	 fluorescence	 emission	 spectra	of	 the	 solution	 containing
PMAA	and	AgNO3	in	different	 length	of	sonication	time;	TEM	images	of	as	prepared	Ag	nanoclusters	from	different

lengths	 of	 sonication:	 (c)	 60	 min,	 (d)	 90	 min,	 and	 (e)	 180	 min.	 (Reprinted	 with	 permission	 from	 Xu	 Hangxun,	 S.
Kenneth	 Suslick,	 Sonochemical	 synthesis	 of	 highly	 fluorescent	 nanoclusters,	 American	 Chemical	 Society,	 4,	 3209–
3214.	Copyright	2010	American	Chemical	Society.)

QDs	have	been	prepared	 from	a	wide	 range	of	 semiconductor	materials.	CdSe,	CdTe,
and	 their	 core/shell	 analogs,	 CdSe/ZnS	 and	 CdTe/ZnS,	 have	 received	 the	 most	 attention
among	QDs	due	to	their	well-established	synthetic	approaches	[35].



FIGURE	3.4 	(See	color	 insert.)	Synthesis	of	gold	nanoclusters	 (AuNCs).	 (Adapted	 from	M.	Cui,	Y.	Zhao,	Q.	Song,
Trends	in	Analytical	Chemistry,	57,	2014,	73–82.)

However,	there	are	frequent	efforts	and	reports	on	preparation	of	QDs	in	aqueous	media
using	 suitable	 air-stable	 precursors,	 the	 actual	 breakthrough	 in	 preparation	 of	 highly
fluorescent	colloidal	QDs	happened	when	the	Bawendi	group	reported	[36]	preparation	of
CdSe	QDs	with	highly	crystalline	cores	and	size	distributions	of	8%–11%	using	a	mixture
of	trioctyl	phosphine/trioctyl	phosphine	oxide,	TOP/TOPO	with	pyrolysis	of	organometallic
precursors.

In	the	following,	we	will	use	this	report	as	an	example	to	exemplify	the	general	method.
Dimethylcadmium	 (Me2Cd)	 was	 utilized	 as	 the	 Cd	 precursor	 and

bis(trimethylsily1)sulfide	 ((TMS)2S),	 trioctylphosphine	 selenide	 (TOPSe),	 and
trioctylphosphine	 telluride	 (TOPTe)	 were	 used	 as	 S,	 Se,	 and	 Te	 sources,	 respectively.
Mixed	 tri-n-octylphosphine	 (TOP)	 and	 tri-noctylphos-phineoxide	 (TOPO)	 solutions	 were
used	as	solvents	and	stabilizer	agents	known	as	coordinating	solvents.

The	 process	 for	 synthesizing	 of	 TOP/TOPO	 capped	 CdSe	 nanocrystallites	 is	 briefly
outlined	below	 [36].	 Fifty	 grams	 of	TOPO	 is	 dried	 and	 purged	 in	 the	 reaction	 vessel	 via
heating	to	200°C	at	1	torr	for	20	min,	and	then	it	was	purged	with	argon	intermittently.	The
temperature	 of	 the	 reaction	 flask	 is	 then	 adjusted	 at	 300°C	 under	 1	 atm	 of	 argon.	 One
milliliter	 of	Me2Cd	 is	 added	 to	 25.0	mL	 of	 TOP	 in	 the	 dry	 box,	 and	 10.0	mL	 of	 1.0	M
TOPSe	stock	solution	is	added	to	15.0	mL	of	TOP.	Two	solutions	are	then	mixed	and	added
to	 a	 syringe	 in	 the	 dry	 box.	 The	 heat	 is	 removed	 from	 the	 reaction	 vessel.	 The	 syringe
holding	the	reagent	mixture	is	rapidly	removed	from	the	dry	box	and	its	content	is	strongly
stirred.	 The	 rapid	 introduction	 of	 these	 reagents	 results	 in	 an	 orange	 solution	 with	 an
absorption	 feature	 at	 440–460	 nm.	 This	 is	 also	 accompanied	 by	 a	 sudden	 decrease	 in
temperature	 to	 180°C.	 Heating	 is	 restored	 to	 the	 reaction	 flask	 and	 the	 temperature	 is
gradually	 raised	 to	 and	 aged	 at	 230–260°C.	 Depending	 on	 the	 aging	 time,	 CdSe



nanoparticles	 with	 a	 series	 of	 sizes	 ranging	 from	 1.5	 nm	 to	 11.5	 nm	 in	 diameter	 are
prepared.

Produced	colloidal	dispersion	is	purified	by	cooling	to	60°C,	above	the	melting	point	of
TOPO,	 and	 adding	 20	 mL	 of	 anhydrous	 methanol,	 which	 results	 in	 the	 reversible
flocculation	 of	 the	 nanocrystallites.	 The	 flocculate	 and	 supernatant	 were	 then	 separated
using	centrifugation.	Then	flocculation	was	dispersed	in	25	mL	of	anhydrous	1-butanol	and
a	 clear	 solution	 of	 nanocrystallites	 and	 a	 gray	 precipitate	 was	 obtained	 by	 additional
centrifugation.	In	the	next	step,	25	mL	of	anhydrous	methanol	was	added	to	the	supernatant
to	 flocculate	 the	 crystallites	 and	 remove	 excess	 TOP	 and	 TOPO.	A	 final	washing	 of	 the
product	 with	 methanol	 followed	 by	 vacuum	 drying	 produces	 300	 mg	 of	 free	 flowing
TOP/TOPO	capped	CdSe	nanoparticles.

These	CdSe	nanocrystals	are	subsequently	dispersed	 in	anhydrous	1-butanol	 to	form	a
transparent	solution.	Subsequently,	methanol	was	added	to	the	dispersion	until	opalescence
persists.	Finally,	supernatant	and	flocculate	were	separated	by	centrifugation	to	produce	a
precipitate	 enriched	 of	 CdSe	 nanocrystallites.	 This	 dispersion	 and	 size-selective
precipitation	with	methanol	is	repeated	until	no	further	narrowing	of	the	size	distribution	as
indicated	by	sharpening	of	the	optical	absorption	spectrum.

A	 similar	 method	 joined	 with	 suitable	 organometallic	 reagents	 was	 used	 to	 coat	 the
native	CdSe	core	with	different	semiconducting,	which	has	wider	band	gaps	(e.g.,	ZnS	and
CdS)	[37,38].	A	summary	of	TOP/TOPO	method	is	illustrated	in	Figure	3.5	[39].

It	 should	be	noted	 that	QDs	 that	are	synthesized	using	 this	procedure	are	not	aqueous
soluble;	 therefore,	 phase	 transfer	 to	 aqueous	 solutions	 with	 surface	 modification	 using
hydrophilic	 ligands	 or	 by	 encapsulating	 these	 nanocrystals	 in	 a	 thick	 hetero	 functional
organic	coating	are	required.	These	ligands	facilitate	both	the	colloid’s	solubility	and	act	as
a	point	of	chemical	attachment	for	biomolecules	[40].

The	 microemulsion	 method	 is	 another	 prevalent	 approach	 for	 preparation	 of	 QDs	 at
room	 temperature.	 In	 this	 technique,	 reactions	 occur	 among	 the	 reagents	 inside	 the
micelles.	The	formation	of	micelles	is	explained	in	the	following.

When	surfactants	or	block	polymers,	which	generally	contain	two	parts	of	hydrophilic
head	and	hydrophobic	chains,	are	dissolved	 into	a	solvent,	 they	 typically	self-assemble	at
air/aqueous	 solution	 or	 organic/aqueous	 solution	 interfaces.	 The	 hydrophilic	 chains	 are
turned	to	the	aqueous	solution.	When	the	concentration	of	the	surfactants	or	block	polymers
is	higher	than	a	critical	amount,	they	self-assemble	to	create	micelles.	Surfactants	or	block
polymers	 remain	 at	 the	 interface	 of	 organic	 and	 aqueous	 solutions.	 Finally,	 a
microemulsion	is	a	distribution	of	fine	liquid	droplets	of	an	organic	solution	in	an	aqueous
solution	which	 could	be	 considered	as	normal	microemulsions	 (oil-in-water	 emulsion)	or
inverse	microemulsions	 (water-in-oil	 emulsion).	 In	 some	 conditions,	 other	 polar	 solvents
such	 as	 alcohol	 could	 be	 applied	 instead	 of	 water.	 The	microemulsion	method	 could	 be
employed	 for	 the	 preparation	 of	 nanoparticles.	 The	 reverse	micelle	 process	 received	 the
most	 attention	 for	 preparation	 of	 QDs,	 which	 two	 immiscible	 liquids	 such	 as	 water	 and
long-chain	alkane	are	mixed	to	create	the	emulsion.	Nanoscale	water	droplets	dispersed	in



different	 organic	 solutions	might	 be	 achieved	 using	 added	 surfactant	 such	 as	 aerosol	OT
(AOT),	 cetyl	 trimethyl-ammonium	 bromide	 (CTAB),	 or	 sodium	 dodecyl	 sulfate	 (SDS)
ortriton-X.

FIGURE	3.5 	 (See	 color	 insert.)	 Schematic	 illustration	 of	 a	 typical	 synthesis	 process	 and	 surface-	modification	 of	 a
luminescent	 QD	 based	 on	 the	 use	 of	 CdO	 as	 precursor.	 (a)	 Nanoparticle	 synthesis	 and	 (b)	 surface	 modification.
(Adapted	from	M.	Costa-Fernandez,	R.	Pereiro,	A.	Sanz-Medel,	Trends	in	Analytical	Chemistry,	25,	2006,	207–218.)

These	micelles	are	thermodynamically	stable	and	could	behave	as	“nanoreactors”	[41].
The	 microemulsion	 technique	 needs	 the	 reaction	 of	 suitable	 initial	 resources,	 as	 an
example,	 the	 reduction	 of	 metal	 ions	 or	 the	 decomposition	 of	 a	 single	 organometallic
reagent	 could	 occur	 in	 the	 presence	 of	 a	 surfactant	 or	 polymer	 that	 avoids	 the	 particles
growing	and	aggregating	into	bigger	sizes.	On	the	other	hand,	the	nucleation	and	growth	of
the	nanoparticles	could	happen	in	the	presence	of	the	surfactant.	In	this	method,	we	could
control	 size,	 shape,	 and	 feature	of	nanoparticles	by	adjusting	 the	 surfactant	 concentration
and	other	factors	such	as	reaction	time,	temperature,	and	concentrations	of	reagents	[42].

3.2.3	SYNTHESIS	OF	NANOPARTICLES

The	 preparation	 procedures	 for	 nanoparticles	 (NPs)	 could	 be	 classified	 into	 three	 major



collections.	The	first	group	 includes	 the	 liquid-phase	approaches,	which	employ	chemical
processes	in	solvents.	This	results	in	colloids,	in	which	the	produced	nanoparticles	could	be
stabilized	against	agglomeration	by	surfactants	or	ligands.

The	 second	 group	 contains	 techniques	 based	 on	 surface	 growth	 under	 vacuum
environments.	In	this	method,	diffusion	of	atoms	or	small	clusters	on	appropriate	substrates
result	in	island	creation,	which	can	be	consider	nanoparticles.	An	important	example	of	this
method	 is	 Stranski-Krastanow,	which	 is	 applied	 for	 growing	 III–V	QDs.	 Finally,	 the	 last
group	is	gas-phase	preparation	[43].	In	the	following,	we	will	explain	all	these	approaches
by	some	example	of	metal,	ceramic,	and	polymeric	nanoparticles	separately.	First,	we	will
emphasize	 the	 preparation	 of	 different	 sorts	 of	 nanoparticles	 using	 solution	 procedures.
Synthesis	 of	 nanoparticles	 dispersed	 in	 a	 solvent	 is	 the	most	 popular	method,	which	 has
numerous	advantages.

3.2.3.1	Synthesis	of	Metal	Nanoparticle
Noble	 metal	 nanoparticles	 like	 gold,	 silver,	 and	 platinum	 have	 received	 great	 interest
because	 of	 their	 size	 and	 shape	 and	 unique	 optoelectronic	 properties.	 These	 noble	metal
nanoparticles,	 especially	 gold	 nanoparticles,	 have	 obtained	 great	 attention	 for	 significant
biomedical	 requests	 due	 to	 facile	 preparation,	 characterization,	 and	 surface	modification.
Preparation	 of	 noble	 metal	 nanoparticles	 such	 as	 Pt,	 Au,	 and	 Ag	 has	 attracted	 the	 most
attention	 in	 recent	decades.	The	most	prevalent	methods	are	chemical	 reduction,	physical
processes,	and	biological	approaches.

3.2.3.1.1	Chemical	Reduction
The	 general	 procedure	 in	 the	 preparation	 of	 metal	 colloidal	 dispersions	 is	 reduction	 of
metal	complexes	in	dilute	solutions,	and	different	approaches	have	been	advanced	to	start
and	adjust	the	reduction	reactions	[44].	Since	this	method	is	the	most	common	method	of
synthesis	for	AuNP,	we	will	exemplify	it	by	the	synthesis	of	AuNP	in	the	following.

The	 formation	 of	monosized	AuNP	 is	 achieved	 by	 the	 reduction	 of	 gold	 salts	 in	 the
presence	of	 a	 reducing	agent	 such	 as	 sodium	citrate	 and	 a	 stabilizer	 [45].	Sodium	citrate
reduction	of	 chlorauric	 acid	 (HAuC14)	 at	 100°C	was	 established	more	 than	 50	 years	 ago
[46]	and	remains	the	most	frequently	used	technique.	In	this	technique,	HAuC14	dissolves
into	 water	 to	 form	 a	 sufficiently	 dilute	 solution.	 Then	 sodium	 citrate	 is	 added	 into	 the
boiling	solution.	The	solution	 is	kept	at	100°C	until	color	changes,	while	maintaining	 the
overall	volume	of	the	solution	by	adding	water.	This	synthesis	of	citrate	stabilized	AuNPs
was	based	on	a	single-phase	reduction	of	HAuC14	by	sodium	citrate	in	an	aqueous	medium
and	produced	particles	about	20	nm	in	size.

One	of	the	most	important	reports	on	synthesis	of	AuNP	was	published	in	1994	and	is
known	 currently	 as	 the	Brust-Schiffrin	method	 [47].	 This	method	 employed	 a	 two-phase
synthesis	that	applied	thiol	ligands	which	could	attach	to	gold	intensely	because	of	the	soft
properties	of	 both	S	 and	Au.	First,	 gold	precursor	 is	 added	 to	 an	organic	 solvent	 such	 as
toluene	with	a	phase	transfer	agent	like	tetraoctylammonium	bromide,	and	then	an	organic



thiol	 is	added.	Finally,	an	extra	amount	of	an	 intense	 reducing	precursor,	 such	as	 sodium
borohydride,	is	added	to	create	AuNPs	capped	with	thiol	ligands	[47].	The	main	benefits	of
this	technique	are	the	facile	synthesis,	uniform	size	distribution,	thermally	stable	NPs,	and
ease	of	size	adjustment	[48].

Silver	 nanoparticles	 are	 an	 additional	 distinguished	 sample	 of	 chemical	 reduction
technique.	The	easiest	approach	to	produce	silver	nanoparticles	is	using	reduction	of	silver

nitrate	 (AgNO3)	 as	 Ag+	 precursor	 in	 ethanol	 in	 the	 presence	 of	 a	 surfactant	 [49].
Aggregation	of	Ag	NPs	could	be	prohibited	by	using	some	common	stabilizers	agents	such
as	poly(vinylpyrrolidone)	 (PVP),	bovine	 serum	albumin	 (BSA),	polyvinyl	 alcohol	 (PVA),
and	citrate	and	cellulose.

Dong’s	 group	 [50]	 reported	 work	 on	 controlling	 the	 size	 and	 morphology	 of	 silver
nanoparticles	via	sodium	citrate	reagent	in	the	pH	range	of	5.7–11.1.	Reduction	of	the	silver

salt	 (Ag+)	 was	 increased	 by	 increasing	 the	 pH,	 due	 to	 the	 higher	 activity	 of	 the	 citrate
reagent	 in	 high	 pH	 value.	 It	 is	 interesting	 that	 at	 higher	 pH,	 the	 morphology	 of
nanoparticles	 was	 a	 mix	 of	 spherical	 and	 rodlike	 due	 to	 the	 rapid	 reduction	 rate	 of	 the
precursor.	However,	in	lower	pH	value,	morphology	of	nanoparticles	was	mostly	triangle	or
polygon	 because	 of	 the	 slow	 reduction	 rate	 of	 the	 precursor.	 Figure	 3.6	 illustrates	 the
morphology	of	produced	nanoparticles	in	different	pH	values.



FIGURE	3.6 	Transmission	electron	images	for	the	silver	nanoparticles	synthesized	under	pH	values	of	11.1,	8.3,	6.1,
and	5.7.	(Adapted	from	X.	Dong	et	al.,	The	Journal	of	Physical	Chemistry	C,	113,	2009,	6573–6576.)

3.2.3.1.2	Direct	Laser	Irradiation
Some	 other	 significant	methods	 to	 prepare	 noble	metal	 nanoparticles	 are	UV	 irradiation,
laser	irradiation,	and	microwaves,	which	may	not	use	reducing	agents.	For	example,	a	new
technique	was	 reported	 [51]	 to	 prepare	 silver	 nanoparticles	with	 a	well-defined	 size	 and
shape	 distribution	 using	 direct	 laser	 irradiation	 of	 an	 aqueous	 solution	 including	 a	 silver
precursor	and	a	surfactant	without	any	reducing	agents.	The	main	purpose	of	this	report	was
suggestion	 of	 a	 new	 technique	 for	 the	 synthesis	 of	metallic	 nanoparticles	 using	 the	 laser
irradiation	of	a	metallic	precursor	solution	without	any	reducing	agent.	In	this	work,	about
3	mL	of	an	aqueous	solution	of	silver	nitrate	with	concentrations	of	0.833–4.166	mM	was
placed	in	a	closed	spectrophotometric	cuvette	and	irradiated	by	laser	beam	in	the	presence
of	the	surfactant	sodium	dodecyl	sulfate	(SDS)	[51].

The	mechanism	of	 this	 synthesis	method	 is	 explained	by	 formation	of	 radicals	 in	 the
aqueous	solution	due	to	 laser	 irradiation	of	 the	metal	salt	precursor	 in	 the	absence	of	any
reducing	agent	[52].



Photochemical	 reduction	 of	 gold	 precursor	 has	 also	 been	 applied	 to	 preparation	 of
AuNPs	[53].	This	technique	uses	a	continuous	wave	UV	irradiation	(250–400	nm),	PVP	as
the	 stabilizer	 agent,	 and	 ethylene	 glycol	 as	 the	 reducing	 agent.	 The	 preparation	 rate	 of
AuNPs	with	this	technique	is	reliant	on	the	glycol	concentration	as	well	as	the	viscosity	of
the	solvent	mixture	[53].

3.2.3.1.3	Biological	Methods
Another	 interesting	 method	 for	 nanoparticle	 fabrication	 is	 using	 biomolecules	 extracted
from	plants	as	a	reducing	agent	of	metal	ions	in	a	single-step	green	synthesis	process.	This
method	has	a	 lot	of	significant	advantages	such	as	 fast	 reaction,	easy	 to	perform	in	room
temperature	 and	 pressure,	 and	 easily	 scaled	 up.	 It	 should	 be	 noted	 that	 preparation	with
plant	 extracts	 is	 an	 environmentally	 friendly	 approach.	 The	 extracted	 reducing	 agents
comprise	several	water-soluble	plants	like	alkaloids,	phenolic	compounds,	terpenoids,	and
coenzymes.	 Silver	 (Ag)	 and	 gold	 (Au)	 nanoparticles	 have	 received	 the	 most	 important
attention	in	the	field	of	plant-based	syntheses	methods.	Extracts	of	a	different	plant	species
have	been	effectively	applied	in	producing	nanoparticles.	In	addition	to	plant	extracts,	live
plants	 can	 be	 employed	 for	 the	 preparation	 of	 nanoparticles	 [54].	 Up	 to	 now,	 different
biomolecules	such	as	microorganisms,	plant	tissue,	 their	fruits,	plant	extracts,	and	marine
algae	[55]	have	been	applied	to	preparation	of	nanoparticles.	Biological	synthesis	methods
are	 valuable	 not	 only	 due	 to	 their	 decreased	 environmental	 effect	 [56]	 contrary	 to	many
physicochemical	synthesis	approaches,	but	also	because	they	could	be	applied	to	yield	a	lot
of	nanoparticles	without	any	contamination	with	a	suitable	size	and	morphology	[57].

It	 is	 claimed	 that	 biosynthetic	 approaches	 can	 really	 produce	nanoparticles	with	 even
better	size	and	morphology	than	some	of	the	physicochemical	techniques	[58].

In	 preparation	 of	 nanoparticles	 by	 plant	 extracts,	 the	 extracted	 agent	 is	 easily	mixed
with	a	solution	of	the	metal	precursor	at	room	temperature.	The	reaction	is	complete	within
minutes.	Different	nanoparticles	of	silver,	gold,	and	many	other	metals	have	been	prepared
with	this	method	[59].

Several	 plants	 such	 as	 tea	 (Camellia	 sinensis),	 aloe	 vera,	 neem	 (Azadirachta	 indica),
and	Catharanthus	roseus	have	been	applied	for	the	biosynthesis	of	nanoparticles.

In	 this	 method,	 the	 production	 rate	 and	 properties	 of	 nanoparticles	 depend	 on	 some
factors	such	as	the	nature	of	the	plant	extract,	concentration	of	extract	and	metal	precursor,
the	pH	value,	temperature,	and	reaction	time	[59].

3.2.3.2	Synthesis	of	Ceramic	Nanoparticles
Recently,	a	new	group	of	nanomaterials,	ceramic	materials,	for	biomedical	application	are
developing	 rapidly.	 Nanoscale	 ceramics	 such	 as	 hydroxyapatite	 (HA),	 zirconia	 (ZrO2),
silica	(SiO2),	titania	(TiO2),	and	alumina	(Al2O3)	have	received	great	attention	to	produce
new	synthetic	methods	to	increase	their	physical–chemical	features	toward	decreasing	their
cytotoxicity	in	biological	applications	[60].



3.2.3.2.1	Sol–Gel	Method
The	 sol–gel	 process	 is	 the	 most	 widely	 used	 technique	 to	 prepare	 pure	 silica	 particles
because	 of	 some	 significant	 advantages	 such	 as	 easy	 to	 control	 the	 particle	 size,	 size
distribution,	and	morphology	nanoparticles	by	systematic	adjustment	of	reaction	condition
[61].	For	a	 long	 time,	 the	sol–gel	approach	was	broadly	used	 to	prepare	silica,	glass,	and
ceramic	materials	because	of	its	ability	to	form	pure	and	homogenous	products	in	moderate
situations.	The	sol–gel	method	is	a	wet	chemical	procedure	for	the	preparation	of	colloidal
dispersions	 of	 inorganic	 and	 organic–inorganic	 hybrid	 materials,	 especially	 oxides	 and
oxide-based	hybrids.

This	procedure	includes	hydrolysis	and	condensation	of	metal	alkoxides	(Si(OR)4)	 like
tetraethy-lorthosilicate	(TEOS,	Si(OC2H5)4)	or	inorganic	precursors	such	as	sodium	silicate
(Na2SiO3)	 in	 the	 presence	 of	 mineral	 acid	 (e.g.,	 HCl)	 or	 base	 (e.g.,	 NH3)	 as	 catalyst
[62–64].	A	general	 flowchart	 for	 the	 sol–gel	 procedure,	which	 leads	 to	 the	 fabrication	of
silica	using	silicon	alkoxides	(Si(OR)4),	is	illustrated	in	Figure	3.7.

The	 general	 reactions	 of	 TEOS	make	 the	 formation	 of	 silica	 particles	 in	 the	 sol–gel
procedure	as	the	following	reaction	[61].

 

  

  



FIGURE	3.7 	Flowchart	of	a	typical	sol–gel	process.

Alumina	 is	 one	 of	 the	 most	 important	 materials	 as	 inert	 biomaterials	 applied	 in
implants	that	has	been	produced	by	the	sol–gel	technique.

It	 is	 therefore	 a	 biodegradable	material,	well	 endured	 by	 the	 biological	 environment.
Different	work	on	producing	Al2O3	by	the	sol–gel	technique	using	various	precursors	such
as	 aluminum	 triisopropylate	 in	 a	hydrolysis	 system	consisting	of	octanol	 and	acetonitrile
[62],	aluminum	nitrate—in	aqueous	medium	[63,64],	aluminum	secondary	butoxide—in	an
alcoholic	 medium	 [65]	 have	 been	 reported	 thus	 far.	 To	 a	 general	 group	 of	 precursors
include	 inorganics	 such	 as	 aluminum	 chloride	 (AlCl3)	 and	 organics	 such	 as	 aluminum
triisopropylate	 (C3H7O)3Al	 [66]	 have	 been	 used	 for	 synthesis	 of	 Al2O3	 by	 the	 sol–gel
method.

We	explain	the	synthesis	of	Al2O3	by	the	sol–gel	technique	with	an	example	of	using	an
inorganic	precursor	such	as	AlCl3	in	the	following.

In	this	method,	at	first	a	solution	of	0.1	M	AlCl3	in	ethanol	should	be	prepared.	Then	a
28%	NH3	solution	was	added	to	form	a	gel.	This	gel	was	kept	at	room	temperature	for	30	h
and	then	dried	at	100°C	for	24	h.

Another	 example	 is	 using	 C9H21AlO3	 as	 a	 precursor,	 again	 first	 0.1	 M	 (C3H7O)3Al
solution	in	ethanol	was	prepared,	then	NH3	solution	(28%)	was	added	in	order	to	form	a	gel.



It	was	put	under	slow	stirring	at	90°C	for	10	h.	This	gel	was	kept	at	room	temperature	for
24	h	and	then	dried	at	100°C	for	24	h.	The	produced	gels	were	calcined	in	a	furnace	for	2	h
(heating	rate	20°C/min),	at	temperature	values	of	1000°C	and	1200°C.

3.2.3.2.2	Coprecipitation	Method
Coprecipitation	 (CPT)	method	 is	applied	by	a	precipitate	of	materials,	which	 is	generally
soluble	 under	 the	 conditions	 employed.	 Magnetite	 nanoparticles	 were	 prepared	 by	 the
chemical	 coprecipitation	 technique	 by	 using	 ammonium	 hydroxide	 as	 the	 precipitating
reagent.

We	could	adjust	 the	particle	size	by	changing	 the	 temperature	of	reaction	and	also	by
surface	functionalization.

Nano-	and	micro-sized	magnetic	particles	have	received	great	attention	 in	 the	field	of
biomedical	applications	and	magnetic	recording	[67].

In	 the	 following,	 we	 will	 exemplify	 the	 coprecipitation	 method	 by	 synthesis	 of
functionalized	magnetic	 core–shell	 Fe3O4@SiO2	 nanoparticles	 [68].	 Fe3O4	 nanoparticles

were	 produced	 by	 the	 coprecipitation	 of	 Fe2+	 and	 Fe3+	 precursor	 (molar	 ratio	 1:2)	 in	 an
alkali	solution.	A	black	precipitation	of	Fe3O4	was	obtained	and	then	was	constantly	stirred
for	 1	 h	 at	 room	 temperature	 and	 then	 heated	 to	 80°C	 for	 2	 h.	 The	 produced	 Fe3O4	 was
collected	 by	 a	 permanent	 magnet	 after	 washing	 with	 deionized	 water	 and	 EtOH.
Subsequently,	 it	was	dried	 at	 100°C	 in	 a	vacuum	 for	24	h.	 in	 the	next	 step,	 silica	 coated
magnetic	 nanoparticles	 was	 synthesized,	 in	 this	 way,	 1	 g	 of	 produced	 Fe3O4	 under
ultrasonic	 bath	 for	 1	 h	 at	 40°C	was	 dispersed	 in	 80	mL	of	methanol.	Then,	 concentrated
ammonia	 solution	 was	 added	 to	 this	 dispersion	 and	 stirred	 at	 40°C	 for	 30	 min.	 Then,
tetraethylorthosilicate	(TEOS,	1.0	mL)	was	added	to	the	obtained	mixture,	and	continuously
stirred	at	40°C	for	24	h.	Finally,	the	silica	coated	magnetic	nanoparticles	were	collected	by
a	permanent	magnet,	then	washed	with	and	dried	at	60°C	in	vacuum	for	24	h.

3.2.3.2.3	Aerosol	Method
The	aerosol-based	method	is	one	of	the	most	attractive	and	simple	methods	for	synthesis	of
nanoparticles.	 In	 contrast	 to	 the	 conventional	 solution	 methods,	 the	 aerosol	 process	 has
many	 advantages,	 such	 as	 fast	 particle	 production,	 low	 fabrication	 cost,	 green	 method,
simple	and	cheap	particle	collection,	and	produce	material	with	high	purity.	Generally,	this
technique	is	based	on	homogeneous	nucleation,	condensation,	and	consequent	coagulation
in	the	continuous	gas	phase.	Nanoparticles	can	also	be	produced	by	the	ablation	of	a	solid
source	with	a	pulsed	laser	[69].

Spray	 drying	 is	 another	 aerosol-based	method	 that	 produces	 nanoparticles	with	 a	 few
process	steps	and	high	purity.	In	this	method,	liquid	precursors	were	atomized	directly	into
the	furnace	with	high	temperature	to	evaporate	the	solvent	and	resulting	nanoparticles	were
collected	 on	 the	 filter.	 It	 should	 be	 noted	 that	 this	 gas	 phase	 method	 has	 the	 ability	 to
produce	dry	powder	with	mesoporous	structure	and	spherical	shape	[70].

In	 addition	 to	 the	 aforementioned	 methods,	 aerosol-polymerization	 is	 a	 simple	 and



novel	method	to	produce	core–shell	nanoparticles,	consisting	of	an	inorganic	scaffold	and
polymeric	shell,	in	a	continuous	gas-phase	process.	In	this	method,	the	polymerization	was
initiated	 in	 “flight”	 and	 avoids	 the	 need	 of	 surfactants	 and	 solvent.	 Furthermore,	 the
resulting	core–shell	nanoparticles,	leaving	the	aerosol	set-up,	were	collected	directly	on	the
filter.	Recently,	Poostforooshan	et	al.	have	published	an	article	about	the	in	situ	coating	of
inorganic	nanoparticles	with	a	polymer	shell	in	a	continuous	aerosol-based	synthesis	[71].

In	this	method,	silver	and	silica	nanoparticles	were	initially	produced	in	the	gas-phase
as	inorganic	cores	by	spark	discharge	and	nebulization,	respectively,	and	the	particle-laden
nitrogen	 gas	 flow	 was	 then	 passed	 through	 the	 saturator	 containing	 the	 glycidyl
methacrylate	 (GMA)	 as	 organic	 monomer	 at	 80°C.	 Behind	 the	 saturator,	 when	 the	 gas
temperature	dropped	to	room	temperature,	a	super	saturation	was	achieved	resulting	in	the
heterogeneous	 condensation	 of	 GMA	 vapor	 on	 the	 inorganic	 nanoparticle	 surface.
Subsequently,	 the	monomer	coating	was	chemically	polymerized	 to	 form	a	solid	polymer
shell	by	addition	of	ammonia	vapor	as	initiator.	The	average	aerosol	residence	time	in	the
reactor	 is	 about	 2	 min.	 The	 continuous	 experimental	 setup	 consists	 of	 four	 main
components:	 a	 core	particle	generator,	 a	GMA	monomer	 saturator,	 an	 ammonia	 addition,
and	a	polymerization	reactor,	as	illustrated	in	Figure	3.8.

3.2.3.3	Synthesis	of	Polymeric	Nanoparticles
Recently,	polymer	nanoparticles	have	been	considered	in	numerous	applications.	Two	main
procedures	are	used	for	their	synthesis:	(1)	polymerization	of	monomers	and	(2)	dispersion
of	 synthesized	 polymers.	 There	 are	 various	 techniques	 to	 produce	 polymer	 nanoparticles
including	 solvent	 evaporation,	 salting	 out,	 dialysis,	 supercritical	 fluid	 technology,
microemulsion,	miniemulsion,	surfactant-free	emulsion,	and	interfacial	polymerization.	A
number	of	factors	such	as	particle	size,	particle	size	distribution,	and	area	of	application	as
final	product	properties	should	be	considered	to	affect	choice	of	synthesis	methods.	In	the
next	sections,	methods	for	preparation	of	such	particles	will	be	discussed.



FIGURE	3.8 	Scheme	of	the	experimental	setup	for	encapsulation	of	inorganic	nanoparticles	with	a	polymer	shell	in	a
continuous	aerosol-based	process.

3.2.3.3.1	Emulsion	Polymerization	Method
The	inverse	emulsion	polymerization	of	polymer	nanoparticles	is	carried	out	in	a	250	mL
five-neck	reactor	equipped	with	a	mechanical	stirrer,	heating	system,	reflux	condenser,	and
submicron	dropping	 injector	 for	 reaction	 ingredients	and	nitrogen	gas	as	shown	 in	Figure
3.9.	A	typical	recipe	for	the	inverse	emulsion	polymerization	is	presented	in	Table	3.1.

Tamsilian	and	Ramazani	S.A.	have	synthesized	polymeric	core–shell	nanostructure	by
in	 situ	 inverse	miniemulsion	 to	use	 in	 the	 enhanced	oil	 recovery	 (EOR)	process	 [72–78].
Their	 works	 are	 divided	 into	 four	 categories:	 (1)	 synthesis	 of	 polyacrylamide	 (PAM)
nanoparticles	 [72,73],	 (2)	 synthesis	 of	 PAM-polystyrene	 (PS)	 core–shell	 nanostructure
[74,75],	(3)	synthesis	of	PAM/PAM-c-PS	[76,77],	and	(4)	synthesis	of	thermoviscosifying
polymer	(TVP)/PAM-c-PS	[78].

To	 produce	 PAM	 NPs	 based	 on	 inverse	 emulsion	 polymerization	 procedure,	 first,
organic	 solvent	 and	 dispersion	 stabilizer	 with	 a	 modified	 hydrophilic–lipophilic	 balance
(HLB	range:	4–6)	are	introduced	into	the	five-neck	flask.	The	flask	is	then	placed	in	a	water
bath	 at	 a	 constant	 temperature	 of	 30°C	with	 a	 stirring	 rate	 of	 2000	 rpm.	After	 complete
dissolution	of	 the	dispersion	stabilizer	 in	 the	solvent	for	1	h	under	nitrogen	gas	bubbling,
hydrophilic	monomer	such	as	polyacrylamide	dissolved	in	deionized	water	is	dripped	into
the	reactor	by	submicron	dropping	injector	within	a	specified	time	to	form	inverse	water	in
oil	 (W/O)	 emulsion.	 Then,	 temperature	 and	 stirrer	 speed	 are	 set	 at	 60°C	 and	 400	 rpm,
respectively,	and	azobisisobutyronitrile	(AIBN)	initiator	solution	in	hexane	is	then	charged
into	 the	 reaction	mixture.	The	polymerization	 reaction	 is	performed	 for	150	min	at	 60°C
and	stirrer	speed	of	400	rpm	[72,73].



FIGURE	3.9 	The	schematic	diagram	for	inverse	emulsion	polymerization.

TABLE	3.1
Typical	Recipe	for	the	Inverse	Emulsion	Polymerization	of	Polyacrylamide

Ingredients Weight%
Acrylamide	monomer 15
Water 35
Hexane	solvent 45
Span80	surfactant 		5
AIBN	initiator 		0.0068

To	synthesize	PAM-PS	core–shell	nanostructure,	60	mL	of	hexane	solvent	and	0.0035
mL	of	span80	surfactant	are	mixed	in	a	reactor	with	three	necks,	and	after	mixing	those	by
using	 a	 mechanical	 mixer	 with	 speed	 around	 2000	 rpm,	 the	 water	 phase,	 including	 5	 g
hydrophilic	 monomer	 of	 acrylamide	 and	 20	 mL	 of	 deionized	 water,	 is	 dispersed	 to	 the
previous	 solution.	 Then,	 the	 water	 phase	 is	 injected	 to	 the	 mixed	 organic	 phase	 in	 the
reactor	via	a	microinjection.	After	the	mixing	water	and	organic	phases,	the	initiator	system
(redox),	 including	 ferrous	 sulfate	 and	 potassium	 persulfate,	 is	 injected	 (5:2	 ratio)	 in
temperature	condition	−15°C	by	entering	this	material	into	the	reactor.	The	first	time	period
of	 polymerization	 is	 selected	 that	 the	 reactor	 remains	under	mentioned	 conditions	 for	 30



min	and	after	that	immediately	is	moved	to	the	very	low	temperature	condition	for	3	or	4
days	without	mechanical	mixing.	After	this	time,	nanoparticles	of	polyacrylamide	with	high
molecular	weight	are	produced	and	are	the	time	to	inject	the	second	initiator	and	monomer
of	nanolayer	with	hydrophobicity	properties.	Therefore,	in	the	second	steps	of	the	process,
the	 redox	 initiator	 and	 styrene	 monomer	 are	 injected	 for	 making	 a	 nanolayer	 in	 low
temperature	 conditions.	 It	 is	 interesting	 to	point	out	 that	 the	 initiator	of	 the	 second	 steps
and	the	organic	monomer	must	be	injected	simultaneously,	and	the	initiator	on	the	surface
of	 the	 polymer	 nanoparticle	 causes	 a	 chain	 of	 polystyrene	 to	 fprm,	 and	 this	 chain	 is
propagated	continuously.	The	transfer	of	the	chain	must	be	done	in	a	special	time	and	extra
propagation	of	a	polymer	nanolayer	chain	is	prevented.	In	this	way,	by	considering	the	short
time	for	a	second	polymerization	process	 (about	30	min),	 the	 thin	 layer	of	polystyrene	 is
made	 on	 nanoparticles	 of	 polyacrylamide	 and	 after	 this	 time,	 the	 reaction	 process	 is
terminated.	 Further	 purification	 must	 be	 considered	 to	 prevent	 core–shell	 nanostructure
agglomeration.	 Finally,	 the	 synthesized	 powders	 have	 core–shell	 nanostructure	 that	 its
nanocore	of	polyacrylamide	with	10	million	Dalton	 (molecular	weight)	 and	 its	 size	 is	80
nanometers,	 and	 its	 shell	 is	 a	 nanolayer	 of	 polystyrene	 with	 40,000	 Dalton	 (molecular
weight)	and	its	size	is	10	nanometers.

As	mentioned	before,	a	third	category	is	due	to	synthesize	core–shell	nanostructure	with
binary	properties.	This	type	of	core–shell	nanoparticle	is	the	future	work	of	Ramazani	S.A.
and	 coworkers.	 The	 object	 of	 this	 section	 is	 design	 and	 preparation	 of	 a	 smart	 system,
including	a	core	made	up	of	a	hydrophilic	polymer	nanoparticle	such	as	PAM,	HPAM,	TVP,
and	a	hydrophilic–hydrophobic	coating	nanolayer	(surfactant	properties)	such	as	PAM-b-PS
copolymer	 made	 up	 of	 long	 hydrophilic	 and	 short	 hydrophobic	 blocks	 that	 are	 grafted
chemically	 or	 inverse	 polymerized	 surfactant	 (surfmer).	 Two	 procedures	 to	 prepare	 the
smart	 system	 are	 described.	 The	 first	 one	 involves	 inverse	 emulsion	 polymerization	 of
polymeric	 cores	 using	 the	 surfmer	 as	 the	 emulsifier,	 whereas	 the	 shell	 is	 obtained	 via
polymerization	using	the	surfmer	as	the	hydrophobic	monomer	of	the	shell.	Consequently,
the	 term	 nanostructure	 of	 hydrophilic	 core–surfmer	 shell	 is	 proposed	 to	 demonstrate	 the
application	of	the	double	function	surfactant-monomer	(Figure	3.10).



FIGURE	3.10 	(See	color	insert.)	The	schematic	diagram	for	inverse	emulsion	polymerization	of	hydrophilic	polymer-
surfmer	 core-shell	 nanostructure.	 (Adapted	 from	Y.	 Tamsilian,	 A.	 Ramazani	 S.A.,	 The	 International	 Conference	 on
Nanotechnology:	Fundamentals	and	Applications	(ICNFA	2013),	Canada,	2013.)

The	second	one	relates	to	a	nanostructure	of	the	hydrophilic	core-block	copolymer	shell.
The	 polymer	 cores	 are	 obtained	 via	 inverse	 emulsion	 polymerization	 using	 some
hydrophilic	monomers	 that	are	polymerized	and	 terminated,	whereas	 the	shell	 is	obtained
via	 polymerization	 using	 other	 live	 radical	 chains	 which	 are	 propagated	 without	 any
termination	 agents.	 Hydrophobic	 monomers	 are	 grafted	 with	 the	 hydrophilic	 open	 end
chains	to	produce	the	monolayer	of	block	copolymers	(Figure	3.11).

This	 core–shell	 system	 consists	 of	 hydrophilic	 polymer-surfmer	 or	 hydrophilic
polymer-block	copolymer	nanocomposites	and	not	only	acts	as	a	protective	layer	for	water
soluble	polymer	from	degradations	but	also	targeting	delivery	is	another	approach	in	some
applications	 such	 as	 the	 enhanced	 oil	 recovery	 process.	 The	 investigation	 and
characterization	of	the	core–shell	nanoparticle	properties	are	done	by	DSC,	IR,	SEM,	EDX,
NMR,	UV,	XPS,	and	AES.	It	can	be	seen	that	the	nanoscale	coating	of	hydrophilic	polymer
nanoparticles	is	successfully	done	and	there	is	no	effect	of	virgin	monomers	in	the	reaction
environment.	In	addition,	the	behavior	of	polyacrylamide	release	from	its	nanolayer	coating
and	 effects	 on	 rheological	 properties	 of	 the	 water	 phase	 in	 underground	 reservoirs	 with
wettability	variable	is	investigated	via	dilute	viscometer.	The	obtained	results	show	that	the
dissolution	 of	 pure	 polyacrylamide	 with	 6	 million	 Dalton	 (molecular	 weight)	 under	 the
temperature	90–100°C	takes	6	days	(Figure	3.12a),	but	the	total	release	of	nanoparticles	of
polyacrylamide	 from	 a	 nanolayer	 of	 polystyrene	 to	 dissolve	 in	 the	 water	 phase	 under
similar	condition	takes	21	days	(Figure	3.12b).



FIGURE	3.11 	(See	color	insert.)	The	schematic	diagram	for	inverse	emulsion	polymerization	of	hydrophilic	polymer-
block	 copolymer	 core–shell	 nanostructure.	 (Adapted	 from	 Y.	 Tamsilian,	 A.	 Ramazani	 S.A.,	 The	 International
Conference	on	Nanotechnology:	Fundamentals	and	Applications	(ICNFA	2013),	Canada,	2013.)

Due	 to	 the	 initial	 experiments	 by	 Tamsilian	 and	Ramazani	 S.A.,	 the	 obtained	 results
show	that	the	core–shell	nanostructure	idea	can	considerably	optimize	the	EOR	process	and
remove	 the	 existing	 pitfalls.	 However,	 viscosity	 of	 aqueous	 polymer	 solution	 including
PAM	 nanoparticles	 as	 core	 nanomaterial	 in	 the	 previous	 works	 decrease	 by	 temperature
elevation	due	to	PAM	chain	degradation.	So,	the	best	selection	for	the	core	material	could
be	 thermoviscosifying	 polymers	 (TVPs)	 whose	 viscosity	 increases	 on	 increasing
temperature	and	salinity	to	optimize	mobility	ratio	in	the	oil	reservoir,	may	overcome	the
deficiencies	of	most	water	 soluble	polymers	during	EOR.	 In	 last	 study	by	 the	mentioned
group,	a	novel	core–shell	nanostructure	of	TVP	as	an	active	 thermosensitive	polymer	and
an	organic	material	as	a	nanolayer	for	the	core	material	protection	is	designed	and	prepared
to	 intelligently	 control	 mobility	 ratio	 in	 oil	 reservoirs	 and	 overcome	 weakness	 and
limitations	 of	 classical	 polymer	 flooding	 such	 as	 mechanical,	 bacterial,	 or	 thermal
degradations.	 This	 intelligent	 nanostructure	 releases	 TVP	 in	 oil–water	 interface	 after
dissolution	of	organic	nanolayer	in	oil	phase,	which	could	result	in	dramatically	increasing
water	viscosity	in	the	interface	layer.	This	study	is	divided	into	three	phases,	including	(1)
synthesis	of	TVP	nanocore-organic	nanoshell,	(2)	characterization	and	rheology	studies	to
investigate	the	structure	of	the	synthesized	nanomaterials	and	thermo-thickening	properties,
respectively,	and	finally	(3)	smart	EOR	study	by	the	prepared	materials	[78].

Another	 example	 of	 polymer	 NP	 synthesis	 by	 emulsion	 mechanism	 is	 starch
nanoparticles.	 A	 starch	 solution	 is	 prepared	 by	 dissolution	 of	 0.5	 g	 native	 sago	 starch
powder	in	50	mL	of	NaOH	solution	with	concentration	of	0.5	M.	The	mixture	is	heated	to
80°C	 for	 1	 h	 under	 magnetic	 stirring	 to	 obtain	 a	 homogeneous	 starch	 solution.	 One
milliliter	 of	 starch	 solution	 after	 cooled	 to	 room	 temperature	 is	 added	 drop-wise	 to	 an



organic	 phase	 (e.g.,	 15	 mL	 of	 cyclohexane,	 5	 mL	 of	 ethanol,	 and	 a	 certain	 amount	 of
surfactant)	under	mixing	at	900	rpm	for	1	h.	The	same	procedure	is	repeated	by	varying	the
surfactant’s	 concentrations,	 oil-co-surfactant	 ratios,	 oil	 phases	 (hexane,	 olein	 palm	 oil,
sunflower	oil,	and	oleic	acid),	cosurfactants	(methanol,	propanol,	butanol,	and	acetone),	and
water/	oil	ratios	[79].

FIGURE	3.12 	Viscosity	 of	 (a)	PAM-PS	and	 (b)	 pure	polyacrylamide	 in	water	 phase	versus	 time.	 (Adapted	 from	Y.
Tamsilian,	A.	Ramazani	S.A.,	Smart	polymer	flooding	process,	U.S.	Patent,	US20150148269,	United	States,	2015.)

FIGURE	3.13 	SEM	micrographs	of	 (a)	native	sago	starch;	starch	nanoparticles	prepared	(b)	without	stirring;	and	(c)
with	 stirring	 rate	 at	 900	 rpm.	 (Adapted	 from	Y.	 Tamsilian,	 A.	 Ramazani	 S.A.,	 Scientia	 Iranica	 F,	 21,	 2014,	 1174–
1178.)

Based	on	Figure	3.13a,	 native	 sago	 starch	particles	 are	mostly	 of	 large,	 oval	 granular
shape	with	smooth	surface	in	the	range	of	a	diameter	size	around	20–40	μm.	The	microsizes
of	starch	granules	have	converted	 into	nanoparticles	by	dissolution	of	 the	prepared	native
starch	 into	 aqueous	 solution	 and	 also	 reprecipitation	 of	 the	 starch	 solution	 into	 ethanol.
Thus,	 the	 nanoprecipitation	 technique	 is	 suitable	 for	 nanoparticle	 formation.	 The	mixing
rate	can	affect	the	morphology	of	starch	nanoparticles	to	aggregate	and	have	wider	particle



size	distribution	(Figure	3.13b)	as	compared	 to	using	mixing	during	 the	synthesis	 (Figure
3.13c).	At	low	mixing	rates,	the	nucleation	species	are	not	dispersed	uniformly	through	the
solution;	 leading	 to	 agglomerate	 particles	 and	higher	 stirring	 rates,	 enhanced	mobility	 of
nucleated	species	causes	to	be	uniform,	homogeneous	dispersion	and	smaller	nanoparticles
[80].

3.2.3.3.2	Microfluidic	Method
This	 section	 shows	 a	 fantastic	 tubing	 technique	 to	 irreversibly	 interconnect
polydimethylsiloxane	(PDMS)	microfluidic	devices	with	external	equipment.	This	structure
can	keep	a	pressure	of	up	to	4.5	MPa	by	experimental	and	theoretical	investigations	[81].

During	leakage	tests,	the	microfluidic	chip	has	a	straight	channel	with	dimensions	50	×

50	×	50	μm3	(Figure	3.14a).	To	prepare	 the	nanoparticles,	 the	semicircular	channel	 is	300
and	50	μm	for	wide	and	deep	dimensions,	respectively,	and	also	5	cm	for	the	total	length.
Degassed	PDMS	is	 injected	 into	 the	mold	and	heated	 to	80°C	for	2	h.	The	PDMS	slab	 is
removed	from	the	silicon	substrate	by	a	blade,	and	then	a	flat-tipped	needle	is	used	to	make
a	hole	with	diameter	0.5	mm	in	the	channel	inlet.	The	PDMS	chip	is	pressed	down	in	a	Petri
dish	 and	 contact	 between	 the	 embedded	microchannel	 and	 the	 dish	 surface	 is	 made.	 An
adhesive	sealant	is	smearing	the	end	of	the	tube	before	inserting	a	plastic	tube	into	the	hole
(Figure	 3.14b).	 Another	 PDMS	 layer	 on	 top	 of	 the	 PDMS	 chip	 is	 placed	 to	 protect	 this
tubing	interconnection	and	then	the	device	placed	in	the	Petri	dish	is	baked	at	80°C	for	2	h.

Poly(lactic-co-glycolic	 acid)	 (PLGA)	 nanoparticles	 is	 synthesized	 with	 varying	 flow
rate	 rations	 (FRs)	 based	 on	 the	 fabricated	 microfluidic	 device.	 Small	 size	 of	 PLGA
nanoparticles,	 approximately	 55	 nm,	 is	 synthesized	 at	 a	 high	 flow	 rate.	 The	 sizes	 of	 the
nanoparticles	show	a	variation	by	adjusting	the	FR	(Figure	3.15)	and	a	good	dispersion	of
PLGA	nanoparticles	are	presented	by	TEM	and	DLS	results.	Table	3.2	shows	FR	effects	on
particle	size	and	polydispersity	(PDI).	This	size	difference	is	because	of	diffusion	mixing
against	 convective	 mixing.	 The	 convective	 mixing	 can	 provide	 a	 rapid	 interfacial
deposition	of	small	size	PLGA	nanoparticles.	Moreover,	choice	of	the	flow	rate	can	directly
influence	 the	particle	 size	distribution	 to	prepare	 a	 narrow	 size	distribution	by	high	 flow
rate	and	vice	versa.



FIGURE	 3.14 	 (See	 color	 insert.)	 (a)	 Schematics	 of	 fabricating	 a	 tubing	 interconnection	 for	 PDMS	 microfluidic
devices.	 (b)	A	 cross-sectional	 view	 of	 the	 tubing	 interconnection	 fabrication.	 (Adapted	 from	 J.	Wang	 et	 al.,	Lab	 on
Chip,	14,	2014,	1673–1677.)

3.2.3.3.3	Grafting	Method
Grafting	 of	 N-isopropylacrylamide	 and	 acrylic	 acid	 to	 produce	 poly(NIPAM-co-AA)
nanoparticles	as	thermosensitive	polymer	is	synthesized	by	grafting	onto	route	[82]	(Figure
3.16).	 In	 this	way,	NIPAM	monomer	 is	 grafted	 onto	AA	 and	 is	 subsequently	 conjugated
with	 potassium	 persulfate	 (KPS)	 initiator	 at	 80°C	 to	 synthesize	 poly(NIPAM-co-AA)
nanoparticles.

The	 solution	 of	 poly(NIPAM-co-AA)	 nanoparticles	 is	 significantly	 affected	 by
temperatures.	 The	 obtained	 results	 represent	 that	 the	 solution	 of	 poly(NIPAM-co-AA)
nanoparticles	 at	 37.2°C	 is	 opaque,	 whereas	 it	 changes	 to	 become	 transparent	 at	 room
temperature.	Ultraviolet	(UV)-visible	results	in	Figure	3.17	demonstrate	that	absorbance	of
poly(NIPAM-co-AA)	 nanoparticles	 is	 abruptly	 increased	 over	 37.2°C,	 whereas	 the
absorbance	 below	 37.2°C	 is	 steadily	 constant,	 showing	 low	 critical	 solution	 temperature
(LCST)	in	37.2°C.



FIGURE	3.15 	(See	color	insert.)	TEM	images	of	PLGA	nanoparticles	with	(a)	FR:	40,	(b)	FR:	30,	(c)	FR:	20,	(d)	FR:
10,	and	(e)	size	distribution	of	PLGA	nanoparticles	versus	FR.	(Adapted	from	J.	Wang	et	al.,	Lab	on	Chip,	 14,	2014,
1673–1677.)

TABLE	3.2
Comparison	of	Precipitated	PLGA	Nanoparticles	Using	Microfluidic	(High	and
Low	Flow	Rates)

Total	Flow	Rate	(mL/h) Minimum	Size	(nm) PDI

Microfluidics 41–44 110 0.2
Microfluidics 410 55 0.1
Source: Adapted	from	J.	Wang	et	al.,	Lab	on	Chip,	14,	2014,	1673–1677.

3.2.3.3.4	In-Situ	Polymerization	Method
Most	 researchers	 have	 good	 attention	 to	 polymer/clay	 nanocomposites	 in	 research	 and
industrial	applications	due	to	the	effective	optimization	of	different	properties	of	polymer
nanoparticles.	 These	 nanocomposites	 show	 improvements	 to	 mechanical	 and	 barrier
properties,	 flammability	 and	 solvent	 resistance,	 and	 environmental	 stability	 [83–86].
Ramazani	 S.A.	 and	 coworkers	 have	 synthesized	 polyethylene/clay	 nanocomposites	 from
mineral	clay	by	Ziegler-Natta	catalyst	system	with	exfoliated	structure	of	clay.	To	achieve
this	goal,	they	have	used	an	acid	treatment	method	to	improve	clay	structure	for	production
of	highly	active	catalyst	to	produce	polyethylene	clay	nanocomposites	[87–89].



FIGURE	3.16 	Synthesis	of	poly(NIPAM-co-AA)	nanoparticles	using	KPS	initiator	at	80°C.

FIGURE	3.17 	UV–visible	analysis	of	poly(NIPAM-co-AA)	nanoparticles.	(Adapted	from	B.	Ku,	H.	Seo,	B.G.	Chung,
BioChip	Journal,	8,	2014,	8–14.)

To	remove	the	OH	groups	on	the	silicate	layers,	clay	is	dehumidified	for	6	h	at	400°C.
Then	Mg(OEt)2	and	 toluene	are	added	 to	 the	clay	at	continuous	argon	flow.	The	slurry	 is
heated	 to	 80°C	 under	 mixing	 conditions.	 In	 the	 next	 step,	 TiCl4	 and	 electron	 donor	 are
added	 to	 the	 slurry	 and	heated	 to	115°C.	The	product	 is	washed	 several	 times	with	 fresh
toluene	and	treated	with	TiCl4	for	4	h	at	115°C.

To	 prepare	 polyethylene/clay	 nanocomposites	 by	 in	 situ	 polymerization	 method,
propylene	in	hexane	is	synthesized	by	slurry	polymerization	procedure	in	 the	Buchi	(1	L)
type	reactor	at	a	pressure	of	4	bars	and	boiling	point	of	hexane.	To	inject	into	the	reactor,
triisobutylaluminum	(TIBA),	DMCHS,	and	hydrogen	are	used	as	cocatalyst,	external	donor,
and	chain	transfer	agent,	respectively.	In	the	final	step,	the	polymer	is	washed	with	ethanol
several	times,	filtered,	and	dried	in	a	vacuum	oven	at	70°C	for	24	h.

The	 final	 properties	 of	 produced	 nanocomposite	 such	 as	mechanics,	morphology,	 and
dispersion	 are	 investigated	 by	 a	 wide	 range	 of	 characteristic	 techniques.	 The	 obtained
results	show	that	the	thermomechanical	properties	of	the	nanocomposites	are	considerably
improved	by	introducing	a	small	amount	of	clay.	However,	 the	clay	must	be	significantly



intercalated	and/or	exfoliated	during	the	preparation	process	of	the	nanocomposites.

3.2.3.3.5	Synthesis	of	Conductive	Polymer	Nanoparticles
To	 synthesize	 conducting	 polymers,	 there	 are	 a	 number	 of	 methods	 including
electrochemical	 oxidation	 of	 the	monomers,	 chemical	 synthesis,	 and	 some	 less	 common
ones	 such	 as	 enzyme-catalyzed	 and	 photochemically	 initiated	 polymerization	 [90].
Chemical	 or	 electrochemical	 polymerization	 is	 widely	 used	 to	 synthesize	 polyaniline
(PANI)	 in	 the	aqueous	acid	media.	The	synthesized	polymer	 is	called	an	emeraldine	salt.
For	 bulk	 production,	 the	 chemical	 oxidation	 of	 aniline	 is	 the	more	 feasible	method.	 The
limitation	 of	 this	 method	 is	 the	 poor	 processibility	 of	 the	 obtained	 polymer	 due	 to	 its
insolubility	 in	 common	 solvents,	 although	 it	 can	 be	 improved	by	 using	 different	 dopants
[91,92].

In	electrochemical	oxidation	synthesis,	PANI	is	synthesized	in	acidic	media	by	constant
potential	 and	 current	 and	 on	 an	 inert	 metallic	 electrode,	 for	 example,	 Pt	 or	 conducting
indium	tin	oxide	(ITO)	glass.

In	chemical	synthesis,	monomer	(aniline)	is	synthesized	in	aqueous	solution	containing
oxidant,	 for	 example,	 ammonium	peroxydisulfate	 and	acid,	 for	 example,	 hydrochloric.	 In
this	 type	 of	 synthesis,	 the	 monomer	 is	 converted	 directly	 to	 conjugated	 polymer	 by	 a
condensation	 process.	 However,	 an	 excess	 of	 the	 oxidant	 leads	 to	 materials	 that	 are
essentially	 intractable,	 which	 is	 one	 of	 its	 disadvantages.	 By	 progressing	 the	 oxidative
condensation	of	aniline,	 the	color	of	 solution	 turns	 to	black	which	probably	 is	due	 to	 the
soluble	 oligomers.	 The	 type	 of	 the	medium	 and	 the	 concentration	 of	 the	 oxidant	 are	 the
effective	parameters	on	the	intensity	of	coloration.	The	major	effective	parameters	on	the
course	 of	 the	 reaction	 and	 on	 the	 nature	 of	 the	 final	 product	 are	 as	 follows:	 type	 and
temperature	of	medium,	concentration	of	the	oxidant,	and	time.	To	obtain	desirable	results,
some	factors	such	as	 low	 ionic	strength,	volatility,	and	noncorrosive	properties	should	be
controlled	although	no	medium	satisfies	all	of	these	requirements	[93].

In	the	polymerization	mechanism,	there	 is	a	close	similarity	 in	 the	electrochemical	or
chemical	polymerization	mechanism	of	aniline.	The	following	mechanism	proceeds	in	both
cases:	the	first	step	is	the	formation	of	the	aniline	radical	cation,	which	has	several	resonant
forms	and	is	formed	by	transferring	the	electron	from	the	2	s	energy	level	of	the	nitrogen
atom.

Among	 the	 different	 resonance	 forms	 shown	 in	 Figure	 3.18,	 form	 (c)	 is	 the	 more
reactive	 one	 due	 to	 its	 important	 substituent	 inductive	 effect	 and	 its	 absence	 of	 steric
hindrance.	The	next	step	is	the	dimer	formation	between	the	radical	cation	and	its	resonant
form.

Then,	as	shown	in	Figure	3.19,	a	new	radical	cation	dimer	 is	 formed	by	oxidizing	 the
dimer	 with	 having	 two	 possible	 reactions	 including	 the	 reaction	 with	 the	 radical	 cation
monomer	 and	with	 the	 radical	 cation	 dimer	 to	 form	 a	 trimer	 or	 a	 tetramer,	 respectively.
PANI	polymer	is	formed	with	following	steps	(Figure	3.20).



FIGURE	 3.18 	 The	 formation	 of	 the	 aniline	 radical	 cation	 and	 its	 different	 resonant	 structures.	 (Adapted	 from	 I.
Harada,	Y.	Furukawa,	F.	Ueda,	Synthetic	Metals,	29,	1989,	303–312.)

FIGURE	3.19 	Formation	of	the	dimer	and	its	corresponding	radical	cation.	(Adapted	from	I.	Harada,	Y.	Furukawa,	F.
Ueda,	Synthetic	Metals,	29,	1989,	303–312.)



FIGURE	 3.20 	 One	 possible	 way	 of	 PANI	 polymer	 formation.	 (Adapted	 from	 I.	 Harada,	 Y.	 Furukawa,	 F.	 Ueda,
Synthetic	Metals,	29,	1989,	303–312.)

It	 is	 known	 that	 only	 the	 emeraldine	 state	 of	 PANI	 can	 be	 used	 for	 nonredox	 doping
process	to	produce	conductive	polymer.	Charge	transfer	is	a	kind	of	doping	process	with	the
number	 of	 electrons	 of	 the	 polymer	 unchanged.	 Angelopoulos	 et	 al.	 for	 the	 first	 time
converted	 emeraldine	 base	 form	 of	 PANI	 to	 highly	 conducting	 metallic	 regime	 by	 this
doping	method	[93].	They	did	this	doping	process	by	treating	emeraldine	base	with	aqueous
protonic	 acids	 as	 shown	 in	 Figure	3.21.	 It	 is	 known	 that	 the	 conductivity	 of	 PANI	when
doped	with	this	method	is	about	9–10	times	greater	than	that	of	nondoped	ones.

Earlier	studies	show	the	formation	of	a	stable	polysemiquinone	radical	cation	as	shown
in	Figure	3.22	[85].

Here	PANI	(emeraldine	salt,	ES)	is	synthesized	by	two	chemical	oxidation	methods:	(1)
conventional	emulsion	polymerization	to	produce	binary	doped	PANI	and	(2)	homogeneous
solution	polymerization	to	produce	single-doped	PANI.

In	a	conventional	emulsion	system	5.768	g	of	SDS	was	dispersed	in	40	mL	HCl	(1	M)	in
a	two-necked	round	bottom	flask,	then	0.745	g	aniline	in	10	mL	HCl	(1	M)	was	introduced
to	the	mixture	with	vigorous	stirring	at	room	temperature	under	nitrogen	atmosphere	for	30
min.	Then,	10	mL	HCl	(1	M)	aqueous	solution	with	0.923	mL	ammonium	persulfate	(APS)
as	an	oxidant	were	added	drop-wise	 into	100	mL	of	 reaction	mixtures	during	20–30	min.
After	the	purging	period	of	about	20–40	min,	the	homogeneous	recipes	were	turned	into	a
bluish	 tint	 and	 the	 coloration	 was	 pronounced	 as	 polymerization	 proceeded	 without
agitation	for	24	h	at	room	temperature.	Finally,	dark	green	colored	PANI	dispersions	were
obtained	without	any	precipitation.	In	 the	experiments,	 the	molar	ratios	of	APS	to	aniline
and	SDS	to	aniline	were	kept	0.5	and	2.5,	respectively.	Excess	amounts	of	methanol	were
added	 into	 the	 SDS–HCl	 binary	 doped	 PANI	 dispersion	 to	 precipitate	 PANI	 powder	 by



disrupting	the	hydrophilic–lipophilic	balance	of	the	system	and	stopping	the	reaction.	After
that,	 the	 solution	was	 centrifuged	 for	20	min	 at	 8000	 rpm.	The	precipitation	was	washed
with	methanol,	 acetone,	 and	water	 to	 remove	unreacted	materials,	 aniline	 oligomers,	 and
initiators.	The	obtained	binary-doped	emeraldine	salt	PANI	cakes	were	dried	in	a	vacuum
oven	at	50°C	for	48	h.	Figure	3.23	schematically	shows	what	happens	during	oxidation	of
aniline	monomer	with	APS	in	acidic	media.

FIGURE	3.21 	Protonic	acid	doping	of	PANIs.	(Adapted	from	I.	Harada,	Y.	Furukawa,	F.	Ueda,	Synthetic	Metals,	29,
1989,	303–312.)

FIGURE	3.22 	A	 stable	 polysemiquinone	 radical	 cation.	 (Adapted	 from	 I.	Harada,	Y.	 Furukawa,	 F.	Ueda,	Synthetic
Metals,	29,	1989,	303–312.)



FIGURE	 3.23 	 Oxidation	 of	 aniline	 hydrochloride	 with	 APS.	 (Adapted	 from	 I.	 Harada,	 Y.	 Furukawa,	 F.	 Ueda,
Synthetic	Metals,	29,	1989,	303–312.)

The	solution	polymerization	prepared	with	the	same	molar	ratio	of	oxidant	to	monomer
was	 stirred	 for	24	h	 at	 room	 temperature	under	N2	purging,	 to	obtain	PANI	by	 the	 same
procedure.	 The	 obtained	 product	 (single-doped	 emeraldine	 salt	 PANI)	 was	 dried	 in	 a
vacuum	oven	at	50°C	for	48	h.	Emeraldine	base	(EB)	PANI	also	was	prepared	as	a	control
by	 suspending	prepared	PANI-ES	with	100	mL	of	NH4OH	 (24%)	 solution	 to	 convert	 the
PANI	hydrochloride	(emeraldine	salt)	to	PANI	(emeraldine	base),	shown	in	Figure	3.24.

To	 increase	 electrical	 conductivity	 of	 polyaniline	 nanoparticles,	 one	 can	 add	 highly
conductive	 nanoparticles	 such	 as	 graphene.	 The	 PANI/graphene	 nanoparticles	 were
prepared	with	 a	 similar	method	 described	 for	 aniline	with	 the	 difference	 that	 prescribed
amounts	 of	 graphene	 were	 dispersed	 in	 1	 M	 HCl	 solution	 of	 aniline	 monomer	 with
sonication	and	the	monomer-graphene	dispersion	was	used	for	both	emulsion	and	solution
polymerization.	 Figure	 3.25	 shows	 schematically	 the	 preparation	 of	 PANI/graphene
nanocomposite.	 The	 graphene	 amounts	 were	 0,	 0.1,	 0.2,	 0.3,	 0.4,	 0.5,	 0.7,	 and	 1	 wt%
according	to	the	monomer	net	weight	[95].



FIGURE	3.24 	PANI	emeraldine	salt	is	deprotonated	in	the	alkaline	medium	to	PANI	emeraldine	base.	(Adapted	from
I.	Harada,	Y.	Furukawa,	F.	Ueda,	Synthetic	Metals,	29,	1989,	303–312.)

FIGURE	3.25 	(See	color	 insert.)	 Schematic	 process	 of	 preparing	PANI/graphene	 nanocomposites.	 (Adapted	 from	 I.
Harada,	Y.	Furukawa,	F.	Ueda,	Synthetic	Metals,	29,	1989,	303–312.)

3.3	ONE-DIMENSIONAL	NANOMATERIALS

3.3.1	SYNTHESIS	OF	NANOTUBES

CNTs	 have	 the	 simplest	 chemical	 composition	 and	 atomic	 bonding	 configuration,
representing	 the	 extreme	 versatility	 and	 enrichment	 in	 structures	 and	 structure–property
relations	[96].	There	 are	 several	main	methods	 to	produce	CNTs	 including	CVD,	electric
field	 nanotube	 growth,	 arc-discharge,	 and	 laser	 ablation.	 Tangled	 nanotubes	 could	 be
produced	by	 the	 last	 two	methods	and	using	CVD	and	electric	 field	methods	on	catalytic
patterned	substrates	grow	nanotube	arrays	at	controllable	locations	that	are	site	selective.



3.3.1.1	Chemical	Vapor	Deposition
CNT	synthesis	by	CVD	involves	heating	a	catalyst	material	(metal	nanoparticles	typically
supported	 on	 high	 surface	 area	 materials	 such	 as	 alumina	 materials)	 and	 flowing	 a
hydrocarbon	 gas	 through	 the	 tube	 reactor	 for	 a	 period	 [97].	 The	 catalyst	 particles	 are
considered	 as	 seeds	 to	 nucleate	 the	 growth	 of	 nanotubes.	 Today,	 patterned	 growth
approaches	have	developed	to	obtain	organized	nanotube	structures,	positioning	catalyst	in
arrayed	locations	for	the	growth	of	nanotubes	from	specific	catalytic	sites	[98].

The	 earlier	 work	 has	 presented	 the	 ordered	 arrays	 of	 CNT	 consisting	 of	multiwalled
nanotubes	 (MWNTs)	 by	 CVD	 growth	 on	 porous	 silicon	 and	 silicon	 substrates	 patterned
with	iron	particles	in	square	regions	(700°C;	carbon	source,	C2H4;	alumina-supported	iron
catalyst)	 [99].	 The	 nanotubes	 are	 well	 aligned	 along	 the	 direction	 perpendicular	 to	 the
substrate	surface,	resulting	from	nanotubes	grown	by	closely	spaced	catalyst	particles	due
to	 strong	 intratube	 van	 der	 Waals	 binding	 interactions.	 The	 arrayed	 nanotubes	 exhibit
excellent	characteristics	 in	electron	 field	emission	 to	create	 the	spatially	defined	massive
field	emitter	arrays	derived	by	simple	chemical	routes	to	apply	in	flat	panel	displays.

Dai	at	Stanford	University	[99]	with	his	colleagues	have	carried	out	arrayed	patterned
growth	 for	 both	 multiwalled	 and	 single-walled	 nanotubes,	 including	 self-assembly	 and
active	 electric	 field	 control	 to	 manipulate	 the	 orientation	 of	 nanotubes.	 The	 ordered
nanotube	arrays	and	networks	were	formed	at	the	synthesis	stage	of	nanotubes	as	results	of
these	works.

Contact	printing	technique	is	used	to	transfer	catalyst	materials	onto	the	tops	of	pillars,
and	SWNTs	with	ordered	networks	with	the	desired	nanotube	orientations	are	formed	by	the
CVD	 method	 on	 the	 substrates	 (900°C;	 carbon	 source,	 CH4;	 supported	 iron	 catalyst)
[100,101].	 In	 this	case,	 the	arrayed	nanotubes	are	self-orientated	by	van	der	Waals	 forces
between	nanotubes	and	the	silicon	posts.

3.3.1.2	Electric	Field-Directed	Nanotube	Growth
Zhang’s	 group	 has	 controlled	 the	 growth	 directions	 of	 SWNTs	 by	 electric	 fields	 [102],
produced	a	large	alignment	torque	to	direct	the	nanotube	parallel	to	the	electric	field.	One
of	 the	 advantages	 of	 using	 electric	 field	 against	 thermal	 and	 gas	 flow	 fluctuations	 is
stability	 of	 the	 alignment	 during	 the	 growth	 procedure.	However,	 further	 studies	 of	 both
suspended	molecular	wires	and	complex	nanotube	fabric	structures	on	flat	substrates	can	be
interested	by	applied	fields	varying	during	nanotube	synthesis.

3.3.1.3	Molecular	Seeds	Self	Assembly
The	 CNTs	 self-assembled	 by	 organic	 precursor	 molecules	 on	 a	 platinum	 surface	 is
represented	 by	 the	 researchers	 in	 the	 Nature	 journal	 [103].	 In	 this	 research,	 starting
molecule	 into	 a	 three-dimensional	 object	 is	 transferred,	 named	 as	 germling,	 on	 a	 hot
platinum	 surface	 using	 a	 catalytic	 reaction	 to	 split	 off	 hydrogen	 atoms	 and	 form	 new
carbon–carbon	bonds.	The	germ,	the	defined	parameter	for	the	nanotube’s	atomic	structure,
is	folded	out	of	the	flat	molecule.	The	lid	of	the	growing	SWCNT	is	formed	by	this	end	cap.



More	carbon	atoms	attach	and	originate	from	the	catalytic	decomposition	of	ethylene	on	the
platinum	 surface	 (Figure	 3.26).	 Scanning	 helium	 ion	microscope	 (SHIM)	 shows	 that	 the
produced	SWCNTs	have	lengths	greater	than	300	nm.

FIGURE	 3.26 	 (See	 color	 insert.)	 Two	 step	 bottom-up	 synthesis	 of	 SWCNTs:	 (1)	 singly	 capped	 ultrashort	 (6,6)
SWCNT	seed	 formation	via	cyclodehydrogenation	 (CDH)	as	polycyclic	hydrocarbon	precursor	C96H54	 (P1)	 and	 (2)

nanotube	growth	via	epitaxial	elongation	(EE).	Orange	and	blue:	short	CNT	segment	of	the	seed	S1;	red	dashed	lines:
new	C–C	bonds;	green:	epitaxial	elongation.	(Adapted	from	J.R.	Sanchez-Valencia	et	al.,	Nature,	512,	2014,	61–64.)



3.3.1.4	Microwave	Heating	Method
MWCNTs	 are	 synthesized	 using	 a	 microwave	 oven	 to	 calcinate	 polystyrene	 with	 nickel
nanoparticles	under	N2	 purging	at	700	or	800°C	 for	15	or	10	min	 [104].	The	 synthesized
MWCNTs	 are	 characterized	 by	 TEM	 (Figure	 3.27),	 a	 Raman	 spectrophotometer,	 and	 a
wide-angle	x-ray	diffractometer.	The	obtained	results	show	that	a	relationship	between	the
outer	diameter	of	the	carbon	nanotubes	and	the	diameter	of	catalytic	nickel	nanoparticles	is
correlated	by	a	linear	function,	DCNT	=	1.01DNi	+	14.79	nm	and	DCNT	=	1.12DNi	+	7.80	nm
for	the	calcination	condition	of	800°C,	10	min	and	700°C,	15	min,	respectively.

3.3.1.5	Laser	Ablation	Method
In	the	laser	ablation	method,	a	high	power	laser	is	used	to	vaporize	carbon	from	a	graphite
target	 at	 high	 temperature	 to	produce	both	MWNTs	and	SWNTs	using	metal	particles	 as
catalysts	 to	generate	SWNTs	process	 [105,106].	The	 laser	 is	 focused	onto	carbon	 targets,
placed	 in	 a	 1200°C	 quartz	 tube	 furnace	 under	 the	 argon	 atmosphere	 (~500	 torr)	 [107].
Argon	gas	carries	the	vapors	from	the	high	temperature	chamber	into	a	cooled	downstream.
The	nanotubes	will	self-assemble	from	carbon	vapors	and	condense	on	the	walls	of	the	flow
tube	 to	produce	SWNTs	with	a	varied	diameter	distribution	between	1.0	and	1.6	nm.	The
quantity	and	quality	of	these	carbon	nanotubes	depend	on	several	synthesis	parameters	such
as	amount	and	 type	of	catalysts,	 laser	power	and	wavelength,	 inert	gas	 type,	 temperature,
pressure,	and	the	fluid	dynamics	near	the	carbon	target.

3.3.1.6	Arc	Discharge	Method
The	 carbon	 arc	 discharge	 is	 the	 most	 common	 and	 easiest	 method	 to	 produce	 CNTs	 or
complex	mixtures	of	components	through	arc-vaporization	of	two	carbon	rods	placed	end	to
end	with	approximately	a	1	mm	gap,	in	a	chamber	filled	with	inert	gas	at	low	pressure.	It
requires	 further	 purification	 to	 remove	 catalytic	 metals	 from	 the	 produced	 CNTs.	 A
potential	difference	of	20	V	 is	applied	 to	drive	a	direct	current	of	50–100	A,	 following	a
high	temperature	discharge	between	the	two	electrodes	to	vaporize	the	surface	of	one	of	the
carbon	electrodes,	and	forms	a	small	rod-shaped	deposit	on	the	other	electrode.	To	obtain
high	yield	CNTs,	 the	uniformity	of	 the	plasma	arc	and	 the	 temperature	of	 the	deposit	are
two	of	the	most	important	parameters	[107,108].



FIGURE	3.27 	TEM	images	of	CNTs	for	calcination	at	700°C	for	15	min	using	different	nano	Ni	diameters	(DNi),	(a)
10,	(b)	20,	(c)	50,	and	(d)	90	nm.	(Adapted	from	K.	Ohta	et	al.,	Journal	of	Materials	Chemistry	A,	2,	2014,	2,	2773–
2780.)

3.3.1.7	Bottom-Up	Chemical	Synthesis
Two	basic	areas	of	research	are	considered	for	the	bottom-up	synthesis	of	CNTs:	(1)	using
aromatic	macrocyclic	 templates	 and	 (2)	 development	 of	 these	 templates	 to	 obtain	 longer
CNTs	 by	 polymerization	 reactions.	 This	 template	 approach	 is	 an	 attractive	 method	 to
produce	both	zigzag	and	armchair	CNTs	with	different	diameters,	as	well	as	to	chiral	CNTs
with	 different	 helical	 pitches.	 There	 are	 several	 advantages	 for	 the	 organic	 synthesis
approach	to	control	CNT	chirality	compared	with	the	current	methods	as	follows:

• First,	 the	 process	 is	 easier	 to	 troubleshoot	 and	 optimize	 because	 of	 its



mechanistically	well-understood	reactions.

• Second,	 the	 synthesis	 condition	 for	 organics	 is	 typically	 at	 temperatures	 below
200°C	compared	with	temperatures	closer	to	1000°C	for	the	current	techniques.

• Last,	 it	 is	 possible	 to	 produce	 CNTs	 with	 incorporation	 of	 nitrogen,	 boron,	 or
sulfur	by	the	organic	synthesis	approach.

Omachi	et	al.	initiated	well-defined	carbon	nanorings	to	grow	carbon	nanotubes	[109].
In	 this	 study,	 a	 solution	 of	 cycloparaphenylenes	 (0.5	mM	 in	 toluene)	was	 spin-coated	 at
4000	 rpm	on	 a	C-plane	 sapphire	 substrate	 plate	 (5	mm	×	5	mm).	The	 reaction	plate	was
placed	in	the	chamber,	followed	by	heating	at	500°C	for	15	min	under	ethanol	gas	purging.
The	CNTs	formed	were	analyzed	by	TEM	and	Raman	spectroscopy.

After	 extensive	 investigations,	 it	was	 found	 that	CNTs	could	be	grown	 from	CPPs	by
simply	 heating	 these	 seed	molecules	with	 ethanol	 (Figure	3.28a).	 Figure	 3.28b	 and	 c	 are
TEM	 images	of	CNTs	 synthesized	under	 the	previously	mentioned	conditions.	Regarding
the	Raman	spectroscopy	result	in	Figure	3.28d	and	e,	residual	cycloparaphenylenes	was	not
found	on	 the	 reaction	 plate.	 Figure	3.28d	 shows	 the	 radial	 breathing	mode	 regions	 and	 a
relationship	 between	 diameter	 (d)	 and	 frequency	 of	 radial	 breathing	 mode.	 Raman
spectroscopy	results	indicate	that	the	CNTs	were	distributed	in	the	diameter	range	1.3–1.7
nm,	very	close	to	that	of	CPP	(1.7	nm).	Also,	the	diameter	distribution	histogram	in	Figure
3.28f	 was	 derived	 from	 the	 number	 of	 nanotubes	 with	 different	 diameters	 observed	 by
TEM.	It	is	also	consistent	with	this	size	regime	to	conclude	that	the	high	percentage	of	the
CNTs	was	between	1.7	and	1.3	nm	in	diameter.

In	addition,	Mogilevsky	and	his	coworkers	succeeded	to	prepare	a	hybrid	nanostructure
including	graphene	and	TiO2	 by	 a	 bottom-up	 synthetic	 approach	 of	 alizarin	 and	 titanium
isopropoxide	[110].	It	would	be	amenable	to	synthesize	photocatalytically	active	materials
with	maximized	graphene–TiO2	interface	(see	Figure	3.29).

Special	 advantage	 of	 a	 photoactive	material	 (e.g.,	TiO2)	 is	 the	 charge	 transfer	 degree
after	 photoexcitation	 at	 the	 interface	with	 graphene.	Figure	3.30	 shows	 the	movement	 of
electrons	away	from,	or	toward	the	graphene	at	the	interface.	It	was	found	that	contacting
the	graphene	patch	with	the	TiO2	surface	causes	to	transfer	electrons	from	graphene	to	the
oxygen	 molecules	 in	 the	 top	 layer	 of	 TiO2	 which	 were	 also	 confirmed	 for	 the	 TiO2-
sandwiched	graphene	and	graphene	ribbons.	Positive	and	negative	of	the	charge	difference
density	(CDD),	charge	density	in	the	interaction	of	the	two	substrates,	denote	the	addition
of	electrons	and	the	removal	of	electrons,	respectively.	The	CDD	measurement	in	this	case
shows	clearly	 charge	 transfer	 from	graphene	 to	 the	 top	oxygen	 layer	of	TiO2,	 to	 produce
positive	graphene	and	negative	TiO2,	which	the	total	charge	transfer	is	approximately	0.017

e−	per	carbon	atom.



FIGURE	3.28 	(See	color	insert.)	 (a)	Schematic	presentation	of	growth	experiments,	 (b	and	c)	TEM	images	of	CNTs
synthesized	from	CPP,	(d	and	e)	Raman	spectra	of	CNTs,	and	(f	and	g)	diameter	distribution	histograms.	Data	for	CNTs
grown	from	CPP	are	given	in	(d	and	f)	and	data	for	CNTs	grown	from	CPP	are	given	in	(e	and	g).	(Adapted	from	H.
Omachi	et	al.,	Nature	Chemistry,	5,	2013,	572–576.)

3.3.2	SYNTHESIS	OF	NANORODS

3.3.2.1	Simple	Hydrothermal	Method
Using	 hydro/solvothermal	 treatment	 of	 salen	 ligand	 with	 nickel	 nitrate	 is	 of	 particular
interest	 to	 synthesis	 solid	 Ni	 (salen)	 complexes	 at	 different	 temperatures	 (120–180°C),



times	(6–24	h),	and	solvents	(water,	ethanol,	and	H2O,	C2H5OH,	and	acetonitrile)	[111].	In
a	typical	synthesis,	0.75	mmol	of	Ni(NO3)2	 	6H2O	dissolved	in	30	mL	of	H2O	is	added	to
0.75	mmol	 of	N,N′-bis(salicylidene)ethylenediamine-70	mL	 of	H2O	 as	 aqueous	 solution,
followed	 by	 mixing	 for	 15	 min	 and	 transferred	 into	 a	 stainless	 steel	 autoclave.	 The
autoclave	 is	 cooled	 down	 to	 room	 temperature	 after	 hydrothermal	 treatment.	 The	 red-
orange	color	precipitated	material	is	collected	and	washed	several	times	with	distilled	water
and	ethanol.	The	product	obtained	after	6	h	consisted	of	separated	nanorods	(Figure	3.31a
and	b).	 It	 is	 interesting	 to	point	out	 that	 synthesis	after	 reaction	 time	 to	13,	18,	and	24	 h
produced	 some	 agglomeration	 with	 nanoparticles	 (Figure	 3.31c	 and	 d),	 a	 mixture	 of
nanorods	and	nanoparticles	(Figure	3.31e	and	f),	and	the	more	agglomerated	nanorods	with
shorter	length	(Figure	3.31g	and	h),	respectively.

FIGURE	3.29 	Graphene	patch	formation	from	alizarin.	(Adapted	from	G.	Mogilevsky	et	al.,	ACS	Applied	Materials	&
Interfaces,	6,	2014,	10638-10648.)

Figure	 3.32	 shows	 the	 formation	 mechanism	 of	 a	 nanorod	 Ni(salen)	 complex	 as	 a
sequential	two-step	growth	mechanism,	heterogeneous	complex	nucleation,	and	directional



growth	route	due	to	the	morphology	observation.
Under	 hydrothermal	 conditions,	 the	 soluble	 Ni2+	 cation	 reacted	 with	 salen	 ligand	 to

form	 an	 insoluble	 Ni(salen)	 nucleus	 wherein	 it	 can	 be	 led	 to	 the	 precipitation
transformation	 process	 in	 H2O	 to	 form	 more	 insoluble	 Ni(salen).	 In	 the	 first	 stage,
Ni(salen)	 nucleates	 heterogeneously	 due	 to	 a	 lower	 energy	 barrier	 than	 that	 of	 the
nucleation	 in	 solution.	 Based	 on	 all	 reported	 crystal	 structures,	 the	 <100>	 and/or	 <010>
directions	 are	 the	 favored	 directions	 for	 crystal	 growth.	 Under	 hydrothermal	 conditions,
nanorod	 formation	 starts	 by	 the	 nucleation	 and	 spontaneous	 aggregation	 on	 the	 formed
nuclei	to	decrease	their	surface	area	during	the	oriented	attachment	process.	By	domination
of	Ostwald	ripening	process	during	the	reaction	time,	nanorods	with	smooth	surfaces	were
produced.

3.3.2.2	Seed-Mediated	and	Seedless	Methods
In	 the	seed	mediated	route	 [112],	9.91	mL	of	0.2	M	CTAB	is	mixed	with	HAuCl4.	 Then,
0.006	M	NaBH4	is	added	under	magnetic	mixing	for	2	min.	The	growth	solution	of	the	gold
nanorods	is	prepared	by	mixing	0.1	M	of	CTAB,	25.4	mM	of	HAuCl4,	0.5	M	of	H2SO4,	10
mM	of	AgNO3,	and	0.1	M	of	ascorbic	acid.	Then,	 the	mixture	of	4	mL	raw	seed	solution
and	6	mL	deionized	water	is	centrifuged	with	10,000	rpm	for	7	min	to	remove	aggregated
seeds.	Finally,	the	growth	of	the	gold	nanorods	starts	by	addition	of	30	μL	seed	solution	to
the	recipe.	The	resulting	mixture	is	stirred	for	30	s.	After	12	h,	the	reaction	is	stopped	by
centrifugation	with	10,000	rpm	for	10	min.	The	precipitate	is	redispersed	in	water.



FIGURE	3.30 	Model	cell	alongside	with	the	planar	averaged	charge	difference.	d	(Å)	is	the	position	on	the	z-axis	of
the	unit	cell	and	the	y-axis	of	the	graph	on	the	right	side	of	the	figure.	(Adapted	from	G.	Mogilevsky	et	al.,	ACS	Applied
Materials	&	Interfaces,	6,	2014,	10638–10648.)

In	 the	 seedless	 route	 [113],	 gold	 nanorods	 are	 prepared	 by	mixing	 0.15	M	of	CTAB,
25.4	mM	of	HAuCl4,	100	mM	of	AgNO3,	0.05	M	of	paradioxybenzene,	and	1.19	M	of	HCl.
The	reaction	is	started	by	adding	0.01	M	of	NaBH4	solution.	Finally,	the	solution	is	stirred
for	30	s	to	make	it	homogeneous.	After	36	h,	the	reaction	is	stopped	by	centrifugation	with
10,000	rpm	for	10	min	and	the	precipitate	is	redispersed	in	water.

The	gold	ions	concentration	also	was	tried	to	downregulate	the	width	(Figure	3.33).	The
product	 yield	 began	 to	 decrease	 by	 reduction	 of	 the	 gold	 ions	 concentration	 to	 0.3	 mM

(Figure	 3.33e)	whereas	 the	width	 of	 rods	 still	 was	 13.4	 nm.	High	 concentrations	 of	Ag+

(0.12–0.5	mM)	and	CTAB	(0.1–0.15	M)	would	be	favored	to	form	rods	with	higher	aspect
ratio	 using	 ascorbic	 acid,	 tartaric	 acid,	 paradioxybenzene,	 gallic	 acid,	 and	 a	 mixture	 of
ascorbic	acid	and	paradioxybenzene	as	the	reducing	agents.

The	 seeded	or	 secondary	growth	method	 is	manageable	 to	 scale	up	 larger	 amounts	of
gold	 nanorods	 by	 the	 primary	 uniform	 gold	 nanorods	 solution	 [114].	 This	 is	 possible	 to
increase	 the	 reaction	 volume	 from	 100	 mL	 to	 1	 L.	 It	 should	 be	 noted	 that	 the	 primary
uniform	 gold	 nanorods	 solution	 for	 all	 of	 the	 experiments	 was	 prepared	 by	 an	 identical



procedure,	 except	 for	 the	KBr	 removing	 in	 the	primary	growth	 solution	 through	utilizing
benzyldimethylhexadecylammonium	 chloride	 hydrate	 (BDAC).	 BDAC	 helps	 direct	 the
shape	into	nanorods	with	higher	aspect	ratios	to	complete	the	primary	growth	phase	(Figure
3.34).

3.3.2.3	Metal–Organic	Chemical	Vapor	Deposition	Method
Metal–organic	chemical	vapor	deposition	(MOCVD)	has	also	been	used	for	ZnO	nanorods,
thin	film,	and	QD	growth	without	any	catalyst.	High	purity	product	and	easy	fabrications	of
nanorod	quantum	structures	and	heterostructures	are	the	major	advantages	for	this	case	(see
Figure	3.35).	Although	the	catalyst-free	growth	mechanism	of	ZnO	nanorods	has	not	been
thoroughly	 investigated,	 it	 can	 be	 pointed	 out	 that	 anisotropic	 surface	 energy	of	wurtzite
ZnO	 is	 the	main	 reason	 for	 anisotropic	 growth.	 In	 addition,	 adsorption	 of	 fresh	 reactant
gases	 just	on	nanorod	tips	 is	obtained	by	high-speed	 laminar	gas	flow,	 inducing	 turbulent
flow	between	the	nanostructures.





FIGURE	3.31 	SEM	images	of	Ni(salen)	nanocomplexes	prepared	in	H2O	at	140°C	and	various	times:	(a	and	b)	6	h,	(c

and	d)	13	h,	(e	and	f)	18	h,	and	(g	and	h)	24	h.	(Adapted	from	M.	Mohammadikish,	CrystEngComm,	16,	2014,	8020–
8026.)

FIGURE	3.32 	Schematic	illustration	of	a	proposed	mechanism	for	the	formation	of	the	Ni(salen)	nanorods.

FIGURE	3.33 	TEM	images	of	gold	nanorods	synthesized	with	different	Au3+	concentration	(a)	0.6	mM,	(b)	0.5	mM,
(c)	0.4	mM,	and	(d)	0.3	mM.	(e)	Corresponding	UV–vis–NIR	spectra.	(Adapted	from	X.	Xu	et	al.,	Journal	of	Materials
Chemistry	A,	2,	2013,	3528–3535.)



FIGURE	3.34 	 Secondary	 growth	 of	 the	 primary	 and	 final	 gold	 nanorods	 with	 BDAC	 in	 addition	 to	 the	 standard
amount	of	CTAB:	(a)	optical	absorbance	spectra	and	TEM	images	of	(b)	the	primary	and	final	gold	nanorods	using	(c)
0.25×,	 (d)	 0.5×,	 (e)	 1.0×,	 and	 (f)	 1.5×	BDAC.	 (Adapted	 from	K.A.	Kozek	 et	 al.,	Chemistry	 of	Materials,	 25,	 2013,
4537–4544.)



FIGURE	3.35 	Schematic	diagrams	illustrating	the	growth	of	ZnO	nanorods	(nanowires)	from	(a)	the	VLS	process	and
(b)	catalyst-free	MOCVD,	FE-SEM	images	of	(c)	and	(e)	VLS-grown	and	(d)	and	(f)	catalyst-free	MOCVD	grown	ZnO
nanorods.	(Adapted	from	W.I.	Park	et	al.,	Applied	Physics	Letters,	80,	2002,	4232–4234.)



3.3.2.4	Vapor	Phase	Synthesis
The	most	 extensively	 explored	 approach	 to	 the	 formation	 of	 1D	 nanostructure	 including
whiskers,	nanorods,	and	nanowires	 is	probably	vapor	phase	synthesis	where	vapor	species
are	generated	by	several	methods	(including	evaporation,	chemical	reduction,	and	gaseous
reaction),	 subsequently	 transported	 and	 condensed	 onto	 a	 solid	 substrate	 surface	 with	 a
temperature	 lower	 than	 that	 of	 the	 source	material.	With	 proper	 control	 over	 the	 super-
saturation	factor,	1D	nanostructure	can	be	obtained	in	large	quantities.	For	example,	Yi	et
al.	[116]	have	written	a	review	paper	on	ZnO	nanorods	works,	focusing	on	current	research
activities,	 and	 investigated	 the	 physical	 and	 chemical	 methods	 of	 ZnO	 nanorods	 and
nanowires.

3.3.3	SYNTHESIS	OF	NANOWIRES

Generally,	 semiconductor	NWs	can	be	 synthesized	by	metal	nanoclusters	 as	 catalysts	via
vapor–solid–solid	 (VSS)	 and	 vapor–liquid–solid	 (VLS)	 growth	 mechanisms.	 In	 a	 VLS
growth,	vapor-phase	precursors	are	 introduced	at	 temperatures	 that	 should	be	higher	 than
the	 eutectic	 point	 of	 the	metal–semiconductor	 system,	 resulting	 in	 liquid	 droplets	 of	 the
metal–semiconductor	 alloy.	 Continuous	 feeding	 of	 the	 precursors	 leads	 to	 the	 super
saturation	of	catalytic	droplets,	on	which	 the	 semiconductor	material	 starts	 to	congregate
and	grow	into	crystalline	NWs.	Unlike	the	VLS	mechanism,	in	VSS,	the	metal	nanoclusters
exist	 as	 solid	 particles.	 The	 particles	 can	 provide	 low-energy	 interface	 for	 trapping	 the
precursor	 materials	 and	 also	 yield	 high	 epitaxial	 growth	 rates.	 Specifically,	 various
techniques	 have	 been	 applied	 to	 produce	 vapor-phase	 precursors	 for	 the	 NWs	 growth,
including	 chemical	 vapor	 deposition	 (CVD),	 pulsed	 laser	 ablation,	 and	 molecular	 beam
epitaxy	(MBE).	Among	all,	a	CVD	growth	method	utilizing	the	conventional	tube	furnace
and	solid	powder	source	(solid-source	CVD)	has	been	widely	explored	in	recent	years	for
the	 growth	 of	 various	 III–V	 NWs	 because	 of	 its	 relatively	 low	 cost,	 simple	 growth
procedures,	and,	 importantly,	no	entanglement	of	 toxic	gas	precursors,	compared	 to	other
feigned	growth	systems	such	as	MBE	and	metal–organic	CVD.	Source	powder	is	put	at	the
upstream	of	a	two-zone	tube	furnace,	while	hydrogen	is	used	as	a	carrier	gas	to	forwarding
the	 evaporated	 source	 material	 into	 the	 downstream,	 and	 a	 substrate	 precoated	 with
catalysts	is	positioned	at	the	downstream	for	the	NW	growth.

3.3.3.1	Subdiffraction	Laser	Synthesis
Using	 the	 interposition	 of	 incident	 laser	 radiation	 and	 surface	 scattered	 radiation	 is	 an
alternative	method	 to	produce	nanowires	with	diameters	of	60	nm.	This	 condition	causes
spatially	 confined	 nanowires,	 which	 periodical	 heating	 is	 needed	 for	 the	 high	 resolution
chemical	 vapor	 deposition	 [117].	 Also,	 multiple	 parallel	 nanowires	 are	 produced	 on	 a
dielectric	substrate	with	controlled	properties	(i.e.,	diameter,	length,	and	orientation),	which
can	be	controlled	by	the	intensity	and	polarization	direction	of	the	incident	radiation	for	the
device	fabrication.



Figure	3.32	illustrates	the	radiation	interference	for	silicon	nanowire	diameter	control,
which	the	high	numerical	aperture	of	the	zone	plates	is	a	critical	point	to	forming	a	single
nanowire.	This	 is	 because	 the	 intensity	 peak	 of	 the	 focal	 spot	must	 be	 narrow	 enough	 to
produce	sufficient	intensity	for	heating	the	substrate.

SEM	images	of	nanowires	grown	from	horizontally	polarized	laser	radiation	in	Figure
3.36	show	single	(a),	double	(b),	and	triple	nanowires	(c)	with	width	of	60	nm.	Also,	these
images	show	the	polarization	dependence	of	nanowire	patterns	 for	 linear	polarization	45°
from	the	scanning	direction	(d),	at	linear	polarization	90°	from	the	scanning	direction	(e),
and	for	circular	polarization	(f).

3.3.3.2	Electrophoresis-Assisted	Electroless	Deposition
Another	attractive	structure	 is	synthesis	of	core–shell	nanowire	 (NW)	arrays	of	ZnO/CuO
with	high	aspect	ratios	by	electrophoresis-assisted	electroless	deposition	of	CuO	onto	ZnO
NWs	[118].	During	this	procedure,	CuO	seeds	are	successfully	manufactured	on	long	ZnO
NWs	by	 the	electrostatic	attachment	of	colloidal	Cu2O	NPs	under	 thermal	oxidation.	The
core–shell	ZnO/CuO	nanowires	are	fabricated	by	kinetic-limited	deposition	in	the	solution
to	prevail	the	inherent	diffusion	limitations	in	conventional	electroless	deposition	method.
The	 experimental	 observations	 and	 thermodynamic	 modeling	 results	 are	 presented	 to
validate	the	supposed	dielectrophoresis-assisted	electroless	deposition	mechanism.

FIGURE	3.36 	Schematic	of	radiation	interference	for	silicon	nanowire	diameter	control.	(Adapted	from	J.I.	Mitchell	et



al.,	Scientific	Reports,	Nature,	4,	3908–3912.)

3.3.3.3	Microwave	Heating	Growth	Method
ZnO	 nanowires	 for	 electrical	 and	 optical	 devices	 are	 extensively	 synthesized	 by	 the
hydrothermal	method.	The	main	challenge	in	this	method	is	to	obtain	a	rapid	procedure	for
the	 synthesis	of	 long	vertically	 aligned	ZnO	nanowire	 arrays	on	 a	 transparent	 conductive
oxide	substrate.	Recently,	Liu	et	al.	[119]	proposed	a	microwave	heating	method	to	control
growth	of	 long	ZnO	nanowire	 arrays,	which	 can	 avoid	 the	 growth	 timeout	 and	 retain	 the
reactants	concentration	in	dynamic	equilibrium.

In	nanoseed-mediated	microwave	heating	growth	method,	initially,	a	ZnO	thin	layer	is
deposited	on	fluorine	doped	tin	oxide	glass	substrate	by	pulsed-laser	deposition	technique
(PLD).	 Then,	 the	 ZnO	 deposited	 substrate	 is	 dipped	 into	 a	 beaker	 including	 zinc	 nitrate
hexahydrate	 and	 hexamethylenetetramine	 aqueous	 solution	 and	 heated	with	 a	microwave
oven	with	frequency	2.45	GHz,	followed	by	injection	into	the	two	Teflon	tubes.	The	third
Teflon	tube	is	used	for	pumping	the	extra	solution	on	the	surface	of	the	solution	to	keep	the
solution	volume	during	the	experimental	process.	The	heating	process	is	performed	for	0.5–
5.0	h	with	a	power	setting	at	640	W.	After	finishing	the	reaction,	 the	substrate	 is	brought
out	from	the	growth	solution,	followed	by	washing	several	times	with	DI	water,	and	dried	in
an	 air	 environment.	The	obtained	 results	 show	 that	 the	 length	of	 the	nanowires	 increases
linearly	with	 growth	 time.	Also,	 it	was	 found	 that	 ZnO	 nanowires	were	 produced	with	 a
length	10	μm	after	growing	for	2–3	h	and	the	growth	rate	is	58–78	nm/min.

3.4	TWO-DIMENSIONAL	NANOMATERIALS

3.4.1	SYNTHESIS	OF	NANOFILMS

3.4.1.1	Chemical	Precipitation	with	Subsequent	Thermal	Treatment
The	 synthesis	 of	 nanostructured	oxide	 films	 is	 conducted	via	 chemical	 precipitation	with
subsequent	 thermal	 treatment	 of	 the	 obtained	 product.	 This	 method	 is	 the	 most	 general
because	of	mixing	the	initial	reagents	at	the	ionic-molecular	level;	this	subsequently	gives
an	opportunity	 to	 obtain	oxide	nanocrystalline	powders	 of	 the	given	 compositions	with	 a
high	dispersion	(from	1	to	100	nm)	at	sufficiently	low	temperatures	(≤600°C)	[120,121].

The	solutions	of	cerium	and	zirconium	nitrates	and	aqueous	ammonia	solution	are	used
as	the	initial	reagents	and	precipitator,	respectively,	to	synthesize	the	CeO2–ZrO2	powders.
After	precipitation,	the	gel	precipitates,	including	Ce(OH)3	and	ZrO(OH)2,	are	filtered	and
then	exposed	 to	 fast	 freezing	 at	−25°C	 for	24	h.	Thermolysis	of	 the	 synthesized	powders
based	on	CeO2	are	studied	by	DTA	(Figure	3.37).	 In	Figure	3.37a	of	 the	precipitated	gels
without	freezing,	two	endothermic	effects	are	recorded	in	165°C	(the	removal	of	adsorption
and	crystallization	water)	and	360°C	(the	removal	of	hydroxyl	groups).	Figure	3.37b	shows
reduction	 of	 the	 water	 content	 by	 the	 freezing	 of	 the	 coprecipitated	 gels	 in	 the
crystallohydrates	of	the	amorphous	hydroxides	[122]	(Figure	3.38).



FIGURE	 3.37 	 SEM	 images	 of	 nanowires	 grown	 from	 horizontally	 polarized	 laser	 radiation	 show:	 (a)	 single,	 (b)
double,	 and	 (c)	 triple	 nanowires,	 and	 the	 single	 wire	 has	 a	 width	 of	 60	 nanometers.	 SEM	 images	 demonstrate	 the
polarization	dependence	of	nanowire	patterns	for,	(d)	linear	polarization	45	degrees	from	the	scanning	direction,	at	(e)
linear	polarization	90	degrees	from	the	scanning	direction,	and	for,	(f)	circular	polarization.	(Adapted	from	J.I.	Mitchell
et	al.,	Scientific	Reports,	Nature,	4,	3908–3912.)

3.4.1.2	Chemical	Bath	Technique
Deposition	 of	 CdS	 nanofilms	 have	 been	 deposited	 on	 well	 cleaned	 glass	 substrates.	 For
deposition	 of	 nanofilms	 of	 CdS,	 an	 aqueous	 solution	 of	 0.02	 M	 cadmium	 chloride
anhydrous	 has	 been	 taken	 in	 a	 glass	 beaker	 to	 add	 drop-wise	 ammonia	 solution	 (25%).
Thereafter,	 a	 solution	 of	 TX-100	 and	 double	 distilled	 water	 is	 added	 to	 the	 previous
solution.	The	solution	has	been	stirred	for	15	min	to	obtain	a	clear	homogeneous	solution.
After	 all,	 an	 aqueous	 solution	 of	 0.01	M	 thiourea	 is	 added	 under	 mixing	 condition	 and
constant	bath	temperature	of	343	K	and	pH	of	the	solution	at	11.60.	The	resulted	films	with
pale	 yellow,	 uniform	 and	 good	 adherence	 to	 the	 substrate	 have	 been	 found.	 Many	 gas
bubbles	have	been	 formed	 in	 the	bath	 through	 the	chemical	 reaction.	Nonionic	 surfactant
TX-100	 has	 been	 used	 to	 remove	 the	 gas	 bubble	 formation	 during	 the	 reaction.	 The
chemical	reactions	leading	to	the	layer	formation	may	be	represented	as	follows:

  

  



3.4.1.3	Molecular	Layer	Deposition
Continuous	 and	 uniform	 carbon	 nanofilms	 are	 synthesized	 by	 the	 pyrolysis	 of	molecular
layer	 deposition	 (MLD)	 formed-polyimide	 films	 [123].	 The	 cycle	 numbers	 are	 a	 good
parameter	to	easily	control	the	film	thickness	at	the	nanometer	scale.

FIGURE	3.38 	DTA	and	TG	curves	of	coprecipitated	powders	in	ZrO2–CeO2	system	(a)	without	freezing	the	gel	and

(b)	after	freezing	the	coprecipitated	gel	at	−20°C.	(Adapted	from	S.	Kumar,	P.	Sharma,	V.	Sharma,	Journal	of	Applied
Physics,	111,	2012,	043519-6.)

In	 this	method,	 the	deposition	of	polyimide	was	done	 in	a	 closed	 type,	hot-wall	ALD
reactor.	 Ethylenediamine	 (EDA)	 and	 1,2,4,5-benzenetetracarboxylic	 anhydride	 (PMDA)
precursors	with	N2	carrying	gas	was	followed	by	transferring	into	a	quartz	tube	furnace	and
annealing	at	600°C	for	2	h	under	protecting	H2/Ar	gas	flow	at	normal	pressure	to	produce
continuous	and	uniform	carbon	nanofilms.

At	 first,	 spherical	gold	nanoparticles	 solution	 is	dropped	on	a	Cu	grid	 supported	with
Al2O3	layer	to	deposit	with	polyimide	films,	after	air-drying.	Au	nanoparticles	coated	with
continuous	 and	 uniform	 carbon	 nanofilms	 are	 finally	 produced	 by	 annealing	 the	 above-
mentioned	 procedure.	 After	 the	 deposition	 of	 polyimide	 on	 anodic	 aluminum	 oxide
template	 with	 a	 200	 nm	 pore	 diameter,	 the	 sample	 is	 annealed	 at	 600°C	 for	 2	 h	 under

  



protecting	H2/Ar	gas,	and	then	immersed	into	1	M	NaOH	aqueous	solution	at	45°C	for	2	h
to	remove	the	anodic	aluminum	oxide	template.

3.4.2	NANOCOATINGS

3.4.2.1	Hydrothermal	Method	Combined	with	a	Mild	Ultrasonic
A	 straightforward	 hydrothermal	method	 based	 on	 a	mild	 ultrasonic	 sonication	 is	 used	 to
fabricate	 a	 magnetically	 recyclable	 thin-layer	 MnO2	 nanosheet-coated	 Fe3O4

nanocomposite	 [124].	 This	 method	 provides	 MnO2/Fe3O4	 nanocomposite	 with	 good
stability	 and	 photocatalytic	 efficiency	 to	 degrade	 methylene	 blue	 under	 UV–vis	 light
irradiation	and	also	acid	resistance	and	stable	recyclability.	The	ferromagnetic	properties	of
the	produced	MnO2/Fe3O4	nanocomposite	have	been	verified	by	magnetic	measurements.
This	property	can	be	useful	to	separate	by	simply	applying	an	external	magnetic	field	after
the	photocatalytic	reaction.	The	obtained	nanocoating	can	be	used	in	water	treatment,	dye
pollutants	degradation,	and	environmental	cleaning.

3.4.2.2	Graphene-Based	Nanocoatings
Several	 methods	 of	 graphene	 synthesis	 have	 been	 discussed	 by	 starting	 with
micromechanical	 exfoliation	 (scotch	 tape	 method),	 a	 very	 easy	 method	 for	 isolating
graphene	 from	 graphite.	 However,	 there	 are	 some	 limitations	 in	 this	 procedure.	 It	 uses
adhesive	tape	to	exfoliate	patterned	to	generated	highly	oriented	pyrolytic	graphite	(HOPG)
[125].

The	 tape	 is	 then	 folded	 to	 obtain	 a	 few	 layered	 graphene	 sheets.	At	 the	 end,	 the	 thin
flakes	are	attached	to	the	film	that	can	be	transferred	to	a	suitable	substrate	such	as	silicon
oxide	 [126].	Mechanical	 exfoliation	 is	 the	 simplest	 way	 to	 prepare	 micro-size	 graphene
flakes	for	fundamental	research	purposes	[127].	The	advantage	of	this	method	is	production
of	large	size	and	unmodified	graphene	sheets.	Its	disadvantage	is	due	to	the	very	small	scale
of	production.	Geim	and	Novoselov	used	this	method	to	isolate	graphene	for	the	very	first
time	in	2004	[125].

The	second	method	is	 the	epitaxial	growth	from	silicon	carbide	(SiC).	In	this	method,
SiC	is	heated	at	high	temperatures	under	vacuum	to	produce	graphene.	In	this	time,	silicon
atoms	 sublimate	 from	 the	 substrate	 to	 rearrange	 themselves	 into	 graphene	 layers.	 The
epitaxial	graphene	grown	on	the	Si	substrate	shows	the	excellent	crystal	quality	and	large
coverage.

The	third	method	is	chemical	vapor	depositions	(CVD)	in	which	substrates	like	copper
or	nickel	are	used	as	catalysts.	In	this	method,	the	substrates	are	placed	into	a	furnace	and
heated	at	low	vacuum	to	1100°C.	One	of	the	advantages	of	this	method	is	mass	production
of	high	quality	graphene.

The	last	method	is	a	chemical	method	(Hummer’s	method),	which	is	the	main	method
for	 the	synthesis	of	graphene	oxide	and	 reduced	graphene	oxide.	 In	 this	method,	graphite
flakes	are	oxidized	into	graphene	oxide	in	the	presence	of	sulfuric	acid,	hydrochloric	acid,



and	potassium	permanganate,	and	then	graphene	oxide	is	later	reduced	by	a	strong	reducing
agent	known	as	hydrazine	hydrate.

3.5	THREE-DIMENSIONAL	MATERIALS

Three-dimensional	or	bulk	nanomaterials	are	materials	that	are	not	limited	to	the	nanoscale
in	 any	 dimension.	 These	 materials	 have	 three	 dimensions	 beyond	 100	 nm,	 but	 may
comprise	one	or	more	types	of	any	kind	of	nanomaterials	that	are	in	close	contact	with	the
matrix.	 The	 most	 important	 examples	 of	 three-dimensional	 nanomaterials	 contain
nanoporous,	 nanocomposites,	 and	 extremely	 intercalated	 multilayered	 materials	 such	 as
clay	and	graphene	oxide.

Synthesis	of	nanocomposite	and	multilayered	particles	are	discussed	 in	detail	 in	other
parts	 of	 this	 book;	 thus,	 in	 the	 following,	 we	 will	 briefly	 explain	 some	 facts	 about	 the
preparation	of	nanoporous	materials.

Nanoporous	materials	are	classified	into	three	groups	by	IUPAC:

• Microporous	materials:	0.2–2	nm

• Mesoporous	materials:	2–50	nm

• Macroporous	materials:	50–1000	nm

Microporous	 and	mesoporous	materials,	 such	 as	 zeolites	 and	mesoporous	 silica,	 have
obtained	great	interest	in	the	field	of	drug	delivery	and	imaging.	Zeolites	are	microporous,
crystalline	 aluminosilicates	 or	 silicates	with	 pore	 sizes	 typically	 ranging	 from	5	 to	 10	Å
[128].	This	material	could	be	produced	by	various	templates	 that	 lead	to	forming	zeolites
with	 distinguished	 pore	 sizes	 and	 connectivity.	 It	 should	 be	 noted	 that	 synthetic	 zeolites
have	some	advantages	in	comparison	to	natural	zeolites;	for	example,	they	can	be	produced
with	 higher	 purity	 and	 also	 their	morphology	 can	 be	 adjusted	with	 controlling	 synthesis
conditions	[129].

The	most	significant	method	for	preparation	of	zeolites	 is	 the	hydrothermal	 technique
[130].	 In	 this	 technique,	 silicoaluminate	 as	 an	 appropriate	 precursor	 is	 put	 in	 a	 sealed
reaction	container,	 typically	a	Teflon-lined	autoclave.	 In	 the	 following,	a	usual	procedure
for	hydrothermal	preparation	of	zeolite	is	described	[131].

1. Amorphous	precursors	of	silica	and	alumina	are	dissolved	in	a	basic	medium.	Usually,
alkali	 ion	 hydroxides,	which	 are	well	 known	 as	mineralizing	 agents,	 are	 applied	 to
obtain	essential	high	pH	values.

2. The	aqueous	solution	is	heated	in	a	sealed	reactor	or	in	a	preheated	oven.

3. The	 reactants	 remain	 amorphous	 for	 a	 long	 time,	 and	 after	 passing	 the	 onset
temperature	producing	the	first	zeolites	crystals	is	observed.

4. Finally,	 all	 amorphous	 precursors	 dissolved	 in	 the	 solution	 convert	 to	 a	 nearly
identical	 amount	of	 zeolite	 crystals	 and	could	be	obtained	by	purification,	washing,



and	drying.

In	 a	 common	 example	 of	 synthesis	 of	 zeolite	 by	 the	 hydrothermal	 method,	 sodium
metasilicate—	well	known	as	water	glass—and	sodium	aluminate	are	used	as	precursors.
By	 adding	 aluminate	 to	 silicate,	 a	 precursor	 make	 gel	 would	 be	 obtained	 in	 which	 both
aluminate	 and	 silicate	 oligomer	 chains	 exist.	 This	 is	 known	 as	 the	 precrystalline	 phase,
which	features	depend	on	various	factors	such	as	silicon/aluminum	ratio,	solution	pH	value,
nature	 of	 reactants,	 and	 purity	 of	 the	 precursors.	 Heating	 the	 mixture	 causes
depolymerization	of	chains	to	form	smaller	units.

Finally,	 in	 the	 presence	 of	 the	 above-mentioned	 mineralizing	 agent	 the	 crystalline
zeolites,	 which	 comprise	 Si–O–Al	 bonds,	 could	 be	 produced.	 In	 this	 method,	 no
considerable	 enthalpy	 change	 is	 observed	 due	 to	 a	 similar	 bond	 type	 in	 precursor	 oxides
(Si–O	 and	Al–O	bonds)	 and	 produced	 zeolite	 (Si–O–Al	 bonds).	 For	 this	 reason,	 the	 total
enthalpy	 change	 for	 thermal	 preparation	 of	 zeolite	 is	 generally	 negligible.	 Therefore,
preparation	of	zeolite	is	mainly	controlled	by	the	kinetics	of	the	total	procedure	[132–134].

An	 outstanding	 review	 by	 Cundy	 and	 Cox	 [135]	 on	 the	 synthesis	 of	 zeolites	 and	 its
crystallization	mechanism	is	very	useful.

3.6	CONCLUSION

Nanotechnology	 is	 an	 interdisciplinary	 research	 area	 that	 has	 gained	 wide	 attention
worldwide	in	the	past	few	years.	The	nanomaterials	have	been	categorized	into	four	groups,
including	zero-,	one-,	two-,	and	three-dimensional.	General	and	specific	synthesis	methods
for	 preparation	 of	 different	 nanomaterials	 have	 been	 considered;	 however,	 emphasis	was
mostly	 on	 chemical	 methods	 such	 as	 microwave-assisted	 synthesis,	 sonochemical
synthesis,	 sol–gel	method,	 aerosol	method,	 emulsion	method,	microfluidic	method,	 laser
ablation	 method,	 arc	 discharge	 method,	 chemical	 bath	 technique,	 and	 so	 on.	 It	 can	 be
concluded	 that	zero-	and	one-dimensional	nanomaterials	are	priority	groups,	 respectively.
Nevertheless,	 it	 could	 be	 anticipated	 that	 two-	 and	 three-dimensional	 nanomaterials	 will
find	more	attention	in	the	near	future.
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4.1	INTRODUCTION

Over	 the	 last	 few	decades,	 nanoparticles	 and	 nanomaterials	 have	 attracted	 the	 interest	 of
researchers	due	to	their	unique	properties	when	compared	to	macroscopic	(bulk	materials)
and	 atomic	 (molecules)	 levels.	 In	 terms	 of	 optical	 properties,	 some	 nanoparticles	 and
nanomaterials	 present	 good	 characteristics	 that	 make	 them	 suitable	 for	 applications	 like
imaging,	 sensing,	coloration,	etc.	This	has	 favored	 the	 research	on	 the	 implementation	of



nanomaterials	for	optical	applications,	as	well	as	 the	development	of	new	technologies	or
adjustment	of	existing	ones.

This	chapter	briefly	introduces	the	physical	phenomena	resulting	from	the	interaction	of
lightmatter	 and	 the	 characterization	 techniques.	 This	 chapter	 also	 contains	 a	 detailed
explanation	 about	 the	 application	 of	 nanomaterials	 based	 on	 their	 optical	 properties,
focusing	on	relevant	fields	like	sensing,	solar	cells,	photocatalysis,	colorants,	etc.

4.2	BASIC	CONCEPTS	IN	OPTICS

4.2.1	INTERACTION	LIGHT-MATTER

When	 an	 electromagnetic	 radiation	 (like	 light)	 interacts	 with	 matter,	 if	 the	 response	 is
proportional	 to	 the	 intensity	 and/or	 properties	 of	 the	 radiation,	 the	matter	 exhibits	 linear
optic	 properties.	 On	 the	 other	 hand,	 when	 the	 response	 is	 not	 a	 linear	 function	 of	 the
electromagnetic	 radiation/field	 the	material	 exhibits	nonlinear	optical	properties.	 In	other
words,	 nonlinear	 optical	 behavior	 appears	 when	 the	 response	 of	 the	 media	 (dielectric
polarization)	is	nonlinear	to	the	incident	electromagnetic	field.	Nonlinear	properties	usually
appear	 under	 high	 intensity	 electromagnetic	 field.	 The	 following	 section	 discusses	 this
phenomenon	in	detail.

FIGURE	 4.1 	 Physical	 phenomena	 from	 the	 interaction	 light-matter.	 (Adapted	 from	 K.	 Okuyama,	 Laser	 light
scattering,	 in	 Aerosol	 Particles,	 Okuyama	 Group,	 August	 2002.
http://aerosols.wustl.edu/AAARworkshop08/materials/Okuyama/.)

http://aerosols.wustl.edu


4.2.2	LINEAR	OPTICAL	PROPERTIES

The	 physical	 phenomena	 that	 result	 from	 the	 interaction	 between	 light	 and	 matter	 with
linear	optical	behavior	can	be	summarized	 in	Figure	4.1.	These	phenomena	are	 reflection
and	refraction,	absorption	and	scattering,	and	diffraction.

4.2.2.1	Reflection	and	Refraction	of	Light
Reflection	of	light	occurs	when	the	photons	of	a	light	beam	are	sent	back	to	the	hemisphere
of	 the	 incident	 light.	 When	 the	 reflection	 takes	 place	 on	 smooth	 surfaces,	 it	 is	 called
specular	reflection,	while	on	rough	surfaces	it	is	called	scatter	reflection.	On	the	other	hand,
refraction	 refers	 to	 the	changes	 in	 the	 light	beam	direction	when	 it	goes	 through	a	media
with	different	speed	of	light.	Then,	the	refractive	index	“n”	is	defined	as	the	ratio	between
the	speed	of	light	in	the	media	and	the	speed	of	light	in	a	vacuum.	Some	media	are	able	to
attenuate	 electromagnetic	 waves,	 and	 they	 are	 said	 to	 have	 complex	 refractive	 index.	 In
general,	both	phenomena,	reflection	and	refraction,	are	described	using	Snell’s	law:	n1	·	sin
θ1	=	n2	·	sin	θ2	(including	media	with	complex	refractive	index)	(Figure	4.2)	[2].

FIGURE	4.2 	Reflection	and	refraction	of	a	light	beam	at	a	refractive	surface.	(Adapted	from	G.	Sharma	and	R.	Bala,
Digital	Color	Imaging	Handbook.	CRC	Press,	2002.)

4.2.2.2	Absorption	and	Scattering	of	Light
All	the	processes	in	which	the	intensity	of	the	light	is	reduced	are	related	to	the	absorption
of	 light;	 for	example,	 the	 transformation	of	 the	 radiation	energy	of	 the	 light	 in	any	other
type	of	energy,	like	heat.	The	most	extensive	theory	about	the	light	absorption	of	materials
is	 the	 Beer-Lambert-Bouguer	 law.	 According	 to	 this,	 the	 variation	 of	 the	 intensity	 of	 a
collimated	 light	 beam	 dϕ	 when	 it	 goes	 through	 a	 medium	 of	 thickness	 dx	 with	 a
concentration	c	of	dispersed	particles	 is	proportional	 to	 the	concentration	c,	 to	 the	 initial
intensity	of	the	light	beam	ϕ	and	to	the	thickness	of	the	medium	dx	(Figure	4.3):



In	 which	 λ(nm)	 is	 the	 wavelength	 of	 the	 light	 beam,	 ε(λ)	 (m2/mol)	 is	 the	 molar
absorption	coefficient.

Transmittance	or	 transmittance	spectrum	T(λ)	 is	defined	as	 the	 rate	between	 the	 light
intensity	after	ϕ(X)	and	before	ϕ(0)	going	through	the	medium:

When	T(λ)	=	1	the	medium	is	considered	transparent	(the	medium	does	not	absorb	or
interact	with	light),	while	T(λ)	=	0	corresponds	to	an	opaque	medium	(the	light	beam
cannot	go	through	the	medium).	When	0	≤	T(λ)	≤	1,	then	the	medium	is	called
translucent.	Usually,	Lambert-Beer	law	is	expressed	in	logarithmic	terms:

In	which	D(λ)	is	the	absorbance	of	the	medium.	Analogously	when	D(λ)	=	0	the	medium
is	transparent,	and	when	D(λ)	=	∞	the	medium	is	opaque.	The	absorbance	D(λ)	is	generally
considered	as	an	additive	property	when	the	particles	do	not	interact.	Then	for	a	mixture	of
substances,	 the	 total	absorption	will	be	given	by	the	summation	of	 the	absorption	of	each
substance,	D(λ)	=	∑iDi(λ),	while	the	transmittance	will	be	the	product	of	the	transmittance
of	each	substance,	T(λ)	=	∏iTi(λ).

Lambert-Beer	law	for	diffuse	light	beams	is	the	following:

FIGURE	4.3 	Light	absorption	of	a	medium	with	thickness	dx	and	concentration	c.	(Adapted	from	G.	Sharma	and	R.
Bala,	Digital	Color	Imaging	Handbook.	CRC	Press,	2002.)

 



FIGURE	4.4 	 Light	 scattering	 in	medium	of	 thickness	 dx	with	 dispersed	 particle	 concentration	 c.	 (Adapted	 from	G.
Sharma	and	R.	Bala,	Digital	Color	Imaging	Handbook.	CRC	Press,	2002.)

Scattering	 of	 light	 refers	 to	 the	 processes	 that	 deviate	 photons	 in	 different	 directions
(Figure	 4.4).	 In	 heterogeneous	 media,	 this	 phenomenon	 is	 related	 to	 differences	 in	 the
refraction	 index,	 like	 in	 a	matrix	with	 small	particle	 size	 filler.	The	variation	of	 the	 flux
intensity	of	a	collimated	light	beam	dϕ	when	it	goes	through	a	medium	of	thickness	dx	is
given	by:

In	which	λ	(nm)	is	the	wavelength,	β(λ)	is	the	scattering	coefficient	of	the	medium,	and

σ(λ)	 (m2/mol)	 is	 the	molar	 scattering	 extinction	 coefficient	 (light	 scattering	 caused	 by	 a
mol	of	spheric	particles	of	radius	r).	Therefore,	both	phenomena	(scattering	and	absorption
of	light)	contribute	in	the	total	extinction	coefficient	of	a	particle	εT(λ):εT(λ)	=	ε(λ)	+	σ(λ).

Using	 these	 physical	 properties,	 the	 parameters	 that	 describe	 the	 optical	 behavior	 of
materials	(absorption	coefficient	K(λ)	and	scattering	coefficient	S(λ))	can	be	calculated:

4.2.2.3	Diffraction	of	Light
The	diffraction	of	light	is	a	phenomenon	that	occurs	when	a	light	beam	is	deviated	from	its
direction	when	it	encounters	an	obstacle	(opening,	particle,	barrier,	etc.).	This	phenomenon
is	only	noticeable	when	the	wavelength	and	the	size	of	the	obstacle	are	comparable,	that	is,
similar	magnitude	order.

In	 light–matter	 interactions,	 Mie	 theory	 is	 one	 of	 the	 most	 extensive	 and	 accepted
theories	 to	 describe	 the	 light	 diffraction	 phenomenon	 that	 occurs	 when	 a	 light	 beam
interacts	with	a	single	particle.	Detailed	explanation	and	resolution	of	Maxwell’s	equations
for	 Mie	 theory	 and	 for	 the	 limit	 theories	 can	 be	 found	 in	 a	 general	 bibliography	 about

   



optics.	Briefly,	the	hypothesis	applied	in	Mie	theory	is	as	follows:

• The	incident	electromagnetic	field	is	plane	and	monochromatic.

• The	particle	is	spherical,	isotropic,	and	homogeneous.

• The	 medium	 surrounding	 the	 particle	 is	 homogeneous,	 not	 conductive	 and	 not
magnetic.

For	 the	 case	 of	 a	 spherical,	 isotropic,	 and	 homogeneous	 particle,	 the	 equations	 that
describe	the	light	scattering	according	to	Mie	theory	are

where	S	is	the	amplified	scattering	matrix,	“1”	and	“2”	represent	the	polarization	states	of
the	 incident	 field	 parallel	 and	 perpendicular	 to	 the	 plane	 of	 dispersion,	 respectively,	 “0”
indicates	 incident	wave	(or	electromagnetic	field),	subindex	“S”	indicates	scattered	wave,
and	 “E”	 is	 the	 vector	 that	 represents	 the	 electric	 field.	 Figures	 4.5	 and	 4.6	 represent	 the
solutions	 to	 the	Mie	 theory	 for	 the	 diffraction	 of	 light	 by	 a	 particle,	 for	 different	 ratios
between	particle	size	and	wavelength	of	incident	light	(“x	=	πD/λ”	where	D	is	the	particle
diameter	and	λ	is	the	wavelength),	in	two	situations:	when	the	ratio	between	the	refractive
index	of	 the	particle	 and	 in	 the	medium	 (“m”=	particle	 refractive	 index/medium)	 is	very
low	(m	=	1.1,	similar	 refractive	 index	 in	 the	particle	and	 in	 the	medium)	(Figure	4.5),	 or
very	high	(m	=	∞,	particle	refractive	index	is	very	high	compared	to	the	medium)	(Figure
4.6).



FIGURE	4.5 	Representation	of	the	response	of	the	diffraction	for	a	particle	when	the	ratio	of	refractive	indexes	is	1.1
(m	=	1.1)	for	several	values	of	x.

For	one	single	particle,	limit	theories	of	MIE	scattering	theory	(“x	=	πD/λ”	where	D	is
the	particle	diameter	and	λ	the	wavelength;	and	“m”	is	the	ratio	between	refractive	index	in
the	particle/	material	and	in	the	media)	are	presented	in	Figure	4.7.

4.2.3	NONLINEAR	OPTICAL	PROPERTIES

Nonlinear	optical	properties	are	those	related	to	the	atomic	response	of	dielectric	materials
to	 electromagnetic	 fields	 of	 high	 intensity.	 The	 result	 is	 the	 emission	 of	 a	 modified
electromagnetic	 field	 (polarization)	 with	 different	 characteristics	 (phase,	 frequency,	 and
amplitude)	 from	the	 incident	 field	 (light	beam).	When	 the	resulting	electromagnetic	 field
(polarization)	 has	 double	 the	 frequency	 of	 the	 incident	 field	 (light	 beam),	 the	 process	 is
called	 “second	 harmonic	 generation”	 (SHG).	 This	 phenomenon	 occurs	 commonly	 in
nonsymmetric	crystalline	materials.

For	 electromagnetic	 fields	 with	 low	 intensity,	 the	 induced	 polarization	 is	 usually
directly	 proportional	 to	 the	 incident	 light	 beam.	 This	 gives	 origin	 to	 the	 linear	 optical

properties.	When	the	intensity	of	the	incident	electromagnetic	field	( )	is	high	(compared

to	the	atomic	dipolar	forces),	the	polarization	( )	is	given	by	[3]:



FIGURE	4.6 	Representation	of	the	response	of	the	diffraction	for	a	particle	when	the	ratio	of	refractive	indexes	is	high
(m	=	∞)	for	several	values	of	x.

where	 ε0	 is	 the	 permittivity	 of	 the	 free	 space,	 and	 γ(1)	 is	 the	 linear	 susceptibility	 of	 the
medium	 (related	 to	 linear	 optical	 properties	 like	 refractive	 index,	 absorption,	 scattering,

etc.),	 and	 the	other	γ(i)	 are	 the	nonlinear	 susceptibilities	 of	 the	medium.	γ(2)	 is	 related	 to
SHG,	 frequency	 mixing,	 and	 parametric	 generation,	 and	 γ(3)	 is	 related	 to	 the	 “third
harmonic	 generation”	 (THG),	 stimulated	 Raman	 scattering,	 etc.	 A	 more	 detailed
explanation	 about	 the	 mathematical	 description	 of	 SHG	 and	 THG	 can	 be	 found	 in	 the
literature.



FIGURE	4.7 	Representation	of	the	limit	theories	for	the	MIE	theory	and	the	range	in	which	they	applied.

4.3	OPTICAL	CHARACTERIZATION	OF	NANOMATERIALS

The	techniques	used	for	the	optical	characterization	of	materials	are	based	on	the	study	of
the	 response	 of	 the	materials	when	 they	 interact	with	 an	 incident	 light	 beam.	 In	 general
terms,	spectroscopy	is	the	technique	used	to	measure	the	spectrum	of	the	material,	and	then
quantify	the	amount	of	energy	absorbed,	scattered,	diffracted,	etc.	There	are	several	optical
spectroscopic	 techniques,	 depending	 on	 the	 properties	 to	 evaluate/study	 and	 the	 type	 of
material	(solid,	liquid,	and	gas).	The	most	common	ones	are	UV–visible,	infrared	(IR),	and
Raman	spectroscopy.	However,	there	are	other	techniques	like	nonlinear	spectroscopy	and
dynamic	 light	 scattering	 (DLS)	 that	 give	 information	 about	 properties	 at	 the	 atomic	 and
molecular	levels.	These	techniques	are	summarized	in	Table	4.1	[4].

Almost	 all	 these	 techniques	 are	 based	on	 the	 same	working/designing	principles.	The
elements	 of	 these	 systems	 are	 a	 source	 of	 light,	 a	 filter	 to	 obtain	 a	monochromatic	 light
beam	 (one	 single	 wavelength),	 a	 sample,	 a	 detector	 to	 measure/capture	 the	 light	 after
interacting	 with	 the	 sample,	 and	 a	 recorder	 to	 analyze	 the	 signal	 (Figure	 4.8).	 The
difference	 among	 the	 spectroscopic	 techniques	 relies	 on	 the	 range	 of	 the	 spectrum	 to
analyze.	This	affects	 the	source	of	 light	used.	Some	systems	split	 the	 incident	 light	beam
and	 compare	 the	 nonaltered	 light	 beam	with	 the	 beam	 that	 interacts	with	 the	 sample.	 In
other	cases,	an	integrating	sphere	is	implemented	in	the	system	to	obtain	a	diffused	source
of	 light	 (in	 which	 the	 flux	 is	 equally	 divided	 in	 all	 directions)	 instead	 of	 using	 a
unidirectional	(collimated)	light	beam.	This	is	applied	for	obtaining	information	about	the
optical	 response	 of	 materials	 under	 ambient	 conditions,	 like	 reflection,	 absorption,	 and
scattering	 of	 light.	 Techniques	 like	 dynamic	 light	 scattering	 (DLS),	 based	 on	 Rayleigh



scattering,	are	used	mainly	to	determine	particle	size	distribution	in	particle	dispersions	in
liquid	or	gas	medium.

TABLE	4.1
Summary	of	Spectroscopic	Techniques	for	Characterization	of	Materials

Energy	Exchange	between	Photons	and	Matter

Type	of	Energy	Transfer Region	of	Electromagnetic	Spectrum Spectroscopic	Technique

Absorption γ-ray
X-ray
UV/vis

Mossbauer	spectroscopy
X-ray	absorption	spectroscopy
UV/vis	spectroscopy
Atomic	absorption	spectroscopy

IR Infrared	spectroscopy
Raman	spectroscopy

Microwave
Radio	wave

Microwave	spectroscopy
Electron	spin	resonance	spectroscopy
Nuclear	magnetic	resonance	spectroscopy

Emission	(thermal	excitation)
Photoluminescence

UV/vis
X-ray
UV/vis

Atomic	emission	spectroscopy
X-ray	fluorescence
Fluorescence	spectroscopy
Phosphorescence	spectroscopy
Atomic	fluorescence	spectroscopy

Chemiluminescence UV/vis Chemiluminescence	spectroscopy
No	Energy	Exchange	between	Photons	and	Matter

Type	of	Interaction Region	of	Electromagnetic	Spectrum Spectroscopic	Technique

Diffraction X-ray X-ray	diffraction
Refraction UV/vis Refractometry
Scattering UV/vis Nephelometry

Turbidimetry
Dispersion UV/vis Optical	rotary	dispersion
Source: Adapted	from	D.	Harvey,	Spectroscopic	methods,	in	Analytical	Chemistry	2.0,	2009,	p.	124.

FIGURE	4.8 	Schematic	 representation	of	 the	elements	and	process	of	an	 spectrophotometer.	 (Adapted	 from	L.	Taiz
and	E.	Zeiger,	Topic	7.1	principles	of	spectrophotometry,	in	Plant	Physiology,	5th	ed.	Online,	Sinauer,	2010.)

All	 these	 techniques	have	been	modified	and/or	 adapted	 in	order	 to	 accommodate	 for



the	 characterization	 of	 nanomaterials	 and	 nanoparticles,	 but	 they	 operate	 under	 the	 same
principles.

4.4	NANOMATERIALS	IN	OPTICAL	APPLICATIONS

The	 word	 “nanoparticle”	 (NP)	 represents	 a	 wide	 variety	 of	 materials	 and	 shapes.	 One
generic	classification	of	nanoparticles	is	based	on	the	shape	(Figure	4.9).	Within	each	type,
we	 have	 to	 consider	 different	 composition	 base.	 In	 some	 cases,	 the	 final	 shape	 of	 the
nanoparticle	depends	on	the	synthesis	process,	and	then	the	nanomaterial	will	fall	in	one	or
another	category.	Nanomaterials	are	applied	in	a	great	number	of	sectors	(Figure	4.10),	and
research	 is	 being	 conducted	 to	 extend	 and/or	 improve	 their	 application	 in	 others.
Applications	based	on	optical	properties	of	nanomaterials	include	optical	detector,	LASER,
sensor,	 imaging,	 phosphor,	 display,	 solar	 cell,	 photocatalysis,	 photoelectrochemistry,
biomedicine,	colorants,	etc.	[6].	Some	of	these	applications	are	explained	in	this	section.

4.4.1	NANOMATERIALS	IN	SOLAR	CELL,	PHOTOCATALYSIS,	AND	PHOTOELECTROCHEMISTRY

Obtaining	 electricity	 from	 an	 unlimited	 source	 of	 energy,	 like	 sunlight,	 is	 a	 promising
technology	 to	 replace	 those	 depending	 on	 fossil	 fuel.	 Photocatalysis	 and
photoelectrochemistry	 applications	 and	 solar	 cells	 are	 all	 based	 on	 this	 principle.	 Apart
from	 the	 production	 of	 electricity,	 they	 can	 also	 be	 used	 in	 obtaining	 H2	 through	 water
splitting	 process,	 purification	 of	water,	 air,	 and	 soil,	 chemical	 reactions,	 etc.	Briefly,	 the
steps	 that	 take	 place	 in	 the	 photovoltaic	 process	 are	 absorption	 of	 sunlight	 photons	 by
semiconducting	 materials,	 excitation	 of	 electrons	 as	 a	 result	 of	 the	 sunlight	 energy
absorption,	 transference	of	excited	electrons	 in	 the	media	and/or	material	system	towards
an	electrode,	and	storage	or	usage	of	the	electron	flow	(electricity).

The	 photovoltaic	 effect	 and	 photovoltaic	 cells	 have	 been	 known	 since	 the	 end	 of	 the
nineteenth	 century.	 However,	 it	 was	 after	 the	 1970s	 that	 this	 technology	 experienced	 a
boost.	 With	 the	 aim	 of	 developing	 a	 highly	 efficient	 and	 competitive	 technology	 to
substitute	 fossil	 fuel,	 a	wide	variety	of	materials	were	 investigated.	Particularly	 for	 solar
cell	 application,	 the	 most	 representative	 semiconducting	 material	 is	 silicon,	 classified
according	 to	 crystallinity	 and	 crystal	 size	 (monocrystalline,	 polycrystalline,	 and	 ribbon).
But	also,	thin	films	of	materials	like	active	material—CdTe,	CIGS,	amorphous	Si,	GaAs—
between	 two	 panes	 of	 glass	 are	 used.	 New	 research	 trends	 for	 solar	 cell	 application	 are
considering	 materials	 like	 perovskite,	 liquid	 inks,	 doped	 rare	 earth	 materials,	 light-
absorbing	dyes,	quantum	dots,	and	organic/polymer	solar	cells.	Other	materials,	like	TiO2,
present	exceptional	light	absorption	properties,	which	make	them	suitable	as	photocatalysts
for	water	splitting.



FIGURE	4.9 	Different	 types	 of	 nanoparticles	 (NPs).	 (Adapted	 from	F.	Re,	 R.	Moresco,	 and	M.	Masserini,	 J.	 Phys.
Appl.	Phys.,	45(7),	073001,	Feb.	2012.)

The	 main	 objective	 for	 new	 developments	 is	 to	 increase	 the	 efficiency	 of	 the
photovoltaic	materials.	Nanomaterials	 have	been	 studied	 for	 this	 purpose,	 and	 apparently
quantum	dots	 and	 combinations	of	 nanomaterials	 and	 light-absorbing	dyes	 are	 promising
alternatives	for	these	applications.

4.4.1.1	Combination	of	Nanomaterials	and	Light-Absorbing	Dyes
Nanoparticles	in	combination	with	light-absorbing	dyes	are	applied	in	“dye-sensitized	solar
cell”	(DSSC).	In	general,	DSSCs	are	arranged	in	sandwich	structures	(Figure	4.11),	with	the
same	 basic	 elements	 of	 an	 electrochemical	 cell	 [9,10]:	 photoelectrode	 (anode),	 made	 of
conductive	 glass	 coated	 by	 a	 semiconducting	 material	 (mesoporous	 TiO2	 or	 ZnO
nanoparticles)	 film	 in	which	a	 light-absorbing	dye	 (Ru	bipyridyl	complexes)	 is	adsorbed;
counter-electrode	or	 cathode,	made	also	of	 conductive	glass	but	 coated	by	a	 catalyst	 thin

film	(palladium,	graphite);	and	electrolyte,	an	ionic	solution	(typically	I−/I3
−),	to	facilitate



the	transference	of	electrons	and	charge.
Briefly,	 the	 physical-chemical	 processes	 that	 occur	 in	 a	 DSSC	 can	 be	 described	 as

follows:	the	dye	absorbs	photons	(light	harvesting)	and	gets	into	an	excited	state.	Then,	the
dye	transfers	electrons	to	the	semiconducting	material,	getting	to	an	oxidized	state.	These
electrons	flow	from	the	photoelectrode	(semiconducting	material)	to	the	counter-electrode
through	an	external	circuit	(Figure	4.12).	On	the	other	hand,	the	oxidized	dye	is	regenerated
by	the	electrolyte,	which	becomes	oxidized.	Finally,	the	oxidized	electrolyte	is	reduced	in
the	counter-electrode	using	electrons	from	the	external	circuit.

FIGURE	4.10 	 Commercial	 applications	 of	 inorganic	NPs.	 (Adapted	 from	T.,	 Tsuzuki,	 Int.	 J.	 Nanotechnol.,	 6(5/6),
567,	2009.)



The	main	advantage	of	using	semiconducting	materials	 like	TiO2	and	ZnO	is	 the	high
stability	and	durability	in	solution,	but	their	ability	to	absorb	light	is	low	because	they	have
wide	band	gaps	(Figure	4.13)	[11].	The	light-absorbing	dyes	adsorbed	on	the	surface	of	the
semiconducting	material	 act	 as	 initiators:	 they	 absorb	 the	 light	 photons	 and	 transfer	 the
electrons	to	the	semiconducting	material,	starting	the	photovoltaic	process.	TiO2	and	ZnO
NPs	increase	the	efficiency	of	this	type	of	system,	as	they	provide	high	surface	area	for	the

interaction	 with	 the	 dye	 (from	 40	 to	 150	 m2/g)	 [12,13,10].	 Mesoporous	 nanocrystalline
TiO2	 has	 a	 sponge-like	 structure	 that	 allows	 adsorbing	 a	 great	 amount	 of	 dye,	 scattering
light	 and	 the	 diffusion	 of	 the	 electrolyte	 to	 regenerate	 the	 dye.	 As	 a	 result,	 the	 light
harvesting	efficiency	(LHE)	can	increase	to	90%–100%	for	the	dye	maximum	wavelength
absorption.	It	has	been	proved	that	the	light-to-electricity	conversion	efficiency	of	a	DSSC
can	reach	10.4%	[10].



FIGURE	4.11 	(See	 color	 insert.)	 Schematic	 arrangement	 of	 a	 dye-sensitized	 solar	 cell.	 (With	 kind	 permission	 from
Springer	Science+Business	Media:	Nanoenergy:	Nanotechnology	Applied	for	Energy	Production,	2012,	de	Souza,	F.	L.
and	Leite,	E.	R.)

4.4.1.2	Quantum	Dots
Following	the	same	structure	as	DSSC,	solar	cells	can	be	manufactured	replacing	the	light-
absorbing	dye	by	quantum	dots	(quantum	dot	solar	cells,	QDSC)	[14].	In	this	case,	TiO2	and
ZnO	NPs	 are	 doped	with	 semiconducting	 nanoparticles	with	 low	 band	 gap	 to	 permit	 the
absorption	 of	 light	 in	 the	 visible-IR	 range	 of	 the	 spectrum.	 Some	 examples	 of	 these



quantum	dots	are	cadmium,	antimony,	or	lead	salts	(CdS,	CdSe,	Sb2S3,	and	PbS).	In	some
cases,	researchers	have	reported	energy	conversion	efficiencies	up	to	8.55%	for	QDSC	[15].

Doped	 TiO2	 and	 ZnO	 NPs	 are	 also	 very	 useful	 in	 other	 applications,	 like	 in
photocatalysis.	They	can	be	used	as	photocatalysts	for	 the	degradation	of	contaminants	 in
the	purification	of	water	 and	 air.	For	 this	 sort	 of	 application,	 the	NPs	 selected	 as	 doping
agents	 are	 in	 general	 noble	 metal	 ions,	 like	 silver	 (Ag),	 gold	 (Au),	 platinum	 (Pt),	 or
palladium	(Pd);	nonmetal	ions	like	nitrogen	(N),	carbon	(C),	fluorine	(F),	phosphorus	(P),
or	sulfur	(S);	or	a	combination	of	both	[16].	Noble	metallic	ions	absorb	light	in	the	visible
range	due	to	the	surface	plasmon	resonance	(SPR)	effect	(oscillating	motion	of	electrons	on
metal	surfaces	excited	by	an	electromagnetic	field).	These	doping	elements	extend	the	light
absorption	of	the	TiO2	or	ZnO	NPs	from	the	UV	region	to	the	visible	region.	But	also	they
prevent	the	charge	recombination	of	the	photoexcited	electronhole	pairs.	On	the	other	hand,
doping	TiO2	or	ZnO	NPs	with	nonmetallic	ions	creates	localized	wavelength	absorption	in
the	 visible	 region.	 Apparently,	 nitrogen	 is	 the	 doping	 agent	 that	 exhibits	 higher
enhancement	 [16–18].	 A	 promising	 alternative	 is	 using	 both	 types	 of	 dopants
simultaneously.	 Few	 studies	 have	 been	 conducted	 in	 this	 topic,	 but	 particularly	 TiO2

nanoparticles	 doped	 with	 Au	 and	 N	 (Au–N/TiO2	 NPs)	 showed	 higher	 visible	 light
absorption	 and	 catalyst	 activity	 than	 TiO2	 NPs	 doped	 with	 each	 of	 the	 doping	 agents
(Au/TiO2	 NPs	 or	 N/TiO2	 NPs)	 [16,19,20].	 Figure	 4.15	 shows	 some	 examples	 of	 the
variation	in	the	absorbance	spectra	of	TiO2	and	ZnO	after	being	doped.	Pure	TiO2	and	ZnO
present	very	 low	absorbance	 in	 the	visible	 range	 (400–700	nm),	but	very	high	 in	 the	UV
range	(200–380	nm).	Doping	with	metal	particles	(Fe,	Au,	and	Pt)	increases	the	absorbance
in	the	visible	region,	demonstrated	by	the	shoulders	and	peaks	that	the	samples	present	in
that	region.





FIGURE	 4.12 	 Schematic	 of	 energy	 diagram	 and	 operating	 principle	 of	 DSSC.	 (K.	 Hara	 and	 H.	 Arakawa:	 Dye-
sensitized	 solar	 cells.	 In	Handbook	of	Photovoltaic	 Science	and	Engineering.	A.	 Luque	 and	 S.	Hegedus,	 Eds.	 2003.
663–700.	Copyright	Wiley-VCH	Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.)

FIGURE	4.13 	Typical	reflectance	spectra	of	TiO2.	In	the	visible	range,	400–700	nm,	the	reflection	of	TiO2	is	close	to

100%	what	indicates	that	the	absorption	is	close	to	0%.	(Adapted	from	Y.	Lan,	Y.	Lu,	and	Z.	Ren,	Nano	Energy,	2(5),
1031–1045,	Sep.	2013.)

Some	examples	of	successful	application	of	doped	TiO2	and	ZnO	NPs	for	the	removal
of	contaminants	 from	water	and/or	air	 are	 the	degradation	of	up	 to	95%	of	p-nitrophenol

using	TiO2	nanoparticles	doped	with	Fe3+	[24],	and	the	degradation	of	60%	and	80%	methyl
orange	in	aqueous	solution	using	TiO2	and	ZnO	NPs	doped	with	N,	respectively	[22].



FIGURE	4.14 	(See	color	insert.)	Scheme	of	a	solar	cell	combining	quantum	dots	and	dye-sensitizers.	(Adapted	from	J.
Li	et	al.,	Chem.	Phys.	Lett.,	514(1–3),	141–145,	Sep.	2011.)

FIGURE	 4.15 	 Examples	 of	 the	 variation	 of	 the	 absorbance	 spectra	 of	 doped	 TiO2	 and	 ZnO.	 (Adapted	 from	 M.

Silambarasan,	S.	Saravanan,	and	T.	Soga,	Phys.	E:	Low	Dimens.	Syst.	Nanostruct.,	71,	109–116,	Jul.	2015;	S.	Sun	et	al.,
Ceram.	Int.,	39(5),	5197–5203,	July	2013;	J.	P.	Campos-López	et	al.,	Mater.	Sci.	Semicond.	Process.,	15(4),	421–427,
Aug.	2012.)

4.4.2	NANOMATERIALS	IN	OPTICAL	DETECTOR	AND	SENSORS

The	 evolution	 of	 technology	 toward	 small,	 compact,	 and	 more	 efficient	 devices	 is	 the
driving	 force	 in	 the	 development	 of	 nanotechnology	 in	 the	 sensor	 field.	 Some



nanomaterials,	 especially	 inorganic	 and	 metallic	 ones,	 exhibit	 very	 good	 properties	 like
high	 conductivity,	 magnetism,	 chemical	 inertness,	 etc.,	 that	 makes	 them	 suitable	 for
electronic	and	sensor	applications	[25].	A	sensor	is	a	device	that	detects	a	signal	(typically
a	physical	stimulus)	and	responds	to	it.	Analogically,	a	nanosensor	is	a	device	with	at	least
one	component	in	the	nanosize	range	able	to	detect	a	signal	(optical,	electronic,	electrical,
chemical,	 etc.)	 and	 respond	 to	 it	 (like	 transforming	 it	 into	 another	 signal	 that	 carries	 the
information).	 Figure	 4.16	 shows	 a	 generic	 representation	 for	 the	 modification	 of
nanoparticles	(NPs)	according	to	their	final	purpose.	By	attaching/bonding	different	agents,
NPs	 can	 be	 functionalized	 and	 tailored	 for	 specific	 applications.	 Nanosensors	 can	 be
classified	depending	on	the	detected	signal	or	application	field	(Figure	4.17).	But	also,	there
are	classifications	based	on	the	type	and	shape	of	the	nanomaterial	 they	are	made	of,	 like
cantilever,	nanotubes,	and	nanowires.

FIGURE	4.16 	 Multifunctionalized	 NP	 for	 different	 applications	 (molecular	 imaging,	 drug	 delivery,	 targeting,	 and
stealth)	depending	on	the	type	of	surfactant.	(Adapted	from	F.	Re,	R.	Moresco,	and	M.	Masserini,	J.	Phys.	Appl.	Phys.,
45(7),	073001,	Feb.	2012.)

In	this	section	we	will	focus	on	the	nanomaterials	applied	to	sensors	due	to	their	optical
properties.	Some	of	the	main	types	of	optical	nanosensors	are	[28]

• Electro-optical	 sensors:	 They	 convert	 an	 optical	 signal	 (properties	 of	 light-



wavelength,	 intensity,	polarization,	etc.	or	changes	 in	 light,	using	measurements
of	absorbance,	reflectance,	luminesce,	etc.)	into	an	electronic	signal.	These	kinds
of	 sensors	 are	 applied	 in	LCD	 for	 screen	devices	 like	mobile	 phones,	TVs,	 and
notebooks	[26].

• Photoluminescent	nanosensors:	They	use	changes	in	the	luminescence	properties
of	the	nanomaterial,	like	inhibition	(Si	nanocrystals)	or	exhibition	(nanoparticles
of	metal	oxides	or	quantum	dots),	as	a	result	of	physical	or	chemical	alteration	of
the	surface.

• Nanostructured	surface	plasmon	resonance	sensors:	Metallic	nanoparticles,	 like
gold	 and	 silver,	 exhibit	 surface	 plasmon	 resonance.	 Then	 the	 variation	 of
aggregation	state	can	lead	to	changes	in	the	absorbance	properties,	which	can	be
measured.

• Fiber-optic	 nanosensors:	 These	 sensors	 are	 mostly	 based	 on	 the	 alteration	 on
light	intensity	or	property	(color,	refractive	index,	etc.)	produced	by	the	substance
to	be	detected	[29,30].	The	main	advantages	of	 fiber	optic	chemical	 sensors	are
the	 safety	 in	 the	 detection	 of	 explosive	 substances,	 insensitivity	 to
electromagnetic	 fields,	 and	 the	 capability	 of	 carrying	 a	 huge	 amount	 of
information	[31].

Some	 nanomaterials	 change	 their	 optical	 properties	 in	 the	 presence	 of	 certain
substances	 or	 as	 a	 result	 of	 changes	 in	 environment	 conditions.	 These	 materials	 can	 be
applied	 as	 detectors.	 There	 are	 mainly	 three	 optical	 properties	 that	 are	 easy	 to	 observe
and/or	measure:	absorbance,	photoluminescence,	and	chemiluminescence	[32].

Changes	 in	 the	 absorbance	 of	 the	 nanomaterials	 can	 be	 triggered	 by	 humidity,	 gases,
aggregation	state,	etc.,	and	it	implies	a	change	in	color.	Some	potential	applications	for	this
type	of	 sensor	are	detection	of	glucose	using	gold-nanoparticle-based	colorimetric	 sensor
[33],	screening	of	antibodies	in	clinical	diagnosis,	and	detection	of	gases,	such	as	detection
of	CO	using	Au/NiO	thin	film	or	humidity	[34,35].

The	 detectors	 and	 sensors	 based	 on	 photoluminescence	 of	 nanomaterials	 are	 based
mainly	on	 the	 inhibition	of	 the	photoluminescence	 (“quenching”)	of	 silicon	nanocrystals.
The	variation	in	the	photoluminescence	is	caused	by	chemical	modification	of	the	surface,
which	can	be	chemical	absorption	or	adsorption	(physisorption).	A	potential	application	is
the	 detection	 of	 explosives	 in	 mines	 (due	 to	 the	 photoluminescence	 quenching	 effect	 of
nitrotoluenes	in	Si	nanocrystals).	Other	nanomaterials	that	can	find	application	in	this	type

of	sensor	are	quantum	dots	(CdS	doped	with	Cd2+,	Cu+/2+,	Zn2+,	etc.)	and	fluorescence	dyes
supported	on	nanoporous	aluminum	oxide	and	polymer	nanobeads	[32].	The	opposite	effect,
presence	of	 luminescence	effect	after	chemical	 reaction	between	gases	and	solid	 surfaces
(chemiluminescence)	 can	 also	 be	 used	 for	 sensing	 applications.	 Nanoparticles	 of	 MgO,
ZrO2,	 TiO2,	 Al2O3,	 Y2O3,	 and	 SrCO3	 exhibit	 luminescence	 after	 reacting	 with	 organic
gases,	and	some	sensor	prototypes	have	been	tested	based	on	this	principle	[32].



FIGURE	4.17 	Generic	 classification	 of	 nanosensors	 based	 on	 application	 and	 signal	 detected.	 (Adapted	 from	T.	A.
Faisal,	 Nanosensors	 basics,	 design	 and	 applications,	 15:53:44	 UTC,	 January	 2015.
http://es.slideshare.net/taifalawsi1/nanosensors-basics-design-and-applications.	 [Accessed	 May	 5,	 2011];	 S.	 Agrawal
and	R.	Prajapati,	Int.	J.	Pharm.	Sci.	Nanotechnol.,	4(4),	1528–1535,	2012.)

TABLE	4.2
Nanomaterials	Applied	to	the	Detection	of	Explosives
Type	of	Detection
Method

Principle Nanoplatform Explosive
Detected

PhotoluminescenceChange	in	the	photoluminescence	of	sensor	element	in	response	to
an	analyte

Quantum	dots
Nanoparticles

TNT,	RDX,
HMX,
ammonium
nitrate

Fiber	optic-based Fiber	optical	sensors	rely	on	changes	in	frequency	or	intensity	of
electromagnetic	radiation

Nanoparticles
Nanowires
Quantum	dots

DNT,	DNB

LASER-induced
breakdown

Determination	of	explosive	materials	composition	by	detecting	the
surface	plasma	generated	using	an	optical	probe

Quantum	dots
Nanoparticles

TNT,	RDX

Surface	enhanced
Raman	scattering
(SERS)

Identification	of	Raman	signal	from	trace	amounts	of	analyte
molecules	when	they	are	absorbed	on	an	activated	metal	surface
or	SERS	substrate

Quantum	dots
Nanoparticles
Nanostructures

TNT,	RDX,
PETN

Tera-Hertz	(THz)
detection

THz	explosive	sensors	are	based	on	differential	absorption	of	a
sample	region	illuminated	with	THz	radiations	of	two	frequencies,
chosen	for	a	specific	explosive,	and	to	maximize	the	contrast
between	presence	and	absence	of	an	explosive

Carbon
nanotubes
Quantum	dots
Graphene

PETN,
RDX,	HMX,
TNT,	TDX

Source: Adapted	 from	 Nanotechnology	 sensors	 for	 the	 detection	 of	 trace	 explosives.	 [Online].
http://www.nanowerk.com/spotlight/spotid=28691.php	[Accessed	May	7,	2015].

As	it	has	been	explained,	optical	nanosensors	have	a	wide	variety	of	applications.	The
most	promising	ones	are	in	the	explosive	detection	(Table	4.2),	in	virology,	chemical	vapor
sensing,	food	safety,	and	screen	devices.

4.4.3	NANOCOLORANTS	AND	NANOPIGMENTS

http://es.slideshare.net
http://www.nanowerk.com


Some	 nanomaterials	 have	 received	 attention	 due	 to	 their	 color	 and	 potential	 color-based
applications.	 In	 the	color	 industry,	colorant	 refers	 to	any	substance	 that	gives	color	when
applied	 to	 a	 substrate.	 One	 of	 the	 criteria	 to	 classify	 colorants	 is	 in	 relation	 to	 their
miscibility	with	the	substrate:	when	colorant	and	substrate	are	miscible	and	the	colorant	can
be	diluted,	it	is	considered	a	dye,	while	pigments	are	immiscible	with	the	substrate	and	they
get	 dispersed	 in	 the	 substrate,	 forming	 a	 different	 phase.	 Using	 the	 same	 terminology,
nanocolorants	and	nanopigments	can	be	distinguished.	In	general,	the	term	nanocolorant	is
applied	 to	 solutions	or	dispersions	of	nanoparticles	with	 color	properties,	while	 the	word
nanopigment	is	applied	mainly	for	solid	state	and	powder.

One	 of	 the	 most	 peculiar	 effects	 is	 the	 change	 in	 color	 when	 properties	 of	 the
nanoparticle	 (like	 shape	 and	 size)	 change.	 Nanocolorants	 are	 one	 of	 the	 most	 typical
examples.	 One	 popular	 kind	 of	 nanocolorant	 is	 the	 one	 based	 on	 metallic	 nanoparticles
synthesized	 in	 different	ways	 and	media,	 so	 the	 final	 size	 and	 shape	 of	 the	 nanoparticle
varies.	The	variation	 in	shape	and	size	affects	 the	color	of	 the	colloidal	dispersion	and/or
solution	of	the	nanocolorant.	This	effect	is	known	as	surface	plasmon	resonance	(related	to
the	 frequency	 at	 which	 electrons	 oscillate	 in	 response	 to	 an	 electric	 field	 or	 incident
electromagnetic	radiation).	Only	metals	with	free	electrons	exhibit	this	effect	in	the	visible
region	 of	 the	 spectrum	 [37].	 Some	 examples	 are	 shown	 in	 Figures	 4.18	 and	 4.19.
Theoretically,	 these	 nanocolorants	 could	 provide	 a	 wide	 gamut	 of	 color.	 However,	 the
application	 of	 this	 type	 of	 nanocolorant	 has	 not	 been	 developed	 yet,	 thus	 limiting	 its
potential	 commercialization.	 On	 the	 other	 hand,	 this	 type	 of	 nanocolorant	 has	 potential
application	in	the	sensor	sector.



FIGURE	4.18 	(See	color	insert.)	TEM	images	of	gold	nanospheres	(a),	gold	nanorods	(b),	and	silver	nanoprisms	(c);
and	visual	appearance	of	colloidal	dispersions	of	AuAg	alloy	nanoparticles	with	 increasing	Au	concentration	 (d),	Au
nanorods	 of	 increasing	 aspect	 ratio	 (e),	 and	 Ag	 nanoprisms	 with	 increasing	 lateral	 size	 (f).	 (Adapted	 from	M.	 Liz-
Marzán,	Mater.	Today,	7(2),	26–31,	Feb.	2004.)

As	mentioned	before,	the	term	“nanopigments”	is	generally	applied	to	nanomaterials	in
solid	 state	 that	 can	 be	 applied	 as	 colorants.	 The	 nanoclay-based	 pigments	 (NCP)	 (Figure
4.20)	 are	 organically	 modified	 nanoclay	 in	 which	 all	 or	 part	 of	 the	 cationic	 exchange
capacity	(CEC)	of	the	nanoclay	is	exchanged	with	an	organic	dye	and,	in	some	cases,	with
organic	 surfactants,	 like	 quaternary	 ammonium	 [39,40].	 Generally,	 organically	 modified
nanoclays	are	a	particular	 type	of	nanofiller	 for	polymer.	Their	 remarkable	 importance	 is



derived	 from	 the	 fact	 that	 with	 low	 content	 (around	 2–5	 wt%)	 they	 can	 confer	 great
improvement	 in	 the	polymer	properties	 [41–44].	Therefore,	 nanoclay-based	pigments	 can
be	applied	as	colorants	for	polymers,	acting	at	the	same	time	as	reinforcement	fillers.	There
are	a	great	number	of	studies	about	the	incorporation	of	dyes	in	clays	and	the	properties	of
the	 clay-dye	 systems	 [45–57]	 and	 also,	 some	 studies	 have	 been	 carried	 out	 to	 assess	 the
influence	 of	 the	NCP	 in	 thermoplastic	 polymers	 [58–61].	Moreover,	 they	 can	 be	 used	 to
produce	coatings,	paints	or	to	color	other	substrates.	Others	studies	have	been	done	to	study
the	synthesis	of	this	type	of	nanoclay-based	pigment	with	different	dyes	[62,63],	observing
that	 these	 nanopigments	 can	 significantly	 improve	 the	 thermal	 and	UV	 stability	 of	 some
substrates	 [63].	 Despite	 their	 great	 potential,	 this	 type	 of	 nanopigment	 has	 not	 been
commercialized	 yet.	 Then,	 the	 development	 of	 this	 type	 of	 pigment	 is	 limited	 to	 the
laboratory	scale.

FIGURE	4.19 	(See	color	insert.)	Variation	of	color	of	silver	nanoparticles	with	different	dilutions.	 (Adapted	from	A.
Chhatre	et	al.,	Colloids	Surf.	Physicochem.	Eng.	Asp.,	404,	83–92,	June	2012.)



FIGURE	4.20 	(See	color	insert.)	Nanoclay-based	pigments.	(Adapted	from	M.	Pomares,	Diario	Informacion,	2,	Apr.
2009.)

Traditionally,	titanium	dioxide	(TiO2)	and	zinc	oxide	(ZnO)	have	been	used	as	pigments
in	 many	 sectors	 (paints,	 plastics,	 toothpastes,	 cosmetics,	 pharmaceutic	 products,	 etc.)
because	of	 their	white	color,	opacity,	 and	durability	 [11,65,66].	With	 the	development	 of
the	 nanotechnology,	 the	 properties	 of	 titanium	dioxide	 nanoparticles	 (TiO2	 NP)	 and	 zinc



oxide	 nanoparticles	 (ZnO	 NP)	 have	 been	 enhanced	 (brightness,	 light	 absorption,	 etc.)
compared	to	the	bulk	material.	Then,	TiO2	and	ZnO	NPs	are	also	used	as	nanopigments	for
certain	applications,	particularly	in	cosmetics	for	sunlight	protection,	due	to	their	ability	to
absorb	UV	radiation	(Figure	4.12).	This	has	been	translated	in	an	increase	in	effectiveness
in	the	cosmetic	sector	for	sunscreen	products.	Nevertheless,	there	is	controversy	about	the
use	 of	 these	 nanopigments.	 Currently,	 organizations	 like	 the	 Scientific	 Committee	 on
Consumer	 Safety	 (SCCS)	 and	 Food	 and	Drug	Administration	 (FDA)	 have	 confirmed	 the
safety	of	using	TiO2	and	ZnO	NPs	at	concentration	levels	up	to	25	wt.%	and	have	regulated
their	 application	 as	 additives	 for	 food	 and	 cosmetic	 products	 in	 the	 United	 States	 and
Europe	[67–69].

4.4.4	NANOMATERIALS	IN	NONLINEAR	OPTIC	APPLICATIONS	[3]

Some	nanomaterials	present	nonlinear	optical	properties,	like	second	harmonic	generation
(SHG)	 or	 third	 harmonic	 generation	 (THG).	 Nanowires	 (ZnO,	 GaN,	 and	 KNbO3),	 noble
metallic	 nanoparticles,	 nanocrystals	 (Fe(IO3)3,	 KTiOPO,	 and	 BiTiO3),	 and	 some	 QDs
(core/shell	CdTe/CdS),	etc.	are	some	examples	of	nanomaterials	that	exhibit	SHG	signals.
These	signals	can	be	used	for	imaging	applications,	like	tracking	nanoparticles	inside	cells
and	 organisms.	 In	 fact,	 a	 harmonic	 holographic	 microscope	 has	 been	 developed	 for	 3D
imaging	 of	 nanocrystals	 in	 cells	without	 scanning	 (Figure	4.21)	 [70].	 These	 nanocrystals
emit	a	stable	coherent	signal	suitable	for	long-term	observations.	Other	advantages	are	the
fact	that	they	do	not	present	photo	bleaching,	the	excitation	wavelength	can	be	varied,	and
the	time	response	is	fast.

In	addition,	noble	metallic	nanoparticles	with	SPR	can	be	used	as	enhancement	agents
for	THG.	Semiconducting	nanomaterials	(ZnO	think	films,	CdSe	QDs,	and	Fe3O4	NPs)	also
exhibit	THG	signals	that	can	be	used	for	label-free	imaging	of	nanostructures	in	cells	and
tissues.

4.5	CONCLUSIONS	AND	FUTURE	TRENDS

After	more	than	20	years	of	research,	scientists	continue	to	develop	new	and/or	improved
applications,	 products,	 and	 techniques	 in	 the	 nanomaterials,	 nanoscience,	 and
nanotechnology	fields.	In	this	chapter,	the	applications	and	characterization	techniques	for
nanomaterials	focusing	exclusively	on	the	optical	properties	have	been	presented.	Titanium
dioxide,	 metal	 quantum	 dots,	 and	 organically	 modified	 nanoclays	 are	 some	 of	 the
nanomaterials	 that	exhibit	excellent	optical	properties	 for	practical	applications	 like	solar
cells,	sensors,	coatings,	etc.	However,	 researchers	are	constantly	 investigating	new	(nano)
materials.



FIGURE	4.21 	H2	microscope	experimental	setup.	BS1	and	BS2,	beam	splitters;	M,	mirror;	L1	and	L2,	lens;	S,	sample;

OBJ,	microscope	objective;	BE,	beam	expander;	F,	band-pass	filter	centered	at	400	nm.	BS1	splits	the	laser	into	signal
and	 reference	beams.	 In	 the	 signal	arm,	L1	slightly	 focuses	 the	excitation	beam	 into	 the	 sample	with	SHRIMPs.	OBJ
and	L2	form	a	4F	imaging	system	to	collect	and	optically	magnify	the	SHG	image	of	SHRIMP.	The	EMCCD	is	placed
away	from	the	4F	imaging	plane.	A	band-pass	filter	is	placed	in	front	of	the	EMCCD	to	remove	the	excitation	from	the
SHG	signal.	The	reference	beam	goes	through	a	translation	stage	and	a	BBO	crystal	so	that	the	coherent	reference	SHG
laser	pulses	are	generated	and	can	be	 temporally	and	spatially	overlapped	with	 the	signal	on	 the	EMCCD.	The	signal
and	 reference	 beams	 are	 combined	 collinearly	 by	BS2	 and	 therefore	 an	 on-axis	 digital	 hologram	 is	 recorded	 on	 the
EMCCD.	(Adapted	from	C.-L.	Hsieh	et	al.,	Opt.	Express,	17(4),	2880,	Feb.	2009.)

For	photoelectrochemical	applications,	new	materials	are	being	developed	with	the	aim
of	 increasing	 the	 efficiency	 in	 the	 energy	 conversion,	 like	 graphene	 honeycomb-like
structures	to	replace	platinum	in	dye-sensitized	solar	cells,	copper	indium	selenide	sulfide
quantum	 dots,	 as	 they	 are	 nontoxic,	 graphene	 and	 molybdenum	 diselenide	 solar	 cells,
graphene	 coated	 with	 zinc	 oxide	 nanowires,	 silver	 nanocubes	 scattered	 over	 a	 thin	 gold
layer,	 etc.	 [71].	 Nevertheless,	 Sablon	 et	 al.	 [72]	 reported	 an	 increase	 of	 50%	 in	 the
conversion	 efficiency	 of	 solar	 cells	 (mainly	 due	 to	 the	 enhancement	 in	 IR	 energy
harvesting)	when	using	InAs/GaAs	QDs,	compared	to	GaAs	solar	cell.

In	 photocatalysis,	 recent	 developments	 involve	 increasing	 the	 light	 harvesting
efficiency	 (i.e.,	 increasing	 the	 wavelength	 absorption	 range)	 based	 on	 doped	 TiO2

nanoparticles,	like	N/Au-TiO2	NPs	[16]	or	Fe-doped	TiO2	NPs	[24],	which	can	be	used	for
the	degradation	of	organic	compounds,	like	nitrophenols.

Over	 the	 last	 few	 decades,	 carbon	 nanotubes	 (CNTs)	 have	 received	 a	 lot	 of
attention/interest	 due	 to	 their	 excellent	 properties.	 However,	 toxicological	 studies	 have
shown	 that	 pure/pristine	 CNTs	 can	 pose	 a	 potential	 risk	 for	 human	 health	 [73,74].	 In
addition,	 since	 the	discovery	of	a	method	 for	extracting	graphene	 from	graphite	by	Geim
and	 Novoselov	 in	 2003	 [75],	 scientific	 interest	 has	 moved	 to	 graphene	 (flake-like
nanoparticles	of	carbon).	Graphene	has	excellent	physicochemical	properties,	and	currently
several	investigations	are	being	conducted	to	determine	the	toxicology	of	graphene,	as	well
as	 derivatives	 like	 graphene	 oxide	 [76–79].	 It	 is	 expected	 that	 in	 the	 near	 future,	 new



nanomaterials	 based	 on	 (functionalized)	 graphene,	 as	 well	 as	 new	 technologies	 for	 the
application	 and	 implementation	 of	 nanomaterials	 will	 be	 developed.	 A	 very	 interesting
example	is	the	harmonic	holographic	microscope	(Figure	4.21)	for	tracking	nanoparticles	in
cells,	which	can	be	used	in	biomedicine	and	diagnosis.
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5.1	INTRODUCTION

The	 initial	 idea	 of	 nanotechnology	was	 proposed	 in	 1959	 by	Richard	Feynman	while	 the
exact	term	“nanotechnology”	was	used	by	Norio	Taniguchi	in	1974.	Feynman	discussed	this
idea	 during	 his	 lecture	 entitled:	 “There’s	 Plenty	 of	 Room	 at	 the	 Bottom”	 [1].	When	 the
dimensions	of	 the	 solid	materials	become	very	 small,	 they	present	different	physical	 and
chemical	 properties	 compared	 to	 those	 of	 the	 same	material	 in	 larger	 size	 [2].	 Based	 on
definition,	 a	 product	 is	 considered	 a	 nanomaterial	 if	 at	 least	 one	 of	 its	 dimensions	 falls
within	 the	 1–100	 nm	 range.	 Nanomaterials	 are	 typically	 metals,	 ceramics,	 polymers,
organic	materials,	or	composites	[3].	The	novel	properties	of	nanomaterials	could	be	due	to
their	extremely	large	surface	area	and	the	high	surface-to-volume	ratio	of	these	compounds
compared	to	similar	conventional	materials	[4].	Nanomaterials	include	but	are	not	limited
to	 nanoparticles,	 nanocomposites,	 nanocrystals,	 nanoclusters,	 nanofibers,	 nanotubes,
nanofilms,	 nanowires,	 and	 nanorods.	 There	 has	 been	 tremendous	 progress	 in	 the	 field	 of
nanotechnology	 in	 recent	 decades	 [1].	 Nanotechnology	 is	 growing	 fast	 because
nanomaterials	are	well	incorporated	into	many	aspects	of	our	lives	[5].

A	 precise	 definition	 for	 nanotechnology	 is	 given	 by	 Meyer	 as:	 “The	 manipulation,
precision	placement,	measurement,	modeling	or	manufacture	of	 sub-100	nanometer	 scale
matter”	 [6].	 The	 definition	 of	 nanomaterial	 was	 recently	 given	 by	 the	 European
Commission	as:	“A	natural,	incidental	or	manufactured	material	containing	particles,	in	an
unbound	state	or	as	an	aggregate	or	as	an	agglomerate	and	where,	for	50%	or	more	of	the
particles	 in	 the	 number	 size	 distribution,	 one	 or	more	 external	 dimensions	 is	 in	 the	 size
range	1–100	nm”	[7].

Unique	 properties	 of	 nanomaterials	 have	 attracted	 interest	 from	 government,	 private
enterprises,	 and	 scientific	 researchers.	 This,	 in	 turn,	 has	 resulted	 in	 exploring	 the	 unique
enhanced	 properties	 of	 nanomaterials	 in	 many	 different	 fields	 [4,8–12].	 There	 has	 been
intensive	 scientific	 research	on	 the	applications	of	nanomaterials	 in	a	vast	 area	 including
but	 not	 limited	 to	 new	 sources	 of	 energy	 and	 storage	 (i.e.,	 solar	 cells,	 fuel	 cells,	 and
batteries),	 electrics	 and	 electronics,	 optical	 and	 optoelectronics,	 sensors,	 catalysts,
mechanical,	 construction,	 composite	 materials,	 bioengineering,	 biomedical,
pharmaceuticals,	food,	cosmetics,	and	other	life	science	applications	[1,5,13].

To	 study	nanomaterials	 and	 introduce	new	applications,	 the	particle	 characteristics	of
these	materials	must	be	accurately	defined	in	order	to	ensure	that	results	are	reproducible
[3,5,14].	These	 properties	 are	mainly	 shape,	 size,	 surface	 area	 and	properties,	 dispersion,
and	 physical	 and	 chemical	 properties	 [5,15–18].	The	 analytical	 process	must	 however	 be
simple,	inexpensive,	reproducible,	and	reliable.

Visualization	 at	 such	 a	 small	 scale	 has	 always	 been	 an	 important	 step	 toward
understanding	 these	 materials.	 Microscopy	 is	 a	 very	 powerful	 and	 reliable	 research
technique	 that	 helps	 scientists	 in	 the	 field	 of	 nanotechnology	 by	 providing	 valuable
information	 regarding	 surface	 information,	morphology,	 size,	 and	 shape	 of	 the	 particles.
The	 electron	microscope,	 for	 instance,	 captures	 images	 of	 the	 nanoparticle’s	 surface	 and
provides	reliable	information	of	their	size	and	shape	[19–22].



Some	of	the	most	widely	used	techniques	that	characterize	nanomaterials	are	scanning
electron	 microscopy	 (SEM),	 scanning	 tunneling	 microscopy	 (STM),	 atomic	 force
microscopy	(AFM),	scanning	electrochemical	microscopy	(SECM),	neutron	diffraction,	x-
ray	scattering,	x-ray	fluorescence	spectrometry,	x-ray	diffraction	(XRD),	and	transmission
electron	 microscopy	 (TEM)	 [23,24].	 Some	 of	 these	 techniques	 such	 as	 high-resolution
transmission	electron	microscopy	(HRTEM)	and	energy	dispersive	x-ray	spectroscopy	have
been	 particularly	 developed	 to	 characterize	 the	 composition,	 size,	 morphology,	 crystal
structure,	and	orientation	of	nanoparticles	[19].

Nanocharacterization	is	a	new	field	in	nanotechnology	that	refers	to	the	techniques	and
methods	 used	 to	 characterize	 nanomaterials.	 This	 field	 of	 research	 and	 study	 is	 gaining
importance	 and	 microscopy	 is	 considered	 the	 most	 important	 technique	 in	 this	 field
[25–27].

5.2	SCANNING	ELECTRON	MICROSCOPY	(SEM)

5.2.1	BACKGROUND

For	research	in	the	nanoparticle	field,	it	is	necessary	to	observe	the	morphology	and	particle
size	 of	 samples.	Nowadays,	 the	 scanning	 electron	microscope	 (SEM)	 is	 one	 of	 the	most
widely	used	instruments	to	characterize	and	analyze	nanoparticles	and	nanostructures	[28].
SEM	 probes	 the	 surface	 morphology	 with	 a	 beam	 of	 electrons	 and	 the	 achieved	 image
provides	 a	 three-dimensional	 appearance	 that	 can	 be	 useful	 to	 investigate	 the	 surface
structure	[28–32].

Image	formation	in	SEM	is	based	on	the	signals	that	achieved	from	primary	electrons
and	sample	interaction.	Interactions	between	sample	and	primary	electrons	excite	and	emit
various	 signals	 including	 secondary	 electrons,	 transmitted	 electrons,	 backscattered
electrons,	auger	electrons,	and	x-ray	continuum	(Figure	5.1)	[33,34].

Electrons	 of	 the	 sample	 atoms	 are	 exited	 during	 the	 ionization,	 which	 generates
secondary	 electrons,	 the	 conventional	 electrons	 which	 are	 applied	 in	 SEM.	 Secondary
electrons	 present	 topographic	 contrast	 in	 the	 SEM	 with	 good	 resolution	 including	 the
visualization	of	the	surface	texture	and	roughness	[35].



FIGURE	5.1 	Interaction	between	primary	electron	beam	and	the	sample	in	SEM.

5.2.2	PURPOSE,	ADVANTAGES,	AND	LIMITATIONS

The	manipulation	on	nanoparticles	is	a	powerful	method	to	survey	and	analyze	the	mobility
of	nanoparticles	on	the	solid	surface	and	it	opens	a	new	window	to	a	deeper	understanding
on	 nanomechanics	 and	 nanotribology.	 The	 scanning	 tunneling	 microscope	 (STM)	 and
atomic	force	microscope	(AFM)	have	caused	superior	capabilities	 to	fabricate	and	survey
nanostructures.	By	employing	the	local	action	of	a	sharp	tip,	which	can	be	controlled	above
a	sample	surface	with	subnanometer	precision,	several	approaches	to	structure	fabrication
have	been	made	[36].

The	 friction	 properties	 of	 nanoparticles	 via	 atomic	 force	 microscopy	 have	 been
reported.	However,	a	real-time	manipulation	technique	inside	a	SEM	was	recently	applied
for	tribological	studies	of	nanoparticles	(Figure	5.2).

This	 method	 enables	 a	 real-time	 visual	 feedback	 in	 a	 signal	 line	 scan	 regarding	 the
trajectory	of	particles.	However,	 there	 are	 still	 some	 limitations	of	manipulation	 inside	a
SEM.	 Slow	 processes	 can	 be	 visualized	 and	 fast	 processes	 can	 be	 noticed	 because	 the
scanning	rate	of	 the	electron	is	restricted	to	a	few	hertz.	Meanwhile,	 the	electron	beam	is
capable	of	causing	a	considerable	amount	of	energy,	which	can	 lead	 to	partial	melting	of
the	sample	or	an	electrostatic	charging	[37].



FIGURE	5.2 	Schematics	of	the	manipulation	experiments	by	an	SEM.	(Reprinted	with	permission	from	B.	Polyakov	et
al.	Beilstein	Journal	of	Nanotechnology	5,	2014:	133–140.)

SEM	and	TEM	(discussed	later	in	this	chapter)	are	the	conventional	methods	for	direct
imaging	and	dimensional	measurements	of	nanoparticles.	However,	TEMs	typically	attain	a
higher	 resolution	 than	 SEM	because	 of	 electron	 energies	 above	 100	KeV,	 and	TEMs	 are
more	 expensive	 in	 comparison	 to	 the	SEMs.	Therefore,	TEM	 is	 achieved	by	 applying	 an
ordinary	SEM	with	moderate	 electron	energy	equipped	by	a	proper	 transmission	electron
detector	in	order	to	transmit	particles	in	the	nanometer	size	range.	This	type	of	microscope
is	named	TSEM	to	discriminate	it	from	conventional	TEMs.	It	has	been	shown	that	SEM	in
transmission	mode	determines	the	size	and	form	of	particle	with	high	sensitivity,	and	this
technique	has	been	used	to	image	silica,	gold,	and	latex	nanoparticles	[38].

The	 ZnO	 nanoparticles	 were	 capped	 by	 oleate,	 and	 the	 polyethylene-like	 organic
components	covered	the	nanoparticles	by	a	facile	atmospheric	cold	plasma	polymerization
of	n-octane.	Figure	5.3	presents	the	SEM,	the	bright-field	TSEM,	and	the	dark-field	TSEM
images	 of	 a	 covered	 agglomerate	 particle	 at	 electron	 acceleration	voltage	of	 20	KV.	The
SEM	 picture	 (Figure	 5.3a)	 shows	 the	 surface	 of	 agglomerated	 particles	 capped	 by	 the
polymer.	The	bright-field	TSEM	picture	(Figure	5.3b)	shows	dark	agglomerate	due	 to	 the
scattering	 of	 electrons	 to	 higher	 angles	 than	 the	 acceptance	 angle	 of	 the	 bright-field
detector.	Figure	5.3c	represents	the	agglomerate	particles	better	than	the	previous	pictures.
The	higher	magnification,	dark-field	TSEM	picture	in	Figure	5.3d	confirms	the	presence	of
the	organic	layer	on	the	nanoparticles	(NPs)	agglomerate	and	make	it	possible	to	evaluate
the	thickness	of	the	organic	phase	on	the	particle	(between	10	and	20	nm)	[39].

Environmental	 scanning	 electron	 microscopy	 (ESEM)	 is	 a	 typically	 new	 version	 of
SEM,	 and	 allows	 a	 wet	 sample	 to	 be	 imaged	 without	 probably	 damaging	 the	 specimen
through	 the	use	of	 partial	water	 vapor	pressure	 in	 the	microscope	 sample	 chamber.	Prior



sample	 preparation	 is	 not	 essential	 and	 the	 sample	 can	 be	 observed	 in	 its	 natural	 state,
which	is	the	key	advantage	over	conventional	SEM.	This	can	be	attained	by	permitting	the
presence	of	a	gas	in	the	sample	chamber,	instead	of	the	normal	high	vacuum	requirements
of	 SEM.	 Imaging	 samples	 in	 liquids	 provides	 the	 capability	 to	 image	 colloids	 and
nanoobjects	in	the	liquid	phase	[40].

ESEM	 has	 been	 used	 to	 investigate	 the	 surface	morphology	 and	 particle	 size.	Water
permeability	 resistant	property	and	microstructure	of	concrete	containing	nano-SiO2	 have
been	 investigated	 by	 ESEM.	 Microstructures	 of	 normal	 and	 nano-SiO2	 concrete	 were
confirmed	 using	 ESEM.	 For	 this	 purpose,	 the	 samples	 were	 prepared	 from	 the	 concrete
cubes	at	different	curing	ages	(Figure	5.4),	and	then	soaked	in	the	isopropyl	alcohol	to	stop
hydration	by	removing	free	water.	It	can	be	observed	which	microstructure	of	the	concrete
containing	nano-SiO2	is	more	uniform	compared	to	the	normal	concrete	[41].

FIGURE	5.3 	 (a)	 SEM,	 (b)	 bright-field	 TSEM,	 (c)	 dark-field	 TSEM,	 and	 (d)	 high	 magnification	 dark-field	 TSEM.
(Reprinted	with	permission	from	F.	Fanelli,	A.	M.	Mastrangelo,	F.	Fracassi.	Aerosol-assisted	atmospheric	cold	plasma
deposition	and	characterization	of	superhydrophobic	organic-inorganic	nanocomposite	 thin	films.	Langmuir	 30,	857–
865.	Copyright	2014	American	Chemical	Society.)



FIGURE	5.4 	 (a)	Microstructure	 of	 normal	 concrete	 (curing	 time	 of	 28	 days),	 (b)	microstructure	 of	 normal	 concrete
(curing	time	of	180	days),	(c)	microstructure	of	nano-SiO2	concrete	(curing	time	of	28	days).	(Reprinted	from	Cement

and	 Concrete	 Research,	 Vol	 35,	 T.	 Ji,	 Preliminary	 study	 on	 the	 water	 permeability	 and	 microstructure	 of	 concrete
incorporating	nano-SiO2,	1943–1947,	Copyright	2005,	with	permission	from	Elsevier.)

5.3	TRANSMISSION	ELECTRON	MICROSCOPE	(TEM)

5.3.1	BACKGROUND

The	 shape,	 distribution,	 and	 particle	 size	 of	 nanomaterials	 were	 studied	 via	 TEM.	 TEM
images	 provide	 information	 about	 the	 atomic-resolution	 lattice	 as	 well	 as	 physical	 and
chemical	 information	at	a	1	nm	resolution	or	higher,	and	provide	direct	 investigation	and
identification	of	a	single	crystal	[42].



In	 a	 STEM,	 the	 image	 is	 provided	 by	 scanning	 a	 focused	 beam	 over	 the	 sample	 and
collecting	 transmitted	 electrons	 by	 detector.	 In	 other	 words,	 STEM	 is	 one	 type	 of	 TEM
which	is	equipped	with	additional	devices	such	as	scanning	coils	and	detectors.	Meanwhile,
images	 are	 the	 result	 of	 raster	 scanning	 the	 subnanometer	 probe	 over	 the	 surface	 and
collecting	electrons	pixel	by	pixel	that	are	transmitted	through	the	sample	[43–45].

On	the	other	hand,	STEM-in-SEM	is	one	method	to	 improve	resolution	and	overcome
the	limitations	of	the	SEM.	In	this	method,	the	beam	targets	the	small	area	and	scans	over
the	 sample,	 and	 the	 image	 is	 extracted	 by	mapping	 some	 signal	 intensity	 synchronously
with	 the	 scan.	A	STEM	system	used	 to	 a	 standard	SEM	 is	 generally	designated	 as	 “low-
voltage	STEM.”

5.3.2	PURPOSE,	CADVANTAGES,	AND	LIMITATIONS

Observation	and	analysis	of	charged-induced	nanoparticles	dynamic	in	solution	have	been
investigated	by	STEM.	Therefore,	STEM	has	been	used	to	image	platinum	nanoparticles	on
an	 insulating	 membrane,	 and	 the	 membrane	 is	 one	 of	 two	 electron-transparent	 windows
separating	a	liquid	solution	from	the	microscope	vacuum.	Figure	5.5	shows	a	time	series	of
STEM	 images.	At	 first,	 nanoparticles	 are	 immobile	 but	 after	 several	 seconds	 of	 imaging
they	start	 to	move.	By	increasing	 the	exposure	 time,	 the	nanoparticles	 leave	 the	center	of

the	 field	 of	 view.	 Also,	 it	 has	 been	 shown	 on	 receiving	 a	 dose	 of	 ~104	 e/nm2,	 initially
embedded	nanoparticles	start	to	motion	along	trajectories,	and	by	increasing	the	dose	rates
the	 particle	 motion	 dramatically	 increased.	 It	 has	 been	 elucidated	 that,	 even	 under	 mild
imaging	 conditions,	 the	 in	 situ	 electron	 microscopy	 of	 aqueous	 environments	 can	 cause
electrophoretic	 charging	 phenomena	 that	 manipulate	 the	 dynamics	 of	 nanoparticles.
Ultimately,	 it	 seems	 that	 the	 nanoparticles	 attain	 charge	 as	 a	 direct	 outcome	 of	 being
subjected	to	the	imaging	beam	[46].

Furthermore,	 the	 TEM	 technique	 has	 been	 developed	 to	 investigate	 the	 growth
mechanism	 and	 the	 particle	 characterization	 using	 in	situ	 liquid	 transmission	method.	 In
this	method,	the	final	morphology	of	nanostructures	can	be	observed	during	particle	growth
in	 real	 time	 with	 subnanometer	 spatial	 resolution.	 Figure	 5.6	 shows	 the	 lead	 sulfide
nanoparticles	 growth	 under	 different	 chemical	 composition	 while	 the	 relative	 ratio	 of
chemical	components	has	changed.	It	was	reported	that	changing	the	chemical	composition
affected	the	nanoparticle’s	formation;	the	shape	and	size	of	nanoparticles	formed,	and	also
resulted	in	a	shift	from	nanoparticle	form	to	the	evolution	of	flower-shaped	nanoparticles
[47].

High-resolution	transmission	electron	microscope	(HRTEM)	is	an	imaging	mode	of	the
TEM	 that	 provides	 the	 direct	 looking	 at	 the	 atomic	 structure	 of	 the	 samples.	 HRTEM
images	are	produced	by	the	interference	of	the	electron	beams	rather	than	the	absorbance	of
them.	This	 is	 a	 powerful	 technique	 for	 direct	 imaging	 of	 the	 projected	 shape	 of	 a	 single
nanoparticle	when	the	particle	size	is	small.

HRTEM	 gives	 higher	 resolution	 images	 that	 are	 widely	 and	 effectively	 applied	 for



analyzing	crystal	structure	and	lattice	space	in	nanoparticles	on	an	atomic	scale.	Figure	5.7
presents	 the	 SEM	 and	 HRTEM	 images	 of	 the	 iron	 oxide	 nanocubes	 and	 mesocrystals.
Figure	5.7a–c	shows	the	SEM	images	with	information	about	the	detailed	structure	of	iron
oxides	nanocubes	on	Ge	substrate	with	the	scale	bars	100	nm.	Figure	5.7e	and	f	 represents
the	HRTEM	 images	 of	 nanocubes	 at	 800x	magnification	 and	 schematic	 of	 the	 truncated
cube,	respectively.	HRTEM	images	represent	that	the	cubes’	faces	are	ceased	on	the	{100},
and	the	corners	and	edges	correspond	to	the	{111}	and	{110}	planes	of	the	spinal	structure
[48].

FIGURE	5.5 	(See	color	insert.)	Time	series	of	STEM	images	taken	with	350	nm	×	350	nm	from	the	center	of	the	field
of	view.	The	 images	 are	provided	~7	 s	 apart,	 by	 the	passage	of	 time	 to	 the	 right.	The	 trajectories	 of	 10	particles	 are
presented	by	 the	green	 tracks,	with	starting	points	assigned	by	red	dots	and	 the	shade	of	green	 increasing	among	 the
frames.	(Reprinted	with	permission	from	E.R.	White	et	al.	Charged	nanoparticle	dynamics	in	water	induced	by	scanning
transmission	electron	microscopy.	Langmuir	28,	3695–3698.	Copyright	2012	American	Chemical	Society.)

FIGURE	5.6 	Nanoparticle	growth	under	varying	chemical	composition.	In	situ	bright-field	scanning	TEM	images	of
2:1	(a),	1:1	(b),	and	1:1.25	(c)	(lead	acetate:thioacetamid)	trigonal	(d),	hexagonal	(e),	flower-like	(f),	and	spherical	(g).
Lattice	 fringes	 for	 the	 (220)	plane	of	PbS	at	0.21	nm	resolution	can	be	observed	 in	 (g)	and	(h)	and	Bragg	reflections
circled	in	(i).	Scale	bars	represent	100	nm	(a–c),	12.5	nm	(d	and	e),	25	nm	(f),	and	2.5	nm	(g	and	h).	(Reprinted	with



permission	 from	 J.E.	 Evans	 et	 al.	 Controlled	 growth	 of	 nanoparticles	 from	 solution	 with	 in	 situ	 liquid	 transmission
electron	microscopy.	Nano	Letter	11,	2809–2813.	Copyright	2011	American	Chemical	Society.)

FIGURE	5.7 	Iron	oxide	nanocube	mesocrystals,	(a–c)	Scanning	electron	microscopy	images	of	the	(a)	overall	and	(b
and	 c)	 structures	 of	 the	 iron	 oxide	 nanocubes	 on	 Ge	 substrate.	 Scale	 bars	 represent	 100	 nm.	 (d)	 Atomic	 force
microscopy	 image	of	a	10	μm	×	10	μm	area	of	 the	same	sample,	 (e)	high-resolution	TEM	photograph	of	nanocubes,
and	 (f)	 schematic	of	 the	 truncated	cube.	 (Reprinted	with	permission	 from	S.	Disch	et	 al.	Shape	 induced	 symmetry	 in
self-assembled	mesocrystals	of	iron	oxide	nanocubes.	Nano	Letter	11,	1651–1656.	Copyright	2011	American	Chemical
Society.)

5.4	SCANNING	ELECTROCHEMICAL	MICROSCOPY	(SECM)

5.4.1	BACKGROUND

Scanning	 electrochemical	 microscopy	 (SECM)	 [49–51]	 is	 one	 of	 the	 most	 important
methods	used	in	nanoparticulate	catalyst	research.	Analytically,	SECM	allows	mapping	the
topography	 as	 well	 as	 the	 lateral	 variations	 of	 the	 specific	 (electro)	 chemical	 activity,
measuring	 local	 concentrations	 of	 reactants	 or	 products	 of	 heterogeneous	 reactions,	 and
investigating	 heterogeneous	 kinetics	 [51].	 The	 sample	 for	 SECM	 can	 be	 insulator,
conductor,	or	 semiconductor.	The	central	 element	of	 an	SECM	is	 the	ultramicroelectrode
(UME)	probe,	which	is	moved	by	a	positioning	system	relative	 to	 the	sample.	The	tip-to-
sample	distance	 is	kept	 longer	 than	 in	scanning	 tunneling	microscopy	 in	order	 to	prevent
tunneling	 current	 interference	 in	 the	 chemical	 signal.	 The	UME	 acting	 as	 a	 sensor	 (or	 a



source	 of	 nanoparticle	 precursor)	 is	 connected	 to	 a	 (bi)potentiostat	 together	 with	 the
reference	electrode	(RE)	and	the	counter	electrode	(CE)	establishing	a	three-electrode	cell
(Figure	5.8).

5.4.2	PURPOSE

Contrary	 to	 other	 scanning	 probe	 techniques	 that	 are	 mainly	 used	 to	 investigate	 the
structure	 of	 nanoparticles	 and	 their	 distribution,	 SECM	 provides	 information	 on	 the
usability	of	materials	as	a	catalyst	for	various	specific	chemical	reactions.	Among	them	are
NPs	catalyzed	reactions	which	occur	in	devices	for	energy	conversion	and	storage	such	as
hydrogen	oxidation	(fuel	cell	anode	reaction)	 [52],	oxygen	 reduction	 (ORR,	 (bio)fuel	cell
cathode	reaction)	[53–66],	hydrogen	evolution	[67–69],	and	water	oxidation	[70–72].	ORR
catalyzed	by	NPs	may	lead	to	undesired	H2O2	generation,	which	can	be	probed	by	SECM
[53,65].	Simultaneous	SECM	imaging	of	various	microsamples	of	nanoparticulate	catalysts
within	 one	 scanning	 area	 is	 a	 helpful	 tool	 in	 engineering	 multicomponent	 catalysts
[54,55,65,66,72]	 and	 also	 investigating	 dependencies	 between	 catalytic	 activities	 of	 NPs
and	their	size	[66],	structure	[60],	and	shape	[61].	This	approach	assures	the	same	analytical
conditions	for	each	microsample	and	allows	quick	study	of	a	large	number	of	samples	with
only	little	wastage	of	materials.	SECM	is	able	to	measure	lateral	conductivity	of	NP	films
or	composites	deposited	on	insulating	solid	supports	[73,74],	as	well	as	on	soft	liquid–gas
interfaces	 [75].	 Liquid–	 liquid	 interfaces	 in	 SECM	 setups	were	 applied	 as	 a	 locus	 of	NP
synthesis	 [76]	 or	 as	 an	 interface	 for	 electron	 transfer	 rate	 measurements	 between	 NPs
dispersed	 in	 the	 organic	 phase	 and	 an	 aqueous	 oxidant	 [77,78].	 Heterogeneous	 electron
transfer	rate	constants	through	the	thiol	monolayers	covering	gold	clusters	[79]	and	AgNP
[80]	were	also	measured	with	SECM.

FIGURE	 5.8 	 Schematic	 setup	 of	 SECM.	 (1)	 UME,	 (2)	 sample,	 (3)	 (bi)potentiostat,	 (4)	 reference	 and	 counter
electrodes,	 (5)	 positioning	 system,	 and	 (6)	 control	 PC.	 (K.	 Powers	 et	 al.:	Research	 strategies	 for	 safety	 evaluation	 of



nanomaterials.	 Part	 VI.	 Characterization	 of	 nanoscale	 particles	 for	 toxicological	 evaluation.	 Toxicological	 Sciences.
2006.	90.	296–303.	Copyright	Wiley-VCH	Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.)

SECM	 imaging	 of	 NPs	 found	 application	 in	 forensic	 sciences.	 Latent	 finger	 marks
printed	on	dark	surfaces	developed	with	NPs	are	often	invisible	by	optical	methods	contrary
to	SECM	imaging	[81,82].

Detection	of	individual	NPs	captured	at	a	nanopore	was	done	by	monitoring	the	faradaic
current	related	to	electro-oxidation	of	redox-active	molecules	on	an	SECM	tip	positioned	at
the	opening	of	 the	pore	 [83].	NP	capture	 results	 in	 a	 decrease	of	 the	 transport	 rate	 of	 an
electroactive	 substance	 through	 the	 pore,	 thus	 the	 tip	 current	 decreases.	 A	 single	 NP
deposited	on	carbon	fiber	electrode	(CFE)	was	detected	in	an	SECM	experiment	by	moving

the	electrode	from	air	to	an	electrolyte	containing	Fe3+	ions	[84].	At	certain	conditions	the

electrocatalytic	reduction	of	Fe3+	to	Fe2+	occurs	exclusively	on	Pt.	Kwon	and	Bard	studied
diffusion-controlled	 collisions	 of	 single	 NP	 to	 SECM	 tip	 by	 monitoring	 SECM	 current
transients	[70].	This	study	provides	information	about	the	nature	of	NP	interactions,	that	is,
type	of	collisions	(elastic	or	adsorptive)	and	deactivation.

Recently,	 special	 interest	 in	 SECM	 has	 been	 gained	 in	 the	 study	 of	 biological
applications	 of	 NPs,	 such	 as	 electrical	 wiring	 of	 enzymes	 [56,59,60,85],	 enzyme
immobilization	 for	 enhanced	 detection	 of	 DNA	 hybridization	 [86–88],	 and	 to	 visualize
proteins	 immobilized	 on	 solid	 polymeric	membrane	 [89].	 Shao	 and	 coworkers	 employed
SECM	in	studying	interactions	between	Hela	cells	and	AgNPs	[90].

Besides	analytical	applications,	SECM	is	a	tool	for	localized	synthesis	of	metallic	NPs
[76,84,85,91–97]	and	 local	deposition	of	previously	synthesized	NPs	[98–102].	 Individual
nanoparticles	 were	 prepared	 by	 SECM	 approaching	 precursor	 solution/air	 interface	 with
CFE	[84].

5.4.3	EXAMPLES	OF	NPs	CHARACTERIZED	BY	SECM

A	wide	variety	of	NPs	have	been	studied	with	SECM	for	 the	purposes	mentioned	earlier,
which	are	summarized	in	Table	5.1	based	on	their	compositions.	The	majority	of	them	are
gold,	silver,	and	platinum	NPs	probably	due	to	their	overwhelming	popularity	in	different
applications	 and	 research	 areas	 compared	 to	 other	 types	 of	 NPs	 and	 their	 catalytic
activities.

TABLE	5.1
Types	of	Nanoparticles	Studied	by	SECM
NPs	Type References NPs	Type References

Ag [55,57,75,76,80–82,86,89,90,92,95,96,100] Pd-W [64]
Au [54,61,62,66,73,74,77–82,85,86,92–95,97–99,101–103] Polystyrene [83]
C [52,56,58,59,104] Pt [52–55,57,60,63,67,84,105]
CdTe [92] Rh [54]
Composite [52,54,55,57–59,63,64,68,74,80,101,106] RuO2 [72]
IrOx [70] Si [107]



Ni [84] SiO2 [87,88]
Pb [108] TaO2 [109]
Pd [53,68,69] TiO2 [72]
Pd–Au [65] WO3 [71]
Pd–Pt [65]

5.4.4	ADVANTAGES	AND	LIMITATIONS

The	lateral	resolution	of	SECM	is	limited	by	the	size	of	the	probe	and	is	usually	worse	than
scanning	 probe	microscopy	 (SPM)	 techniques,	 such	 as	AFM	 and	 STM,	 but	 instead	 large
areas	can	be	analyzed.	Application	of	the	probe	size	depends	on	the	rate	of	reaction	on	the
sample.	Normalized	rate	constant,	κ	=	k0a/D,	where	k0—heterogeneous	rate	constant,	a—
probe	radius,	and	D—diffusion	coefficient,	is	usually	measurable	within	a	range	of	0.01–10.
Sluggish	 reactions	 require	 bigger	 probes	 (lower	 resolution)	 than	 fast	 sample	 processes.
Individual	 NPs	 modified	 with	 fast	 redox	 moiety	 terminated	 flexible	 chains	 can	 be
distinguished	 by	 combined	AFM-SECM	 nanoelectrode	 probe	 (Figure	 5.9)	 [103].	 Despite
the	 resolution	 limitation,	 SECM	 remains	 an	 invaluable	 supplementary	 tool	 in	 NPs’
characterization,	 especially	 in	 mapping	 and	 evaluation	 of	 catalytic	 activity	 of	 NPs
[104,105,107–109].

5.5	PHOTOACOUSTIC	MICROSCOPY	(PA)

5.5.1	BACKGROUND

Photoacoustic	effect	occurs	when	a	short-pulsed	laser	beam,	or	an	intensity-modulated	laser
beam,	 irradiates	 the	 target	 surface.	 Absorption	 of	 light	 results	 in	 a	 rapid	 thermoelastic
expansion,	 and	 further	 conversion	 to	 an	 ultrasound	 emission,	 which	 is	 referred	 to	 as
photoacoustic	waves	 [110,111].	Since	 its	 demonstration	 in	 1881,	 the	photoacoustic	 effect
has	 been	 applied	 to	 imaging	 and	 spectroscopy	 in	 material	 science,	 biology	 science,	 and
medicine	 [112,113].	 Photoacoustic	 (PA)	 imaging	 combines	 the	 advantages	 of	 both	 high
sensitivity	 in	 optical	 imaging	 and	 low	 scattering	 in	 ultrasonic	 imaging.	 Besides,	 the
nonionizing	irradiation	in	PA	imaging	is	not	hazardous	to	tissues	in	contrast	to	the	ionizing
x-ray	based	imaging	such	as	CT	and	micro-CT	[114].	Many	optical	absorbers	have	proven
useful	 in	PA	 imaging,	 such	as	hemoglobin	 [115],	melanoma	[116],	water	 [117,118],	 lipid
[119],	and	various	natural	and	artificial	contrast	agents	[120–123].

5.5.2	PURPOSES	OF	APPLICATION	OF	PHOTOACOUSTIC	IMAGING

Recently,	nanomaterials	have	been	massively	applied	to	PA	imaging,	owing	to	their	strong
optical	 absorption	 in	 both	 visible	 and	 infrared	 spectrum	 [91,112,124,125].	 Various
conjugates	 and	 composites	 have	 been	 developed	 from	 two	 types	 of	 basic	 nanomaterials:
carbon-based	nanomaterials	and	metal-based	nanomaterials.



FIGURE	5.9 	(See	color	insert.)	AFM-SECM	tapping	mode	imaging	of	a	gold	surface	bearing	a	random	array	of	20	nm
Fc-PEGylated	AuNP.	Simultaneously	 acquired	 topography	 (a)	 and	 tip	 current	 images	 (b).	 (Reprinted	with	permission
from	 A.	 Srivatsan	 et	 al.	 Gold	 nanocage-photosensitizer	 conjugates	 for	 dual-modal	 image-guided	 enhanced
photodynamic	therapy.	Theranostics	4(2),	163.	Copyright	2014	American	Chemical	Society.)

One	 typical	 cylindrical	 form	 of	 the	 carbon-based	 nanomaterials,	 also	 called	 single-
walled	carbon	nanotubes	 (SWNTs),	 improves	 the	 signal	 contrast	by	 strengthening	 the	PA
signal	 over	 the	 entire	 wavelength	 range	 from	 740	 to	 820	 nm	 [125],	 and	 such	 a	 broad
absorption	spectrum	for	SWNTs	also	makes	it	 flexible	 in	wavelength	option.	Besides,	 the
linear	correlation	between	PA	signal	and	their	concentration	within	the	specific	range	[124]
makes	the	quantitative	analysis	possible.	Apart	from	the	advantages	in	optics,	the	capability
of	coupling	the	peptides	[124],	coating	with	the	polymer	films	[112],	and	incorporating	to
the	 polymer	 scaffold	 [114]	 also	 broaden	 their	 PA	 applications	 in	molecular	 imaging	 and
tissue	engineering.

Among	 various	 metal-based	 nanomaterials,	 gold	 nanoparticles,	 nanocages,	 and
nanoshells	 [126,127]	are	most	widely	used	 in	PA	 imaging.	The	 laser-induced	nanobubble
formation	from	their	accumulation	 in	 tumors	 [128–130]	causes	nonlinear	enhancement	of
photoacoustic	effects	 [131,132].	Another	 important	 feature	of	 the	gold	nanomaterials	 that
enables	enhanced	contrast	is	their	unique	tunability	of	localized	surface	plasmon	resonance
(LSPR)	[129,131]	via	their	size,	shape,	and	composition	adjustment.	The	optical	spectrum
related	 to	 the	 amount	 of	 chemical	medium,	 the	 sensitivity	 related	 to	 the	 shapes	 of	 their
nanostructures,	 along	 with	 their	 enhancement	 ability	 and	 biocompatibility	 make	 gold
nanostructures	an	effective	contrast	agent	in	PA	imaging	that	is	otherwise	a	challenge	to	see
inside	the	tissue.

5.5.3	EXAMPLES	OF	NANOPARTICLES	CHARACTERIZED	BY	PHOTOACOUSTIC	MICROSCOPY

Cai	et	 al.	 [114]	 applied	both	optical-resolution	photoacoustic	microscopy	 (OR-PAM)	and
acoustic-resolution	 photoacoustic	 microscopy	 (AR-PAM)	 to	 observe	 the	 scaffolds
incorporating	SWNTs	in	simulated	physiological	environments	(Figure	5.10).

It	was	demonstrated	that	multiscale	PAM	is	not	only	suitable	for	SWNTs-incorporated



polymeric	scaffolds	 imaging	 in	biological	 tissues,	but	 it	can	also	provide	 the	quantitative
information	 on	 porosity,	 pore	 sizes,	 and	 degradation	 effects	 during	 tissue	 regeneration
[133].

Cai	and	Wu	[134]	further	developed	a	“green	synthesis”	of	much	smaller	(~10	nm)	and
solvent-free	 carbon	 nanoparticles	 called	 luminescent	 carbon	 nanoparticles	 (OCN).	 The
rapid	particle	relocation	and	clearance	of	OCN	makes	the	real-time	PA	imaging	possible	on
sentinel	 lymph	 nodes	 (SLN).	 The	 rapid	 lymphatic	 transport	 and	 the	 small	 size	 of	 OCN
offers	 the	 surgical	 convenience,	 lower	 cost,	 and	 great	 potential	 in	 stable	 large-scale
commercial	manufacturing	(Figure	5.11).

Taking	 the	 advantages	 of	 LSPR	 peak	 tunability	 and	 noncovalent	 conjugation	 of	 Au
nanostructures	to	drug	molecules,	Srivatsan	et	al.	[110]	developed	AuNC–NPPH	conjugates
as	a	multifunctional	agent	in	enhanced	photodynamic	therapy,	monitored	by	PA	imaging	in
near-infrared	(NIR)	region	(Figure	5.12).

The	experiment	results	showed	a	~740%	increase	of	PA	amplitude	in	the	mouse	spleen
after	 injection	of	AuNC	at	a	dose	of	only	10	pmol,	which	indicated	the	AuNC	is	a	highly
sensitive	exogenous	contrast	agent	for	PA	imaging.

Other	than	the	generally	used	size	and	shape	control	methods,	Liu	et	al.	[135]	developed
the	semiconductor–metal	heterodimer	nanoparticles.	The	absorbance	spectrum	is	flattened
by	 the	 combination	 of	 plasmonic	metal	 nanoparticles	 with	 heavily	 doped	 semiconductor
nanoparticles,	 which	 allows	 multimodal	 imaging,	 including	 deep	 tissue	 photoacoustic
imaging	in	vivo.

In	addition	to	centimeter-large	tumors	[128–130],	cerebral	cortex	[91],	SLN	[134],	and
gastrointestinal	tract	[136],	nanomaterials	were	also	applied	to	quantitative	visualization	of
micrometersized	 cells	 and	 tissues	 [106].	 The	 nanoparticle-loaded	 cell	 imaging	 by	 PAM
provided	 local	 spatial	distribution	of	molecular	markers,	which	 showed	great	potential	 in
validating	the	effectiveness	of	molecular	targeting	strategies	(Figure	5.13).



FIGURE	5.10 	 PAM	 and	micro-CT	 images	 of	 the	 PLGA	 scaffolds	 incorporating	 SWNTs.	 (a)	 A	MAP	 image	 of	 the
scaffold	by	AR-PAM.	(b)	A	MAP	image	of	the	scaffold	by	OR-PAM.	(c)	An	optical	microscope	image	of	the	scaffold.
The	common	features	 that	can	be	 identified	from	the	 images	have	matching	numbers.	 (d)	A	3D	depiction	of	 the	OR-
PAM	image.	(e)	A	micro-CT	MAP	image	of	the	scaffold	in	dry	surrounding.	(f)	A	micro-CT	MAP	image	of	the	scaffold
in	fetal	bovine	serum.	(g)	A	3D	depiction	of	the	micro-CT	image	in	dry	surroundings.	(h)	A	3D	depiction	of	the	micro-
CT	 image	 in	 fetal	 bovine	 serum.	 Micro-CT,	 microcomputed	 tomography;	 3D,	 three	 dimensional;	 MAP,	 maximum
amplitude	 projection.	 (Adapted	 from	X.	 Cai,	 B.S.	 Paratala,	 S.	 Hu	 et	 al.	Tissue	 Engineering	 Part	 C:	Methods	 18(4),
2011:	310–317.)

5.5.4	ADVANTAGES	AND	LIMITATIONS

Nanomaterials	 serving	 as	 an	 important	 class	 of	 optical	 contrast	 agent	 in	 PA	 imaging	 are
well	 suited	 for	various	biomedical	 applications	across	a	wide	 range	of	 length	 scales.	The
strong	 optical	 absorption	 in	 the	 NIR	 spectrum	 region	 improves	 the	 SNR	 in	 deep	 tissue
imaging,	and	the	broad	absorption	spectrum	achieved	by	various	tuning	techniques	enables
multimodality	 imaging	with	high	contrast.	Yet	more	efforts	are	still	being	put	 in	order	 to
make	PA	imaging	with	nanomaterials	better	clinically	translatable,	which	is	warranted	for
addressing	material	stability,	healthcare	cost,	patient	inconvenience,	and	small	risks	[134].



5.6	HYPERSPECTRAL	MICROSCOPY

5.6.1	BACKGROUND	AND	APPLICATION

The	strong	dependence	of	the	plasmonic	properties	of	nanoparticles	on	wavelengths	creates
a	 natural	 connection	 to	 hyperspectral	 microscopy	 where	 illumination	 at	 a	 series	 of
wavelengths	 is	 used	 to	 assess	 spectral	 properties.	 Figure	 5.14	 shows	 an	 example	 of	 a
hyperspectral	microscopy	system.	In	Figure	5.14a,	an	acousto-optic	 tunable	 filter	 (AOTF)
was	employed	in	the	illumination	path	[137,138]	to	enable	the	illumination	wavelength	to
be	 swept	 in	 time.	 In	 this	 scheme,	 the	 swept	 source	 is	 driven	 by	 a	 super	 continuum	 laser
source,	offering	high	intensity	illumination	across	a	wide	spectral	range,	and	coupled	to	a
microscope	 platform	 using	 a	 custom	 dark-field	 illumination	 scheme	 [137].	 As
implemented,	 this	 dark-field	 microspectroscopy	 system	 enables	 imaging	 of	 changes	 in
plasmonic	resonance	peaks.



FIGURE	5.11 	(See	color	insert.)	Noninvasive	real-time	in	vivo	PA	imaging	of	SLN	in	nude	mouse:	For	all	PA	images,
the	 laser	was	 tuned	 to	650	nm	wavelength.	 (a)	Control	PA	image	acquired	before	OCN	injection.	Red	parts	 represent
optical	absorption	from	blood	vessels	(BV);	(b)	PA	image	acquired	immediately	(2	min)	after	the	OCN	injection,	blood
vessel	 (BV),	 lymph	 vessel	 (LV),	 and	 sentinel	 lymph	 node	 are	marked	with	 arrows,	 and	 the	 SLN	 is	 visible	 in	 (b–e),
however,	 the	 contrast	 is	 much	 weaker	 after	 210	 min	 postinjection	 in	 (f).	 (g)	 3D	 depiction	 of	 the	 SLN	 and	 BVs
immediately	 after	 OCN	 particles	 injection,	 (h)	 photograph	 of	 the	 nude	 mouse	 before	 taking	 the	 PA	 images.	 The



scanning	 region	 is	marked	with	 a	 black	 dotted	 square.	 (i)	 Photograph	 of	 the	mouse	with	 the	 skin	 removed	 after	 PA
imaging,	accumulation	of	dark-colored	OCN	particles	are	visible	in	the	lymph	node.	(Adapted	from	L.	Wu,	X.	Cai,	K.
Nelson	et	al.	Nano	Research	6(5),	2013:	312–325.)

FIGURE	5.12 	 (See	 color	 insert.)	 (a–e)	 Photograph	 of	 the	 tumor	 taken	 before	 and	 after	 PDT	 with	 an	 injection	 of
AuNC–HPPH	at	various	time	points	up	to	9	days.	PA	images	acquired	(f)	before	intratumoral	injection	of	AuNC–HPPH,
(g)	 after	 injection,	 and	 (h–j)	 3,	 7,	 and	 9	 days	 posttreatment.	 (k–o)	 Depth-resolved	 PA	 B-scan	 images	 cut	 along	 the
dotted	 lines	 in	 (f–j),	 respectively.	 (p–t)	Depth-encoded	PA	 images	of	 (f–j),	 respectively.	BV,	blood	vessels;	T,	 tumor
boundary;	and	N,	tumor	necrotic	region.	(Adapted	from	A.	Srivatsan	et	al.	Theranostics	4(2),	2014:	163.)

Briefly,	 our	 epi-illumination	 dark-field	 microspectroscopy	 system	 consists	 of
collimated	 white	 light	 input	 into	 an	 axicon	 to	 form	 a	 ring	 of	 light.	 This	 hollow	 ring	 is
focused	onto	the	back-focal	plane	of	an	objective,	which	in	 turn	focuses	 the	cone	of	 light
onto	the	sample.	Nanoparticles	back-scatter	this	light	toward	the	objective,	which	includes



an	iris	that	blocks	the	back-reflected	illumination	ring	from	being	imaged	onto	the	CCD.	As
an	 alternative	 to	using	 the	AOTF	on	 the	 illumination	 side,	 the	 approach	 shown	 in	Figure
5.14b	can	be	implemented,	where	the	full	spectrum	from	a	white	light	source	is	incident	on
the	sample	and	the	scattered	light	is	filtered	using	a	tunable	filter	on	the	detection	side.	In
either	scheme,	by	synchronizing	the	AOTF	sweep	with	the	CCD	exposure,	a	hyperspectral
image	cube	may	be	generated.	The	scattering	intensity	can	then	be	obtained	as	a	function	of
wavelength,	revealing	the	spectral	properties	of	individual	nanoparticles.

FIGURE	5.13 	(See	color	insert.)	Quantitative	PA	imaging	results	(a–f)	and	coregistered	dark-field	microscopy	(g–i)	of
J774A.1	cells	incubated	with	and	without	NPs.	Quantitative	PA	images	scaled	to	the	number	of	NPs	per	focal	spot	(a–c)
and	number	of	NPs	per	cell	(d–f)	are	shown.	Images	of	cells	incubated	without	NPs	(a,	d,	and	g),	with	1.9	×	1012	NPs
per	milliliter	of	cell	culture	media	(b,	e,	and	h),	and	with	3.7	×	1012	NPs	per	milliliter	of	cell	culture	media	(c,	f,	and	i)
are	shown.	(Adapted	from	J.R.	Cook,	W.	Frey,	S.	Emelianov.	ACS	Nano	7(2),	2013:	1272–1280.)



FIGURE	5.14 	 (See	 color	 insert.)	 (a)	 Block	 diagram	 of	 the	 hyperspectral	 dark-field	 system.	 Inset:	 Example	 output
spectra	of	white	 light	as	 filtered	by	 the	AOTR.	 (b)	Schematic	of	 the	epi-illumination	and	detection	 trains	of	 the	dark-
field	 microspectroscopy	 system	 showing	 the	 optical	 paths	 of	 the	 incident/reflected	 illuminating	 light	 (gray),	 the
backscattered	light	(green),	and	the	filtered	light	(red).	Note	that	the	AOTF	can	be	placed	in	either	the	illumination	(a)	or
detection	(b)	path.	 (Adapted	from	K.	Seekell	et	al.	Methods	56.2,	2012:	310-316;	K.	Seekell	et	al.	Biomedical	Optics
Express	4(11),	2013:	2284-2295.)

To	 illustrate	 the	 utility	 of	 hyperspectral	 imaging	 of	 plasmonic	 nanoparticles,	 we
examined	 their	 use	 as	 molecular	 contrast	 agents	 for	 cellular	 imaging.	 Plasmonic
nanoparticles	can	readily	be	functionalized	with	DNA,	peptides,	and	antibodies	of	interest
to	 target	 specific	molecules	 [133,138–142].	 Immunolabeled	 nanoparticles	 can	 be	 used	 to
obtain	biologically	relevant	information	when	bound	to	cells,	which	highly	express	surface
receptors	 of	 interest.	 For	 example,	 anti-epidermal	 growth	 factor	 receptor	 (anti-EGFR)
functionalized	 gold	 nanospheres	 have	 been	 used	 to	 identify	 and	 study	 cells,	 which
overexpress	 this	 receptor	 [133,139–142].	 Using	 the	 hyperspectral	 microscopy	 system
described	 above,	 spectral	 data	 were	 analyzed	 to	 assess	 the	 refractive	 indices	 (RI)	 of
particular	 cellular	 structures	 of	 skin	 cancer	 cells	 (A431).	 By	 assessing	 the	 shift	 in	 the
scattering	 spectrum	 of	 functionalized	 gold	 nanospheres	 using	 hyperspectral	 microscopy,
local	 refractive	 indices	within	attoliter	volumes,	 including	 that	of	 the	cellular	membrane,
were	estimated	with	an	uncertainty	of	0.02	RI	units	[139].	Furthermore,	the	level	of	EGFR
expression	 as	 well	 as	 differences	 in	 refractive	 indices	 between	 multiple	 EGFR-positive
cancer	cell	lines	was	shown	to	impact	the	mean	scattering	peak	of	nanoparticle	tagged	cells
[143].	For	increasing	EGFR	expression,	the	scattering	intensity	was	shown	to	be	larger	and
red-shifted	 from	 the	 scattering	 peak	 of	 unbound	 functionalized	 gold	 nanospheres	 due	 to
shifts	in	the	local	refractive	index.	Moreover,	plasmonic	nanoparticle	tags	were	shown	to	be
performing	equally	as	well	as	fluorescent	EGFR	tags	while	having	the	additional	benefit	of
increased	biocompatibility	and	increased	optical	stability	(no	photo	bleaching)	[143].

The	 versatility	 of	 hyperspectral	 imaging	 can	 be	 seen	 through	 implementation	 of
spectrally	 multiplexed	 molecular	 imaging	 of	 multiple	 cellular	 receptors	 using	 different
nanoparticle	 species	 [138].	 As	 shown	 in	 Figure	 5.15	 below,	 different	 nanoparticle



geometries	 and	 compositions	 produce	 distinct	 scattering	 spectra;	 for	 example,	 gold
nanorods	scatter	in	the	red	to	near-infrared	region,	silver	nanospheres	scatter	in	the	blue	to
blue-green	 optical	 region,	 while	 gold	 spheres	 predominantly	 scatter	 light	 in	 the	 green
optical	 region.	 The	 spectral	 distinction	 between	 these	 species	 through	 the	 use	 of
hyperspectral	 microscopy	 allows	 simultaneous	 molecular	 imaging	 of	 multiple	 receptors.
Scattering	in	distinct	spectral	windows	(Figure	5.15e	and	f)	provides	a	simple	way	to	assess
expression	 of	 multiple	 receptors.	 Such	 information	 can	 be	 used	 to	 reveal	 information
regarding	cell	phenotype	and	receptor	signaling	pathways	[138].

Another	 application	 of	 the	 hyperspectral	 dark-field	 microspectroscopy	 system	 for
cellular	study	was	to	identify	spacing	between	receptor	locations	on	the	plasma	membranes
of	 live	 cells	 via	 the	 plasmonic	 coupling	 phenomenon	 [144].	 When	 two	 adjacent
nanoparticles	 have	 an	 interparticle	 gap	 less	 than	 the	 individual	 nanoparticle	 diameter,
plasmonic	coupling	occurs,	leading	to	a	red-shift	in	the	scattering	spectra	observed	from	the
two	neighboring	dimerized	nanoparticles.	This	red-shift	is	dictated	by	the	interparticle	gap,
surrounding	 refractive	 index,	 the	 particle	 diameter,	 and	 the	 antibody	 coating	 thickness.
Therefore,	given	sufficient	knowledge	of	the	surrounding	environment	and	the	nanoparticle
geometry,	the	distance	between	adjacent	EGF	receptors	can	be	calculated	by	analyzing	the
degree	of	plasmonic	 coupling	via	hyperspectral	microscopy.	By	measuring	 the	 spectra	of
plasmonic	 coupled	NP	pairs,	 the	 spacing	 between	 adjacent	HER-2	 receptors	 on	SK-BR-3
cells	was	determined	to	be	10.4	nm	[144].

FIGURE	5.15 	 (See	 color	 insert.)	 (a)	 Dark-field	 image	 of	MDA-MB-468	 cell	 tagged	 with	 anti-EGFR	 functionalized
GNRs.	 (b)	 Example	 scattering	 spectrum	 and	 distribution	 of	 peak	 scattering	 wavelengths	 (Gaussian	 fit	 with	 peak	 of
664.0	 ±	 9.3	 nm)	 of	MDA-MB-468	 cells	 tagged	with	 anti-EGFR	GNRs.	 (c)	A549	 cell	 tagged	with	 anti-IGF-1R	 silver
nanospheres.	(d)	Example	scattering	spectrum	and	distribution	of	peak	scattering	wavelengths	(Gaussian	fit	with	peak
520.8	±	11.3	nm)	of	A549	cells	tagged	with	anti-IGF-1R	silver	nanospheres.	(e)	A549	cell	tagged	with	both	anti-EGFR



GNRs	and	anti-HER-2	gold	nanospheres	(f).	Example	scattering	profile	with	peak	scattering	distribution	showing	 two
peaks	due	to	the	two	nanoparticle	species	employed	in	(e).

Hyperspectral	imaging	can	be	used	to	examine	plasmonic	coupling	in	more	detail.	For
example,	the	effect	of	the	incident	light	polarization	on	the	peak	wavelength	of	scattering
can	be	 thoroughly	mapped	using	 this	approach	[145].	Consider	a	pair	of	nanospheres	 that
are	close	enough	to	induce	plasmonic	coupling.	Two	axes	can	be	used	to	describe	the	pair:	a
long	 and	 a	 short	 axis.	 Incident	 polarization	 parallel	 to	 the	 short	 axis	 will	 result	 in	 a
scattering	 profile	 similar	 to	 a	 single	 nanosphere.	 However,	 if	 the	 polarization	 is	 aligned
parallel	 to	 the	 long	 axis,	 the	 scattering	 spectrum	 is	 red-shifted,	 indicative	 of	 plasmonic
coupling	[145].	Therefore,	by	simply	adding	a	linear	polarizer	to	the	hyperspectral	imaging
system,	 the	scattering	spectra	associated	with	 the	 long	and	short	axes	of	 the	coupled	NPs
can	be	determined	and,	consequently,	used	to	determine	interparticle	separation	without	the
need	for	sample	manipulation.	In	this	example,	hyperspectral	microscopy	can	be	applied	to
obtain	 nanoscale	 information	 far	 beyond	 the	 diffraction	 limited	 resolution	 of	 optical
imaging.

Finally,	 hyperspectral	 imaging	 can	 take	 advantage	 of	 the	 spectral	 tunability	 of	 gold
nanorods	(GNRs),	which	offer	a	plasmonic	peak	that	can	be	varied	across	a	large	spectral
window	from	600	nm	to	well	over	1	micron	[146,147].	The	ability	 to	shift	 the	plasmonic
peak	of	GNRs	by	adjusting	their	aspect	ratio	allows	for	an	even	larger	number	of	spectrally
distinct	 NP	 species,	 and,	 perhaps	 more	 importantly,	 allows	 GNRs	 to	 be	 used	 for	 tissue
imaging	by	 tuning	 the	resonance	 to	 the	optical	 therapeutic	window	(between	700	and	900
nm)	 where	 intrinsic	 absorption	 due	 to	 water	 and	 hemoglobin	 in	 human	 tissue	 is	 lowest
[146,147].	For	example,	using	an	adapted	hyperspectral	imaging	system	to	switch	between
different	 wavelength	 windows	 enables	 discrimination	 of	 diseased	 tissues	 by	 observing
binding	of	functionalized	GNRs	to	target	receptors.	In	a	recent	study	of	an	orthotropic	brain
tumor	model,	EGFR-overexpressing	malignant	glioma	cells	(GBM-270)	were	identified	by
binding	 of	 anti-EGFR	 labeled	 GNRs.	 By	 using	 tumor	 cells	 that	 were	 transfected	 to	 also
express	green	 fluorescent	protein	 (GFP)	so	 that	 they	could	serve	as	a	positive	marker	 for
malignancy,	the	GNRs’	molecular	specificity	and	spatial	accuracy	could	be	assessed	[148].
Here	 the	 spectral	 selectivity	 of	 hyperspectral	 imaging	 was	 exploited	 to	 discriminate	 the
highly	scattering	blood	component	at	550	nm	from	GNR	contrast	with	 its	peak	scattering
wavelength	 of	 620	 nm.	Using	 this	 system,	 binary	 predictions	 for	 the	 presence	 of	 cancer
were	enabled,	 indicating	significant	agreement	 (kappa	statistic	of	0.75)	between	GFP	and
GNR	positive	regions	[148].

In	 summary,	 hyperspectral	 dark-field	 microscopy	 provides	 many	 benefits	 for
nanoparticle	 imaging,	especially	 in	 the	context	of	biological	 systems.	Nanoparticles	offer
biocompatibility	 and	 stable	 optical	 properties	 not	 offered	 by	 fluorophores.	 Furthermore,
single	 nanoparticle	 scattering	 spectra	 and	 changes	 in	 their	 spectra	 reveal	 biological
functional	 parameters	 including	 intracellular	 location,	 local	 refractive	 index,	 interparticle
spacing,	 and	 particle	 orientation;	 however,	 one	 limitation	 is	 the	 need	 for	 either	 a	 priori
information	or	experimental	validation	of	RI	values,	NP	size,	etc.	in	order	to	accurately	and



precisely	calculates	 these	biological	parameters	 [139,143–145].	 In	 addition,	hyperspectral
microscopy	 allows	 for	 the	 spectral	 multiplexing	 of	 NP	 molecular	 contrast	 agents	 for
multiple	receptors	tracking	of	cells	through	the	use	of	different	NP	species	with	distinct	and
separated	spectral	scattering	signatures	[138,139,148].	Thus,	hyperspectral	imaging	can	be
a	power	tool	for	the	analysis	and	classification	of	plasmonic	nanoparticles,	especially	when
used	for	biological	applications.

5.7	SUMMARY	AND	CONCLUSION

Using	 microscopy	 techniques	 to	 study	 the	 structure	 of	 nanomaterials	 in	 different
applications	opens	up	several	perspectives:

1. Upgrading	 and	 promoting	 available	 functions	 to	 microscopy	 tools	 are	 required	 for
enhancing	 the	 quality	 of	 imaging	 the	 nanoparticles	 and	 understanding	 their
functionality	and	applications.

2. Developing	other	kinds	of	microscopy	is	needed	by	combing	different	tools	with	the
microscopes	to	open	new	horizons	in	characterization	of	nanomaterials.

Therefore,	 the	 progress	 in	 microscopic	 tools	 can	 overshadow	 nanocoatings.	 For
example,	introducing	the	fourth	dimension	electron	microscopy	and	scanning	transmission
electron	 microscopy	 can	 provide	 the	 door	 to	 observation	 of	 different	 structural	 and
morphological	phenomena	of	nanomaterials,	nanostructures,	and	nanoparticles	surfaces.
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6.1	INTRODUCTION

Nanomaterials	are	an	attractive	class	of	modern	materials	that	have	created	a	high	interest
in	 recent	 years	 by	 virtue	 of	 their	 noble	 properties	 superior	 to	 that	 of	 their	 constitutive
counterparts.	 This	 is	 mainly	 due	 to	 small	 dimensions	 consequently	 leading	 to	 large
fractions	 of	 surface	 atoms,	 high	 surface	 energy,	 spatial	 confinement,	 and	 reduced
imperfections	 in	 nanoscale	 materials,	 which	 do	 not	 exist	 in	 the	 corresponding	 bulk
materials	since	most	microstructured	materials	have	properties	similar	to	the	corresponding
bulk	material,	while	the	properties	of	materials	with	nanometer	dimensions	are	in	between
those	of	atoms	and	the	bulk	material.

Indirect	 investigations	 have	 demonstrated	 that	 mechanical	 characteristics	 of
nanoparticles	are	different	from	the	corresponding	bulk	materials.	Crystals	are	composed	of
alternative	molecules	 as	 repeating	 units	 with	 quantized	 electronic	 structures.	 Continuous
electronic	band	structures	of	crystals	are,	in	fact,	the	result	of	a	combination	and	an	overlap



of	 repeating	 molecules	 orbitals	 and	 that	 is	 why	 isolated	 molecules	 exhibit	 quantum
mechanical	 properties	 unlike	 the	 properties	 of	 bulk	 crystals	 that	 undergo	 the	 classical
mechanical	 laws.	When	 the	 crystal	 size	 falls	 under	 the	nanoscale	 dimensions,	 the	 crystal
electronic	 bands	 start	 to	 be	 quantized	 and	 the	 individual	 nanocrystals	moderately	 behave
between	molecules	and	crystals	[1].	In	another	phrase,	crystals	present	at	the	topmost	layers
of	 nanomaterials	 are	 not	 buried	 in	 the	 same	 charge	 density	 encountered	 by	 those	 of	 the
bulk.	According	to	the	Hellmann-Feynman	theorem	remarked	in	quantum	mechanics,	once
the	spatial	distribution	of	the	electrons	has	been	fixed,	electrostatic	interactions	govern	the
forces	 on	 the	 ionic	 cores.	 According	 to	 this	 principle,	 an	 oscillatory-type	 relaxation
behavior	 inwardly	 oriented	 into	 the	 region	 of	 higher	 charge	 density	 is	 performed	 by	 the
surface	 layer.	 This	 phenomenon	 is	 intensified	 in	 more	 open	 surfaces	 [2,3]	 such	 as
nanostructured	 materials	 in	 which	 the	 high	 surface/volume	 ratio	 would	 also	 lead	 to	 the
strain	relief	mechanisms	arisen	from	the	epitaxial	growth	of	inorganic	crystal	layers	that	is
absent	 in	 large-crystal	 structures.	Accordingly,	 since	crystal	 layers	present	on	 the	 surface
have	the	capacity	to	relive	stress	more	easily,	miniaturization	of	crystals	to	nanodimension
leads	 to	 the	 development	 of	 functional	 nanomaterials	 with	 large	 surface/volume	 ratios
facilitating	stress	and	strain	 relaxations	 [4,5].	As	mechanical	property	 inherently	depends
on	 the	correlations	between	stresses	and	strains	encountered	within	 the	material	bulk,	 the
mechanical	 properties	 of	 nanomaterials	 would	 be	 different	 compared	 to	 the	 macro
counterparts	 [6].	 Accordingly,	 the	 present	 chapter	 is	 assigned	 to	 survey	 the	 mechanical
properties	 of	 nanomaterials	 as	 it	 is	 crucial	 for	 obtaining	 deep	 insights	 to	 the	 physical
properties	of	nanocomposites.

Mechanical	 properties	 are	 generally	 referred	 to	 as	 strength,	 hardness,	 creep,	 fatigue,
fracture	 toughness,	 and	 so	 forth.	 Unlike	 optical,	 electrical	 or	 microhardness
characterizations,	 which	 do	 not	 require	 any	 special	 sample	 preparation,	 measuring
mechanical	 properties	 of	 nanoparticles	 encounters	 practical	 problems	 arisen	 from	 the
nanoscale	dimensions.	Recently,	miniaturized	high-precision	deformation	instruments	were
technically	 progressed	 facilitating	 applying	 and	 controlling	 loads	 of	 mN	 order	 and
nanometric	 displacements	 in	 the	 case	 of	 nanoparticles	 characterization	 but	 restricted	 in
certain	 respects	 [7,8].	 Regarding	 the	 fact	 that	 experimental	 investigations	 on	 the
mechanical	properties	of	 individual	nanoparticles	are	 still	 in	 their	early	 stages	due	 to	 the
practical	difficulties,	the	following	sections	represent	the	information	available	on	different
mechanical	properties	of	nanostructured	materials.	Mechanical	properties	are,	in	principle,
described	on	the	basis	of	the	material	structure;	therefore,	exploring	mechanical	properties
of	 nanoparticles	 is	 commonly	 performed	 using	 transmission	 electron	microscopy	 (TEM)
for	obtaining	required	crystallographic	knowledge	of	the	nanoparticle	[7].

6.2	MECHANICAL	CHARACTERIZATION	OF	NANOPARTICLES

6.2.1	STRENGTH

Intensive	 deformation	 of	 nanomaterials	 provides	 the	 opportunity	 for	 the	 traditional



measurement	 of	 tensile	 properties.	 Uniaxial	 tensile	 measurements	 have	 been	 utilized	 to
evaluate	 the	 strength	 of	 materials	 [9].	 At	 low	 stresses,	 material	 deforms	 reversibly
illustrating	 a	 linear	 elastic	 stress–strain	 trend	 ending	 at	 the	 onset	 of	 plastic	 deformation
defined	 as	 yield	 stress.	 Young’s	 modulus	 or	 elasticity	 modulus	 in	 the	 elastic	 region	 is
determined	by	Hook’s	law	as	below:

However,	 elastic	 properties	 of	 nanostructured	 materials	 basically	 depend	 on	 the
structure	 [10].	 MaacKenzie	 suggested	 Taylor	 series	 development	 for	 porosity	 (p)
dependence	of	Young’s	modulus:

In	which	αn	 (n	=	1,	2,	…)	are	 fitting	parameters.	For	materials	with	 low	porosity,	 the
linear	term	is	enough.	Young’s	modulus	of	porous	materials	is	also	estimated	using

where	Δρm,	E,	 and	E0	 refer	 to	 porosity,	 apparent	 elastic	 modulus,	 and	 reference	 elastic
modulus	(Young’s	modulus	of	fully	dense	material)	and	β	is	3–4.5	[11].	Porosity	is	defined
as

where	 psample	 and	 ptheory,	 respectively,	 refer	 to	 the	 experimentally	measured	 density	 and
estimated	 density	 of	 fully	 dense	 material	 [10].	 Anyhow,	 Young’s	 modulus	 of	 carbon

nanotubes	 (3.7	 ×	 1012	 Pa)	 is	 slightly	 below	 theoretical	 predictions	 (5	 TPa).	 It	 has	 been
reported	that	when	a	tensile	loading	is	applied	to	a	carbon	nanotube	perpendicular	to	C–C
bonds,	 ductile	 behavior	 is	 observed	 whereas	 in	 the	 case	 of	 longitudinal	 parallel	 tension
force	 brittle	 rupture	 occurs.	 This	 is	 ascribed	 to	 the	 stress	 relaxation	 via	 C–C	 transverse
rotational	motions	called	Stone–Wales	transformation	[12,13].

Recently,	 a	 novel	 method	 has	 been	 suggested	 to	 study	 the	 tensile	 behavior	 of	 one-
dimensional	 nano-structures,	 i.e.,	 nanobelt/nanowire/nanotube	 according	 to	 the	 image
profiled	obtained	utilizing	atomic	force	microscopy.	Ding	et	al.	[14]	investigated	the	tensile
behavior	of	boron	nanowires	using	atomic	force	microscopy	cantilever	as	the	force	sensor
and	 scanning	 electron	 microscopy	 to	 track	 the	 deformations	 in	 the	 nanoparticle
simultaneously	monitored	by	scanning	electron	microscopy	and	atomic	force	microscopy.
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Tensile	 loading	 with	 a	 continuously	 increasing	 trend	 was	 applied	 until	 the	 nanowire
fracture.	Deflection	angle	 (θ)	and	deflection	 (δ)	under	 loading	 the	cantilever	 tip	could	be
obtained:

where	P,	L,	E,	and	 I	are	 the	applied	 load,	cantilever	 length,	elastic	modulus,	and	moment
inertia	 of	 the	 cantilever,	 respectively.	 The	 following	 equation	 was	 then	 obtained	 for	 the
cantilever	deflection:

To	 prevent	misalignments	 of	 nanowire	 axis	with	 the	 forced	 loaded,	 tensile	 load	F	 is
decomposed	into	three	terms	as	below:

Since	Fx	is	the	major	component	of	the	force	applied	to	the	nanowire	specimen,	Fy	and
Fz	are	written	in	terms	of	Fx.

In	 which	 k,	Δx,	H,	 and	 L,	 respectively,	 refer	 to	 cantilever	 force	 constant,	 cantilever
deflection,	 the	distance	from	the	clamped	end	of	nanowire	 to	 the	cantilever	central	plane,
and	 cantilever	 length.	 Ignoring	Fy	 due	 to	 its	 dispensible	 effect,	 the	 relationship	 between
tensile	load	and	cantilever	deflection	is	simplified	to:
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FIGURE	6.1 	Boron	nanowires	under	tension.	(a)	Stress–strain	behavior	and	(b)	tensile	modulus.	(Adapted	from	Ding,
W.	et	al.,	Composites	Science	and	Technology,	66(9),	1112–1124,	2006.)

Figure	6.1	 shows	 the	 stress–strain	curves	and	 tensile	modulus	data	 for	 the	nine	boron
nanowires	(diameter	=	3	nm)	investigated	under	the	tension	according	to	the	experimental
data	and	theoritical	calculations.

Reversed	loading	leading	to	the	buckling	of	the	nanoparticle	sample	was	also	examined.
The	deformations	undergone	by	the	sample	was	digitally	analyzed	and	simulated	applying
the	 elastic	 theory	 according	 to	 which	 displacement	 coordinates	 (Figure	 6.2)	 could	 be
described	 at	 any	 point	 was	 calculated	 upon	 nanowire	 stiffness	 EI	 (where	 E	 and	 I,
respectively,	 refer	 to	 elastic	 modulus	 and	 geometrical	 moment	 of	 inertia)	 under
longitudinal	force	P	is	obtained	as	below	[15]:

   
  



FIGURE	6.2 	 Schematic	 illustration	 of	 parameters	 involved	 in	 buckling	 test	 used	 for	 the	 elastic	 theory	 equations.
(Adapted	 from	 Kaplan-Ashiri,	 I.	 et	 al.,	 Proceedings	 of	 the	 National	 Academy	 of	 Sciences	 of	 the	 United	 States	 of
America,	103(3),	523–528,	2006.)

Young’s	modulus	at	the	edges	of	the	nanotube,	where	α	is	identical	to	θ,	was	obtained
equal	to	150	GPa.

The	three-point	bend	test	has	also	been	utilized	to	investigate	the	tensile	properties	of
two-dimensional	nanoparticles	such	as	nanowires	or	nanotubes	[9].	Young’s	modulus	of	the
nanofiber	positioned	in	the	way	that	the	middle	section	of	the	fiber	is	suspended	over	a	hole
(see	Figure	6.3)	is	obtained	using	[16]:

In	which	P	is	the	maximum	force	applied,	L	is	the	fiber	length	suspended	on	the	groove,
ν	is	the	deflection	of	the	rod-like	fiber	at	midspan,	and	I	 is	 the	second	moment	of	area	of
the	beam	where:

  



Assuming	D	as	the	beam	diameter.	The	maximum	force	is

FIGURE	6.3 	Schematic	of	three-point	bend	test	utilized	to	characterize	mechanical	properties	of	nanofibers.	(Adapted
from	Tan,	E.	and	Lim,	C.,	Composites	Science	and	Technology,	66(9),	1102–1111,	2006.)

In	which	kl	and	Dmax	are	defined	as	the	spring	constant	of	the	cantilever	and	maximum
deflection	undergone	by	the	cantilever.	It	 is	worth	noting	that	usually	 there	exists	enough
adhesion	 between	 the	 sample	 and	 substrate	 upon	 deposition	 in	 order	 to	 avoid	 slippage
during	conducting	the	bend	test.	Otherwise,	the	friction	force	between	the	nanorod	and	the
substrate	should	be	considered	as	well	as	the	loading	force.

Conventional	 strength,	 i.e.,	 ambient	 temperature	 plasticity,	 of	 materials	 depends	 on
average	crystallite	(grain)	size	expressed	by	the	well-known	Hall–Petch	relation	as	below:

In	which	σ,	D,	and	σ0,	respectively,	refer	to	yield	strength,	average	grain	diameter,	and
friction	stress	representing	the	strating	stress	for	dislocation	motion	of	crystal	lattice.	k	is	a
material	parameter	called	the	Hall-Petch	coefficient	[11].

Figure	6.4	shows	strength-grain	size	dependance	for	alumina	particles	illustrating	yield
stress	increases	with	decreasing	grain	diameter.	This	phenomenon	is	attributed	to	the	pile-
up	 of	 dislocations	 in	 grain	 boundries	 and	 the	 consequent	 back	 stress	 on	 the	 dislocation
source	 leading	 to	 and	 enhanced	 resistance	 against	 plastic	 deformation.	 In	materials	with
smaller	 grains,	 the	 mean	 free	 path	 to	 the	 grain	 boundries	 is	 shorter.	 Although	 a	 higher
content	of	grain	boundary	is	present	in	the	nanometer	range,	e.g.,	14%–27%	of	whole	atoms
lie	 in	 regions	0.5–1.0	nm	abut	grain	boundary,	 it	 is	expected	 that	grain	boundaries	play	a
key	role	in	the	overall	properties	of	the	material.	Grain	boundaries	as	sources	and	sinks	for
dislocation	 phenomenon	 facilitate	 stress-relaxation	 mechanisms	 such	 as	 grain	 boundary

sliding	[17].	However,	 in	materials	with	 grain	 sizes	 smaller	 than	 10	 nm	 (3.9	 ×	 10−7	 in.)

  

  

  



mechanisms	 are	 altered	 and	 the	 Hall-Petch	 relation	 is	 violated	 since	 material	 strength
would	either	decrease	or	remain	constant	with	further	decreasing	in	grain	size	[18,19].	The
unusual	 behavior	 has	 been	 expressed	 as	 an	 inverse	 Hall–Petch	 relation	 justified	 by
deficiency	of	mobile	dislocations	able	 to	cross	grains	down	to	nanoscale	grain	sizes.	 It	 is
believed	that	plasticity,	below	a	few	nanometers,	is	derived	by	the	small-amplitude	sliding
motions	 at	 grain	 boundaries	 and	 no	 longer	 by	 the	 dislocation	 motions	 [20].	 Figure	 6.5
illustrates	the	Hall–Petch	relation	trend	in	grain	size	ranges.

FIGURE	6.4 	 Strength	 of	 alumina	 particles	 in	 different	 grain	 sizes.	 (Reprinted	 from	 Nogi,	 K.	 et	 al.,	 Nanoparticle
Technology	Handbook,	Copyright	2012,	with	permission	from	Elsevier.)



FIGURE	6.5 	Hall–Petch	breakdown	schematic.	(Adapted	from	Kumar,	K.,	H.	Van	Swygenhoven,	and	S.	Suresh,	Acta
Materialia,	51(19),	5743–5774,	2003.)

Despite	the	growing	quantity	of	experimental	investigations	observing	similar	unusual
deformation	responses	in	nanocrystalline	materials,	at	present	a	verdict	is	still	difficult	to
reach	 since	 reliable	measurement	 of	mechanical	 properties	 for	 particles	 in	 the	order	 of	 a
few	nanometers	 is	stringently	restricted	[21].	Furthermore,	 influence	of	subsidiary	factors
such	 as	 dislocations,	 material	 porosity,	 different	 processing	 roots,	 and	 distinct	 internal
stresses	 should	 not	 be	 ignored	 [11].	 Hence,	 according	 to	 the	 knowledge	 available,
nanostructured	 material	 strength	 exhibits	 its	 maximum	 value	 at	 a	 crucial	 grain	 size
averagely	occurring	in	the	range	of	10–20	nm.

6.2.2	HARDNESS

Hardness	of	a	material	is	defined	as	the	ratio	of	load	applied	to	a	hard	indenter	(P)	 to	 the
deformation	left	after	removing	the	load:

where	H	 and	 A,	 respectively,	 refer	 to	 material	 hardness	 and	 residual	 indent	 area.	 The
contact	area	(A)	is	obtained	using	area	functions	depending	on	the	indenter	geometry.

Famed	with	the	Moh’s	scale,	hardness,	in	principle,	indicates	the	material	resistance	to
plastic	deformation	under	a	hard	indenter	and	therefore	is	inherently	related	to	the	material
strength.	 A	 simple	 empirical	 relationship	 between	 hardness	 and	 material	 strength	 is	 as
follows	[9,21,22]:

  



In	 fact,	 experimental	 data	 confirming	 the	 validity	 of	 the	 Hall–Petch	 relationship	 for
nanostructured	 materials	 have	 been	 obtained	 measuring	 hardness	 according	 to	 Equation
6.17	[11].

6.2.2.1	Microindentation	Analysis
Regarding	 the	 sample	 size	 restrictions	 in	measuring	mechanical	 properties	 of	 individual
nanoparticles	 using	 conventional	 tensile	 and/or	 compression	 tests,	 quasi-static
microindentation	(loads	in	the	range	0.1–10	N)	has	been	suggested	by	Oliver	and	Pharr	[23]
as	 a	 quick	 inexpensive	 method	 alternatively	 used	 to	 evaluate	 strength	 of	 nanomaterials
since	it	requires	no	special	sample	preparation	[20,21].

6.2.2.2	Nanoindentation	Analysis
Microindentation	analysis	cannot	be	used	to	measure	the	mechanical	properties	of	very	thin
films	or	surface	treated	materials	since	it	would	measure	the	substrate	property	piercing	the
top	 layer.	 Nanoindentation	 analysis	 is	 equipped	 with	 a	 genuine	 mechanical	 microprobe
applying	loads	in	the	order	of	mN	and	utilized	to	mechanical	characterization	of	very	thin
films	(see	Figure	6.6)	[20].	Available	commercial	nanoindenters	respectively	offer	load	and
displacement	 resolution	 about	 0.1	 Å	 and	 1	 nano-Newton	 [22].	 Spontaneous	 load-
displacement	recording	in	nanoindentation	techniques	provides	the	opportunity	to	detect	the
material	 elastic	 part	 relaxation,	 which	 is	 ignored	 in	 conventional	 indentation	 methods
measuring	the	residual	indented	depth	after	withdrawing	the	indenter	[20].	A	mathematical
solution	to	the	elastic	stress	beneath	an	indenter	was	calculated	by	Hertz	as	below:

In	which	P	is	the	force	applied	on	the	indenter	probe.	While	subscripts	i	and	s	refer	to
the	indenter	and	sample,	δ,	R,	and	E	respectively	describe	indented	depth,	curvature	radius,
and	modulus.	According	to	Equation	6.18,	a	sample	modulus	is	obtained	calculating	the	line

slope	drawing	force	applied	on	the	indenter	tip	(P)	versus	δ3/2	[22].
In	Figure	6.7,	 load	 is	 applied	on	 the	20	nm	grain	 sized	nanocrystalline	nickel	 sample

with	a	standard	loading	rate	until	 the	specific	maximum	load	is	reached.	The	load	then	is
reduced	to	zero	with	the	same	rate.	Besides	the	hardness	value	calculated	according	to	the
maximal	 load	 of	 the	 loading	 cycle	 and	 contact	 area	 between	 the	 indenter	 and	 material,
Young’s	modulus	is	obtainable	analyzing	the	unloading	cycle.	This	is	not	unexpected	since
unlike	 the	 twofold	plastic-elastic	nature	of	 the	 loading	cycle,	 the	unloading	curve	reflects
the	pure	elastic	response	[20].

Figure	 6.8	 illustrates	 the	 defined	 parameters	 in	 the	 schematic	 of	 an	 elastoplastic
material	surface	under	indentation	process.	According	to	this	schematic:

  

  



FIGURE	 6.6 	 Schematic	 of	 nanoindenter.	 (With	 kind	 permission	 from	 Springer	 Science+Business	 Media:
Nanomaterials:	Mechanics	and	Mechanisms,	2009,	Ramesh,	K.T.)

  



FIGURE	6.7 	Loading/unloading	nanoindentation	curve	 for	nanocrystalline	Ni	 (20	nm	grain	 size).	Data	provided	by
Brian	 Schuster	 (With	 kind	 permission	 from	 Springer	 Science+Business	 Media:	 Nanomaterials:	 Mechanics	 and
Mechanisms,	2009,	Ramesh,	K.T.)



FIGURE	6.8 	 Indentation	 surface	 profile	 schematic.	 (With	 kind	 permission	 from	 Springer	 Science+Business	Media:
Nanomaterials:	Mechanics	and	Mechanisms,	2009,	Ramesh,	K.T.,	Oliver,	W.C.,	and	Pharr,	G.M.,	Journal	of	Materials
Research,	19(01),	3–20,	2004.)

where	 hc,	 hs,	 and	 hf,	 respectively,	 refer	 to	 the	 penetration	 depth	 during	 indentation,
circumferential	 displacement	 due	 to	 elastic	 depression,	 and	 the	 residual	 surface
displacement	after	unloading.

Tabor	[24]	considered	nonrigidity	of	indenter	defining	Er	as	reduced	Young’s	modulus:

In	which	 ϑ	 is	 the	 Poisson’s	 ratio	 and	 subscript	 i	 refers	 to	 the	 indenter.	 This	 reduced
Young’s	modulus	could	be	related	to	rigidity	(S)	as	below	[25–27]:

In	 which	 	 for	 conventional	 axially	 symmetric	 nanoindentation	 probe
geometries	and	β	 is	between	1	and	1.034	depending	on	 the	 indenter	geometry.	 It	 is	worth
noting	 that	 rigidity	 is	 determined	 calculating	 the	 initial	 slope	 of	 unloading	 curve	 at
maximal	load	(S	=	dP/dh)	[20].

  

  



6.2.3	FRACTURE	TOUGHNESS

High	stresses	existing	within	the	nanoparticle	prior	to	fracture	are	responsible	for	improved
fracture	resistance	of	these	materials	with	decreasing	grain	size.	Fracture	on	a	nanoparticle
is	most	likely	to	initiate	concentrating	the	stress	through	a	crack	on	the	oxide	film	topping
the	nanoparticle	surface.	Critical	 fracture	 toughness	of	nanoparticles	evaluated	by	critical
stress	intensity	factor,	KIc,	shall	be	obtained	using

where	tox	refers	to	the	flaw	length	initiated	by	the	fracture	[7].
Estimating	elastic	strain	energy	release	rate,	GIc,	holding	the	elastic	modulus	(E)	could

also	be	conducted	averagely	considering	the	work	per	unit	fracture	area	as

In	which	 	 represents	 the	elastic	strain	energy	density	and	V	 is	 the	nanoparticle
volume.	The	fracture	toughness	is	then	calculated	using

where	ν	is	the	Poisson’s	ratio.

6.2.4	FATIGUE	BEHAVIOR

Fatigue	life	is	defined	as	the	material	endurance	under	controlled	cyclic	loading	dominated
by	 crack	 initiation	 and	 propagation	 generally	 nucleated	 at	 the	 free	 surface.	Resistance	 to
fatigue	 is	more	 pronounced	 in	 coarser	 grained	 particles	 [21].	 Tensile	measurements	 data
might	be	used	to	estimate	fatigue	behavior	of	materials.	Accordingly,	total	strain,	Δε,	could
be	written	as	the	sum	of	elastic	and	plastic	strain	ranges

In	 which	 σf,	E,	Nf,	 and	 εf,	 respectively,	 refer	 to	 fracture	 strength,	 Young’s	 modulus,
cycles	to	failure,	and	fracture	strain.	Assuming	the	dominancy	of	elastic	behavior,	we	have
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Δσ	 is	 the	 stress	 amplitude,	 σf	 fatigue	 strength	 coefficient,	 and	 b	 fatigue	 strength
exponent.	Experimental	 results	have	 shown	 that	most	 fatigue	 life	values	predicted	on	 the
basis	of	tensile	data	are	reliable	compared	to	the	fatigue	data	[9].

6.2.5	CREEP

Creep	or	cold	flow	is	the	tendency	of	solid	materials	to	deform	permanently	with	time	upon
application	 of	 mechanical	 stresses.	 Such	 deformations	 occur	 easier	 in	 materials	 with
smaller	 grain	 sizes	 due	 to	 the	 large	 fraction	 of	 grain	 boundary	 atoms	 and	 their	 unusual
diffusion	 rates	 [21].	 In	 such	 conditions,	 diffusional	 creep	 mechanism	 at	 intermediate
temperatures	of	0.4Tm	<	T	<	0.5Tm	is	observed	to	be	dominant.	At	temperatures	higher	than

0.5Tm	applying	low	strain	rates	(10−4	–	10−3	s−1)	to	the	nanocrystalline	particles	leads	to	the
superplastic	 behavior	 defined	 as	 the	 ability	 of	 the	 material	 to	 deform	 several	 thousand
percent	[8].	Conventional	semiempirical	constitutive	models	suggested	for	predicting	creep
behavior	of	materials	are	of	the	type

In	which	 ,	σ,	σ0,	G,	n,	p,	D,	and	d	respectively	represent	plastic	strain	rate,	threshold
stress,	 creep	 stress,	 shear	 modulus,	 stress	 exponent,	 grain	 size	 exponent,	 diffusion
coefficient,	 and	 grain	 size	 [28].	 Assuming	Q	 and	 k	 as	 activation	 energy	 and	 Boltzmann
constant,	diffusion	coefficient	is	calculated	using	Boltzmann’s	theory:

In	optimal	superplasticity,	p	=	2	and	n	=	2.	At	high	stresses,	vacancy	diffusion	controls
the	dislocation	creep	(p	=	0	and	n	>	3)	but	at	lower	stress	levels	Coble	creep	(p	=	3	and	n	=
1)	or	Nabarro-Herring	takes	place	(p	=	2	and	n	=	1)	[8].

The	dominant	mechanism	giving	rise	to	plastic	flow	localization	in	nanometrials	bulk	is
grain	 boundary	 sliding	 accommodated	 by	 grain	 boundary	 diffusion	 or	 slippage.	 High
concentrations	of	segregants	in	grain	boundaries	conduct	the	formation	of	a	liquid	phase	at
temperatures	higher	than	0.5Tm	at	the	interfaces	facilitating	the	grain	boundary	sliding	[8].
Hahn	[29]	suggested	a	model,	schematically	illustrated	as	Figure	6.9,	indicating	that	grain
boundary	migration	leads	to	the	formation	of	a	zone	in	which	all	grain	boundary	faces	lie
parallel	 to	 each	 other.	 This	 would	 facilitate	 the	 sliding	 motions	 of	 the	 grains	 yielding
superplastic	 behavior.	 At	 very	 small	 grain	 sizes,	 Nabarro-Herring	 or	 Coble	 diffusion
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mechanisms	respectively	representing	diffusion	across	grain	boundaries	and	diffusion	along
grain	boundaries	dominate	the	creep	behavior	violating	the	Hall-Petch	relationship	[20].

FIGURE	6.9 	Schematic	of	the	superplastic	deformation	mechanism	(a)	intact	grains	and	(b)	grain	boundary	migration
leading	 to	 plastic	 shear	 through	 grain	 boundary.	 (Adapted	 from	 Hahn,	 H.,	 Mondal,	 P.,	 and	 Padmanabhan,	 K.,
Nanostructured	Materials,	9(1),	603–606,	1997.)

Coble	 assumes	 that	 the	 deviation	 from	 the	 Hall–Petch	 equation	 is	 attributed	 to	 the
intrinsic	behavior	of	nanostructured	crystals.	Coble	creep	is	dominated	by	grain	boundary
diffusion	 mechanism	 and	 could	 occur	 rapidly	 at	 ambient	 temperature.	 The	 strain	 rate
rapidly	increases	with	decreasing	grain	size	as	shown	below	[11]:

where	 σ,	 Db,	 Va,	 and	 δ,	 respectively,	 refer	 to	 applied	 stress,	 grain	 boundary	 diffusion
coefficient,	atomic	volume,	and	grain	boundary	width.

Nabarro–Herring	 assumes	 that	 the	 deformation	 is	 originated	 by	 the	 homogeneous
diffusion	of	atoms	through	the	equiaxial	geometry	of	grain	volume	from	the	compressioned
regions	 to	 the	 localities	 under	 tension.	 Evidentially,	 cavities	 diffuse	 in	 the	 opposite
direction	[20].	Cavity	concentration	gradient	under	stress	could	be	written	as
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where	ΔG	represents	the	free	enthalpy	of	cavity	formation	calculated	using

in	which	Ω	refers	to	the	cavity	volume.	The	cavity	flow	induced	is

The	transportation	rate	of	cavities	through	the	area	d2	could	be	written	as

Combination	of	the	equations	developed	above	results	in

Displacement	amplitude	(u)	of	 a	 cavity	by	 the	diffusion	mechanism	 is	 equal	 to	u	 =	 –

Ω/d2.	 The	 strain	 is	 then	 calculated	 as	 ε	 =	u/d	 =	 –Ω/d3	 assuming	 d	 as	 the	 distance	 cavity
shifts	through	the	grain	volume.	The	strain	rate	would	finally	be	obtained	as	below:

Substituting	C	=	v/Ω	in	the	equation	below	expressed	by	the	atomic	fraction	of	cavities
(ν)	and	approximating	sinh(σΩ/kT)	≈	σΩ/kT	as	σΩ	 	kT,	Nabarro-Herring	reduces	to

It	 would	 be	 interesting	 if	 the	 diffusions	 are	 restricted	 to	 grain	 boundaries	 as	 that	 of
Coble,	with	δ	as	the	boundary	thickness,	a	δ/d	fraction	of	the	atoms	involved	in	the	material
could	diffuse	through	the	grain	boundaries,	and	the	equation	obtained	above	would	reduce
to	 the	 relationship	 suggested	 by	 Coble.	 The	 grain	 size	 dependence	 of	 strain	 rate	 is
illustrated	in	Figure	6.10.
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FIGURE	6.10 	Schematic	creep	behavior	of	nanostructured	materials	with	different	grain	sizes.	(With	kind	permission
from	Springer	Science+Business	Media:	Nanomaterials	and	Nanochemistry,	2008,	Bréchignac,	C.	and	Houdy,	P.)

6.3	NUMERICAL	MODELING

Regarding	 the	 fact	 that	 experimental	 measurement	 of	 mechanical	 properties	 for
nanoparticles	 is	 often	 difficult,	 if	 not	 impossible,	 numerical	 methods	 are	 conventionally
utilized	 to	 estimate	 the	 properties.	 Nowadays,	 availability	 of	 powerful	 computers	 has
provided	 the	 opportunity	 for	 the	 numerical	 simulation	 of	 finite	 samples;	 accordingly
several	 computational	methods	 have	been	developed	 to	model	 and	 estimate	 properties	 of
nanomaterials	 [21,31].	 On	 the	 other	 hand,	 interpretation	 of	 experimental	 data	 obtained
conducting	 experimental	 measurement	 techniques	 such	 as	 solid-state	 nuclear	 magnetic
resonance	or	neutron	diffraction	studies	is	required	to	be	directly	assisted	by	the	application
of	computer	simulations	[32].

However,	 missestimations	 would	 be	 encountered	 if	 the	 clusters	 were	 too	 large	 to	 be
modeled	by	quantum-mechanical	methods	 such	as	Hartree–Fock	model	and	 too	 small	 for
applying	 density	 functional	 theory,	 which	 have	 been	 traditionally	 utilized	 to	 physically
interpret	 and	understand	many	properties	of	 small	molecules	and	macroscopic	 solid-state
systems	[21,31].	This	approach	to	research	can	be	worth	it	if	good	agreements	are	observed
between	 the	 computer	 simulation	 results	 with	 the	 experimentally	 obtained	 data.



Computational	modeling	 tools	 such	 as	molecular	 dynamics	 (MD),	 ab	 initio,	Mont	Carlo,
finite	element	modeling	methods,	or	continuum	mechanics	models	have	been	successfully
applied	to	estimate	the	properties	of	carbon	nanotubes	based	on	given	input	variables	such
as	 temperature,	 geometry,	 and	 defects	 [33].	 Anyhow,	 successful	 application	 of	 classical
simulation	methods	to	the	nanoparticles	requires	the	use	of	reliable	interatomic	potentials,
i.e.,	force	field	as	the	basis	of	calculations	representing	the	interactions	between	atoms	(see
Figure	 6.11).	 The	 atomic	 interaction	 parameters	 involved	 in	 the	 force	 fields	 are
conventionally	calculated	on	 the	basis	of	chemical	quantum	chemical	points	of	view	or	 a
few	reference	compounds	assuming	the	nanoparticles	(clay,	etc.)	as	a	constrained	lattice.	It
should	be	noted	that	a	rigid	lattice	with	immobile	atoms	ignores	the	degrees	of	freedom	for
atomic	motions	and	hence	provides	a	faster	computer	proceeding.	Some	harmonic	valence
(bonded)	interactions	have	been	successfully	applied	as	the	basis	of	simulation	of	kaolinite,
smectite	 …	 clay	 structures.	 But	 in	 this	 approach,	 each	 bond	 should	 be	 individually
evaluated	 and	 this	 is	 not	 possible	 except	 for	 small-scale	 simulations	 of	 a	 few	 reference
structures	as	the	large	number	of	parameters	to	be	evaluated	for	a	harmonic	valence	force
field	are	not	easily	obtained	for	complex	systems	[34].



FIGURE	6.11 	 (See	 color	 insert.)	 Structure	 of	 a	 pyrophyllite	 single	 layer	 computational	 cell.	 (Adapted	 from	Mazo,
M.A.	et	al.,	The	Journal	of	Physical	Chemistry	B,	112(10),	2964–2969,	2008.)

Properties	 of	 clay	 nanoparticles	 have	 been	 numerically	 modeled	 using	 molecular
dynamics	and	Monte	Carlo	methods,	respectively,	on	the	basis	of	interatomic	interactions
and	 coarse-grained	 models.	 Results	 have	 shown	 that	 applying	 density	 functional	 theory
(DFT)	for	small	units	of	nano-materials	in	order	to	estimate	the	nanoscale	elastic	properties
leads	to	better	agreements	with	laboratory	measurements	in	comparison	with	classic	force
field	methods	[36].	Oleg	[37]	presented	calculated	250-260	N/m	for	E1h	and	E2h,	and	166
N/m	for	the	in-plane	shear	response,	G3h,	where	h	is	the	thickness	as	elastic	properties	of	a



single	lamella	of	montmorillonite	clay	as	an	infinite	“nanoplate”	on	the	basis	of	force	fields
theory	 assuming	 both	 bonded	 and	 nonbonded	 interatomic	 contributions	 with	 periodic
boundary	 conditions	 in	 two	 dimensions.	 Simulating	 flexibility	 of	 smectite	 clay	minerals
using	molecular	dynamics	method,	the	single	layer	was	found	to	be	more	flexible	along	one
direction	 than	 along	 the	 perpendicular	 directions	 which	 was	 ascribed	 to	 the	 changes
occurred	in	Si-O-Si	angles	in	the	silicate	tetrahedral	sheets	as	the	main	origin	of	flexibility
rather	than	the	changes	in	bond	lengths	[38].

6.4	CONCLUSION

A	 large	 fraction	 of	 surface	 atoms,	 high	 surface	 energy,	 spatial	 confinement,	 and	 reduced
imperfections	 make	 nanoscale	 materials	 attractive	 compared	 to	 the	 microstructured
counterparts.	In	fact,	epitaxial	growth	of	 inorganic	crystal	 layers	 in	nanocrystal	structures
facilitates	 stress	 and	 strain	 relaxations	 presenting	 different	 mechanical	 behavior.	 Since
measuring	 mechanical	 properties	 of	 nanoparticles,	 including	 strength,	 hardness,	 fracture
toughness	 fatigue	 and	 creep,	 encounters	 practical	 difficulties	 arisen	 from	 the	 nanoscale
dimensions,	 there	 is	 little	 information	 on	 the	 mechanical	 properties	 of	 individual
nanoparticles.

Tensile	strength	of	particulate	nanostructures	would	be	predicted	according	 to	Hook’s
law	coupled	with	MaacKenzie	relation	of	porosity	oriented	on	Taylor	series.	Atomic	force
microscopy	 has	 also	 been	 used	 to	 investigate	 strength	 in	 one-dimensional	 nanostructures
lately.	 Nanoindentation	 analysis	 recording	 load-displacement	 is	 a	 conventional	 method
characterizing	 nanomaterials	 in	 view	of	 the	 hardness	 properties	 following	Hertz	 relation.
Critical	 fracture	 toughness	of	 nanoparticles	 is	 evaluated	by	 critical	 stress	 intensity	 factor
calculated	measuring	elastic	strain	energy	density	and	V	is	the	nanoparticle	volume.	Tensile
measurements	data,	i.e.,	fracture	strength,	Young’s	modulus,	and	cycles	to	failure	could	be
reliably	used	to	estimate	fatigue	behavior	of	materials.	Creep	deformation	has	been	proved
to	 be	 dominated	 by	 diffusional	 mechanisms	 at	 intermediate	 temperatures.	 Superplastic
behavior	 is	 observed	 at	 higher	 temperatures	 modeled	 by	 semi-empirical	 constitutive
models.	Numerical	methods	are	conventionally	available	 to	estimate	 the	properties	where
experimental	measurement	of	mechanical	properties	are	difficult	or	impossible.

REFERENCES

1. Rotello,	V.M.,	Nanoparticles:	Building	Blocks	for	Nanotechnology.	2004,	New	York:	Kluwer	Academic/	Plenum
Publishers.

2. Wandelt,	K.,	Surface	and	Interface	Science:	Concepts	and	Methods.	Vol.	1.	2012,	Weinheim:	John	Wiley	&	Sons.

3. Kolasinski,	 K.K.,	 Surface	 Science:	 Foundations	 of	 Catalysis	 and	Nanoscience.	 2012,	 Chichester:	 John	Wiley	&
Sons.

4. Al-Kaysi,	 R.O.,	 A.M.	 Müller,	 and	 C.J.	 Bardeen,	 Photochemically	 driven	 shape	 changes	 of	 crystalline	 organic
nanorods.	Journal	of	the	American	Chemical	Society,	2006,	128(50):15938–15939.

5. Snyder,	C.	et	al.,	Effect	of	strain	on	surface	morphology	in	highly	strained	InGaAs	films.	Physical	Review	Letters,
1991,	66(23):3032–3035.

6. Reddy,	C.M.,	G.R.	Krishna,	 and	 S.	Ghosh,	Mechanical	 properties	 of	molecular	 crystals—Applications	 to	 crystal



engineering.	CrystEngComm.,	2010,	12(8):2296–2314.
7. Nowak,	 J.D.	 and	 University	 of	 Minnesota,	 Characterization	 of	 Surfaces	 and	 Interfaces	 in	 Nanoparticles	 Using

Transmission	Electron	Microscopy.	2007,	University	of	Minnesota.

8. Nogi,	K.	et	al.,	Nanoparticle	Technology	Handbook.	2012,	Amsterdam:	Elsevier.
9. Yang,	F.	and	J.C.M.	Li,	Micro	and	Nano	Mechanical	Testing	of	Materials	and	Devices.	2009,	New	York:	Springer.
10. Vollath,	D.,	Nanomaterials:	An	Introduction	to	Synthesis,	Proper	ties	and	Applications.	2013,	Weinheim:	Wiley.
11. Goddard,	 W.A.	 et	 al.,	 Handbook	 of	 Nanoscience,	 Engineering,	 and	 Technology.	 2002,	 Boca	 Raton:	 Taylor	 &

Francis.

12. Stone,	A.	and	D.	Wales,	Theoretical	studies	of	icosahedral	C60	and	some	related	species.	Chemical	Physics	Letters,

1986,	128(5):501–503.
13. Schaefer,	H.E.,	Nanoscience:	The	Science	of	the	Small	in	Physics,	Engineering,	Chemistry,	Biology	and	Medicine.

2010,	Heidelberg:	Springer.
14. Ding,	 W.	 et	 al.,	 Mechanics	 of	 crystalline	 boron	 nanowires.	 Composites	 Science	 and	 Technology,	 2006,

66(9):1112–1124.
15. Kaplan-Ashiri,	 I.	 et	 al.,	 On	 the	 mechanical	 behavior	 of	 WS2	 nanotubes	 under	 axial	 tension	 and	 compression.

Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	America,	2006,	103(3):523–528.

16. Tan,	E.	and	C.	Lim,	Mechanical	characterization	of	nanofibers—A	review.	Composites	Science	and	Technology,
2006,	66(9):1102–1111.

17. Kumar,	K.,	H.	Van	Swygenhoven,	and	S.	Suresh,	Mechanical	behavior	of	nanocrystalline	metals	and	alloys.	Acta
Materialia,	2003,	51(19):5743–5774.

18. Funk,	M.F.,	Microstructural	Stability	of	Nanostructured	Fcc	Metals	During	Cyclic	Deformation	and	Fatigue.	2014,
Karlsruhe:	KIT	Scientific	Publication.

19. Conrad,	 H.	 and	 J.	 Narayan,	 On	 the	 grain	 size	 softening	 in	 nanocrystalline	 materials.	 Scripta	 Materialia,	 2000,
42(11):1025–1030.

20. Bréchignac,	C.	and	P.	Houdy,	Nanomaterials	and	Nanochemistry.	2008,	Heidelberg:	Springer.
21. Gogotsi,	Y.,	Nanomaterials	Handbook.	2006,	Boca	Raton:	Taylor	&	Francis.
22. Ramesh,	K.T.,	Nanomaterials:	Mechanics	and	Mechanisms.	2009,	New	York:	Springer.
23. Oliver,	 W.C.	 and	 G.M.	 Pharr,	 Measurement	 of	 hardness	 and	 elastic	 modulus	 by	 instrumented	 indentation:

Advances	in	understanding	and	refinements	to	methodology.	Journal	of	Materials	Research,	2004,	19(01):3–20.

24. Tabor,	D.,	The	hardness	of	solids.	Review	of	Physics	in	Technology,	1970,	1(3):145–179.
25. Bulychev,	 S.	 et	 al.,	 Determining	 Young’s	 modulus	 from	 the	 indentor	 penetration	 diagram.	 Ind.	 Lab.,	 1975,

41(9):1409–1412.
26. Shorshorov,	 M.K.,	 S.	 Bulychev,	 and	 V.	 Alekhin.	 Work	 of	 plastic	 and	 elastic	 deformation	 during	 indenter

indentation.	Soviet	Physics	Doklady,	1981,	26:	769–771.
27. Sneddon,	I.N.,	The	relation	between	load	and	penetration	in	the	axisymmetric	Boussinesq	problem	for	a	punch	of

arbitrary	profile.	International	Journal	of	Engineering	Science,	1965,	3(1):47–57.

28. Mukherjee,	 A.,	 J.	 Bird,	 and	 J.	 Dorn,	 Cones	 and	 Vietoris-Begle	 type	 theorems.	 Transactions	 of	 the	 American
Society	of	Metals,	1969,	62:155–174.

29. Hahn,	H.	and	K.	Padmanabhan,	A	model	for	the	deformation	of	nanocrystalline	materials.	Philosophical	Magazine
B,	1997,	76(4):559–571.

30. Hahn,	 H.,	 P.	 Mondal,	 and	 K.	 Padmanabhan,	 Plastic	 deformation	 of	 nanocrystalline	 materials.	 Nanostructured
Materials,	1997,	9(1):603–606.

31. Balbuena,	P.	and	J.M.	Seminario,	Nanomaterials:	Design	and	Simulation.	2006,	Amsterdam:	Elsevier	Science.

32. Greenwell,	 H.C.	 et	 al.,	 On	 the	 application	 of	 computer	 simulation	 techniques	 to	 anionic	 and	 cationic	 clays:	 A
materials	chemistry	perspective.	Journal	of	Materials	Chemistry,	2006,	16(8):708–723.

33. Vijayaraghavan,	 V.	 et	 al.,	 Estimation	 of	 mechanical	 properties	 of	 nanomaterials	 using	 artificial	 intelligence
methods.	Applied	Physics	A,	2014,	116(3):	1099–1107.

34. Cygan,	R.T.,	J.-J.	Liang,	and	A.G.	Kalinichev,	Molecular	models	of	hydroxide,	oxyhydroxide,	and	clay	phases	and
the	development	of	a	general	force	field.	The	Journal	of	Physical	Chemistry	B,	2004,	108(4):1255–1266.

35. Mazo,	M.A.	 et	 al.,	Molecular	dynamics	 simulation	of	 thermomechanical	properties	of	montmorillonite	 crystal.	 1.
Isolated	clay	nanoplate.	The	Journal	of	Physical	Chemistry	B,	2008,	112(10):2964–2969.



36. Galimberti,	M.,	Rubber-Clay	Nanocomposites:	Science,	Technology,	and	Applications.	2011,	New	Jersey:	Wiley.
37. Manevitch,	 O.L.	 and	 G.C.	 Rutledge,	 Elastic	 properties	 of	 a	 single	 lamella	 of	 montmorillonite	 by	 molecular

dynamics	simulation.	The	Journal	of	Physical	Chemistry	B,	2004,	108(4):1428–1435.

38. Sato,	H.,	A.	Yamagishi,	and	K.	Kawamura,	Molecular	simulation	for	flexibility	of	a	single	clay	layer.	The	Journal
of	Physical	Chemistry	B,	2001,	105(33):7990–7997.



	

7 Preparation	of	Nanocomposites
Linxiang	He	and	Sie	Chin	Tjong

CONTENTS

7.1		Introduction

7.2		Functionalization

7.2.1		Carbon	Nanotubes

7.2.2		Graphene	and	Its	Derivatives

7.3		Solution	Mixing

7.3.1		CNT/Polymer	Nanocomposites

7.3.2		Graphene/Polymer	Nanocomposites

7.4		Melt	Compounding

7.4.1		CNT/Polymer	Nanocomposites

7.4.2		Graphene/Polymer	Nanocomposites

7.5		In	situ	Polymerization

7.5.1		CNT–Polymer	Nanocomposites

7.5.1.1		Bulk	Polymerization

7.5.1.2		Ring-Opening	Polymerization

7.5.1.3		Miniemulsion	Polymerization

7.5.2		Graphene–Polymer	Nanocomposites

7.5.2.1		Bulk	Polymerization

7.5.2.2		Ring-Opening	Polymerization

7.5.2.3		Miniemulsion	Polymerization

7.6		Conclusions

References

7.1	INTRODUCTION

Polymers	find	attractive	applications	in	industrial	sectors	due	to	their	light	weight,	ease	of
fabrication,	 good	 processability,	 and	 relatively	 low	 cost.	 However,	 polymers	 exhibit



relatively	poor	electrical,	mechanical,	and	thermal	properties	when	compared	with	metals.
By	 adding	 fillers	 of	 micrometer	 sizes	 to	 polymers	 used	 as	 matrices,	 new	materials	 that
exhibit	greatly	enhanced	performances	have	been	obtained.	Some	inorganic	microparticles
are	originally	introduced	into	polymers	as	additives.	Those	fillers	are	recognized	to	be	very
effective	 for	 reinforcing	 polymers.	 The	 new	 obtained	 materials	 can	 exhibit	 higher
mechanical	stiffness	and	strength,	excellent	dimensional	and	thermal	stability,	and	can	be
obtained	with	 lower	 production	 cost	 in	 comparison	with	 neat	 polymers.	 In	 general,	 high
filler	 loadings	 (ca.	 20–40	 wt%)	 are	 incorporated	 into	 polymers	 to	 achieve	 desired
mechanical	properties.	Such	high	filler	contents	often	lead	to	poor	processability	and	heavy
weight,	 thus	 minimizing	 the	 expected	 property	 enhancements	 of	 the	 resulting

composites.1–3

Recent	 progress	 in	 nanotechnology	 enables	 chemists	 and	 material	 scientists	 to
synthesize	a	wide	variety	of	nanomaterials	with	unique	chemical,	mechanical,	and	physical
properties.	Among	 them,	one-dimensional	carbon	nanotubes	 (CNTs)	and	 two-dimensional
graphene	nanosheets	have	drawn	special	interest	of	global	researchers	and	industrial	sectors
due	to	 their	exceptional	high	mechanical	strength	and	elastic	modulus	as	well	as	superior
electrical	 and	 thermal	 properties.	 The	 introduction	 of	 low	 loading	 levels	 of	 carbon
nanofillers	into	polymers	leads	to	the	formation	of	novel	nanocom-posites	with	functional

and	 structural	 properties.4	 In	 particular,	 the	 natural	 abundance,	 low	 cost,	 and
multifunctionality	 of	 graphene	 make	 it	 an	 attractive	 filler	 material	 for	 fabricating
electrically	 conductive	 polymer	 nanocomposites	 designed	 for	 sensor,	 electromagnetic
shielding	interference,	and	biomedical	applications.	By	achieving	homogeneous	dispersion
of	 carbonaceous	 fillers	 in	 the	 polymer	 matrix,	 nanocomposites	 can	 exhibit	 improved
mechanical,	 thermal,	 electrical,	 and	 gas	 barrier	 properties.	 Homogeneous	 distribution	 of
nanofillers	 depends	 on	 several	 factors	 such	 as	 the	 type	 of	 surface	 modification	 or
functionalization,	 the	 composite	 preparation	 process,	 the	 presence	 of	 polar	 groups	 in	 the
polymer	matrix,	etc.

CNTs	and	graphene	have	poor	dispersibility	in	the	polymer	matrix	due	to	their	chemical
inertness.	 Carbonaceous	 materials	 with	 large	 surface	 area	 and	 aspect	 ratio	 tend	 to
agglomerate	into	clusters.	The	van	der	Waals	interactions	between	individual	carbon	tubes
often	 lead	 to	 the	 formation	 of	 bundles.	 The	 filler	 bundles	 can	 impair	 mechanical	 and
physical	 properties	 of	 the	 resulting	 composites.	 In	 general,	 strong	 interfacial	 interactions
between	 the	 fillers	 and	 polymer	 matrix	 are	 required	 for	 the	 polymer	 nanocomposites
designed	 for	 structural	 engineering	 applications.	 This	 is	 because	 strong	 interfacial	 filler-
matrix	 bonding	 can	 ensure	 efficient	 “stress-transfer”	 effect	 during	 tensile	 testing.	 In	 this
respect,	 functionalization	 of	 fillers	 is	 needed	 in	 order	 to	 enhance	 their	 compatibility	 and
interaction	with	 the	polymer	matrix.	Surface	modification	of	carbonaceous	nanomaterials
can	be	 realized	by	covalent	and	noncovalent	 functionalization.	Covalent	 functionalization

can	 induce	 defects	 on	 CNTs	 and	 graphene	 sheets	 by	 disrupting	 the	 sp2-hybridization
required	for	electron	conduction.	Thus,	covalent	functionalization	of	carbonaceous	fillers	is
detrimental	 for	 making	 electrically	 conductive	 polymer	 composites,	 but	 beneficial	 for



forming	 structural	 polymer	 nanocomposites	 due	 to	 enhanced	 interfacial	 bonding.	 In
contrast,	 noncovalent	 functionalization	 of	 CNTs	 and	 graphene	 with	 surfactants	 or	 small
aromatic	 molecules	 can	 prevent	 formation	 of	 surface	 defects	 or	 disruption	 of	 π–π
conjugation.

Thus	 far,	 several	 processing	 techniques	 have	 been	 employed	 for	 the	 preparation	 of
polymer-based	 nanocomposites.	 These	 include	 solution	 mixing,	 melt	 mixing	 and	 in	 situ
polymerization.	The	main	goal	of	these	techniques	is	to	achieve	homogeneous	dispersion	of
fillers	 in	 the	 polymer	 matrix.	 Overall,	 solution	 mixing	 and	 in	 situ	 polymerization	 give
better	 dispersion	 of	 nanofillers	 than	 melt	 mixing.	 However,	 melt	 compounding	 offers
several	 advantages	 including	 cost	 effectiveness,	 mass	 production,	 free	 from	 organic
solvent,	 and	 versatility.	 This	 processing	 route	 is	 well	 adopted	 for	 manufacturing
commercial	products	in	the	plastic	industries	using	existing	facilities	such	as	extruders	and
injection	 molders.	 This	 chapter	 gives	 the	 state-of-the-art	 review	 on	 the	 preparation	 of
polymer	 nanocomposites	 reinforced	 with	 CNTs,	 graphene	 or	 its	 derivatives	 by	 different
processing	 techniques.	 Particular	 attention	 is	 paid	 to	 polymer	 nanocomposites	 with
graphene-based	fillers.

7.2	FUNCTIONALIZATION

7.2.1	CARBON	NANOTUBES

CNTs	 are	 long	 cylinders	 of	 covalently	 bonded	 carbon	 atoms.	 A	 single-wall	 nanotube
(SWNT)	 is	 formed	 by	 rolling	 a	 single	 graphene	 sheet	 into	 a	 seamless	 cylinder,	 while	 a
multiwall	 nanotube	 (MWNT)	 consists	 of	 nested	 graphene	 cylinders	 coaxially	 arranged
around	 a	 central	 hollow	 core	 with	 interlayer	 separations	 of	 ~0.34	 nm.	 Functionalization
exfoliates	 CNT	 bundles	 prior	 to	 composite	 preparation,	 thus	 allowing	 their	 uniform
dispersion	 in	 the	polymer	matrix.	A	considerable	number	of	articles	have	been	published

reviewing	 the	functionalization	of	CNTs.5–9	Therefore,	a	brief	description	 is	given	on	 the
nanotube	 functionalization	herein.	Oxidation	of	CNTs	 in	strong	acids	 introduces	carboxyl
and	hydroxyl	groups	on	the	sidewalls	as	well	as	on	the	end	caps.	These	functional	groups
act	as	anchoring	sites	for	further	derivatization	reactions	for	 improving	their	solubility	or
dispersibility	 in	 organic	 solvents.	 Moreover,	 carboxylic	 acid	 groups	 of	 CNTs	 can	 be
converted	to	highly	reactive	acyl	chloride	by	reacting	with	thionyl	chloride	(SOCl2).	In	this
respect,	polymer	chains	terminated	with	amino	(RNH2)	or	hydroxyl	(ROH)	can	react	with
acyl	 chloride	 groups	 through	 amidation	 or	 esterification	 reactions.	Covalent	 linkages	 can
also	be	established	by	zwitterionic	 interactions	between	the	carboxyl	groups	of	CNTs	and
amine	groups	of	 the	polymer	 (Figure	7.1a	 and	b).	Under	 certain	 conditions,	 for	 example,
cycloaddition,	alkylation,	and	fluorination,	prior	wet	oxidation	of	CNTs	is	unnecessary	for
covalent	 sidewall	 functionalization.	 The	 cycloaddition	 of	 azomethine	 ylides	 onto	 CNT

gives	rise	 to	a	pyrrolidine	ring	on	 its	surface.5,7	Alkylation	 takes	place	by	 reacting	CNTs
with	 alkyl	 groups	 of	 long	 chain	 molecules.	 The	 long	 polymer	 chains	 facilitate	 the
dissolution	of	bundled	nanotubes	in	organic	solvents.



Noncovalent	 functionalization	 involves	 the	 adsorption	 of	 weakly	 bonded	 functional
groups	 on	 CNTs	 by	 wrapping	 with	 surfactants	 or	 polymers	 through	 physical

interactions.10–13	 Consequently,	 structural	 integrity	 and	 intrinsic	 properties	 of	 CNTs	 are
preserved.	 Physical	 adsorption	 of	 surfactants	 on	 nanotube	 surfaces	 reduces	 their	 surface
tension	markedly,	preventing	formation	of	the	agglomerates.	Surfactants	are	surface	active
agents	having	hydrophilic	head	groups	and	hydrophobic	hydrocarbon	chain	molecules.	The
effective	 interactions	 between	 the	 surfactants	 and	 CNTs	 depend	 greatly	 on	 the	 nature	 of
surfactants	 such	 as	 headgroup	 size	 and	 alkyl	 chain	 length.	 Ionic	 surfactants	 like	 sodium
dodecyl	 sulfate	 (SDS),	 sodium	 dodecylbenzene	 sulfonate	 (SDBS),	 and
cetyltrimethylammonium	 bromide	 (CTAB),	 and	 nonionic	 surfactant	 such	 as	 octyl	 phenol
ethoxylate	 (Triton	 X-100)	 have	 been	 reported	 to	 be	 effective	 dispersants	 for	 CNTs	 in

water.10,11	The	order	of	dispersibility	is	SDBS	>	Triton	X-100	>	SDS.

7.2.2	GRAPHENE	AND	ITS	DERIVATIVES

Pristine	 graphene	 obtained	 by	 the	 so-called	 “Scotch-tape”	 technique	 is	 ineffective	 to
produce	a	sufficient	amount	of	filler	materials	for	reinforcing	polymers.	In	this	respect,	wet
chemical	 oxidation	 of	 graphite	 flakes	 with	 KMnO4	 and	 NaNO3	 in	 concentrated	 H2SO4

(Hummer’s	process)	is	frequently	used	to	yield	graphene	oxide	(GO)	in	large	quantities.14

GO	sheets	are	hydrophilic	 in	nature,	comprising	carboxylic	acid	groups	at	 the	edges	with

epoxide	and	hydroxyl	groups	attached	on	the	basal	plane.15	Those	functional	groups	weaken
the	van	der	Waals	forces	between	graphene	interlayers,	facilitating	its	exfoliation	into	thin
sheets.	 Furthermore,	 oxygenated	 groups	 also	 render	 GO	 an	 electrically	 nonconductive
material.	 To	 resume	 its	 electrical	 conductivity,	 hydrazine	 or	 other	 reducing	 agents	 are
frequently	 employed	 for	 eliminating	 oxygen	 functionalities,	 producing	 reduced	 graphene

oxide	(rGO).16,17	 The	 oxygen	 functionalities	 of	GO	 can	 also	 be	 removed	 by	 either	 rapid
thermal	 annealing	 through	 the	 release	 of	 water	 and	 gas	 molecules	 (e.g.,	 CO2	 and	 CO),
producing	thermally	reduced	graphene	oxide	(TRG),	or	via	solvothermal	reduction	of	GO	in

the	 polymer	 solution.18,19	 It	 is	 noteworthy	 that	 rGO	 and	 TRG	 sheets	 still	 contain	 some
remnant	 oxygen	 groups	 despite	 chemical	 reducing	 and	 thermal	 annealing	 treatments.
Alternatively,	pure	graphene	sheets	can	be	obtained	by	liquid-phase	exfoliation	of	graphite
flakes	 in	 N-methyl-pyrrolidone	 (NMP)	 solvent	 using	 a	 high	 shear	 mixer	 followed	 by
filtering.	The	obtained	graphene	powder	is	then	dried	in	a	vacuum	oven,	forming	high	yield

and	high	purity	graphene	sheets.20

Graphene	 oxide	 is	 incompatible	 with	 hydrophobic	 polymers,	 and	 thus	 does	 not	 form
homogeneous	 nanocomposites.	 GO	 sheets	 are	 amphiphilic	 and	 can	 be	 dispersed	 in	 polar

solvents	 such	 as	 water,	 ethanol,	 and	 N,N-dimethylformamide	 (DMF).21	 However,
hydrophobic	 and	π–π	 interactions	 in	 the	 reduced	graphene	 favor	 restacking	of	 the	 sheets.
Covalent	functionalization	with	isocyanates	or	polyamines	has	been	reported	to	be	effective
for	 dispersing	 rGO	 in	 several	 organic	 solvents,	 facilitating	 the	 fabrication	 of



graphene/polymer	nanocomposites.22,23	 In	 the	 former	 case,	GO	 reacts	with	 isocyanate	 to
form	isocyanate-treated	GO	(iGO)	during	which	 the	carboxyl	and	hydroxyl	groups	of	GO

react	 with	 isocyanate	 to	 generate	 amides	 and	 carbamate	 esters,	 respectively.22	 TRGs
generally	 disperse	 well	 in	 organic	 solvents	 such	 as	 DMF,	 1,2-dichlorobenzene,

nitromethane	 and	 tetrahydrofuran	 under	 sonication.20	 The	 presence	 of	 remained
oxygenenated	 groups	 also	 enables	 TRGs	 to	 react	 with	 water-soluble	 polymer,	 that	 is,
polyethylene	oxide	(PEO),	and	polar	polymers	such	as	poly(methyl	methacrylate)	(PMMA),

poly(acrylonitrile),	and	poly(acrylic	acid).24,25





FIGURE	7.1 	(a)	Scheme	of	the	functionalization	of	carbon	nanotubes.	(b)	Scheme	of	the	covalent	functionalization	of
SWNTs	at	ends	and	defect	sites.	(Reprinted	with	permission	from	Nikolaos,	K.	and	T.	Nikos.	Current	progress	on	the
chemical	 modification	 of	 carbon	 nanotubes.	Chemical	 Reviews	 110,	 5366–97.	 Copyright	 2010	 American	 Chemical
Society.)	 (Banerjee,	 S.,	 T.	 Hemraj-Benny,	 and	 S.	 S.	 Wong:	 Covalent	 surface	 chemistry	 of	 single-walled	 carbon
nanotubes.	Advanced	Materials.	 2005.	 17.	 17–29.	 Copyright	Wiley-VCH	Verlag	 GmbH	&	 Co.	 KGaA.	 Reproduced
with	permission.)

In	terms	of	noncovalent	functionalization,	Stankovich	et	al.	 reported	the	first	example

of	 modifying	 rGO	 with	 poly(sodium	 4-styrenesulphonate).26	 Choi	 et	 al.	 obtained	 stable
dispersions	 of	 rGO	 in	 various	 organic	 solvents	 by	 reacting	 it	 with	 amine-terminated

polystyrene	(PS-NH2).
27	GO	sheets	can	also	be	functionalized	noncovalently	with	a	water-

soluble	 pyrene	 derivative	 (1-pyrenebutyrate)	 by	 means	 of	 π–π	 stacking	 interactions.28,29

The	pyrene	derivative	 tends	 to	 react	with	 the	basal	 plane	of	graphene	 to	 form	stable	π–π
stacking	bonds.

7.3	SOLUTION	MIXING

7.3.1	CNT/POLYMER	NANOCOMPOSITES

Solution	 mixing	 is	 a	 widely	 employed	 processing	 route	 to	 prepare	 CNT/polymer
nanocomposites,	especially	in	the	academic	sector.	The	process	involves	the	dissolution	of
polymer	in	a	solvent	followed	by	mixing	the	polymer	solution	with	CNT	suspension	under
mechanical	stirring	and/or	sonication,	which	facilitates	disentanglement	of	nanotubes	in	the
solution.	The	CNT/polymer	composites	are	formed	by	removing	solvent	via	evaporation	or
precipitation,	or	casting	the	suspension	into	a	film.	Sonication	can	be	carried	out	by	mild
vibration	in	a	bath	or	high-power	ultrasonication.	The	limitations	of	this	route	include	the
use	of	organic	solvents	that	are	expensive	and	environmentally	hazardous,	and	high-power
sonication	can	 reduce	 the	 length	or	 aspect	 ratio	of	CNTs.	This	processing	 route	has	been
used	 to	 blend	CNTs	with	 a	wide	 variety	 of	 polymers	 including	 polystyrene	 (PS),	 epoxy,

polyvinylidene	 fluoride	 (PVDF),	 poly(ε-caprolactone),	 polyurethane	 (PU),	 etc.30–36	 For
example,	Qian	et	al.	prepared	MWNT/PS	composite	film	by	mixing	pristine	MWNT	with

PS	 in	 toluene	 under	 sonication	 and	 solvent	 evaporation.30	 They	 reported	 that	 the	 elastic
modulus	and	break	stress	of	the	film	increase	significantly	by	adding	1	wt%	MWNT	only.
Recently,	He	and	Tjong	synthesized	MWNT/PVDF	nanocomposites	using	solution	mixing

followed	by	coagulation.33	Both	pristine	and	carboxylated	MWNTs	were	employed	as	 the
filler	materials.	The	obtained	 composite	 powders	were	 finally	 hot-compressed	 into	bulky
materials	with	low	electrical	percolation	thresholds.	Some	pristine	MWNTs	were	dispersed
into	 a	 few	 agglomerates	 and	 independent	 tubes,	 while	 carboxylated	 MWNTs	 were	 all
distributed	uniformly	in	the	PVDF	matrix.

7.3.2	GRAPHENE/POLYMER	NANOCOMPOSITES



For	solution	mixing,	GO	or	graphene-like	(rGO	and	TRG)	fillers	are	dispersed	in	a	solvent
followed	by	mixing	it	with	a	polymer	solution	under	mechanical/magnetic	stirring	or	high-
energy	sonication.	The	composite	material	is	then	obtained	by	vaporizing	the	solvent.	GO,
rGO,	and	TRG	exhibit	typical	flat	sheet	morphology,	so	entangled	bundles	are	not	a	critical
issue	like	in	the	case	of	CNTs.	However,	restacking	of	graphene	sheets	often	occurs	in	rGO
after	chemical	reduction	treatment.	In	this	respect,	hydrazine	is	typically	added	to	a	mixed
polymer–GO	 dispersion	 rather	 than	 directly	 added	 to	GO	 itself.	 The	 polymer	 chains	 can
thus	 insert	 into	 the	 galleries	 between	 the	 layers	 to	 yield	 intercalated	 or	 exfoliated
nanocomposites	 during	 solution	 mixing.	 This	 strategy	 is	 generally	 used	 to	 create

nanocomposites	filled	with	layered	silicates.36	Exfoliated	nanofillers	usually	give	the	best
property	 enhancements	 due	 to	 their	 large	 interfacial	 area	 and	homogeneous	 dispersion	 in
the	polymer	matrix.

Graphite	oxide	exhibits	a	larger	interlayer	spacing	compared	to	graphite,	so	hydrophilic
polymers	 such	 as	 polyethylene	 oxide	 (PEO),	 polyvinyl	 alcohol	 (PVA),	 and	 poly(furfuryl
alcohol)	 can	 be	 readily	 inserted	 into	 its	 galleries	 during	 solution	 mixing	 to	 produce

intercalated	 nanocomposites.37–39	 Using	 this	 approach,	 several	 workers	 also	 fabricated

rGO/PVA	 and	 GO/PVA	 nanocomposites	 recently.40–43	 They	 achieved	 enhanced	 tensile
strength	and	modulus	in	the	resulting	composites	due	to	the	strong	hydrogen	bonding	and
homogeneous	dispersion	of	GO/rGO	fillers	in	the	polymer	matrix,	ensuring	effective	stress-
transfer	effect	across	the	matrix-filler	interface.	Figure	7.2	shows	typical	x-ray	diffraction
(XRD)	 patters	 of	 rGO,	 PVA,	 and	 0.6	 vol%	 rGO/PVA	 nanocomposite.	 Apparently,	 rGO
exhibits	a	broad	peak;	the	characteristic	peak	of	PVA	appears	at	2θ	=	19.5°.	By	dispersing
rGO	 into	 PVA,	 the	 broad	 peak	 of	 rGO	 disappears,	 demonstrating	 the	 loss	 of	 structure
regularity	of	rGO	sheets	due	to	their	exfoliation	into	single	graphene	sheets.	Figure	7.3	is	a
SEM	 image	 showing	 that	most	 rGO	 sheets	 are	 fully	 exfoliated	 and	well	 dispersed	 in	 the
PVA	matrix.



FIGURE	 7.2 	 XRD	 patterns	 of	 (a)	 rGO,	 (b)	 PVA,	 and	 (c)	 solution-mixed	 0.6	 vol%	 rGO/PVA	 nanocomposite.
(Reprinted	with	permission	from	Zhao,	X.,	Q.	Zhang,	and	D.	Chen.	Enhanced	mechanical	properties	of	graphene-based
poly(vinyl	alcohol)	composites.	Macromolecules	43,	2357–63.	Copyright	2010	American	Chemical	Society.)

It	is	noteworthy	that	TRG	with	remnant	oxygen	functionalities	can	be	mixed	with	polar
PMMA,	leading	to	homogeneous	dispersion	of	TRG	fillers	in	the	matrix	and	large	electrical

conductivity	 of	 the	 resulting	 composites.44	 He	 and	 Tjong	 prepared	 TRG/PVDF

nanocomposites	by	 first	 suspending	GO	and	PVDF	 in	DMF.45	The	suspension	of	GO	and
PVDF	 was	 then	 coagulated	 in	 distilled	 water.	 The	 composite	 mixture	 precipitated	 out
immediately	due	to	its	insolubility	in	water.	The	mixture	was	dried	and	further	subjected	to
hot	pressing	at	200°C	to	reduce	GO	to	TRG.	A	very	low	electrical	percolation	threshold	of
0.12	vol%	was	obtained	due	to	homogeneous	dispersion	of	the	TRGs	in	the	polymer	matrix.
Figure	 7.4	 illustrates	 typical	 processing	 steps	 for	 forming	 0.12	 vol%	 TRG/PVDF
nanocomposite.



FIGURE	7.3 	SEM	image	showing	homogeneous	dispersion	of	rGO	in	solution-mixed	rGO/PVA	nanocomposite.	rGO
fillers	 are	 indicated	 with	 arrows.	 (Reprinted	 with	 permission	 from	 Zhao,	 X.,	 Q.	 Zhang,	 and	 D.	 Chen.	 Enhanced
mechanical	 properties	 of	 graphene-based	 poly(vinyl	 alcohol)	 composites.	Macromolecules	 43,	 2357–63.	 Copyright
2010	American	Chemical	Society.)



FIGURE	 7.4 	 (See	 color	 insert.)	 (a)	 Atomic	 force	 microscopic	 image	 of	 GO	 sheets	 deposited	 from	 an	 aqueous
dispersion	(inset)	onto	mica.	The	thickness	scan	across	GO	sheets	(central	dash	line)	gives	a	value	of	about	1	nm.	(b)
TGA	curves	of	GO	powder	showing	an	effective	thermal	reduction	of	GO	at	150°C	and	above.	(c)	Suspension	of	GO	(1

mg	mL−1)	and	PVDF	in	DMF.	(d)	GO–PVDF	composite	mixture	obtained	via	coagulation	of	the	suspension	in	distilled
water	 and	 vacuum	 filtration.	 (e)	 Hot-pressed	 PVDF	 circular	 sheet	 with	 semitransparent	 feature	 (left)	 and	 0.12	 vol%
TRG/PVDF	 composite	 sheet	 (right)	 with	 dark	 feature.	 (He,	 L.	 and	 S.	 C.	 Tjong.	 A	 graphene	 oxide–polyvinylidene
fluoride	 mixture	 as	 a	 precursor	 for	 fabricating	 thermally	 reduced	 graphene	 oxide–polyvinylidene	 composites.	 RSC
Advances	3,	2013:22981–87.	Reproduced	by	permission	of	The	Royal	Society	of	Chemistry.)

For	 polymer	 nanocomposites	 designed	 for	 structural	 engineering	 applications,	 both
homogeneous	dispersion	of	nanofillers	 and	 strong	 filler-matrix	 interactions	are	 important
factors	 for	 achieving	 efficient	 stress-transfer	 effect.	 In	 this	 respect,	 chemical
functionalization	 of	GO	 is	 needed	 to	 improve	 its	 solubility	 and	 interactions	with	 organic
solvents	 and	 polymers.	 Stankovich	 et	 al.	 synthesized	 rGO/	 PS	 nanocomposite	 by	mixing

iGO	 with	 PS	 in	 DMF	 followed	 by	 reduction	 with	 dimethylhydrazine.46	 The	 composite
material	was	precipitated	by	adding	methanol	 into	 the	DMF	solution.	Methanol	 is	widely



employed	 for	precipitating	 rGO/polymer	composite	 from	 its	 solution	medium.	Kim	at	 al.

fabricated	graphene/thermoplastic	polyurethane	(TPU)	by	mixing	iGO	with	TPU	in	DMF.47

Up	 to	 a	 tenfold	 increase	 in	 tensile	 stiffness	was	 achieved	 in	TPU	by	 adding	1.6	 vol%	 (3
wt%)	 iGO.	Kuila	 et	 al.	 functionalized	 rGO	with	 docecyl	 amine	 and	 then	 solution-mixed
with	linear	low-density	polyethylene	(LLDPE).	They	reported	that	the	tensile	strength	and
modulus	of	LLDPE	 increase	with	 increasing	 filler	 content.48	 The	 improvement	 in	 tensile
strength	 is	 attributed	 to	 the	 formation	 of	 strong	 interfacial	 bonding	between	 the	 polymer
matrix	 and	 the	 filler.	 More	 recently,	 Nawaz	 et	 al.	 covalently	 functionalized	 GO	 with
octadecylamine	 (ODA)	 to	 form	GO–ODA.49	 Such	modified	GO	and	TPU	elastomer	were
then	 dispersed	 in	 THF	 to	 give	 graphene/TPU	 nanocomposites.	 Composite	 films	 were
formed	by	casting	the	dispersions	into	Teflon	trays.	The	ultimate	tensile	strength	increased
linearly	 with	 graphene	 content	 up	 to	 3	 wt%,	 and	 then	 decreased	 considerably	 with
increasing	filler	content.

7.4	MELT	COMPOUNDING

7.4.1	CNT/POLYMER	NANOCOMPOSITES

Melt	compounding	is	a	versatile	and	cost-effective	route	for	industrial	sectors	to	fabricate
commercial	 plastic	 products	 in	 large	 quantities.	Melt	 processing	 involves	 the	melting	 of
polymer	pellets	 to	 form	a	viscous	 liquid	at	high	 temperatures	and	 the	application	of	high

shear	 force	 to	 disperse	 nanofillers	 using	 extruders	 and/or	 injection	 molders.50	 It	 is
environmentally	 friendly	due	 to	 the	absence	of	organic	solvents	during	 the	processing.	 In
general,	 a	 high	 shear	 force	 on	 molten	 mixture	 resulting	 from	 the	 high	 screw	 speed	 is
beneficial	 for	 dispersing	 nanofillers	 in	 the	 polymer	 matrix.	 But	 high	 shear	 force	 can
damage	the	aspect	ratio	of	CNTs,	deteriorating	mechanical	and	electrical	properties	of	the
nanocomposites	 considerably.	 Moreover,	 polymer	 viscosity	 and	 the	 nature	 of	 CNTs

(pristine	 or	 functionalizated)	 also	 influence	 the	 state	 of	 dispersion	 of	 nanotubes.51–53

Comparing	with	 solution	mixing,	melt	 compounding	 is	 less	 effective	 at	 dispersing	CNTs
more	uniformly	in	the	polymer	matrix	and	is	confined	to	lower	filler	contents.	At	high	filler
loadings,	the	mixture	melts	with	high	viscosities	impairing	dispersion	of	the	nanotubes.

McNally	 et	 al.	 fabricated	 MWNT-filled	 polyethylene	 (PE)	 composites	 via	 melt

compounding	 using	 pristine	 MWNTs	 in	 a	 Haake	 twin	 screw	 extruder.52	 The	 nanotubes
distributed	mainly	as	small	aggregates	in	the	PE	matrix.	Therefore,	the	yield	strength	and
breaking	 stress	 of	 the	 nanocomposites	 decreased	with	 increasing	 filler	 content,	 resulting
from	poor	interfacial	filler–matrix	interactions.	To	improve	the	dispersion	of	nanotubes	and
interfacial	 filler–matrix	 bonding,	 functionalized	 nanotubes	 are	 needed.	 Zhang	 et	 al.
compounded	acylated	MWNTs	with	PA6	in	a	Brabender	twin-screw	mixer.	The	mechanical
properties	 of	 resulting	 composites	 improved	 considerably	 by	 using	 functionalized

nanotubes.53	 Very	 recently,	 Cohen	 et	 al.	 prepared	MWNT/poly(ethylene-co-(methacrylic
acid))	 (PEMAA)	 composites	 by	 mixing	 composite	 constituents	 and	 4-



(aminomethyl)pyridine-modified	PEMAA,	acting	as	a	noncovalent	compatibilizer.54	They
reported	 that	 the	compatibilizer	 improves	 the	dispersion	of	nanotubes	due	 to	 the	pyridine
ring	 reacting	 with	 MWNT	 surface	 via	 π–π	 interactions.	 Melt	 compounding	 has	 been
extensively	 used	 to	 fabricate	 CNT/polymer	 nanocomposites	 with	 various	 polymeric

materials.50,55–58

7.4.2	GRAPHENE/POLYMER	NANOCOMPOSITES

Thermally	 reduced	graphene	 is	 typically	 selected	as	 the	 filler	material	 to	compound	with

polymers	 to	 form	nanocomposites.47,59–63	 In	 the	process,	 polymer	 chains	 can	be	 inserted

between	 the	 layers,	 forming	 nanocomposites	 with	 an	 intercalated	 structure.47,59,61

Occasionally,	 an	 exfoliated	 structure	 can	 also	 be	 produced.60	 Kim	 et	 al.	 investigated
systematically	the	preparation,	microstructure,	and	properties	of	melt	compounded	polymer
composites	 with	 TRG	 fillers.	 The	 polymer	 matrix	 materials	 included	 TPU,	 polyester,

polycarbonate,	 and	 PE.47,	 59–61	 They	 also	 compared	 the	 dispersion	 state	 of	 TRGs	 in	 the
matrix	 of	 nanocomposites	 prepared	 by	 melt	 compounding,	 solution	 mixing,	 and	 in	 situ

polymerization	 techniques.47,61	 In	 addition,	 conventional	 composite	 filled	 with	 graphite
flakes	 was	 also	 melt	 compounded.	 Figure	 7.5	 shows	 schematic	 diagrams	 of	 TRG/TPU
nanocomposites	prepared	by	different	processing	routes.	Transmission	electron	microscopy
(TEM)	 image	 of	 melt	 compounded	 graphite/TPU	 composite	 reveals	 graphite	 flakes
comprised	of	aggregates	of	tactoids	(Figure	7.6a).	Thus,	polymer	chains	cannot	intercalate
into	 unmodified	 graphite	 galleries	 during	 compounding	 as	 expected.	 By	 employing	 TRG
fillers,	 a	 stacked	 sheet	 feature	 is	 observed,	 revealing	 the	 formation	 of	 intercalated
nanocomposite	 (Figure	7.6b	 and	 c).	 Their	 studies	 also	 demonstrated	 that	 the	 TRG	 sheets
disperse	more	uniformly	and	independently	in	the	matrix	of	nanocomposites	prepared	from
solution	mixing	and	 in	situ	polymerization	(Figure	7.6d	 and	 f).	 Such	 exfoliated	 graphene
sheets	 improve	 electrical	 conductivity	 of	 solution-mixed	 and	 in	 situ	 polymerized	 TRG/
TPU	 nanocomposites	 (Figure	 7.7).	 In	 a	 recent	 study,	 Istrate	 et	 al.	 fabricated
graphene/polyethylene	 terephthalate	 (PET)	 nanocomposites	 by	 melt	 blending	 PET	 with

pure	 graphene	 obtained	 from	 liquid-phase	 exfoliation.64	 The	 addition	 of	 only	 0.07	 wt%
exfoliated	graphene	to	PET	led	to	the	resulting	nanocomposites	with	excellent	mechanical
properties.



FIGURE	7.5 	(See	color	insert.)	Preparation	routes	of	TRG/PU	and	iGO/TPU	nanocomposites.	(a)	Chemical	oxidation
of	graphite	flakes	to	graphite	oxide,	(b)	thermal	reduction	of	graphite	oxide	to	TRG,	(c)	isocyanate	treatment	of	graphite
oxide	 in	DMF	 to	 generate	 iGO,	 (d)	melt	 compounding	 of	TRG	 and	TPU	 in	 forming	TRG/	TPU	nanocomposites,	 (e)
solvent	blending	of	either	TRG	or	iGO	with	TPU	in	DMF,	(f)	in	situ	polymerization	of	TRG	with	TPU	in	forming	TPU-
based	 nanocomposites.	 (Reprinted	 with	 permission	 from	 Kim,	 H.,	 Y.	 Miura,	 and	 C.	 W.	 Macosko.



Graphene/polyurethane	 nanocomposites	 for	 improved	 gas	 barrier	 and	 electrical	 conductivity.	Chemistry	 of	Materials
22,	3441–50.	Copyright	2010	American	Chemical	Society.)

FIGURE	7.6 	TEM	images	of	TPU	with	(a)	5	wt%	(2.7	vol%)	graphite,	(b	and	c)	melt	compounded,	(d)	solvent-mixed,
(e	and	f)	in	situ	polymerized	3	wt%	(1.6	vol%)	TRG.	(Reprinted	with	permission	from	Kim,	H.,	Y.	Miura,	and	C.	W.
Macosko.	Graphene/polyurethane	 nanocomposites	 for	 improved	 gas	 barrier	 and	 electrical	 conductivity.	Chemistry	 of
Materials	22,	3441–50.	Copyright	2010	American	Chemical	Society.)



FIGURE	7.7 	DC	surface	resistance	of	melt	compounded	graphite/TPU	composites	(closed	symbols,	also	in	inset),	melt
compounded	and	solution-mixed,	as	well	as	in	situ	polymerized	TRG/TPU	composites	(open	symbols).	(Reprinted	with
permission	 from	Kim,	H.,	Y.	Miura,	 and	C.	W.	Macosko.	Graphene/polyurethane	 nanocomposites	 for	 improved	 gas
barrier	and	electrical	conductivity.	Chemistry	of	Materials	22	3441–50.	Copyright	2010	American	Chemical	Society.)

FIGURE	7.8 	 TEM	 images	 of	 composites	 containing	 3	 wt%	 (1.2	 vol%)	 TRG	 with	 the	 matrix	 materials	 of	 (a)	 low
viscosity	LLDPE-g-MA	and	(b)	high	viscosity	LLDPE-g-MA	showing	a	mixture	of	TRG	aggregates	and	nanoplatelets;
(c)	 low	 viscosity	 LLDPE-g-pyridine	 containing	 individually	 dispersed	 platelets.	 (Reprinted	 with	 permission	 from
Vasileiou,	A.	A.,	M.	Kontopoulou,	 and	A.	Docoslis.	A	 noncovalent	 compatibilization	 approach	 to	 improve	 the	 filler



dispersion	 and	 properties	 of	 polyethylene/graphene	 composites.	ACS	 Applied	 Materials	 and	 Interfaces	 6,	 1916–25.
Copyright	2014	American	Chemical	Society.)

Vasileiou	 et	 al.	 incorporated	 TRGs	 into	 two	 kinds	 of	 LLDPE	 with	 high	 and	 low

viscosity	and	into	their	respective	aminopyridine	derivatives	by	melt	compounding.65	Large
graphene	 aggregates	 formed	 when	 both	 types	 of	 maleated	 LLDPE	 were	 used.	 However,
noncovalent	 functionalization	 of	 maleated	 LLDPE	 with	 aminopyridine	 improved	 the
dispersion	of	TRGs	considerably	(Figure	7.8).	This	was	due	to	the	interactions	between	the
aromatic	moieties	on	the	pyridine	grafted	matrix	through	π–π	stacking	with	the	surface	of
TRG.

7.5	IN	SITU	POLYMERIZATION

In	 situ	 polymerization	 techniques	 such	 as	 bulk,	 solution,	 ring	 opening,	 and	 emulsion
polymerization	have	been	employed	for	preparing	different	polymer	resins.	Each	technique
has	its	own	advantages	and	limitations.	Bulk	polymerization	involves	mixing	monomer	and
initiator	 in	 a	 heated	 reactor	 under	 stirring	 in	 a	 protective	 atmosphere.	 For	 solution
polymerization,	the	monomer	is	first	dissolved	in	a	solvent	containing	a	catalyst.	The	heat
released	by	the	reaction	is	absorbed	by	the	solvent.	The	main	disadvantage	of	this	technique

is	associated	with	 the	removal	of	solvent.66	Ring-opening	polymerization	 (ROP)	 involves
the	use	of	cyclic	monomers	and	initiators	(anionic,	cationic,	or	radical).	Cyclic	monomers
such	 as	 alkanes,	 alkenes,	 and	 lactams	 are	 typically	 selected	 for	 synthesizing	 desired
polymer	 resins.	 Emulsion	 polymerization	 is	 used	 to	 produce	 latex	 particles	 with	 a	 wide
variety	 of	 desired	 properties.	 Emulsion	 polymerization	 involves	 emulsification	 of	 a
monomer	with	poor	solubility	in	a	continuous	phase	(e.g.,	water),	forming	an	oil-in-water
emulsifier	 in	 the	 presence	 of	 a	 surfactant.	 The	 surfactant	 facilitates	 formation	 of	 the
micelles	 in	 water,	 where	 the	 monomer	 diffuses	 inside	 for	 polymerization.	 However,	 the
surfactant	molecules	 that	 trap	 in	 the	 synthesized	polymers	are	difficult	 to	 remove.	Under
certain	 conditions,	 surfactant-free	 composites	 are	 desirable	 because	 the	 surfactant	 may
affect	 their	 transparency,	 and	 mechanical	 and	 thermal	 properties.	 The	 polymerization
reaction	is	initiated	by	a	water-soluble	initiator	(e.g.,	potassium	persulfate	[K2S2O8;	KPS]
or	 an	 oil-soluble	 initiator	 such	 as	 2,2′-azobisisobutyronitrile	 [AIBN]).	 Generally,	 KPS	 is
often	 used	 and	 it	 decomposes	 in	 water	 to	 form	 radicals,	 which	 also	 diffuses	 inside	 the
micelles	 to	 initiate	 or	 terminate	 the	 polymerization.	 Water	 is	 a	 good	 heat	 conductor,
facilitating	 homogeneous	 viscosity	 control	 of	 the	 polymerization	 reaction	 and	 promoting
fast	transfer	of	heat	from	the	polymerizing	medium.	Emulsion	polymerization	is	effective
in	increasing	polymer	molecular	weight	without	sacrificing	the	polymerization	rate.	In	the
miniemulsion	process,	a	system	containing	water,	oil,	a	surfactant,	and	an	osmotic	pressure
agent	 (hydrophobe)	 insoluble	 in	 the	 continuous	 phase	 is	 subjected	 to	 high	 shear	 force	 or

high-power	sonication	energy.67	This	results	in	the	formation	of	small,	homogeneous,	and
narrowly	 distributed	 droplets	 with	 the	 size	 ranging	 from	 50	 to	 500	 nm	 (Figure	 7.9).



Comparing	with	conventional	emulsions,	 the	surfactant	concentration	 in	miniemulsions	 is
much	smaller.

FIGURE	 7.9 	 Miniemulsion	 polymerization.	 Phase	 I	 (oil),	 Phase	 II	 (aqueous	 phase	 with	 surfactant	 molecules.
(Landfester,	 K:	 Miniemulsion	 polymerization	 and	 the	 structure	 of	 polymer	 and	 hybrid	 nanoparticles.	 Angewandte
Chemie	 International	 Edition.	 2009.	 48.	 4488–07.	 Copyright	Wiley-VCH	Verlag	 GmbH	&	 Co.	 KGaA.	 Reproduced
with	permission.)

To	 fabricate	 polymer	 nanocomposites,	 pristine	 or	 functionalized	 nanofillers	 are	 first
prepared,	followed	by	adding	a	monomer	of	interest	to	undergo	subsequent	polymerization
via	 free	 radical,	 ring	 opening,	 or	 emulsion	 reactions	 under	 mechanical	 stirring	 or
sonication.	 In	situ	 polymerization	 facilitates	 stronger	 interactions	between	 the	nanofillers
and	polymeric	phase,	thus	achieving	homogeneous	dispersion	of	nanofillers	in	the	polymer
matrix.	 This	 method	 is	 attractive	 for	 preparing	 polymer	 nanocomposites	 that	 cannot	 be
processed	by	solution	mixing	and	melt	blending.

7.5.1	CNT–POLYMER	NANOCOMPOSITES

7.5.1.1	Bulk	Polymerization
Bulk	 polymerization	 has	 been	 used	 to	 fabricate	 MWNT/PMMA	 and	 MWNT/PS

nanocomposites.68–72	 For	 example,	 Jia	 et	 al.	 prepared	 MWNT/PMMA	 nanocomposites
using	both	pristine	and	carboxylated	nanotubes,	and	methyl	methacrylate	(MMA)	monomer
with	 the	 aid	 of	 AIBN	 initiator	 to	 induce	 radicals.	 This	 initiator	 opened	 the	 π-bonds	 of

nanotubes,	 facilitating	MMA	 polymerization.68	 Meng	 et	 al.	 used	 benzoyl	 peroxide	 (BP)

initiator	 for	preparing	MWNT/PMMA	composites.70	 In	 the	process,	carboxylated	MWNT
and	BP	were	added	into	MMA	monomer	under	sonication.	The	mixture	was	heated	to	80–
85°C	for	decomposing	BP	into	radicals.	Then	the	C˭C	bonds	of	the	MMA	monomer	and	the
π-bonds	 of	MWNTs	 opened	 up	 accordingly,	 forming	 strong	 filler–matrix	 interface.	Very



recently,	 Shrivastava	 et	 al.	 modified	 the	 synthesized	 process	 of	 MWNT/PMMA
nanocomposites	that	involved	an	initial	bulk	polymerization	of	MMA	monomer	with	BP	in
the	presence	of	pristine	MWNTs	at	85°C.71	Commercial	PMMA	beads	were	then	added	into
a	 reactor	 during	 the	 polymerization	 process	 (Figure	 7.10).	 As	 a	 result,	 MWNTs	 were
selectively	dispersed	and	formed	a	continuous	network	structure	in	in	situ	bulk	polymerized
PMMA	phase,	outside	 the	PMMA	beads,	 leaving	 the	beads	 free	 from	 the	nanotubes.	The
beads	 in	which	MWNTs	 failed	 to	penetrate	were	 considered	 the	 “excluded	volume”	 sites
(Figure	7.11).	The	 formation	of	continuous	MWNT	network	was	 responsible	 for	 the	very
low	electrical	percolation	threshold	(0.12	wt%)	in	the	nanocomposites	(Figure	7.12).

7.5.1.2	Ring-Opening	Polymerization
In	general,	the	so-called	“grafting-from”	method,	in	which	monomers	are	first	attached	to
the	nanotubes,	can	give	effective	activators	for	subsequent	in	situ	polymerization.	Qu	et	al.
functionalized	SWNT	with	PA6	via	covalent	attachment	of	ε-caprolactam	molecules	to	acyl
modified	nanotubes	followed	by	the	anionic	ring-opening	polymerization	of	these	bound	ε-
caprolactam	 species.73	 The	 synthesis	 scheme	 is	 shown	 in	 Figure	 7.13.	 Yang	 et	 al.	 also
employed	 the	 “grafting-from”	 strategy	 by	 initially	 attached	 acyl	 caprolactam	 to	MWNTs

followed	by	 in	situ	polymerization	 to	 form	PA6-functionalized	MWNTs.74	Very	recently,
Yan	and	Yang	prepared	MWNT/PA6	nanocomposites	by	reacting	MWNT–OH	with	toluene
2,	 4-diisocyanate	 (TDI)	 through	 esterification	 to	 produce	 TDI	 functionalized	 MWNT

(MWNT-NCO).75	The	resultant	nanotubes	were	used	as	in	situ	activators	for	anionic	ring-
opening	polymerization	of	ε-caprolactam	to	produce	MWNT/PA6	nanocomposites.	Figure
7.14	 shows	 the	 Fourier	 transform	 infrared	 (FTIR)	 spectra	 of	MWNT–OH,	MWNT–NCO,

and	MWNT–PA6	samples.	For	MWNT–OH,	the	peak	near	3400	cm−1	is	associated	with	the
O–H	 stretching	 of	 the	 hydroxyl	 groups	 of	 MWNT–OH.	 This	 peak	 disappears	 in	 the

spectrum	of	MWNT–NCO.	However,	a	small	peak	occurs	at	2283	cm−1,	corresponding	 to

asymmetric	stretching	of	 isocyanate	groups.	The	peaks	at	2900	and	2825	cm−1	are	due	 to

the	C–H	 stretching	 of	methyl	 groups	 of	TDI.	The	 peak	 1245	 cm−1	 is	 related	 to	 the	C–N
stretching	of	carbamate	groups,	resulting	from	the	esterification	of	hydroxyl	and	isocyanate

groups.	For	the	MWNT–	PA6	material,	the	absence	of	2283	cm−1	peak	clearly	implies	that
the	 isocyanate	 groups	 are	 consumed	 during	 the	 ROP	 process.	 Moreover,	 characteristic
bands	for	PA6	can	be	readily	observed	including	the	peaks	at	3297	(N–H	stretching),	3060

and	1637	(amide	I	band),	as	well	as	1540	cm−1	(amide	II	band).



FIGURE	7.10 	Schematic	representation	of	the	composite	fabrication	process.	(Shrivastava,	N.	K.	et	al.:	A	facile	route
to	develop	electrical	conductivity	with	minimum	possible	multiwall	carbon	nanotube	(MWCNT)	loading	in	poly(methyl
methacrylate)/MWCNT	 nanocomposites.	 Polymer	 International.	 2012.	 61.	 1683–92.	 Copyright	 Wiley-VCH	 Verlag
GmbH	&	Co.	KGaA.	Reproduced	with	permission.)



FIGURE	7.11 	(a)	SEM	micrograph	of	0.2	wt%	MWNT/PMMA	composite	containing	25	wt%	PMMA	beads.	(b)	TEM
micrograph	of	0.2	wt%	MWNT/PMMA	composite	containing	70	wt%	PMMA	beads.	(Shrivastava,	N.	K.	et	al.:	A	facile
route	 to	 develop	 electrical	 conductivity	 with	 minimum	 possible	 multi-wall	 carbon	 nanotube	 (MWCNT)	 loading	 in
poly(methyl	 methacrylate)/MWCNT	 nanocomposites.	 Polymer	 International.	 2012.	 61.	 1683–92.	 Copyright	 Wiley-
VCH	Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.)

FIGURE	 7.12 	 DC	 electrical	 conductivity	 versus	 MWNT	 content	 of	 in	 situ	 polymerized	 MWNT/PMMA
nanocomposites.	pc	denotes	percolation	threshold	and	t	is	the	exponential	exponent.	(Shrivastava,	N.	K.	et	al.:	A	facile

route	 to	 develop	 electrical	 conductivity	 with	 minimum	 possible	 multi-wall	 carbon	 nanotube	 (MWCNT)	 loading	 in
poly(methyl	 methacrylate)/MWCNT	 nanocomposites.	 Polymer	 International.	 2012.	 61.	 1683–92.	 Copyright	 Wiley-
VCH	Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.)



FIGURE	7.13 	Synthesis	of	PA6-functionalized	SWNT.	(Reprinted	with	permission	from	Qu,	L.	et	al.	Soluble	nylon-
functionalized	 carbon	 nanotubes	 from	 anionic	 ring-opening	 polymerization	 from	 nanotube	 surface.	Macromolecules
38,	10328–31.	Copyright	2005	American	Chemical	Society.)



FIGURE	7.14 	Fourier	transform	infrared	spectra	of	MWNTs–OH,	MWNTs–NCO,	and	MWNTs–PA6.	(Yan,	D.	and	G.
Yang:	Synthesis	and	properties	of	homogeneously	dispersed	polyamide	6/MWNTs	nanocomposites	via	simultaneous	in
situ	anionic	ring-opening	polymerization	and	compatibilization.	Journal	of	Applied	Polymer	Science.	2009.	12.	3620–
26.	Copyright	Wiley-VCH	Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.)

7.5.1.3	Miniemulsion	Polymerization
Miniemulsion	polymerization	 is	a	useful	 tool	 to	synthesize	 latex	nanoparticles	containing
fillers.	In	the	process,	the	oil	phase	(monomer)	and	filler	is	dispersed	in	an	aqueous	phase
in	 the	 presence	 of	 a	 surfactant/hydrophobe	 to	 stabilize	 the	 emulsion	 under	 sonication.
Surfactant	 molecule	 prevents	 the	 droplets	 from	 coalescing	 while	 hydrophobe	 prevents
Ostwald	ripening.	Coalescence	arises	from	the	collision	of	droplets	and	Ostwald	ripening	is
due	 to	 degradation	 of	 the	 droplets	 through	 diffusion.	 Droplet	 nucleation	 occurs	 when
radicals	 formed	 in	 the	 aqueous	 phase	 enter	 monomer	 droplets.	 The	 stabilized
monomer/filler	 droplets	 with	 large	 interfacial	 areas	 are	 then	 polymerized	 to	 form
composite	 particles	 through	 an	 emulsion	 polymerization	 step.	 One	 monomer	 droplet
generates	 one	 polymer/composite	 particle	 accordingly.	 The	 oil-soluble	 or	 water-soluble
radical	 initiators	under	mild	 temperature	conditions	promote	 the	polymerization,	 forming



composite	nanoparticles	with	different	morphologies,	 that	 is,	polymer	encapsulated	 filler,
polymer	core	with	attached	inorganic	fillers,	or	a	mixture	of	both.

Barraza	 et	 al.	 fabricated	 SWNT/PS	 and	 SWNT/styrene–isoprene	 composites	 by

miniemulsion	 polymerization	 using	 CTAB	 surfactant	 and	 AIBN	 initiator.76	 Under	 these
conditions,	 the	 resulting	 composites	 appear	 homogeneous	 without	 any	 considerable
aggregation	of	nanotubes,	thereby	achieving	some	improvements	in	electrical	conductivity.
Xia	 et	 al.	 encapsulated	MWNTs	with	PMMA	and	polybutyl	 acrylate	 (PBA)	using	 in	 situ

emulsion	polymerization	under	 intense	ultrasonic	 irradiation.77,78	The	multiple	 effects	 of
ultrasound,	 that	 is,	 dispersion,	 pulverizing,	 activation,	 and	 initiation,	 can	 prevent	 the
agglomeration	and	entanglement	of	MWNTs	in	aqueous	solutions.	Furthermore,	ultrasonic
cavitation	 generates	 local	 high	 temperature	 and	 high	 pressure,	 producing	 a	 very	 rigorous
environment	for	chemical	reactions.	Under	these	conditions,	radicals	can	be	induced	due	to
the	 decomposition	 of	 water,	 monomer,	 and	 surfactant.	 As	 a	 result,	 polymerization	 of
monomer	n-butyl	acrylate	(BA)	or	MMA	on	the	nanotube	surface	proceeds	without	addition
of	 chemical	 initiator,	 producing	 polymer	 encapsulated	 nanotubes.	 The	 PBA-encapsulated
nanotubes	were	then	melt-blended	with	PA6	to	form	nanocomposites.	Figure	7.15	is	a	SEM
micrograph	showing	homogenously	dispersed	MWNTs	in	the	polymeric	matrix.

FIGURE	 7.15 	 SEM	 micrograph	 showing	 cryogenically	 fractured	 surface	 of	 1%	 PBA–encapsulated	 MWNT/PA6
nanocomposite.	 (Reprinted	 with	 permission	 from	 Xia,	 H.,	 Q.	 Wang,	 and	 G.	 Qiu.	 Polymer-encapsulated	 carbon
nanotubes	prepared	through	ultrasonically	initiated	in	situ	emulsion	polymerization.	Chemistry	of	Materials	15,	3879–
86.	Copyright	2003	American	Chemical	Society.)

7.5.2	GRAPHENE–POLYMER	NANOCOMPOSITES



7.5.2.1	Bulk	Polymerization
Several	researchers	have	utilized	free	radical	bulk	polymerization	to	prepare	rGO/PMMA,

GO/PS,	and	GO/PU	nanocomposites.79–83	Graphene	or	its	derivative	is	initially	added	to	the
monomer,	 followed	 by	 dispersing	 desired	 initiator	 to	 the	 suspension.	 Polymerization
reaction	is	initiated	by	either	heat	or	electromagnetic	radiation.	The	monomers	prevent	the
restacking	of	 the	graphene	sheets,	 thereby	producing	uniformly	dispersed	graphene	 in	 the
polymer	matrix.	In	certain	conditions,	a	solvent	is	needed,	but	solvent	removal	becomes	the

main	issue	after	polymerization.81	Recently,	Jang	et	al.	fabricated	GO/PMMA	composites

using	 AIBN	 and	 a	 special	 macroazoinitiator	 (MAI)	 with	 a	 PEO	 segment.82	 For	 the
composites	 prepared	 with	 AIBN	 only,	 an	 intercalated	 structure	 is	 produced	 after
polymerization.	 In	 contrast,	 an	 exfoliated	 structure	 is	 formed	 in	 the	 composites	 prepared
with	both	AIBN	and	MAI	due	to	the	MMA	monomers,	which	can	intercalate	easily	into	the
interlayer	 galleries.	 As	 a	 result,	 individual	 GO	 sheets	 are	 delaminated	 and	 randomly
dispersed	 in	 the	 polymer	 matrix	 during	 the	 polymerization.	 The	 uniform	 dispersion	 of
graphene	sheets	and	strong	interfacial	adhesion	between	the	polymer	matrix	and	graphene
lead	 to	 significant	 improvement	 in	both	physical	 and	mechanical	properties	of	 exfoliated
nanocomposites.

The	bulk	polymerization	approach	can	also	be	used	to	prepare	polymer	composites	with
hybrid	 nanofillers.	 As	 an	 example,	 Liu	 et	 al.	 prepared	 magnetic	 Fe3O4–GO/PS
nanocomposite	 by	 in	 situ	 radical	 bulk	 polymerization	 of	 styrene	 in	 the	 presence	 of	 the

Fe3O4	modified	graphene	oxide	(Fe3O4–GO)	and	oleic	acid	(OA)	as	the	surface	modifier.84

In	general,	GO	with	large	surface	area	provides	a	good	support	for	loading	magnetic	Fe3O4

nanoparticles.	 The	 Fe3O4–GO	 shows	 attractive	 use	 for	 bioimaging,	 magnetic	 energy
storage,	catalysis,	etc.

7.5.2.2	Ring-Opening	Polymerization
This	 approach	 is	 often	 adopted	 by	 the	 researchers	 to	 prepare	 graphene/PA6

nanocomposites.85–87	For	example,	Zhang	et	al.	prepared	PA6	grafted	GO	by	first	reacting
iGO	 with	 ε-caprolactam	 (CL)	 to	 form	 GO–NCL	 followed	 by	 anionic	 ring-opening
polymerization	 in	 the	 presence	 of	 caprolactam	 magnesium	 bromide	 (C1)	 initiator	 and
hexamethylene-1,6-dicarbamoylcaprolactam	(C20)	activator	(Figure	7.16).	The	PA6	grafted
graphene	 oxide	 (denoted	 as	 g–GO)	 was	 then	 examined	 with	 FTIR,	 nuclear	 magnetic
resonance,	 and	 x-ray	 photoelectron	 spectroscopic	 (XPS)	 techniques.	 Figure	 7.17	 shows
typical	FTIR	spectra	of	GO,	GO–NCL,	and	g–GO.	Apparently,	GO	exhibits	 characteristic

peaks	 at	 3310,	 1718,	 1604,	 and	 1062	 cm−1,	 resulting	 from	 the	 OH	 stretching,	 C˭O	 in
carboxylic	 acid	 and	 carbonyl	 moieties,	 C˭C	 in	 skeletal	 vibrations	 of	 GO,	 and	 C–O
stretching,	 respectively	 (Trace	 a).	 By	 reacting	 GO	 with	 CL	 coupling	 by	 4,4′-
methylenebis(phenyl	 isocyanate)	 to	yield	GO–NCL,	 the	peaks	at	2960	and	2845	cm−1	 are
due	to	the	methylene	(–CH2–)	stretching	vibration,	while	the	N–H	stretching	peaks	at	3217



and	 1611	 cm−1	 are	 attributed	 to	 the	 presence	 of	 amide	 (–CO–NH–)	 or	 carbamate	 esters

(Trace	b).	For	the	g–GO	(Trace	c),	the	peaks	at	1640	and	1583	cm−1	are	assigned	to	amide	I
and	amide	II,	resulting	from	the	C˭O	stretching	vibration,	the	N–H	bending	mode,	and	the
C–N	 stretching	 vibration	 of	 amide	 groups,	 respectively.	 Figure	 7.18	 shows	 the	 XPS	 C1s

spectra	of	GO	and	g–GO.	The	C1s	 spectrum	of	GO	can	be	 deconvoluted	 into	 three	 peaks
located	at	284.6	eV	(C–C/C–H),	286.6	eV	(C–O/C–OH),	and	288.2	eV	(C˭O/O˭C–OH).	For
the	 g–GO,	 two	 new	 peaks	 at	 285.4	 eV	 (C–N)	 and	 287.8	 eV	 (O˭C–NH)	 appear	 in	 the
deconvoluted	C1s	spectrum	in	addition	to	the	existing	three	peaks	mentioned	earlier.

FIGURE	7.16 	Schematic	scheme	for	the	synthesis	of	PA6	grafted	GO	via	ring-opening	polymerization.	(Zhang,	X.	et
al.	 Facile	 preparation	 routes	 for	 graphene	 oxide	 reinforced	 polyamide	 6	 composites	 via	 anionic	 ring-opening
polymerization.	Journal	of	Materials	Chemistry	22,	2012:24081–91.	Reproduced	by	permission	of	The	Royal	Society



of	Chemistry.)

FIGURE	7.17 	FTIR	spectra	of	(a)	GO–GO,	(b)	GO–NCL	and	(c)	PA6	grafted	GO.	(Zhang,	X.	et	al.	Facile	preparation
routes	 for	 graphene	 oxide	 reinforced	 polyamide	 6	 composites	 via	 anionic	 ring-opening	 polymerization.	 Journal	 of
Materials	Chemistry	22,	2012:24081–91.	Reproduced	by	permission	of	The	Royal	Society	of	Chemistry.)

FIGURE	7.18 	 XPS	C1s	 spectra	 of	 (a)	GO	 and	 (b)	 PA6	 grafted	GO.	 (Zhang,	X.	 et	 al.	 Facile	 preparation	 routes	 for



graphene	 oxide	 reinforced	 polyamide	 6	 composites	 via	 anionic	 ring-opening	 polymerization.	 Journal	 of	 Materials
Chemistry	22,	2012:24081–91.	Reproduced	by	permission	of	The	Royal	Society	of	Chemistry.)

7.5.2.3	Miniemulsion	Polymerization
This	synthesis	route	can	be	used	to	prepare	graphene/PMMA,	graphene/PS,	and	graphene/

poly(styrene-co-butyl	 acrylate)	 (poly(St-co-BA)	 nanocomposite	 latices.88–93	 Etmimi	 and
Mallon	 synthesized	 poly(St-co-BA)	 nanocomposite	 latices	 containing	 GO	 very

recently.91–91	They	dispersed	an	aqueous	solution	of	GO	in	a	monomer	phase	(styrene	and
BA),	 followed	by	 emulsification	 in	 the	 presence	of	 a	 surfactant	 (SDS)	 and	 a	 hydrophobe
(hexadecane)	into	miniemulsions	(Figure	7.19).	XRD	patterns	revealed	the	formation	of	an
exfoliated	structure	in	latex	particles	containing	2	and	4	wt%	GO.	At	6	wt%	GO	content,	an
intercalated	structure	was	produced.	In	another	study,	GO	was	first	modified	with	a	reactive
surfactant,	 2-acrylamido-2-methyl-1-propanesulfonic	 acid	 (AMPS)	 for	 widening	 the	 gap
between	 the	 graphene	 interlayers,	 thus	 promoting	 monomer	 intercalation	 into	 the	 GO

galleries.93	At	1	wt%	AMPS-modified	GO,	TEM	micrograph	reveals	that	the	modified	GO
nanosheets	were	 encapsulated	 in	 the	 copolymer	 particles	 (Figure	7.20a).	Moreover,	 TEM
micrograph	of	microtomed	latex	film	shows	that	the	AMPS-modified	GO	sheets	are	mostly
exfoliated	in	the	polymer	matrix	(Figure	7.20b).	In	this	case,	the	GO	sheets	are	smaller	in
size	 due	 to	 exfoliation,	 thus	 they	 can	 readily	 enter	 the	 polymer	 latex	 particles	 to	 form
polymer	 shell–filler	 core	 structure.	Without	 AMPS	 modification,	 many	 GO	 sheets	 exist
outside	 the	 polymer	 particles,	 that	 is,	 GO	 sheets	 are	 not	 encapsulated	 by	 the	 copolymer
shell	(Figure	7.21a).	Unmodified	GO	contains	many	stacked	graphene	with	small	interlayer
spacing.	 Such	 stacked	 nanosheets	 are	 relatively	 large	 compared	 to	 the	 polymer	 particles,
thus	stacked	sheets	are	unable	to	enter	the	polymer	particles.	The	TEM	micrograph	of	the
microtomed	latex	film	shows	that	the	GO	sheets	exhibit	a	typical	intercalated	morphology
(Figure	 7.21b).	 In	 a	 very	 recent	 study,	 Park	 et	 al.	 also	 modified	 rGO	 with	 AMPS	 to
facilitate	 intercalation	 of	 monomers	 (ST	 and	 BA)	 into	 the	 rGO	 nanogalleries	 to	 form

poly(St-co-BA)/rGO	composite	latex	nanoparticles.88



FIGURE	7.19 	 Synthesis	 of	 polymer	 nanocomposite	 latices	with	GO	using	miniemulsion	 polymerization.	 (Reprinted
from	 Polymer,	 54,	 Etmimi,	 H.	 M.,	 and	 P.	 E.	 Mallon,	 In	 situ	 exfoliation	 of	 graphite	 oxide	 nanosheets	 in	 polymer
nanocomposites	using	miniemulsion	polymerization,	6078–88,	Copyright	2013,	with	permission	from	Elsevier.)



FIGURE	7.20 	TEM	micrographs	of	poly(St-BA)/GO	nanocomposite	synthesized	from	1	wt%	AMPS-modified	GO:	(a)
latex	particles	and	(b)	a	microtomed	film	cast	from	the	same	latex.	(Reprinted	with	permission	from	Etmimi,	H.	M.	and
P.	 E.	 Mallon.	 New	 approach	 to	 the	 synthesis	 of	 exfoliated	 polymer/graphite	 nanocomposites	 by	 miniemulsion
polymerization	 using	 functionalized	 graphene.	Macromolecules	 44,	 8504–15.	 Copyright	 2011	 American	 Chemical
Society.)

As	 recognized,	 an	 emulsion	 stabilized	 by	 solid	 particles	 rather	 than	 surfactant
molecules	 is	 termed	 the	“Pickering	emulsion.”	Solid	particles	with	special	characteristics

can	 self-assemble	 at	 immiscible	 liquid–liquid	 interface	 to	 lower	 its	 interfacial	 tension.94

Particulate	 emulsifiers	 offer	 some	 advantages	 over	 conventional	 emulsifying	 agents
including	the	ease	of	fabrication,	low	cost,	and	less	pollution.	It	is	noteworthy	that	GO	can
be	 employed	as	 a	 stabilizer	 of	Pickering	 emulsion	due	 to	 its	 amphiphilic	 nature	with	 the

unique	 combination	 of	 hydrophilic	 edges	 and	 hydrophobic	 carbon	 basal	 plane.95	 This
implies	 that	 GO	 sheets	 can	 be	 assembled	 and	 preferentially	 adsorbed	 at	 the	 oil–water
interface,	 occupying	 a	 substantial	 interfacial	 region	 to	 prevent	 droplet	 coalescence.
Therefore,	the	use	of	GO	for	forming	composite	latex	nanoparticles	is	an	environmentally
friendly	process	because	it	is	an	aqueous-based	and	soap-free	emulsifying	agent.	In	general,
several	 factors	 affect	 the	 properties	 of	 Pickering	 emulsion	 including	 particle	 size,

wettability,	 initial	 location,	 and	 interparticle	 interactions.96	 From	 the	 zeta	 potential
measurements,	GO	is	highly	negatively	charged	when	dispersed	in	water,	resulting	from	the
ionization	of	carboxylic	groups	and	hydroxyl	groups.	Stable	GO	colloids	are	resulted	from

the	 electrostatic	 repulsion	 among	 adjacent	 GO.97	 Furthermore,	 the	 presence	 of	 salt	 is
critical	for	the	stability	of	emulsions.	Yoon	et	al.	reported	that	the	addition	of	NaCl	to	GO
dispersions	decreases	the	zeta	potential	and	interfacial	tension,	leading	to	the	adsorption	of

GO	to	the	oil/water	interface.98



FIGURE	 7.21 	 TEM	 micrographs	 of	 poly(St-BA)/GO	 nanocomposite	 synthesized	 from	 1	 wt%	 GO	 relative	 to
monomer:	 (a)	 latex	 particles	 and	 (b)	 a	 microtomed	 film	 cast	 from	 the	 same	 latex.	 (Reprinted	 with	 permission	 from
Etmimi,	 H.	M.	 and	 P.	 E.	Mallon.	 New	 approach	 to	 the	 synthesis	 of	 exfoliated	 polymer/graphite	 nanocomposites	 by
miniemulsion	polymerization	using	functionalized	graphene.	Macromolecules	44,	8504–15.	Copyright	2011	American
Chemical	Society.)

FIGURE	7.22 	TEM	micrographs	and	 the	corresponding	volume-based	particle	 size	distribution	of	polymer	particles
synthesized	at	(a)	19,	(b)	47,	and	(c)	90%	conversion	in	AIBN	initiated	miniemulsion	polymerization	of	styrene	at	70°C
using	 GO	 as	 a	 sole	 surfactant	 at	 7.5	 wt%	 solids	 content.	 All	 scale	 bars:	 2	 μm.	 (Man,	 S.	 H.,	 S.	 C.	 Thickett,	 P.	 B.
Zetterlund	 et	 al.:	 Synthesis	 of	 polystyrene	 nanoparticles	 armoured	 with	 nanodimensional	 graphene	 oxide	 sheets	 by



miniemulsion	 polymerization.	 Journal	 of	 Polymer	 Science	 Part	 A:	 Polymer	 Chemistry.	 2013.	 51.	 47–58.	 Copyright
Wiley-VCH	Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.)

To	the	present,	little	information	is	available	in	the	literature	relating	the	synthesis	and

properties	 of	 GO/polymer	 composites	 with	 GO	 as	 a	 sole	 surfactant.99–104	 Song	 et	 al.
synthesized	GO/PS	colloidal	particles	using	GO	as	a	stabilizer	in	which	stabilized	emulsion

droplets	 act	 as	 nanoreactors	 for	 polymerization.102	 Man	 et	 al.	 produced	 GO/PS
nanoparticles	via	Pickering	emulsion	polymerization	at	extremely	 low	GO	 loadings	 (<0.1

wt%	 relative	 to	 styrene).103	 At	 larger	 GO	 loadings,	 a	 highly	 aggregated,	 fibrous
morphology	was	formed.	They	then	conducted	in-depth	studies	on	the	synthesis	of	GO/PS

colloidal	 particles.104–106	 Polymerization	 proceeded	 to	 high	 conversion	 with	 minor
coagulation,	with	an	average	particle	diameter	of	~500	nm,	but	relatively	broad	particle	size

distributions	 (Figure	 7.22).104	 In	 another	 research,	 they	 investigated	 the	 effect	 of	 pH

suspension	and	ionic	strength	on	the	formation	of	stable	GO/PS	colloidal	particles.106	The
presence	of	controlled	NaCl	concentrations	 led	 to	enhanced	colloidal	stability	and	narrow
particle	size	distribution.

7.6	CONCLUSIONS

The	preparation	of	nanocomposites	of	different	polymer	matrices	having	one-dimensional
CNTs	 and	 two-dimensional	 graphene	 sheets	 was	 briefly	 reviewed.	 The	 preparation
techniques	 include	 solution	 mixing,	 melt	 compounding	 and	 in	 situ	 polymerization.	 The
main	difficulty	of	using	CNTs	for	preparing	nanocomposites	is	their	poor	dispersibility	in
the	 polymer	 matrix	 due	 to	 their	 high	 tendency	 for	 agglomeration.	 This	 results	 in	 poor
mechanical	and	physical	properties	of	the	resulting	composites.	The	dispersion	of	CNTs	can
be	 enhanced	 greatly	 by	 means	 of	 covalent	 and	 noncovalent	 functionalization.	 Graphene
derivatives	exhibit	typical	flat	sheet	morphology,	thus	entangled	bundles	are	not	a	critical
issue.	 However,	 restacking	 of	 graphene	 sheets	 often	 occurs	 especially	 after	 chemical
reduction	 treatment	 and	 it	 can	 be	 prevented	 by	 functionalization	 with	 selected	 organic
moieties.	 Functionalization	 of	 carbon	 nanofillers	 also	 enhances	 their	 interaction	with	 the
polymer	matrix,	 facilitating	 the	 stress-transfer	 effect	during	 tensile	 testing.	This	 factor	 is
crucial	 for	 making	 polymer	 nanocomposites	 for	 structural	 engineering	 applications.
Graphene	 and	 its	 derivatives	 are	 more	 attractive	 fillers	 than	 CNTs	 due	 to	 their	 facile
synthesis,	 low	 production	 cost,	 and	 the	 absence	 of	 purification	 for	 removing	 catalyst
nanoparticles.

Generally,	solution-mixing	and	 in	situ	polymerization	routes	offer	better	dispersion	of
carbon	nanofillers	in	the	polymer	matrix	than	the	melt-blending	process.	For	graphene	and
its	 derivatives,	 either	 polymer	 chains	 or	 monomers	 can	 intercalate	 into	 the	 interlayer
galleries	 during	 wet	 processing	 and	 melt-mixing	 routes,	 forming	 intercalative
nanocomposites.	 However,	 solution	 mixing	 process	 requires	 the	 use	 of	 solvents	 that	 are
costly	and	environmental	unfriendly.	In	situ	polymerization	involves	the	use	of	monomer,



initiator,	 surfactant,	 and	 solvent	 (in	 certain	 cases).	 Miniemulsion	 polymerization	 is
effective	for	synthesizing	composite	particles	with	controlled	morphologies.	In	particular,
Pickering	 emulsion	 polymerization	 using	 GO	 in	 aqueous	 medium	 is	 a	 green	 synthesis
process	 because	 it	 excludes	 the	 use	 of	 organic	 surfactants.	 Finally,	 melt	 blending	 offers
advantages	 of	 manufacturing	 polymer	 nanocomposites	 in	 large	 quantities	 employing
commercially	available	facilities	such	as	extruders	and	injection	molders.
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8.1	INTRODUCTION

Thermal	 behavior	 of	 polymers	 and	 polymer	 composites	 and	 nanocomposites	 (PNCs)	 is
crucial	 in	many	 demanding	 practical	 applications.	 In	 order	 to	 develop	 durable	 industrial
products,	it	is	necessary	to	study	the	thermal	stability	of	these	nanocomposites.

8.2	HEAT	RESISTANCE	AND	THERMAL	STABILITY	OF	POLYMERS

Two	 fundamental	 features	determine	 thermal	 characteristics	of	polymers:	heat	 resistance
and	 thermal	 stability.	 The	 heat	 resistance	 defines	 the	 ability	 of	 the	 polymer	 to	 undergo
softening	 with	 increasing	 temperature,	 while	 the	 thermal	 stability	 means	 an	 unchanged
chemical	structure	at	high	temperatures.

The	heat	resistance	is	expressed	by	the	temperature	value,	in	which	under	conditions	of
defined	constant	load	a	deformation	of	a	sample	does	not	exceed	a	certain	fixed	boundary.
There	 are	 many	 normalized	 methods	 of	 the	 determination	 of	 the	 heat	 resistance.	 These
methods	 differ	 in	 shape	 and	 dimensions	 of	 the	 samples,	 a	 kind	 of	 deformation,	 a	 rate	 of
temperature	 increase,	 etc.	Most	popular	of	 them	are	 the	Vicat	and	Martens	methods.	The
simple	Vicat	method,	based	on	determination	of	a	softening	point	Tm,	 is	applied	only	for
thermoplastic	polymers—it	is	measured	at	the	temperature	at	which	a	needle	with	a	cross-

sectional	area	of	1	mm2	dips	 into	 the	appropriate	burden	of	material	 to	a	depth	of	1	mm.
The	speed	of	temperature	rise	of	the	measurement	device	is	50°C/h,	and	the	thickness	of	the

sample	 is	 at	 least	 3	 mm.1	 The	 Martens	 point	 test	 (according	 to	 DIN	 53458)	 is	 used	 to
measure	 the	 heat	 resistance	 at	 which	 a	 bar,	 attached	 to	 the	 specimen,	 under	 constant
bending	moment,	deflects	a	specified	amount	of	flexure	(6	mm).	This	method	is	applied	for
studies	 of	 thermo-	 and	 chemocurable	 polymeric	materials,	 and	 even	 some	 thermoplastic

materials	of	a	higher	modulus.2

Finally,	the	thermal	stability	of	polymers	can	be	detected	by	a	number	of	other	methods,
such	 as	DSC,	TGA,	DTA,	DMA,	TMA,	 etc.	 This	will	 be	 discussed	 in	more	 detail	 in	 the
coming	sections.

8.2.1	FACTORS	AFFECTING	THERMAL	PROPERTIES	OF	POLYMERIC	MATERIALS

The	 thermal	 stability	 of	 polymers	 and	 polymeric	 materials	 (plastics,	 composites,	 and



nanocom-posites)	depends	on	many	factors.	First	of	all,	it	depends	on	a	chemical	structure
of	 polymer	 chains	 and	properties	 and	 a	 content	 of	 additives	 used	 for	 their	 fabrication.	A
presence	 of	 aromatic	 and	 polyaromatic	 rings,	 imide	 or	 benzoxazine	 groups	 strongly

improves	 melting	 temperature,	 glass	 temperature,	 and	 thermal	 properties	 of	 polymers.3

Polymers	having	inorganic	structure	of	their	chains,	and	especially	siloxane	(≡Si–O–Si≡),4
silsesquioxane	(RSiO1.5),	 silazane	 (≡Si–N˭),	phosphazene	 (≡P	=	N−),	or	borazine	 (˭B–N˭)
units,	and	many	other	so-called	“preceramic	polymers”	exhibit	high	thermal	stability.4,5	An
application	 of	 inorganic	 fillers	 and	 other	 additives	 as	 ingredients	 of	 plastic	 and	 polymer
composites	affects	substantial	improvement	of	their	thermal	properties.

8.2.2	DETERMINATION	OF	THE	THERMAL	BEHAVIOR	AND	THERMAL	STABILITY	OF	POLYMER

COMPOSITES

Very	useful	tools	of	investigation	of	properties	of	polymers	and	PNCs	are	thermal	analysis
methods	(TA).	They	enable	to	gain	further	insight	into	their	structure,	especially	in	the	case
of	 montmorillonite	 nanocomposites.	 Differential	 scanning	 calorimetry	 (DSC),
thermogravimetric	 analysis	 (TGA),	 the	 integral	 procedural	 decomposition	 temperature
(IPDT),	 dynamic	mechanical	 thermal	 analysis	 (DMTA),	 and	 thermal	mechanical	 analysis
(TMA)	are	very	useful	techniques	for	the	characterization	of	nanocomposite	materials.

During	heating	of	 polymers	 occur	 destruction	 and	 crosslinking	processes,	which	have
decisive	 influence	 on	 their	 thermostability—it	 can	 be	 studied	 by	 the	 TGA	 and	 DSC.
Quantitative	characteristics	of	the	thermostability	of	polymers	and	polymeric	materials	can
be	determined	by	the	TGA	method	and	are	given	by	the	different	temperatures	as	thermal
stability	factors:

To—at	which	weight	loss	begins	[initial	decomposing	temperature	(IDT)	or	Tonset]
T5—at	which	weight	loss	equals	5	wt%
T10—at	which	weight	loss	equals	10	wt%
T50—at	which	weight	loss	reaches	50	wt%
Tmax—temperature	at	the	maximum	rate	of	heat	loss
Tpeak—the	temperature	of	maximum	weight	loss	rate
IPDT—integral	procedural	decomposition	temperature

and	the	char	yield	at	a	certain	temperature.

The	IPDT,	proposed	by	Doyle,6	can	be	calculated	from	equations	given	in	the	literature,
based	on	initial	and	final	 temperatures	of	 the	TGA	measurement	and	areas	from	the	TGA

thermogram,	as	coefficients.6–8

For	some	polymers	[poly(methyl	methacrylate)	(PMMA),	polyethylene,	polypropylene,
polystyrene]	loss	of	the	thermal	stability	is	observed	at	higher	temperature	than	a	decline	of
the	heat	resistance—in	such	cases	an	upper	limit	temperature	of	their	use	is	determined	as



the	heat	resistance,	but	not	as	the	thermostability.1

The	TGA	is	very	useful	for	the	determination	of	the	decomposition	behavior.	Impurities
may	significantly	decrease	thermal	stability	of	polymers,	which	could	result	as	extra	peaks
on	thermograms.	Melting	and	boiling	points	of	plasticizers	may	be	observed	as	well.	The
TGA	 results	 slightly	 increase	 with	 an	 increasing	 heating	 rate	 (most	 often	 it	 is

10°C/min).9,10

The	DSC	is	a	thermal	analytical	 technique	that	allows	measuring	the	difference	in	the
amount	 of	 heat	 necessary	 to	 increase	 the	 temperature	 of	 a	 sample	 and	 reference	 as	 a
function	of	temperature.	During	the	experiment	nearly	the	same	temperature	is	maintained
for	 the	 studied	 sample	 and	 reference.	 Generally,	 the	 linear	 temperature	 increase	 as	 a
function	of	time	is	applied.	The	reference	sample	should	have	a	well-defined	heat	capacity

over	the	range	of	temperatures.11

The	DSC	is	widely	used	for	examining	polymeric	materials	to	determine	their	thermal
transitions	 and	 measurements	 of	 characteristic	 properties	 of	 a	 sample:	 most	 often	 glass
transition	 temperatures	 (Tg)	 and	 a	 crystallization	 phenomena.	 Melting	 points	 and	 glass
transition	temperatures	for	most	polymers	are	available	from	standard	analytical	procedure.
For	 instance,	 polymer	 degradation	 can	 be	 observed	 as	 the	 result	 of	 the	 lowering	 of	 the
expected	melting	 point,	 Tm,	 which	 depends	 on	 the	molecular	weight	 of	 the	 polymer	 and
thermal	history.	The	content	of	a	crystalline	 fraction	of	polymer	can	be	determined	 from

the	crystallization-melting	peaks	of	the	DSC	graph.10–13

The	DSC	method	can	also	be	used	to	study	oxidation,	other	chemical	reactions	and	the
thermal	degradation	of	polymers	using	a	program	oxidative	onset	temperature/time	(OOT).
The	 DSC	 apparatus	 allows	 also	 carrying	 out	 differential	 thermal	 analysis	 (DTA),	 which
measures	the	difference	in	temperature	between	the	sample	and	the	reference.

Dynamic	 mechanical	 thermal	 analysis	 (DMTA,	 dynamic	 mechanical	 analysis	 or
dynamic	 mechanical	 spectroscopy)	 is	 a	 technique	 used	 for	 characterization	 of	 the
viscoelastic	behavior	of	polymers	and	polymeric	materials.	A	sinusoidal	 stress	 is	 applied
and	 the	 strain	 in	 the	material	 is	measured,	 thus	 the	 complex	modulus	 is	determined.	The
temperature	 of	 the	 sample	 or	 the	 frequency	 of	 the	 stress	 is	 often	 changed,	 leading	 to
variations	 in	 the	 complex	 modulus.	 This	 method	 allows	 identifying	 transitions
corresponding	 to	other	molecular	motions	 and	 finding	 the	glass	 transition	 temperature	of
the	material.

For	many	 plastics	 can	 be	 determined	 a	 heat	 deflection	 temperature	 or	 heat	 distortion
temperature	 (HDT,	 HDTUL,	 or	 DTUL),	 at	 which	 the	 sample	 material	 is	 deformed	 by	 a
desired	 deflection	 under	 a	 specified	 load	 at	 a	 speed	 of	 temperature	 increase	 of	 2°C/min.

Loading	 of	 samples	 for	 testing	 polyolefins	 is	 4.6	 kg/cm2,	 and	 for	 the	 other	 materials	 is

equal	 to	18.5	kg/cm2.	This	property	of	polymeric	materials	 is	 applied	 in	 engineering	 and

manufacture	of	products	made	from	thermoplastic	polymers.14

In	the	case	of	plastics	used	as	insulating	materials,	 the	maximum	temperature	of	their
use	is	determined	as	so-called	an	insulation	class.	According	to	the	recommendations	of	the



International	 Electrotechnical	 Commission	 (IEC)	 and	 according	 to	 the	 PN-63/E-02050
(Insulating	 materials.	 Classification),	 electroinsulating	 plastic	 materials	 are	 divided	 into
classes	(A,	B,	C,	E,	F,	and	H)	depending	on	the	maximum	continuous	operation	temperature
of	electrical	and	electronic	machinery.	Usually	it	is	assumed	that	the	maximum	temperature
of	 the	 systematic	 use	 of	 the	 given	 class	 of	 materials	 does	 not	 exceed	 the	 permissible
temperature	for	continuous	operation	of	the	next	grade	materials.	For	example,	composites
based	on	silicone	resins	belong	to	the	insulating	class	H,	while	glass-phenolic	laminates	are
electrically	 insulating	 material	 of	 class	 B,	 with	 a	 maximum	 temperature	 of	 use	 in
continuous	 operation,	 of	 130°C	 and	 their	maximum	 operating	 temperature	 range	 is	 130–
155°C	of	casual	work.

8.3	APPLICATIONS	OF	DIFFERENT	POLYMERS	AND	FILLERS	IN	POLYMER
NANOCOMPOSITES

Polymer	 nanocomposites	 (PNCs)	 are	 formulated	 from	 polymer	matrices	 (thermoplastics,
thermosets,	 or	 elastomers)	 which	 are	 reinforced	 with	 different	 amounts	 of	 nanoparticles
(NPs)	 of	 inorganic	 fillers	 (preferably	 characterized	 by	 high	 aspect	 ratios),	 such	 as	 silica,
layered	 silicates,	 alumina,	 titania,	 iron	oxide	 (Fe2O3),	 carbon	 nanotubes,	 graphene,	metal
particles	 (e.g.,	 Ag	 and	Cu),	 and	 others.	 Unexpected	 synergistic	 effects	 caused	 by	 two	 or
more	ingredients	of	PNCs	were	often	observed.

8.3.1	FILLERS	USED	IN	POLYMER	NANOCOMPOSITES

Particles	of	NPs	usually	have	diameter	 less	 than	100	nm.15	Nanometer-sized	particles	are
prepared	 from	 different	 inorganic	 or	 organic	 components	 and	 improve	 properties	 of

composite	 materials.16	 For	 preparation	 of	 polymer–inorganic	 particle	 nanocomposites

(NCs)	different	nanofillers	are	used17

• Metal	oxides	(Al2O3,	CaO,	ZnO,	Fe2O3,	TiO2,	etc.)

• Nonmetal	oxides	(SiO2)

• Metal	and	nonmetal	oxides	(present	in	layered	silicates,	e.g.,	in	montmorillonite,
MMT)

• Metal	hydroxides	[Al(OH)3,	Ca(OH)2,	Mg(OH)2,	Zn(OH)2,	etc.]

• Metal	carbonates	[CaCO3,	MgCO3,	CaCO3	 	MgCO3,	BaCO3,	etc.]

• Metal	titanates	(e.g.,	BaTiO3)

• Metals	(Al,	Fe,	Zn,	Cu,	Ag,	Au,	etc.)

• Other	 compounds	 (e.g.,	 SiC,	 Si3N4,	 BN,	 AlN,	 TiN,	 carbon	 black,	 graphite,	 and
fullerenes)

• Carbon	nanotubes	(CNTs),	carbon	nanofibers,	graphene,	POSS	derivatives,	etc.



The	 selection	 of	 NPs	 depends	 on	 the	 expected	 thermal,	 mechanical,	 and	 electrical
properties	 of	 the	 NCs.	 For	 instance,	 silicon	 carbide	 (SiC)	 and	 diamond	 NPs	 are	 applied
because	of	their	high	hardness,	corrosion	resistance,	and	strength.

Carbon	 nanofibers	 (CNFs)	 exhibit	 physical	 properties	 between	 conventional	 carbon
fibers	(5–10	mm)	and	carbon	nanotubes	(1–10	nm).	CNFs	are	not	concentric	cylinders	and
their	length	is	in	a	range	from	about	100	μ	to	several	centimeters,	with	the	larger	diameter
than	CNTs	(of	the	order	of	100–200	nm)	and	an	average	aspect	ratio	greater	than	100.	They

have	a	large	surface	area	and	are	usually	functionalized	on	a	surface.18	Functionalization	of

CNTs	 improves	 their	dispersion	and	compatibility	 in	polymer	matrices.19	CNTs	are	most
often	combined	with	thermoplastic	polymers	such	as	amorphous	polymethyl	methacrylate

(PMMA)20–23	 or	 semicrystalline	 PP.24	 Thermal	 properties	 of	 thermosetting	 epoxy–

nanotube	composites	were	very	often	studied.25

8.3.2	POLYMER	MATRICES	APPLIED	IN	NANOCOMPOSITES

The	 TGA	 of	 numerous	 PNCs	 showed	 that	 many	 polymers,	 for	 instance	 PMMA,26

poly(dimethylsiloxane)	 (PDMS),27	 polyamide	 (PA),28,29	 and	 polypropylene	 systems,30

containing	different	nanofillers	exhibited	improved	thermal	properties.
Polyamide	 6-clay	 thermoplastic	 nanocomposites,	 containing	 only	 4.2	 wt%	 clay,

elaborated	 by	Toyota	 researchers	 in	 the	 early	 1990s,31–33	 showed	 significantly	 improved
mechanical	and	 thermal	properties.	The	 increase	of	heat	distortion	 temperature	 (HDT)	by

80°C	 compared	 to	 the	 pristine	 polymer	 was	 also	 observed.32,34	 These	 NCs	 found	 many

industrial	applications.35	 In	 recent	years,	various	polymer–organoclay	NCs	were	prepared

from	epoxides,	polyurethanes,	vinyl	ester,	etc.36–38	However,	 the	different	polymer–MMT
NCs:	with	polyolefins,	styrene	containing	polymers,	PMMA,	polyamides,	polyimides	(PI),
epoxy	 resins,	 polyesters,	 poly(vinyl	 chloride)	 (PVC),	 polyurethanes	 (PU),	 ethylene-
propylene-diene	 terpolymer	 (EPDM),	 poly(vinyl	 alcohol)	 (PVA),	 and	 polylactide	 (PLA)
undergo	 oxidation	 and	 pyrolysis	 processes	 during	 heating,	 with	 a	 formation	 of	 volatile
products—the	incorporation	of	layered	silicates	into	polymer	matrix	affects	an	increase	in

thermal	stability	of	polymeric	matrices.39–43

8.4	THERMAL	PROPERTIES	OF	POLYMER	NANOCOMPOSITES

8.4.1	THERMAL	PROPERTIES	OF	POLYMER–LAYERED	SILICATE	NANOCOMPOSITES

The	different	experimental	methods	were	used	for	preparation	of	polymer-layered	silicate

(PLS)	NCs	and	their	characterization.44

The	polymer	NCs	of	cyanate	ester,	epoxy,	phenolic,	polyamide	11,	etc.	were	very	useful
for	 high-temperature	 applications.	 These	 composites	 were	 applied	 as	 flame	 retardant
coating	 materials,	 high	 strength	 rocket	 insulation	 and	 ablative	 materials,	 etc.	 Ablative
coatings	 can	 protect	 aerospace	 launching	 systems	 against	 solid	 rocket	 exhaust	 plumes



(3600°C)	at	very	high	speed.	The	nanoclay	addition	also	enabled	the	reduced	flammability

of	coating	systems.45	The	NCs	prepared	from	polyamides,	epoxides,	polystyrene,	or	vinyl

ester	exhibited	reduced	flammability	in	comparison	with	neat	polymers.35	Transparent	NCs
with	 chemically	modified	 clay,	which	 are	 lightweight	 and	 durable,	were	 developed	 for	 a
variety	of	aerospace	applications,	where	some	extreme	features	are	required	at	temperature
range	 −196	 to	 125°C:	 higher	 toughness,	 dimensional	 stability	 (i.e.,	 resistance	 to

microcracking),	etc.46

8.4.1.1	Nanocomposites	of	Silicates	with	Polyolefins	and	Vinyl	Polymers
The	thermal	stability	of	polyethylene	(PE)	NCs	was	improved	with	1.5	and	5	wt%	content
of	organically	modified	montmorillonite	(OMMT)	and	it	was	higher	than	for	pure	PE.	An
amphiphilic	 compound,	 N-heptaquinolinum,	 containing	 both	 hydrophobic	 (alkyl	 and
aromatic)	and	hydrophilic	groups	was	used	as	the	surfactant.	The	most	significant	increase
T10	with	5%	filler	content	was	~36°C	in	comparison	with	the	neat	polymer	matrix.	It	was
unexpected	 that	 the	 increase	 in	 degradation	 temperature	 was	 not	 dependent	 on	 the

increasing	 amount	 of	 char.47	 The	 effects	 of	 treatment	with	 dicumyl	 peroxide	 (DCP)	 and
vinyltriethoxysilane	 (VTES)	 and	 nanoclay	 content	 were	 investigated	 for	 low-density
polyethylene	(LDPE)/clay	NCs.	LDPE	was	treated	with	0.1	phr	of	DCP	and	with	1	phr	or	3
phr	VTES,	 respectively	 (System	A),	 and	with	 0.2	 phr	 of	DCP	with	 the	 same	 amounts	 of
VTES	(System	B),	and	 then	mixed	with	different	contents	 (1,	3,	and	5	wt%)	of	modified
clay	(Cloisite	15A).	All	the	VTES-treated	LDPE/clay	NCs	showed	an	increase	in	interlayer
spacing,	which	indicated	that	the	polymer	chains	were	intercalated	between	the	clay	layers.
TEM	micrographs	of	System	B	showed	some	evidence	of	exfoliated	clay	layers,	indicating
a	mixed	morphology	of	 this	 system.	The	LDPE–clay	NCs	had	better	 thermostability	 than
LDPE.	 Crosslinking	 and	 addition	 of	 clay	 increased	 the	 thermal	 resistance	 of	 LDPE	 in

nitrogen.	In	oxygen,	this	improvement	was	much	more	evident.48

At	the	contents	of	5	and	8	wt%	the	HNTs	delayed	thermal	degradation	onset	and	sped	up
the	 thermal	 degradation	 of	 the	 polypropylene/halloysite	 nanotubes	 (PP/HNTs)	 NCs,
prepared	by	different	methods.	The	results	of	TGA	and	DSC	analyses	showed	that,	at	a	low
content,	 the	 direct	 stabilizing	 effect	 of	 HNTs	 on	 PP	 caused	 the	 significant	 increase	 of
thermostability	of	the	PP/HNTs	NCs.	The	PP	NCs	with	HNTs	were	obtained	by:	(a)	water-
assisted	 injection	molding	 (WAIM)	method	and	 (b)	by	compression	molding	 (CM).	Both
kinds	 of	 WAIM	 and	 CM	 PP/HNTs	 NCs	 showed	 increased	 T5	 and	 T10	 parameters.	 The
characteristic	weight	loss	temperatures	from	the	TGA	curves	are	summarized	in	Table	8.1.
WAIM	PP/HNTs	98/2	 nanocomposite	 showed	 the	 highest	T5	 and	T10	 (411°C	 and	 429°C,
respectively),	which	were	shifted	21°C	and	19°C	toward	higher	temperatures	in	comparison
to	neat	PP.	However,	 for	 the	PP/HNTs	98/2	NC,	prepared	by	CM	method,	 the	T5	and	T10

were	only	slightly	increased	(2°C	and	7°C,	respectively)	as	compared	to	pure	PP.	The	Tmaxs
of	 both	WAIM	and	CM	98/2	NCs	were	 slightly	 higher	 than	 that	 of	 neat	PP,	whereas	 the

Tmaxs	of	WAIM	95/5	and	92/8	NC	parts	were	lower	than	that	of	neat	PP.49



Table	8.1
TGA	Data	in	Nitrogen	of	WAIM	and	CM	Processed	PP/HNTs	NCs
Sample Temperature	at	5%

Weight	Loss	(°C)
Temperature	at	10%

Weight	Loss	(°C)
Temperature	at	Maximum

Weight	Loss	(°C)

Pure	PP 389 410 459
PP/HNT	98/2 411 429 462
PP/HNT	98/2-CM 391 417 463
PP/HNT	95/5 408 419 451
PP/HNT	92/8 410 422 453
Source: Reprinted	 from	 Polym.	 Degrad.	 Stab.,	 98,	 Wang,	 B.,	 Huang,	 H.-X.,	 Effects	 of	 halloysite	 nanotube

orientation	 on	 crystallization	 and	 thermal	 stability	 of	 polypropylene	 nanocomposites,	 1601–1608,
Copyright	2013,	with	permission	from	Elsevier.

The	HNTs	hindered	the	thermal	degradation	in	the	initial	stage,	but	at	the	contents	of	5
and	 8	 wt%,	 the	 HNTs	 sped	 up	 the	 degradation	 in	 the	 final	 step.	 A	 catalytic	 effect	 of

hydroxyl	Al–OH	groups	of	HNTs	on	PP	pyrolysis	is	known	from	the	literature.50	HNTs	may
also	slow	down	the	liberation	of	the	volatile	products	in	the	degradation	process,	due	to	the

barrier	 and	 entrapment	 effects	 of	 the	 HNTs.51–53	 PP	 thermally	 degraded	 into	 volatile
products	above	250°C,	in	nitrogen	atmosphere,	probably	as	a	result	of	the	random	thermal

scissions	of	C–C	chain	bonds.30	The	volatile	products	may	be	first	entrapped	into	the	HNTs,
which	could	effectively	delay	mass	transport	and	increase	thermostability.	The	effect	of	the
HNTs	on	the	thermal	degradation	of	PP	at	the	contents	of	5	and	8	wt%	in	the	final	step	was
explained:	 (1)	HNTs	underwent	 aggregation	 in	 the	PP	matrix	 at	 the	high	 contents,	which

could	 decrease	 the	 thermal	 stability	 of	 the	 NCs51,52	 and	 (2)	 the	 condensation	 of	 the

hydroxyl	Al–OH	groups	of	the	HNTs	occurred	in	the	main	volatilization	stage,54	which	had
a	catalytic	effect	on	the	PP	degradation.

NCs	 of	 cyclic	 olefin	 copolymer	 (COC)	 with	 various	 contents	 of	 organoclay	 layered
silicate	 NPs	 were	 prepared	 via	 melt	 blending.	 TGA	 results	 were	 strongly	 dependent	 on
heating	rate	(2,	5,	or	10°C/min).	The	incorporation	of	the	nanoclay	generally	increased	the
thermostability	 of	 the	COC	matrix,	 particularly	 at	 lower	 contents	 of	 the	 nanoclay,	which
faded	 as	 the	 nanoclay	 content	 was	 increased.	 The	 thermal	 stability	 enhancement	 was	 a
result	 of	 the	 nanoclay	 accumulation	 on	matrix	 phase	 surface,	 which	 acted	 as	 a	 physical
barrier	against	pyrolysis.	The	Tonset	was	 in	a	 range	of	369–374°C	for	2–10	wt%	nanoclay
content.	 Under	 thermooxidative	 conditions,	 the	 penetration	 of	 oxygen	 molecules	 was
hindered.	The	residual	char	was	lower	than	the	clay	content	in	some	cases,	probably	due	to

loss	of	the	organic	modifier	of	nanoclay	under	the	imposed	processing	conditions.55

The	 polymers	 used	 in	 NCs	 were	 often	 grafted	 using	 polymerization	 reactions,	 and
nanoclays	 were	 usually	 surface	 modified	 in	 order	 to	 improve	 compatibility	 of	 both
ingredients.	The	poly(vinyl	alcohol)	(PVA)	and	a	nanoclay	filler	based	on	natural	bentonite



(NBt)	 were	 both	 surface	 modified	 by	 (methacryloxy)methyl(trimethoxy)silane	 (MAOM-
TMOS)	 and	 3-glycidoxypropyl(trimethoxy)-silane	 (GOP-TMOS).	 A	 silylation	 of
nanobentonit	 (NBt)	 improved	 compatibility	 and	 enhanced	 ther-mostability,	 which
facilitated	 further	 processing.	Modification	 of	 PVA	 and	 NBt	 with	 these	 silanes	 led	 to	 a
substantial	 increase	 of	 thermal	 stability	 of	 both	 the	modified	 nanoclay	 and	 the	modified
PVA.	Thermostability	was	necessary	for	silane	modification	and	compatibility	between	the

NC	ingredients	during	processing	of	polymer–clay	NCs.56

The	 silylation	 of	 PVA	 with	 MAOM-TMOS	 gave	 more	 efficient	 modification	 of	 the
polymer	 (the	 Tonset	 =	 351°C)	 than	 the	 GOP-TMOS	 treatment	 (Tonset	 =	 341°C)	 or	 no
treatment	(pristine	PVA,	Tonset	=	301°C).	Only	Si–O–C	bridges	were	formed	between	silane
and	polymer	with	MAOM-TMOS	as	the	modifier.	In	the	case	of	GOP-TMOS,	less	stable	C–
O–C	bridges	(716	kJ/mol)	than	a	Si–O–C	bridge	(802	kJ/mol)	were	also	formed.	The	Tonset

of	pristine	NBt	(207°C)	was	 increased	 to	291°C	(for	NBt-MAOM-TMOS)	and	243°C	(for
NBt-GOP-TMOS).	The	MAOM-TMOS	can	only	be	attached	to	the	nanoclay	surface	by	Si–
O–Si	 linkages,	 whereas	 GOP-TMOS	 can	 also	 form	 Si–O–C	 bonds,	 and	 Si–O–Si	 linkage

(888	kJ/mol)	was	more	stable	than	the	Si–O–C	system.56

The	thermal	stability	of	nitrile	rubber	(NBR)–nanoclay	composites	(3:1,	by	weight)	was
improved	 on	 addition	 of	 nanoclay.	 The	 IDT	 of	 neat	 rubber	 started	 around	 401°C.	 An
addition	of	nanoclay	did	not	 change	 IDT.	However,	 the	Tmax	 and	 the	 char	 content	 of	 the
NCs	at	500°C	increased	with	increased	nanoclay	loading.	The	enhanced	thermostability	of
NBR–clay	NCs	could	result	from	the	restricted	thermal	motion	of	the	polymer	chains	in	the

silicate	 layers	 of	 the	 nanoclay.57	 Thermal	 decomposition	 of	 the	 poly(styrene-co-butyl
acrylate)-clay	NCs	was	 hindered	 in	 the	 presence	 of	 nanoclay,	which	was	 exfoliated	with
(dodecyl)trimethylammonium	bromide	(DDTMAB)	and	(vinylbenzyl)trimethylammonium
chloride	(VBTMAC)	surfactants.	A	small	increase	in	the	thermal	properties	of	all	the	NCs
compared	with	the	pure	copolymer	was	observed	(IDT	only	~200°C).	The	TGA	results	were

different	than	results	that	were	obtained	for	copolymerization	in	a	miniemulsion	system.58

Thermal	stability	of	NCs	prepared	from	copolymers	of	styrene	and	butyl	acrylate	increased
with	increasing	clay	loading	and	it	was	suggested	that	the	improved	thermostability	could

be	caused	by	clay	exfoliation	and	distribution	in	these	two	systems.59

8.4.1.2	Nanocomposites	of	Silicates	with	Epoxy	Resins

The	thermal	properties	of	the	layered	silicate	nanocomposites	were	studied	very	often,36,60

for	example,	of	epoxy–MMT	NCs,61	and	were	dependent	on	the	chemical	structure	of	the
polymers,	the	content	and	type	of	clays,	a	dispersion	degree	of	clay	layers,	and	a	nature	of
the	 purge	 gas.	 The	 formation	 of	 a	 char	 could	 hinder	 the	 out-diffusion	 of	 the	 volatile
decomposition	products	and	the	decrease	in	permeability,	leading	to	the	improved	thermal

stability	 of	 the	polymer–clay	NCs.38,42	 It	was	 often	 observed	 in	 exfoliated	NCs	 that	 at	 a
high	 temperature	 both	 intercalated	 and	 exfoliated	MMT	 layers	 inhibited	 the	 diffusion	 of
gasses	evolved	during	thermal	degradation	of	the	samples,	while	the	oxygen	diffusion	into



the	NC	was	inhibited.	The	so-called	“labyrinth	effect”	of	the	silicate	layers	in	the	polymer

matrix	 could	 be	 responsible	 for	 the	 slower	 evolution	 of	 the	 volatile	 products,62,63	 which
could	undergo	secondary	reactions.	The	motions	of	polymer	chains	strongly	interacted	with
the	 MMT	 layers,	 which	 reduced	 heat	 conduction.	 A	 chemical	 interaction	 between	 the
polymer	matrix	and	the	catalytically	active	clay	surface	was	probably	responsible	for	more

effective	char	formation	during	thermal	decomposition	of	polymer–clay	NCs.30,41,42,64	At
low	clay	 content	 (~1	wt%),	 exfoliation	dominated	but	 the	 amount	 of	 exfoliated	nanoclay

was	 not	 enough	 to	 enhance	 the	 thermal	 stability	 through	 residue	 formation.39	 In	 air
atmosphere,	clay	may	slow	down	oxygen	diffusion	and	promote	thermooxidative	reactions.
With	increasing	the	clay	content	(2–4	wt%)	much	more	exfoliated	clay	was	obtained,	and
char	was	formed	easier,	thus	the	thermal	resistance	of	the	NCs	was	improved.	However,	at	a
higher	 clay	 loading	 level	 (up	 to	 10	 wt%),	 further	 increase	 of	 thermostability	 was	 not
observed.	A	 strong	 insulation	 effect	 of	 clay	 layers,	mass	 transport	 barrier	 to	 the	 volatile
products	 of	 thermal	 decomposition,	 and	 the	 formation	 of	 char	 were	 responsible	 for	 the

improved	thermostability	and	flame	retardancy	(FR)	of	different	polymer–clay	NCs.65–68

The	heat	distortion	temperature	(HDT)	and	thermal	decomposition	for	epoxy	clay	NCs
with	5	wt%	clay	content	were	 increased	 from	124°C	 to	133°C	and	 from	348°C	 to	373°C,

respectively,	 as	 compared	 to	 pristine	 epoxy	 resin.69	 The	 thermostability	 of	 unmodified
epoxy	 resins	 (UME)	 and	 different	 clay	 modified	 epoxy	 resins	 (CME):	 bisphenol	 A
diglycidyl	ether	(BDGE),	bisphenol	A	propoxylate	diglycidyl	ether	 (BPDG),	bisphenol	A-
brominated	 diglycidyl	 ether	 (BBDG)	 and	 tetraglycidyl	 of	 (diaminodiphenyl)methane
(TGDDM)	were	studied	by	Lakshmi	et	al.	Hexadecyl(trimethyl)ammonium	(HDTMA)	and
hexadecyl(triphenyl)phosphonium	 (HDTPP)	 were	 used	 as	 clay	 modifiers.	 The	 initial
decomposition	temperature	(IDT)	of	the	CME	was	found	to	be	higher	than	any	of	the	UME

systems.	The	clays	modified	with	HDTTP	showed	high	IDT.70

Composites	 of	 epoxy	 resins	 reinforced	 with	 nanoclays	 and	 carbon	 fibers	 showed
improved	 mechanical	 and	 thermal	 expansion	 (CTE)	 characteristics,	 avoiding

microcracking,	and	they	were	used	for	cryogenic	storage	systems.71

Inorganic	 phases	 (SiO2,	Al2O3,	 and	MgO)	 present	 in	 clay	 particles,	 high	 temperature
resistant	groups	(phenyl	units	and/or	bromine	atoms)	present	in	the	chemical	structures	of
epoxides	 and	 the	 triphenylphosphine	 unit	 in	 the	 HDTPP–MMT	 clay	 increased	 thermal
stability	of	the	NCs.	A	significant	improvement	of	thermostability	and	fire	retardancy	(FR)
was	 found	 for	epoxide–clay	NCs	prepared	with	organo	clay	containing	5	wt%	of	 reactive

phosphorous	as	reflected	by	activation	energies	and	IPDT.63,72,73

The	thermal	degradation	behavior	of	the	epoxy	clay	NCs	proceeded	in	three	steps	in	air
and	 in	 two	 steps	 in	 nitrogen	 for	 the	 2	 and	 10	 wt%	 of	 clay	 loading	 to	 the	 epoxide.	 The
improved	 thermal	 stability	 was	 observed	 for	 2	 wt%	 clay	 content	 due	 to	 its	 exfoliated
structure,	 while	 lowest	 thermostability	 was	 observed	 for	 10	 wt%	 composites	 with	 an

intercalated	structure	in	NCs.74	The	incorporation	of	unmodified	MMT	into	the	epoxy	resin
did	not	affect	the	Tg	value,	while	the	addition	of	3	wt%	of	OMMT	increased	the	Tg	by	about



15°C	due	to	the	better	exfoliation	of	clay	in	the	epoxy	matrix.75

Epoxy	(DGEBA)	hybrid	nanocomposites	were	prepared	by	sol–gel	process	and	modified
in	 situ	 with	 (3-aminopropyl)trimethoxysilane	 (APTMS)	 or	 (3-
glycidoxypropyl)trimethoxysilane	 (GPTMS),	 (4,4′-methylenedianiline	 (DDM)	 and	 1,4-
bis(trimethoxysilylethyl)benzene	(BTB)).	The	Tgs	of	all	NCs	decreased	with	the	increasing
BTB	content,	while	good	thermostability	of	NCs	was	observed	even	at	lower	content	of	1,4-
bis(trimethoxysilylethyl)benzene	 (BTB)	 than	 10	 wt%—the	 T5	 increased	 from	 336°C	 to
371°C	and	char	yield	increased	from	27.4%	to	30.2%.	At	800°C	with	30	wt%	BTB	content
the	char	yield	of	NCs	reached	36.1–37.8%.	The	structure	of	 inorganic	network	 influenced
the	 T5	 of	 composite.	 The	 EP-APTMS-BTB	 sample	 with	 BTB	 content	 >20	 wt%	 showed
decreased	T5	to	350°C,	due	to	the	presence	of	T1	structure	in	inorganic	networks,	containing
some	methoxy	or	hydroxy	groups	which	degrade	easier.	The	T5	of	EP-GPTMS-BTB	system
was	in	the	temperature	range	of	377–386°C,	depending	on	crosslinking	density	of	polymer

networks.76

8.4.1.3	Nanocomposites	of	Silicates	with	PMMA,	Polyesters,	Polyurethanes,
and	Polyethersulfone

Nanocomposites	of	PMMA	with	OMMT	exhibited	homogeneous	distribution	of	 spherical
particles	 (~170	 nm	 in	 diameter)	 and	 showed	 higher	 thermal	 stabilities	 than	 the	 neat
polymer.	The	thermal	degradation	of	PMMA	occurred	in	three	steps	and	it	was	attributed	to
the	presence	of	head	to	head	linkages	and	unsaturated	chain	end,	while	the	major	step	was

assigned	 to	 random	scission.77,78	 Increased	degradation	 temperature	of	polymer–nanoclay
composites,	in	comparison	with	the	neat	polymers,	was	assigned	to	high	thermal	stability	of
nanoclay	 layers,	 interaction	 between	 clay	 platelets	 and	 polymer	 matrix,	 and	 hindrance
effect	 of	 nanoplatelets	 on	 the	 polymer	 chains	 movement	 and	 restriction	 of	 oxygen
permeation	by	the	silicate	sheets.	By	increasing	nanoclay	content,	degradation	temperature

and	a	char	yield	at	600°C	increased	to	77.7%.79

The	 thermal	 stability	 of	 poly(methyl	 methacrylate)-co-poly[3-tri(methoxy)silylpropyl
methacrylate]	polymer	containing	functional	 (trimethoxy)silyl	groups	(Figure	8.1)	 and	 its
nanocomposite	intercalated	with	Cloisite	15A™	were	studied.

The	 NCs	 were	 more	 stable	 than	 polymer,	 and	 this	 thermal	 improvement	 was
proportional	to	the	clay	content.	Pristine	polymer	decomposition	pathway	was	dependent	on
the	 atmosphere,	 and	 proceeded	 in	 two	 steps	 under	 air	 and	 in	 three	 steps	 under	N2.	 Char
formation	 was	 also	 dependent	 on	 atmosphere	 and	 occurred	 much	 easier	 under	 air.	 The
experimental	 results	 indicated	 that	 clay	 NPs	 played	 different	 functions	 in	 polymer
stabilization:	diffusion	barrier,	charring,	and	suppression	of	degradation	steps	by	chemical

reactions	between	polymer	and	clay.80



FIGURE	8.1 	 Chemical	 structure	 of	 PMMA-co-PTMSM.	 (Carvalho,	 H.W.P.	 et	 al.:	 Structure	 and	 thermal	 stability	 of
poly(methyl	 methacrylate)-co-poly(3-tri(methoxysilyl)propyl	 methacrylate)/montmorillonite	 nano-composites.	 Polym.
Eng.	Sci.	2013.	53.	1253–1261.	Copyright	Wiley-VCH	Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.)

The	 addition	 of	 the	 nanoclay	 inhibited	 transesterification	 reactions	 and	 reduced	 the
thermostability	 of	 poly(ethylene	 terephthalate)	 (PET)	 and	 poly(ethylene	 naphthalene	 2,6-
dicarboxylate)	 (PEN)	blends.	PET	degraded	much	faster	 than	PEN	in	oxygen	atmosphere,
while	 an	 opposite	 trend	 was	 observed	 in	 a	 nitrogen	 environment.	 The	 thermal
decomposition	behavior	of	PET–PEN	blends	was	almost	similar	in	oxygen	and	in	nitrogen.

Their	IDTs	were	close	to	400°C.	1H-NMR	results	proved	that	during	the	blending	process,
the	 transreactions	 occurred	 between	 the	 two	 polyesters	 which	 led	 to	 a	 formation	 of
crosslinks	between	their	chains—it	could	improve	the	thermal	stability	of	the	blends.	It	was
concluded	that	the	thermal	resistance	also	increased	by	increasing	PEN	content	in	the	blend
composition.

The	incorporation	of	MMT	into	the	blends	slightly	decreased	the	thermal	stability	of	the
NCs	(Figure	 8.2).	Nanoclay	 inhibited	 the	 transesterification	 reactions	 between	 polymeric
phases	 and	 decreased	 crosslinking	 reactions.	 The	 reduction	 of	 thermostability	 might	 be
caused	 as	 well	 by	 the	 degradation	 of	 organic	 components	 which	 were	 present	 in	 the

structure	of	MMT.81



FIGURE	8.2 	Effect	of	nanoclay	on	thermal	decomposition	behavior	of	PET/PEN	(75/25)	blend.	(With	kind	permission
from	Springer	Science+Business	Media:	J.	Polym.	Res.,	Investigation	of	thermal	behavior	and	decomposition	kinetic	of
PET/PEN	blends	and	their	clay	containing	nanocomposites,	18,	2011,	1765–1775,	Mohammadi,	S.R.	et	al.)

Thermal	and	mechanical	properties	of	NCs	of	 flexible	polyurethanes	(PU),	 filled	with
3–9	wt%	OMMT,	and	Fyrol	PNX	as	FR	additive,	were	dependent	on	the	nanoclay	content.
At	a	heating	rate	of	20°C/min	 the	Tonset	=	310–320°C	was	determined.	The	effects	of	 the
OMMT	and	MMT/Fyrol	PNX	on	the	thermal	stability	of	the	NCs	foams	were	expressed	by
the	values:	T2,	T5,	T10,	Tmax,	 and	 the	char	 residue.	The	modification	of	elastic	PU	foams
(PUF)	with	6–9	wt%	of	MMT/PNX	or	with	9	wt%	of	OMMT	caused	 the	decrease	 in	 the
thermal	stability	of	the	NCs	in	comparison	to	unmodified	flexible	PUF.	The	addition	of	3–6
wt%	OMMT	did	not	affect	the	temperature	of	2	wt%	loss.	The	PUF	with	greater	content	of
Fyrol	PNX	showed	lower	T2	in	the	case	of	both	PNX/MMT	and	OMMT	additives,	and	for

unmodified	PUF	as	well.82

Polyethersulfone	 (PES)/halloysite	 nanotube	 (HNTs)	 NCs	 were	 prepared	 by	 melt
compounding.	PES	with	hydroxyl	chain	ends,	PES(OH),	were	covalently	bonded	onto	 the
aluminosilicate	 surface.	 The	 T5	 and	 Tmax	 values	 and	 the	 char	 yield	 at	 800°C	 were
determined	 from	 TG	 and	 DTG	 curves,	 under	 nitrogen	 or	 in	 air	 atmospheres.	 The	 neat
polymer	was	highly	 stable	under	both	atmospheres	with	no	weight	 loss	up	 to	400°C.	The
IDT	of	PES(OH)	under	inert	environment	(475°C)	was	quite	similar	to	that	obtained	in	air
(483°C).	The	T5	ranged	from	502	to	518°C	for	PES(OH)–HNTs	NCs	with	6–16	wt%	content
of	the	filler.	Under	nitrogen,	neat	PES(OH)	decomposed	mainly	through	a	one-step	reaction
with	the	formation	of	a	highly	stable	residue	(36	wt%).	Under	air	 the	polymer	followed	a



two-step	 degradation	 process,	 which	 took	 place	 at	 600–670°C	 and	 led	 to	 complete	mass
loss.	 This	 latter	 corresponded	 to	 the	 thermooxidative	 degradation	 of	 the	 intermediate
carbonaceous	residue,	which	was	mainly	made	up	of	aromatic	carbon	atoms	and	was	stable
under	N2.	 The	 incorporation	 of	 halloysite	 shifted	 the	 start	 of	 PES(OH)	 decomposition	 to
higher	 temperatures,	both	 in	air	and	 in	nitrogen.	For	 instance,	 the	T5	of	 the	neat	polymer
increased	by	43	and	19°C	in	N2	and	air	atmospheres,	respectively,	with	only	6	wt%	HNTs.
At	 higher	 HNTs	 content	 (16	 wt%),	 there	 was	 no	 additional	 improvement	 in	 the	 first
decomposition	step	of	PES(OH),	while	 the	second	one	(i.e.,	char	degradation)	was	further
delayed.	 The	 improved	 thermal	 and	 thermooxidative	 stability	 of	 PES	 in	 the	 presence	 of
HNTs	was	mainly	attributed	to	the	labyrinth	effect	provided	by	individually	dispersed	NTs,
which	was	 reinforced	 during	 the	 decomposition	 process	 by	 the	 formation	 of	 a	 protective
charred	ceramic	 surface	 layer.	The	 stabilizing	effect	of	halloysite	was	even	more	evident
during	 the	degradation	of	 the	carbonaceous	 residue.	At	higher	HNTs	content,	 the	 thermal
stability	of	PES(OH)	was	almost	unchanged	during	the	initial	degradation	stage,	due	to	the
absence	 of	 additional	 contribution	 of	 aggregates	 to	 the	 formation	 of	 a	 tortuous	 diffusion
path,	which	slowed	down	the	weight	loss.	The	higher	thermal	resistance	of	the	intermediate
carbonaceous	residue	in	air	with	increasing	HNTs	fraction	was	assigned	to	the	formation	of
an	 aluminosilicate	 “skeleton	 frame”	 that	 supported	 the	 char	 structure	 and	 enabled	 the
formation	of	a	more	thermally	stable	ceramic	residue.	The	clay	aggregates	also	contributed
to	a	lesser	extent	to	this	thermal	stabilization	mechanism.83

8.4.1.4	Nanocomposites	of	Silicates	with	Poly(Lactic	Acid)
In	recent	years,	thermal	properties	of	poly(lactic	acid)	(PLA)	NCs	were	quite	often	studied.
PLA	nanocomposite	films,	containing	3–5	wt%	organoclay	(Cloisite	30B),	prepared	by	melt
intercalation	method,	were	 plasticized	with	 poly(ethylene	 glycol)	 (PEG).	The	 addition	 of
20%	PEG	to	the	neat	PLA	decreased	Tg	about	30°C.	In	the	presence	of	3	wt%	clay	in	the

neat	PLA,	an	increase	of	Tg	by	4°C	for	the	plasticized	PLA	was	observed.84

PLA-based	NCs	 films	 composed	of	 an	organoclay	 (Nanofil-2)	 (1,	 3,	 or	 5	wt%)	 and	5
wt%	 a	 poly	 (ε-caprolactone)	 (PCL)	 or	 without	 PCL,	 were	 exposed	 to	 UV	 radiation.	 The
incorporation	of	Nanofil-2	into	PLA	matrix	affected	photodegradation	of	studied	materials.
In	the	presence	of	modified	MMT,	the	rate	of	degradation	process	was	decreased.	The	TG
analysis	of	all	kinds	of	NCs	indicated	that	MMT	modified	with	quaternary	amine	delayed
the	photodegradation	process	of	PLA,	whereas	the	presence	of	5	wt%	PCL	accelerated	the

decomposition	of	studied	materials	during	UV	radiation.85

The	 PLA/OMMT	 NCs	 with	 10–30	 phr	 of	 isopropyl	 triaryl	 phosphate	 ester	 FR	 were
obtained	by	a	melt	 compounding	 technique.	The	TGA	results,	 carried	out	under	nitrogen,
showed	that	the	addition	of	FR	reduced	the	To	of	PLA/OMMT	and	only	slightly	increased
char	 yield	 of	 NCs.	 The	 To	 was	 higher	 for	 PLA–OMMT	 (274.6°C)	 than	 for	 neat	 PLA
(259.5°C),	 but	 it	 was	 decreased	 with	 increasing	 content	 of	 FR,	 from	 235°C	 to	 223°C,
gradually.	 The	 flexibility	 of	 the	 PLA/OMMT	NCs	 increased	 as	 a	 result	 of	 plasticization



effect,	caused	by	FR.	Flexible	PLA/OMMT/FR20	and	PLA/OMMT/FR30	NCs	showed	high

fire	resistance—a	V-0	rating	was	determined	during	the	UL-94	vertical	burning	test.86

NCs	 of	 biodegradable	 PLA	 with	 2	 wt%	 of	 halloysite	 nanotubes	 (PLA/HNTs)	 were
prepared	 by	 melt	 compounding	 followed	 by	 compression	 molding.	 Addition	 of	 N,N′-
ethylenebis(stearamide)	 (EBS)	 improved	 the	 dispersion	 of	 HNTs	 in	 the	 PLA	 NCs.	 The
decomposition	process	of	PLA/	HNTs	NCs	was	dependent	on	the	atmosphere	during	TGA
test	as	well	as	 the	amount	of	EBS.	The	thermal	properties	of	PLA/HNTs	and	PLA/HNT(2
wt%)/EBS	NCs	were	decreased	from	329°C	to	307°C,	with	increasing	EBS	content	from	5
wt%	to	20	wt%,	in	comparison	to	neat	PLA,	both	under	nitrogen	and	oxygen	atmosphere.	In
the	nitrogen	atmosphere,	a	single-stage	decomposition	was	observed,	while	 in	 the	oxygen

atmosphere	a	double-stage	decomposition	process	occurred.87

Solution	casting	methods	were	used	for	preparation	of	NCs	of	PLA	with	unmodified	and
organic	 modified	 sepiolite.	 The	 sepiolite	 nanofibers	 were	 well	 dispersed	 in	 PLA	matrix
showing	a	random	orientation	and	a	presence	of	crosslinked	moieties.	The	TGA	of	the	PLA
NCs	 films	 was	 carried	 out	 under	 nitrogen	 atmosphere.	 The	 thermostability	 of	 PLA	 was
improved.	The	addition	of	unmodified	sepiolite	to	the	NCs	(PLA/Sep)	(T5	≈	300°C)	caused
improvement	of	the	thermostability	of	PLA,	probably	due	to	a	strong	interfacial	interaction
of	silanol	groups	(Si–OH)	on	sepiolite	with	the	ester	groups	of	PLA.	Thus,	sepiolite	acted	as
a	“crosslinking	agent”	and	retarded	the	motion	of	the	polymer	chains.	The	thermal	stability
of	PLA	NC	with	sepiolite	modified	by	hexadecyl(trimethyl)	ammonium	bromide	(CTAB)
was	increased	slightly,	in	comparison	with	neat	PLA.	However,	it	was	decreased	compared
to	PLA/Sep	NC.	This	was	likely	caused	by	the	hydrophobic	part	of	CTAB,	which	weakened
the	 interaction	 of	 Si–OH	 groups	 of	 sepiolite	 with	 the	 ester	 groups	 of	 PLA.	 Thus,	 the
compatibility	 between	 sepiolite	 and	 PLA	 was	 decreased.	 The	 thermal	 stability	 of	 NC,
containing	 sepiolite	 modified	 with	 12-amino	 lauric	 acid	 (ALA),	 was	 even	 worse	 in
comparison	with	pure	PLA,	probably	due	 to	 the	 catalytic	 effect	 of	 the	organoclay	on	 the
decomposition	of	PLA.	The	char	 residue	of	PLA	filled	with	sepiolite	modified	with	ALA
was	less	than	the	unmodified	sepiolite	or	CTAB-Sep	system,	which	also	confirmed	that	the
ALA	modified	sepiolite	was	responsible	for	decrease	of	the	thermal	stability	of	PLA	NCs.
Thus,	 it	 was	 found	 that	 sepiolite	 is	 a	 very	 useful	 inorganic	 filler	 for	 preparation	 of

biodegradable	PLA	NCs	with	improved	thermal	properties.88

8.4.1.5	Nanocomposites	of	Silicates	with	Polyimides
Extremely	 high	 thermal	 resistance	 exhibit	 polyimides	 (PI)	 and	 their	 different
nanocomposites.	A	precursor	of	PI	was	synthesized	in	refluxing	methanol	medium	from	a
suspension	 of	 benzophenone	 tetracarboxylic	 acid	 dianhydride	 (BTDA),	 containing
organoclay	 particles	 (OMMT),	 and	 equimolar	 amounts	 of	 diaminodiphenyl	 ether	 (ODA).
After	 removal	 of	methanol,	 foaming	 and	 imidization	 processes	 of	 the	 PI	 precursor	were
performed	at	100–300°C,	within	3	h.	The	chemical	structure	of	PI	foam	is	shown	in	Figure
8.3.	XRD	and	TEM	results	showed	that	the	OMMT	NPs	were	homogeneously	dispersed	in
the	foamed	PI	NC	matrix.	Their	thermal	stability	was	dependent	on	OMMT	contents	(0–10



wt%).
The	TGA	results	proved	 that	 the	addition	of	organoclay	greatly	 improved	 the	 thermal

resistance	of	the	PI	NC	foams.	The	T5	of	PI-OMMT	NCs	increased	from	532°C	to	580°C,
when	OMMT	content	was	increased	from	2	wt%	to	10	wt%.	For	pure	PI	T5	=	509°C,	and	Tg

=	236°C,	while	Tg	of	NCs	ranged	from	258°C	to	282°C	with	increasing	OMMT	loading	(2–
10	wt%).	The	addition	of	OMMT	caused	strong	improvement	of	the	thermostability	of	PI
matrix	because	the	decomposition	temperatures	of	the	PI	NC	foams	were	higher	than	that	of
the	neat	PI	foam.	Thus,	OMMT	acted	as	a	thermal	barrier	for	the	heat	transfer	into	polymer
chains,	and	it	could	avoid	the	quick	heat	expansion	and	limit	further	degradation.	The	well-
dispersed	OMMT	in	the	NC	foams	probably	limited	the	motion	of	the	PI	chains	and	delayed

the	decomposition	by	decreasing	the	mass	transfer	of	the	volatile	products.89

FIGURE	8.3 	Chemical	structure	of	PI	foam.	(Qi	K.,	Zhang,	G:	Effect	of	organoclay	on	the	morphology,	mechanical,
and	 thermal	 properties	 of	 polyimide/organoclay	 nanocomposite	 foams.	 Polym.	 Compos.	 2014.	 35.	 2311–2317.
Copyright	Wiley-VCH	Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.)

8.4.2	THERMAL	RESISTANCE	OF	POLYMER–SILICA	NANOCOMPOSITES

Polymer	nanocomposites	containing	silica	can	be	prepared	by	different	methods	and	 they
usually	have	good	or	very	good	thermal	and	mechanical	properties.

8.4.2.1	Nanocomposites	of	Polyethylene	with	Silica
NCs	 of	 high-density	 polyethylene	 (HDPE)	 containing	 both	 hydrophilic	 and	 hydrophobic
fumed	 silica	 NPs	 of	 different	 surface	 areas	 were	 often	 studied.	 The	 homogeneous
distribution	of	functionalized	fumed	silica	NPs	at	low	silica	loading	remarkably	improved
thermal	 stability	 of	NCs	with	 respect	 to	 neat	HDPE.	 The	 advantageous	 effects	 of	 fumed
silica	NPs	on	the	thermal	degradation	resistance	of	 the	NCs	demonstrated	both	T2	and	T5

values,	while	Td	temperature	was	notably	improved	only	by	using	two	kinds	of	silica	NPs:
A380	and	Ar974,	which	caused	an	 increase	of	Td	of	about	70°C.	The	Td	 temperature	was
strongly	 dependent	 on	 the	 nanofiller	 dispersion	 within	 the	 matrix.	 A	 strong	 stabilizing
effect	 of	 silica	 NPs	 on	 the	 thermostability	 of	 HDPE	 under	 oxidizing	 conditions	 was
accompanied	by	a	single	degradation	step	at	 temperatures	higher	 than	370°C.	Presumably
silica	NPs	acted	as	thermal	insulator	and	limited	the	diffusion	of	oxygen	into	the	polymer
matrix	 and	 retarded	 the	 thermooxidative	 process.	 The	 silica	 NPs	 showed	 tendency	 to
agglomeration	 to	 the	 surface	of	 the	melted	polymer,	 and	 formed	a	barrier	 that	physically



protected	 the	 remaining	 polymer	 from	 heat	 and	 slowed	 down	 the	 volatilization	 of	 the
gaseous	combustion	products.	The	homogeneous	dispersion	of	functionalized	silica	reduced

the	mean	distance	between	the	aggregates	and	inhibited	oxygen	diffusion.90

8.4.2.2	Nanocomposites	of	Polystyrene	with	Silica
Polystyrene	(PS)/mesoporous	silica	(SBA-15)	NCs	with	different	loading	of	SBA-15	(2.5–
10	wt%)	were	prepared	by	in	situ	emulsion	polymerization.	SBA-15	was	well	dispersed	in
PS	matrix	at	a	content	of	5	wt%.	PS/SBA-15	composite	showed	a	slightly	higher	Tg	(5–7°C)
than	 neat	 PS.	 The	 thermal	 stability	 of	 the	 PS/SBA-15	 NCs	 was	 improved	 with	 the
incorporation	of	SBA-15	into	 the	polymer	matrix.	The	Tonset	 (~350°C),	Tmax,	and	 the	end
decomposition	temperature	(Tend)	were	all	increased.	The	T5	values	were	close	to	370°C	for
pure	PS	and	PS/SBA-15	NCs.	The	increase	of	char	yields	at	600°C	suggested	that	the	SBA-
15	silica	was	incorporated	with	polymer,	where	the	strong	interaction	between	the	SBA-15
particles	 and	 the	 polymer	 matrix	 stabilized	 the	 polymer	 and	 increased	 its	 thermal
resistance.	 The	 mesoporous	 SBA-15	 with	 a	 large	 pore	 size	 and	 pore	 volume	 was	 more

effective	in	trapping	radicals	which	led	to	increase	of	the	decomposition	temperature.91

8.4.2.3	Nanocomposites	of	PMMA	with	Silica
Incorporation	of	1–9	wt%	of	pristine	or	modified	silica	NPs	into	PMMA/silica	NCs	resulted
in	better	thermal	and	mechanical	properties	than	those	of	pristine	NPs.	Silanol	groups	of	the
silica	 were	 functionalized	 with	 methyl	 methacrylate	 groups	 from	 (3-
methacryloxypropyl)dimethylchlorosilane.	 The	 best	 improvement	 of	 thermophysical
properties	was	achieved	for	NCs	with	7	wt%	content	of	pristine	silica	NPs	(T5	=	252.4°C,
related	 to	 236.1°C	 for	 PMMA).	 A	 surface	 modification	 resulted	 in	 enhanced	 thermal
stability	of	NCs,	which	was	observed	with	increasing	modified	silica	NPs	contents,	except
for	one	 sample.	The	 thermal	 stabilities	of	 all	 the	NCs	were	higher	 than	 the	neat	PMMA,
whereas	modified	NPs	 improved	 thermostability	more	 than	 pristine	 silica.	 This	 could	 be
ascribed	 to	 a	 better	 dispersion	 of	 modified	 NPs	 and	 lower	 monomer	 conversion	 values,
which	led	to	higher	contents	of	silica	in	the	NCs.	Two	stages	of	degradation	were	observed
in	all	PMMA/pristine	silica	and	PMMA/modified	silica	NCs.	The	first	step	of	degradation
was	 related	 to	 the	 decomposition	 of	 thio-groups,	 which	 was	 delayed	 by	 silica	 NPs.	 The
main	 stage	 of	 degradation	 was	 ascribed	 to	 random	 chain	 scission,	 which	 occurred	 from

280°C	to	360°C	and	higher	amounts	of	silica	increased	degradation	temperature.92

8.4.2.4	Nanocomposites	of	Phenolic	Resin	with	Mesoporous	Silica
The	 mesoporous	 silica/phenolic	 resin	 (SBA-15/PR)	 NCs	 were	 prepared	 via	 in	 situ
polymerization.	 The	 surface	 of	 SBA-15	 was	 modified	 using	 3-
glycidyloxypropyl(trimethoxy)silane	 (GOTMS)	as	a	coupling	agent.	The	 sample	SBA-15-
GOTMS	contained	SBA-15	surface	treated	with	GOTMS	and	E-SBA-15/PR	NC	sample	was
extracted	with	 ethanol.	The	TGA,	 determined	 under	 a	 nitrogen	 atmosphere,	 revealed	 that



only	 1.8	wt%	weight	 loss	was	 found	 for	 unmodified	 SBA-15	 below	 800°C,	 but	 13.5	 and
34.0	wt%	between	50°C	and	800°C	 for	SBA-15-GOTMS	and	E-SBA-15/PR,	 respectively.
The	 11.7	wt%	of	GOTMS	was	 grafted	 onto	 the	 surface	 of	 the	 SBA-15	 and	 the	 chemical
reaction	 occurred	 between	SBA-15-GOTMS	and	 the	 phenolic	 resin.	The	Tgs	 and	 thermal
stability	of	the	PR	NCs	were	improved	in	comparison	with	the	pure	PR	at	silica	loading	1–3
wt%,	 presumably	 due	 to	 the	 homogeneous	 dispersion	 of	 the	modified	 SBA-15	 in	 the	 PR
matrix.	The	T5	 and	T10	 of	 the	NCs	 increased	with	 respect	 to	 the	 amount	 of	 SBA-15,	 for
instance,	the	T5	and	T10	of	SBA-15/PR	NCs	with	1	and	3	wt%	SBA-15	increased	from	263
and	 312°C	 (for	 neat	 PR)	 to	 266°C	 and	 317°C	 (1	 wt%),	 and	 364°C	 and	 380°C	 (3	 wt%),
respectively.	The	char	yield	of	the	NCs	also	increased	with	the	increase	of	SBA-15	content,
which	hindered	the	formation	of	gaseous	products.	The	improvement	of	the	thermostability
of	 the	 NCs	 was	 attributed	 to	 the	 presence	 of	 strong	 interaction	 between	 SBA-15	 and

polymer	matrix.93

8.4.2.5	Nanocomposites	of	Polycarbonate	with	Silica
The	high	thermal	degradation	temperature	was	observed	for	polycarbonate	NCs	filled	with
1	 wt%	 pristine	 and	modified	 silica	 with	 3-glycidyloxypropyl(trimethoxy)silane	 (KH560-
SiO2),	which	were	prepared	by	melt	compounding.	Samples	of	PC-silica	NCs	were	heated
from	50°C	to	700°C	at	10°C/min	under	nitrogen	atmosphere	and	held	for	4	min	at	700°C.
The	TGA	confirmed	 that	alcoholysis	 reaction	between	PC	and	silica	NPs	occurred	during
the	 thermal	 treatment.	 The	 TGA/FTIR	 results	 proved	 that	 no	 new	 degradation	 volatile
products	were	formed	during	the	thermal	degradation	of	NCs,	but	the	total	amounts	of	all
gaseous	 products	 decreased	 by	 adding	 silica	NPs.	 The	 degradation	 activation	 energies	 of
both	 NCs	 increased	 significantly	 relative	 to	 neat	 PC,	 especially	 for	 the	 composite	 with
modified	 silica.	 The	 thermal	 degradation	 temperatures	 of	 both	 PC/SiO2	 and	 PC/KH560-
SiO2	 NCs	 shifted	 to	 higher	 values	 relative	 to	 neat	 PC.	 For	 instance,	 the	 values	 of	 Tonset

(461–472°C)	and	Tmax	(~515°C)	increased	25–35°C	and	10°C,	respectively,	with	respect	to
PC.	 It	 seemed	 that	 the	 enhancement	 of	 thermostability	 fits	 the	 barrier	 model.	 It	 was
considered	that	the	thermal	degradation	mechanism	of	composites	was	different	from	that

of	pure	PC.94

8.4.2.6	Nanocomposites	of	Polyamide-Imides	and	Polyimides	with	Silica
Hybrid	 organic–inorganic	 membrane	 materials,	 based	 on	 a	 high	 molecular	 weight
sulphonated	polyamide-imide	resin	(PA-I)	and	silica	were	prepared	by	the	sol–gel	method
using	 TEOS	 and	 (aminopropyl)triethoxysilane	 (APTS)	 as	 the	 silica	 precursors.
Incorporation	of	APTS	greatly	increased	the	compatibility	of	organic	and	inorganic	phases.
Silica	NPs	(<50	nm)	were	well	dispersed	in	the	polymer	matrix	and	chemically	bonded	with
the	 polymer	 phase.	 The	 thermal	 stability	 and	 hydrophilic	 properties	 of	 hybrid	 materials

were	 also	 significantly	 improved.95	 PA-I	 and	 the	 hybrid	 NCs	 showed	 a	 good
thermooxidative	stability	and	a	high	Tg	up	 to	290°C.	The	 incorporation	of	silica	particles



improved	both	T5	and	T10	values	(as	compared	to	the	pure	PA-I	sample)	and	the	char	yield
increased	 with	 increasing	 silica	 content,	 indicating	 a	 general	 improvement	 of	 the
thermostability.	The	positive	effect	of	silica	on	the	thermostability	of	hybrid	materials	was
also	confirmed	by	the	increase	of	Tg—the	pure	PA-I	exhibited	a	Tg	value	of	194°C,	while
the	addition	of	silica,	increased	the	Tg	to	221°C,	when	the	silica	content	was	7	wt%,	and	to
234°C,	when	the	silica	content	was	further	increased	to	15	wt%.	This	was	explained	by	the
rigidity	of	the	hybrid	films.	The	incorporation	of	silica	into	the	polymer	matrix	decreased

the	flexibility	of	the	polymer	chain	and	increased	the	Tgs	of	the	hybrid	NC.95

The	other	 hybrid	 films	of	well-dispersed	 silica	NPs	 in	 polyimide	 (PI/SiO2)	were	 also
prepared	 through	 the	 sol–gel	 processing.	 The	 pure	 PI	 was	 synthesized	 from	 4,4′-
oxydianaline	(ODA)	and	pyromellitic	dianhydride	(PMDA),	and	the	residual	amino	groups
reacted	with	the	NCO	groups	of	coupling	agent	(isocyanatopropyl)triethoxysilane	(ICTOS).
Moreover,	 addition	 of	 different	 amounts	 of	 tetraethoxysilane	 (TEOS)	 led	 to	 chemically
bonded	 hybrid	 NC	 films	 with	 different	 silica	 contents	 (5,	 8,	 10,	 13,	 and	 15	 wt%).	 The
chemical	 interaction	 between	 the	 two	 phases	 resulted	 in	 the	 formation	 of	well-dispersed
silica	NPs	(20–30	nm)	in	the	PI	matrix,	and	excellent	thermal	stability	of	organic–inorganic
films.	Under	nitrogen	atmosphere,	the	decomposition	temperature	of	the	pure	PI	films	and
unbonded	hybrids	began	around	550°C,	while	for	hybrid	NCs	it	began	around	570°C.	The

char	yields	of	the	NCs	films	at	800°C	increased	with	the	increased	silica	content.96

Reaction	 of	 polyamic	 acids	 (PAA)	 with	 pendant	 hydroxyl	 groups	 with
(isocyanatopropyl)	 triethoxysilane	 led	 to	 novel	 PI-silica	 NCs	 with	 interphase	 chemical
bonding	 and	 reactive	 alkoxysilane	 groups	 in	 the	 polymer	 structure	 (Figure	 8.4).	 The
reinforcement	of	PAA	matrices	with	or	without	alkoxysilyl	groups	attached	to	the	PI	chain
was	 carried	 out	 by	 addition	 of	 TEOS,	 which	 underwent	 hydrolysis	 and	 condensation
reactions	in	a	sol–gel	process.	The	three	thin	hybrid	films,	without	OH	groups	and	with	OH
groups,	 with	 various	 SiO2	 contents	 (0–40	 wt%)	 were	 further	 imidized	 by	 heating	 up	 to
300°C.	The	cocondensation	of	alkoxysilane	groups	on	the	polymer	chain	with	TEOS	gave
the	silica	network	which	was	bound	chemically	with	the	PI	matrix.	Higher	thermal	stability
and	mechanical	strength,	improved	transparency,	and	low	values	of	thermal	coefficient	of

expansion	were	observed	in	the	case	of	chemically	bonded	PI	NCs.97

The	 Td	 of	 the	 pure	 PI	 was	 above	 500°C.	 The	 PI	 with	 hydroxyl	 groups,	 used	 for
preparation	 of	 the	 bonded	 hybrids,	 showed	 slightly	 higher	 Td	 than	 the	 PI	 used	 for	 the
unbonded	hybrids.	It	seemed	that	the	presence	of	OH	groups	on	the	polymer	chain	acted	as
a	 free	 radical	 quencher	 during	 the	 oxidative	 degradation	process.	The	 chemically	 bonded
PI-silica	hybrid	NCs	showed	slightly	better	thermal	resistance	than	the	PI	matrix.	The	char
yields	above	770°C	 in	all	 the	hybrids	were	proportional	 to	 the	 silica	contents	used	 in	 the
matrix.	 The	 PI–silica	 hybrids	 showed	 that	 interphase	 chemical	 links	 between	 the	 silica
network	and	 the	polymer	chain	avoided	 the	agglomeration	of	 silica	particles	and	 reduced
the	particle	size	to	nanolevel,	thus	caused	more	homogenous	distribution	in	the	matrix.	The

values	of	CTE	were	also	greatly	reduced.97



The	 thermostability	 of	 polyimide	 (Figure	 8.5)	 (PI)/mesoporous	 silica	 nanospheres
(MSNs)	 NC	 films	 with	 different	 contents	 of	 MSNs	 were	 improved	 by	 the	 presence	 of
MSNs.	The	addition	of	the	MSNs	caused	increase	of	a	Tg	of	PI/MSNs	NCs—the	NCs	with	5
wt%	content	of	MSNs	showed	the	Tg	of	379.6°C,	which	was	apparently	higher	than	for	the
neat	PI	(346.2°C).

FIGURE	8.4 	The	chemical	structure	of	polyimide–silica	hybrids.	(Reprinted	with	permission	from	Al	Arbash,	A.	et	al.,
J.	Nanomater.,	Article	ID	58648,	1–9.	Copyright	2006,	Hindawi	Publishing	Corporation.)

FIGURE	8.5 	Chemical	structure	of	imidized	PI.

The	residues	of	20	wt%	appeared	at	673°C	for	neat	PI,	at	681°C	for	3	wt%	content	of
MSNs,	 at	 691°C	 for	 5	 wt%	 of	 MSNs,	 and	 at	 697°C	 for	 7	 wt%	 of	 MSNs.	 The	 thermal
resistance	was	probably	improved	by	formation	of	a	crosslink	between	the	PI	and	the	silica

network.98

Porous	polyimide	(PI)	microspheres,	having	excellent	heat	resistance,	were	prepared	in

two	steps.99	First,	novel	PI/nanosilica	composite	microspheres	were	prepared	via	the	self-
assembly	structures	of	poly(amic	acid)	(PAA,	precursor	of	PI)/nanosized	SiO2	blends	after
in	situ	 polymerization,	 followed	by	 the	 two-step	 imidization.	Next,	 the	 encapsulated	NPs
were	treated	with	hydrofluoric	acid,	leading	to	the	pores.

The	 thermal	properties	of	 the	pure	PI	 spheres	 (Figure	8.6	and	Table	8.2),	 the	 PI/SiO2

spheres,	and	the	porous	PI	spheres	were	analyzed	in	the	range	of	40–900°C	under	nitrogen.
The	porous	PI	spheres	showed	still	a	very	high	heat	 resistance.	The	observed	T5,	 T10,

and	Tmax	values	 indicated	 that	 the	 incorporation	of	nanopores	did	not	 substantially	affect



the	thermal	stabilities	of	PI	porous	microspheres.	No	apparent	weight	loss	up	to	455°C	for

the	porous	PI	was	observed,	and	the	distinct	weight	loss	occurred	at	562°C.99

FIGURE	8.6 	Chemical	structure	of	the	porous	polyimide	microspheres.	(Reprinted	with	permission	from	Liu,	M.Q.	et
al.	 Express	 Polym.	 Lett.	 9:14–22.	 Copyright	 2015,	 Directory	 of	 Open	 Access	 Journals,	 Budapest	 University	 of
Technology.)

Table	8.2
Thermal	Stabilities	of	the	Three	Type	Spheres
Sample	Code T5	(°C) T10	(°C) Tmax	(°C) Char	Yield	at	900°C	(°C)

Pure	PI 499 566 601 48.11
PI/SiO2	composites 499 552 569 73.97
Porous	PI 455 519 562 52.49
Source: Reprinted	with	permission	from	Liu,	M.Q.	et	al.	Express	Polym.	Lett.	9:	14–22.	Copyright	2015,	Directory

of	Open	Access	Journals,	Budapest	University	of	Technology.

8.4.3	THERMAL	PROPERTIES	OF	POLYMER	NANOCOMPOSITES	WITH	OTHER	INORGANIC

FILLERS

Novel	 poly(amide-imide)/TiO2	 NC	 (PAI/TiO2	 NC)	 was	 synthesized	 by	 direct
polycondensation	reaction	of	N-trimellitylimido-L-valine	with	diaminediphenylsulphone	in
the	 presence	 of	 triphenyl	 phosphite	 and	 the	 molten	 tetra-n-butylammonium	 bromide,	 by
means	 of	 an	 ultrasonic	 irradiation.	 The	 surface	 of	 TiO2	 NPs	 was	 modified	 by	 N-
trimellitylimido-L-valine	as	a	bioactive	coupling	agent,	providing	environmentally	friendly
TiO2NPs.	 A	 considerable	 enhancement	 of	 thermal	 properties	 of	 these	 new	 NCs	 was
achieved	with	15	wt%	addition	of	TiO2	NPs.	The	T5	and	T10	for	samples	containing	5	and
10	 wt%	 of	 TiO2	 were	 decreased,	 which	 could	 be	 explained	 as	 a	 result	 of	 the	 oxidative
degradation	of	polymer,	while	 in	NC	with	15	wt%	of	TiO2,	T5	 and	T10	were	 shifted	 to	 a
higher	temperature	range,	403°C	and	470°C,	respectively,	 in	comparison	with	that	of	neat
PAI	 (368°C	and	439°C,	 respectively).	Thus,	TiO2	 acted	 as	 filler	 and	 thermal	 insulator	 at
high	contents.	Although,	the	TiO2	NPs	caused	a	decrease	of	thermostability,	the	char	yield

at	800°C	was	slightly	increased	with	the	increase	of	TiO2	content.
100

Polybenzoxazine	 (PBA-a)	 composites	 based	 on	 bisphenol-A	 and	 aniline,	 with	 a	 very
high	 loading	of	alumina	particles	 (83%	by	weight,	60%	by	volume)	 showed	significantly
increased	Tg,	T5,	and	char	yield	with	increasing	the	alumina	contents.	A	good	distribution
of	 the	 alumina	 particles	 in	 the	 PBA-a	 matrix	 was	 confirmed	 by	 SEM	method.	 Alumina



exhibited	very	high	thermal	stability—no	weight	loss	up	to	800°C	was	observed	during	the
TG	analysis.	At	800°C,	only	the	PBA-a	fraction	was	decomposed	thermally	and	formed	the
char.	The	PBA-a	matrix	showed	the	T5	of	317°C	and	the	25%	char	residue	at	800°C.	The	T5

at	the	highest	alumina	loading	of	83%	in	the	PBA-a	was	found	to	be	~389°C,	which	is	72°C
greater	than	that	of	the	neat	PBA-a.	This	crucial	improvement	in	the	thermal	properties	of
the	PBA-a	composites	with	high	alumina	content	probably	resulted	from	the	barrier	effect
of	Al2O3	as	well	as	the	strong	interfacial	interaction	of	the	PBA-a	resin	to	the	alumina.	The
(PBA-a)-alumina	 composites	 may	 be	 recommended	 for	 applications	 that	 require	 high
modulus	and	hardness	as	well	as	high	thermostability.101

Novel	polyimide/α-Fe2O3	 (PI/α-Fe2O3)	 hybrid	 nanocomposite	 films	were	 prepared	 by
thermal	 curing	 of	 poly(amic	 acid)	 (obtained	 from	 3,5-diamino-N-(9H-fluoren-2-yl)-
benzamide	and	(3,3′,4,4′-benzophenone)tetracarboxylic	dianhydride)	with	different	amounts
of	 silane-modified	NPs	of	a	 filler	 (α-Fe2O3).	The	organophilic	 surface	modification	of	α-
Fe2O3	 NPs	 with	 3-aminopropyl(triethoxy)silane	 enabled	 achieving	 the	 homogeneous
dispersion	of	α-Fe2O3	on	nanoscale	in	a	polymeric	matrix.	The	thermal	properties	of	pure
PIs	 and	 PI	 hybrid	 NC	 with	 15	 wt%	 of	 the	 filler	 were	 studied	 by	 TGA	 method,	 under
nitrogen	atmosphere.	The	TGA	data	 (Figure	8.7)	 showed	a	great	 improvement	of	 thermal

resistance	of	novel	NC	films	in	comparison	with	the	pure	polymer.102

FIGURE	 8.7 	 TGA	 thermogram	 of	 PI	 nanocomposite	 containing	 15	 wt%	 α-Fe2O3.	 (With	 kind	 permission	 from

Springer	Science+Business	Media:	J.	Polym.	Res.,	 Polyimide	 nanocomposite	 films	 containing	α-Fe2O3	 nanoparticles,

22,	2015,	630,	Rafiee,	Z.,	Golriz,	L.)

NPs	of	α-Fe2O3	have	high	thermal	stability,	not	only	due	to	their	larger	surface	area,	so
the	incorporation	of	α-Fe2O3	NPs	into	a	PI	matrix	improved	the	thermal	stability	and	flame



retardant	properties	of	the	PI/α-Fe2O3	NCs.	The	thermostability	of	NC	was	higher	than	pure
PI,	due	to	the	good	compatibility	of	modified	α-Fe2O3	particles	with	polymer	matrix.	These
NCs	were	extremely	thermally	stable—up	to	500°C.	The	T10	of	the	pure	PI	and	NC	with	15
wt%	content	of	α-Fe2O3	ranged	from	526°C	to	585°C.	The	amount	of	residue	(char	yield)	of
this	NC	was	more	 than	63%	at	800°C.	The	DSC	thermogram	of	NC	showed	very	high	Tg

(294°C).	The	calculated	values	of	limiting	oxygen	index	(LOI)	derived	from	char	yield	of
PI’s	NCs	containing	α-Fe2O3	exceeded	42.	Estimated	values	of	LOI	of	 the	polymers	were

calculated	from	Van	Krevelen	and	Hoftyzer	equation:103

Thus,	these	NCs	belong	to	self-extinguishing	materials.
A	 series	 of	 polyoxymethylene	 polyacetal	 copolymers	 (POM)	 NCs	 with	 5-10	 wt%	 of

nanohydroxyapatite	 (n-HAp)	were	prepared	by	melt	processing.	POM	has	a	 tendency	 to	a
thermal	depolymerization	into	formaldehyde.	TGA	results	indicated	that	with	an	increase	in
n-HAp	loading	the	thermal	stability	of	POM	matrix	decreased	significantly,	depending	on
the	POM	molecular	weight.	The	difference	between	 the	 thermostability	of	pure	POM	and
POM/10.0	 wt%	 n-HAp	 was	 30-60°C,	 depending	 on	 the	 molecular	 composition	 of
copolymers.	The	thermal	stability	of	POM	decreased	with	a	decrease	of	molecular	weight:
this	effect	was	assigned	to	the	higher	concentration	of	end	groups	in	the	POM	matrix	with
low	molecular	weight.	It	was	proposed	that	POM	degradation	was	initiated	either	by	bond
dissociation	at	the	chain	end	(–OH	groups),	or	by	random	main-chain	scission	for	the	end-
capped	polymer	followed	by	unzipping.	If	the	hydroxylic	groups	of	POM	were	not	blocked,
rapid	depolymerization	 took	place	at	 elevated	 temperatures.	The	 lower	 thermostability	of
POM/n-HAp	NCs	 resulted	 from	 the	high	 sensitivity	 of	 the	POM	main	 chain	 to	 attack	by
base	 under	 heating.	 A	 general	 formula	 of	 [Ca10(PO4)6(OH)2]	 corresponds	 to	 a	 structure
3Ca3(PO4)2·Ca(OH)2,	which	contains	calcium	hydroxide.	Nano-HAp	particles	with	a	very

large	surface	area	were	more	reactive	at	higher	temperature	than	microsized	Hap.104

Novel	 poly(amideimide)	 (PAI)/TiO2	 hybrid	 bionanocomposites	 (BNCs)	 containing	 L-
isoleucine	and	diphenylsulfone	moieties	in	the	main	chain	were	prepared	via	an	ultrasonic
irradiation	 process.	 The	 surface	 of	 titania	 NPs	 was	 modified	 with	 (3-
aminopropyl)triethoxysilane.	 The	 surface	 modified	 TiO2	 NPs,	 with	 a	 diameter	 of
benzimidazole	 less	 than	 40	 nm,	were	 uniformly	 dispersed	 in	 the	 PAI	matrix.	 The	BNCs
showed	 much	 higher	 thermal	 stability	 than	 pure	 PAI.	 The	 TGA	 results	 (in	 nitrogen
atmosphere)	of	the	PAI	and	PAI/TiO2	BNCs	included	the	T5,	T10,	and	char	yield	at	800°C.
The	IDT	for	PAI/TiO2	BNCs	were	quite	high	(>360°C),	when	content	of	TiO2	reached	15-
20	 wt%.	 The	 char	 yield	 of	 hybrid	 BNCs	 ranged	 from	 49%	 to	 62%	 at	 800°C.	 The
thermostability	increased	presumably	due	to	excellent	insulating	features	of	the	TiO2	NPs,
which	 also	 acted	 as	 a	 mass	 transport	 barrier	 to	 the	 volatile	 products	 formed	 during

decomposition.105



New	 thermally	 stable	 aromatic	 poly(benzimidazole-amide)s	 PBIAs	 were	 prepared	 by
polycondensation	of	bis-benzimidazole	diamines	[1,4-bis(5-amino-1H-benzimidazol-2-yl)-
benzene	 and	 1,3-bis(5-amino-1H-benzimidazol-2-yl)benzene]	 with	 two	 different	 diacid
chlorides.	Next,	 a	 series	 of	 novel	NCs,	 complexed	 through	C-H	or	N-H	protons	 of	 benz-

imidazole	moieties	with	Ag+	 or	 Cu2+	 was	 prepared.	 The	 FE-SEM,	 TEM,	 and	 SEM-EDX
results	indicated	that	Cu	and	Ag	nanoparticles	were	dispersed	homogenously	in	the	polymer
matrix.	The	thermostability	of	the	PBIAs	NCs	was	good:	T5	was	in	the	range	of	310-350°C,
T10—in	the	range	of	315-380°C,	char	yields:	56-64	wt%.	High	LOI	values	were	determined

in	inert	atmosphere:	40-43%.106

High-density	polyethylene	(HDPE)	NCs	with	different	volume	fractions	(1-20	vol%)	of
aluminum	nitride	 (n-AlN)	NPs	were	prepared	by	melt	mixing.	HR-TEM	micrographs	and
AFM	pictures	confirmed	homogeneous	dispersion	of	AlN	NPs,	as	well	as	the	existence	of
long	interconnected	chain-like	aggregates.

The	thermal	decomposition	of	the	pristine	HDPE	and	HDPE/n-AlN	NCs	were	analyzed
at	different	heating	rates	(5,	10,	15,	and	20°C/min)	from	ambient	temperature	to	800°C	in	a
pure	 nitrogen.	The	TGA	data	 (Figure	8.8)	 indicated	 only	 a	 small	 increase	 in	 the	 thermal
stability	of	the	composites,	T10	and	Tpeak	shifted	to	higher	values	with	growing	heating	rate.
The	T10	 values	were	 in	 a	 range	 of	 438–458°C,	 both	 for	 neat	HDPE	 and	 all	HDPE/n-AlN
NCs.	However,	with	increasing	content	of	n-AlN	in	HDPE,	only	a	marginal	increase	of	T10

and	T30	was	observed.	It	appeared	that	both	branching	and	random	chain	scission	occurred
simultaneously,	 resulting	 in	 rapid	 single-stage	 decomposition.	 The	 Tmax	 increase	 with
increase	in	nano-AlN	content	was	due	to	the	reduction	of	the	chain	mobility	of	the	polymer
matrix.	The	char	yield	was	enhanced	appreciably	for	HDPE/n-AlN	composites—from	0.385

for	HDPE	to	35.1%	for	HDPE/20	vol%	n-AlN.107

Thermal	 and	 mechanical	 properties	 of	 polyphenylene	 sulfide	 (PPS)	 composites
containing	1–20	wt%	of	volcanic	ash	 (VA)	were	 significantly	 improved	by	VA.	The	PPS
and	 its	 composites	 with	 different	 VA	 contents	 showed	 a	 relatively	 good	 thermostability
under	 a	 nitrogen	 atmosphere	 because	 no	 significant	 mass	 loss	 (<0.5%)	 occurred	 until
450°C.	A	single	degradation	stage	of	neat	PPS	was	initiated	at	~450°C	(at	a	heating	rate	of
20°C/min)	and	showed	 the	maximum	rate	of	weight	 loss	at	~540°C.	The	T10	 of	neat	PPS
was	 508°C.	 The	 char	 yield	 of	 ~44%	 was	 observed	 at	 700°C	 and	 it	 also	 increased	 with
increase	of	the	filler	content.	No	significant	changes	at	T10	values	occurred	up	to	20	wt%
VA	content	 in	PPS–VA	composites.	The	10	wt%	VA	 loading	was	enough	 for	 the	highest
thermal	stability	of	VA/PPS	composites.	Further	filler	content	led	to	no	significant	change
in	thermostability.	The	degradation	mechanism	involved	random	chain	scission	followed	by
disproportionation,	cyclization,	and	depolymerization	from	radical	chain	ends.	The	higher
thermal	 resistance	 could	be	 attributed	 to	 the	higher	 thermal	 conductivity	 of	VA	particles

than	PPS	matrix.108



FIGURE	 8.8 	 (See	 color	 insert.)	 TGA	 mass	 loss	 (%)	 and	 inset	 images	 are	 derivative	 mass	 loss	 (DTG)	 versus
temperature	curves,	at	 four	different	heating	rates:	5°C/min,	10°C/min,	15°C/min,	and	20°C/min,	 for	different	volume
fraction	 loadings	of	nanocomposites:	 (a)	HDPE/1	vol.%	n-AlN,	(b)	HDPE/3	vol.%	n-AlN,	(c)	HDPE/16	vol.%	n-AlN,
and	 (d)	 HDPE/20	 vol.%	 n-AlN.	 (With	 kind	 permission	 from	 Springer	 Science+Business	 Media:	 J.	 Therm.	 Anal.
Calorim.,	 Structural	 and	 thermal	 properties	 of	 HDPE/n-AlN	 polymer	 nanocomposites,	 118,	 2014,	 1513–1530,
Rajeshwari,	P.,	Dey,	T.K.)

8.4.4	THERMAL	STABILITY	OF	POLYMER	NANOCOMPOSITES	WITH	POSS	FILLERS

Organic–inorganic	 hybrids	 comprising	 epoxy	 resin	 and	 polyhedral	 oligomeric
silsesquioxanes	(POSSs)	were	prepared	via	in	situ	polymerization	of	the	diglycidyl	ether	of
bisphenol	A	(DGEBA)	and	(4,4′-diaminodiphenyl)methane	(DDM).	The	phenyl	POSSs	had
active	 functional	 tetrasilanol	 groups	 that	 took	 part	 in	 the	 ring-opening	 reaction	 with	 the
oxirane	 moiety.	 The	 organic	 and	 inorganic	 moieties	 were	 connected	 by	 covalent	 bonds
which	enhanced	the	compatibility	of	the	organic	and	inorganic	phases.	TGA	showed	that	the
incorporation	of	the	POSSs	into	epoxy	resin	improved	the	thermal	stability	of	the	hybrids.
For	the	pure	epoxy	resin,	Tg	of	152°C	was	found	from	DSC	curves.	The	presence	of	a	single



Tg	indicated	that	the	hybrids	were	homogeneous.	The	hybrids	containing	10,	20,	30,	and	40
wt%	POSSs	had	very	similar	Tgs,	which	were	slightly	lower	than	that	of	the	neat	epoxide,

and	they	did	not	change	significantly	as	the	POSS	content	increased.109	The	thermostability
of	 the	hybrids	 increased	with	POSSs	content;	 in	a	nitrogen	atmosphere	 it	was	higher	 than
that	of	the	pure	polymer.	The	values	of	the	char	yields	of	the	hybrids	also	increased	as	the
filler	 content	 increased.	 The	 char	 yields	 were	 higher	 than	 for	 the	 copolymers	 at	 high
temperatures	and	were	higher	than	the	amounts	of	inorganic	filler	in	different	samples.	The
integral	 procedural	 decomposition	 temperature	 (IPDT)	 was	 correlated	 with	 the	 volatile
parts	of	polymeric	materials,	 and	was	used	 to	 evaluate	 the	 inherent	 thermal	 stabilities	of
polymeric	 materials.	 The	 IPDT	 of	 pure	 epoxide	 was	 702°C.	 The	 IPDTs	 values	 of	 the
hybrids	with	different	POSS	contents	were	higher	than	that	of	the	pure	polymer:	802,	1009,
1306,	and	1559°C,	 respectively.	The	addition	of	POSS	which	formed	silica,	which	cannot

degrade	further,	influenced	the	high-temperature	thermostability	of	NCs.109

Epoxy	 resin	NCs	based	on	 tetramethylbiphenyl	 diglycidyl	 epoxy	 resins	 (TMBP)	were
prepared	 through	 in	situ	 copolymerization	with	 (4,4′-diaminodiphenyl)sulfone	 (DDS)	 and
octapropylglycidylether	 silsesquioxane	 (OGPOSS).	 The	 thermal	 properties	 (T5	 =	 363–
367°C	and	T10	=	378–386°C)	of	the	TMBP/OGPOSS	NCs	were	almost	the	same	as	for	pure
epoxide,	 but	 their	 Tgs	 (185–219°C)	 were	 slightly	 higher	 for	 samples	 with	 increased
OGPOSS	content.	The	presence	of	OGPOSS	did	not	change	the	mechanism	of	the	thermal
decomposition	of	TMBP	epoxy	matrix,	which	occurred	 in	one	step.	The	presence	of	rigid
biphenyl	 groups	 and	 bulky	methyl	 substitutions	 of	 TMBP	 resulted	 in	 the	 high	 T5	 of	 the
TMBP	 systems.	 Nanoscale	 dispersion	 of	 OGPOSS	 cages	 in	 the	 epoxy	 matrix	 was

considered	 as	 an	 important	 factor	 responsible	 for	 the	 increased	 thermal	 stability.110

Polyhedral	 oligomeric	 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide	 (DOPO)	 or
(octadiphenylsulfonyl)silsesquioxane	 (ODPSS)	 (1.25–5.00	 wt%)	 were	 used	 as	 flame
retardant	 additives	 to	 an	 epoxy	 resin	 (EP)	 of	 diglycidyl	 ether	 of	 bisphenol	A	 (DGEBA),

which	were	cured	with	(4,4′-diaminodiphenyl)sulphone	(DDS).111

EP-1	with	5	wt%	ODPSS	exhibited	similar	T5	and	Tmax,	but	its	char	residue	was	higher
than	in	the	case	of	the	EP-neat	(Figure	8.9	and	Table	8.3).	It	was	explained	as	the	effect	of
the	addition	of	the	ODPSS	with	excellent	thermal	stability.

The	 incorporation	 of	 ODPSS	 caused	 only	 slight	 decrease	 of	 the	 decomposition
temperature	of	EP	composites.	However,	with	the	increasing	content	of	DOPO,	both	T5	and
Tmax	 of	 EP	 composites	 were	 decreased,	 presumably	 due	 to	 the	 lower	 thermostability	 of
DOPO	in	comparison	with	neat	EP	and	ODPSS.	A	distinct	synergistic	effect	of	the	mixture

of	ODPSS	and	DOPO	on	fire	retardancy	of	the	EP	composites	was	observed.111



FIGURE	8.9 	TGA	curves	of	EP	composites	in	nitrogen.	(Reprinted	from	Polym.	Degrad.	Stab.,	109,	Li,	Z.,	Yang,	R.
Study	of	 the	 synergistic	effect	of	polyhedral	oligomeric	octadiphenylsulfonyl-silsesquioxane	and	9,10-dihydro-9-oxa-
10-phosphaphenanthrene-10-oxide	 on	 flame-retarded	 epoxy	 resins,	 233–239,	 Copyright	 2014,	with	 permission	 from
Elsevier.)

Table	8.3
TGA	and	DSC	Data	of	EP	Composites
Samples Tg	(°C) T5	(°C) T10	(°C) Residues	at	800°C	(%)

EP-neat 178 392 430 12
EP-1 182 396 429 19
EP-2 165 369 393 17
EP-3 170 – – –
EP-4 175 380 414 20
EP-5 178 – – –
Source: Reprinted	from	Polym.	Degrad.	Stab.,	109,	Li,	Z.,	Yang,	R.,	Study	of	 the	synergistic	effect	of	polyhedral

oligomeric	 octadiphenylsulfonyl-silsesquioxane	 and	 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide	on	flame-retarded	epoxy	resins,	233–239.	Copyright	2014,	with	permission	from	Elsevier.

The	 melt	 viscosity	 of	 the	 poly(lactic	 acid)	 (PLA)	 composites	 plasticized	 with
poly(ethylene	 glycol)	 of	Mw	 =	 8000	 g/mol	 was	 decreased	 with	 the	 incorporation	 of	 the



reactive	 and	 nonreactive	 polyhedral	 oligomeric	 silsesquioxane	 derivatives	 (POSSs)—the
lowest	 viscosity	 showed	 PLA	NCs	modified	with	 epoxy	 substituted	 POSS	 (G-POSS,	 see
Figure	8.10),	which	was	liquid	at	processing	temperature.	Addition	of	10	wt%	PEG	and	1–
10	wt%	POSS	did	not	change	the	melting	point	of	PLA,	while	the	Tg	of	the	PLA	decreased
in	the	presence	of	POSSs.

The	 thermal	 stability	 of	 the	 composites,	 determined	 under	 nitrogen	 atmosphere	 at	 a
heating	rate	of	20°C/min,	was	improved	in	the	presence	of	all	POSSs	particles,	for	example,

for	3	wt%	POSSs	content	the	T5	and	T10	 increased	7–23°C	(Table	8.4).
112	POSS	particles

played	 a	 role	 in	 the	 physical	 barrier	 in	 the	PLA/PEG	composites,	which	 limited	 the	 heat

flux	to	the	matrix.113

FIGURE	8.10 	 Chemical	 structures	 of	 POSSs.	 (Kodal,	M.,	 Sirin,	H.,	Ozkoc,	G.:	 Effects	 of	 reactive	 and	 nonreactive
POSS	types	on	the	mechanical,	thermal,	and	morphological	properties	of	plasticized	poly(lactic	acid).	Polym.	Eng.	Sci.
2014.	54.	264–275.	Copyright	Wiley-VCH	Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.)

Table	8.4
TGA	Results	of	PLA,	PLA/PEG,	and	PLA/PEG/POSS	Composites
Materials



T5	(°C) T5	(°C) Tmax	(°C)

PLA 341.35 349.76 377.18
PLA/PEG 340.64 349.89 378.69
PLA/PEG/A-POSS3 363.25 375.01 407.79
PLA/PEG/T-POSS3 354.54 371.20 406.00
PLA/PEG/G-POSS3 347.37 364.50 403.85
PLA/PEG/O-POSS3 353.71 371.21 406.05
Source: Reprinted	 from	Kodal,	M.,	Sirin,	H.,	Ozkoc,	G.:	Effects	of	 reactive	and	nonreactive	POSS	 types	on	 the

mechanical,	thermal,	and	morphological	properties	of	plasticized	poly(lactic	acid).	Polym.	Eng.	Sci.	2014.
54.	264–275.	Copyright	Wiley-VCH	Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.

8.4.5	THERMAL	PROPERTIES	OF	POLYMER	NANOCOMPOSITES	WITH	CARBON	FILLERS

In	 recent	 decades,	 a	 continuously	 growing	 interest	 has	 been	 observed	 in	 applications	 of
carbonaceous	fillers	for	fabrication	of	PNCs.

The	 Tonset	 and	 the	 Tpeak	 were	 higher	 in	 the	 nanotube/polymer	 NCs.	 For	 example,
addition	of	5	wt%	multiwall	carbon	nanotubes	(MWCNT)	caused	a	24°C	increase	in	Tonset,

in	 comparison	 to	 that	 of	 the	 neat	 PAN.42,114–116	 It	 was	 assumed	 that	 the	 higher	 thermal
conductivity	 in	 the	 NT/polymer	 composites	 could	 facilitate	 heat	 transfer	 within	 the
composite	and	caused	their	improved	thermostability.	Dispersed	NTs	probably	hindered	the
diffusion	 of	 degradation	 products,	 delayed	 the	 onset	 of	 degradation,	 and	 shifted	 Tpeak	 to

higher	 temperatures.117,118	A	 significant	 improvement	of	 the	 thermal	 stability	was	 found
for	 poly(ethylene-co-vinyl	 acetate)	 (EVA),	 filled	with	 the	MWCNT	 as	 compared	 to	 neat
EVA.	 First,	 the	 deacetylation	 of	 the	 EVA	 matrix	 occurred,	 then	 the	 volatilization	 of
degradation	product	(the	acetic	acid)	and	the	formation	of	a	stable	char	occurred	at	higher

temperatures.118,119

Functionalization	of	CNTs	with	carboxylic	groups	makes	their	dispersion	properties	in
PNCs	 easier,	 and	 in	 a	 case	 of	 the	 single	 wall	 carbon	 nanotubes	 (SWCNTs)	 reduced
enhancement	 of	 the	 thermal	 conductivity.	 Polymer	 composites	 with	 functionalized
MWCNTs	showed	improved	thermal	properties.	An	addition	of	~3	wt%	MWCNTs	caused
the	increased	thermal	conductivity	of	NCs	because	surface	functionalization	improved	the
bonding	between	polymer	matrix	and	CNTs.	The	obtained	results	confirmed	an	 important
role	 of	 CNTs	 (and	 graphene	 flakes	 as	 well)	 as	 fillers	 in	 applications	 directed	 to

improvement	of	thermal,	mechanical,	and	electrical	properties	of	NCs.120

The	effect	of	montmorillonite	(MMT)	as	a	secondary	filler	 in	CNT/HDPE	NCs	on	the
dispersion	 of	 carbon	 nanotube	 reinforced	 high-density	 polyethylene	 (HDPE)
nanocomposites	 (CNT/HDPE)	 was	 studied.	 The	 TGA	 results	 showed	 improved	 thermal
stability	of	the	NCs	having	3	wt%	of	MMT	and	CNT.	Addition	of	MMT	avoided	formation

of	CNTs	aggregates	and	increased	thermomechanical	properties	of	NCs.121

The	 polyimide	 (PI)	 NCs	 containing	 up	 to	 2.0	 wt%	 of	 MWCNT	 exhibited	 especially



good	thermal	properties.	The	dispersion	of	MWCNT	in	the	PI	matrix	enhanced	the	thermal
resistance	 of	 PI/MWCNT	 because	 the	MWCNT	 bond	 chemically	 or	 physically	 interacts
with	 the	 PI	 matrix.	 The	 acid	 treated	MWCNT	 showed	 a	 better	 adhesion	 to	 the	 polymer
matrix	than	the	untreated	MWCNT	and	may	form	hydrogen	bonds	with	the	C˭O	groups	of
the	 polyimide	 molecules.122	 The	 Tg	 values	 of	 the	 PI/MWCNT	 NCs	 were	 gradually
increased	with	the	increasing	loading	of	acid-treated	MWCNT.	The	Tg	of	the	2.0	wt%	acid-
treated	PI/MWCNT	nanocomposite	was	very	high	(282.7°C).	The	thermal	properties	of	the
PI	NCs,	 under	 nitrogen,	 improved	with	 increasing	MWCNT	 content.	 The	 crosslinking	 of
PI/MWCNT	NCs	was	increased	by	good	distribution	of	the	MWCNT	in	the	PI	resins,	and
resulted	in	the	increase	of	the	thermal	and	electrical	properties	of	the	NCs.	With	increased
MWCNT	 content	 from	 0.5	 to	 2.0	wt%,	 the	 IDT	 of	 the	 PI/MWCNT	NCs	 increased	 from
533°C	to	555°C,	and	it	was	dependent	on	the	degree	of	dispersion	of	the	MWCNT	in	the	PI
matrix.	The	IDT	and	the	Tmax	 increased	with	higher	MWCNT	contents.	An	IPDT	reached

maximum	value	(2586°C)	for	1	wt%	of	MWCNT.122

Polyimide	containing	diphenyl	sulfone	moiety	was	synthesized	by	the	polycondensation
reaction	 of	 4,4′-diamino	 diphenyl	 sulfone	with	 pyromellitic	 anhydride	 in	 the	 presence	 of
iso-quinoline	 in	m-cresol	 solution.	A	 nanocomposite	 of	 this	 polyimide	 in	 the	main	 chain
with	 9.3–10.9	 wt%	 of	 homogeneously	 dispersed	 silver	 nanoparticles	 was	 prepared.	 The
thermal	properties	of	neat	PI	and	PI–silver	NCs	film	were	studied	by	TGA	(in	a	nitrogen
atmosphere)	and	DSC	experiments.	The	T5	and	T10	of	PI–Ag	NC	reached	375°C	and	400°C,
respectively,	 and	were	 higher	 than	 for	 the	 pure	 PI	 (330°C	 and	 375°C,	 respectively).	 The
higher	 thermostability	 of	 NCs	 arose	 from	 the	 presence	 of	 inorganic	 Ag	 NPs	 in	 the	 PI

matrix.	The	char	yield	at	600°C	also	increased	from	53%	to	61%.123

Small	CB	agglomerates	adsorbed	onto	graphene	surfaces	were	present	in	a	composite	of
styrene-butadiene	 rubber	 (SBR)	 with	 novel	 carbon	 black–reduced	 graphene	 (CB–RG)
hybrid	 filler.	The	high	surface	area	of	graphene	and	 the	strong	 interfacial	p–p	 interaction
between	SBR	and	graphene	resulted	in	the	higher	Tg	values	of	the	SBR/CB–RG	blend	than
in	a	case	of	the	SBR/CB	blend.	It	was	observed	that	the	decomposition	of	graphene	oxide
(GO)	took	place	in	two	steps.	In	the	temperature	range	less	than	150°C,	the	weight	loss	of
GO	 was	 mainly	 assigned	 to	 the	 evaporation	 of	 water	 absorbed	 on	 the	 graphene	 sheets.
Labile	oxygen-containing	groups,	such	as	–COOH,	–OH,	etc.	easily	undergo	the	pyrolysis,
resulting	 in	 the	weight	 loss	of	GO	at	200–300°C.	The	 thermostability	of	SBR	composites
filled	with	 CB	 and	CB–RG	 (10:2)	 showed	 no	 significant	 difference.	 The	 TGA	 curves	 of
SBR/CB–RG	 composites	 slightly	 shifted	 toward	 higher	 temperatures	 in	 the	 range	 from
400°C	 to	 460°C,	 in	 comparison	 to	 SBR/CB	 composites.	 The	 emission	 of	 small	 gaseous
molecules,	leading	to	better	thermal	stability,	was	probably	inhibited	as	a	result	of	the	high

aspect	ratio	of	monodispersed	graphene	layers	which	acted	as	a	barrier.124

Reinforced	 composites	 materials	 based	 on	 a	 blend	 (70:30)	 of	 poly(ethylene
terephthalate)	(PET)	and	polypropylene	(PP)	with	exfoliated	graphite	nanoplatelets	(GNP)
were	prepared	by	melt	extrusion	followed	by	injection	molding.	Styrene-ethylene-butylene-



styrene-g-maleic	anhydride	 (10	phr)	 served	as	a	compatibilizing	additive	 in	PET/PP/GNP
composites.	A	dispersion	of	3	phr	GNPs	content	in	PET/PP	was	homogenous	and	exhibited
the	highest	thermal	stability,	which	generally	improved	with	increasing	GNP	content.	Any
chemical	interaction	between	GNP	and	the	polymer	matrix	was	not	confirmed	on	the	basis
of	 the	 analysis	 of	 FTIR	 spectra.	 GNP	 showed	 high	 thermal	 resistance.	 A	 single	 step
decomposition	 process	 of	 the	 blends	 and	 composites	 in	 a	 nitrogen	 atmosphere	 was
observed,	which	indicated	effective	compatibilization	of	the	blends.	The	T10,	T50,	and	Tmax

were	 high	 for	 all	 the	 composites	 compared	 with	 the	 neat	 PET/PP	 blend.	 The	 increased
thermal	 stability	of	 the	composites	was	assigned	 to	 the	high	aspect	 ratio	of	GNPs,	which
served	 as	 a	 barrier	 and	 prevented	 the	 emission	 of	 gaseous	 molecules	 during	 thermal
degradation.	The	great	improvement	of	thermostability	at	3.0	phr	GNP	was	attributed	to	the
homogenous	dispersion	of	 the	GNPs	 in	 the	matrix	 at	 this	 filler	 level,	which	hindered	 the
oxygen	diffusion	by	formation	of	char	layers	on	the	composites’	surfaces,	improving	their
thermal	stability.	The	highest	char	yield	was	obtained	with	the	5.0	phr	GNP	content,	due	to

very	high	thermostability	of	the	graphene	platelets.125

The	 poly(ethylene-co-vinyl	 acetate)	 (EVA)	 composites	 filled	 with	 expanded	 graphite
(EG)	 platelets,	 with	 and	 without	 anionic	 sodium	 dodecyl	 sulfate	 (SDS)	 modification,
showed	 very	 good	 distribution	 of	 the	 modified	 EG	 platelets	 in	 the	 EVA	 matrix	 and	 an
improved	interfacial	adhesion	between	the	polymer	and	the	SDS–EG	particles.	The	addition
of	 EG	 improved	 the	 thermostability	 of	 EVA,	 and	 this	 stabilizing	 effect	 was	 further
enhanced	for	the	EG	treated	with	SDS.	The	Tgs	were	higher	with	increasing	both	the	EG	and
modified	 EG	 content.	 The	 incorporation	 of	 EG	 improved	 the	 thermal	 stability	 of	 EVA
because	the	EG	was	thermally	stable	up	to	850°C.	The	Tmax	for	the	second	degradation	step
of	the	EVA/EG	samples	increased	with	an	increase	of	EG	content.	It	was	proposed	that	the
EG	 layers	 affected	 the	diffusion	of	oxygen	and	volatile	products	 through	 the	composites.
The	 thermostability	 of	 EVA	was	much	 better,	 even	 in	 the	 presence	 of	 2	wt%	 content	 of
SDS-EG,	when	 the	Tmax	was	 improved	by	17°C,	while	 in	 the	 case	of	unmodified	EG	 the
increase	was	only	3°C.	The	Tmax	values	were	almost	the	same	for	the	samples	containing	10
wt%	EG	and	EG–SDS.	The	thermal	properties	of	EVA/EG	and	EVA–SDS–EG	composites
mainly	depend	on	 two	parameters:	 (1)	a	 strength	of	 interaction	between	 the	polymer	 free
radical	chains	and	volatile	degradation	products	and	the	filler	and	(2)	the	amount	of	filler
that	may	interact	with	the	free	radical	chains	and	volatile	degradation	products,	and	delay
the	degradation	of	the	polymer	and/or	the	diffusion	of	the	volatile	degradation	products	out

of	the	polymer.126

The	core–shell	hybrid	materials	of	polyarylene	nitrile	ethers	(PEN)	with	phthalocyanine
copper	 (CuPc)	 and	 MWCNTs	 were	 prepared	 via	 solution	 casting	 method.	 These	 new
CuPc/MWCNTs	 hybrid	 materials	 showed	 good	 dispersion	 and	 compatibility	 in	 the	 PEN

polymer	matrix,	and	led	to	the	excellent	thermal,	mechanical,	and	dielectric	properties.127

An	observed	 improvement	of	Tg	 for	CuPc/MWCNTs/PEN	composite	 films,	 compared
with	pure	PEN	(Table	8.5),	was	ascribed	to	the	interaction	of	nitrile	groups	between	fillers



and	 PEN	 chains,	 which	 can	 enhance	 the	 stability	 of	 polymer	 structure.	 The	 T5	 value	 of
composite	 films,	 determined	 in	 nitrogen	 atmosphere	 (at	 a	 heating	 rate	 of	 20°C/min)	was
518°C	 (see	Table	8.5),	when	 the	CuPc/	MWCNTs	 content	was	 3	wt%,	which	was	 higher
than	that	of	pure	PEN.	This	result	indicated	that	the	thermostabilities	of	PEN	matrix	began
to	 improve	 as	 the	 CuPc/MWCNTs	 content	 reached	 3	 wt%.	 The	 T10	 values	 of
CuPc/MWCNTs/PEN	composites	increased	from	534°C	up	to	588°C,	and	the	char	yields	at
the	 temperature	 of	 800°C	 rose	 from	 63.3%	 to	 76.7%.	 These	 enhancements	 were	 mainly
assigned	 to	 homogeneous	 dispersion	 of	NPs	 and	 good	 compatibility	 (good	matrix–fillers

interaction),	thermal	conductivity	and	the	barrier	effect	of	the	NTs.127

Plasticized	 PLA-based	 nanocomposites	 (PLA–EPO–xGnP	 NCs),	 prepared	 by	 melt
blending	of	the	matrix	with	5	wt%	of	epoxidized	palm	oils	(EPO)	and	different	amounts	of
graphene	nanoplatelets	(xGnP)	as	a	filler,	showed	a	substantial	increase	in	thermal	stability
with	increasing	content	of	xGnP.	A	significant	decrease	of	Tg	was	observed	up	to	0.3	wt%
incorporation	 of	 xGnP	 into	 p-PLA,	 which	 improved	 thermostability	 due	 to	 an	 excellent
insulating	ability	and	mass	transport	barrier	to	the	volatile	decomposition	products,	even	at

extremely	 low	contents.128–130	 The	 addition	 of	 xGnP	 increased	 the	 initial	 decomposition
temperature.	With	1	wt%	of	xGnP	the	T5	of	NC	increased	to	421°C,	compared	to	397.6°C
for	 pure	PLA.	A	 substantial	 shift	 from	326	 to	 361	was	 observed	 for	 the	T95,	 while	 Tmax

decreased	 from	 429°C	 to	 395°C	 of	 PLA–EPO/1.0	 wt%	 xGnP.	 The	 xGnP	 formed	 a	 heat
barrier,	which	enhanced	the	overall	thermal	stability	of	the	polymer	NCs,	as	well	as	took	a
part	 in	 the	 formation	 of	 char	 during	 thermal	 decomposition.	 The	 xGnP	 layers	 help	 to
accumulate	 heat,	which	 could	 accelerate	 the	decomposition	process.	The	 improvement	 in
thermostability	 could	 also	 be	 assigned	 to	 the	 “tortuous	 path”	 effect	 of	 xGnPs,	 which
delayed	the	liberation	of	volatile	degradation	products.	The	high	content	of	xGnP	or	well-
dispersed	 xGnP	 in	 polymer	matrix	was	 expected	 to	 force	 the	 degradation	 products	 to	 go
through	more	tortuous	path	and	hence	improved	the	thermal	stability.	Similar	results	were

reported	for	other	graphene-based	nanocomposites.131

Table	8.5
Thermal	Properties	of	Pure	PEN	Film	and	CuPc/MWCNTs/PEN	Composite
Films
Mass	Fraction	(wt%) Tg	(°C) T5	(°C) T10	(°C) Char	Yield	(wt%)

0 195 514 534 63.31
1 200 508 564 74.53
2 202 512 577 75.16
3 203 518 582 74.79
4 205 518 587 75.82
5 207 522 588 76.68
Source: With	kind	permission	from	Springer	Science+Business	Media:	J.	Polym.	Res.,	Effect	of	CuPc@MWCNTs

on	rheological,	thermal,	mechanical	and	dielectric	properties	of	polyarylene	ether	nitriles	(PEN)	terminated



with	phthalonitriles,	21,	2014,	525,	Long,	Y.	et	al.

The	 synergistic	 effect	 of	 adipic	 acid	 ester	 of	 pentaerythritol	 (AAPE)	 with	 zinc	 and
calcium	 stearates	 (CaSt2/ZnSt2)	 on	 thermostability	 of	 poly(vinyl	 chloride)	 (PVC)	 was
studied	by	TGA,	thermal	aging	test,	and	the	conductivity	measurements,	which	was	carried
out	 in	 an	 argon	 atmosphere.	 The	 addition	 of	 CaSt2/ZnSt2	 and	 AAPE	 slightly	 improved
Tonset	stability	(from	220°C	for	PVC	with	4	wt%	CaSt2/ZnSt2,	to	224.8–231.5°C	with	4	wt%
of	both	additives:	1:19	÷	1:5.7	wt/wt)	and	longterm	thermal	resistance	of	PVC.	The	results
of	UV–visible	spectroscopy	revealed	that	CaSt2/ZnSt2/	AAPE	may	avoid	the	formation	of
conjugated	 double	 bonds.	 Probably	 AAPE	 chelated	 ZnCl2	 and	 avoided	 a
dehydrochlorination	 of	 PVC,	 increasing	 its	 thermal	 stability.	 The	 synergistic	 effect	 of
CaSt2/ZnSt2	and	AAPE	was	stronger	than	in	a	case	of	polyethylene	and	CaSt2/ZnSt2,	which

resulted	in	better	compatibility	with	PVC	and	lower	melting	point	of	AAPE.132

A	novel	material	(CB–PI)	was	obtained	from	polyimide	(PI)	and	carbon	black	(CB).	The
CB	and	PI	were	chemically	crosslinked	in	the	synthesized	composite	CB–PI	(Figure	8.11),
leading	to	 the	extremely	high	 thermal	and	mechanical	properties	of	 the	high-performance
CB–PI	composite.

The	huge	 increase	of	Tg	 of	CB–PI,	by	204°C	 from	379°C	 to	583°C,	 in	comparison	 to
that	 of	 neat	 PI	 was	 observed.	 In	 a	 nitrogen	 atmosphere,	 the	 thermal	 decomposition
temperature	 (Td)	 of	 CB–PI	 increased	 significantly,	 by	 76°C—from	 508°C	 to	 584°C,	 in
comparison	with	PI.	At	a	temperature	of	508°C	PI	showed	only	a	1%	weight	loss.	The	Td	of
PI–CB	was	almost	independent	of	the	CB	content	(10–40	wt%)	and	occurred	at	573–584°C,
while	Td10	ranged	from	620°C	to	628°C.	The	chemical	crosslinking	of	CB	and	PI	occurred
at	 higher	 temperature	 than	 was	 expected	 (around	 350°C),	 that	 is,	 during	 imidization

process.133

FIGURE	8.11 	 Chemical	 structure	 of	 PI–CB	 composites.	 (Kwon,	 J.	 et	 al.:	 Fabrication	 of	 polyimide	 composite	 films
based	on	carbon	black	for	high-temperature	resistance.	Polym.	Compos.	2014.	35.	2214–2220.	Copyright	Wiley-VCH
Verlag	GmbH	&	Co.	KGaA.	Reproduced	with	permission.)

The	 homogeneous	 NCs	 films	 of	 poly(methyl	 methacrylate)	 (PMMA)	 with	 multiwall
carbon	 nanotubes	 (MWCNTs),	 amino	 modified,	 and	 silver	 complexed,	 were	 synthesized



through	in	situ	free	radical	polymerization.	Silver	metal	nanohybrids	(Ag/MWCNTs)	were
prepared	by	 two	strategies:	 (1)	 reduction	of	metal	 salt	 in	 the	presence	of	sodium	dodecyl
sulfate	and	(2)	 in	situ	growth	from	AgNO3	aqueous	solution.	The	amino	functionalization
which	was	carried	out	by	ball	milling	with	ammonium	bicarbonate	(NH4HCO3)	 improved
the	dispersion	of	MWCNT	in	monomer	and	provided	a	new	class	of	radiation	resistant	NCs.
Microscopic	 studies	 confirmed	 the	 homogeneous	 dispersion	 of	 amino	 functionalized	 and
metal	 doped	 MWCNTs	 in	 polymer	 matrix,	 increasing	 the	 thermal	 stability,
thermomechanical	 strength,	 Tgs,	 and	 thermal	 conductivity	 of	 NCs	 even	 at	 0.25	 wt%
addition	of	modified	nanofiller.	At	~50°C,	the	thermal	stability	and	thermal	conductivity	of
NCs	film	was	 increased	up	to	63%	at	0.25	wt%	content	of	Ag/MWCNTs,	as	compared	to
the	neat	polymer.	The	increase	of	thermomechanical	properties	of	NCs	was	observed	up	to
85%	 at	 100°C	 in	 the	 presence	 of	 adsorbed	 surfactant.	 The	NC	 films	 also	 showed	 a	 very
good	resistance	against	UV/	O3	radiations	in	comparison	with	pure	PMMA.134

Surface	 functionalized	 carbon	 black	 (FCB)	 reinforced	 polybenzoxazine	 (PBZ)	 NCs,
with	 a	 changing	 content	 of	 FCB	 (0.5,	 1.0,	 and	 1.5	wt%),	were	 prepared	 by	 ring	 opening
polymerization	 and	 thermal	 curing.	 The	 FCB	NPs	 were	 homogeneously	 dispersed	 in	 the
PBZ	matrix.	The	covalent	and	hydrogen	bonding	interactions	between	the	FCB	and	the	PBZ
matrix	hindered	the	movement	of	the	polymer	chain	segments	and	slowed	down	molecular
motions	of	FCB–PBZ	NCs.	The	Tg	values	of	the	NCs	were	increased	from	180°C	for	neat
PBZ	to	198°C	for	1.5%	FCB–PBZ.	A	significant	increase	of	the	thermal	stability	of	FCB–
PBZ	NCs	was	observed,	as	compared	 to	neat	PBZ.	No	apparent	weight	 loss	below	300°C
was	 noticed.	 The	 T5	 increased	 to	 325°C,	 as	 compared	 to	 312°C	 for	 pure	 PBZ,	 and	 T10

increased	 to	 396°C.	 The	 incorporation	 of	 highly	 thermally	 stable	 FCB	 into	 the	 PBZ

improved	 thermal	 resistance	 of	 FCB–PBZ	 NCs.135	 It	 was	 assumed	 that	 the	 greater
interfacial	interaction	and	compatibility	between	the	two	phases	strengthened	dispersion	of
FCB	 into	 the	 polymer	 matrix	 at	 a	 molecular	 level.	 The	 presence	 of	 FCB	 delayed	 the
decomposition	of	the	PBZ,	which	usually	resulted	from	the	cleavage	of	the	oxazine	rings.
The	residue	of	ash	from	FCB	and	the	carbonized	PBZ	after	 the	volatilization	of	 the	ester,
CO2,	 or	H2O	 (formed	 by	 the	 decomposition	 of	 PBZ)	 also	 affected	 the	 thermostability	 of
NCs.	The	final	residue	of	char	formed	from	the	NCs	at	800°C	increased	with	the	increase	of

the	FCB	content.135

Thermal	and	thermooxidative	degradation	high-density	polyethylene	(HDPE)/fullerene
(C60)	composites	were	studied.	The	influence	of	C60	on	the	thermal	stability	of	HDPE	was
different	under	nitrogen	and	air	atmosphere.	TG–FTIR	and	pyrolysis–gas	chromatography–
mass	spectrometry	(Py–GC–MS)	showed	that	in	N2	the	addition	of	C60	increased	the	Tonset

by	~10°C	(up	to	464°C),	as	compared	to	neat	HDPE.	The	addition	of	C60	also	substantially
improved	the	 thermostability	of	HDPE	in	air.	With	 the	2.5	wt%	content	of	C60	the	Tonset

increased	by	~91°C	(up	to	402°C),	in	comparison	to	311°C	for	pure	HDPE.136	The	results	of
viscoelastic	 behavior	 and	 gel	 content	 suggested	 that	 C60	 trapped	 the	 alkyl	 radicals	 and
alkyl	 peroxide	 radicals,	 inhibited	 hydrogen	 abstraction	 to	 reduce	 the	 scission	 of	 polymer



chains,	and	slowed	down	their	thermal	degradation.	It	was	also	found	that	in	the	absence	of
C60	or	with	low	C60	concentration,	hydrogen	abstraction	occurred	and	led	to	the	formation
of	 alkyl	 and	 alkyl	 peroxide	 radicals,	 which	 played	 an	 important	 role	 in	 the	 thermal

oxidative	degradation,	accelerating	the	chain	scission.136

The	 thermal	 properties	 of	 polypropylene	 NCs	 containing	 SWNTs,	 SWNTs
functionalized	with	dodecyl	units,	and	vapor-grown	carbon	fibers	were	studied.	The	thermal
decomposition	 temperature	 of	 NCs	 was	 significantly	 dependent	 on	 extruder	 processing
conditions,	on	the	fraction	of	polymer	chains	stabilized	in	the	interphase,	and	on	the	type	of

NTs	incorporated.137

Nanocomposite	 polymer	 thermal	 interface	materials	 (TIMs)	 containing	 graphene	 and
multilayer	graphene	(MLG)	showed	the	extremely	high	thermal	conductivity	enhancement
(TCE)	 factors	 at	 low	 filler	 contents.	 The	 TCE	 of	 2300%	 at	 10%	 filler	 content	 was	 the
highest	ever	reported.	A	possibility	of	achieving	K	~14	W/mK	in	the	commercial	thermal
grease	 via	 the	 addition	 of	 only	 2%	 of	 the	 optimized	 graphene—MLG	 nanocomposite
mixture	 was	 also	 described.	 The	 graphene-based	 TIMs	 had	 thermal	 resistance	 RTIM
reduced	 by	 orders-of-magnitude	 and	 can	 be	 produced	 in	 large	 quantities	 on	 an	 industrial

scale	cheaply.138

Thermally	conductive	NCs	were	prepared	 from	epoxy	 resins	and	different	contents	of
multilayer	graphitic	nanoplatelets.	A	linear	increase	in	the	thermal	conductivity	(TC)	of	the

NC	was	 observed	 for	 higher	 graphene	 loading.139	 The	 incorporation	 of	 5	 wt%	 graphene
oxide	 (GO)	 into	 the	epoxy	matrix	caused	a	 four	 times	higher	TC	 than	 the	neat	 resin,	and
was	much	more	increased	by	incorporation	of	20	wt%	GO,	or	up	to	20	times	for	a	graphene
content	of	40	wt%.	At	similar	contents,	functionalized	graphite	was	a	more	effective	filler
in	improving	the	TC	of	the	PNCs.	The	thermal	conductivity	of	PNCs	was	further	improved

with	 silane-crosslinked	GO-NCs139	 and	 in	NCs	with	 strong	 interfacial	 interactions.140,141

Preparation	of	 silicone–graphene	NCs	with	 the	 increased	TC	and	dimensional	 stability140

and	dielectric	epoxy	thermosets	with	the	increased	TC142	were	also	described.	Stable	GO-

encapsulated	carbon	nanotube	hybrid	NCs	showed	a	high	TC	and	dielectric	constant.143

Recently,	 the	 improved	 thermal	 properties	 of	 polyimides	 and	 controlling

thermoelectrical	properties	of	polyaniline	(PANI)	films	were	reported.144–146

8.4.6	THERMAL	STABILITY	OF	POLYMER	NANOCOMPOSITES	WITH	ORGANIC	FILLERS

Usually,	the	addition	of	cellulosic	fillers	led	to	a	decrease	of	thermostability	of	composites
with	commodity	thermoplastics	(polyethylene,	polypropylene,	etc.).	However,	modification
of	 polyvinyl	 alcohol	 (PVA)	 with	 cellulose	 nanofibers	 caused	 an	 increase	 of	 thermal
stability	of	PVA.	The	results	of	T10	and	Tmax	for	PVA	and	PVA/cellulose	NCs	are	described
in	Table	8.6.

Table	8.6



TGA	Results	for	PVA	and	PVA/Cellulose	Nanocomposites
Sample Tmax	(°C) T10	(°C)

PVA 252.2 235.9
PVA/NC(2) 265.7 243.7
PVA/NC(5) 282.5 248.7
PVA/NC(7) 293.2 253.0
PVA/NC(10) 295.6 256.1
Source: Adapted	from	Kakroodi,	A.R.,	Cheng,	S.,	Sain,	M.,	Asiri,	A.,	J.	Nanomater.,	7	pages,	Article	ID	903498.	doi:

10.1155/2014/903498.	Copyright	2014,	Hindawi	Publishing	Corporation.	With	permission.

In	 the	 case	 of	 an	 inclusion	 of	 cellulose	 nanofibers	 to	 PVA,	 an	 enhancement	 in
degradation	 temperature	 of	NCs	was	 observed,	which	was	 ascribed	 to	 (1)	 higher	 thermal
stability	 of	 nanofibers	 (due	 to	 separation	 of	 less	 stable	 components	 such	 as	 lignin	 and
hemicellulose)	 and	 (2)	 reduction	 of	 the	mobility	 of	 polymer	 chains	 (in	 PVA)	 caused	 by
homogenous	 distribution	 of	 cellulose	 nanofibers	 in	 the	matrix.	 For	 instance,	T10	 of	 PVA
was	 235.9°C,	while	 it	was	 improved	 to	 243.7°C	 in	 the	 nanocomposite	with	 2%	 cellulose
nanofiber.	The	T10	of	PVA/NC(10%)	was	256.1°C.	Thermal	degradation	of	PVA	and	NCs
occurred	in	two	stages:	(1)	230–330°C	and	(2)	390–450°C.	It	was	shown	that	decomposition
temperature	of	PVA	modified	with	cellulose	nanofiber	was	increased,	while	decomposition

rates	decreased.147

Melt	blending	was	used	 for	preparation	of	 intumescent	 flame	 retardant	polyurethane–
starch	 (IFR–	 PU–starch)	 NCs.	 Microencapsulated	 ammonium	 polyphosphate	 (MCAPP)
served	 as	 compatibilizer,	 fire	 retardant,	 and	 water	 resistant	 additive	 to	 NCs.	 SEM
confirmed	 homogeneity	 of	 starch	 distribution	 in	 the	 PU	matrix.	 In	 the	 presence	 of	 5–10
wt%	 of	 starch,	 the	 slightly	 decreased	 thermal	 stability	 of	NCs	was	 determined	 by	 TGA,
under	a	nitrogen.	The	T5	values:	281°C	(with	5	wt%	of	starch	and	25	wt%	IFR)	and	275°C
(with	10	wt%	of	starch	and	20	wt%	IFR)	were	lower,	as	compared	to	297°C	for	unmodified
PU.	However,	char	yields	were	increased	from	3	wt%	(for	neat	PU)	to	24.7–29.3	for	these
NCs.	 For	 PU	 sample,	 containing	 20	wt%	 IFR	 and	 10	wt%	 starch	 limiting	 oxygen	 index
(LOI)	 increased	 to	 40.0	 (in	 comparison	 to	 22.0	 for	 neat	 PU)	 and	 UL94	 V0	 rating	 was

observed.148

8.5	SUMMARY	AND	CONCLUSIONS

Many	examples	of	thermally	stable	PNCs,	described	in	this	chapter,	confirm	their	good	heat
resistance.	For	 instance,	excellent	 thermal	and	 flame	 resistant	properties	exhibit	different

polymer	nano-compsites	 filled	with	silica	or	POSS,	or	modified	with	silicones,149,150	 but
outstanding,	 extremely	high	 thermal	 resistance	 (above	500°C)	was	 achieved	especially	 in
the	 case	of	different	polyimide	nanocomposites.	The	 improved	 thermal	 stability	of	PNCs
was	 achieved	 by	 the	 addition	 of	 thermally	 stable	 modifiers	 (including	 oligomeric



compounds),	which	provided	good	compatibility,	due	to	low	migration	characteristics.41,42

Obviously,	literature	cited	in	this	chapter	doesn’t	cover	all	world	achievements	in	this	field.

A	few	years	ago	it	was	predicted23	that	in	a	nearer	future	a	new	collection	of	materials
might	 be	 offered	 by	 PNCs	 technology	 in	 many	 market	 sectors:	 automotive,	 packaging,
household	 goods,	 electrical	 and	 electronic	 goods,	 aerospace,	 etc.	 In	 the	 future,	 the	 new
commercial	 products	 may	 also	 include	 new	 applications,	 for	 example,	 engine	 covers,
lighting	 accessories,	 batteries,	 computer	 chips,	 memory	 devices,	 catalytic	 converts,
nanoparticles	in	inkjets	and	cosmetics,	biosensors	for	diagnostics,	etc.	In	the	far	future,	new
applications	 of	 PNCs	 in	 automotive,	 bionanotechnology,	 and	 aerospace	 fields	 can	 be
expected.
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9.1	INTRODUCTION

The	optical	characteristics	of	inorganic	nanoparticles	(NP)	have	been	well	known	for	quite
a	 long	 time	 and	 this	 knowledge	 has	 been	 applied	 for	 the	 creation	 of	 optically	 functional
materials	 based	 on	 these	 NPs	 and	 different	 polymers	 used	 as	 a	 processable	 matrix.
Remarkable	 optical	 properties	 of	 certain	 polymer	 nanocomposites	 (NCs),	 such	 as
absorption	 (ultraviolet	 [UV]	 and	 visible),	 transparency,	 color,	 high	 refractive	 index,
fluorescence,	 luminescence,	different	nonlinear	optical	properties,	etc.	are	 the	 reasons	 for



such	 large	 interest	 of	 various	 researchers	 from	different	 disciplines	 all	 over	 the	world	 in
this	 type	of	material.	 In	 these	materials,	NPs	improve	optical	properties,	while	a	polymer
matrix	is	used	to	stabilize	the	size	and	growth	of	NPs	(Beecroft	and	Ober	1997).	Polymer
NCs,	which	 show	such	 intriguing	optical	properties,	 include	NCs	prepared	 from	different
polymers	 and	metal	 NPs,	metal	 oxide	NPs,	 carbon-based	NPs	 (fullerenes,	 graphene,	 and
carbon	nanotubes)	or	semiconductor	nanocrystals	(quantum	dots),	as	well	as	NCs	based	on
conjugated	polymer	matrices	and	different	inorganic	NPs.	Since	polymer	NCs	are	prepared
by	 synergistic	 combination	 of	 polymers	 and	 NPs,	 optical	 properties	 of	 these	 specific
materials	can	be	tailored	by	adequate	selection	of	the	organic	and	inorganic	building	blocks
with	 desirable	 properties	 and	 by	 simply	 changing	 the	 portion	 of	 NPs	 introduced	 in	 the
polymer	 matrix.	 This	 led	 to	 the	 rapid	 growth	 of	 the	 area	 of	 polymer	 NCs’	 possible
applications,	 such	 as	 for	 optical	 detectors,	 solar	 cells,	 in	 optical	 amplification,
photovoltaics,	biosensors,	for	waveguiding	in	integrated	optical	devices,	as	optical	coatings,
optical	 switches,	high	 refractive	 index	devices,	 for	 encapsulation	of	 light	 emitting	diodes
(LEDs),	as	lens	materials,	etc.

Linear	and	nonlinear	optical	properties	of	polymer	NCs	depend	on	the	optical	properties
of	 the	 polymer	matrix	 and	 applied	NPs,	 as	well	 as	 on	other	 different	 parameters	 such	 as
type,	 size,	 shape,	 surface	characteristics,	 concentration,	 and	 spatial	distribution	of	NPs	 in
the	matrix.	Therefore,	in	order	to	fully	understand	optical	properties	of	polymer	NCs,	it	is
necessary	first	to	briefly	describe	the	most	important	optical	properties	of	its	constituents,
that	is,	polymers	and	NPs.

9.2	OPTICAL	PROPERTIES	OF	POLYMERS

9.2.1	LINEAR	OPTICAL	PROPERTIES	OF	POLYMERS

Absorption,	reflection,	refraction,	and	scattering	belong	to	the	most	important	linear	optical
properties	of	polymers	(Figure	9.1).	The	proportion	of	each	of	these	phenomena	depends	on
the	properties	of	 the	polymer.	During	 the	 light	 absorption	of	 sample,	 atoms	or	groups	of
atoms	absorb	electromagnetic	energy,	the	absorbance	of	the	light	which	passes	through	the
sample	increases,	while	the	transmission	of	light	decreases	and	if	visible	light	is	absorbed,
color	will	appear.	Reflection	represents	 the	portion	of	 the	 light	reflected	from	the	surface
after	 it	 strikes	 the	 polymer.	 The	 rest	 of	 the	 incident	 light	 will	 be	 transmitted	 into	 the
polymer.	Reflection	of	the	light	depends	on	the	values	of	linear	refractive	index	(n0)	of	the
polymer	 and	 air.	 Since	 polymer	 and	 air	 have	 different	 values	 of	 n0,	 refraction,	 that	 is,
change	of	the	light	direction	occurs.	Scattering	of	the	light	appears	as	a	consequence	of	the
optical	(morphological)	inhomogeneities	(density	fluctuations,	voids,	presence	of	crystals,
etc.),	 which	 scatter	 the	 light	 in	 different	 directions.	 There	 are	 two	 types	 of	 scattering:
Rayleigh	scattering	where	scattering	centers	are	smaller	 than	one-tenth	of	 the	wavelength
and	Mie	scattering	where	scattering	centers	have	the	same	size	as	the	applied	wavelength.	If
the	 surface	 of	 the	 polymer	 is	 rough,	 then	 surface	 scattering	will	 appear.	However,	 if	 the
surface	 of	 the	 polymer	 is	 smooth,	 then	 reflection	 from	 such	 a	 surface	 is	 called	 specular



reflection.	A	polymer	surface	will	be	glossy	if	the	relative	proportion	of	specular	reflection
is	higher	than	the	proportion	of	surface	scattering,	but	if	specular	reflection	is	close	to	zero,
the	surface	of	the	polymer	will	be	matte	(Demir	and	Wegner	2012).	Gloss	can	be	defined	as
the	measure	of	the	surface	ability	to	reflect	light	and	it	represents	the	portion	of	the	incident
light	that	is	reflected	at	the	same	angle	as	the	angle	of	incident	light	beam	(usually	45°).

Due	 to	 the	 presence	 of	 absorption	 and	 scattering,	 the	 intensity	 of	 light	 that	 passes
through	 the	 polymer	 decreases	 on	 its	 way	 (It	 <	 I0,	 where	 I0	 and	 It	 are	 intensity	 of	 the
incident	 and	 transmitted	 light,	 respectively).	 This	 phenomenon	 is	 called	 attenuation.
Furthermore,	 the	 portion	 of	 the	 incident	 light	 which	 passes	 through	 the	 polymer
(transmittance)	depends	on	the	intensities	of	the	absorption	and	scattering.	The	wavelength
region	of	 interest	 for	 the	optical	 transmittance	usually	 starts	 at	200	nm	 (~200–400	nm	 is
UV	range	while	~400–800	nm	represents	the	visible	region)	up	to	1700	nm	(~800–1700	nm
is	the	near	infrared	[IR]	region).	If	the	light	absorption	is	very	small	and	scattering	is	zero,
then	the	polymer	will	have	large	transmittance	and	it	will	be	transparent.	On	the	other	hand,
the	 polymer	 will	 appear	 opaque	 (milky)	 if	 it	 has	 large	 scattering	 power.	 Generally
amorphous,	 homogenous	 polymers	 like	 polystyrene	 (PS)	 and	 poly(methyl	 methacrylate)
(PMMA)	 are	 transparent,	 while	 highly	 crystalline	 polymers,	 such	 as	 high	 density
polyethylene,	 are	 opaque.	 The	 increase	 of	 the	 crystallinity	 leads	 to	 the	 increase	 of	 the
polymer	density,	which	 further	 reduces	 the	 speed	of	 light	 that	passes	 through	 the	 sample
and	 increases	 the	refractive	 index.	 If	 the	size	of	crystals	 is	higher	 than	 the	wavelength	of
visible	light,	the	light	will	be	scattered,	leading	to	the	decrease	of	the	polymer	clarity	(Shah
2007).	Between	transparency	and	opaqueness	lies	translucency	(Demir	and	Wegner	2012).
On	 the	 other	 hand,	 haze	 represents	 the	 percentage	 of	 the	 transmitted	 light	 that	 deviates
more	 than	 2.5°	 from	 an	 incident	 parallel	 beam.	 It	 is	 caused	 by	 light	 scattered	 from	 the
optical	 inhomogeneities	 present	 in	 the	 polymer	 or	 from	 the	 surface	 imperfections	 and	 it
depends	on	the	thickness	of	the	polymer	(Demir	and	Wegner	2012).

FIGURE	9.1 	Schematic	representation	of	some	interactions	of	light	with	a	polymer.

Beside	 those	 previously	 mentioned,	 some	 undoped	 conjugated	 polymers	 also	 exhibit
photoluminescence	(PL)	in	the	near	IR	and	visible	spectral	range,	that	is,	they	are	capable
of	reemitting	visible	light	after	the	absorption	of	photons,	due	to	the	transition	of	electrons
from	 an	 excited	 energy	 to	 the	 lower	 energy	 state.	Depending	 on	 the	 delay	 time	 between



absorption	 and	 reemission,	 different	 luminescence	 phenomena	 can	 occur.	 If	 reemission
occurs	 in	 a	 time	 period	 lower	 than	 1	 s,	 then	 this	 phenomenon	 is	 called	 fluorescence
(photons	that	are	emitted	have	lower	energy	than	absorbed	ones),	while	in	the	case	of	longer
times	 it	 is	 termed	phosphorescence.	On	 the	other	hand,	electroluminescence	(EL)	appears
when	material	 is	emitting	light	due	to	 the	presence	of	electric	field	or	passage	of	electric
current.	 Polymers	 that	 possess	 these	 optical	 properties	 are	 usually	 called	 light	 emitting
polymers	(LEP).

Refractive	index	is	defined	as	the	ratio	between	the	speed	of	light	in	a	vacuum	and	its
speed	in	the	examined	medium,	and	it	depends	on	the	molecular	structure	and	polarizability
of	molecules.	For	polymers	n0	 is	usually	between	1.3	and	1.7	 (only	a	 few	polymers	have
high	n0,	 such	as	poly(thiophene)	with	n0	=	2.12)	and	due	 to	 their	 chemical	 structure	 it	 is
difficult	to	prepare	transparent	polymers	that	have	n0	higher	than	1.7.	However,	n0	can	be
easily	modified	by	 the	 addition	of	 adequate	NPs.	 In	Table	9.1	 are	 given	 values	 of	n0	 for
some	nonconjugated	and	conjugated	polymers.	Complex	refractive	index	(n)	depends	on	the
wavelength	and	it	can	be	expressed	in	the	following	manner:

where	k	is	the	extinction	coefficient	defined	as

In	Equation	9.2	c	 is	 the	speed	of	 light,	ω	 is	 the	frequency	of	 the	optical	field,	λ	 is	 the
wavelength	 of	 light,	while	α0	 represents	 the	 linear	 absorption	 coefficient,	 defined	 as	 the
fraction	of	the	energy	absorbed	during	its	passing	through	a	unit	of	thickness	of	material.

TABLE	9.1
Values	of	Linear	Refractive	Index	(n0)	of	Several	Nonconjugated	and
Conjugated	Polymers
Nonconjugated	Polymers n0 Conjugated	Polymers n0

Poly(methyl	methacrylate) 1.49 Poly(N-vinylcarbazole) 1.69
Poly(vinyl	alcohol) 1.52–1.55 Poly(p-phenylene	vinylene) 2.10
Polystyrene 1.59–1.60 Polyaniline 1.85
Source: Adapted	from	Mark,	J.	E.	1999.	Polymer	Data	Handbook.	New	York:	Oxford	University	Press.

With	decreasing	wavelength	of	 the	 incident	 light,	n0	 increases.	The	parameter	used	 to
describe	the	dependence	of	n0	of	a	given	material	on	wavelength,	the	so-called	dispersion	of
n0,	 is	 called	Abbe	 number	 (V),	 and	 it	 reflects	 the	 slope	 of	 the	n0	 dispersion	 curve.	High
values	of	Abbe	number	are	connected	with	low	dispersion	and	low	chromatic	aberration	of

  

  



transparent	 materials	 (Asai	 et	 al.	 2013).	 Abbe	 number	 can	 be	 determined	 from	 the
refractive	index	at	three	different	wavelengths	(e.g.,	D-line	at	589	nm,	F-line	at	486	nm,	and
C-line	at	656	nm)	using	the	following	equation	(Tao	et	al.	2011):

For	anisotropic	material,	it	is	necessary	to	define	the	state	of	light	polarization	relative
to	a	reference	axis	in	the	examined	sample.	In	this	case,	usually	two	values	of	n0	are	quoted,
as	 well	 as	 the	 maximum	 difference	 between	 the	 n0	 values,	 measured	 in	 two	 mutually
perpendicular	 directions,	 that	 is,	 birefringence	 (Δn)	 (Brown	 1999).	 In	 other	 words,
birefringence	can	be	defined	as	a	measure	of	optical	anisotropy	of	polymer,	which	can	be
induced	by	 application	of	mechanical	 stress	 (e.g.,	 during	preparation	of	 uniaxially	 drawn
polymer	films)	 (Matsuda	and	Ando	2003)	or	 it	can	be	photoinduced	after	addition	of,	 for
example,	 azo-dyes	 (Costanzo	 et	 al.	 2014).	 For	 the	 application	 of	 polymers	 as	 optical
(antireflective)	coatings,	in	holographic	recording	systems,	in	optical	filters,	lenses,	optical
waveguides	and	switching,	optoelectronic	devices,	etc.	it	is	desirable	that	the	material	has
high	n0	and	low	Δn	value,	combined	with	high	transparency	and	mostly	long-term	UV	light
stability	and	good	thermal	stability.

9.2.2	NONLINEAR	OPTICAL	PROPERTIES	OF	POLYMERS

The	 interaction	 of	 electric	 fields,	 for	 example,	 oscillatory	 field,	 with	 a	material	 induces
oscillation	of	 electrons	of	material	 at	 the	 same	 frequency	 and	 appearance	of	 polarization
(P).	If	the	strength	of	the	applied	electric	field	(E)	is	relatively	small	in	comparison	to	the

interatomic	 columbic	 fields	 of	 the	 material	 (E	 <	 108–109	 V/m),	 then	 the	 polarization
response	of	the	material	will	be	linear	(Kanis	et	al.	1994).	In	that	case,	polarization	can	be

expressed	as	a	function	of	the	first-order	susceptibility	(χ(1)):

From	 the	 susceptibility	 χ(1)	 (polarizability),	 linear	 optical	 properties,	 such	 as	 linear
absorption	coefficient,	linear	refractive	index,	etc.	directly	follow	(Barford	2005).	However,

if	the	intensity	of	the	applied	electric	field	is	much	higher	(E	>	109	V/m)	such	as	in	the	case
of	powerful	optical	lasers,	 the	polarization	response	of	the	material	will	be	nonlinear.	For
example,	if	a	material	composed	of	N	polymers	per	volume	unit	is	influenced	by	very	high
electric	fields,	E(ω1),	E(ω2),	E(ω3),	…,	then	the	response	of	a	material	to	an	electric	field	at
a	frequency	ωσ	=	ω1	+	ω2	+	ω3	+	 ,	measured	by	its	polarization	P(ωσ)	is

  

  



where	 χ(n)	 is	 an	 n	 +	 1	 rank	 tensor	 and	 coefficients	 χ(2)	 and	 χ(3)	 are	 the	 second
(hyperpolarizability)	and	third-order	susceptibilities,	respectively	(Williams	1983;	Kanis	et

al.	1994).	Nonlinear	susceptibilities	(χ(2)	and	χ(3))	of	a	material	depend	on	its	symmetry	for
even	 order	 χ,	 the	 nature	 of	 the	 electronic	 environment	 of	 the	medium	 and	 nature	 of	 the
components	 of	 the	 interacting	 field	 (Williams	 1983).	Noncentrosymmetric	 materials	 can

show	 the	 second-order	 nonlinear	 optical	 properties	 (χ(2)	 processes)	 and	might	 be	 used	 in
optoelectronic	 switching	 and	 for	 frequency	 doubling,	 since	 in	 this	 case	 the	 energy	 of
photons	 is	 doubled	 after	 their	 interaction	 with	 media	 (Beecroft	 and	 Ober	 1997).	 In	 a

centrosymmetric	 media,	 the	 even	 order	 tensors	 (χ(2))	 are	 zero,	 that	 is,	 the	 electric	 field
contribution	 to	 the	 second-order	 nonlinear	 optical	 properties	 is	 forbidden	 by	 symmetry,
since	in	this	case	under	a	reversal	of	the	electric	field	the	polarization	must	reverse	sign.	On
the	 other	 hand,	 the	 odd	 tensors	 have	 no	 restrictions	 considering	 symmetry.	 Conjugated
polymers	 are	 often	 centrosymmetric,	 and	 therefore	 the	 lowest	 nonzero	 nonlinear

susceptibility	 is	 for	 these	 polymers	 χ(3)	 (Barford	 2005).	 χ(3)	 response	 of	 conjugated
polymers	 is	 excellent	 because	 they	have	 large	 effective	π-electron	delocalization	 through
the	backbone	of	the	polymer.	Due	to	that,	these	polymers	can	be	successfully	used	for	the
optical	switching	and	signal	processing	applications	(Williams	1983).

The	 third-order	 susceptibility	 is	 a	 complex	number	 (χ(3)	 =	Re	χ(3)	 +	 i	 Im	χ(3)),	 and	 it
depends	on	the	wavelength	used	for	the	measurements.	Beside	χ(3)	(m2/V2),	the	third-order
nonlinear	 optical	 properties	 of	 polymer	 can	 also	 be	 quantitatively	 characterized	 by	 a

nonlinear	refractive	index	(n2,	m
2/W)	and	nonlinear	absorption	coefficient	(β,	m/W).	When

linear	 absorption	 is	 negligible,	 n2	 can	 be	 connected	 with	 the	 real	 part	 and	 β	 with	 the

imaginary	part	of	χ(3)	if	the	international	system	(SI)	of	units	is	applied:

where	ε0	is	the	electric	permittivity	of	free	space	(8.85	×	10−12	F/m)	(Coso	and	Solis	2004).
The	value	of	parameter	K	=	βλ/n2	is	applied	to	estimate	the	optical	switching	effectiveness
of	a	material	(for	K	<	1	material	can	be	used	in	optical	switching	applications)	(Sun	et	al.
2008).

      
 

    

    



9.3	OPTICAL	PROPERTIES	OF	NANOPARTICLES

9.3.1	LINEAR	OPTICAL	PROPERTIES	OF	NANOPARTICLES

The	most	 important	 linear	optical	properties	of	NPs	are	scattering,	extinction	(the	sum	of
scattering	 and	 absorption),	 color,	 refractive	 index,	 energy	 band	 gap,	 etc.	 Linear	 optical
properties	of	NPs	depend	on	the	chemical	composition,	size,	shape,	orientation	and	number
of	NPs,	optical	constants	of	 the	NPs	and	surrounding	medium,	 the	distance	between	NPs,
the	 frequency	and	polarization	state	of	 the	 incident	 light,	and	can	be	quite	different	 from
their	bulk	properties.	From	all	these,	the	size	of	NPs	has	probably	the	largest	influence	on
their	optical	properties.	By	decreasing	NPs	size,	the	surface/volume	ratio	increases,	leading
to	the	enhancement	of	the	importance	of	NPs	surface	properties.	For	example,	when	the	size
of	NPs	is	5	nm,	they	are	composed	of	several	thousands	of	atoms	with	around	40%	of	atoms
located	on	their	surface.	On	the	other	hand,	when	the	size	of	particles	is	0.1	μm,	they	have

107	atoms	from	which	only	1%	is	placed	on	their	surface	(Hanemann	and	Szabó	2010).	One
of	 the	 most	 interesting	 size-dependent	 properties	 is	 the	 appearance	 of	 resonant	 light
absorption	 of	 gold	 (Au)	 and	 silver	 (Ag)	NPs.	Namely,	when	 an	 external	 electromagnetic
field	is	applied	on	Au	and	Ag	in	bulk,	then	the	collective	excitation	of	conductive	electrons
will	 result	 in	 a	 relaxator.	 However,	 in	 the	 case	 of	 Au	 and	 Ag	 NPs,	 a	 surface	 plasmon
resonance	 (SPR)	will	 appear	 as	 a	 consequence	of	 the	 collective	conduction	band	electron
oscillation	 (Zhang	 2009).	 When	 the	 resonant	 structures	 of	 Au	 and	 Ag	 NPs	 are	 in	 the
extinction,	then	these	particles	will	have	characteristic	color,	that	is,	Au	will	be	red	and	Ag
will	be	yellow.	With	increasing	NPs	size,	the	peak	of	SPR	shifts	to	longer	wavelengths	(red
shift)	and	it	becomes	broader.	Broadening	of	the	SPR	peak	also	occurs	when	the	shape	of
noble	metal	NPs	is	changed	from	spherical	to	nonspherical.	Furthermore,	it	has	been	shown
that	 the	presence	of	structural	anisotropy	of	Ag	NPs	can	 induce	more	 than	one	SPR	band
(Vodnik	 et	 al.	 2013).	 SPR	 of	 metal	 NPs	 also	 depends	 on	 the	 chemical	 nature	 of	 the
particles,	particle–particle	interactions,	embedding	environment,	distance	between	NPs	and
surrounding	media,	 etc.	 If	 the	 dielectric	 properties	 of	 surrounding	medium	 are	 changed,
then	SPR	peak	of	metal	NPs	will	shift.	For	example,	red	shifts	are	observed	when	n0	of	the
environment	was	 higher	 than	 1,	 as	well	 as	with	 increasing	 the	 dielectric	 constant	 of	 the
surrounding	media	which	 is	 in	 agreement	with	Drude	model	 (Kreibig	 and	Vollmer	1995;
Vodnik	et	al.	2009,	2010,	2012;	Vukoje	et	al.	2014).	The	position	of	SPR	peak	is	around	520
nm	for	Au	and	400	nm	for	Ag	in	water	(Zhang	2009).	Generally	speaking,	optical	properties
of	 metal	 NPs	 in	 the	 visible	 spectral	 region	 strongly	 depend	 on	 the	 surface	 plasmon
absorption.

Furthermore,	the	effect	known	as	quantum	size	(or	quantum	confinement)	effect,	that	is,
the	 shift	 of	 the	wavelength	 for	 photoluminescence	 and	 absorption	 to	 shorter	wavelengths
(blue	 shift),	 appears	 with	 decreasing	 semiconductor	 NPs	 (quantum	 dots	 [QDs])	 size
(usually	 below	 10	 nm).	 Simultaneously,	 with	 decreasing	 particle	 dimensions,	 the	 energy
level	 spacing	 increases,	 as	 schematically	 shown	 in	 Figure	 9.2.	 Using	 this	 effect,	 it	 is
possible	to	control	the	wavelength	for	photoluminescence	by	controlling	the	size	of	the	QDs



(Quinten	2011).	Generally	speaking,	optical	properties	of	semiconductor	NPs	depend	more
on	their	size,	while	optical	properties	of	metal	NPs	are	more	sensitive	to	their	shape	(Zhang
2009).	 For	 very	 small	 NPs,	 optical	 properties	 are	 described	 using	 quantum-mechanical
concepts	 (Quinten	 2011),	 while	 for	 larger	 particles	 Mie’s	 theory	 of	 light	 scattering	 and
absorption	 by	 a	 single,	 isolated	 spherical	 particle	 is	 applied	 (Mie	 1908).	 For	 the
nonspherical	NPs,	usually	adequate	approximations	and	numerical	methods	are	used.	These
theoretical	 considerations	 are	 extensively	 covered	 in	 the	 literature	 (Zhang	 2009;	Quinten
2011).

As	 already	mentioned,	 linear	optical	 properties	of	NPs	depend	also	on	 their	 chemical
composition.	 In	 order	 to	 improve	 compatibility	 between	 NPs	 and	 polymer	 matrix	 by
creating	chemical	bonds	between	them,	it	is	often	necessary	to	modify	the	surface	of	NPs
with	 adequate	 compounds.	 The	 optical	 properties	 of	 surface	 modified	 NPs	 can	 be	 quite
different	 than	 those	 of	 bare	 NPs.	 Jankovi 	 et	 al.	 (2010)	 have	 reported	 that	 the	 onset	 of
absorption	of	titanium	dioxide	(TiO2)	NPs	surface	modified	with	catecholate	type	ligands	is
red	shifted	in	comparison	to	the	unmodified	NPs	(Jankovi 	et	al.	2010).	These	results	were
explained	 by	 the	 excitation	 of	 localized	 electrons	 from	 the	 modifier	 surface	 into	 the
conduction	 band	 continuum	 states	 of	 TiO2.	 Similar	 was	 obtained	 by	 Džunuzovi 	 et	 al.
(2007,	2010)	for	TiO2	NPs	surface	modified	with	6-palmitate	ascorbic	acid,	as	well	as	for
the	TiO2	NPs	surface	modified	with	gallates	(Džunuzovi 	et	al.	2012,	2013;	Radoman	et	al.
2013).	As	an	example,	in	Figure	9.3	are	given	absorption	spectra	of	TiO2	colloid	 in	water
and	TiO2	NPs	 surface	modified	with	6-palmitate	 ascorbic	 acid	 in	 toluene	 (left)	 and	TiO2

colloid	 and	 TiO2	 NPs	 surface	modified	with	 lauryl	 gallate	 in	 chloroform	 (right).	 On	 the
other	hand,	the	modification	of	TiO2	NPs	with	chlorine	atoms	led	to	the	blue	shift	in	the	UV
absorption	spectrum	(Park	et	al.	2009).

FIGURE	9.2 	Schematic	illustration	of	the	quantum	confinement	effect.



FIGURE	9.3 	Absorption	 spectra	of	TiO2	colloid	 in	water	and	TiO2	NPs	 surface	modified	with	 6-palmitate	 ascorbic

acid	(TiO2–PAA)	in	 toluene	(left)	and	TiO2	colloid	and	TiO2	NPs	surface	modified	with	 lauryl	gallate	 (TiO2–LG)	 in

chloroform	 (right).	 (Data	 reproduced	 from	 (left)	Džunuzovi ,	 E.	 S.	 et	 al.	Hemijska	 Industrija	 64:473–89	 and	 (right)
Radoman,	 T.	 S.	 et	 al.	Hemijska	 Industrija	 67:923–32	 with	 the	 permission	 of	 Association	 of	 Chemical	 Engineers	 of
Serbia.)

In	contrast	to	the	polymers,	n0	of	inorganic	NPs	can	have	values	lower	than	1	and	higher
than	 4	 (Table	 9.2).	 For	 example,	 n0	 of	 Au	 NPs	 is	 far	 below	 1	 in	 a	 broad	 range	 of
wavelengths,	n0	of	TiO2	is	2.54	for	anatase	or	2.75	for	rutile	form,	while	lead	sulfide	(PbS)
has	n0	of	4.0–4.3	(for	diameters	of	PbS	>	20	nm,	at	633	nm)	(Caseri	2009).	That	is	why	NPs
can	 be	 applied	 as	 effective	 additives	 for	 modification	 of	 n0	 values	 of	 polymers	 by
preparation	 of	 polymer	 NCs.	 Furthermore,	 oxide	 NPs,	 such	 as	 TiO2,	 silica	 (SiO2),	 zinc
oxide	 (ZnO),	 alumina	 (Al2O3),	 etc.	 are	 especially	 interesting	 for	 the	 preparation	 of
transparent	polymer	NCs.	Namely,	metal	oxides	such	as	ZnO	and	TiO2	do	not	absorb	light
in	the	visible	and	near	IR	spectral	region	(their	absorption	edge	is	around	400	nm	and	band
gap	 energy	 higher	 than	 ~3	 eV)	 and	 are	 therefore	 often	 colorless	 or	 white,	 while	 metal
oxides	such	as	hematite	(Fe2O3)	and	magnetite	(Fe3O4)	absorb	light	in	the	visible	spectral
region,	 have	 lower	 band	 gap,	 and	 are	 therefore	 considered	 semiconductors	 (Table	 9.3)
(Zhang	 2009).	Regardless	 of	 these	 distinctions,	 certain	metal	 oxides	 such	 as	 TiO2	 are	 in
practice	 often	 considered	 semiconductors.	 The	 band	 gap	 represents	 the	 energy	 difference
between	 the	 top	 of	 the	 valence	 band	 (ground	 state)	 and	 the	 bottom	 of	 the	 higher	 energy
band,	that	is,	conduction	band.	The	band	gap	energy	is	the	energy	that	the	electron	needs	to
have	to	be	able	to	jump	from	the	valence	band	to	the	conduction	band.	So,	material	will	be
more	electrically	conductive	if	it	has	a	lower	band	gap.	The	comparison	of	band	gap	energy
of	metal,	semiconductor,	and	insulator	is	presented	in	Figure	9.4.

Table	9.2
Values	of	Linear	Refractive	Index	(n0)	of	Several	Inorganic	Materials



Table	9.3
Values	of	the	Band	Gap	Energy	(Eg)	of	Several	Inorganic,	UV	Absorbing
Materials

FIGURE	9.4 	Schematic	representation	of	different	band	gap	energies	(Eg)	of	metal,	semiconductor,	and	insulator.

9.3.2	NONLINEAR	OPTICAL	PROPERTIES	OF	NANOPARTICLES

At	high	excitation	intensities,	NPs	can	show	several	interesting	nonlinear	optical	properties,
such	 as	 the	 second-	 and	 third-order	 nonlinear	 optical	 properties,	 luminescence	 up-
conversion	(LUC),	and	saturable	absorption.	LUC	represents	the	nonlinear	optical	property
where	the	emitted	light	has	a	higher	frequency	or	shorter	wavelength	than	the	incident	light
(Zhang	 2009).	 On	 the	 other	 hand,	 saturable	 absorption	 (absorption	 saturation	 or	 light



induced	 transparency)	 can	 be	 defined	 as	 a	 decrease	 of	 the	 absorption	 of	 light	 with
increasing	 light	 intensity,	 since	 in	 that	case	 the	upper	energy	states	 fill	 and	block	 further
absorption	(Hasan	et	al.	2009).	The	absorption	coefficient	of	saturable	absorber	(α)	is	given
by	the	following	equation:

where	α0	 is	the	linear	absorption	coefficient	at	the	wavelength	of	excitation	and	Isat	 is	 the
saturation	 intensity,	 that	 is,	 intensity	 necessary	 to	 reduce	 α	 to	 half	 of	 the	 initial	 value
(Hasan	 et	 al.	 2009;	Murali	 et	 al.	 2013).	NPs	 can	 also	 show	 reverse	 saturable	 absorption,
which	 is	 the	 opposite	 phenomenon	 than	 the	 saturable	 absorption,	 and	 it	 appears	 when
excited	states	formed	by	optical	“pumping”	(optical	absorption)	of	the	ground	state	have	a
higher	 absorption	 cross	 section	 than	 the	 ground	 state	 (Wang	 et	 al.	 2004).	 The	 above-
mentioned	nonlinear	optical	properties	of	NPs	can	be	applied	in	optical	switching,	as	well
as	 for	optical	 limiting	 application,	which	 represents	 the	 ability	of	 a	material	 to	 attenuate
dangerous	 intense	 laser	 beams,	 allowing	 at	 the	 same	 time	 high	 transmittance	 for	 low-
intensity	ambient	 light	(Hasan	et	al.	2009).	Because	of	 that,	optical	 limiting	materials	are
used	to	protect	human	eyes	and	sensitive	optical	instruments.

9.4	OPTICAL	PROPERTIES	OF	POLYMER	NANOCOMPOSITES

9.4.1	LINEAR	OPTICAL	PROPERTIES	OF	POLYMER	NANOCOMPOSITES

9.4.1.1	Transparency	of	Polymer	Nanocomposites
Two	of	the	most	desirable	optical	properties	of	the	polymer	NC	materials	are	transparency
and	 high	 refractive	 index	 value,	 which	 can	 be	 obtained	 by	 dispersing	 NPs	 with	 high
refractive	 index,	 a	 steep	 absorption	 in	 the	 near	 UV	 region	 (below	 400	 nm),	 and	 no
absorption	 in	 the	 visible	 region	 (TiO2,	 ZnO,	 SiO2,	 Al2O3,	 zirconia	 [ZrO2],	 zinc	 sulfide
[ZnS],	etc.)	into	transparent	polymers	(PMMA,	PS,	poly(vinyl	alcohol)	[PVA],	polyimides
[PI],	 etc.).	 This	 type	 of	 material	 can	 be	 used	 as	 transparent	 UV	 filters	 or	 coatings	 for
materials	 sensitive	 to	 UV	 light,	 especially	 if	 TiO2	 and	 ZnO	 are	 used	 as	 nanofillers.	 In
contrast	 to	 the	 conventional	 composites,	 where	 after	 the	 addition	 of	 particles	 into	 the
polymer	matrix	a	loss	of	transparency	occurs	due	to	the	light	scattering	from	the	microsized
particles	 or	 their	 agglomerates,	 in	 the	 case	 of	 polymer	 NCs	 optical	 transparency	 of
polymers	can	be	retained	because	light	scattering	by	nanosized	particles	which	are	smaller
than	the	wavelength	of	visible	light	is	not	significant	(Althues	et	al.	2007).	Namely,	when
particles	 are	 placed	 in	 front	 of	 the	 electromagnetic	 radiation,	 then	 the	 extinction	 of	 the
incident	 beam	 will	 occur,	 due	 to	 the	 scattering	 by	 the	 particles	 and	 absorption	 in	 the
particles	 (assuming	 that	 the	 surrounding	medium	 is	 nonabsorbing)	 (Bohren	 and	Huffman
1983).	 In	 the	case	of	polymer	composites,	 it	 is	usually	assumed	 that	 the	scattering	 losses
are	dominant.	If	the	size	of	particles	is	similar	or	larger	than	the	wavelength	of	light,	then

  



Mie	theory	is	applied	for	 the	description	of	the	light	scattering	by	particles	(Figure	9.5a).
On	the	other	hand,	the	scattering	of	light	by	particles	where	the	dimensions	are	smaller	than
the	wavelength	 of	 light	 (less	 than	 one-tenth	 of	 the	wavelength	 of	 visible	 light)	 is	 called
Rayleigh	scattering	(Figure	9.5b).

According	 to	 the	 Rayleigh	 scattering	 theory,	 if	 the	 intensity	 of	 unpolarized	 incident
light	is	I0,	then	the	intensity	of	scattered	light	(Is)	will	be

where	N	 is	 the	 number	 of	 scattering	 particles,	 a	 is	 the	 radius	 of	 the	 particle,	 θ	 is	 the
scattering	angle,	r	 is	 the	distance	of	 the	detector	 from	the	particle,	and	n	 (=	np/nm)	 is	 the
ratio	of	refractive	index	of	the	particle	(np)	and	polymer	matrix	(nm)	(Bohren	and	Huffman
1983).	When	 the	 scattering	 particle	 is	 absorptive,	 a	 complex	 relative	 refractive	 index	 is
used	in	the	above	equation	(Kerker	1969).	From	Equation	9.9	it	can	be	concluded	that	with
increasing	 radius	of	particle,	 the	 intensity	of	 scattered	 light	will	 also	 increase,	which	 can
lead	to	 the	appearance	of	 the	 turbidity	 in	 the	polymer	NCs.	Using	the	Rayleigh	scattering
theory,	the	loss	of	the	light	intensity	due	to	the	scattering	can	be	expressed	in	the	following
manner:

FIGURE	9.5 	Schematic	representation	of	the	(a)	Mie	and	(b)	Rayleigh	scattering	by	particles.

where	T	is	the	transmittance	(or	transmission)	of	polymer	NCs,	φp	is	the	volume	fraction	of
NPs,	and	x	is	the	optical	path	length	(i.e.,	thickness	of	polymer	NC	sample)	(Novak	1993).
Equation	9.10	is	valid	for	the	unpolarized	incident	light,	nonabsorbing,	small,	isotropically
scattering	spherical	particles,	and	for	 low	particle	content.	 If	np	<	nm,	 then	Equation	9.11
must	be	used	(Caseri	2009):

  

  



According	to	Equations	9.10	and	9.11,	polymer	NCs	will	be	completely	transparent	if	np
=	nm	(the	so-called	index	matching),	regardless	of	the	NPs	size.	Li	et	al.	prepared	core/shell
NPs	(diameter	~59	nm)	with	different	shell	thickness	composed	from	SiO2	core	(n0	=	1.44)
and	TiO2	shell	(n0	=	2.50)	and	obtained	that	the	addition	of	1	wt.%	of	these	NPs,	with	shell
weight	content	of	36.5%,	into	transparent	epoxy	matrix	(n0	=	1.54)	led	to	the	formation	of
transparent	polymer	NC	(thickness	~4	mm),	since	at	this	shell	thickness	the	index	matching
between	 matrix	 and	 filler	 was	 accomplished	 (Li	 et	 al.	 2008).	 Tan	 et	 al.	 obtained	 that
PS/cerium	 fluoride:	 ytterbium-erbium	 (CeF3:Yb-Er)	 NCs	 have	 better	 transparency	 than
PMMA/CeF3:	Yb–Er	NCs,	even	at	high	NPs	loading	(≥10	vol.%),	due	to	the	smaller	index
mismatch	Δn	≈	0.03	between	CeF3	and	PS	than	Δn	≈	0.12	between	CeF3	and	PMMA	(Tan	et
al.	 2010).	 Virtually	 transparent	 polymer	 NCs	 can	 be	 obtained	 when	 the	 diameter	 of	 the
applied	 NPs	 is	 lower	 than	 ~40	 nm,	 since	 in	 that	 case	 the	 optical	 scattering	 can	 be
significantly	lowered	even	if	 there	is	a	 large	difference	between	n0	values	of	 the	polymer
and	NPs.	This	 is	of	course	valid	only	when	 the	 thickness	of	 the	polymer	NC	is	 relatively
low	 (a	 few	micrometers)	 and	when	 the	dispersion	of	NPs	 in	 the	polymer	matrix	 is	 good.
However,	for	certain	applications,	such	as	transfer	of	information,	it	is	necessary	that	NPs
imbedded	in	polymer	matrix	have	a	diameter	lower	than	10	nm.	Polymer	NCs	prepared	with
such	 small	 NPs	 will	 be	 transparent	 even	 at	 high	 NPs	 portion	 and	 large	 refractive	 index
differences	between	polymer	and	NPs.	For	example,	Nussbaumer	et	al.	(2003)	synthesized
PVA/TiO2	films	of	thickness	between	40	and	80	μm,	using	TiO2	NPs	(diameter	~2.5	nm),
which	 contained	 only	 rutile	 crystal	 modification,	 and	 obtained	 that	 NC	 films	 with
concentration	of	TiO2	NPs	below	25	wt.%	absorb	UV	but	not	visible	light	(Nussbaumer	et
al.	 2003).	 The	 authors	 concluded	 that	 these	 NCs	 can	 be	 used	 as	 efficient	 optically
transparent	 UV	 filters.	 The	 thickness	 of	 polymer	 NCs	 also	 plays	 a	 significant	 role	 in
obtaining	 transparent	 material,	 since	 with	 increasing	 thickness	 of	 NC	 sample,	 the	 path
length	(Equations	9.10	and	9.11)	and	scattering	volume	increase	as	well,	and	the	importance
of	multiple	scattering	effect	becomes	larger,	which	eventually	can	lead	to	the	formation	of
opaque	material	(Liao	et	al.	2014).	On	the	other	hand,	when	the	diameter	of	NPs	is	higher
(>100	nm),	it	is	also	necessary	to	take	care	that	the	refractive	index	of	NPs	is	similar	to	that
of	 the	polymer	matrix	 (the	difference	between	n	 of	NPs	 and	polymer	matrix	 in	 this	 case
must	be	less	than	0.02)	in	order	to	avoid	scattering	and	opaque	appearance	of	polymer	NCs.
The	transparency	loss	and	multiple	scattering	effects	also	occur	with	increasing	fraction	of
the	 incorporated	 NPs,	 since	 with	 high	 NPs	 loadings	 agglomerates	 can	 appear	 inside	 the

  



matrix	 and	 consequently	 Rayleigh	 or	 even	 Mie	 scattering,	 which	 must	 be	 avoided	 by
ensuring	 uniform	 dispersion	 of	 NPs	 in	 polymer.	 The	 appearance	 of	 larger	 aggregates	 in
PMMA/indium	oxide	 (In2O3)	NC	 films	 (thickness	 ~100	 μm)	with	 increasing	NP	 content
was	the	reason	for	the	red	shift	of	UV	light	absorption	start	of	NCs	and	for	the	lowering	of
T,	 as	 observed	 by	 Singhal	 et	 al.	 (2013).	 Furthermore,	 Sarwar	 et	 al.	 (2009)	 obtained	 that
transmittance	of	NC	films	prepared	 from	polyamide	and	Al2O3	 increases	with	 increasing
NP	content	up	to	10	wt.%,	but	with	further	increase	of	Al2O3	content,	T	decreases	due	to	the
lowering	 of	 the	 homogeneity	 of	 the	NCs	 by	 the	 presence	 of	 agglomerates	 (Sarwar	 et	 al.
2009).	 Uniform	 dispersion	 of	 NPs	 in	 polymer	 matrix	 can	 be	 obtained	 by	 increasing	 the
compatibility	between	NPs	and	polymer,	that	is,	by	increasing	solubility	of	NPs	in	organic
media	 and	 enhancing	 its	miscibility	with	 polymer.	 In	 order	 to	 do	 that,	 it	 is	 necessary	 to
have	chemical	bonds	between	NPs	and	polymer	matrix,	which	can	be	achieved	usually	by
surface	functionalization	of	the	applied	NPs	or	by	preparation	of	NPs	using	in	situ	reactions
in	 an	 organic	 matrix.	 For	 example,	 Li	 et	 al.	 (2007)	 have	 used	 an	 in	 situ	 sol–gel
polymerization	 technique	 to	 prepare	 transparent	 PMMA/ZnO	 NCs,	 which	 showed
significant	UV	 shielding	 effect	 over	 the	 full	UV	 range,	 even	 at	 very	 low	ZnO	content	 of
0.017	wt.%	(Li	et	al.	2007).	The	diameter	of	the	applied	ZnO	NPs	was	2.8	±	0.4	nm.	Tsai	et
al.	(2014)	prepared	transparent	polymer	NCs	using	in	situ	polymerization	and	anatase	TiO2

NPs	 surface	 modified	 with	 phenyl	 acetic	 and	 hexanoic	 acid	 (compatible	 with
poly(ethoxylated	 (6)	 bisphenol	A	 dimethacrylate))	 and	with	 acetic	 acid	 (compatible	with
poly(4-vinyl	 benzyl	 alcohol))	 (Tsai	 et	 al.	 2014).	 These	 authors	 obtained	 that	 the
transparency	 of	 the	 synthesized	NCs	 increased	with	 increasing	 content	 of	 TiO2	 NPs	 and
their	dispersity.	Furthermore,	 Imai	et	al.	 (2009)	have	shown	that	dispersibility	of	TiO2	 (7
nm	 diameter)	 and	 ZrO2	 (5	 nm	 diameter)	 NPs	 in	 poly(bisphenol	 A	 carbonate)	 can	 be
significantly	 improved	by	surface	modification	of	NPs	with	phosphoric	acid	2-ethylhexyl
esters	and	simultaneous	incorporation	of	sulfonic	acid	moiety	into	the	polycarbonate	chain
(Imai	et	al.	2009).	The	obtained	NCs	were	highly	transparent	up	to	the	content	of	42	wt.%
of	TiO2	and	50	wt.%	of	ZrO2.	Demir	et	al.	(2007)	performed	surface	modification	of	ZnO
NPs	 with	 tert-butylphosphonic	 acid	 and	 used	 so	 prepared	 NPs	 (22	 nm	 in	 diameter)	 to
synthesize	PMMA/ZnO	NC	films	of	~2.0	μm	with	relatively	high	n0	and	high	T	of	91.3	±
0.7%	 up	 to	 the	 2.37	 vol.%	 (11	wt.%),	 that	 is,	 NCs	 that	were	 almost	 transparent	 as	 pure
PMMA	 (TPMMA	 =	 92%)	 (Demir	 et	 al.	 2007).	 Yen	 et	 al.	 (2013)	 prepared	 transparent
polyimide/TiO2	films	that	contained	relatively	high	NP	content	(50	wt.%)	and	thickness	(15
μm)	using	poly(o-hydroxy-imide)	as	matrix	(Yen	et	al.	2013).

9.4.1.2	Refractive	Index	of	Polymer	Nanocomposites
Beside	 high	 optical	 transparency,	 optically	 functional	 polymer	NCs	 are	 often	 required	 to
have	high	refractive	index	value	for	successful	applications	in	optical	filters,	waveguides,
lenses,	solar	cells,	optical	adhesives,	reflectors,	antireflection	films,	etc.	This	requirement
can	 be	 efficiently	 accomplished	 by	 combination	 of	 NPs	 with	 high	 n0	 values	 and	 low



absorption	 coefficients	 (TiO2,	 ZnO,	 ZrO2,	 ZnS,	 and	 PbS)	 with	 polymers.	 The	 refractive
index	 of	 polymer	 NCs,	 nNC,	 can	 be	 approximately	 calculated	 using	 the	 mixing	 rule,	 as
shown	below	(Liu	et	al.	2008)

where	φp	 and	φm	 are	 volume	 fractions	 of	NPs	 and	 polymer,	 respectively,	 ρp	 and	 ρm	 are
densities	of	NPs	and	polymer	matrix,	respectively,	and	wp	is	the	weight	fraction	of	NPs.	If
φp	is	small	and	densities	of	polymer	matrix	and	NPs	are	similar,	then	Equation	9.12	can	be
written	as	follows:

According	 to	 Equations	 9.12	 and	 9.13,	 with	 increasing	 volume	 or	 weight	 fraction	 of
NPs,	 the	 nNC	 value	 also	 increases.	 As	 already	 mentioned,	 higher	 fractions	 of	 NPs
homogenously	 dispersed	 in	 polymer	 matrix	 usually	 can	 be	 introduced	 using	 in	 situ
preparation	techniques,	 that	 is,	 in	situ	polymerization	 in	 the	presence	of	surface	modified
NPs	or	in	situ	preparation	of	NPs	in	polymer	matrix.	The	change	of	the	nNC	with	increasing
NPs	 loading	can	also	be	 theoretically	predicted	using	Maxwell-Garnett	 effective	medium
theory	(Maxwell-Garnett	1904):

where	εc,	εm,	and	εp	are	dielectric	constants	of	 the	NC,	matrix,	and	NP,	 respectively.	The

refractive	index	can	be	calculated	using	Equation	9.14	and	the	relation:	n2	=	ε.	This	theory
is	 valid	 only	 for	 the	 spherical	 particles	 with	 sizes	 smaller	 than	 the	 wavelength	 of	 the
incident	 light	and	in	the	case	when	there	is	no	interaction	of	neighbored	particles,	 that	 is,
for	relatively	low	particle	loading.

Complex	 refractive	 index	 of	 polymer	 NCs	 can	 be	 calculated	 from	 reflectance	 (or
reflectivity,	R)	and	extinction	coefficient	(k,	Equation	9.2)	using	Equation	9.15	(Saini	et	al.
2013):

An	example	of	the	dependence	of	reflectance	of	polymer	NC	based	on	PMMA	and	TiO2

  

  

  

  



NPs	 surface	modified	 with	 6-palmitate	 ascorbic	 acid	 on	 wavelength,	 which	 was	 used	 as
confirmation	of	the	presence	of	NPs	in	polymer	matrix,	is	given	in	Figure	9.6.

The	 change	 (dispersion)	 of	 the	nNC	with	wavelength	 can	 be	 described	 by	 the	Cauchy
model	 (Equation	 9.16),	 in	 which	 A,	 B,	 and	 C	 are	 constants	 (Demir	 et	 al.	 2007).	 If
transparent	 NC	 films	 are	 prepared,	 then	 constant	C	 is	 close	 to	 zero	 and	 can	 be	 ignored
(Ruiterkamp	et	al.	2011).	The	dispersion	of	refractive	index	of	polymer	NCs	is	especially
important	to	know	for	designing	devices	that	will	be	applied	for	spectral	dispersion	and	in
optical	communications.

FIGURE	9.6 	The	dependence	of	reflectance	of	NC	based	on	PMMA	and	TiO2	NPs	surface	modified	with	6-palmitate

ascorbic	acid	(PMMA/TiO2-PAA-R	(3))	on	wavelength.	(Data	reproduced	from	Džunuzovi ,	E.	S.	et	al.	2010.	Hemijska

Industrija	64:473–89	with	the	permission	of	Association	of	Chemical	Engineers	of	Serbia.)

One	of	the	most	applied	nanofillers	to	increase	the	refractive	index	of	polymer	NCs	is
TiO2.	Liu	et	al.	(2008)	prepared	homogenous	and	transparent	polyimide/TiO2	NC	film	(0.16
μm	 thickness)	 using	 sulfur	 containing	 PI	 with	 nm,	 633nm	 =	 1.68	 and	 relatively	 low
birefringence	and	45	wt.%	of	anatase	TiO2	NPs	modified	with	silica	(np,	589nm	=	2.0),	and
obtained	 that	nNC	 of	 the	 synthesized	NC	 is	 1.81	 at	 633	nm	 (Liu	 et	 al.	 2008).	Chau	 et	 al.

  



(2009)	have	shown	that	nNC	of	epoxy/	TiO2	NC	films	(1	μm	thickness),	synthesized	using
surface	modified	 anatase	TiO2	NPs,	 increases	with	 increasing	weight	 percentage	 of	NPs,
and	 the	 highest	 increase	was	 observed	 for	 the	NC	prepared	with	 hexylamine/acetic	 acid-
capped	TiO2	NPs	(Chau	et	al.	2009).	The	increase	of	nNC	with	increasing	weight	percentage
of	 NPs	 at	 486,	 589,	 and	 656	 nm	was	 also	 observed	 by	 Imai	 et	 al.	 (2009),	 and	 obtained
results	 were	 in	 a	 good	 agreement	 with	 the	 Maxwell-Garnett	 theory	 for	 the	 lower	 NPs
loading	 (Imai	 et	 al.	 2009).	 Tsai	 et	 al.	 (2014)	 prepared	 50	 μm	 thick	 transparent
polyacrylate/TiO2	and	poly(vinyl	benzyl	alcohol)/TiO2	NC	films	by	in	situ	polymerization,
starting	from	hexanoic	acid	and	phenyl	acetic	acid	surface	modified	TiO2	NPs	and	obtained
that	nNC	 increases	with	increasing	TiO2	content	and	aromatic	structure	 in	polymer	matrix
(Tsai	et	al.	2014).	According	to	these	authors,	at	633	nm	poly(4-vinyl	benzyl	alcohol)/TiO2

NC	has	nNC	=	1.73	at	60	wt.%	of	TiO2.	On	the	other	hand,	Liou	et	al.	 (2010)	synthesized
polyimide/TiO2	 hybrid	 films	 of	 thickness	 between	 20	 and	 30	 μm,	 starting	 from
organosoluble	PI	with	hydroxyl	groups	and	titanium	butoxide,	and	obtained	that	at	50	wt.%
titania	content,	the	value	of	nNC	was	1.83	(Liou	et	al.	2010).	Tao	et	al.	(2011)	observed	that
nNC	 of	 transparent	 polymer	 NCs,	 prepared	 by	 grafting	 poly(glycidyl	 methacrylate)	 onto
anatase	TiO2	NPs	surface	modified	with	phosphate-azide	ligand,	linearly	increases	from	1.5
to	1.8	at	500	nm	by	increasing	NP	loading	to	30	vol.%	(60	wt.%),	indicating	homogenous
dispersion	 of	 NPs	 in	 the	 polymer	matrix	 (Tao	 et	 al.	 2011).	 Furthermore,	 they	 have	 also
obtained	that	Abbe	number	decreases	with	increasing	NP	loading	and	that	dispersion	curves
of	NCs	 (400–800	nm)	become	steeper	at	higher	NP	 loading.	Chang	et	al.	 (2006)	 reported
that	 nNC	 of	 polyimide/TiO2	 linearly	 increases	 at	 633	 nm	 from	 1.69	 to	 1.82	 between
approximately	 8	 and	 36	 vol.%	 (Chang	 et	 al.	 2006).	 The	 linear	 increase	 of	 nNC	 with
increasing	 volume	 fraction	 of	 NPs	 at	 586	 nm	 was	 also	 observed	 for	 transparent	 NCs,
formed	using	 poly(benzyl	 acrylate)	 as	matrix	 and	 rutile	TiO2	NPs	 surface	modified	with
alkanephosphonic	acid,	and	measured	nNC	values	coincide	with	Maxwell-Garnett	effective
medium	theory	(Ruiterkamp	et	al.	2011).	Similar	was	obtained	by	Nussbaumer	et	al.	(2003)
for	 PVA/TiO2	 films	 prepared	 with	 rutile	 TiO2	 NPs	 (Nussbaumer	 et	 al.	 2003).	 After
extrapolation	of	the	linear	fit	to	100%,	a	lower	value	of	refractive	index	(2.30)	was	obtained
than	was	expected	for	the	bulk	rutile	TiO2,	which	was	explained	by	nonlinear	dependence	of
refractive	index	at	higher	NP	content.	The	linear	dependence	of	nNC	of	PMMA/TiO2	NCs
on	weight	 fraction	 of	 TiO2	 NPs	 surface	 modified	 with	 oleic	 and	 phosphonic	 acid	 (8–32
wt.%)	 at	 1500	 nm	 was	 observed	 by	 Convertino	 et	 al.	 (2007).	 The	 nNC	 weight	 fraction
relation	of	 these	NCs	prepared	with	different	 capping	 ligand	had	 slightly	 different	 slope,
which	was	explained	by	different	morphology	of	the	prepared	NC	films.	On	the	other	hand,
Liu	 et	 al.	 (2011)	 prepared	 hybrid	 films	 (thickness	 90–140	 nm)	 from	 anatase	 TiO2	 NPs,
titanium	alkoxide	 and	 epoxy	 resin	using	ex	situ	 synthesis	method,	 and	 obtained	 that	nNC

increases	with	increasing	weight	fraction	of	TiO2	NPs	to	a	certain	value	and	then	decreases
with	further	increase	of	TiO2	NPs	content	(Liu	et	al.	2011).	At	633	nm,	the	maximum	nNC



of	1.972	was	obtained	for	90	wt.%	of	TiO2	NPs,	which	was	higher	than	the	value	obtained
when	the	matrix	was	either	titanium	alkoxide	or	epoxy	resin.	These	results	were	explained
by	the	ability	of	epoxy	resin	to	fill	porous	regions	of	the	hybrid	film,	so	when	the	content	of
epoxy	resin	is	not	high	enough,	then	it	cannot	fill	the	spaces	between	the	TiO2	NPs	and	thus
nNC	decreases.

Beside	TiO2,	ZrO2	 NPs	 have	 been	 also	 applied	 to	 increase	 nNC	 of	 polymer	NCs.	 For
example,	Xu	 et	 al.	 (2009)	 have	 shown	 that	 refractive	 index	 of	UV-curable	 poly(urethane
acrylate)s	 can	 be	 increased	 from	1.475	 for	 pure	 polymer	matrix	 to	 1.625	 for	NCs	by	 the
addition	 of	 20	 wt.%	 of	 ZrO2	 NPs	 (Xu	 et	 al.	 2009).	 In	 another	 report,	 Tao	 et	 al.	 (2013)
determined	that	the	refractive	index	of	transparent	and	thick	(1	mm)	epoxy	resin/ZrO2	NCs
linearly	increases	with	increasing	volume	fraction	of	NPs	to	1.65	for	20	vol.%	(n0	of	pure
epoxy	resin	was	1.51)	(Tao	et	al.	2013).

Table	9.4
Tuning	the	Refractive	Index	of	Polymer	Nanocomposites	by	Addition	of
Different	Nanoparticles	in	Polymer	Matrix
Polymer	Matrix Nanoparticles	and	Their	Content	in	NCs Refractive	Index

Increase
References

Poly(vinyl	alcohol) TiO2	NPs	(10.5	vol.%) 0.088	(at	589	nm) Nussbaumer	et	al.
(2003)

Poly(4-vinyl	benzyl
alcohol)

TiO2	NPs	surface	modified	with	acetic	acid	(60	wt.%) 0.120	(at	633	nm) Tsai	et	al.	(2014)

Sulfur	containing
polyimide

TiO2	NPs	modified	with	silica	(45	wt.%) 0.130	(at	633	nm) Liu	et	al.	(2008)

Polyimide TiO2	NPs	(36	vol.%) 0.160	(at	633	nm) Chang	et	al.
(2006)

Epoxy	resin Hexylamine/acetic	acid-capped	TiO2	NPs	(>70	wt.%) 0.165 Chau	et	al.	(2009)
Poly(glycidyl
methacrylate)

TiO2	NPs	surface	modified	with	phosphate-azide	ligand
(60	wt.%)

0.300	(at	500	nm) Tao	et	al.	(2011)

Epoxy	resin ZrO2	NPs	modified	with	(3-glycidyloxypropyl)
trimethoxysilane	ligand	(50	wt.%)

0.140	(at	600	nm) Tao	et	al.	(2013)

Poly(urethane
acrylate)

ZrO2	NPs	(20	wt.%) 0.150	(at	633	nm) Xu	et	al.	(2009)

Polythiourethane PbS	NPs	(67	wt.%) 0.090	(at	633	nm) Lü	et	al.	(2005)
Poly(vinlypyrrolidone)Mercaptoethanol	capped	ZnS	NPs	(80	wt.%,) 0.246	(at	590	nm) Zhang	et	al.

(2013a)

Semiconducting	NPs	with	high	refractive	index,	such	as	PbS	and	ZnS,	are	also	used	for
the	 synthesis	 of	 polymer	 NCs	 with	 high	 refractive	 index.	Weibel	 et	 al.	 (1991)	 prepared
poly(ethylene	oxide)/PbS	NCs,	consisting	of	88	wt.%	of	PbS,	using	coprecipitation	of	PbS
and	polymer	matrix,	and	obtained	extremely	high	nNC,	which	was	between	2.9	and	3.4	at
wavelengths	632.8	and	1295	nm	(Weibel	et	al.	1991).	Furthermore,	Lü	et	al.	(2005)	used	an
in	 situ	 method	 and	 lead-containing	 precursor	 (0–67	 wt.%)	 with	 hydroxyl	 groups	 to
incorporate	PbS	NPs	into	polythiourethane	matrix	in	order	to	obtain	NCs	with	nNC	between
1.574	 and	 1.665	 (Lü	 et	 al.	 2005).	 Transparent	 NCs	 of	 poly-(dimethyl)-block-



(phenyl)siloxane	matrix	(n0	=	1.54)	and	ZnS	(1–5	nm)	with	nNC	of	1.68	at	ZnS	content	of
4.6	 vol.%	 were	 prepared	 by	 Sergienko	 et	 al.	 (2012).	 Zhang	 et	 al.	 (2013a)	 have	 used
mercaptoethanol	 capped	 ZnS	 (ME–ZnS)	 NPs	 (~3	 nm)	 to	 prepare
poly(vinlypyrrolidone)/ZnS	 NC	 optically	 transparent	 films	 by	 simple	 blending,	 and
obtained	 that	with	 increasing	content	of	ME–ZnS	NPs	 from	0	 to	80	wt.%,	nNC	 and	Abbe
number	 changes	 from	 1.506	 to	 1.752	 and	 from	 55.6	 to	 20.4,	 respectively	 (Zhang	 et	 al.
2013a).	The	change	of	the	refractive	index	of	different	polymer/NPs	systems	after	addition
of	NPs	is	summarized	in	Table	9.4.

Increase	of	the	nNC	value	of	polymer	NCs	can	also	be	accomplished	using	graphene	NPs
(Zhang	 et	 al.	 2012),	 carbon	black	 (Xue	 et	 al.	 2012),	 silicon	NPs	 (Zhang	 et	 al.	 2013b),	 in
some	cases	silver	nanoparticles	(Chahal	et	al.	2012),	etc.	On	the	other	hand,	if	polymer	NC
is	prepared	using	NPs	with	np	 lower	than	nm,	then	nNC	will	be	 reduced.	Usually	gold	NPs
are	used	for	that	purpose,	since	n0	of	Au	is	smaller	than	1	in	a	broad	wavelength	range.	An
example	of	such	NCs	are	gelatin/Au	NC	films,	which	nNC	linearly	decreased	to	around	1.0
at	 632.8	 nm	 with	 increasing	 Au	 content	 from	 0.7	 up	 to	 48	 vol.%	 (9.5–92.9	 wt.%)
(Zimmermann	et	al.	1993).

9.4.1.3	UV	Absorption	in	Polymer	Nanocomposites
The	effect	of	 incorporation	of	NPs	 in	polymer	matrix,	 the	possible	aggregates	 formation,
appearance	of	quantum	confinement	 effect,	 etc.	 can	be	 easily	 investigated	by	UV–visible
(UV–vis)	absorption	spectroscopy,	which	 is	probably	one	of	 the	simplest	and	most	useful
techniques	 for	 the	 investigation	 of	 optical	 properties	 of	 polymer	NCs.	Using	 the	UV–vis
spectroscopy,	the	light	absorption	due	to	the	electronic	transition	in	the	sample	is	measured,
and	 the	 results	 are	 presented	 as	 dependence	 of	 absorption	 coefficient	 versus	wavelength.
For	example,	it	has	been	shown	that	the	presence	of	30	nm	size	TiO2	NPs	in	PS	matrix	leads
to	the	strong	increase	of	absorbance	compared	to	the	pure	PS,	due	to	the	UV	absorption	of
TiO2	 NPs,	 as	 observed	 by	 Jaleh	 et	 al.	 (2011).	 These	 authors	 have	 also	 investigated	 the
influence	of	the	UV	irradiation	on	the	optical	properties	of	prepared	NCs	and	they	observed
that	absorbance	of	NCs	increases	in	the	range	of	230–600	nm	after	exposing	the	samples	to
UV.	This	was	explained	by	the	production	of	photogenerated	electrons	and	holes	under	UV
irradiation	 due	 to	 the	 presence	 of	 TiO2	 NPs,	which	 degrade	 PS	 and	 form	 cavities	 in	 the
sample,	 causing	 in	 this	manner	 scattering	 of	 the	 light	 and	 decrease	 of	 the	 transmittance.
Also,	 Pucci	 et	 al.	 (2006)	 observed	 change	 of	 the	 color	 of	 PVA/Au	 film	 from	 yellow
(absorption	 at	 around	 300	 nm)	 to	 purple	 after	 only	 5	min	 of	 UV	 irradiation,	 due	 to	 the

conversion	of	Au3+	 ions	 dissolved	 in	PVA	 into	Au(0)	NPs	 and	 the	 appearance	of	 surface
plasmon	absorption	band	at	around	550	nm	(Pucci	et	al.	2006).	Furthermore,	Chahal	et	al.
(2012)	have	proved	the	presence	of	Ag	NPs	in	PVA	by	the	appearance	of	SPR	peak	in	the
absorption	 spectra	 of	 the	 prepared	NCs,	 and	 they	 have	 also	 observed	 that	 the	 absorption
intensity	of	NCs	increases	with	 increasing	applied	γ	 irradiation	dose	(Chahal	et	al.	2012).
On	the	other	hand,	Gasaymeh	et	al.	(2010)	observed	blue	shift	and	the	higher	intensity	of



the	 absorption	 band	 for	 the	 poly(vinyl	 pyrolidone)/cadmium	 sulfide	 (CdS)	NCs	 prepared
using	 CdSO4	 (9	 wt.%)	 as	 NPs	 precursor	 with	 increasing	 γ-dose	 from	 10	 to	 50	 kGy,
indicating	 formation	 of	 monodisperse	 CdS	 NPs	 of	 smaller	 size	 (Gasaymeh	 et	 al.	 2010).
However,	with	 increasing	content	of	CdSO4	 from	3	 to	16	wt.%	a	 red	shift	and	 the	higher
absorption	 intensity	 occurred,	 which	 is	 assigned	 to	 the	 formation	 of	 larger	 size
nanocrystallites.	Ramesh	and	Radhakrishnan	(2011)	prepared	PVA/	Ag	NC	film	by	a	facile
in	 situ	 preparation	method,	 and	 observed	 that	 in	 the	 presence	 of	mercury	 the	 absorption
peak	of	NC	was	blue	shifted,	 indicating	 that	prepared	NC	can	be	used	as	a	sensor	 for	Hg
(Ramesh	 and	Radhakrishnan	 2011).	 Furthermore,	Dirix	 et	 al.	 (1999a,b)	 obtained	 that	 the
absorption	 spectrum	 of	 uniaxially	 oriented	 high	 density	 polyethylene/Ag	 nanocomposite
films,	prepared	by	drawing	techniques,	strongly	depend	on	the	polarization	direction	of	the
incident	light	(Dirix	et	al.	1999a,b).	The	color	of	the	prepared	NCs	was	changed	from	bright
yellow	 to	 red	 by	 changing	 the	 vibration	 direction	 of	 linearly	 polarized	 light	 from
perpendicular	 to	 parallel	 to	 the	 drawing	 axis.	 Similar	 was	 obtained	 for	 polyethylene/Au
NCs	(Dirix	et	al.	1999c).

The	 transitions	 that	 occur	 in	NCs	 can	 be	 examined	 from	 the	 optical	 band	gap	 energy
values	 (Eg)	 near	 the	 absorption	 edge,	 which	 can	 be	 determined	 using	 the	 UV–vis
measurements	and	the	following	relation	(Tauc	et	al.	1966;	Hemalatha	et	al.	2014):

where	α0	=	2.303A/x	from	the	Beer-Lambert’s	relation,	A	is	absorbance,	x	is	thickness	of	the
polymer	NC	sample,	B	 is	a	factor	 that	depends	on	the	structure	of	 the	specimen	and	inter
band	 transition	 probability,	 and	 in	 certain	 frequency	 range	 it	 can	 be	 assumed	 that	 it	 is
constant,	 h	 is	 Planck’s	 constant,	 and	 v	 is	 the	 frequency,	 while	 hv	 is	 the	 incident	 photon
energy.	 Index	 n	 characterizes	 the	 type	 of	 electronic	 transition	 which	 causes	 the	 optical
absorption	 and	 its	 values	 can	 be	 1/2	 for	 allowed	 direct,	 3/2	 for	 forbidden	 direct,	 2	 for
allowed	indirect,	and	3	for	forbidden	indirect	transitions.	For	example,	from	the	dependence

of	(αhv)1/2	versus	hv,	indirect	band	gap	energy	can	be	calculated	by	extrapolating	the	linear
part	of	the	graph	to	hv	axis,	while	by	plotting	(αhv)2	against	hv	the	direct	band	gap	energy	is
determined.	As	already	mentioned,	when	 the	particle	 size	 is	 reduced	 (lower	 than	10	nm),
then	 due	 to	 the	 quantum	 confinement	 effect	 a	 blue	 shift	 of	 the	 absorption	 edge	 and	 an
increase	of	the	band	gap	energy	occur	in	comparison	to	the	bulk	material.	This	phenomenon
was	observed	for	the	PS-co-maleic	acid/CdS	NCs,	for	which	absorption	onset	(490	nm)	is
blue	shifted	in	comparison	to	the	bulk	CdS	(512	nm)	(Nair	et	al.	2005).	Furthermore,	Porel
et	al.	(2005)	prepared	PVA/Au	NCs	by	in	situ	formation	of	polygonal	Au	nanoplates	in	PVA
films	 and	 obtained	 that	 with	 decreasing	 size	 of	 Au	 NPs	 from	 pentagons	 to	 hexagons	 to
triangles,	 the	blue	shift	of	absorption	maxima	occurred	(Porel	et	al.	2005).	The	blue	shift
was	 also	 observed	 for	 the	PMMA/	TiO2	NCs	 prepared	 from	 the	methyl	methacrylate,	 3-
(trimethoxysilyl)propyl	methacrylate	and	TiO2	precursor	titanium-isopropoxide	(Ti-iP)	by

  



in	situ	polymerization	and	sol–gel	process	 (Yuwono	et	al.	2003).	The	band	gap	energy	of
the	prepared	NCs	(3.91–4.72	eV)	was	higher	than	the	bulk	value	(3.20	eV),	indicating	that
the	size	of	the	TiO2	NPs	in	PMMA	is	very	small	and	most	likely	lower	than	10	nm.	On	the
other	 hand,	 Sun	 et	 al.	 (2010)	 applied	 a	 similar	 procedure	 to	 prepare	 PMMA/	 TiO2	 NCs
using	titanium	butoxide	(Ti(OBu)4)	and	acetylacetone	as	surfactant,	and	obtained	that	with
increasing	 content	 of	 Ti(OBu)4	 from	 20	 to	 60	 wt.%,	 the	 absorption	 onset	 of	 NCs	 is	 red
shifted	and	the	band	gap	energies	lowered	(Sun	et	al.	2010).	The	modest	 increase	and	red
shift	of	the	absorbance,	and	lowering	of	the	gap	energies	from	2.89	(pure	polymer)	to	2.63
eV	(35	wt.%	of	NPs)	of	poly(9,9′-di-n-octylfluorenyl-2.7-diyl)(PFO)/TiO2	NCs	on	addition
of	TiO2	NPs	was	observed	by	Jumali	et	al.	 (2012).	Hemalatha	et	al.	 (2014)	prepared	ZnO
NPs	and	PVA/ZnO	NCs	by	a	solution	casting	technique	using	different	content	of	ZnO	NPs
and	observed	that	the	absorption	spectrum	of	ZnO	NPs	(371	nm;	3.318	eV)	is	blue	shifted
compared	to	 the	bulk	ZnO	(380	nm;	3.268	eV)	at	room	temperature,	while	 the	absorption
spectrum	of	PVA/ZnO	NCs	showed	a	red	shift	(from	437	to	528	nm)	in	comparison	to	the
pure	PVA	(241	nm;	5.15	eV)	and	ZnO	NPs	with	 increasing	content	of	ZnO	 from	5	 to	20
mol%	 (Hemalatha	 et	 al.	 2014).	 At	 the	 same	 time,	 indirect	 band	 gap	 energy	 of	 the
synthesized	NCs	decreased	from	4.76	to	2.38	eV,	which	was	explained	by	the	development
of	microstrain	 in	PVA/ZnO	NCs	on	 addition	 of	ZnO	NPs	 and	 simultaneous	 formation	 of
defects	 in	 the	 polymer	 matrix.	 The	 authors	 concluded	 that	 NCs	 showing	 such	 optical
properties	 can	 have	 possible	 application	 in	 optoelectronic	 devices.	 On	 the	 other	 hand,
Chandrakala	et	al.	(2014)	reported	that	absorption	spectra	of	NCs	prepared	from	PVA	and
ZnO–cerium	 oxide	 (Ce2O3)	 NPs	 show	 no	 red	 or	 blue	 shift,	 but	 only	 variations	 in	 the
absorbance	 intensity	 with	 increasing	 NPs	 content	 because	 of	 the	 uneven	 particle
distribution	(Chandrakala	et	al.	2014).	However,	they	have	also	observed	that	Eg	decreases
from	6.98	eV	for	pure	PVA	to	6.45	eV	for	NCs	with	1.0	wt.%	NPs,	due	to	the	interactions	of
the	 NPs	 with	 polar	 groups	 of	 polymer	 matrix,	 leading	 to	 the	 complex	 formation.
Furthermore,	Džunuzovi 	 et	 al.	 (2012,	 2013)	 obtained	 that	 absorption	 edge	 of	 TiO2	 NPs
surface	modified	with	gallates,	PMMA/TiO2	and	PS/TiO2	NCs	prepared	with	these	NPs	are
red	shifted	compared	to	the	pure	PMMA,	PS,	and	unmodified	TiO2	NPs	(Džunuzovi 	et	al.
2012,	 2013).	 Similar	 was	 obtained	 by	 Convertino	 et	 al.	 (2007),	 who	 observed	 increased
absorption	 and	 red	 shift	 of	 the	 absorption	 edge	 (shift	 to	 lower	 energy)	 with	 increasing
content	of	TiO2	NPs	surface	modified	with	oleic	and	phosphonic	acid	in	PMMA,	indicating
the	presence	of	NPs	aggregates	(Convertino	et	al.	2007).

Furthermore,	 Deepa	 et	 al.	 (2011)	 reported	 that	 the	 presence	 of	 Ag	 and	 Au	 NPs	 in
conjugated	 polymer	 poly(3,4-ethylenedioxypyrolle)	 films	 increases	 the	 absorption
coefficient	 and	 decreases	 direct	 band	 gap	 energy	 of	 polymer	 matrix,	 increasing	 in	 this
manner	 its	 electrochromic	 switching	 ability	 (Deepa	 et	 al.	 2011).	Mahendia	 et	 al.	 (2011)
observed	that	the	intensity	of	SPR	peak	of	PVA/Ag	NCs	increases	and	its	position	moves	to
the	 higher	 wavelengths,	 while	 the	 optical	 band	 gap	 values	 decrease	with	 increasing	NPs
concentration,	due	to	the	formation	of	charge	transfer	complexes	(CTCs)	(Mahendia	et	al.



2011).	The	formed	CTCs	act	as	trap	levels	between	the	highest	occupied	molecular	orbital
(HOMO)	and	the	lowest	unoccupied	molecular	orbital	(LUMO)	PVA	bands.	Similar	results
were	obtained	for	the	PVA/Ag	NCs	prepared	by	Chahal	et	al.	(2012).

9.4.1.4	Photo-	and	Electroluminescence	of	Polymer	Nanocomposites
In	order	to	use	polymer	NCs	in	applications	such	as	organic	light	emitting	diodes	(OLEDs)
with	 tunable	 emission	 colors,	 solid	 state	 lightning,	 in	 vitro	 cell	 imaging,	 dye-sensitized
solar	cells,	fieldemission	devices,	chemical	sensors,	etc.,	different	luminescent	NPs	can	be
applied	as	fillers.	By	changing	the	size	of	semiconductor	NPs,	emission	of	color	can	vary
due	 to	 the	 quantum	 confinement	 effect.	 Photoluminescence	 of	 polymer	 NCs	 is	 quite
different	than	for	the	pure	polymer;	it	depends	on	the	type	of	polymer	and	NPs,	as	well	as
on	 the	 NPs	 size	 and	 content.	 Using	 PL	 spectroscopy,	 a	 PL	 spectrum	 is	 recorded,	 which
represents	a	plot	of	PL	intensity	versus	wavelength	for	a	fixed	excitation	wavelength.	Pucci
et	 al.	 (2004)	 investigated	 optical	 properties	 of	 ultrahigh	 molecular	 weight	 polyethylene
(UHMWPE)	 films	 loaded	 with	 gold	 NPs	 coupled	 with	 a	 thiol-bearing	 terthiophene	 and
observed	 that	 they	 exhibit	 strongly	 enhanced	 photoluminescence	 compared	 to	 the
nonchromophoric	 control	 samples	 (Pucci	 et	 al.	 2004).	Guo	 et	 al.	 (2007)	 reported	 that	PL
spectra	of	vinyl	 ester	 resin/ZnO	depend	on	 the	content	of	NPs,	 that	 is,	 that	pure	polymer
showed	no	 luminescence,	while	 investigated	NCs	 exhibited	 significant	 luminescence	 at	 1
wt.%	 of	 ZnO	 (Guo	 et	 al.	 2007).	With	 further	 increase	 of	 the	 ZnO	 content,	 the	 intensity
increased,	 but	 there	 was	 no	 influence	 on	 the	 emission	 maximum.	 Jumali	 et	 al.	 (2012)
obtained	that	intensity	of	fluorescence	spectra	at	355	nm	of	PFO/TiO2	NCs	were	enhanced
with	increasing	NPs	content	(Jumali	et	al.	2012).	The	obtained	increase	originated	from	the
polymer	matrix,	 since	TiO2	NPs	 showed	no	PL	 emission.	However,	TiO2	NPs	 served	 for
trapping	electrons	produced	during	polymer	excitation,	due	to	their	strong	electron	affinity.
As	a	consequence,	more	holes	were	formed	and	due	to	the	recombination	of	excitons	at	the
NC	surface,	the	PL	intensity	increased.	The	increase	of	the	PL	intensity	with	increasing	NPs
content	was	also	observed	for	the	polyaniline	(PANI)/Ag	NCs	at	an	excitation	wavelength
of	330	nm	(Gupta	et	al.	2010).	According	to	the	results	obtained	by	Hemalatha	et	al.	(2014),
the	PL	emission	spectrum	of	ZnO	NPs	and	PVA/ZnO	NCs	have	luminescence	emission	in
the	 blue	 region	 and	 the	 emission	 intensity	 varies	 with	 NPs	 content	 with	 the	 optimum
intensity	at	10	mol.%	of	ZnO	(Hemalatha	et	al.	2014).	Similar	was	obtained	by	Chandrakala
et	al.	 (2014)	 for	PVA/ZnO–Ce2O3	NCs.	On	 the	other	hand,	 luminescence	peak	of	poly(3-
hexylthiophene-2,5-diyl)/silicon	 nanowire	 NCs	 decreased	 with	 increasing	 content	 of	 NPs
due	to	the	agglomeration	of	NPs	at	higher	content	(Braik	et	al.	2014).	Hussain	et	al.	(2014)
reported	that	PL	intensity	of	NCs	prepared	from	plasma	polymerized	aniline	(PPani)/TiO2

has	significantly	decreased	with	increasing	time	of	UV	illumination	(Hussain	et	al.	2014).
Observed	PL	quenching	was	explained	by	the	increase	of	the	donor/	acceptor	(PPani)/TiO2

interfacial	 area	 and	 phase	 interpenetration.	 Similar	 results	 were	 obtained	 by	 Han	 et	 al.
(2008)	for	the	poly(N-vinylcarbazole)/TiO2	NCs.	This	was	explained	by	the	dissociation	of
the	photogenerated	excitons	before	luminescence	could	occur.	Kuila	et	al.	(2007)	observed



that	in	solution,	luminescence	intensity	of	poly(3-hexyl	thiophene)/hexadecyl	amine	capped
Ag	 NCs	 continuously	 decreased	 with	 increasing	 NPs	 content,	 while	 NC	 thin	 films	 had
higher	 fluorescence	 intensity	 compared	 to	 the	 pure	 polymer	 matrix	 (Kuila	 et	 al.	 2007).
These	authors	have	also	observed	that	in	solution	there	is	no	shift	of	the	PL	peak	because
NPs	had	no	effect	on	the	excited	state	of	the	polymer,	while	blue	shift	of	the	PL	band	of	NC
thin	films	appeared	with	increasing	Ag	content,	which	was	explained	by	the	coupling	of	the
plasmon	 vibration	with	 the	 electronic	 levels	 of	 the	 excitons	 of	 polymer.	Yang	 and	Yoon
(2004)	 have	 also	 observed	 that	 with	 increasing	 NPs	 content,	 the	 PL	 spectra	 of	 poly(p-
phenylene	 vinylene)/TiO2	 NCs	 was	 blue	 shifted.	 However,	 for	 the	 polybutane-
diolmonoacrylate/ZnO	NCs	it	has	been	observed	that	excitation	and	emission	wavelengths
increase	with	increasing	NPs	size	(Althues	et	al.	2009).

The	 application	 of	 NCs,	 obtained	 by	 copolymerization	 of	 zinc	 methacrylate	 with
styrene,	 followed	 by	 H2S	 treatment,	 in	 electroluminescence	 devices	 was	 investigated	 by
Yang	et	al.	(1997).	The	prepared	NCs	showed	electroluminescence	with	an	emission	peak	at
440	 nm.	Al-Asbahi	 et	 al.	 (2013)	 prepared	PFO/TiO2	NCs,	 and	 used	 them	 as	 an	 emissive
layer	in	OLED	devices	(Al-Asbahi	et	al.	2013).	Up	to	25	wt.%	of	TiO2,	all	devices	showed
higher	EL	intensity	than	pure	PFO,	which	decreased	with	increasing	NPs	content,	that	is,	a
device	 with	 5	 wt.%	 TiO2	 had	 the	 highest	 EL	 intensity	 due	 to	 the	 best	 electron–holes
recombination.

9.4.2	NONLINEAR	OPTICAL	PROPERTIES	OF	POLYMER	NANOCOMPOSITES

For	 the	 application	 of	 polymer	 NCs	 in	 nonlinear	 optical	 applications	 such	 as	 signal
processing,	 as	 optical	 switches,	 for	 optical	 pulse	 compression	 and	 limiting,	 etc.	 it	 is
important	to	examine	their	nonlinear	optical	properties	as	well.	Such	material	is	required	to
have	large	nonlinear	refractive	index,	minimal	one-	or	multiphoton	absorption	losses,	and
fast	 response	 time	 (Sezar	 et	 al.	 2009).	 Nonlinear	 optical	 properties	 of	 polymer	 NCs	 are
usually	related	to	NCs	with	metallic	and	semiconductive	NPs.

A	 widely	 used	 and	 quite	 simple	 technique	 to	 characterize	 and	 measure	 nonlinear
absorption,	 scattering,	 and	 refraction,	 for	 example,	 nonlinear	 absorption	 coefficient	 and
nonlinear	refractive	index,	is	z-scan.	The	open	aperture	z-scan	is	used	to	measure	the	total
transmittance	through	the	investigated	sample	versus	the	incident	laser	intensity,	while	the
sample	 is	 moved	 along	 the	 z-axis	 through	 the	 focus	 of	 the	 lens	 (Wang	 et	 al.	 2011).
Schematic	representation	of	the	open	aperture	z-scan	apparatus	is	given	in	Figure	9.7.	The

open	aperture	z-scan	is	applied	to	find	β	and	Im	χ(3),	while	from	the	closed	aperture	z-scan

data,	 divided	 by	 that	 of	 an	 open	 aperture	 z-scan	 data,	 n2	 and	Re	 χ(3)	 can	 be	 determined.
From	the	shape	of	a	z-scan	curve,	information	considering	the	nature	of	the	nonlinearity	is
determined.	 Yuwono	 et	 al.	 (2003)	 obtained	 that	 PMMA/TiO2	 NCs	 show	 positive
nonlinearity,	 that	 is,	 the	 normalized	 transmission	 has	 a	 prefocal	 transmission	 minimum
(valley)	 and	 then	 postfocal	 transmission	 maximum	 (peak)	 (Yuwono	 et	 al.	 2003).
Furthermore,	 nonlinear	 optical	 properties	 of	 PMMA/TiO2	 NCs	 strongly	 depend	 on	 the



content	of	used	titanium-isopropoxide	precursor,	that	is,	β	and	n2	 increase	with	increasing
content	 of	 Ti-iP	 up	 to	 60	 wt.%.	 Similar	 results	 were	 obtained	 for	 PMMA/TiO2	 NCs
prepared	 using	 Ti(OBu)4	 precursor	 (Sun	 et	 al.	 2010).	 On	 the	 other	 hand,	 PMMA-co-
MA/TiO2	 nanorods	 NCs	 prepared	 by	 Sciancalepore	 et	 al.	 (2008)	 exhibited	 negative

nonlinearity	with	n2	=	−6	×	10
−15	cm2/W	at	all	excitation	intensities,	indicating	pure	third-

order	origin	(Sciancalepore	et	al.	2008).	Sezar	et	al.	(2009)	determined	from	the	closed	and
open	aperture	z-scan	that	PANI/Ag	NC	films	of	130	nm	thickness	have	negative	refractive

nonlinearity	 (n2	 =	 −(0.57	 ±	 0.03)	 ×	 10
−14	 m2/W)	 and	 negative	 nonlinear	 absorption

coefficient	(β	=	–(2.74	±	0.1)	×	10−7	m/W),	as	well	as	negative	values	of	the	Im	χ(3)	and	Re
χ(3)	(Sezar	et	al.	2009).	Negative	nonlinearity	was	also	observed	for	the	sulfonated	PS/CdS
NCs	(Du	et	al.	2002).	By	assuming	that	only	third-order	nonlinear	mechanisms	exist,	Du	et
al.	 (2002)	 obtained	 that	 negative	 nonlinear	 refractive	 index	 increased	 linearly	 with
increasing	 input	 irradiance	 and	with	decreasing	CdS	content.	Deng	et	 al.	 (2008)	obtained
negative	n2	of	PMMA/Ag	NC	films	and	that	enhanced	nonlinear	optical	properties	appeared
because	of	 the	SPR	of	Ag	NPs	 (Deng	et	 al.	 2008).	Also,	 according	 to	Lu	 et	 al.	 (2012),	 a
large	 third-order	 nonlinear	 susceptibility	 of	 poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene)/Ag	NCs	is	associated	with	strong	SPR	of	Ag	NPs	(Lu	et	al.	2012).	The
appearance	of	the	large	nonlinear	optical	properties	of	NCs	in	the	last	two	cases	is	based	on
the	specific	resonance	conditions,	when	an	energetic	transition	frequency	such	as	plasmon
frequency,	 coincides	 with	 the	 exciting	 laser	 frequency.	 Due	 to	 that,	 the	 excitation	 is
localized	in	the	highly	polarizable	NPs	which	strongly	amplify	the	local	field	formed	by	the
induced	 irradiation	 (Pomogailo	 and	 Kestelman	 2005).	 Sun	 et	 al.	 (2008)	 investigated	 the
influence	of	the	Ag	content	on	the	nonlinear	optical	properties	of	PMMA/Ag	NC	films	and

obtained	 that	 χ(3)	 increases	 with	 increasing	 Ag	 content	 and	 that	 NCs	 show	 positive
nonlinearity	 at	 low	Ag	 content,	while	 at	 2.4	wt.%	of	Ag,	 PMMA/Ag	NCs	 show	negative
nonlinearity	 (Sun	 et	 al.	 2008).	 Since	 for	 the	 PMMA/Ag	 NC	 film	 with	 0.8	 wt.%	 Ag
parameter	K	<	1,	this	NC	can	be	applied	for	the	optical	switching	application	at	532	nm.	Liu
et	al.	(2012)	prepared	NCs	by	the	addition	of	the	colloidal	cadmium	selenide	(CdSe)	QDs
into	a	polymerizable	ionic	liquid	monomer	with	one	methacryloyl	group,	and	obtained	by	z-
scan	 technique	 that	 NC	 films	 at	 CdSe	 content	 as	 high	 as	 3.6	 wt.%	 exhibit	 saturable
absorption,	negative	third-order	and	positive	fifth-order	nonlinear	refraction,	and	therefore
possible	application	in	nonlinear	photonics	applications	(Liu	et	al.	2012).



FIGURE	9.7 	Schematic	representation	of	the	open	aperture	z-scan	apparatus.

Sezar	et	al.	(2009)	investigated	nonlinear	optical	properties	of	PANI/Ag	NC	films	and
observed	 the	 appearance	 of	 saturable	 and	 reverse	 saturable	 absorption	 using	 a	 532	 nm
picosecond	 laser	 (Sezar	 et	 al.	 2009).	 The	 change	 from	 the	 saturable	 to	 reverse	 saturable
absorption	 occurred	 with	 increasing	 laser	 excitation	 levels,	 as	 observed	 from	 the	 open
aperture	z-scan	of	NCs	at	different	laser	intensities.	Furthermore,	Sezar	et	al.	also	observed
that	 the	 transmission	 of	 light	 steadily	 drops	 after	 an	 initial	 rise	 with	 increasing	 laser
intensity.	 The	 threshold	 of	 limiting	 of	 PANI/Ag	 NCs,	 which	 represents	 the	 incident

irradiance	 for	 which	 T	 falls	 to	 half	 of	 the	 initial	 value,	 is	 20.8	 GW/cm2.	 The	 authors
concluded	 that	 prepared	PANI/Ag	NCs	 can	 be	 applied	 for	 optical	 pulse	 compression	 and
limiting.	 It	 has	been	 shown	 that	 conjugated	polymers	 are	good	 candidates	 for	 the	optical
limiting	 applications,	 since	 they	 possess	 significant	 two-photon	 absorption	 cross	 section
(Wang	et	al.	2011).	Excellent	optical	limiting	effect	for	ns	laser	pulses	at	532	nm	was	also
observed	for	 the	PFO/carbon	nanotube	(CNT)	NCs	and	poly(m-phenylenevinylene-co-2,5-
dioctoxy-p-phenylenevinylene)/CNT	 (O’Flaherty	 et	 al.	 2003a,b).	 The	 outstanding	 optical
limiting	properties	of	graphene	and	CNT	polymer	composites	were	widely	investigated	and
reviewed	by	Wang	et	al.	(2011).



Kulyk	et	 al.	 observed	 that	highly	 transparent	NC	 films	of	PMMA/ZnO	with	 low	ZnO
content	 have	 higher	 values	 of	 the	 second-	 and	 third-order	 nonlinear	 susceptibilities	 than
bulk	 ZnO	 (Kulyk	 et	 al.	 2009).	 The	 second-order	 nonlinear	 optical	 properties	 were
investigated	 by	 Gu	 et	 al.	 for	 the	 NCs	 prepared	 from	 poly(trimethylolpropane
trimethylacrylate)	 and	 rare	 earth	 NPs	 obtained	 by	 lanthanide	 doping	 method	 (Gu	 et	 al.
2012).	Within	the	excitation	range	of	750–850	nm,	the	prepared	NCs	show	tunable	second-
order	nonlinear	optical	properties,	which	are	applicable	 for	photonic	devices.	Pronounced
second-order	optical	effect	in	potassium	titanyl	phosphate	(KTiOPO4)	nanocrystallites	(5.6
wt.%)	 introduced	 into	 the	 PMMA,	 at	 1320	 nm	 and	 at	 liquid	 helium	 temperature,	 was
observed	 by	 Faugeroux	 et	 al.	 (2008).	 Interestingly,	 by	 substitution	 of	K	with	Rb	 ions	 to
obtain	RbTiOPO4	nanocrystallites	or	by	replacing	PMMA	with	poly(N-vinylcarbazole),	the
second-order	susceptibility	decreases	from	the	maximum	value	of	2.2	pm/V.	On	the	other
hand,	photoinduced	 frequency	doubled	second	harmonic	generation	of	3.23	pm/V	at	 laser
wavelength	of	1064	nm,	under	treatment	with	polarized	UV	light	at	391	K	was	obtained	for
PMMA/KTiOPO4	NCs	at	7–8	wt.%	of	nanocrystyllites	by	Galceran	et	al.	(2009).

9.5	CONCLUSION

In	 conclusion,	 an	 overview	 of	 the	 recent	 findings	 and	 advances	 on	 the	 investigation	 of
linear	and	nonlinear	optical	properties	of	polymer	NCs	is	summarized	in	this	chapter.	The
importance	of	investigation	of	factors	that	influence	the	optical	properties	of	polymer	NCs
and	 determine	 their	 application,	 such	 as	 type,	 size,	 shape,	 surface	 characteristics,
concentration,	 and	 spatial	 distribution	 of	 NPs	 in	 the	 matrix,	 and	 optical	 properties	 of
polymer	 matrix	 and	 applied	 NPs	 is	 highlighted.	 The	 research	 results	 presented	 in	 the
literature	thus	far	revealed	several	interesting	facts:

1. The	uniform	dispersion	of	NPs	with	high	 refractive	 index,	 a	 steep	absorption	 in	 the
near	UV	region	(below	400	nm)	and	no	absorption	in	the	visible	region,	such	as	TiO2,
ZnO,	SiO2,	Al2O3,	ZrO2,	 and	ZnS,	 into	 transparent	polymers	 (PMMA,	PS,	PVA,	PI,
etc.)	 leads	 to	 the	 production	 of	 transparent,	 high	 refractive	 index	 nanocomposite
materials,	 which	 can	 be	 applied	 as	 optically	 transparent	 UV	 filters	 or	 coatings	 for
materials	 sensitive	 to	 UV	 light.	 The	 transparency	 of	 polymer	 NCs	 can	 be
accomplished	 if	 index-matching	 between	 polymer	 and	NPs	 exists,	 regardless	 of	 the
NPs	size,	and	when	diameter	of	 the	applied	NPs	is	 lower	than	~10	nm,	even	at	high
NPs	 portion	 and	 large	 refractive	 index	 differences	 between	 polymer	 and	 NPs.
Furthermore,	 in	order	 to	avoid	optical	 scattering	and	opaque	appearance	of	polymer
NCs,	uniform	dispersion	of	NPs	in	polymer	matrix	must	be	achieved	by	increasing	the
compatibility	between	polymer	and	NPs.

2. Optically	functional	polymer	NCs,	which	can	be	applied	as	optical	filters,	waveguides,
lenses,	 solar	 cells,	 optical	 adhesives,	 reflectors,	 antireflection	 films,	 etc.,	 can	 be
prepared	by	combination	of	NPs	with	high	n0	values	and	low	absorption	coefficients



(TiO2,	ZnO,	ZrO2,	ZnS,	and	PbS)	with	polymers.	The	 increase	of	 the	NP	loading	by
simultaneously	maintaining	homogenous	dispersion	of	NPs	in	the	polymer	matrix	has
proved	 to	 be	 an	 efficient	method	 to	 increase	 the	 refractive	 index	 of	 nanocomposite
materials.

3. The	examination	of	UV	absorption	of	NPs	embedded	in	a	polymer	matrix	can	be	used
as	a	simple	way	to	prove	the	presence	of	NPs	in	polymer,	to	investigate	the	change	of
NPs	 size	 or	 the	 formation	 of	 aggregates,	 to	 determine	 the	 band	 gap	 energy,	 to
investigate	the	ability	of	polymer	NCs	to	be	used	as	sensors,	etc.

4. When	polymer	NCs	are	prepared	using	different	luminescent	NPs,	then	they	can	find
their	 application	 as	 organic	 light	 emitting	 diodes	 with	 tunable	 emission	 colors,	 in
solid	state	 lightning,	 in	vitro	 cell	 imaging,	dye-sensitized	 solar	 cells,	 field-emission
devices,	chemical	sensors,	etc.

5. Nonlinear	optical	properties	of	polymer	NCs,	such	as	large	nonlinear	refractive	index,
minimal	one-	or	multiphoton	absorption	losses,	high	values	of	the	second-	and	third-
order	nonlinear	susceptibilities	and	fast	response	time	can	be	obtained	by	introduction
of	 metallic	 and	 semiconductive	 NPs	 into	 polymer	 matrix,	 in	 particular,	 into
conjugated	 polymers.	 Polymer	 NCs	 that	 show	 such	 properties	 can	 be	 applied	 for
photonic	 devices,	 in	 signal	 processing,	 as	 optical	 switches,	 for	 optical	 pulse
compression	and	limiting,	etc.

According	 to	 the	 numerous	 published	 papers	 dealing	 with	 the	 optical	 properties	 of
polymer	NCs,	it	can	be	concluded	that	research	in	this	field	of	science	still	has	a	lot	to	offer
to	the	scientific	audience.	The	reason	for	that	lies	in	rapid	development	of	these	advanced
materials	 and	 nanotechnology,	 intended	 to	 improve	 properties	 of	 the	 materials	 with
simultaneous	decrease	of	the	final	product	price.	From	all	these	it	is	evident	that	polymer
NCs	 represent	 suitable	 candidates	 for	 various	 different	 linear	 and	 nonlinear	 optical
applications.
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10.1	INTRODUCTION

10.1.1	NANOCOMPOSITES

For	 the	 last	 few	 decades,	 interest	 has	 arisen	 toward	 the	 development	 of	 nanocomposites
consisting	of	a	polymer	matrix	in	which	a	nanoparticle	is	evenly	distributed.	Several	types
of	nanofillers,	with	their	three,	two,	or	one	dimensions	in	the	nanoscale,	such	as	exfoliated



clay,1–3	carbon	derivatives	such	as	carbon	nanotubes,	graphene,4	ceramic	oxides,	nitrides,

and	 carbides5–7	 have	 been	 dispersed	 into	 polymers.	 The	 resultant	 nanocomposites	 were

shown	 to	 exhibit	 improvements	 in	 several	 properties,	 such	 as	mechanical,8,9	 conductive,

and	dielectric,10	gas	barrier,	UV,11	and	flame	resistance,12	among	others	when	compared	to
pure	polymers,	and	hence	can	be	used	in	packaging,	automotive,	and	aerospace	industries.

There	are	three	main	methods	to	prepare	these	nanocomposites:	in	situ	polymerization,

solution	 casting,	 and	 melt	 mixing.13	 In	 situ	 polymerization	 consists	 of	 dispersing	 the
nanoparticles	 in	 the	monomer	 to	 be	 subsequently	 polymerized.	During	 this	 process,	 it	 is
expected	that	the	nanoparticles	form	a	well-dispersed	structure	within	the	polymeric	matrix
that	 is	being	polymerized.	The	proper	selection	of	reagents	and	polymerization	routes	has
led	to	the	successful	formation	of	highly	dispersed	structures;	however,	these	routes	are	not
always	 easily	 reproducible	 in	 industrial	 scale.	 Solution	 casting	 can	 be	 used	 when	 there
exists	 a	 solvent	 that	 both	 dissolves	 the	 desired	 polymer	 and	 disperses	 the	 nanoparticles,
forming	a	stable	suspension.	The	nanocomposite	can	be	obtained	after	solvent	evaporation,
as	 long	 as	 the	 dispersed	 nanoparticles	 are	 stable	 enough	 not	 to	 collapse	 back	 into	 large
agglomerates	 during	 the	 process.	 This	 route	 is	 usually	 more	 adequate	 to	 prepare
nanocomposites	of	water-soluble	polymers,	as	it	will	not	require	the	use	of	large	amounts
of	organic	 solvents.	Melt	mixing	has	become	 the	most	 popular	 and	promising	method	 to
prepare	nanocomposites,	as	it	is	more	environmentally	friendly	and	it	gives	more	freedom
of	polymer	selection,	as	no	dissolution	or	polymerization	steps	are	involved.	It	also	makes
use	 of	 common	 polymer	 processing	 techniques,	 which	 is	 interesting	 from	 the	 industrial
point	 of	 view.	 Also,	 the	 shear	 and	 extension	 flows	 provided	 during	 melt	 mixing	 are
essential	for	the	ultimate	state	of	nanoparticle	dispersion.

A	 true	 nanocomposite	 is	 obviously	 expected	 to	 have	 its	 particles	 dispersed	 in	 the
nanoscale.	 The	 classification	 of	 a	 nanocomposite	 may	 change	 depending	 on	 the
nanoparticle	 used,	 but	 the	 most	 famous	 morphologies	 are	 the	 ones	 found	 in	 materials
containing	 layered	 silicates	 (nanoclays):	 (1)	 microcomposite	 (or	 immiscible,	 not	 truly	 a
nanocomposite),	 when	 there	 is	 not	 enough	 affinity	 between	 the	 nanoparticles	 and	 the
polymer;	(2)	intercalated,	when	the	polymer	molecules	penetrate	the	clay	interlayer	spaces
resulting	 in	 particles	 (tactoids)	with	 alternating	nanometer	 thick	polymer/	 silicate	 layers;
and	(3)	exfoliated,	when	the	clay	 layers	are	 individually	separated	and	well	distributed	 in
the	 polymeric	 matrix.	 In	 practice,	 the	 nanocomposites	 often	 present	 a	 combination	 of
different	morphologies,	as	illustrated	in	Figure	10.1.

The	 morphology	 of	 nanocomposites	 is	 normally	 accessed	 by	 x-ray	 diffraction	 or
scattering	 techniques	 and	microscopy	at	 different	 scales,	 especially	 transmission	 electron
microscopy	(TEM).	While	these	techniques	are	efficient	tools,	they	normally	probe	a	small
area	unless	a	statistical	analysis	involving	observations	at	many	different	scales	is	carried

out.14–16	 Melt	 rheology,	 on	 the	 other	 hand,	 can	 provide	 a	 quantification	 of	 the	 overall
degree	of	intercalation,	exfoliation,	distribution,	and	dispersion	of	the	nanoparticles.	It	can
even	 be	 used	 to	 calculate	 the	 percolation	 threshold	 of	 nanoparticles	 using	 some	 physical



models.
Rheology	 not	 only	 is	 a	 useful	 characterization	 tool	 to	 evaluate	 if	 there	 is	 good

nanoparticle	dispersion,	but	also	to	be	able	to	see	if	the	morphology	stays	stable	with	time,
temperature,	and	stress	during	processing,	for	example.	Rheology	will	also	reveal	the	stress
state	in	the	polymer	and	its	effects	during	processing.	Low	viscosity	polymers,	for	example,
will	provide	poor	shear	stress	transfer	to	the	nanoparticles	when	compared	to	more	viscous,
high	 molecular	 weight	 materials,	 which	 will	 eventually	 affect	 the	 formation	 of	 the

nanocomposite	during	melt	processing.17

FIGURE	10.1 	Typical	morphologies	of	clay-containing	nanocomposites.

10.1.2	RHEOLOGY

Rheology	 is	 the	 science	 that	 studies	 the	 flow	 of	 matter.	 When	 studying	 the	 rheological
behavior	of	a	fluid,	a	deformation	is	normally	applied	to	this	fluid	and	the	resultant	stress	is
measured;	alternatively,	a	stress	can	be	applied	and	the	resultant	deformation	measured.	If	a
constant	stress	is	applied	to	a	polymer,	it	will	initially	deform	and	continue	deforming	with
time,	as	 it	 is	a	viscoelastic	 fluid	with	a	 rheological	behavior	 intermediate	 to	 the	one	of	a



Newtonian	 fluid	 and	 a	 Hookean	 solid.	 If	 small	 or	 slow	 deformations	 are	 applied,	 the
resultant	 stress	 will	 vary	 linearly	 with	 the	 amplitude	 of	 deformation;	 alternatively,	 if	 a
stress	of	 small	amplitude	 is	applied,	 the	 resultant	deformation	will	vary	 linearly	with	 the
magnitude	of	 the	stress.	This	situation	corresponds	 to	 linear	viscoelasticity,	which	can	be
used	 to	 study	 the	 chain	 characteristics	 of	 the	 polymer18,19	 or	 to	 characterize	 the
morphology	 in	 the	 case	 of	 multiphase	 polymeric	 materials	 such	 as	 blends	 and
nanocomposites,	 for	example.20–22	 If	 the	deformations	are	 large	and	 rapid,	 the	molecules
will	be	disturbed	 from	 their	 equilibrium	and	nonlinear	 responses	will	be	observed.	These
large	 deformations	 correspond	 to	 the	 ones	 that	 polymers	 normally	 undergo	 during
processing	 and	 yield	 to	 nonlinear	 viscoelasticity.	 Although	 the	 study	 of	 nonlinear
viscoelasticity	 may	 be	 mathematically	 more	 difficult,	 its	 study	 is	 of	 great	 interest	 to
facilitate	an	effective	processing.

Studying	 the	 rheological	behavior	of	nanocomposites	 is	 therefore	very	 important	as	 it
enables	getting	a	picture	of	 the	 state	of	dispersion	of	 the	nanoparticles	within	 the	matrix
and	 provides	 information	 on	 how	 to	 process	 these	 materials	 as	 rheological	 properties
govern	the	flow	of	the	polymers	during	processing.

Polymeric	 materials	 are	 normally	 tested	 using	 two	 types	 of	 deformation:	 shear	 and

extensional	 flow.23	 Figure	 10.2	 illustrates	 schematically	 shear	 and	 uniaxial	 extensional
flows.	 Both	 types	 of	 flow	 are	 present	 in	 polymer	 processing	 and	 the	 knowledge	 of
rheological	behavior	for	both	types	of	flow	is	necessary	if	one	wants	to	get	a	clear	picture
of	 the	 processing	 of	 nanocomposites.	 Extensional	 flows	 normally	 result	 in	 larger
deformations	and	in	a	nonlinear	viscoelastic	behavior	of	the	material.	Although	rheological
measurements	 in	 extensional	 flows	 are	 normally	more	 difficult	 to	 carry	 out,	 they	 are	 of

extreme	importance	for	processing	techniques	such	as	fiber	spinning24	and	film	blowing,25

where	polymer	stretching	occurs.



FIGURE	10.2 	Simple	shear	and	uniaxial	extensional	flows	and	some	basic	definitions:	σij	 is	 the	 ij	component	of	 the

stress	 tensor,	σ	 is	 the	normal	stress,	τ	 is	 the	shear	stress,	ε	 is	 the	normal	strain,	εH	is	 the	Hencky	(true)	strain,	η	 is	 the
shear	viscosity,	G	is	the	shear	modulus,	ηE	is	the	extensional	viscosity,	E	is	Young’s	modulus,	and	N1	and	N2	are	the

first	and	the	second	normal	stress	differences,	respectively.

10.1.3	PLAN	OF	THIS	CHAPTER

In	 this	 chapter,	 the	 rheological	 behavior	 of	 polymer	 nanocomposites	 will	 be	 reviewed.
Major	emphasis	will	be	given	on	materials	containing	nanoclays,	but	occasionally	the	effect
of	 adding	 other	 nanoparticles,	 such	 as	 carbon	 nanotubes	 or	 silica	 nanospheres	 on	 the
rheological	properties	of	the	nanocomposites	will	also	be	discussed.	In	a	first	part,	it	will	be
shown	how	the	rheological	characterization	in	the	viscoelastic	regime	can	be	used	as	a	tool
to	 characterize	 the	 state	of	dispersion	of	nanoparticles	within	 thermoplastics.	The	 second
part	will	present	 the	rheological	behavior	of	nanocomposites	 in	 the	nonlinear	viscoelastic
regime.	 In	 particular,	 it	 will	 be	 shown	 how	 the	 morphology	 of	 nanocomposites	 evolves
under	shear	and	elongational	flows.

10.2	RHEOLOGICAL	BEHAVIOR	OF	POLYMER	NANOCOMPOSITES	IN	THE
LINEAR	VISCOELASTIC	REGIME

10.2.1	CLAY	CONTAINING	NANOCOMPOSITES

As	 mentioned	 above,	 the	 linear	 viscoelastic	 regime	 corresponds	 to	 small	 and	 slow



deformations	that	do	not	disturb	the	polymer	chains	from	their	equilibrium	state.	The	study
of	linear	viscoelastic	behavior	of	nanocomposites	can	therefore	be	used	to	get	information
on	the	microstructure	of	these	materials.

One	of	the	tests	most	commonly	used	when	studying	the	linear	viscoelastic	behavior	of
a	 molten	 polymer	 is	 the	 small	 amplitude	 oscillatory	 shear	 (SAOS),	 which	 consists	 of
applying	a	sinusoidal	deformation	to	the	polymer	given	by

and	evaluating	the	resultant	stress	which	can	be	written	as

where	γo	and	σo	are	 the	strain	and	stress	amplitudes,	respectively,	ω	 is	 the	frequency,	 t	 is
the	time,	and	δ	is	the	phase	shift,	called	loss	angle,	due	to	the	viscoelastic	behavior	of	the
polymer.

After	 some	 trigonometrical	 rearrangements,	 two	 physical	 quantities	 of	 rheological
importance	can	be	inferred	from	Equation	10.2:	 the	storage,	G′,	and	 loss,	G″,	moduli	 that
are	given	by	Equations	10.3	and	10.4:

The	 storage	 modulus	 corresponds	 to	 the	 part	 in	 phase	 with	 the	 deformation	 and
therefore	 to	 the	 elastic	 part	 of	 the	 response	 of	 the	 material,	 whereas	 the	 loss	 modulus
corresponds	to	the	part	90°	out	of	phase	of	the	deformation	and	therefore	to	the	viscous	part
of	the	response	of	the	material.

More	 details	 about	 the	 tests	 that	 can	 be	 carried	 out	 to	 study	 the	 linear	 viscoelastic

behavior	of	molten	polymers	can	be	found	in	Dealy23	and	Barnes.26

Small	amplitude	oscillatory	shear	is	normally	carried	out	using	a	rotational	rheometer
(either	 stress-	 or	 strain-controlled)	 using	 either	 cone-plate	 or	 parallel	 plate	 geometries.
Samples	 obtained	 normally	 by	 compression	 or	 injection	 molding	 are	 inserted	 in	 the
rheometer.	 The	 plates	 are	 approximated	making	 a	 “sandwich”	with	 the	 sample,	which	 is
then	 heated.	 The	 excess	 sample,	 on	 the	 edge	 of	 the	 plate,	 is	 then	 removed.	The	 shear	 or
stress	history	that	was	programmed	to	test	the	sample	can	then	start.	However,	prior	to	any
test,	especially	with	multiphase	materials,	 it	 is	 important	 that	 the	samples	be	annealed	 in

place	at	the	test	temperature	for	a	certain	time	to	remove	the	effect	of	loading	history27,28

and	to	be	tested	while	having	an	equilibrium	morphology,	although	this	annealing	treatment
may	not	be	sufficient	as	the	morphology	of	clay	containing	nanocomposites	has	been	shown

      

    

  

  



to	evolve	with	 time.29–31	More	details	on	 the	 evolution	of	morphology	with	 time	will	 be
presented	later.

When	carrying	out	small	amplitude	oscillatory	shear,	it	is	also	very	important	to	verify
that	the	magnitude	of	the	strain	amplitude	γ0	(when	using	a	controlled	strain	rheometer)	or
stress	 amplitude	σ0	 (when	 using	 a	 controlled	 stress	 rheometer)	 corresponds	 to	 the	 linear
viscoelastic	range.	Strain	or	stress	sweeps	at	different	frequencies	are	then	normally	carried
out	and	the	magnitude	of	the	storage	modulus	evaluated	as	a	function	of	time.	If	the	strain
or	 stress	 corresponds	 to	 linear	 viscoelastic	 behavior,	 the	 storage	 modulus	 will	 then	 be
independent	of	the	magnitude	of	strain	or	stress.

It	has	been	observed	in	the	literature	that	the	onset	of	nonlinearity	for	nanocomposites
is	lower	than	the	one	for	pure	polymers	and	it	decreases	with	filler	content.	As	an	example,
Figure	 10.3	 shows	 the	 normalized	 stress	 modulus	 (where	 	 is	 the	 storage	 modulus	 at
lower	strains)	as	a	function	of	strain	γo	for	PET	nanocomposites	at	a	frequency	of	6.28	rad/s

obtained	by	Ghanbari	et	al.32	The	authors	defined	the	dashed	line	as	the	transition	from	the
linear	 to	 nonlinear	 viscoelastic	 behavior	with	 ,	 in	 other	words	when	G′	had
decreased	 by	 more	 than	 10%	 from	 its	 original	 value.	 It	 can	 be	 seen	 that	 the	 onset	 of
nonlinearity,	which	is	shown	in	the	inset	of	Figure	10.3,	decreases	as	 the	concentration	of
clay	increases	and	displays	a	power	law	dependency	on	the	volume	fraction	of	clay.	Such	a

behavior,	 reported	 in	 many	 studies,33–37	 was	 shown	 to	 depend	 on	 the	 degree	 of	 clay

dispersion38	 and	 concentration	 of	 clay39	 and	 was	 attributed	 to	 the	 shear	 thinning	 of	 the
clay-containing	nanocomposites.



FIGURE	10.3 	 (See	 color	 insert.)	Normalized	 storage	modulus	 versus	 strain	 amplitude	 for	 neat	 PET	 and	 PET/C30B
nanocomposites	at	6.28	rad/s.	The	inset	shows	the	maximum	strain	amplitude	for	 the	linear	viscoelastic	behavior	as	a
function	of	the	clay	volume	fraction.	(With	kind	permission	from	Springer	Science	+	Business	Media:	Rheologica	Acta,
Morphological	and	rheological	properties	of	PET/clay	nanocomposites,	52,	2013,	59–74,	Ghanbari,	A.	et	al.)

Once	the	strain/stress	range	corresponding	to	linear	viscoelastic	regime	is	determined,
the	 rheological	 behavior	 of	 polymeric	 materials	 can	 be	 evaluated	 by	 small	 amplitude
oscillatory	shear.	It	is	then	important	that	the	material	be	probed	at	small	frequencies	as	the
signature	of	nanocomposite	morphology	is	observed	for	these	frequency	values.	Typically,
tests	should	be	performed	between	0.01	and	300	rad/s.	However,	depending	on	the	number
of	 points	 that	 is	 measured	 by	 the	 rheometer	 per	 frequency	 decade,	 the	 tests	 could	 last
around	 two	hours	during	which	 the	morphology	of	 the	nanocomposites	 is	 likely	 to	 suffer

evolution29–31	and	one	should	take	this	into	account	when	analyzing	the	data.
Figure	10.4	shows	the	typical	viscoelastic	behavior	of	a	molten	polymer	when	subjected

to	 small	 amplitude	 oscillatory	 shear.	 At	 low	 frequencies	 the	 storage	 modulus	 is

proportional	 to	ω,2	 loss	modulus	 to	ω,	 and	 complex	 viscosity	 independent	 of	ω.	 This	 is
called	the	terminal	behavior.

On	 addition	 of	 nanoparticles,	 the	 storage	modulus	 often	 increases	 at	 low	 frequencies
(sometimes	 by	 several	 orders	 of	 magnitude)	 and	 its	 frequency	 dependence	 decreases.	 In
some	cases,	a	plateau	of	storage	modulus	is	even	observed	at	low	frequencies,	indicating	a
large	deviation	 from	 terminal	behavior,	 sometimes	called	a	 “pseudo-solid-like”	behavior.

Krishnamoorti	 et	 al.40,41	 were	 among	 the	 first	 who	 observed	 this	 effect	 in	 polymer/clay
nanocomposites,	when	studying	the	dynamic	behavior	of	polyamide	6	and	polycaprolactone
nanocomposites.	 This	 nonterminal	 behavior	 has	 been	 observed	 since	 for	 clay-containing

nanocomposites	 of	 many	 different	 polymers,	 such	 as	 polyethylene,42

polypropylene,30,37,43–48	 polyamide	 6,17,49–51	 polystyrene,52–57	 polylactic	 acid,58–60

polycaprolactone,61–63	 polyethylene	 terephthalate,32	 polycarbonate,64	 poly(butylene

succinate-co-adipate),65	 acrylonitrile-butadiene-styrene	 (ABS),66	 and	 poly(ethylene-co-

vinyl	acetate)	(EVA),67	to	name	a	few.	Similar	effects	have	also	been	observed	for	polymer

blends	to	which	clay	was	added68	and	for	block	copolymer/clay	nanocomposites,69	although
in	this	case,	if	the	copolymer	is	in	the	ordered	state,	the	rheological	behavior	will	be	a	result
of	 the	 interaction	 between	 the	 morphology	 of	 the	 copolymer	 and	 the	 clay

nanoparticles.70–73

The	 nonterminal	 effect	 appears	 at	 different	 concentrations	 or	 degrees	 of	 nanoparticle
dispersion	 depending	 on	 the	 system	 studied.	 The	 solid-like	 behavior	 observed	 at	 low
frequencies	is	usually	attributed	to	the	formation	of	nanoparticle	percolating	networks,	such

as	 clay	 platelets	 stacked	 like	 a	 house	 of	 cards.74	 Similar	 behavior	 has	 been	 observed	 for

other	common	fillers	such	as	talc75	but	at	much	higher	loadings.	The	Newtonian	zero	shear
complex	 viscosity	 plateau	 also	 tends	 to	 disappear	 as	 another	 consequence	 of	 the	 same



phenomenon,	and	the	sample	exhibits	strong	shear	thinning	behavior	instead.17,54,55,64,73,76

FIGURE	10.4 	Dynamic	data	at	a	temperature	of	200°C	for	a	typical	sample	of	polystyrene.

The	 linear	 viscoelastic	 response	 of	 layered	 silicate	 nanocomposites	 was	 shown	 to	 be

dependent	on	clay	concentration,36,46,69	on	the	state	of	clay	dispersion,77,78	on	the	affinity
between	the	polymer	and	the	nanoparticles,	the	type	of	surfactant	used	for	the	modification

of	 the	 clay,33,78,79	 the	 size	 of	 clay	 platelets,73	 and	 the	 chemical	 modification	 of	 the

polymer.78	All	these	variables	affect	the	linear	viscoelastic	behavior	of	the	nanocomposites
essentially	because	they	may	give	rise	to	a	network	structure	due	to	particle/particle	and/or

polymer/particle	interactions.40,69,80,81

The	nonterminal	solid-like	behavior	usually	occurs	when	clay	nanoparticles	are	 in	 the

exfoliated	state,	but	sometimes	 intercalated	structures	also	exhibit	 this	behavior.43,47,56,69

Carastan	et	al.	prepared	polystyrene	and	block	copolymer	nanocomposites	by	incorporating
organoclays	 using	 three	 different	 techniques:	 solution	 casting,	melt	mixing,	 and	 a	 hybrid

master	 batch	 process	 combining	 solution	 and	 melt	 mixing.16,70,71,77	 The	 degree	 of	 clay
dispersion	was	strongly	dependent	on	the	processing	technique	used,	as	evidenced	by	the	x-



ray	diffraction	and	transmission	electron	microscopy	analyses.	Pure	melt	mixing	led	to	the
least	 dispersed	 samples,	 followed	by	 the	master	batch	process,	 and	 then	 solution	 casting.
These	different	 degrees	of	 clay	dispersion	were	 sensed	by	 the	 rheological	measurements.
The	composite	prepared	by	solution	casting	alone	exhibited	a	much	higher	value	of	G′	 at
low	frequencies	than	the	other	composites.	Besides	having	a	more	dispersed	structure,	these
studies	showed	that	solution	casting	promotes	the	formation	of	a	well-structured	percolated
network,	 as	 the	 clay	 particles	 arrange	 themselves	 in	 a	 “house	 of	 cards”	 structure	 as	 the
solvent	is	being	evaporated.	The	melt	mixing	step	promoted	the	alignment	of	clay	tactoids,
decreasing	the	overall	solid-like	behavior.

In	 a	 very	 systematic	 study,	Mitchell	 and	Krishnamoorti73	 evaluated	 the	 effect	 of	 the
size	of	clay	nanoplatelets	on	the	linear	viscoelastic	behavior	of	a	polystyrene-polyisoprene
block	copolymer.	 In	order	 to	study	solely	 the	effect	of	clay	morphology,	part	of	 the	 tests
was	carried	out	when	the	block	copolymer	was	in	the	disordered	state,	and	the	three	types	of
clay	 tested,	 namely	 fluorohectorite	 (F),	 montmorillonite	 (M),	 and	 laponite	 (L),	 with
respective	average	platelet	diameters	of	about	10	μm,	1	μm,	and	30	nm,	were	organically
modified	in	such	a	way	that	“the	surface	coverage	of	the	silicate	layer	and	conformation	of

salt	 at	 their	 surface	 be	 equivalent.”73	 The	 nanocomposites	 containing	 the	 larger	 clay
platelets	presented	an	intercalated	structure,	whereas	the	laponite	nanocomposites	presented
an	 exfoliated	 morphology.	 They	 observed	 that	 all	 composites	 were	 shear	 thinning	 and
presented	 similar	 rheological	 behavior	 independently	 of	 clay	 size	 at	 high	 frequencies.
However,	at	low	frequencies,	both	nanocomposites	with	a	larger	size	clay	platelet	presented
a	reduction	in	frequency	dependence	of	G′	and	increase	of	η*.	Such	a	phenomenon	could	not
be	observed	for	the	smaller	clay	platelets	in	spite	of	the	exfoliated	structure	observed.	The
authors	attributed	this	behavior	to	the	fact	that	although	the	structure	of	the	nanocomposites
was	 exfoliated,	 the	 size	 of	 the	 clay	 platelet	 was	 too	 small	 for	 the	 platelets	 to	 form	 a
percolating	network	at	this	concentration	of	5	wt%.

Analyzing	 experimental	 data	 for	 polystyrene/clay	 nanocomposites,	 Zhao	 et	 al.57

summarized	 graphically	 the	 effect	 of	 clay	 concentration	 and	 dispersion	 on	 the	 small
amplitude	oscillatory	shear	behavior	of	clay-containing	nanocomposites	(see	Figure	10.5).
For	very	low	concentrations	of	clay,	the	nanocomposites	show	a	terminal	behavior	with	G′
	ω2	 and	G″	 	ω.	 When	 the	 clay	 concentration	 increases	 but	 is	 below	 the	 percolation

threshold	 (see	 Figure	 10.5b),	 G′	 increases	 and	 is	 proportional	 to	 ω.	 Once	 the	 clay
concentration	 is	 above	 the	 percolation	 threshold,	 G′	 becomes	 higher	 than	 G″	 at	 low
frequencies	 and	 G″	 	 ω0.	 Further	 increase	 of	 clay	 concentration	 results	 in	 a	 storage
modulus	that	is	larger	than	the	loss	modulus	at	all	frequencies.	The	crossover	point	between
G′	 and	 G″	 can	 also	 be	 used	 to	 analyze	 the	 effect	 of	 nanoparticles	 on	 the	 rheological
behavior	of	molten	polymers.	As	 this	point	changes	 its	position	whether	a	polymer	has	a
more	elastic	(increase	in	G′)	or	a	more	fluid	behavior	(increase	in	G″),	 it	 is	often	used	 to
correlate	 the	effects	of	polymer	 structure,	 such	as	 the	molecular	weight,	with	 rheological
properties.	Likewise,	the	addition	of	dispersed	clay	nanoparticles	increases	the	elasticity	of



the	polymer,	affecting	the	position	of	the	crossover	point.
Another	 test	 that	 can	 be	 used	 to	 evaluate	 the	 linear	 viscoelastic	 behavior	 of	 molten

polymer	 is	 the	 stress	 relaxation	 test.	 During	 a	 stress	 relaxation	 experiment,	 a	 sudden
deformation,	γo,	 is	 imposed	 to	 the	material	and	 the	resultant	stress,	σ(t)	 is	 evaluated	as	a
function	 of	 time.	 If	 the	 amplitude	 of	 deformation	 is	 small	 enough,	 the	 stress	 relaxation
modulus	defined	as

FIGURE	 10.5 	 Schematic	 representation	 of	 the	 speculated	 rheological	 response	 to	 the	 increase	 in	 the	 number	 of
particles	 per	 unit	 volume.	 (Reprinted	 from	 Polymer,	 46,	 Zhao,	 J.;	 Morgan,	 A.	 B.;	 Harris,	 J.	 D.,	 Rheological
characterization	 of	 polystyrene–clay	 nanocomposites	 to	 compare	 the	 degree	 of	 exfoliation	 and	 dispersion,	 8641–60,
Copyright	(2005),	with	permission	from	Elsevier.)

will	 decay	 exponentially	 as	 a	 function	 of	 time	 due	 to	 the	 viscoelastic	 behavior	 of	 the
material,	not	depending	on	the	amplitude	of	deformation.

This	stress	relaxation	modulus	can	be	expressed	as	a	sum	of	exponential	decays,	known
as	the	generalized	Maxwell	Model	given	by

  



where	Gi	and	λi	are	the	moduli	and	relaxation	times	corresponding	to	each	Maxwell	element
of	the	discrete	relaxation	spectrum,	with	the	largest	λi	called	the	terminal	relaxation	time.

If	 a	 material	 tested	 in	 stress	 relaxation	 presents	 a	 small	 molar	 mass	 or	 is	 slightly
entangled,	the	relaxation	will	be	fast	and	its	terminal	relaxation	time	will	be	smaller	than
the	one	for	a	high	molar	mass,	very	entangled	polymer.

Figure	 10.6	 presents	 the	 relaxation	 modulus	 in	 the	 linear	 viscoelastic	 regime	 for
nanocomposites	of	styrene-isoprene	diblock	copolymers	with	three	different	concentrations

of	 clay	 obtained	 by	 Ren	 and	 Krishnamoorti.82	 The	 solid	 lines	 represent	 the	 best	 fit	 to
Equation	10.6.	It	can	be	seen	that	as	the	concentration	of	clay	is	increasing,	the	relaxation	is
much	 slower	 exhibiting	 a	 solid-like	 behavior.	 Similar	 behavior	 was	 obtained	 by

Bandyopadhyay	et	al.65	for	PLA/clay	nanocomposites.

FIGURE	10.6 	Time	dependence	of	the	linear	stress	relaxation	modulus	G(t)	at	85°C	for	the	unfilled	PSPI	copolymer
and	 hybrids	 with	 3.5	 and	 9.5	 wt%	 clay	 nanocomposites.	 The	 solid	 lines	 represent	 the	 best	 fits	 of	 the	 data	 to	 the
empirical	Equation	10.6.	(Reprinted	with	permission	from	Ren,	J.;	Krishnamoorti,	R.;	Nonlinear	viscoelastic	properties
of	layered-silicate-based	intercalated	nanocomposites.	Macromolecules	36,	2003,	4443–51.	Copyright	2003	American
Chemical	Society.)

  



FIGURE	10.7 	SEM	image	of	 the	clay	network	from	a	5	wt%	PP	nanocomposites	after	 the	polymer	matrix	had	been
burned	away.	(Reprinted	with	permission	from	Vermant,	J.	et	al.	Quantifying	dispersion	of	layered	nanocomposites	via
melt	rheology.	Journal	of	Rheology	51,	2007:	429–50	Copyright	2007,	American	Institute	of	Physics.)

Ren	et	al.69	attributed	the	long	relaxation	times	(larger	than	100	s)	and	the	nonterminal
behavior	observed	during	small	amplitude	oscillatory	shear	tests	to	a	possible	formation	of
a	network	with	stacks	of	clay	percolating.	This	mesostructure	results	in	“physical	jamming”
of	 the	 dispersed	 clay	 preventing	 the	 composite	 to	 relax	 at	 long	 times;	 above	 a	 certain
volume	 fraction,	 the	 clay	platelets	 are	unable	 to	 rotate	 and	 relax	even	at	 long	 times.	The

presence	of	the	clay	network	was	proven	by	Vermant	et	al.,27	who	observed	the	morphology
of	a	sample	of	5%	clay	polypropylene	nanocomposite	(see	Figure	10.7)	treated	at	900°F	in
vacuum.	This	treatment	was	meant	to	burn	the	polymer	without	affecting	the	clay	structure.

10.2.2	EFFECT	OF	OTHER	NANOPARTICLES

The	nonterminal	solid-like	behavior	observed	in	small	amplitude	oscillatory	shear	tests	is
certainly	not	exclusive	of	clay-containing	nanocomposites.	Most	other	nanoparticles	cause

similar	 effects	 on	 polymers,	 such	 as	 carbon	 nanotubes,83–86	 graphene,87–90	 silica,91,92

cellulose	 nanocrystals,93,94	 and	 polyhedral	 oligomeric	 silsesquioxane	 (POSS),95	 among
others.

Hassanabadi	 et	 al.96,97	 studied	 the	 effect	 of	 two	 different	 particles	 geometries
(nanospheres	of	CaCO3	and	clay	platelets)	on	the	linear	and	nonlinear	viscoelastic	behavior
(see	 below)	 of	 ethylene	 vinyl	 acetate	 nanocomposites	 both	 in	 shear	 and	 extension	 (see
below).	The	effect	of	the	addition	of	clay	on	the	modulus	at	low	frequencies	during	small
amplitude	 oscillatory	 shear	 experiments	 was	 shown	 to	 be	 much	 larger	 than	 the	 one	 of
addition	 of	 spherical	 particles;	 in	 the	 case	 of	 clay	 platelets,	 the	 probability	 of	 network
formation	is	much	higher	and	the	relaxation	time	of	the	material	increases.

The	shape	of	the	nanoparticles	therefore	plays	a	very	important	role	in	the	rheological



properties	 of	 nanocomposites.	 Nanoparticles	 with	 high	 aspect	 ratios,	 such	 as	 nanoclays,
carbon	 nanotubes,	 nanofibers,	 and	 graphene	 tend	 to	 have	 a	 low	 percolation	 threshold,	 as
opposed	 to	more	 isotropic	nanoparticles	such	as	silica	and	CaCO3	 spherical	nanoparticles
and	 the	 Laponite	 synthetic	 clay.	 All	 layered	 nanoparticles,	 such	 as	 nanoclays	 and
graphene,87–89	 have	 essentially	 the	 same	 behavior,	 as	 by	 increasing	 the	 exfoliation	 the
nonterminal	solid-like	behavior	becomes	more	pronounced.	Carbon	nanotubes	behave	in	a
somewhat	similar	manner,	forming	percolating	networks	usually	by	entanglements	and	the
formation	 of	 bundles.83,84	 Cipiriano	 et	 al.85	 studied	 the	 effect	 of	 the	 aspect	 ratio	 of
multiwall	carbon	nanotubes	(MWNTs)	on	the	linear	viscoelastic	properties	of	polystyrene
nanocomposites,	and	they	observed	an	increase	in	the	nonterminal	behavior	for	the	samples
containing	higher	aspect	ratio	nanotubes.

More	 isotropic	nanoparticles,	on	 the	other	hand,	behave	somewhat	differently.	Fumed
silica,	 for	 example,	 is	 a	hydrophilic	 type	of	nanoparticle	 that	usually	 forms	 rather	 strong
aggregates	 of	 the	 small	 spherical	 individual	 nanoparticles.	 The	 aggregates	 tend	 to	 easily
form	percolating	networks	when	mixed	with	polymers,	exhibiting	the	nonterminal	behavior.

Bartholome	 et	 al.92	 compared	 polystyrene	 nanocomposites	 containing	 untreated	 fumed
silica	and	polystyrene-grafted	silica	nanoparticles.	The	 linear	viscoelastic	behavior	of	 the
samples	tested	is	presented	in	Figure	10.8.	It	 is	very	clear	 that	 the	treated	samples	have	a
weaker	 solid-like	 behavior	 than	 the	 nanocomposite	 containing	 unmodified	 silica.	 The
authors	 verified	 that	 the	 PS-treated	 silica	was	much	 better	 dispersed	 in	 the	matrix.	 This
example	 shows	 that	 not	 always	when	 increasing	 the	 nanoparticle	 dispersion	 the	material
will	 have	 a	more	 solid-like	 behavior.	 Isotropic	 nanoparticles	 have	 somehow	 the	 opposite
behavior	of	anisotropic	particles	like	nanoclays.

This	effect	can	also	be	understood	 in	 terms	of	 the	 formation	of	a	percolated	network.
The	 untreated	 nanoparticles	 are	 naturally	 more	 prone	 to	 forming	 networks,	 as	 there	 are
strong	 particle–	 particle	 interactions.	 When	 some	 treatment	 improves	 the	 dispersion	 of
these	nanoparticles	into	almost	individual	spheres,	 they	increase	their	 interaction	with	the
polymer	matrix,	but	the	percolated	network	does	not	form	so	easily	anymore,	except	at	very
high	loadings,	as	the	percolation	threshold	of	spheres	is	much	higher	than	the	one	of	plates

or	fibers.80,81	This	behavior	is	the	same	observed	for	the	CaCO3	nanospheres	and	Laponite
nanoclays	discussed	before.



FIGURE	10.8 	Storage	modulus	of	PS	nanocomposites	filled	with	5	vol%	of	silica	and	PS–grated	silica	master	curve	at
T	 =	 160°C.	 (Reprinted	 from	 Polymer,	 49,	 Cassagnau,	 P.,	 Melt	 rheology	 of	 organoclay	 and	 fumed	 silica
nanocomposites,	2183–96,	Copyright	2008,	with	permission	from	Elsevier.)

10.2.3	EFFECT	OF	MATRIX	ANISOTROPY

The	formation	of	a	percolated	network	by	the	nanoparticles	governs	the	linear	viscoelastic
behavior	 of	 a	 molten	 polymer	 when	 the	 matrix	 is	 isotropic.	 In	 the	 case	 of	 structured,
anisotropic	 polymer	 systems,	 the	 rheological	 properties	 are	 usually	 dominated	 by	 the
ordered	 microstructure,	 as	 is	 the	 case	 of	 block	 copolymers	 in	 the	 ordered	 state.	 When
disordered,	molten	block	copolymers	behave	essentially	like	isotropic	homopolymers,	and
the	nanoparticles	 have	 a	 strong	 effect	 on	 their	 rheological	 properties,	 causing	 the	 change

from	a	terminal	to	a	nonterminal	behavior,	as	previously	discussed.69,71,73	However,	block
copolymers	 are	 known	 for	 their	 ability	 of	 forming	 regularly	 ordered	 structures	 in	 the
nanoscale	 due	 to	 phase	 separation	 when	 their	 blocks	 are	 not	 miscible	 in	 each	 other.
Depending	on	 the	composition,	 affinity	between	 the	blocks	and	 temperature,	 they	 tend	 to

form	ordered	domains	with	regular	shapes,	such	as	lamellae,	cylinders,	or	spheres.98

These	 ordered	 domains	 have	 a	 strong	 influence	 on	 the	 rheological	 properties	 of	 the
molten	 copolymers.	 Whereas	 a	 homopolymer	 or	 a	 disordered	 block	 copolymer	 has	 a
terminal	viscoelastic	behavior,	with	a	G′	slope	of	around	2	at	 low	frequencies	in	a	double
log	 plot,	 the	 ordered	 states	 usually	 exhibit	 a	 nonterminal	 behavior.	 This	 effect	 occurs
because	of	a	restriction	for	molecular	relaxation	due	to	the	phase	separation	of	chemically
connected	blocks.	A	block	copolymer	with	a	randomly	oriented	lamellar	structure	presents



a	G′	 slope	 of	 around	 0.5,	 and	 a	 similarly	 random,	 yet	more	 ordered	 cylindrical	 structure
renders	a	slightly	lower	slope,	of	about	0.3.	A	copolymer	with	a	morphology	composed	of
spheres	 arranged	 in	 a	 body-centered	 cubic	 structure	 has	 a	 complete	 tridimensional
restriction	for	molecular	relaxation,	and	these	materials	tend	to	have	a	nonterminal	plateau
of	G′	with	a	slope	of	around	zero.99	Figure	10.9	shows	the	typical	rheological	behavior	for
different	ordered	block	copolymers	when	subjected	to	small	amplitude	oscillatory	shear.

When	 clay	 or	 other	 nanoparticles	 are	 added	 to	 copolymers	 with	 these	 ordered
nanostructures,	the	viscoelastic	response	is	dominated	by	the	structure	of	the	domains.	The

nanoparticles	have	therefore	a	marginal	effect	on	the	rheological	behavior.73	Although	it	is
very	 difficult	 to	 observe	 a	 footprint	 of	 the	 presence	 of	 nanoparticules	 on	 the	 rheological
behavior	 of	 the	 nanocomposites,	 as	 it	 is	 masked	 by	 the	 response	 of	 the	 ordered
nanostructure	 of	 the	 block	 copolymer,	 the	 formation	 of	 a	 percolated	 network	 can	 restrict
even	more	the	relaxation	of	the	copolymer	molecules	and	a	further	decrease	in	the	slope	of
G′	 in	 the	 low	 frequency	 region	 in	 the	 case	 of	 lamellar	 or	 cylindrical	 structures	 can	 be
observed.	However,	 in	 the	case	of	a	highly	ordered	spherical	 structure,	presenting	a	 truly
horizontal	G′	 plateau,	 the	 clay	 particles	 can	 act	 as	 defects,	 so	 that	 they	 might	 end	 up

increasing	 the	 slope	 of	 the	 plateau,71	 that	 is,	 increasing	 the	 possibility	 of	 molecular
relaxation	due	to	the	presence	of	defects.



FIGURE	10.9 	 Schematic	 small	 amplitude	 oscillatory	 shear	 curves	 showing	 the	 effect	 of	 different	 block	 copolymer
structures	in	the	low	frequency	region.	(Adapted	from	Kossuth,	M.	B.;	Morse,	D.	C.;	Bates,	F.	S.,	Journal	of	Rheology
43,	1999,	167–96.)

10.2.4	PHENOMENOLOGICAL	AND	MATHEMATICAL	MODELS

Layered	nanoparticles,	such	as	nanoclays,	tend	to	increase	the	nonterminal	behavior	with	an

increasing	 degree	 of	 exfoliation.	 Using	 a	 simple	 volume	 filling	 calculation,	 Ren	 et	 al.69

assumed	that	 the	tactoids	could	be	modeled	as	hydrodynamic	spheres,	as	shown	in	Figure
10.10.	 The	 hydrodynamic	 radius	 of	 the	 spheres	 indicates	 the	 onset	 of	 percolation,	 below
which	 incomplete	 rotation/relaxation	 of	 the	 tactoids	 takes	 place,	 forming	 the	 percolated
network.	The	authors	 formulated	a	 relation	 that	 relates	 the	number	of	 silicate	 layers,	nper
per	tactoids,	as	a	function	of	weight	fraction	at	percolation	Φper.

where	Φper	is	the	volume	fraction	for	percolation	of	random	spheres,	that	is,	0.3,	Rh	is	the
radius	of	the	hydrodynamic	sphere,	hsil	is	the	thickness	of	the	silicate	layer,	ρorg	and	ρsil	are
the	respective	densities	of	the	polymer	and	the	silicate	and	wsilper	is	the	weight	fraction	of
silicate	at	rheological	percolation.

  



FIGURE	10.10 	 Schematic	 representation	 of	 the	 tactoids	 of	 layered	 silicates	 and	 their	 interaction	 with	 each	 other,
resulting	in	incomplete	relaxation	of	the	hybrids.	(Reprinted	with	permission	from	Ren,	J.;	Silva,	A.	S.;	Krishnamoorti,
R.	 Linear	 viscoelasticity	 of	 disordered	 polystyrene–polyisoprene	 block	 copolymer-based	 layered–silicate
nanocomposites.	Macromolecules	33,	2000:	3739–46.	Copyright	2000	American	Chemical	Society.)

Using	 this	 simple	 model,	 the	 authors	 were	 able	 to	 estimate	 from	 rheological
measurements	 the	 thickness	 of	 the	 clay	 tactoids,	which	 corroborated	 the	 values	 obtained
using	x-ray	diffraction.

Several	 other	 scaling	 relations	 were	 suggested	 to	 relate	 the	 rheological	 behavior
evaluated	 during	 small	 amplitude	 oscillatory	 shear	 tests	 to	 the	 state	 of	 dispersion	 of	 the
clay.	It	has	been	shown	in	the	literature	that	the	storage	modulus	at	low	frequencies	scales
with	the	clay	concentration	as	Reference	27

or
Reference	66

  



where	 ν	 is	 a	 power	 law	 exponent,	 φ	 and	 φper	 are	 the	 clay	 and	 percolation	 volume
concentrations,	respectively,	 	and	 	are	the	storage	moduli	at	low	frequencies	for	the
composite	and	matrix,	respectively,	and	Go	is	a	constant.	The	exponent	n	can	be	considered
as	a	measure	of	fractal	dimension	of	the	clay	3D	network	being	of	greater	magnitude	for	a
more	percolated	network.

In	order	 to	determine	 the	percolation	 threshold,	Vermant	 et	 al.27	 suggested	 to	 draw	a
plot	of	the	storage	modulus	at	low	frequencies	as	a	function	of	clay	concentration	φ.	Above
a	certain	concentration	G′	starts	to	increase	linearly	with	φ,	the	intercept	of	the	straight	line
with	the	y	=	0	axis	provides	the	percolation	concentration.	Figure	10.11	shows	this	analysis
for	 two	 different	 PP/clay	 nanocomposites,	 labeled	 C	 (higher	 molecular	 weight)	 and	 D
(lower	molecular	weight).	For	each	system,	the	curves	show	a	clear	transition	where	the	low
frequency	G′	 (measured	 at	 0.03	 rad/s)	 starts	 to	 linearly	 increase	with	 clay	 concentration,
which	is	an	indication	of	the	percolation	threshold.

Using	 the	 analysis	 of	 Vermant	 et	 al.27	 and	 Equation	 10.7	 of	 Ren	 et	 al.,69	 it	 is	 then
possible	to	characterize	the	morphology	of	the	nanocomposites	and	infer	the	aspect	ratio	for
the	nanoparticles.

FIGURE	10.11 	Plot	of	the	storage	modulus	at	low	frequency	(0.03	rad/s)	versus	volume	fraction	for	two	different	PP
clay	nanocomposites	(C	is	a	system	based	on	a	higher	molecular	weight	PP,	and	D	on	a	 lower	molecular	weight	PP).
(Reprinted	with	permission	from	Vermant,	J.	et	al.	Quantifying	dispersion	of	layered	nanocomposites	via	melt	rheology.
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For	concentrations	above	percolation,	Vermant	et	al.27	suggested	use	of	the	relations	of

Shih	et	al.100	given	by

where	 	is	the	plateau	modulus,	γcrit	is	the	critical	strain	for	linearity	and	df	is	the	fractal
dimension	of	the	aggregate	network,	and	x	is	the	exponent	that	connects	the	particle	volume

fraction	with	aggregate	 size.27	The	values	of	df	and	x	 can	be	used	 to	get	 a	 picture	of	 the
network	with	the	larger	df	and	the	smallest	x	leading	to	a	more	open	fractal	structure.

Another	 approach	 to	 infer	 information	 about	 clay	 dispersion	 from	 linear	 viscoelastic
data	 consists	 of	 using	 the	 dependence	 of	 the	 storage	 modulus	 and	 viscosity	 at	 low
frequencies	with	frequency.	Several	authors	suggested	that	Equations	10.12	and	10.13	can

be	used	as	criteria	for	state	of	clay	dispersion,39	the	magnitude	of	n	representing	the	state	of
exfoliation	(small	values	of	n	corresponding	to	more	exfoliated	states):

However,	 according	 to	 Vergnes	 et	 al.,38,101,102	 these	 criteria	 depend	 on	 the	 range	 of
frequencies	used	to	fit	the	data	and	can	be	very	subjective.	Therefore,	they	showed	that	the
melt	yield	stress,	σ0,	that	can	be	inferred	from	the	description	of	the	complex	viscosity	of

the	 nanocomposites	 as	 a	 function	 of	 frequency,	 based	 on	 Carreau–Yasuda	 model103

(Equation	10.14),	 is	 a	much	more	 reliable	 quantitative	 parameter	 to	 evaluate	 the	 state	 of
dispersion	of	clay.

where	ηo	is	the	zero	shear	viscosity,	λ	is	the	time	constant,	a	is	the	Yasuda	parameter,	and	m
is	a	dimensionless	power	law	index.

In	particular,	Vergnes	et	al.101	used	this	equation	to	evaluate	the	state	of	clay	dispersion
in	PP/	PP-MA	blends	as	a	function	of	maleic	anhydride	content	and	also	the	morphological
evolution	along	the	screw	in	the	extruder.	Figure	10.12	shows	the	fitting	of	rheological	data
of	 PP/clay	 nanocomposites	 obtained	 at	 220°C	 to	 Equation	 10.14.	 The	 data	 for	 pure
polypropylene	are	compared	to	the	ones	of	the	X/Y/Z	blend	where	X,	Y,	and	Z	correspond	to
the	concentration	of	PP,	PP-MA,	and	clay,	respectively.	The	line	corresponds	to	 the	fit	 to

  

  

  

  

  



Equation	10.14,	which	is	excellent.	The	authors	observed	that	the	fitting	parameters	m	and	λ
did	not	depend	much	on	the	state	of	exfoliation,	whereas	the	melt	yield	stress,	σ0	depended
greatly	on	the	state	of	dispersion	of	the	clay.	Figure	10.13	shows	σ0	as	well	as	the	interlayer
spacing	as	a	function	of	PP-MA	loading	for	PP/PP-MA/Cloisite	20A	nanocomposites.	For
low	 concentration	 of	 PP-MA,	 the	 interlayer	 spacing	 increased	 but	 no	 yield	 stress	 was
observed	as	most	of	the	clay	tactoids	were	intercalated	by	polymers.	As	the	content	of	PP-
MA	increased,	 the	number	of	exfoliated	clay	platelets	 increased	 leading	 to	an	 increase	of
σ0.	The	authors	attributed	the	leveling	off	of	σ0	to	a	maximum	of	exfoliation.

All	 these	 quantitative	 criteria	 show	 that	 rheology	 can	 be	 used	 as	 a	 tool	 to	 get	 some
qualitative	and	even	quantitative	 information	on	 the	state	of	dispersion	of	clay	within	 the
polymer.	 However,	 care	 should	 be	 taken	 as	 the	 morphology	 of	 clay	 containing

nanocomposites	was	shown	to	evolve	as	a	function	of	time29,30,31	and	proper	experimental
protocols	should	be	followed.

FIGURE	10.12 	 Comparison	 of	 the	 complex	 viscosity	 |η*|	 of	 PP/PP-g-MA/Cloisite	 20A	 composites	 prepared	 with
different	 amounts	 of	 PP-g-MA.	 (Reprinted	 from	 Polymer,	 46,	 Lertwimolnun,	 W.;	 Vergnes,	 B.,	 Influence	 of
compatibilizer	and	processing	conditions	on	the	dispersion	of	nanoclay	in	a	polypropylene	matrix,	3462–71,	Copyright
2005,	with	permission	from	Elsevier.)



FIGURE	10.13 	Comparison	of	interlayer	spacing	and	melt	yield	stress	at	220°C	as	a	function	of	PP-g-MA	loading	for
the	PP/PP-g-MA	Cloisite	20A	composites.	 (Reprinted	from	Polymer,	46,	Lertwimolnun,	W.;	Vergnes,	B.,	 Influence	of
compatibilizer	and	processing	conditions	on	the	dispersion	of	nanoclay	in	a	polypropylene	matrix,	3462–71,	Copyright
2005,	with	permission	from	Elsevier.)

Zouari	 et	 al.31	 evaluated	 dynamic	 data	 of	 PP/clay	 nanocomposites	 using	 successive
frequency	sweeps.	Fitting	their	data	to	Equation	10.14,	they	evaluated	the	yield	stress	of	the
nanocomposites	as	a	function	of	time.	It	was	shown	to	follow	a	kinetics	in	two	steps	(see
Equations	10.15	and	10.16),	which	have	been	attributed	by	the	authors	to	the	disorientation
of	the	clay	platelets	and	then	to	the	aggregation	of	these	platelets	in	a	3D	network	by	van
der	 Waals	 forces.	 This	 effect	 can	 be	 seen	 in	 Figure	 10.14,	 which	 shows	 that	 the	 time
evolution	of	the	nanocomposites	is	also	temperature	dependant.	Similar	behavior	had	been

observed	by	Treece	et	al.29,30	except	that	in	this	case	they	fitted	G′	to	tβ	and	they	had	two
values	of	beta.

  

  



FIGURE	10.14 	 Time	 evolution	 of	 the	 melt	 yield	 stress	 σo	 of	 a	 PP-clay	 nanocomposite	 for	 different	 temperatures

(180°C,	200°C,	and	220°C).	Vertical	lines	indicate	the	critical	times	associated	with	the	change	in	temporal	kinetics	for
the	 different	 temperatures.	 The	 horizontal	 line	 indicates	 the	 times	 associated	 with	 a	 same	 yield	 stress	 for	 different
temperatures.	 (Reprinted	 with	 permission	 from	 Zouari,	 R.	 et	 al.	 Time	 evolution	 of	 the	 structure	 of
organoclay/polypropylene	nanocomposites	and	application	of	the	time-temperature	superposition	principle.	Journal	of
Rheology	56,	2012:	725–42.	Copyright	2012,	American	Institute	of	Physics.)

This	 time	 dependence	 will	 have	 a	 large	 influence	 on	 the	 applicability	 of	 time-
temperature	 superposition	 (TTS)	 for	 nanocomposites.	 The	 TTS	 principle	 implies	 that
rheological	 curves	 obtained	 at	 different	 temperatures	 can	 be	 shifted	 horizontally	 and
vertically	(to	take	into	account	changes	of	density)	to	obtain	a	master	curve	at	a	reference

temperature	but	for	larger	frequency	or	time	ranges.	More	details	can	be	found	in	Ferry.104

According	 to	 Zouari	 et	 al.,31	 TTS	 is	 not	 expected	 to	 be	 valid	 for	 clay-containing
nanocomposites	 because	 of	 the	 time	 evolution	 undergone	 by	 the	 viscoelastic	 data	 at	 low
frequencies	 that	 is	 temperature	 dependant	 as	 shown	 in	 Figure	 10.14.	 However,	 when	 a
proper	annealing	of	the	samples	was	performed	so	that	the	samples	presented	similar	yield
stress	prior	to	testing,	TTS	was	shown	to	work.

10.3	RHEOLOGICAL	BEHAVIOR	POLYMER	NANOCOMPOSITES	IN	THE
NONLINEAR	VISCOELASTIC	REGIME

10.3.1	INTRODUCTION

As	mentioned	in	the	introduction,	the	nonlinear	viscoelastic	regime	corresponds	to	fast	and
strong	 deformations.	 The	 rheological	 response	 depends	 then	 on	 the	 size,	 rate,	 and

kinematics	of	the	deformation.23	The	study	of	nonlinear	viscoelasticity	of	molten	polymers
is	much	more	complex	than	the	study	of	linear	viscoelasticity	as	there	are	no	constitutive
equations	 that	 adequately	 predict	 the	 rheological	 behavior	 of	 polymers	 in	 this	 regime.
However,	 its	 study	 is	 of	 extreme	 importance	 as	 the	 flows	 that	molten	 polymers	 undergo



during	 processing	 correspond	 to	 the	 nonlinear	 viscoelastic	 regime.	 To	 understand	 the
nonlinear	 viscoelastic	 behavior	 of	 molten	 polymers,	 experiments	 should	 be	 carried	 out
either	 in	 simple	 shear	 or	 uniaxial	 extension	 as	 both	 these	 types	 of	 deformations	 are
encountered	 in	polymer	processing.	 In	 shear,	 rheological	 quantities	 such	 as	viscosity	 and
first	 normal	 stress	 difference	 will	 be	 obtained	 as	 a	 function	 of	 shear	 rate.	 In	 order	 to
perform	these	studies,	well-defined	transient	shear	flows	should	be	used,	such	as	step	shear,
which	 is	similar	 to	 the	flows	used	 to	study	stress	relaxation	 in	 the	 linear	regime	but	with
larger	 values	 of	 γ0;	 startup	 of	 steady	 shear,	 which	 consists	 of	 shearing	 a	 sample	 at	 a
constant	 shear	 rate;	 large	 amplitude	 oscillatory	 shear	 or	 any	 other	 defined	 shear	 history
implying	 large	 and/or	 fast	 deformations.	 In	 extensional	 flows,	 the	 tensile	 stress	 growth
coefficient	 of	 the	material	 as	 a	 function	 of	 time	 or	 quantities	 such	 as	melt	 strength	 and
breaking	stretching	ratio	can	be	obtained	(more	details	in	Section	3.4).

Much	 fewer	 studies	 of	 the	 rheological	 behavior	 of	 polymer	 nanocomposites	 in	 the
nonlinear	viscoelastic	 regime	have	been	 carried	out	 in	 the	 literature.	However,	 it	 enables
the	 understanding	 of	 the	 evolution	 of	 the	 morphology	 under	 flow.	 Whereas	 linear
viscoelastic	 behavior	 is	 dominated	 by	 the	 3D	 network	 structure	 (particle–particle
interactions),	 nonlinear	 viscoelastic	 behavior	 is	 dominated	 by	 the	 orientation	 of	 the
nanoparticles,	 including	 the	 disruption	 of	 their	 network	 structure	 and	 an	 increasing
importance	of	polymer–nanoparticle	interactions.

In	the	following,	some	of	the	main	findings	in	the	literature	for	the	rheological	behavior
of	polymer	nanocomposites	when	subjected	to	large	step	shear,	startup	of	steady	shear,	and
other	well-defined	shear	histories	will	be	reported.	Then,	the	viscosity	curves	in	shear	and
the	behavior	 in	 extension,	 both	of	 fundamental	 importance	 for	 the	understanding	of	melt
processing	 of	 those	materials,	will	 be	 discussed.	 Since	 nonlinear	 viscoelastic	 behavior	 is
governed	by	the	evolution	of	morphology,	attention	will	be	given	to	the	studies	that	report
the	 morphological	 changes	 of	 nanocomposites	 under	 flow.	 At	 last	 the	 influence	 of
nanoparticle	 addition	 on	 technological	 processing	 issues	 such	 as	 die	 swell	 and	 sharkskin
effect,	two	phenomena	that	are	encountered	in	extrusion,	will	be	addressed.

10.3.2	BEHAVIOR	OF	POLYMER	NANOCOMPOSITES	UNDER	WELL-DEFINED	TRANSIENT

SHEAR	FLOWS

Very	 few	 studies	 reported	 the	 behavior	 of	 clay	 containing	 nanocomposites	 in	 step

shear.47,82	 Ren	 and	 Krishnamoorti82	 performed	 stress	 relaxation	 experiments	 of
nanocomposites	of	styrene-isoprene	diblock	copolymers	to	which	montmorillonite	clay	was
added	in	concentrations	ranging	from	2.1	to	9.5	wt%	in	the	linear	and	nonlinear	viscoelastic
regimes.	For	low	strains	(in	the	linear	viscoelastic	regime)	they	observed	that	the	relaxation
modulus	data	were	 independent	 of	 strain	 and	 that	 for	 higher	 strains,	 the	 stress	 relaxation
modulus	G(t,	γ)	obeys	the	time	strain	separation	and	can	be	written	as

where	G(t)	is	the	relaxation	modulus	as	evaluated	in	the	linear	viscoelastic	regime,	h(γ)	 is

  



the	 damping	 function	 which	 accounts	 for	 the	 shear	 thinning	 of	 the	 material,	 and	 τ	 is	 a
characteristic	time	before	which	the	time	strain	separation	does	not	apply.

They	 observed	 that	 the	 onset	 of	 strain	 for	 shear	 thinning	 (for	 G	 to	 depend	 on	 γ)
decreased	when	the	clay	loading	increased,	as	can	be	seen	in	Figure	10.15,	and	the	damping
function	could	be	fitted	to	for	the	different	nanocomposites	obtained.

They	also	observed	 that	 time-strain	separability	was	valid	 for	much	smaller	 ranges	of
strains	as	the	concentration	of	clay	increased.	The	premature	shear	thinning	observed	was
attributed	 by	 the	 authors	 to	 a	 rotation	 of	 the	 anisotropic	 distribution	 of	 the	 clays	 when
submitted	to	external	flows	for	low	clay	loadings	and	to	a	disruption	of	the	mesostructure
for	 the	 higher	 clay	 loadings.	 These	 effects	 of	 nanoparticle	 rotation	 and	 disruption	 of	 the
percolating	network	are	probably	the	main	effects	that	dominate	the	nonlinear	viscoelastic
behavior	of	nanocomposites,	as	discussed	below	for	startup	of	steady	shear	tests.

The	 stress	 monitored	 for	 a	 molten	 polymer	 subjected	 to	 startup	 of	 steady	 shear
(provided	 the	 shear	 rate	 is	high	enough)	 as	 a	 function	of	 time	normally	presents	 at	 short

times	a	stress	over-shoot105	and	then	it	levels	off.	The	magnitude	of	this	overshoot	has	been

shown	 to	 be	 even	 greater	 for	 clay-containing	 nanocomposites36,64,65,96,97,106,107	 and	 to

depend	 on	 the	 nanoparticle	 concentration,	 nanoparticle	 shape,96,97	 and	 orientation	 of
nanoplatelets.

Figure	 10.16	 shows	 the	 results	 obtained	 by	 Hassanabadi	 et	 al.,96	 who	 evaluated	 the
effect	 of	 particle	 geometries	 on	 the	 rheological	 behavior	 of	 ethylene-co-vinyl	 acetate
(EVA)	composites	when	subjected	to	steady	shear.	Two	particle	geometries	were	evaluated,
CaCO3	nanospheres	with	a	diameter	of	around	70	nm	and	clay	platelets	with	a	diameter	of
around	300	nm.	It	can	be	seen	that	the	presence	of	clay	results	in	larger	stress	overshoot.	In
other	words,	clay	 increases	 the	extent	of	nonlinearity.	This	behavior	was	attributed	 to	 the
clay	network	that	can	occur	at	lower	nanoparticle	concentrations.	The	authors	also	showed
that	 	 with	 n	 decreasing	 with	 increasing	 clay	 concentration.	 The	 presence	 of
spherical	 CaCO3	 nanoparticles	 had	 only	 a	 minor	 influence	 on	 the	 nonlinear	 viscoelastic
behavior	 of	 the	 polymer,	 as	 the	 formation	 of	 a	 percolating	 network	 occurred	 only	 at	 the
highest	concentration	(15	wt%).	For	the	clay	nanocomposites,	the	network	could	be	sensed
at	a	concentration	as	low	as	5	wt%.

In	order	 to	understand	 the	physical	meaning	of	 the	 stress	overshoot,	Solomon	et	 al.46

studied	the	effect	of	a	rest	time	posterior	to	the	application	of	startup	steady	shear	at	a	shear

rate	of	0.01	s−1	for	300	s	in	one	direction,	and	on	a	subsequent	startup	of	steady	shear	in	the

reverse	direction	at	the	same	shear	rate	(0.01	s−1).	Figure	10.17	shows	 the	stress	 response
for	a	4.8	wt%	PP—montmorillonite	nanocomposite	to	the	second	startup	of	steady	shear.	In
the	inset	of	the	figure,	the	shear	history	undergone	by	the	samples	is	summarized.	It	can	be

  



seen	 that	 the	magnitude	of	 the	stress	overshoot	 is	 larger	 for	 the	samples	 that	were	 left	at
rest	for	longer	times.	The	changes	observed	as	a	function	of	resting	time	were	attributed	to
the	 evolution	 of	 the	 clay	 structure	 during	 rest	 time.	 These	 results	 suggest	 that	 the	 clay
network	sensed	during	small	amplitude	oscillatory	shear	is	easily	disrupted	by	deformation.
However,	 on	 cessation	 of	 flow	 reconstruction	 of	 the	 network	 is	 observed	 a	 phenomenon
attributed	 by	 the	 authors	 to	 the	 attractive	 interactions	 that	 exist	 between	 the	 platelet
domains.

FIGURE	10.15 	Silicate	content	dependence	of	the	damping	function	for	block	copolymer–clay	nanocomposites.	The
solid	curves	represent	the	empirical	fitting	to	Equation	10.18.	(Reprinted	with	permission	from	Ren,	J.;	Krishnamoorti,
R.	Nonlinear	viscoelastic	properties	of	 layered-silicate-based	 intercalated	nanocomposites.	Macromolecules	 36,	2003:
4443–51.	Copyright	2003	American	Chemical	Society.)

FIGURE	10.16 	Stress	as	a	function	of	time	for	CaCO3	(left)	and	clay	(right)	nanocomposites	at	a	rate	of	0.1	s−1	and



110°C.	(With	kind	permission	from	Springer	Science	+	Business	Media:	Rheologica	Acta,	Relationships	between	linear
and	nonlinear	shear	response	of	polymer	nano-composites,	51,	2012,	991–1005,	Hassanabadi,	H.	M.;	Rodrigue,	D.)

FIGURE	10.17 	 Results	 of	 flow	 reversal	 studies	 of	 a	 4.80	wt%	 clay	 PP	 nanocomposites.	After	 an	 initial	 episode	 of
steady	shear	( )	followed	by	a	rest	time	of	varying	duration,	the	stress	response	on	the	startup	of	steady	shear
flow	( )	in	the	reverse	direction	was	monitored	for	300	s.	(Reprinted	with	permission	from	Solomon,	M.	J.	et
al.	Rheology	of	polypropylene/clay	hybrid	materials.	Macromolecules	 34,	2001:	1864-72.	Copyright	2001	American
Chemical	Society.)

The	reconstruction	of	the	clay	network	is	expected	to	happen	by	the	disorientation	of	the
clay	platelets	initially	aligned	by	shear.	If	this	effect	were	to	happen	due	only	to	Brownian
motion,	 the	 rather	 large	 clay	 platelets	 would	 take	 a	 very	 long	 time	 to	 change	 their

orientation.	To	analyze	this	effect,	Lele	et	al.47	used	in	situ	x-ray	diffraction	to	evaluate	the
orientation	of	 clay	particles	during	 rheological	 experiments	on	PP	nanocomposites.	After

the	 cessation	 of	 steady	 shear	 flow,	 Hermans’	 function	 S108	 was	 used	 to	 evaluate	 the
orientation	 of	 the	 nanoparticles	with	 time,	 as	 shown	 in	 Figure	 10.18.	 Two	 samples	were
studied,	 one	 uncompatibilized	 and	 another	 one	 containing	 polypropylene	 modified	 with
maleic	 anhydride	 (PP-MA)	 as	 a	 compatibilizer.	 Initially,	 the	 clay	 nanoparticles	 in	 the
compatibilized	 sample	were	 highly	 aligned,	 but	 then	 quickly	 decreased	 their	 orientation.
The	 uncompatibilized	 sample,	 on	 the	 other	 hand,	 was	 not	 so	 strongly	 oriented	 since	 the
beginning,	and	its	structure	did	not	change	considerably	with	time.	The	authors	argue	that	if
attractive	 interactions	 between	 clay	 particles	 were	 to	 be	 the	 cause	 for	 particle
disorientation,	 both	 samples	 should	 have	 a	 similar	 behavior.	 As	 only	 the	 compatibilized
composite	showed	strong	disorientation,	one	possible	explanation	 is	 that	 the	relaxation	of
polymer	molecules,	 being	more	 strongly	 attached	 to	 the	 clay	 in	 the	 compatibilized	 case,
might	have	accelerated	the	formation	of	a	network,	unlike	the	uncompatibilized	sample.



Therefore,	it	is	still	not	completely	clear	if	nonlinear	viscoelastic	response	of	polymer
nanocomposites	is	due	to	particle-particle	or	polymer-particle	interactions.	It	is	more	likely
that	both	interactions	are	important.	The	stress	overshoot	is	clearly	affected	by	the	presence
of	a	percolated	network,	but	 transient	data	allows	the	estimation	of	 the	 longest	 relaxation
time,	 whereas	 this	 is	 not	 possible	 using	 linear	 data,	 when	 the	 nonterminal	 behavior

occurs.96	This	means	that	during	transient	tests,	such	as	startup	of	steady	shear,	the	terminal
relaxation	of	the	polymer	chains	is	allowed	to	occur,	although	it	is	affected	by	the	presence
of	the	nanoparticles	(polymer-particle	interactions),	whereas	for	the	linear	behavior	there	is
usually	no	terminal	relaxation,	due	to	a	stable	formation	of	a	percolated	network	(particle-
particle	 interactions).	 The	 influence	 of	 polymer-particle	 interactions	 on	 the	 nonlinear
behavior	 seems	 however	 perhaps	 to	 be	 more	 important,	 affecting	 especially	 the
phenomenon	of	nanoparticle	orientation.

FIGURE	10.18 	Orientation	function	S	as	a	function	of	time	for	PP	nanocomposites	with	(closed	symbols)	and	without
(open	symbols)	PP–MA	compatibilizer	after	cessation	of	steady	shear	at	190°C.	(Reprinted	with	permission	from	Lele,
A.	 et	 al.	 In	 situ	 rheo-x-ray	 investigation	 of	 flow-induced	 orientation	 in	 layered	 silicate–	 syndiotactic	 polypropylene
nanocomposite	melt.	Journal	of	Rheology	46,	2002:	1091–110.	Copyright	2002,	American	Institute	of	Physics.)

The	stress	overshoots	were	 successfully	predicted	by	Rajabian	et	 al.,109	who	modeled
clay	 nanoparticles	 as	 thin	 oblate	 spheroid	 particles.	 Their	 model	 predicted	 that	 during	 a
startup	of	steady	shear	experiment,	the	particles	initially	have	a	3D	random	orientation	and
are	 oriented	 by	 shear.	 Their	 predictions	 showed	 that	 the	 magnitude	 of	 stress	 overshoot
increased	on	clay	concentration	increase	and	that	the	steady	shear	decreased	with	increasing
shear	rate.	This	stress	overshoot,	only	observed	for	higher	shear	rates,	was	attributed	to	the



rotation	of	nanoparticles.	Similar	conclusions	had	been	reached	by	Letwilmolnum	et	al.,110

who	 attributed	 the	 origin	 of	 the	 overshoot	 to	 orientation	 of	 clay	 platelets	 and	 not	 to	 the
disruption	of	clay	network.

Nevertheless,	at	high	nanoparticle	loadings,	the	percolated	network	apparently	starts	to

dominate	the	nonlinear	behavior.	The	results	of	Hassanabadi	et	al.96,97	were	compared	to	a

modified	 version	 of	 Doi-Edwards	 theory,111	 which	 could	 not	 predict	 the	 rheological
properties	of	the	clay-containing	nanocomposites	above	a	certain	concentration	due	to	the
presence	of	 the	percolating	network,	which	 is	not	 taken	 into	account	by	models	based	on
chain	dynamics.

10.3.3	SHEAR	VISCOSITY	AS	A	FUNCTION	OF	SHEAR	RATE

At	 low	frequencies	or	shear	 rates,	 the	viscosity	 for	 the	nanocomposites	 is	higher	 than	 the
one	of	 the	unfilled	systems.	However,	at	high	shear	rates	 the	viscosity	follows	 the	one	of

the	 unfilled	 system.112	 In	 some	 cases,	 it	 has	 even	 been	 shown	 that	 there	 is	 more	 shear

thinning	for	the	clay-containing	nanocomposites	than	for	the	pure	resin,36	most	likely	due
to	an	orientation	of	clay	platelets	that	occurs	during	shearing	at	high	shear	rates.

This	 change	 of	 morphology	 can	 explain	 the	 failure	 of	 the	 empirical	 Cox-Merz	 rule,
which	relates	dynamic	data	to	steady	shear	data	(see	Equation	10.19)	that	has	been	observed

for	clay-containing	nanocomposites.17,36,40,66,69,113,114

When	 subjected	 to	 small	 amplitude	 oscillatory	 shear,	 the	 nanocomposites	 present	 a
rather	 stable	 3D	 network,	 but	 this	 mesoscale	 structure	 is	 disrupted	 in	 steady	 shear	 or
capillary	rheometry.

Figure	 10.19	 shows	 data	 of	 complex	 viscosity	 versus	 frequency	 and	 steady	 shear
viscosity	 versus	 shear	 rate	 for	 polyamide	 nanocomposites	with	 three	 different	molecular
weights	 (HMW:	 high	 molecular	 weight;	 MMW:	 medium	 molecular	 weight;	 LMW:	 low

molecular	weight)	obtained	by	Fornes	et	al.17	The	nanocomposites	were	prepared	by	melt
mixing	and	contained	3	wt%	MMT.	Due	 to	higher	 shear	 stresses	generated	by	 the	higher
molecular	weight	(therefore,	higher	viscosity)	polyamide	during	processing,	the	HMW	and
MMW	composites	presented	an	exfoliated	structure	whereas	the	LMW	presented	a	blend	of
exfoliated	 and	 intercalated	 structure.	 It	 can	 be	 seen	 from	Figure	 10.19	 that	 for	 the	 three
polyamides,	 the	 viscosity	 increased	 on	 addition	 of	 clay.	 It	 can	 also	 be	 seen	 that	 both
exfoliated	 structures	 presented	 a	 non-Newtonian	behavior	 at	 low	 frequencies	whereas	 the
LMW	 PA	 clay-containing	 nanocomposite	 presented	 a	 smaller	 divergence	 from	 the
Newtonian	behavior.	Also,	it	can	be	observed	that	although	the	Cox-Merz	rule	was	valid	for
the	three	polyamides,	it	failed	for	the	three	nanocomposites.

  



FIGURE	10.19 	Complex	viscosity	versus	frequency	from	a	dynamic	parallel	plate	rheometer	(solid	points)	and	steady
shear	viscosity	versus	shear	rate	from	a	capillary	rheometer	(open	points)	at	240°C	for	(a)	pure	high	molecular	weight
polyamide	 and	 its	 clay	 nanocomposites,	 (b)	 pure	medium	molecular	weight	 polyamide	 and	 its	 clay	 nanocomposites,
and	(c)	low	molecular	weight	polyamide	and	its	clay	nanocomposites.	The	composites	contain	3	wt%	clay.	(Reprinted
from	Polymer,	 42,	 Fornes,	 T.	 D.	 et	 al.	 Nylon	 6	 nanocomposites:	 The	 effect	 of	 matrix	 molecular	 weight,	 9929–40,
Copyright	2001,	with	permission	from	Elsevier.)

When	submitted	to	shear	flows,	molten	polymers	also	exhibit	normal	shear	stresses,	due
to	their	viscoelastic	nature.	Very	few	reports	of	N1	for	nanocomposites	have	been	made	in

the	 literature.	 While	 Gupta	 et	 al.67	 observed	 a	 decrease	 of	 N1	 at	 high	 shear	 rates	 for

increasing	 clay	 content	 in	 EVA	 nanocomposites,	Krishnamoorti	 et	 al.115	 did	 not	 observe



any	influence	of	the	addition	of	clay	on	PS–PI	clay	nanocomposites.	Gupta	et	al.	attributed
this	difference	 to	 the	fact	 that	 the	morphology	that	 they	obtained	was	exfoliated,	whereas
the	one	observed	by	Krishnamoorti	et	al.	was	intercalated.

10.3.4	RHEOLOGICAL	BEHAVIOR	IN	EXTENSIONAL	FLOW

Many	polymer	processing	operations,	such	as	fiber	spinning,	film	blowing,	blow	molding,
and	 thermoforming	are	governed	by	 the	elongational	 rheological	properties	of	 the	molten
material.	Therefore,	it	is	important	to	understand	how	the	presence	of	nanoparticles	affects
the	rheological	properties	of	a	polymer	under	elongational	flows.	However,	mainly	due	to
experimental	 difficulties,	 relatively	 few	 studies	 have	 been	 conducted	 on	 the	 subject.

Okamoto	 et	 al.74	were	 among	 the	 first	 to	 study	 the	 extensional	 rheological	 properties	 of
polymer–clay	 nanocomposites.	 They	 observed	 that	 the	 addition	 of	 clays	 results	 in	 an
increase	 of	 transient	 elongational	 viscosity	 of	 polypropylene.	 The	 nanocomposites	 also
exhibited	 strain	 hardening,	 an	 effect	 not	 observed	 for	 the	 pure	 PP.	 This	 strain-induced
hardening,	 which	 is	 a	 time-dependent	 thickening	 (rheopectic	 behavior)	 occurred	 during
extension,	 is	 usually	 a	 desired	 feature	 for	 a	 polymer	 system,	 as	 it	 results	 in	 higher	melt
strength	during	processing.	Normally,	polymers	containing	long-chain	branches	or	polarity
may	exhibit	this	response	under	extensional	flows,	which	is	not	the	case	for	PP.

In	 order	 to	 understand	 the	 data	 they	 obtained,	 Okamoto	 et	 al.74	 made	 some
morphological	 observations	 of	 the	 samples	 recovered	 after	 flow.	 Figure	 10.20	 presents
typical	 morphologies	 that	 they	 obtained	 for	 different	 stretching	 rates.	 Figure	 10.20a
corresponds	 to	 larger	 extension	 rates	 and	 Figure	 10.20b	 corresponds	 to	 small	 extension
rates.	It	can	be	seen	that	stretching	at	high	extension	rates	results	in	an	orientation	of	clay
perpendicular	 to	 the	stretching	direction.	This	unusual	alignment	of	clay	particles	and	the
strain	 hardening	 effect	 possibly	 occurred	 due	 to	 strong	 interactions	 between	 the

nanoparticles	 and	 PP–MA	molecules	 used	 as	 a	 compatibilizer.	 Lee	 et	 al.114	 studied	 the
elongational	viscosity	of	PP	nanocomposites	with	and	without	PP–MA	compatibilizer,	and
the	 results	 showed	 that	 only	 the	 compatibilized	 samples	 exhibited	 strain	 hardening.	 This

behavior	 has	 been	 observed	 for	 other	 systems	 based	 on	 PP.34,107,116	 Apparently,	 when	 a
polymer	does	not	normally	exhibit	strain	hardening	in	extension,	the	presence	of	exfoliated
nanoparticles	 with	 good	 affinity	 for	 the	 matrix	 induces	 the	 emergence	 of	 this	 behavior.
Similar	 results	 have	 been	 observed	 in	 poly(methyl	 methacrylate)	 (PMMA)

nanocomposites.117,118	 In	 another	 study,	 however,	 an	 intercalated	 PS	 nanocomposite	 did
not	 display	 the	 strain	 hardening,	 and	 the	 clay	 had	 almost	 no	 effect	 on	 the	 extensional

viscosity	of	the	polymer.116

There	are	other	polymers	 that	normally	exhibit	 strain-induced	hardening	 in	extension,
such	 as	 low	 density	 polyethylene	 (LDPE)	 or	 EVA.	 In	 such	 systems,	 even	 though	 the
presence	of	clay	can	increase	the	overall	transient	extensional	viscosity	of	the	polymers,	it
tends	to	decrease	the	strain	hardening	effect	observed	for	the	pure	polymer.	This	effect	has

been	generally	observed	in	EVA	36,67,97,112,119,120	and	LDPE112	systems.
By	conducting	poststretching	transmission	electron	microscopy	observations,	Gupta	et



al.67	observed	that	on	stretching	the	microstructure	of	EVA–bentonite	nanocomposites	with
a	well-dispersed	morphology	changed	from	a	dispersed	state	of	clay	nanoplatelets	to	a	less
dispersed	state.	They	attributed	 that	 to	 the	 fact	 that	uniaxial	extensional	 flow	 results	 in	a
contraction	in	the	two	other	directions	which	results	in	an	approximation	of	clay	platelets	as
shown	schematically	in	Figure	10.21.

FIGURE	10.20 	TEM	micrographs	showing	PP/clay	elongated	at	150°	with	(a)	 	up	to	ε	=	1.3	(λ	=	3.7)	and
(b)	 	up	to	ε	=	0.5	(λ	=	1.7).	Upper	pictures	are	in	the	x–y	plane	and	lower	ones	are	in	the	x-z	plane	along
the	 stretching	 direction.	 (Reprinted	 with	 permission	 from	 Okamoto,	 M.	 et	 al.	 A	 house	 of	 cards	 structure	 in
polypropylene/clay	nanocomposites	under	elongational	flow.	Nano	Letters	1,	2001:	295-98.	Copyright	2001	American
Chemical	Society.)



It	has	been	observed	as	well	that	Trouton’s	rule,

where	η0	 is	 the	zero	shear	viscosity	and	ηE	 is	 the	elongational	viscosity,	usually	does	not
hold	 for	 clay-containing	 nanocomposites.	 The	 rule	 may	 be	 valid	 for	 systems	 with	 low
nanoparticle	content	or	a	poor	dispersion,	but	 the	deviation	 increases	as	 the	 filler	content

increases.67	 The	 formation	 of	 a	 percolated	 network	 and	 strong	 interactions	 between	 the
nanoparticles	and	the	matrix	are	probably	the	cause	for	the	deviation	from	Trouton’s	rule.

FIGURE	10.21 	Idealized	illustration	of	the	decrease	in	distance	(D)	between	clay–clay	layers	(represented	by	ellipses)
after	stretching.	 (Reprinted	from	Journal	of	Non-Newtonian	Fluid	Mechanics,	128,	Gupta,	R.	K.;	Pasanovic-Zujo,	V.;
Bhattacharya,	S.	N.,	Shear	and	extensional	rheology	of	EVA/layered	silicate-nanocomposites,	116–25,	Copyright	2005,
with	permission	from	Elsevier.)

In	 anisotropic	 systems,	 such	 as	 ordered	 block	 copolymers,	 clay	 nanoparticles	 tend	 to
align	 to	 the	 flow	 direction,	 as	 well	 as	 the	 copolymer	 domains.	 Carastan	 et	 al.	 prepared
nanocomposites	of	styrene-b-(ethylene/butylene)-b-styrene	(SEBS)	triblock	copolymers	by

extrusion.121	 The	 copolymer	 tested	 had	 a	 cylindrical	 morphology,	 and	 the	 cylinders	 and
clay	 nanoparticles	 were	 aligned	 during	 processing	 in	 the	 direction	 of	 extrusion.	 The
samples	were	tested	in	uniaxial	elongational	in	the	directions	parallel	and	perpendicular	to

the	 extrusion	 direction.122	 In	 the	 parallel	 direction,	 the	 copolymer	 behaved	 according	 to
Trouton’s	rule,	and	the	clay	nanoparticles	did	not	affect	the	viscosity,	as	they	were	aligned
in	 the	 same	 direction	 of	 the	 cylinders.	 In	 the	 perpendicular	 direction,	 the	 copolymer
exhibited	strong	extension	softening	followed	by	hardening,	as	displayed	 in	Figure	10.22.
Small	 angle	 x-ray	 scattering	 (SAXS)	 results	 showed	 that	 the	 strain	 softening	 occurred
because	of	 the	 rotation	of	 the	cylindrical	domains	 to	align	 in	 the	direction	of	 elongation.
The	 clay	 nanoparticles	 increased	 the	 transient	 extensional	 viscosity	 because	 they	 also
rotated	during	the	test.	The	study	showed	that	the	clay	nanoparticles	affect	the	orientation
of	the	cylindrical	domains	of	the	copolymer	depending	on	the	degree	of	clay	dispersion	and
affinity	between	the	clay	and	the	copolymer	blocks,	especially	for	high	elongation	rates.

The	 effect	 of	 other	 nanoparticles	 on	 the	 extensional	 viscosity	 of	 polymers	 has	 been

  



studied	 even	 less	 than	 clay.	 Apparently	 the	 effects	 are	 similar:	 if	 there	 is	 not	 enough
affinity	between	 the	nanoparticles	and	 the	matrix,	 little	effect	of	 the	nanoparticles	on	 the
elongational	 viscosity	 is	 observed;	 if	 the	 interactions	 are	 strong,	 strain	 hardening	occurs.
Studies	of	the	effect	of	carbon	nanotubes	follow	this	trend,123–126	and	the	strain	hardening
could	only	be	observed	when	strong	interactions	were	present	due	to	surface	modification
of	the	nanotubes.124

Spherical	nanoparticles,	such	as	silica,	also	have	similar	effects,127,128	and	the	several
possibilities	of	surface	modification	can	lead	to	very	high	strain	hardening	values,	such	as
the	 ones	 observed	 for	 poly(lactic	 acid)	 (PLA)	 nanocomposites	 containing	 silica

functionalized	via	two	different	grafting	methods,128	as	shown	in	Figure	10.23.	The	PLA-
grafted	silica	nanoparticles	were	prepared	using	either	a	“grafting	to”	or	a	“grafting	from”
method.	The	nanoparticles	modified	using	the	“grafting	to”	method	were	covered	by	higher
molecular	weight	PLA,	although	the	grafting	density	was	not	so	high.	The	“grafting	from”
method	 resulted	 in	 the	 opposite	 effect,	 producing	 nanoparticles	 covered	 with	 lower
molecular	weight	PLA	at	a	higher	grafting	density.	The	“grafting	to”	method	proved	more
efficient	in	increasing	the	extensional	viscosity	in	PLA	nanocomposites,	indicated	by	GT5
in	Figure	10.23,	in	comparison	to	the	“grafting	from”	(GF5)	samples.	This	result	indicates
that	the	higher	molecular	weight	of	the	polymer	covering	the	nanoparticles	in	GT5	was	the
main	reason	for	increased	melt	strength	on	the	nanocomposite.



FIGURE	10.22 	Curves	of	steady	elongation	of	SEBS–MA	and	its	nanocomposites	along	 the	 transverse	(T)	direction
held	at	200°C.	The	dashed	line	corresponds	to	three	times	the	steady	shear	stress	growth	data	for	pure	SEBS.	(Reprinted
from	European	Polymer	Journal,	49,	Carastan,	D.	J.	et	al.	Morphological	evolution	of	oriented	clay-containing	block
copolymer	nanocomposites	under	elongational	flow,	1391–405.	Copyright	2013,	with	permission	from	Elsevier.)

FIGURE	10.23 	 (See	 color	 insert.)	 Time	 variation	 of	 elongational	 viscosity	 	 for	 molten	 PLA	 and	 its	 silica
nanocomposites	at	158.5°C.	(a)	 	and	(b)	 .	GF5	contains	5	wt%	PLA-treated	silica	prepared	by
the	 “grafting	 from”	 method,	 and	 GT5	 contains	 5	 wt%	 PLA-treated	 silica	 prepared	 by	 the	 “grafting	 to”	 method.
(Reprinted	 from	Polymer,	 55,	Wu,	F.	 et	 al.	 Inorganic	 silica	 functionalized	with	PLLA	chains	 via	 grafting	methods	 to
enhance	the	melt	strength	of	PLLA/silica	nanocomposites,	5760-72,	Copyright	2014,	with	permission	from	Elsevier.)

10.3.5	EFFECT	OF	ADDITION	OF	CLAY	ON	DIE	SWELL	AND	EXTRUSION	INSTABILITIES

Die	 swell	 is	 a	 phenomenon	 that	 is	 common	 in	 polymer	 extrusion.	 It	 occurs	 when	 the
polymer	 is	 forced	 to	 pass	 through	 the	 die.	 Due	 to	 the	 elastic	 nature	 of	 the	 polymer,	 the
polymer	will	expand	at	the	exit	of	the	die.	In	the	die,	the	polymer	molecules	are	elongated
by	 shear	 and	 recoil	when	 going	 out	 of	 the	 die.	The	 extent	 of	 swell	 at	 the	 exit	 of	 the	 die
depends	on	 the	 rheological	properties	of	 the	polymer,	 the	 temperature,	 the	extrusion	 rate,
and	 also	 the	 geometry	 of	 the	 die.	 It	 normally	 increases	 with	 decreasing	 temperature,
increasing	extrusion	rate,	and	decreasing	L/D	die	(where	L	is	the	length	and	D	the	diameter
of	the	die).	The	die	swell	is	normally	quantified	in	a	circular	die	as

where	D	is	the	diameter	after	die	swell	and	Do	is	the	diameter	of	the	die.
Several	reports	in	the	literature	showed	that	die	swell	was	lessened	by	the	presence	of

clays.66,129–132	 Figure	 10.24	 shows	 the	 extrudate	 swell	 for	 PS	 clay	 nanocomposites

obtained	by	Zhong	et	al.131	measured	using	a	Monsanto	capillary	rheometer.	It	can	be	seen

that	on	addition	of	clay,	the	die	swell	is	lessened.	Kader	et	al.130	attributed	the	reduced	die
swell	 to	 the	decrease	of	 elasticity	and	viscosity	of	 fluoroelastomer	on	addition	of	 clay	at

  



high	shear	rates.
When	polymers	are	extruded	at	high	shear	 rates,	melt	 instability	can	occur	 leading	 to

melt	fracture,	extrudate	distortion,	or	sharkskin	effects,	which	result	in	an	extrudate	with	an

irregular	 surface.	 Kader	 et	 al.130	 showed	 that	 the	 addition	 of	 clay	 to	 fluoroelastomers
resulted	in	the	formation	of	smoother	surfaces	of	the	extrudates.	This	improvement	of	the
extrudate	 appearance	 was	 attributed	 to	 the	 presence	 of	 surfactant	 of	 the	 clay	 that	 could
decrease	 the	 melt	 elasticity	 and	 also	 to	 the	 decrease	 of	 melt	 viscosity	 and	 elasticity	 on
addition	of	clay.

FIGURE	 10.24 	 Die	 swell	 of	 PS/clay	 nanocomposites	 measured	 using	 a	 Monsanto	 Capillary	 rheometer	 at	 180°C.
(Reprinted	 from	 Polymer,	 46,	 Zhang,	 Y.;	 Zhu,	 Y.;	 Wang,	 S.	 Q.	 Synthesis	 and	 rheological	 properties	 of
polystyrene/layered	silicate	nanocomposite,	3006–13,	Copyright	2005,	with	permission	from	Elsevier.)

10.4	CONCLUSIONS

Rheology	is	a	very	powerful	tool	to	study	the	structure	and	behavior	of	polymeric	systems.
The	 rheological	properties	of	polymers	are	affected	by	 the	addition	of	other	components,
such	 as	 nanoparticles.	 The	 structure	 and	 processing	 characteristics	 of	 polymer
nanocomposites,	therefore,	can	be	assessed	by	suitable	rheological	tests.

The	microstructure	 of	 nanocomposites	 can	 be	 explored	 using	 a	 series	 of	 experiments
within	the	range	of	the	linear	viscoelastic	regime,	being	complementary	to	microscopy	and
other	techniques	of	microstructural	analysis.	Some	rheological	properties	are	very	sensitive
to	 the	 dispersion,	 concentration,	 shape,	 and	 orientation	 of	 the	 nanoparticles.	 The	 linear



viscoelastic	 behavior	 of	 nanocomposites	 can	 most	 of	 the	 time	 be	 explained	 by	 the
formation	 of	 a	 percolating	 network	 that	 renders	 the	 polymer	 more	 solid-like,	 with	 a
behavior	closer	to	that	of	a	gel.

Whereas	 the	 linear	 viscoelasticity	 is	 related	 to	 the	 study	 of	 materials	 in	 an	 almost
undisturbed	state	near	the	equilibrium,	the	nonlinear	viscoelastic	regime	appears	when	high
strains	or	strain	rates	are	applied	 to	a	sample,	usually	altering	 its	original	microstructure.
Although	 much	 more	 complex	 to	 understand,	 the	 properties	 of	 nanocomposites	 in	 the
nonlinear	 regime	 are	 very	 important,	 especially	 when	 studying	 the	 behavior	 of	 these
materials	 in	processing.	The	nanoparticles	 tend	 to	align	under	strong	shear	or	extensional
flows,	disrupting	their	percolating	networks,	an	effect	that	sometimes	is	reversible,	once	the
flow	stops.

When	dealing	with	phenomena	in	the	nanoscale,	it	is	very	important	to	understand	the
interactions	 present	 in	 the	 systems.	 The	 rheological	 properties	 are	 strongly	 affected	 by
polymer–nanoparticle	and/or	nanoparticle–nanoparticle	 interactions,	which	can	be	used	 to
create	mathematical	models	 to	predict	 the	behavior	of	nanocomposites.	However,	despite
research	 advances	 in	 the	 last	 years,	 there	 are	 still	 many	 phenomena	 not	 completely
understood,	 as	 nanostructured	 materials	 do	 not	 usually	 behave	 according	 to	 classical
rheological	models.	Anyhow,	rheology	will	always	be	a	very	rich	source	of	information	to
understand	the	properties	and	structures	of	materials.
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11.1	INTRODUCTION

Different	 types	 of	 nanoreinforcement	 in	 combination	 with	 polymer,	 metal,	 or	 ceramic
matrices	 find	 application	 in	 various	 areas	 of	 engineering	 and	 technology.	 The	 use	 of	 an
additional	phase	at	the	nanoscale	aims	in	tailoring	the	properties	of	the	system	for	specific



applications.	 In	 terms	 of	 the	 thermomechanical	 properties,	 the	 target	 is	 to	 gain	 high
stiffening,	significant	load	transfer	ability,	increased	fracture	toughness,	and	enhancement
of	the	glass	transition	temperature	(Tg)	with	very	small	addition	of	nanoreinforcement.	This
can	be	 achieved	via	 the	 introduction	of	 rigid	 fillers	with	 large	 interfacial	 area	within	 the
matrix	materials.	Most	 commonly	used	nanofillers	 have	high	 elastic	modulus	 along	with
high	 aspect	 ratio	 and/or	 extremely	 large	 surface	 area	 leading	 to	 one	 order	 of	magnitude
greater	interfacial	area	compared	to	that	of	conventional	composite	materials.	The	level	of
enhancement	 is	 generally	 dependent	 on	 the	 constituent	materials	 (mechanical	 properties,
volume	 fraction,	 shape,	 and	 size	 of	 the	 filler	 particles),	 degree	 of
dispersion/exfoliation/impregnation/orientation,	 and	 the	 interfacial	 adhesion	 of	 the
nanoreinforcement	in	the	matrix.

The	 number	 of	 scientific	 papers	 discussing	 the	 thermomechanical	 properties	 of
polymer-based	nanocomposites	 is	 enormous.	The	 list	of	 review	papers	 in	 the	area	 is	 also
quite	extensive.	One	important	family	that	has	been	comprehensively	investigated	is	that	of
polymer	 layered	 silicate	 (PLS)	 nanocomposites.	 Apart	 from	 layered	 silicates,	 polymer
nanocomposites	 with	 other	 inorganic	 particles	 (nanooxides	 like	 nanosilica	 (SiO2),
nanoalumina	 (Al2O3),	 titanium	 dioxide	 (TiO2),	 etc.)	 also	 have	 been	 discussed.	 Carbon
nanotube	(CNT)	reinforced	polymers	is	another	class	of	nanocomposites	that	has	received
tremendous	 attention	 in	 the	 last	 2–3	 decades.	 Introduction	 of	 graphene	 inclusions	 in
polymers	 to	 produce	 multifunctional	 nanocomposites	 has	 been	 in	 focus	 recently.	 At	 the
same	 time,	 the	 concept	 of	 hierarchical	 nanocomposites	 has	 lately	 received	 considerable
attention.

The	 scope	 of	 this	 chapter	 is	 not	 to	 provide	 a	 comprehensive	 review	 of	 all	 possible
combinations	of	matrix/reinforcement	materials	that	have	been	reported	thus	far	in	the	open
literature.	Instead	an	overview	of	the	progress	in	polymer	nanocomposites	will	be	provided
based	 on	 key	 review	 articles	 and	 critical	 issues	 for	 mechanical	 reinforcement	 will	 be
highlighted.	 The	 focus	 of	 the	 chapter	 will	 be	 on	 the	 mechanical	 and	 thermomechanical
properties	of	materials	that	fall	in	the	area	of	expertise	of	the	authors	of	the	present	chapter.
These	 include	 nanocomposites	 based	 on	 nonpolar	 and	 biodegradable	 matrices.	 The
materials	are	reinforced	with	layered	silicates	targeting	in	flexible	packaging	applications.
Thus,	results	from	the	research	effort	of	the	authors	of	the	present	chapter	will	be	discussed.

11.2	OVERVIEW	OF	THE	PROGRESS	IN	POLYMER	NANOCOMPOSITES

11.2.1	LAYERED	SILICATE	AND	INORGANIC	FILLER	POLYMER	NANOCOMPOSITES

The	interest	in	PLS	nanocomposites	was	boosted	after	the	report	from	the	Toyota	research
group	 (Okada	 et	 al.,	 1987),	 which	 stated	 that	 very	 small	 amounts	 of	 layered	 silicate
loadings	 resulted	 in	 pronounced	 improvements	 of	 thermal	 and	 mechanical	 properties	 of
Nylon-6	 matrix.	 Since	 then,	 the	 addition	 of	 layered	 silicates	 has	 been	 investigated
thoroughly	 in	 combination	 with	 almost	 all	 types	 of	 polymer	 matrices.	 Giannelis	 (1996)
reported	that	Nylon-6	(PA6)	and	epoxy	(EP)-based	layered	silicate	nanocomposites	present



stiffness,	strength,	and	barrier	properties	improvements	at	low	inorganic	content.	Alexandre
and	Dubois	(2000)	discussed	the	preparation,	properties,	and	uses	of	PLS	nanocomposites
covering	 polymer	 matrices	 ranging	 among	 thermoplastics,	 thermosets,	 and	 elastomers.
Another	 important	 review	 in	 the	 same	 area	 is	 that	 of	 Ray	 and	Okamoto	 (2003).	 Several
examples	 of	 poly(methyl	 methacrylate)	 (PMMA),	 polypropylene	 (PP),	 polylactic	 acid
(PLA),	 and	 PA6-based	 nanocomposites	 were	 presented	 with	 emphasis	 on	 preparation,
characterization,	and	processing.	In	the	same	direction,	Ray	and	Bousmina	(2005)	presented
a	comprehensive	 review	of	PLS	biodegradable	nanocomposites	with	 focus	on	PLA.	 In	all
cases,	 it	was	 suggested	 that	 the	PLS	nanocomposites	exhibit	 improved	 thermomechanical
properties	 compared	 to	 conventional	 composites	 because	 reinforcement	 in	 the	 PLS
nanocomposites	occurs	in	multiple	directions.	Rhim	and	Ng	(2007),	Rhim	et	al.	(2013),	and
Arora	 and	 Padua	 (2010)	 focused	 on	 nanocomposite	 films	 for	 packaging	 applications	 and
discussed	several	examples	of	natural	biopolymers,	 such	as	starch,	cellulose,	protein,	and
polybutylene	succinate	(PBS),	with	or	without	further	modification,	for	the	preparation	of
the	films	with	nanoclays.	It	was	suggested	that	biopolymer-based	nanocomposites	present
improved	 mechanical	 properties	 and	 decreased	 water	 sensitivity.	 Manias	 et	 al.	 (2007)
reported	 on	 the	 performance	 of	 polymer–inorganic	 nanocomposites,	 where	 the	 polymers
were	thermoplastics	and	the	inorganic	nanoscale	filler	had	high	aspect	ratio.	Improvements
across	multiple	properties	were	documented	(mechanical,	thermal,	thermomechanical,	etc.).
In	2008,	Pavlidou	and	Papaspyrides	presented	the	mechanical	(tensile	strength,	elongation
at	 break,	 flexural	 modulus	 and	 strength,	 and	 Izod	 strength)	 and	 thermomechanical
properties	 of	 PA,	 ethylene-vinyl	 acetate	 (EVA),	 polyurethane	 (PU),	 high	 density
polyethylene	 (HPDE),	 EP,	 polyethylene	 terephthalate	 (PET),	 and	 PLA	 layered	 silicate
nanocomposites.	The	reinforcing	mechanism	of	 layered	silicates	was	effectively	reviewed
with	 emphasis	 on	 the	 understanding	 of	 how	 superior	 nanocomposites	 are	 formed.	Mittal
(2009)	reviewed	several	aspects	of	PLS	nanocomposites.	In	terms	of	mechanical	properties,
this	 review	 focuses	 on	 PA6,	 PP,	 EVA,	 PU,	 and	 HDPE	matrices	 reinforced	 with	 various
types	of	layered	silicates.	It	was	stated	that	the	intercalation	of	nonpolar	chains	inside	the
polar	 silicate	 interlayers	 is	 difficult	 and	 thus	 improvement	of	 the	modulus	 in	 the	 case	of
polyolefin	 nanocomposites	was	 not	 as	 high	 as	 the	 other	 polymers	 like	 PA	 or	 other	 polar
polymers.	In	such	cases,	the	use	of	compatibilizers	is	required.	Based	on	the	reviewed	data,
it	 was	 shown	 that	 compatibilizer	 addition	 at	 low	 contents	 had	 a	 positive	 effect	 on	 the
exfoliation	 structure	 and	 led	 to	 an	 increase	 of	 the	 modulus.	 Excessive	 amount	 of
compatibilizer,	 on	 the	 other	 hand,	 resulted	 in	 plasticization	 of	 the	 matrix	 reducing	 the
modulus	even	though	the	extent	of	delamination	of	 the	silicate	was	increased.	It	was	also
shown	 that	 the	 strength	 and	 elongation	 are	 more	 dependent	 on	 the	 morphology	 of	 the
nanocomposites	rather	than	the	intercalation	of	the	clays.	The	thermomechanical	properties
of	PLS	nanocomposites	were	reviewed	suggesting	broadening	of	the	tanδ	peak	and	increase
of	 Tg	 which	 was	 generally	 attributed	 to	 restricted	 segmental	 motions	 near	 the
polymer/silicate	 interface.	 It	was	also	observed	 that	 the	storage	modulus	 increases	on	 the
addition	of	the	filler	and	this	increment	is	more	significant	above	the	Tg.	Gatos	and	Karger-



Kocsis	 (2010)	 surveyed	 the	 research	 works	 performed	 on	 rubber/layered	 silicate
nanocomposites	concluding	that	layered	silicate	can	be	considered	a	potential	substitute	of
carbon	 black	 and	 SiO2	 for	 enhanced	 mechanical	 properties	 and	 durability	 (outstanding
mechanical	 performance	 also	 after	 exposure	 to	 various	 chemical	 and	 thermal
environments).	 The	 thermomechanical	 properties	 improved	 significantly,	 particularly
above	 the	 Tg.	 Azeez	 et	 al.	 (2013)	 provided	 a	 review	 on	 processing,	 properties,	 and
applications	of	EP	clay	nanocomposites	suggesting	enhanced	thermomechanical	properties.
The	use	of	modified	micromechanical	models	for	 the	prediction	of	Young’s	modulus	was
also	reviewed.	Finally,	Ojijo	and	Ray	(2014)	reviewed	nanobiocomposite	systems	based	on
synthetic	aliphatic	polyesters	and	nanoclay.	An	extensive	literature	review	was	provided	on
the	thermomechanical	properties	of	such	systems.	A	general	improvement	of	the	dynamic
mechanical	properties	of	nanocomposites	over	those	of	neat	polymers	was	documented.	As
in	previous	studies,	it	was	concluded	that	the	mechanical	properties	were	dependent	mostly
on	 the	 degree	 of	 dispersion	 of	 the	 silicate	 layers	 in	 the	 polymer	matrix,	 an	 effect	 of	 the
silicates	on	the	matrix	crystallinity,	and	finally	anisotropy	of	 the	resultant	nanocomposite
due	to	the	orientation	of	the	dispersed	clay	particles.

Picken	 et	 al.	 (2008)	 discussed	 the	 structure	 and	 mechanical	 properties	 of	 PA6
nanocomposites	 with	 rod-	 and	 plate-shaped	 nanoparticles.	 It	 was	 suggested	 that	 the
modulus	increase	and	the	shift	of	the	Tg	can	be	related	to	the	particle	aspect	ratios	and	the
nanoparticle	 concentration.	 Zhang	 et	 al.	 (2009)	 discussed	 the	 fabrication	 and	mechanical
properties	 of	 various	 matrix	 systems	 reinforced	 with	 SiO2	 nanoparticles.	 Kalfus	 (2009)
reviewed	the	viscoelastic	properties	of	amorphous	polymer	nanocomposites	with	individual
nanoparticles.	 Jeon	 and	 Baek	 (2010)	 presented	 a	 review	 on	 recent	 progress	 in	 polymer-
based	inorganic	nanoparticle	composites.	It	was	suggested	that	the	mechanical	properties	of
nanocomposites	prepared	 from	various	polymers	 (PU,	EP,	PA6,	polyimide	 (PI),	PP,	PET,
and	polystyrene	 (PS))	 and	 inorganic	particles	 (layered	 silicates,	SiO2,	 zinc	 sulfide	 (ZnS),
and	 TiO2)	 did	 not	 always	 increase	 due	 to	 aggregation	 of	 the	 inorganic	 particles	 in	 the
polymer	matrices.	It	was	suggested	to	optimize	the	content	of	the	inorganic	particles	or	to
use	organic	additives	as	functionalizers	in	order	to	avoid	aggregation.	Kango	et	al.	(2013)
provided	a	review	on	the	effect	of	surface	modification	of	 inorganic	nanoparticles	for	 the
development	 of	 organic–inorganic	 nanocomposites.	 A	 series	 of	 matrices	 (PA6,	 PA6.6,
acrylonitrile	butadiene	styrene	(ABS),	polyester,	EP,	polyphenylene	sulfide	(PPS),	PMMA,
polycarbonate	(PC),	etc.)	in	combination	with	inorganic	particles	(SiO2,	calcium	carbonate
(CaCO3),	Al2O3,	TiO2,	silicon	carbide	(SiC),	zinc	oxide	(ZnO),	etc.)	was	reported	in	terms
of	their	mechanical	and	tribological	properties.	The	main	conclusion	drawn	was	that	surface
modification	 improved	 the	 interfacial	 interactions	 between	 the	 inorganic	 nanofillers	 and
polymer	 matrices,	 which	 resulted	 in	 unique	 properties,	 such	 as	 very	 high	 mechanical
toughness	(even	at	low	loadings	of	inorganic	reinforcements).

11.2.2	CARBON	FILLER-BASED	POLYMER	NANOCOMPOSITES

Xie	et	al.	(2005)	conducted	a	review	on	the	dispersion	and	alignment	of	CNTs	in	polymer



matrix,	 discussing	 the	mechanical	 properties	 of	 CNTs	modified	 PS,	 PMMA,	 PE,	 and	 PP
nanocomposites.	 It	 was	 concluded	 that	 enhanced	 dispersion	 and	 alignment	 of	 CNTs	 in
polymer	matrices	greatly	improved	mechanical	properties.	Coleman	et	al.	(2006)	provided
a	 comprehensive	 review	 of	 the	 mechanical	 properties	 of	 CNT–polymer	 composites	 with
thermoplastic	 and	 thermosetting	 matrices.	 The	 authors	 calculated	 the	 Young’s	 modulus
reinforcement	 per	CNT	volume	 content	 of	 various	 systems	 in	 order	 to	 compare	 different
studies.	 Thostenson	 and	 Chou	 (2006)	 discussed	 the	 processing–	 structure–property
relationship	 in	 CNT/epoxy	 composites.	 It	 was	 shown	 that	 the	 nanocomposites	 exhibited
significantly	enhanced	fracture	toughness	at	low	CNT	concentrations.	Agglomerated	CNTs
resulted	in	slightly	higher	overall	fracture	toughness.	Chou	et	al.	(2010)	worked	in	the	same
direction	including	fatigue	data	of	EP-based	CNT	composites.	The	mechanical	properties	of
CNT	modified	PP	has	been	reviewed	by	Bikiaris	in	2010.	In	this	report,	the	author	provided
information	 regarding	 the	 effect	 of	 CNT	 addition	 on	 stress–strain	 response,	 the	 tensile
modulus	and	strength,	flexural	modulus,	impact	strength,	essential	work	of	fracture,	creep
resistance,	 and	 thermomechanical	 response.	 Apart	 from	 experimental	 data	 from	 various
studies,	model	 predictions	were	 also	 provided.	 Sahoo	 et	 al.	 (2010)	 presented	 a	 review	of
polymer	 nanocomposites	 based	 on	 functionalized	 CNTs	 and	 discussed	 the	 effect	 of
functionalization	on	the	mechanical	properties	of	PU/CNTs	and	PI/CNTs	nanocomposites.
It	 was	 concluded	 that	 there	 is	 a	 competition	 between	 carbon–carbon	 bond	 damage	 and
increased	CNT–polymer	interaction	due	to	CNT	functionalization.	In	the	same	direction	is
the	 review	 of	 Ma	 et	 al.	 (2010)	 which	 focused	 on	 the	 effects	 of	 CNT	 dispersion	 and
functionalization	 on	 the	 properties	 of	 CNT/polymer	 nanocomposites.	 A	 book	 chapter	 on
thermoplastic	nanocomposites	with	CNTs	is	that	of	Sathyanarayana	and	Hübner	(2013).	The
author	 reviewed	 the	 mechanical	 properties	 of	 thermoplastic–CNT	 composites	 and
concluded	 that	 the	 theoretical	 potential	 of	 CNTs	 has	 not	 been	 achieved	 due	 to
dispersion/distribution,	 alignment/orientation,	 reduced	 aspect	 ratio,	 and	 poor	 interfacial
properties.

The	 research	 group	 of	 Drzal	 studied	 the	 incorporation	 of	 exfoliated	 graphite
nanoplatelets	 in	 PP	 (Kalaitzidou	 et	 al.,	 2007a,b)	 and	 HDPE	 (Jiang	 and	 Drzal,	 2010)
matrices.	Based	on	mechanical	and	thermomechanical	data,	it	was	suggested	that	exfoliated
graphite	 nanoplatelets	 provided	 the	 ability	 to	 simultaneously	 improve	multiple	 physical,
thermal,	 and	mechanical	 properties	 of	 the	 studied	 systems.	Kuilla	 et	 al.	 (2010)	 reviewed
graphene-based	polymer	 composites	 and	 explored	 the	 effect	 of	 graphene/	 graphene	oxide
modification.	 The	 study	 concluded	 that	 graphene-based	 polymer	 nanocomposites	 exhibit
superior	 mechanical	 properties	 compared	 to	 the	 neat	 polymer	 or	 conventional	 graphite-
based	 composites.	 In	 parallel,	 the	 solution	mixing	 process	was	 superior	 compared	 to	 the
melt	mixing	method	for	mechanical	reinforcement.	A	critical	review	on	the	mechanics	of
graphene	 nanocomposites	 is	 that	 of	 Young	 et	 al.	 (2012).	 The	 structure	 and	 mechanical
properties	 of	 both	 graphene	 and	 graphene	 oxide	 were	 reviewed.	 A	 comparison	 between
various	rigid	polymers	and	elastomers	in	terms	of	modulus	reinforcement	due	to	graphene
addition	was	provided.	Both	graphene	and	its	derivatives	had	demonstrated	their	potential



as	 reinforcements	 for	 high	 performance	 nanocomposites	with	 high	 levels	 of	 strength	 and
stiffness	 and	 superior	 mechanical	 properties	 at	 lower	 loadings	 although	 the	 levels	 of
reinforcement	were	significantly	lower	than	those	anticipated.	The	key	issues	were	related
to	 defects	 and	 holes	 in	 graphene	 oxide	 compared	 to	 pristine	 graphene,	 poor	 interfacial
properties	 particularly	 in	 the	 case	 of	 pristine	 graphene	 or	 graphite	 nanoplatelets,	 not
complete	exfoliation/poor	dispersion	of	the	reinforcement	(Young	et	al.,	2012).	Desai	and
Njuguna	(2013)	reviewed	the	use	of	graphite-based	nanofillers	 to	enhance	 the	mechanical
properties	 of	 different	 polymer	 matrices.	 Based	 on	 the	 available	 data,	 mechanical
reinforcement	was	 in	 general	 achieved.	 It	was	 suggested	 that	 graphene	 appeared	 to	 bond
better	to	the	polymers.	Very	recently,	Mittal	et	al.	(2015)	provided	a	review	on	CNTs	and
graphene	as	fillers	in	reinforced	polymer	nanocomposites.	It	was	stated	that	the	mechanical
properties	of	these	systems	depend	on	the	type/purity/length/aspect	ratio	of	CNTs,	layers	of
graphene,	dispersion	of	CNTs	and	graphene	into	the	matrix,	alignment,	anti-agglomeration
of	CNTs	and	graphene	into	the	matrix,	interaction	between	the	fillers	and	the	matrix,	etc.

11.2.3	POLYMER	NANOCOMPOSITES	WITH	VARIOUS	FILLERS

Many	 articles	 present	 results	 obtained	 using	 various	 types	 of	 nanoreinforcement.
Thostenson	 et	 al.	 (2005)	 discussed	 the	 influence	 of	 nanoparticle,	 nanoplatelet,	 nanofiber,
and	 CNTs	 addition	 on	 the	 mechanical	 properties	 and	 fracture	 toughness	 of	 various
polymers.	Jordan	et	al.	(2005)	made	an	attempt	to	understand	the	synthesis,	processing,	and
properties	 of	 polymer	 nanocomposites	 and	 highlighted	 some	 of	 the	 issues	 related	 to	 the
preparation	and	mechanical	behavior	of	 composites	with	nanosized	 reinforcement	 (Al2O3

beads,	glass	beads,	CaCO3,	SiO2,	and	layered	silicate)	in	comparison	with	composites	with
larger	 micron-sized	 inclusions.	 The	 effect	 of	 nanosized	 reinforcement	 addition	 on	 the
elastic	 modulus,	 yield	 stress/strain,	 ultimate	 stress/strain,	 strain	 to	 failure,	 Tg,	 and
viscoelastic	properties	of	the	resulted	nanocomposites	was	presented.	It	was	found	that	the
relative	 crystalline	 or	 amorphous	nature	 of	 the	 polymer	matrix	 as	well	 as	 the	 interaction
between	the	filler	and	matrix	are	of	key	importance	for	 the	final	properties.	Tjong	(2006)
provided	a	comprehensive	review	on	the	effects	of	silicate	clay,	ceramic	nanoparticle,	and
CNTs	 addition	 on	 the	 structure	 and	mechanical	 properties	 of	 thermoplastics,	 elastomers,
and	EP	resins.	Based	on	this	report,	it	has	been	concluded	that	the	mechanical	performance
depends	on	the	types	of	nanofillers	and	polymeric	matrices	used.	While	silicate	clays	and
ceramic	 nanoparticles	 offer	 considerable	 stiffening	 and	 strengthening	 in	 thermoplastics,
elastomers,	and	EP	resins,	it	was	suggested	that	CNTs	are	more	effective	due	to	the	higher
aspect	 ratio	 (over	1000),	mechanical	 strength,	and	stiffness.	 In	 terms	of	 toughness,	CNTs
and	 silicate	 clays	 were	 beneficial	 for	 EP	 resins	 and	 elastomers	 since	 they	 resulted	 in
bridging	(CNTs)	and/or	deflection	(silicate	clays)	of	microcracks.	Semicrystalline	polymers
presented	reduction	in	toughness	while	in	glassy	thermoplastics	toughness	depended	on	the
exfoliation	 level	 of	 the	 silicates.	 Hussain	 et	 al.	 (2006)	 presented	 a	 comprehensive
discussion	 on	 technology,	 modeling,	 characterization,	 processing,	 manufacturing,
applications,	 and	 health/	 safety	 concerns	 for	 polymer	 nanocomposites	 with	 layered
silicates,	graphite	nanoplatelets,	CNTs,	nanoparticles,	and	nanofibers.	Ciardelli	et	al.	(2008)



reviewed	 nanocomposites	 based	 on	 polyolefins	 and	 functional	 thermoplastic	 materials
showing	 enhanced	 thermomechanical	 properties.	 The	 use	 of	 nanophase	 surface
modification	and/or	functionalized	polyolefins	to	allow	the	dispersion	of	clays,	CNTs,	and
various	metal	nanoparticles	was	discussed.	Kaminsky	(2014)	investigated	the	properties	of
metallocene-based	polyolefin	nanocomposites	using	different	inorganic	nanomaterials	such
as	SiO2	balls,	magnesium	oxide	(MgO),	Al2O3,	other	inorganic	materials	as	well	as	CNTs
or	 carbon	 nanofibers	 (CNFs).	 It	was	 demonstrated	 that	 the	 use	 of	 catalysts	 in	 the	 in	 situ
polymerization	process	facilitated	the	deagglomeration	process	and	uniform	distribution	of
the	 nanosized	 particles	 or	 fibers	 in	 the	 polyolefin	matrix.	 This	 was	 accompanied	 with	 a
tremendous	boost	in	the	stiffness	and	thermomechanical	properties.

A	 very	 interesting	 approach	 to	 evaluate	 the	 surface	 mechanical	 properties	 on	 the
nanoscale	 level	 was	 presented	 in	 the	 review	 article	 of	 Díez-Pascual	 et	 al.	 (2015)	 using
advanced	 indentation	 techniques.	 In	 this	 article,	 special	 emphasis	 was	 placed	 on
nanocomposites	 incorporating	 carbon-based	 (CNTs,	 CNFs,	 graphene,	 nanodiamond,
fullerenes,	 and	 carbon	 black)	 or	 inorganic	 (layered	 silicates	 and	 spherical	 nanoparticles)
nanofillers.	 Based	 on	 the	 nanoindentation	 experiments,	 evaluation	 of	 the	 modulus,
hardness,	 and	 creep	 enhancements	 on	 incorporation	 of	 the	 filler	 was	 discussed.	 It	 was
shown	 that	 thermoset,	 glassy,	 and	 semicrystalline	matrices	 exhibited	 distinct	 reinforcing
mechanisms	while	improvements	of	mechanical	properties	were	dependant	on	the	nature	of
the	 filler	 and	 the	dispersion	and	 interaction	with	 the	matrix.	Another	 important	 aspect	of
this	 review	 paper	 was	 the	 comparison	 between	 nanoindentation	 results	 and	 macroscopic
properties.

11.2.4	HIERARCHICAL	POLYMER	NANOCOMPOSITES

One	 of	 the	 first	 reviews	 in	 the	 area	 of	 hierarchical	 polymer	 nanocomposites	was	 that	 of
Njuguna	 et	 al.	 (2007),	 which	 discussed	 the	 available	 literature	 in	 EP-fiber-reinforced
composites	 manufactured	 using	 CNTs,	 CNFs,	 and	 nanoclays	 for	 reinforcement.	 In	 this
review,	 it	was	 highlighted	 that	 there	 are	 open	 areas	 of	 investigation,	 that	 is,	 the	 damage
resistance	 characteristics	 of	 three-phase	 nanocomposite	 laminates,	 and	 the	 effect	 of	 the
addition	of	nanofillers	on	the	crystallization	kinetics	and	resulting	morphology	of	polymer-
based	nanocomposites.	Qian	et	al.	 (2010)	presented	 two	alternative	strategies	 for	 forming
CNT-based	 hierarchical	 composites,	 that	 is,	 the	 dispersion	 of	 CNTs	 into	 the	 composite
matrix	and	their	direct	attachment	onto	the	fiber	surface.	Mechanical	 tests	of	hierarchical
CNT/fiber/epoxy	composites	 confirmed	 that	 the	 fiber-dominated	 in-plane	properties	were
not	 significantly	 affected	 by	 the	 introduction	 of	 CNTs	 while	 the	 matrix-dominated
properties,	 particularly	 the	 interlaminar	 shear	 strength,	 the	 fracture	 toughness,	 and	 the
flexural	 properties	 were	 significantly	 improved.	 Improvements	 in	 the	 bulk	 mechanical
properties	 of	 CNT-grafted	 fiber	 systems	 were	 also	 observed.	 Next	 to	 the	 experimental
results	 the	authors	presented	a	 review	of	 the	modeling	 studies	of	CNT-based	hierarchical
composites	which	are	however	quite	limited.	Thermoplastic	polymer	nanocomposites	based
on	 inorganic	 fullerene-like	 nanoparticles	 and	 inorganic	 nanotubes	 were	 reviewed	 by
Naffakh	and	Díez-Pascual	(2014).	In	this	review,	improved	mechanical/thermomechanical



properties	were	 reported	 for	 thermoplastic	polymers	 like	 isotactic	PP,	PPS,	or	PEEK	and
their	 fiber-reinforced	composites	on	 the	addition	of	 inorganic	 fullerene-like	nanoparticles
and	 inorganic	 nanotubes.	 Recently	 a	 book	 has	 been	 devoted	 to	 exploring	 the	 unique
properties	of	CNT	as	an	additive	 in	 the	matrix	of	 fiber-reinforced	plastics,	 for	producing
structural	composites	with	improved	mechanical	performance	as	well	as	sensing/	actuating
capabilities	 (Paipetis	 and	 Kostopoulos,	 2013).	 Two	 chapters	 discussed	 the	 mechanical
performance	 of	 these	 hierarchical	 nanocomposites.	 One	 focused	 on	 the	 improvements	 in
damage	tolerance	of	aerospace	structures	by	the	addition	of	CNTs	(Karapappas	and	Tsotra
2013)	 and	 the	 other	 covered	 the	 effect	 of	 environmental	 degradation	 mainly	 on	 the
thermomechanical	properties	of	such	systems	(Barkoula,	2013).	 It	was	concluded	 that	 the
addition	 of	 CNTs	 enhanced	 greatly	 the	 damage	 tolerance	 and	 the	 durability	 due	 to
environmental	loadings	(water	absorption	and	thermal	shock	cycles).

11.2.5	MODELING	THE	MECHANICAL	PROPERTIES	OF	POLYMER	NANOCOMPOSITES

In	 the	 area	 of	 modeling	 the	mechanical	 properties	 of	 PLS	 nanocomposites,	 Sheng	 et	 al.
(2004)	 concluded	 that	 continuum-based	 micromechanical	 models	 can	 offer	 robust
predictions	 of	 the	 overall	 elastic	 properties	 of	 PLS	 nanocomposites,	 provided	 that	 the
hierarchical	 morphology	 of	 intercalated	 nanoclay	 is	 taken	 into	 account,	 along	 with	 the
matrix	 morphology	 and	 the	 properties	 adjacent	 to	 the	 particles.	 Valavala	 and	 Odegard
(2005)	provided	a	review	of	modeling	techniques	for	predicting	the	mechanical	behavior	of
polymer	nanocomposites	reinforced	with	clays,	CNTs,	and	nanoparticles.	The	approach	for
modeling	 the	 elastic	 properties,	 stress–strain	 behavior,	 and	 interfacial	 bonding/	 load
transfer	 was	 via	 molecular	 dynamics,	 analytical	 micromechanics,	 and	 computational
micromechanics	 techniques.	Results	found	in	the	literature	for	 the	various	modeling	tools
were	 tabulated	 and	 compared	 for	 six	 polymer	 nanocomposite	 systems.	 The	 comparison
emphasized	the	flexibility	of	the	modeling	approaches	for	different	polymer	nanocomposite
geometries.	 Manias	 et	 al.	 (2007)	 attempted	 to	 provide	 some	 theoretical	 insight	 into	 the
mechanical	properties,	discussed	existing	and	modified	models	with	their	shortcomings	and
approximations,	 and	 suggested	 important	 design	 parameters	 for	 improved	 mechanical
performance.	 The	 authors	 proposed	 important	 design	 parameters	 for	 the	 mechanical
performance	of	 polymer	nanocomposites.	 It	was	 suggested	 that	 the	 effective	 filler	 aspect
ratio	and	effective	filler	volume	fraction	should	be	considered	when	incomplete	dispersion
is	 present	 (Shia	 et	 al.,	 1998;	 Brune	 and	 Bicerano,	 2002).	 Next	 to	 that	 in	 order	 to	 better
predict	 the	 nanocomposite	 response,	 the	 filler-specific	 mechanisms	 of	 deformation	 and
fracture	 should	be	known	 (Brune	and	Bicerano,	2002).	Finally,	 it	 should	be	kept	 in	mind
that	 the	 small	 interfacial	 strength	compared	 to	 the	modulus	of	 the	 filler	 can	dramatically
limit	 a	 filler’s	 reinforcing	 effectiveness	 (Shia	 et	 al.,	 1998;	 Wang	 and	 Pyrz	 2004a,b).
Kutvonen	et	al.	(2012)	studied	the	structural	and	dynamical	mechanisms	of	reinforcement
of	 a	 polymer	 nanocomposite	 via	 coarse-grained	molecular	 dynamics	 simulations.	 It	 was
suggested	 that	 if	 the	 polymer–filler	 interactions	 are	 strong,	 the	 stress	 at	 failure	 of	 the
nanocomposite	 is	clearly	correlated	to	 the	filler	 loading,	 the	surface	area	of	 the	polymer–
filler	 interface,	 and	 the	 network	 structure.	 It	 was	 also	 found	 that	 small	 fillers	 (size	 of



polymer	monomers)	 are	 the	most	 effective	 at	 reinforcing	 the	matrix	 by	 surrounding	 the
polymer	chains	and	maximizing	the	number	of	strong	polymer–filler	interactions.

11.3	POLYMER	LAYERED	SILICATE	NANOCOMPOSITE	FILMS	FOR	FOOD
PACKAGING	APPLICATIONS

11.3.1	INTRODUCTION

Petrochemical-based	 plastics	 such	 as	 PET,	 polyvinylchloride	 (PVC),	 PE,	 PP,	 and	 PS	 are
widely	used	in	food	packaging	applications	because	of	their	exceptional	properties,	such	as
low	 cost,	 good	mechanical	 performance,	 good	 barrier	 to	 oxygen,	 and	 easy	 processibility.
The	 addition	 of	 layered	 silicates	 in	 petrochemical-based	 plastics	 has	 received	 great
attention	as	reviewed	in	Section	11.2.1.	As	discussed,	the	motivation	behind	the	addition	of
layered	 silicates	 in	 polymer	matrices	 is	 superior	mechanical	 properties	 such	 as	modulus,
strength,	 toughness,	 and	 barrier	 far	 from	 those	 of	 conventional	 microcomposites	 and
unreinforced	plastics.	Due	to	environmental	concerns	caused	by	the	solid	waste	after	use	of
petrochemical-based	 plastics,	 the	 research	 interest	 has	 focused	 in	 recent	 years	 on
biodegradable	 and/or	 biobased	 packaging	 materials.	 Starch,	 a	 natural	 polymer,	 has	 been
considered	 as	 one	 of	 the	 most	 promising	 alternatives	 especially	 due	 to	 its	 attractive
combination	 of	 low	price	 and	 availability.	Chitosan,	which	 is	 industrially	 produced	 from
chitin,	 the	 second	most	 abundant	polysaccharide	 in	nature,	 is	 also	an	attractive	candidate
for	packaging	applications	owing	to	its	biodegradability,	biocompatibility,	and	absence	of
toxicity	 (Sorrentino	 et	 al.,	 2007).	 In	 the	 following	 paragraphs,	 the	 mechanical	 and/or
thermomechanical	 response	of	 four	different	 types	of	PLS	nanocomposites,	 two	based	on
petrochemical	 plastics,	 that	 is,	 PS	 (Giannakas,	 2009;	 Giannakas	 et	 al.,	 2012)	 and	 low
density	PE	 (LDPE)	 (Giannakas	et	 al.,	2009;	Grigoriadi	 et	 al.,	2013)	and	 two	made	out	of
renewable	sources,	that	is,	starch	(Katerinopoulou	et	al.,	2014)	and	chitosan	(Giannakas	et
al.,	2014;	Grigoriadi	et	al.,	2015)	will	be	explored.	PS	and	LDPE	were	selected	based	on	the
fact	 that	 they	 are	 nonpolar	 and	 present	 some	 challenges	 as	 matrices	 for	 PLS
nanocomposites.	 Starch	 and	 chitosan	 were	 chosen	 as	 very	 promising
biodegradable/biobased	 substitutes	 of	 petrochemical	 matrices	 in	 food	 packaging,	 with
issues	that	are	expected	to	be	resolved	after	the	addition	of	layered	silicates.

11.3.2	PLS	NANOCOMPOSITES	BASED	ON	NONPOLAR	MATRICES

The	intercalation	of	molecular	chains	into	the	galleries	of	layered	silicates	depends	greatly
on	the	polarity	of	polymer	matrices.	For	nonpolar	PE	and	PS,	homogenous	dispersion	and
delamination	 of	 the	 silicate	 layers	 is	 difficult	 to	 achieve.	 One	 way	 to	 improve	 the
dispersability	of	the	layered	silicates	is	by	applying	organic	surfactants	to	the	clays.	Despite
the	 organic	 modification	 of	 the	 silicates,	 there	 are	 still	 difficulties	 to	 disperse	 them	 in
polyolefins	due	to	their	very	high	hydrophobicity	(Jeon	et	al.,	1998).	The	branched	structure
of	LDPE	makes	the	dispersion	of	inorganic	nanoparticles	much	more	difficult	than	in	linear
HDPE.	To	 achieve	miscibility	 between	 the	 two	phases,	modification	via	 grafting	 is	 quite
common	 (Gopakumar	 et	 al.,	 2002).	 As	 discussed	 previously	 (Mittal,	 2009),	 the	 use	 of



compatibilizer	 facilitated	 the	 exfoliation	 process	 in	 polyolefin-based	 layered	 silicate
nanocomposites	 with	 some	 side	 effects	 (plasticization	 of	 the	 matrix)	 when	 used	 in
excessive	amounts.

In	 the	 following	paragraphs,	 the	effect	of	organic	modification	of	 layered	silicates	on
the	 mechanical	 properties	 of	 PS	 and	 LDPE	 layered	 silicate	 nanocomposites	 will	 be
discussed.	The	effects	of	synthesis	parameters,	such	as	solvent’s	polarity,	surfactant	 type,
and	 concentration	 as	 well	 as	 processing	 route	 are	 of	 key	 importance	 for	 the	 obtained
morphology	and	structure	and	in	turn	for	the	mechanical	properties	of	the	nanocomposites.
For	the	synthesis	of	the	PS-based	nanocomposites,	the	parameters	that	were	considered	are
(a)	solvent’s	polarity	and	(b)	surfactant	 type	and	concentration.	 In	 the	case	of	LDPE,	 two
synthesis	 routes	were	 compared:	 (a)	melt	mixing	 and	 (b)	 solvent	mixing	with	 the	 aim	 to
prepare	layered	silicate	nanocomposites	based	on	unmodified	LDPE.	In	both	PS	and	LDPE,
two	types	of	 layered	silicates	were	applied:	one	with	high	aspect	ratio	(100–200)	and	one
with	 low	aspect	 ratio	 (20–30).	The	effect	of	synthesis	and	clay	 type	on	 the	mechanical	 is
presented	 next.	 In	 order	 to	 facilitate	 this	 discussion,	 we	 will	 frequently	 refer	 to	 the
morphology	of	the	films	based	on	published	XRD	data.

11.3.2.1	Polystyrene-Based	Nanocomposites
The	 modification	 of	 the	 montmorillonite	 (MMT)	 clay	 surface	 from	 hydrophilic	 to
organophilic	(OMt)	took	place	using	hexadecyltrimethylammonium	bromide	(CTAB)	as	a
surfactant	while	di(hydrogenated	tallow)	dimethylammonium	chloride	(2HT)	was	used	for
the	modification	of	laponite	(Lp)	to	organophilic	(OLp).	Various	surfactant	concentrations
in	 the	 ion-exchange	solution	corresponding	 to	0.8,	1.5,	and	3.0	 times	 the	CEC	of	 the	clay
and	 two	 different	 solvents,	 that	 is,	 chloroform	 (CHCl3)	 and	 carbon	 tetrachloride	 (CCl4),
were	used	for	the	preparation	of	the	films	with	the	solution	casting	method.	Details	on	the
materials	 and	 the	 preparation	methodology	 can	 be	 found	 in	 Giannakas	 et	 al.	 (2012)	 and
Giannakas	(2009).

Figure	11.1	compares	the	Young’s	modulus	of	PS	nanocomposites	with	(a)	2	and	(b)	10
wt%	 OMt	 prepared	 using	 different	 surfactant	 concentrations	 (CTAB)	 and	 solvent	 types.
Based	on	 the	 obtained	 results,	 it	 is	 obvious	 that	 the	 addition	of	OMt	 results	 in	 enhanced
modulus	values,	and	this	enhancement	is	higher	at	lower	OMt	contents	(2	wt%)	using	CCl4
as	 solvent.	 The	 observed	 modulus	 increase	 (up	 to	 30%)	 is	 much	 higher	 than	 those
documented	 in	 the	 past	 for	materials	with	 low	OMt	 content	 (2	wt%).	More	 specifically,
Uthirakumar	 et	 al.	 (2005)	 prepared	 exfoliated	 PS/clay	 nanocomposites	 via	 in	 situ
polymerization	and	reported	up	to	25%	increase	in	Young’s	modulus	values.	Noh	and	Lee
(1999)	 prepared	 PS/NaMMT	 nanocomposites	 by	 emulsion	 polymerization	 and	 reported
7.4%	 respective	 improvement	 with	 5	 wt%	 MMT	 while	 Park	 et	 al.	 (2004)	 reported	 a
marginal	increase	of	4%,	with	OMt	addition	of	3	wt%,	using	a	melt	mixing	process.	With
further	OMt	addition	 (10	wt%),	a	considerable	modulus	 increase	 is	being	obtained	 (up	 to
14%)	which	is	also	twice	as	high	as	that	reported	in	the	past	for	similar	OMt	contents	(7%
with	9	wt%	OMt	in	Park	et	al.,	2004).	The	use	of	CHCl3	as	solvent	resulted	in	slightly	lower



modulus	enhancement,	which	is	up	to	26%	for	2	wt%	and	18%	for	10	wt%	OMt	addition.
Intermediate	surfactant	concentrations	(1.5×	CEC)	seem	to	work	well	with	both	CCl4	and
CHCl3.



FIGURE	 11.1 	 Effect	 of	 surfactant	 concentration	 (CTAB)	 and	 solvent	 type	 on	 Young’s	 modulus	 of	 PS-based
nanocomposites	with	 (a)	 2	wt%	 and	 (b)	 10	wt%	OMt.	 (Data	 from	Giannakas,	A.	 et	 al.,	 Journal	 of	 Applied	 Polymer
Science,	114(1),	83–89,	2009.)

Based	on	Figure	11.2,	it	is	obvious	that	the	nanocomposites	obtained	using	CCl4	present
significantly	increased	tensile	strength	with	up	to	40%	reinforcement	with	the	addition	of	2
wt%	OMt	which	supports	 the	conclusion	 that	CCl4	 is	effective	 in	 the	dispersion	of	a	 low
amount	of	OMt	 in	 the	PS	matrix.	The	use	of	CHCl3	 as	 solvent	 results	 in	 strength	values
close	to	those	of	the	PS	matrix.	The	tensile	strength	is	slightly	higher	than	that	reported	by
Uthirakumar	et	al.	(2005)	(47%)	and	much	greater	than	the	reported	value	in	the	literature
(21%)	by	Park	et	al.	(2004).	Note	that	the	organoclay	content	does	not	coincide	with	that	of
silicate	due	to	the	amount	of	organic	modification	incorporated	in	the	clay.	To	account	for
this	modification,	organoclay	content	translates	to	a	lower	percentage	of	silicate.



FIGURE	11.2 	Effect	of	surfactant	concentration	and	solvent	type	on	the	tensile	strength	of	PS-based	nanocomposites
with	(a)	2	wt%	and	(b)	10	wt%	OMt.	(Data	from	Giannakas,	A.	et	al.,	Journal	of	Applied	Polymer	Science,	114(1),	83–
89,	2009.)



FIGURE	 11.3 	 Effect	 of	 surfactant	 concentration	 and	 solvent	 type	 on	 the	 elongation	 at	 break	 of	 PS-based
nanocomposites	with	 (a)	 2	wt%	 and	 (b)	 10	wt%	OMt.	 (Data	 from	Giannakas,	A.	 et	 al.,	 Journal	 of	 Applied	 Polymer
Science,	114(1),	83–89,	2009.)



In	terms	of	elongation	at	break	(see	Figure	11.3),	nanocomposites	with	2	wt%	present	a
marginal	reduction	while	those	with	10	wt%	OMt	a	clear	reduction.	Again	CCl4	 seems	 to
work	better	 at	 low	OMt	contents,	while	CHCl3	 leads	 to	 lower	 reduction	of	 strain	 at	 high
OMt	contents.	The	reduction	of	elongation	at	break	in	nanocomposite	with	4.4	wt%	MMT
was	reported	to	be	26%	(Hasegawa	et	al.,	1999)	while	Uthirakumar	et	al.	(2005)	reported	an
almost	50%	reduction	with	the	addition	of	3	wt%	MMT.

Based	on	the	modulus,	tensile	strength,	and	elongation	at	break,	it	can	be	concluded	that
the	 systems	 prepared	 with	 1.5	 ×	 CEC	 surfactant	 concentration	 and	 CCl4	 as	 solvent
containing	2	wt%	OMt	presented	 the	 best	 performance,	which	 is	 linked	possibly	with	 an
exfoliated	 structure	 confirmed	 with	 the	 absence	 of	 clay-related	 deflection	 in	 the	 XRD
results	(Giannakas,	2009).	It	seems	that	phase	separated	microcomposites	were	obtained	at
10	 wt%	 OMt	 suggesting	 that	 it	 is	 difficult	 to	 achieve	 exfoliation/intercalation	 of	 high
amounts	of	high	aspect	ratio	fillers	such	as	OMt.

Next	an	attempt	was	made	to	incorporate	10	wt%	of	OLp,	which	has	significantly	lower
aspect	ratio	with	the	aim	to	improve	the	dispersing	ability	of	the	clays	in	the	PS	matrix	and
in	turn	the	mechanical	reinforcement.	In	Figure	11.4	is	a	comparison	of	Young’s	modulus
(a),	 tensile	 strength	 (b),	 and	 elongation	 at	 break	 (c)	 of	 PS	 nanocomposites	with	 10	wt%
OMt	and	OLp	(Giannakas,	2009;	Giannakas	et	al.,	2012).

As	 can	 be	 seen	 in	 Figure	 11.4,	 the	 addition	 of	 10	 wt%	 OLp	 resulted	 in	 up	 to	 28%
increase	 in	 the	Young’s	modulus,	 leading	 to	similar	values	as	 those	obtained	with	2	wt%
OMt	when	CCl4	was	used	as	solvent.	The	respective	increase	with	CHCl3	as	solvent	was	as
low	as	6%,	which	is	probably	due	to	better	dispersion	of	the	OLp	layers	in	CCl4.	In	terms	of
tensile	 strength	 and	 elongation	 at	 break,	 the	 best	 results	 were	 obtained	 with	 CHCl3	 as
solvent.	However,	it	was	observed	that	the	suspensions	with	CHCl3	were	not	stable	because
they	presented	phase	separation	within	a	week.	On	the	other	hand,	when	CCl4	was	used	as	a
solvent	no	sedimentation	was	observed	for	months,	which	was	linked	to	the	nature	of	CCl4
being	totally	nonpolar	(Giannakas	et	al.,	2012).

11.3.2.2	Polyethylene-Based	Nanocomposites
LDPE-based	 nanocomposites,	 without	 any	 polymer	 modification	 and	 with	 two	 kinds	 of
clays,	 that	 is,	 high	 aspect	 ratio	OMt	 and	 low	 aspect	 ratio	OLp,	 were	 prepared	 using	 the
solvent	 mixing	 and	 the	 melt	 mixing	 methodologies.	 Details	 on	 the	 materials	 and	 the
preparation	 methodology	 can	 be	 found	 in	 Giannakas	 et	 al.	 (2009).	 The	 mechanical
properties	of	the	LDPE	nanocomposites	are	presented	in	Table	11.1.

Based	on	the	results	of	Table	11.1,	 it	can	be	seen	 that	 the	addition	of	OMt	resulted	 in
significant	increase	of	Young’s	modulus	(up	to	45%)	and	the	tensile	stress	at	break	(up	to
225%)	while	the	elongation	at	yield	was	less	affected.	The	obtained	results	were	linked	to
the	 intercalated	 or	 partially	 exfoliated	 structure,	 which	 was	 found	 in	 such	 systems.	 The
addition	of	 low	OLp	 content	 (2	wt%)	did	 not	 result	 in	 any	 increase	 of	Young’s	modulus
irrespective	of	the	preparation	method,	indicating	that	the	small	addition	of	low	aspect	ratio



filler	 does	 not	 induce	 any	 reinforcing	 effects.	 As	 the	 OLp	 content	 increased,	 the	 results
presented	significant	differentiation	depending	on	the	preparation	method.	Particularly,	 in
the	 case	 of	 10	 wt%	 OLp	 content,	 the	 modulus	 increased	 by	 30%	 for	 the	 exfoliated
nanocomposite	 prepared	 by	 the	 melt	 process	 whereas	 for	 the	 conventional	 composite
received	 by	 solution	 blending	method,	 the	 value	 of	E	 decreased	 by	 25%	when	 compared
with	 the	 neat	 LDPE	 polymer.	 The	 modulus	 increase	 obtained	 using	 the	 melt	 processing
method	 is	 higher	 than	 that	 documented	 by	Morawiec	 et	 al.	 (2005)	 (10%	 increase	with	 6
wt%	OMt).	Impressive	modulus	increase	(83%)	was	presented	from	the	research	group	of
Malucelli	et	al.	(2007)	with	the	addition	of	3	wt%	OMt.

The	materials	prepared	via	 the	melt	processing	method	were	further	 tested	in	order	 to
determine	 their	 thermomechanical	 response	 since	 the	dispersion	of	 layered	 silicates	 is	 of
key	importance	for	the	linear	viscoelastic	properties	PE-based	nanocomposites	(Ren	et	al.,
2000;	Krishnamoorti	and	Yurekli,	2001;	La	Mantia	et	al.,	2006).	Specifically	when	studying
the	thermomechanical	properties	of	LDPE	with	compatibilizer	and	clays,	Yang	and	Zheng
(2004)	 concluded	 that	 the	 dynamic	 viscoelastic	 properties	 are	 strongly	 dependent	 on	 the
intercalation	 of	 the	 clays.	 Krishnamoorti	 and	 Yurekli	 (2001)	 reported	 that	 not	 only	 the
dispersion	 but	 also	 the	 orientation	 of	 the	 clay	 platelets	 could	 affect	 the	 viscoelastic
properties	of	the	nanocomposites.	As	discussed	in	previous	paragraphs,	the	aspect	ratio	of
the	 clays	 is	 also	 crucial	 for	 both	 static	 and	 dynamic	 mechanical	 properties.	 As	 seen	 in
Figure	11.5a	 and	b,	 the	 thermomechanical	 response	 of	 the	LDPE/silicate	 nanocomposites
reveal	a	significant	enhancement	of	the	storage	modulus	(40%–50%)	at	temperatures	below
ambient,	 which	 is	 more	 pronounced	 up	 to	 filler	 contents	 of	 5	 wt%	 in	 the	 case	 of	 OMt.
Further	increase	of	the	filler	content	led	to	more	conventional	composites,	which	hindered
the	reinforcing	ability	of	the	silicates.	On	the	other	hand,	for	low	aspect	ratio	OLp	there	was
almost	no	effect	at	contents	up	to	5	wt%	while	a	significant	enhancement	was	achieved	with
10	wt%	addition.





FIGURE	11.4 	Effect	of	layered	silicate	type,	surfactant	concentration,	and	solvent	type	on	(a)	Young’s	modulus,	(b)
tensile	 strength,	 and	 (c)	 elongation	 at	 break	 of	 PS-based	 nanocomposites	 with	 10	 wt%	 OMt	 and	 OLp.	 (Data	 from
Giannakas,	 A.	 et	 al.,	 Journal	 of	 Applied	 Polymer	 Science,	 114(1),	 83–89,	 2009;	 Giannakas,	 A.,	 Giannakas,	 A.,
Ladavos,	A.,	Polymer	–	Plastics	Technology	and	Engineering,	51(14),	1411–1415,	2012.)

Table	11.1
Mechanical	Properties	of	LDPE	Nanocomposites	Prepared	with	Various
Amounts	of	OMt	and	OLp	Silicates	via	the	Solvent	Mixing	(Solution)	and	Melt
Mixing	(Melt)	Methodologies
Material Young’s	Modulus	(MPa)a Tensile	Stress	at	Break	(MPa)b Elongation	at	Yield	(%)c

LDPE	(neat) 288 		6.0 10.2
LDPE-2%	OMt	(Solution) 311 		7.4 		9.9
LDPE-10%	OMt	(Solution) 350 19.6 		8.9
LDPE-2%	OMt	(Melt) 303 12.1 10.4
LDPE-10%	OMt	(Melt) 423 17.5 		9.9
LDPE-2%	OLp	(Solution) 286 10.2 10.1
LDPE-5%	OLp	(Solution) 295 12.2 		8.8
LDPE-10%	OLp	(Solution) 215 11.1 		7.3
LDPE-2%	OLp	(Melt) 269 12.7 		9.4
LDPE-5%	OLp	(Melt) 305 14.4 		9.9
LDPE-10%	OLp	(Melt) 345 11.6 10.8
Source: Adapted	from	Giannakas,	A.	et	al.,	Journal	of	Applied	Polymer	Science,	114(1),	83–89,	2009.	Copyright	©

2009,	Wiley	Periodicals,	Inc.,	with	permission.

a				Relative	probable	error	5%.
b				Relative	probable	error	10%.
c				Relative	probable	error	5%.



FIGURE	11.5 	 (See	 color	 insert.)	 Storage	 modulus	 E′	 (a	 and	 b)	 and	 loss	 modulus	 E″	 (c	 and	 d)	 as	 a	 function	 of
temperature	of	LDPE	modified	nanocomposites	with	various	loadings	of	(a)	and	(c)	OMt	and	(b)	and	(d)	OLp.	(Adapted
from	Grigoriadi,	 K.	 et	 al.,	Polymer	 Engineering	 and	 Science,	 53(2),	 301–308,	 2013.	 Copyright	 ©	 2012,	 Society	 of
Plastics	Engineers,	with	permission.)

Table	11.2
Comparison	of	the	Calculated	E´	of	the	LDPE-OLp	and	LDPE-OMt
Composites	with	the	Measured	ones	at	−120°C,	where	 :	Storage	Modulus
of	the	Composite



It	 is	 interesting	 to	 note	 that	 LDPE-OMt	 5%	 had	 better	 performance	 in	 the	 whole
temperature	 range	 than	LDPE-OLp	10%	nanocomposites,	which	 is	 in	 agreement	with	 the
static	 results	presented	above	and	can	be	 linked	 to	 the	higher	 aspect	 ratio,	 that	 is,	 higher
active	surface	area	of	the	OMt	fillers.	At	temperatures	higher	than	−20°C,	the	reinforcing
efficiency	was	not	too	significant	due	to	the	increased	mobility	of	the	polymer	chains.	This
temperature	is	related	to	the	β-relaxation	of	the	LDPE	as	confirmed	by	the	peak	of	the	E″
curves	 (Grigoriadi	 et	 al.,	 2013).	 The	 addition	 of	 layered	 silicates	 did	 not	 bring	 any
significant	 alteration	 on	 β-relaxation	 since	 only	 a	 very	 small	 shift	 of	 the	 peak	 to	 higher
values	was	found	in	the	case	of	10	wt%	OMt	(Grigoriadi	et	al.,	2013).	It	is	believed	that	β-
relaxation	is	due	to	motion	in	the	amorphous	phase	near	branch	points	of	LDPE	(Ohta	and
Yasuda,	1994)	where	high	content	of	high	aspect	 ratio	OMt	might	have	 resulted	 in	 some
restriction.	Based	on	the	tanδ	results	(Figure	11.5c	and	d),	the	addition	of	OLp/OMt	led	to
lower	 damping	 at	 temperatures	 below	ambient	 and	higher	 damping	 at	 high	 temperatures.
This	 reflects	 the	 increasing	reinforcement	ability	of	 the	clay	 layers	at	 lower	 temperatures
where	polymer	chains	present	restricted	mobility.

In	 order	 to	 link	 the	 reinforcing	 ability	 of	 low	 aspect	 ratio	OLp	 and	 high	 aspect	 ratio
OMt	with	the	dispersion	state	of	the	silicates	in	the	LDPE	nanocomposites,	we	attempted	to
run	 back-calculations	 of	 the	 expected	 reinforcement	 using	 the	 modified	 Halpin-Tsai
equation	(Affdl	and	Kardos,	1976).	The	idea	was	to	compare	the	calculated	modulus	with
the	measured	one	in	order	to	get	an	indication	of	the	degree	of	exfoliation/intercalation	(for
details,	 see	Grigoriadi	 et	 al.,	 2013).	The	 aspect	 ratio	 values	 used	 for	 the	 calculations	 are
OMt	(200)	and	OLp	(30).

The	data	presented	in	Table	11.2	suggest	a	good	comparison	between	the	measured	and
calculated	E′	in	the	case	of	the	OLp	nanocomposites	where	a	partially	exfoliated/exfoliated
structure	was	found	based	on	XRD	data	(Grigoriadi	et	al.,	2013,	Giannakas	et	al.,	2009).	A
relatively	good	agreement	was	found	in	the	case	of	OMt	nanocomposites	with	2	and	5	wt%
contents	 again	 in	 line	 with	 the	 XRD	 observations.	 The	 overall	 conclusion	 was	 that	 the
relatively	high	aspect	ratio	OMt	clay	platelets	can	induce	superior	mechanical	properties	to
the	LDPE	 polymer	 compared	 to	 lower	 aspect	 ratio	 clay	 (OLp)	 even	 if	 they	 are	 not	 fully
exfoliated/intercalated	(Grigoriadi	et	al.,	2013).

11.3.3	PLS	NANOCOMPOSITES	BASED	ON	BIODEGRADABLE	MATRICES

As	discussed	in	Section	11.3.1,	starch	and	chitosan	are	two	very	interesting	alternatives	to
replace	 synthetic	 plastics	 in	 the	 production	 of	 biodegradable-based	 nanocomposite	 films.
The	main	limitation	for	the	widespread	use	of	these	polymers	is	linked	with	their	strongly
hydrophilic	 character,	 which	makes	 them	 not	 technologically	 useful	 for	 food	 packaging.
One	promising	way	to	effectively	control	the	moisture	transfer	is	through	the	introduction
of	 reinforcement	 at	 the	 nanoscale.	 The	 most	 intensive	 research	 thus	 far	 is	 on	 layered
silicates.	Due	 to	 the	unique	platelet-like	 structure	of	 layered	silicates,	when	oriented	 in	a
particular	 direction	 in	 the	 composite,	 they	 have	 the	 ability	 to	 alter	 the	 barrier	 properties
creating	a	tortuous	path	as	reviewed	by	Ray	and	Okamoto	(2003).	In	order	to	facilitate	the



intercalation/exfoliation	of	the	layered	silicates	in	the	matrix,	and	to	effectively	control	the
mechanical	 and	 barrier	 properties	 and	 the	 processability	 of	 biobased	 films,	 various
methodologies	have	been	followed.

In	the	following	paragraphs,	 the	effect	of	synthesis	parameters,	processing	routes,	and
blending	 with	 other	 polymers/plasticizers	 will	 be	 discussed.	 For	 the	 preparation	 of	 the
starch-based	nanocomposites,	the	parameters	that	were	considered	are	(a)	plasticization	and
(b)	 blending	 with	 PVOH	 (Katerinopoulou	 et	 al.,	 2014).	 In	 the	 case	 of	 chitosan-based
nanocomposites,	 we	 investigated	 the	 effect	 of	 (a)	 solution	 preparation	 methodology,	 (b)
chitosan	dilution	level,	(c)	plasticization,	and	(d)	pre-	and	postprocessing	(Giannakas	et	al.,
2014;	 Grigoriadi	 et	 al.,	 2015).	 The	 mechanical	 and	 thermomechanical	 data	 of	 the	 films
prepared	 using	 the	 aforementioned	 parameters	 will	 be	 briefly	 reviewed	 next	 and	 key
conclusions	 will	 be	 highlighted.	 In	 all	 cases,	 sodium	 MMT	 (NaMMT)	 was	 used	 as
reinforcement.

11.3.3.1	Starch-Based	Layered	Silicate	Nanocomposites
Thermoplastic	 acetylated	 corn	 starch	 (ACS)-based	 nanocomposite	 films,	 with	 or	 without
addition	 of	 polyvinyl	 alcohol	 (PVOH),	 were	 prepared	 by	 casting	 using	 glycerol	 as	 a
plasticizer.	 Two	 types	 of	 PVOH	with	 different	 molecular	 weights	 were	 used	 in	 order	 to
assess	 the	 effect	 of	 the	 chain	 length	 on	 the	 structure	 and	 performance	 of	 the	 obtained
nanocomposites.	Details	on	the	materials	and	the	preparation	methodology	can	be	found	in
Katerinopoulou	et	al.	(2014).

The	 effect	 of	 the	 aforementioned	 parameters	 on	 Young’s	 modulus,	 yield	 strength,
tensile	 strength,	 elongation	 at	 yield,	 and	 elongation	 at	 break	 is	 presented	 in	Figure	 11.6a
and	e.	The	films	contained	different	amounts	of	glycerol	(20	and	30	wt%,	designated	as	20
G	 and	 30	G)	 and	 two	 types	 of	 PVOH	 (PVOH1:	 lower	molecular	weight,	 PVOH2:	 higher
molecular	 weight;	 the	 films	 contained	 different	 weight	 fractions	 of	 PVOH:	 10	 and	 30
PVOH	denotes	10	and	30	wt%,	respectively).

Based	 on	 the	 obtained	 results	 it	 can	 be	 observed	 that	 the	 incorporation	 of	 NaMMT
fillers	resulted	in	significant	increase	in	stiffness	and	strength	of	ACS	systems	with	20	and
30	wt%	glycerol	and	slight	decrease	of	the	elongation	at	break.	This	was	attributed	to	the
presence	 of	 clays	 in	 an	 intercalated/exfoliated	 structure	 which	 resulted	 in	 constrained
regions	enhancing	stiffness	and	strength	and	reducing	the	elongation	properties	(Ali	et	al.,
2011).	It	was	also	observed	that	the	reinforcing	efficiency	of	the	NaMMT	filler	was	lower
at	higher	glycerol	contents	(30	wt%),	which	was	attributed	to	higher	 interactions	between
the	glycerol	and	ACS	chains	instead	of	NaMMT	filler	and	the	ACS	(Katerinopoulou	et	al.,
2014).

In	 line	with	other	 studies,	 it	was	 seen	 that	 replacement	of	glycerol	with	PVOH	in	 the
ACS/NaMMT	 system	 resulted	 in	 superior	 mechanical	 stiffness	 and	 strength	 due	 to	 the
creation	of	hydrogen	bonds	between	the	ACS	and	the	PVOH	chains	(Majdzadeh-Ardakani
and	Nazari,	2010).	The	higher	the	molecular	weight	of	PVOH,	the	higher	the	enhancement
of	stiffness	and	strength.



The	addition	of	NaMMT	in	 the	ACS–PVOH	systems	had	a	smaller	effect	on	stiffness
and	 strength,	 which	was	more	 obvious	 at	 high	NaMMT	 contents	 (5	wt%	NaMMT).	 The
reinforcing	 phenomena	 in	 ACS–PVOH	 nanocomposite	 systems	 were	 promoted	 by	 the
PVOH–ACS	 interactions	 rather	 than	 the	 clay–polymer	 interactions	 as	 documented	 in
previous	studies	(Dean	et	al.,	2008;	Majdzadeh-Ardakani	and	Nazari,	2010).

Concurrent	use	of	PVOH	and	glycerol	reduced	the	stiffness	and	strength	of	the	obtained
films.	The	lower	amount	of	PVOH	(10	vs.	30	wt%)	used	in	the	combined	systems	and	the
presence	of	glycerol	resulted	in	a	lower	amount	of	hydrogen	bonds	between	the	PVOH	and
ACS	 chains,	 which	 explains	 the	 deterioration	 in	 the	 mechanical	 performance
(Katerinopoulou	et	al.,	2014).	Glycerol,	on	the	other	hand,	effectively	plasticized	the	films
leading	into	the	highest	elongation	at	yield	and	break	values.	Systems	with	PVOH	were	less
ductile	with	elongation	at	break	values	below	3%.

For	the	thermomechanical	response	presented	in	Figure	11.7,	it	is	important	to	note	that
the	tanδ	curve	presents	two	relaxation	peaks,	one	at	approximately	−45°C	and	a	second	one
at	approximately	30°C.	The	first	(Tβ)	was	attributed	to	the	Tg	of	glycerol,	while	the	second
(Tα)	 was	 linked	 with	 the	 Tg	 of	 the	 ACS	 (Katerinopoulou	 et	 al.,	 2014).	 As	 discussed	 by
Chivrac	et	al.	(2010),	this	indicates	the	existence	of	phase	separation	between	domains	rich
in	carbohydrate	chains	and	domains	rich	in	plasticizer.





FIGURE	11.6 	Effect	of	glycerol	and/or	PVOH	addition	on	the	mechanical	response	of	ACS-based	films	with	0,	3,	and
5	wt%	NaMMT:	(a)	Young’s	modulus,	(b)	yield	strength,	(c)	tensile	strength	(d)	elongation	at	yield,	and	(e)	elongation
at	break.	(Data	from	Katerinopoulou,	K.	et	al.,	Carbohydrate	Polymers,	102(1),	216–222,	2014.)

Based	on	Figure	11.7a,	 it	 is	seen	 that	systems	with	5	wt%	NaMMT	presented	slightly
higher	Tβ	values	and	storage	modulus	compared	 to	 those	with	3	wt%	up	to	Tβ	 relaxation.
Above	this	temperature	due	to	the	increased	mobility	of	glycerol	the	interactions	between
NaMMT	and	glycerol	chains	were	less	significant.	Systems	with	5	wt%	NaMMT	presented
broader	 peak	 of	 the	 tanδ	 curve	 around	 the	 Tα	 transition	 linked	 to	 the	 existence	 of
interactions	between	the	ACS	chains	and	the	NaMMT	particles.

After	 blending	 ACS	 with	 glycerol	 and	 PVOH	 (Figure	 11.7b),	 it	 is	 seen	 that	 the	 Tα
transition	became	broader	and	was	shifted	by	approximately	15°C	to	higher	temperatures.
The	 single	 Tα	 transition	 indicated	 that	 there	 was	 no	 phase	 separation	 between	 the	 two
polymers	ACS	and	PVOH	due	to	the	effective	interaction	of	the	PVOH	with	the	ACS	and
the	formation	of	hydrogen	bonds	between	the	two	polymers.	The	peak	of	this	transition	did
not	 change	with	 the	NaMMT	content	 suggesting	 that	NaMMT	 interacted	 effectively	with
glycerol	rather	than	PVOH	and/or	ACS,	in	line	with	the	tensile	results	(Katerinopoulou	et
al.,	2014).





FIGURE	11.7 	 Effect	 of	 glycerol	 and/or	 PVOH	 addition	 on	 the	 storage	 modulus	 (E′)	 and	 loss	 factor	 (tanδ)	 of	 (a)
ACS/20G	 and	 (b)	 ACS/20G/10PVOH2-based	 films	 with	 3	 and	 5	 wt%	 NaMMT.	 (Reprinted	 from	 Carbohydrate
Polymers,	 102(1),	 Katerinopoulou,	 K.	 et	 al.,	 Preparation	 and	 characterization	 of	 acetylated	 corn	 starch-(PVOH)/clay
nanocomposite	films,	216–222,	Copyright	2014,	with	permission	from	Elsevier.)

11.3.3.2	Chitosan-Based	Layered	Silicate	Nanocomposites
It	has	been	widely	acknowledged	that	chiotosan’s	solution	temperature	and	acidity	as	well
as	the	amount	of	acetic	acid	residues	are	of	key	importance	for	the	degree	of	intercalation,
the	amount	of	hydrogen	bonding,	and	the	crystallinity	level	of	the	final	films	in	chitosan-
based	nanocomposites	 (Günister	 et	 al.,	 2007;	Wang	et	 al.,	 2005;	Potarniche	 et	 al.,	 2012).
For	 this	 reason,	we	have	recently	prepared	chitosan-based	films	using	a	newly	 introduced
reflux-solution	methodology	on	two	different	chitosan	acetate	dilution	levels	(2	w/v%	and	1
w/v%	in	chitosan)	in	order	to	define	the	required	acetate	concentration	for	effective	charge
of	the	chitosan’s	chains	with	limited	residues	(Giannakas	et	al.,	2014).	Selected	films	were
prepared	with	the	conventional	solution	cast	method	for	comparison.	The	use	of	glycerol	as
a	plasticizer	was	also	investigated	(Giannakas	et	al.,	2014).	Finally,	 the	effect	of	pre-	and
postprocessing	 was	 considered	 applying	 sonication	 or	 heat	 pressing	 prior/postcasting,
respectively	(Grigoriadi	et	al.,	2015).

As	seen	in	Figure	11.8,	the	reflux	process	facilitated	the	incorporation	of	NaMMT	into
the	 chitosan	 matrix	 resulting	 in	 greater	 enhancement	 of	 the	 stiffness	 (up	 to	 100%)	 and
strength	 (up	 to	 70%)	 and	 respective	 reduction	 in	 the	 elongation	 at	 break	 (up	 to	 75%)
compared	to	that	obtained	when	the	no-reflux	(conventional)	methodology	was	followed	(2
w/v%	chitosan	solutions).	Best	results	were	obtained	after	the	addition	of	3	wt%	NaMMT,
in	agreement	with	the	XRD	results,	which	indicated	an	exfoliated	structure	for	that	system
(Giannakas	et	al.,	2014).	A	smaller	enhancement	in	stiffness	(up	to	35%)	and	strength	(up
to	18%)	and	a	 relative	 lower	decrease	 in	 the	elongation	at	break	 (up	 to	65%)	were	 found
after	the	addition	of	NaMMT	in	1	w/v%	chitosan	solutions.	This	was	explained	on	the	basis
that	 dilution	 resulted	 in	 less	 charged	 amine	 groups	 leading	 to	 weaker	 electrostatic	 and
hydrogen	bond	interactions	among	chitosan,	NaMMT,	and	water	(Giannakas	et	al.,	2014).
The	 mechanical	 properties	 applying	 the	 reflux	 process	 on	 undiluted	 solutions	 were
comparable	with	the	work	of	Petrova	et	al.	(2012)	and	superior	with	most	literature	findings
(Wang	 et	 al.,	 2005;	 Lavorgna	 et	 al.,	 2010;	 Hong	 et	 al.,	 2011).	 This	 was	 related	 to	 the
effective	 interaction	 between	 the	 different	 constituents	 of	 the	 nanocomposite	 films	 since
the	reflux	condenser	does	not	allow	any	water	or	acetic	acid	to	evaporate	during	processing
(Giannakas	 et	 al.,	 2014).	 The	 concurrent	 addition	 of	 glycerol	 and	NaMMT	 resulted	 in	 a
direct	 reduction	 of	 the	 stiffness	 and	 the	 strength	 and	 in	most	 cases	 in	 an	 increase	 in	 the
elongation	 at	 break.	 This	 phenomenon	 was	 explained	 on	 the	 basis	 of	 more	 homogenous
distribution	of	water	and	glycerol	across	the	system	in	the	presence	of	NaMMT,	resulting	in
better	plasticization	effect	(Xie	et	al.,	2013).

The	 effect	 of	 plasticizer/NaMMT	 addition	 on	 the	 thermomechanical	 response	 of
chitosan-based	 films	 is	 illustrated	 in	 Figure	 11.9.	 Based	 on	 these	 data,	 the	 addition	 of



plasticizer	resulted	in	a	significant	decrease	in	the	storage	modulus.	It	is	interesting	to	note
that	while	the	tanδ	curve	of	the	chitosan	film	presents	on	relaxation	peak	at	approximately
170°C,	which	is	associated	with	the	Tg	of	chitosan,	the	system	containing	glycerol	presents
two	 relaxation	 peaks:	 one	 well	 defined	 at	 approximately	 90°C	 and	 a	 very	 broad	 one	 at
approximately	 130°C.	As	 discussed	 in	 Section	 11.3.3.1	 for	 starch-based	 nanocomposites,
this	 indicates	 the	 existence	 of	 phase	 separation	 between	 domains	 rich	 in	 carbohydrate
chains	 and	 domains	 rich	 in	 plasticizer.	 The	 addition	 of	 NaMMT	 resulted	 in	 more
homogenous	 thermomechanical	 response	with	one	very	broad	 transition	 at	 approximately
130°C.	In	line	with	the	static	results,	the	addition	of	NaMMT	in	chitosan/plasticizer	films
did	not	 result	 in	any	 reinforcing	ability	of	 the	clay	 in	 the	glassy	 region;	 it	was,	however,
associated	with	a	more	homogenous	distribution	of	water	and	plasticizer	across	the	system,
resulting	in	better	plasticization	effect.

The	 effect	 of	 the	 pre-	 and	 postprocessing	 on	 the	 mechanical	 properties	 of
chitosan/NaMMT	nanocomposites	is	illustrated	in	Figure	11.10.	As	discussed	thoroughly	in
Grigoriadi	et	al.	(2015)	the	greatest	stiffness	and	strength	enhancement	was	achieved	at	3
wt%	NaMMT	 for	 “unpressed”	 and	 “sonicated”	 films	while	 “pressed”	 films	presented	 the
highest	enhancement	at	10	wt%.	The	overall	level	of	enhancement	was	similar	for	all	three
processing	 routes.	Based	 on	 the	XRD	 results	 presented	 in	Grigoriadi	 et	 al.	 (2015)	 it	was
concluded	 that	 there	 is	 a	 competition	 among	 the	 degree	 of	 dispersion,	 exfoliation,	 or
intercalation	of	 the	NaMMT	nanoparticles	 in	 the	polymer	matrix,	 and	 the	morphology	of
the	 matrix	 (crystalline/amorphous)	 with	 pressed	 films	 presenting	 partially	 exfoliated
structure	and	higher	degree	of	amorphous	phase	and	unpressed/sonicated	films	presenting
mostly	intercalated	structures	and	a	higher	amount	of	crystalline	phase.





FIGURE	11.8 	 Effect	 of	 the	 reflux	 processing,	 dilution,	 and	 glycerol	 addition	 on	 (a)	 Young’s	 modulus,	 (b)	 tensile
strength,	and	(c)	elongation	at	break	of	chitosan/NaMMT	films	with	3,	5,	and	10	wt%	NaMMT	(designation:	2	w/v%,
chitosan	solution	with	2	w/v%	in	1	v/v%	acetic	acid;	1	w/v%,	chitosan	solution	1	w/v%	in	0.5	v/v%	acetic	acid;	and
30G,	30	wt%	glycerol).	(Data	from	Giannakas,	A.	et	al.,	Carbohydrate	Polymers,	108(1),	103–111,	2014.)



FIGURE	11.9 	Effect	of	glycerol	addition	on	 (a)	 storage	modulus	 (E′)	and	 (b)	 loss	 factor	 (tanδ)	chitosan-based	 films
(designation:	CS,	chitosan	films;	CS30G,	chitosan	with	30	wt%	glycerol;	and	CS30G5NaMMT,	chitosan	with	30	wt%
glycerol	and	5	wt%	NaMMT).



11.4	CONCLUDING	REMARKS

As	discussed	in	the	previous	paragraphs,	both	experimental	and	modeling	works	have	been
conducted	 in	 order	 to	 determine	 key	 influencing	 parameters	 for	 the	 mechanical	 and
thermomechanical	performance	of	polymer-based	nanocomposites.	These	are

• Interfacial	strength:	As	in	the	case	of	microcomposites,	there	is	a	strong	effect	of
the	 interfacial	 bond	 on	 the	 mechanical	 properties;	 therefore,	 many	 studies	 are
devoted	to	improving	the	load	transfer	between	the	nanoscale	reinforcement	and
the	polymer	matrix	in	order	to	benefit	from	the	tremendous	mechanical	properties
of	the	nanoscale	reinforcements.	For	instance,	complete	exfoliation	and/or	higher
aspect	ratio	nanoreinforcement	results	in	higher	stiffness,	provided	that	there	is	a
strong	interface.

• Structure/size:	Properties	of	nanostructured	composites	are	highly	 structure/size
dependent	and	there	is	a	need	of	fundamental	understanding	of	the	properties	and
their	interactions	across	various	length	scales.	Jordan	et	al.	(2005)	established	that
with	reduction	in	particle	size	the	interface	layers	from	adjacent	particles	overlap,
altering	the	bulk	properties	significantly.

• Dispersion	 and	 alignment:	 Good	 dispersion	 and	 alignment	 of	 the	 nanoscaled
reinforcement	 are	 two	 more	 requirements	 for	 achieving	 mechanical
reinforcement.

• Matrix	polarity:	 The	 polarity	 of	 the	matrix	 defines	 the	 polymer/clay	 interfacial
interactions	 and	 the	 degree	 of	 exfoliation	 and	 is	 crucial	 for	 the	 strength	 and
elongation	 of	 the	 obtained	 nanocomposites.	 For	 instance,	 better	 intercalated	 or
exfoliated	nanostructure	of	natural	biopolymers	 is	 formed	with	natural	NaMMT
rather	 than	 organically	 modified	 MMT	 because	 hydrophilic	 NaMMT	 is
compatible	 with	 most	 hydrophilic	 biopolymers	 (Rhim	 and	 Ng,	 2007).	 On	 the
other	 hand,	 organic	 modification	 is	 facilitating	 the	 intercalation/exfoliation
process	in	nonpolar	matrices.





FIGURE	11.10 	 Effect	 of	 processing	 on	 (a)	 Young’s	 modulus,	 (b)	 tensile	 strength,	 and	 (c)	 elongation	 at	 break	 of
chitosan/NaMMT	films	with	3,	5,	and	10	wt%	NaMMT.	(Data	from	Grigoriadi,	K.	et	al.,	Polymer	Bulletin,	72(5),	1145–
1161,	2015)

In	terms	of	fracture	toughness,	the	mechanisms	that	have	been	recognized	as	critical	are

• Size/shape	 dependent:	 Nanoreinforced	 composites	 present	 similar	 fracture
mechanisms	 as	 traditional	 fiber-reinforced	 composites	 where	 crack	 bridging,
interfacial	 debonding,	 and	 pullout	 are	mechanisms	 of	 energy	 dissipation.	When
the	 interface	 is	 very	 strong,	 fracture	 toughness	 may	 improve	 due	 to	 crack
deflection	mechanisms.	 The	 theory	 of	 Chan	 et	 al.	 (2002)	 suggested	 that	 in	 the
case	where	the	size	of	the	nanofiller	is	of	the	order	of	50	nm	or	less,	these	fillers
may	not	be	able	to	resist	the	propagation	of	the	crack.

• Matrix	 ductility:	 From	 J-integral	 tests,	 Chan	 et	 al.	 (2002)	 suggested	 that	 small
nanoparticles	would	 trigger	 large-scale	plastic	deformation	of	 the	matrix,	which
consumes	tremendous	fracture	energy.

• Dispersion/deagglomeration	 of	 particles:	 The	 mobility	 of	 the	 nanofillers	 in	 a
polymer	controls	their	ability	to	dissipate	energy,	which	would	increase	toughness
of	the	polymer	nanocomposites	in	the	case	of	proper	thermodynamic	state	of	the
matrix	 (Gersappe,	 2002).	 Prerequisite	 for	 this	mobility	 is	 the	weakening	 of	 the
interaction	 between	 the	 nanoparticles	 and	 the	 enhancement	 of	 the
nanofiller/matrix	interaction.

LIST	OF	ABBREVIATIONS

Acetylated	corn	starch	(ACS)
Alumina	(Al2O3)

Calcium	carbonate	(CaCO3)

Carbon	nanotube	(CNT)
Carbon	nanofibers	(CNFs)
Carbon	tetrachloride	(CCl4)

Chloroform	(CHCl3)

Di(hydrogenated	tallow)	dimethylammonium	chloride	(2HT)
Epoxy	(EP)
Ethylene-vinyl	acetate	(EVA)
Glass	transition	temperature	(Tg)

Hexadecyltrimethylammonium	bromide	(CTAB)
High	density	polyethylene	(HDPE)
Laponite	(Lp)
Magnesium	oxide	(MgO)
Montmorillonite	(MMT)
Nylon-	6	(PA6)
Organophilic	laponite	(OLp)
Organophilic	montmorillonite	(OMt)
Polybutylene	succinate	(PBS)



Polycarbonate	(PC)
Polyethylene	terephthalate	(PET)
Polyimide	(PI)
Polylactic	acid	(PLA)
Polymer	layered	silicate	(PLS)
Poly(methyl	methacrylate)	(PMMA)
Polyphenylene	sulfide	(PPS)
Polypropylene	(PP)
Polystyrene	(PS)
Polyurethane	(PU)
Polyvinyl	alcohol	(PVOH)
Polyvinylchloride	(PVC)
Silica	(SiO2)

Silicon	carbide	(SiC)
Titanium	dioxide	(TiO2)

Zinc	oxide	(ZnO)
Zinc	sulfide	(ZnS)
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A

AAPE,	see	Adipic	acid	ester	of	pentaerythritol	(AAPE)
Abbe	number,	210
ABS,	see	Acrylonitrile-butadiene-styrene	(ABS)
Absorption,	208

coefficient	of	saturable	absorber,	214
of	light,	83–84

Acetylated	corn	starch	(ACS),	279
Acoustic-resolution	photoacoustic	microscopy	(AR-PAM),	115

Acousto-optic	tunable	filter	(AOTF),	118
2-acrylamido-2-methyl-1-propanesulfonic	acid	(AMPS),	165

Acrylonitrile	butadiene	rubber	(NBR),	20,	179
Acrylonitrile-butadiene-styrene	(ABS),	238,	267
ACS,	see	Acetylated	corn	starch	(ACS)
Adipic	acid	ester	of	pentaerythritol	(AAPE),	196
Advanced	indentation	techniques,	269
Aerosol	method,	48
Aerosol	OT	(AOT),	43
Aerosol-polymerization,	48
AFM,	see	Atomic	force	microscopy	(AFM)
AgNCs,	see	Silver	nanoclusters	(AgNCs)
AIBN,	see	Azobisisobutyronitrile	(AIBN)
Al2O3,	see	Nanoalumina	(Al2O3)
ALA,	see	12-amino	lauric	acid	(ALA)
Alizarin,	graphene	patch	formation	from,	65
AlN,	see	Aluminum	nitride	(AlN)
Alumina	(Al2O3),	46,	213

nanoparticles,	20–21
Aluminum	chloride	(AlCl3),	47
Aluminum	nitride	(AlN),	16,	189
Amino-functionalized	double-wall	CNT	(DWCNT-NH2),	17
12-amino	lauric	acid	(ALA),	183
(aminopropyl)	triethoxysilane	(APTS),	185
(3-aminopropyl)trimethoxysilane	(APTMS),	180
Ammonium	bicarbonate	(NH4HCO3),	197
Ammonium	persulfate	(APS),	58
AMPS,	see	2-acrylamido-2-methyl-1-propanesulfonic	acid	(AMPS)
Aniline,	56



radical	cation	formation,	57
Anti-EGFR,	see	Anti-epidermal	growth	factor	receptor	(Anti-EGFR)
Anti-epidermal	growth	factor	receptor	(Anti-EGFR),	119
AOT,	see	Aerosol	OT	(AOT)
AOT	F,	see	Acousto-optic	tunable	filter	(AOTF)
APS,	see	Ammonium	persulfate	(APS)
APTMS,	see	(3-aminopropyl)trimethoxysilane	(APTMS)
APTS,	see	(aminopropyl)	triethoxysilane	(APTS)
Aragonite,	10
Aragonite-CaCO3,	10
Arc	discharge	method,	62–63
AR-PAM,	see	Acoustic-resolution	photoacoustic	microscopy	(AR-PAM)
Atomic	force	microscopy	(AFM),	1,	22,	106,	107
Atomic	transfer	radical	polymerization	(ATRP),	11
ATRP,	see	Atomic	transfer	radical	polymerization	(ATRP)
Attenuation,	208
AuNCs,	see	Gold	nanoclusters	(AuNCs)
Autoclave,	64–65
Azadirachta	indica,	see	Neem	(Azadirachta	indica)
Azobisisobutyronitrile	(AIBN),	50,	157

B

BA,	see	n-butyl	acrylate	(BA)
Band	gap	energy,	213,	214
BBDG,	see	Bisphenol	A-brominated	diglycidyl	ether	(BBDG)
BDAC,	see	Benzyldimethylhexadecylammonium	chloride	hydrate	(BDAC)
BDGE,	see	Bisphenol	A	diglycidyl	ether	(BDGE)
Beer–Lambert–Bouguer	law,	83
Benzophenone	tetracarboxylic	acid	dianhydride	(BTDA),	183
Benzoyl	peroxide	(BP),	158
Benzyldimethylhexadecylammonium	chloride	hydrate	(BDAC),	66
Biodegradability,	7
Biodegradable	matrices,	PLS	nanocomposites	based	on,	278–285
Biological	methods,	45–46
Bionanocomposites	(BNCs),	189
Bio-nanomaterials,	8
Birefringence,	210
Bisphenol	A-brominated	diglycidyl	ether	(BBDG),	180
Bisphenol	A	diglycidyl	ether	(BDGE),	179
Bisphenol	A	propoxylate	diglycidyl	ether	(BPDG),	180



1,4-bis(trimethoxysilylethyl)benzene	(BTB),	180
Bis(trimethylsily1)sulfide	((TMS)2S),	42
BMI,	see	1-butyl	3-methyl	imidazolium	bis(trifuoromethylsulphonyl)imide	(BMI)
BNCs,	see	Bionanocomposites	(BNCs)
Boltzmann’s	theory,	139
Boron	nanowires	under	tension,	132
Bottom-up	approach,	38
Bottom-up	chemical	synthesis,	63–64
Bound	rubber,	22
Bovine	serum	albumin	(BSA),	39,	40,	44
BP,	see	Benzoyl	peroxide	(BP)
BPDG,	see	Bisphenol	A	propoxylate	diglycidyl	ether	(BPDG)
Bragg’s	law,	14
Brust-Schiffrin	method,	44
BSA,	see	Bovine	serum	albumin	(BSA)
BTB,	see	1,4-bis(trimethoxysilylethyl)benzene	(BTB)
BTDA,	see	Benzophenone	tetracarboxylic	acid	dianhydride	(BTDA)
Bulk	polymerization,	157;	see	also	In	situ	polymerization;	Miniemulsion	polymerization;

Ring-opening	polymerization
CNT–polymer	nanocomposites,	158
composite	fabrication	process,	159
DC	electrical	conductivity	vs.	MWNT	content,	160
“excluded	volume”	sites,	159
graphene–polymer	nanocomposites,	162–163

n-butyl	acrylate	(BA),	162
1-butyl	3-methyl	imidazolium	bis(trifluoromethylsulphonyl)imide	(BMI),	23

C

CaCO3,	see	Calcium	carbonate	(CaCO3)
Cadmium	sulfide	(CdS),	221

nanofilms,	72
Calcite-CaCO3,	10
Calcium	carbonate	(CaCO3),	10,	267
Camellia	sinensis,	see	Tea	(Camellia	sinensis)
Cantilever	deflection,	131
ε-caprolactam	(CL),	163
Carbon	(C),	91

arc	discharge,	62–63
carbon-based	NPs,	207
filler-based	polymer	nanocomposites,	267–268



Carbon	black	(CB),	17,	21,	22,	196
Carbon	black–reduced	graphene	(CB–RG),	194
Carbon	fiber	electrode	(CFE),	113
Carbon	fillers,	PNCs	thermal	properties	with,	193

PI,	194
plasticized	PLA-based	nanocomposites,	195–196
reinforced	composites	materials,	195
structure	of	PI–CB	composites,	197
synergistic	effect	of	AAPE,	196
TC,	198
thermal	and	thermooxidative	degradation,	197
thermal	properties	of	pure	PEN	film,	196

Carbonic	nanomaterials,	23
2-D	nanomaterials,	8

Carbon	nanofibers	(CNFs),	1,	23,	176,	269
Carbon	nanotube	reinforced	high-density	polyethylene	nanocomposites	(CNT/HDPE

nanocomposites),	194
Carbon	nanotubes	(CNTs),	1,	8,	11,	17,	63,	147,	150,	151,	154,	225,	266,	268–269
Carbon	tetrachloride	(CCl4),	272,	275
Carreau–Yasuda	model,	246
Cationic	exchange	capacity	(CEC),	97
CB,	see	Carbon	black	(CB)
CB–RG,	see	Carbon	black–reduced	graphene	(CB–RG)
CCl4,	see	Carbon	tetrachloride	(CCl4)
CDD,	see	Charge	difference	density	(CDD)
CdS,	see	Cadmium	sulfide	(CdS)
CE,	see	Counter	electrode	(CE)
CEC,	see	Cationic	exchange	capacity	(CEC)
Cellulose,	8
Ceramic	nanoparticle	synthesis,	46;	see	also	Metal	nanoparticle	synthesis;	Polymeric

nanoparticle	synthesis
aerosol	method,	48
CPT	method,	47–48
sol–gel	method,	46–47

Cetyl	trimethyl-ammonium	bromide	(CTAB),	43,	149,	183,	272
CTAB-Sep	system,	183

CFE,	see	Carbon	fiber	electrode	(CFE)
Charge	difference	density	(CDD),	63
Charge	transfer	complexes	(CTCs),	222
CHCl3,	see	Chloroform	(CHCl3)
Chemical



bath	technique,	72
polymerization,	56
precipitation	with	subsequent	thermal	treatment,	71–72
reduction,	44–45

Chemical	approach,	see	Bottom-up	approach
Chemical	vapor	deposition	(CVD),	8,	60,	70,	74
Chitosan,	271,	278
Chitosan-based	layered	silicate	nanocomposites,	282–285
Chlorauric	acid	(HAuC14),	44
Chloroform	(CHCl3),	272,	275
CL,	see	ε-caprolactam	(CL)
Clay	containing	nanocomposites,	234,	236–241
Clay	modified	epoxy	resins	(CME),	179
Clay–polymer	nanocomposites,	14
Clay-thermoplastic	nanocomposites,	14
CM,	see	Compression	molding	(CM)
CME,	see	Clay	modified	epoxy	resins	(CME)
CNFs,	see	Carbon	nanofibers	(CNFs)
CNT/HDPE	nanocomposites,	see	Carbon	nanotube	reinforced	high-density	polyethylene

nanocomposites	(CNT/HDPE	nanocomposites)
CNT–polymer	nanocomposites

bulk	polymerization,	158
miniemulsion	polymerization,	161–162
ring-opening	polymerization,	158–161

CNTs,	see	Carbon	nanotubes	(CNTs)
Coble	creep,	140
Coble	diffusion	mechanisms,	see	Nabarro–Herring	diffusion	mechanisms
COC,	see	Cyclic	olefin	copolymer	(COC)
Coefficient	of	friction	(COF),	26
Cold	flow,	see	Creep
Complex	refractive	index,	209
Compression	molding	(CM),	177
Conductive	polymer	nanoparticle	synthesis,	56

aniline	radical	cation	formation,	57
charge	transfer,	58
dimer	formation,	57
oxidation	of	aniline	hydrochloride,	59
PANI/graphene	nanocomposites,	60
PANI/graphene	nanoparticles,	59
stable	polysemiquinone	radical	cation,	58

Conjugated	polymers,	211



Convective	mixing,	53–54
Conventional	strength,	134
Coprecipitation	method	(CPT	method),	47–48
Core–shell	hybrid	materials,	195
Core–shell	ZnO/CuO	nanowires,	70
Counter	electrode	(CE),	112
Cox-Merz	rule,	252,	254
CPT	method,	see	Coprecipitation	method	(CPT	method)
Creep,	139–141
Cryogenic	transmission	electron	microscopy	(cryo-TEM),	1
cryo-TEM,	see	Cryogenic	transmission	electron	microscopy	(cryo-TEM)
Crystals,	129
CS,	see	Shell-derived	CaCO3	(CS)
CS	was	treated	with	furfural	(FCS),	10
CTAB,	see	Cetyl	trimethyl-ammonium	bromide	(CTAB)
CTCs,	see	Charge	transfer	complexes	(CTCs)
CVD,	see	Chemical	vapor	deposition	(CVD)
Cyclic	monomers,	157
Cyclic	olefin	copolymer	(COC),	178

D

DCP,	see	Dicumyl	peroxide	(DCP)
DDM,	see	(4,4′-diaminodiphenyl)methane	(DDM)
DDS,	see	(4,4′-diaminodiphenyl)sulfone	(DDS)
DDTMAB,	see	(dodecyl)trimethylammonium	bromide	(DDTMAB)
Deflection,	131
Deflection	angle,	131
Density	functional	theory	(DFT),	142,	143
DGEBA,	see	Diglycidyl	ether	of	bisphenol	A	(DGEBA)
(4,4′-diaminodiphenyl)methane	(DDM),	180,	191
(4,4′-diaminodiphenyl)sulfone	(DDS),	10,	191
Dicumyl	peroxide	(DCP),	177
Die	swell,	257–258
Diethylenetriaminepentaacetic	acid	(DTPA),	10
Differential	scanning	calorimetry	(DSC),	21,	174,	175
Differential	thermal	analysis	(DTA),	175
Diffraction	of	light,	84–85
Diglycidyl	ether	of	bisphenol	A	(DGEBA),	191
9,10	-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide	(DOPO),	191
Dimer	formation,	57



Dimethylammonium	chloride	(2HT),	272
Dimethylcadmium	(Me2Cd),	42
Dimethyl	dichlorosilane	(DDS),	see	4,4′-diaminodiphenyl)	sulfone	(DDS)
N,N-dimethylformamide	(DMF),	149
Direct	laser	irradiation,	45
Dispersion,	273,	275,	283
DLS,	see	Dynamic	light	scattering	(DLS)
DMF,	see	N,N-dimethylformamide	(DMF)
DMTA,	see	Dynamic	mechanical	thermal	analysis	(DMTA)
(dodecyl)trimethylammonium	bromide	(DDTMAB),	179
Doi-Edwards	theory,	252
DOPO,	see	9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide	(DOPO)
DSC,	see	Differential	scanning	calorimetry	(DSC)
DSSC,	see	Dye-sensitized	solar	cell	(DSSC)
DTA,	see	Differential	thermal	analysis	(DTA)
DTPA,	see	Diethylenetriaminepentaacetic	acid	(DTPA)
DWCNT-NH2,	see	Amino-functionalized	double-wall	CNT	(DWCNT-NH2)
Dye-sensitized	solar	cell	(DSSC),	89

operating	principle,	92
Dynamic	light	scattering	(DLS),	87,	88
Dynamic	mechanical	analysis,	see	Dynamic	mechanical	thermal	analysis	(DMTA)
Dynamic	mechanical	spectroscopy,	see	Dynamic	mechanical	thermal	analysis	(DMTA)
Dynamic	mechanical	thermal	analysis	(DMTA),	174,	175

E

EB,	see	Emeraldine	base	(EB)
EBS,	see	N,N′-ethylenebis(stearamide)	(EBS)
EDA,	see	Ethylenediamine	(EDA)
EG,	see	Expanded	graphite	(EG)
EL,	see	Electroluminescence	(EL)
Elastomeric	nanocomposites,	20;	see	also	Thermoplastic	nanocomposites;	Thermoset

nanocomposites
elastomers	filled	with	0-D	nanomaterials,	20–22
elastomers	filled	with	1-D	nanomaterials,	22–24
elastomers	filled	with	2-D	nanomaterials,	24–25
mechanical	loss	factor,	21
trend	s	in,	26–27

Electric	field-directed	nanotube	growth,	60–61
Electrochemical

methods,	12



oxidation	synthesis,	56
polymerization,	56

Electroluminescence	(EL),	209
of	polymer	nanocomposites,	222–223

Electromagnetic	field,	85,	86
Electromagnetic	interference	(EMI),	20
Electro-optical	sensors,	95
Electrophoresis-assisted	electroless	deposition,	70
Electrophoretic	deposition	process	(EPD	process),	11
Emeraldine	base	(EB),	59
Emeraldine	salt	(ES),	56,	58

PANI,	59
EMI,	see	Electromagnetic	interference	(EMI)
Emulsion	polymerization	method,	49

core–shell	nanoparticle,	50–51
core–shell	system,	51
inverse	emulsion	polymerization,	49,	50,	51
microsizes	of	starch	granules,	53
PAM	nanoparticles,	52
polymerization	reaction,	50

Enhanced	oil	recovery	process	(EOR	process),	49
ENR,	see	Epoxidized	natural	rubber	(ENR)
Environmental	scanning	electron	microscopy	(ESEM),	108
EOR	process,	see	Enhanced	oil	recovery	process	(EOR	process)
EP,	see	Epoxy	(EP)
EPDM,	see	Ethylene-propylene-diene	terpolymer	(EPDM)
EPD	process,	see	Electrophoretic	deposition	process	(EPD	process)
Epoxidized	natural	rubber	(ENR),	20
Epoxy	(EP),	266

hybrid	nanocomposites,	180
NCs	of	silicates	with	epoxy	resin,	179–180
resin,	191

ES,	see	Emeraldine	salt	(ES)
ESEM,	see	Environmental	scanning	electron	microscopy	(ESEM)
Etching-based	technique,	40
N,N′-ethylenebis(stearamide)	(EBS),	183
Ethylene-co-vinyl	acetate	(EVA),	see	Poly(ethylene-co-vinyl	acetate)	(EVA)
Ethylenediamine	(EDA),	73
Ethylene-propylene-diene	terpolymer	(EPDM),	177
Ethylene-vinyl	acetate	(EVA),	see	Poly(ethylene-co-vinyl	acetate)	(EVA)
EVA,	see	Poly(ethylene-co-vinyl	acetate)	(EVA)



Expanded	graphite	(EG),	195
Extensional	flow,	rheological	behavior	in,	254–257
Extinction	coefficient,	209
Extrudate	distortion,	257–258
Extrusion	instabilities,	257–258

F

Fatigue	behavior	of	nanoparticles,	138–139
FCB,	see	Functionalized	carbon	black	(FCB)
FCS,	see	CS	was	treated	with	furfural	(FCS)
FDA,	see	Food	and	Drug	Administration	(FDA)
Fe2O3,	see	Hematite	(Fe2O3)
Fe3O4,	see	Magnetite	(Fe3O4)
Fiber-optic	nanosensors,	95
Fibrous	morphology,	22–23
Fillers,	7,	147

carbon,	193–194
fibrous,	22
inorganic,	188
nanomaterials	as,	16
NPs	as,	6
organic,	198–199
Platy,	19
in	PNCs,	176
polymer	nanocomposites,	176,	268–269
POSS,	191
rGO,	151
TRG,	154,	155

Fire	retardancy	(FR),	see	Flame	retardancy	(FR)
First-order	susceptibility,	210
Flame	retardancy	(FR),	179,	180
Flocculate,	42
Flow	rate	rations	(FRs),	53
Fluorescence,	209
Fluorine	(F),	91
Fluorohectorite,	239
FNP,	see	Fullerene-like	nanoparticles	(FNP)
Food	and	Drug	Administration	(FDA),	99
Fourier	transform	infrared	(FTIR),	161
FR,	see	Flame	retardancy	(FR)



Fracture	toughness	of	nanoparticles,	138
FRs,	see	Flow	rate	rations	(FRs)
FTIR,	see	Fourier	transform	infrared	(FTIR)
Fullerene-like	nanoparticles	(FNP),	10
Fullerenes,	6–7
Functionalization	of	nanocomposites	preparation
CNTs,	148–149

graphene	and	derivatives,	149,	151
Functionalized	carbon	black	(FCB),	197

G

Generalized	Maxwell	Model,	240
Germ,	61
Germling,	61
GFP,	see	Green	fluorescent	protein	(GFP)
g-GO,	see	Grafted	graphene	oxide	(g-GO)
Glass	nanofibers,	8
Glycerol	effect,	280–282

3-glycidoxypropyl(trimethoxy)-silane	(GOP-TMOS),	178,	180
(3-glycidoxypropyl)trimethoxysilane	(GPTMS),	see	3-glycidoxypropyl(trimethoxy)-silane

(GOP-TMOS)
Glycidyl	methacrylate	(GMA),	48
3-glycidyloxypropyl(trimethoxy)silane	(GOTMS),	185

GMA,	see	Glycidyl	methacrylate	(GMA)
GNP,	see	Graphite	nanoplatelets	(GNP)
GNRs,	see	Gold	nanorods	(GNRs)
GO,	see	Graphene	oxide	(GO)
Gold	(Au),	45,	91

ions,	66
Gold	nanoclusters	(AuNCs),	39

synthesis,	41
Gold	nanorods	(GNRs),	122
GOP-TMOS,	see	3-glycidoxypropyl(trimethoxy)-silane	(GOP-TMOS)
GOTMS,	see	3-glycidyloxypropyl(trimethoxy)silane	(GOTMS)
Grafted	graphene	oxide	(g-GO),	163
“Grafting	from”	method,	158,	257
Grafting	method,	54–55
“Grafting	to”	method,	257
Graphene,	8,	13,	25

and	derivatives,	149,	151
graphene-based	nanocoatings,	73–74



patch	formation	from	alizarin,	65
Graphene	nanocomposites,	151,	154

DC	surface	resistance,	156
schematic	diagrams	of	TRG/TPU	nanocomposites,	155
SEM	image,	152
steps	for	forming	TRG/PVDF	nanocomposite,	153
TEM	images,	156,	157
XRD	patterns,	152

Graphene	oxide	(GO),	13,	149,	194
Graphene–polymer	nanocomposites

bulk	polymerization,	162–163
miniemulsion	polymerization,	165–167
ring-opening	polymerization,	163–164

Graphite	nanoplatelets	(GNP),	19,	195
Green	fluorescent	protein	(GFP),	122
Green	synthesis,	115

H

HA,	see	Hydroxyapatite	(HA)
Halloysite,	22
Halloysite	nanotubes	(HNT),	22,	177,	182
Hall–Petch

breakdown,	135
coefficient,	134
equation,	140
relation,	134–135

Hardening,	254
Hardness	of	nanoparticles,	135

microindentation	analysis,	135–136
nanoindentation	analysis,	136–138

HAuC14,	see	Chlorauric	acid	(HAuC14)
HDPE,	see	High-density	polyethylene	(HDPE)
HDT,	see	Heat	deflection	temperature	(HDT)
HDTMA,	see	Hexadecyl(trimethyl)ammonium	(HDTMA)
HDTPP,	see	Hexadecyl(triphenyl)phosphonium	(HDTPP)
Heat	deflection	temperature	(HDT),	175,	177,	179
Heat	distortion	temperature,	see	Heat	deflection	temperature	(HDT)
Heating	process,	71
Heat	release	rate	(HRR),	14
Heat	resistance	of	polymers,	174



factors	affecting	thermal	properties	of	polymeric	materials,	174
polymer	composites	thermal	behavior	determination,	174–176
polymer	composites	thermal	stability	determination,	174–176

Hellmann	-	Feynman	theorem,	129
Hematite	(Fe2O3),	213
Hermans’	function,	251
Hexadecyl(trimethyl)ammonium	(HDTMA),	180
Hexadecyl(triphenyl)phosphonium	(HDTPP),	180
Hierarchical	polymer	nanocomposites,	269–270
High-density	polyethylene	(HDPE),	184,	189,	194,	197,	266,	271
Highest	occupied	molecular	orbital	(HOMO),	222
Highly	oriented	pyrolytic	graphite	(HOPG),	73
High	molecular	weight	(HMW),	253
High	resolution	scanning	electron	microscopy	(HRSEM),	1
High-resolution	transmission	electron	microscopy	(HRTEM),	106,	110
HLB	range,	see	Hydrophilic–lipophilic	balance	range	(HLB	range)
HMW,	see	High	molecular	weight	(HMW)
HNBR,	see	Hydrogenated	acrylonitrile	butadiene	rubber	(HNBR)
HNT,	see	Halloysite	nanotubes	(HNT)
HOMO,	see	Highest	occupied	molecular	orbital	(HOMO)
HOPG,	see	Highly	oriented	pyrolytic	graphite	(HOPG)
HRR,	see	Heat	release	rate	(HRR)
HRSEM,	see	High	resolution	scanning	electron	microscopy	(HRSEM)
HRTEM,	see	High-resolution	transmission	electron	microscopy	(HRTEM)
2HT,	see	Dimethylammonium	chloride	(2HT)
Hummers	method,	13–14,	74
Hybrid	organic–inorganic	membrane	materials,	185
Hydrazine	hydrate,	74
Hydrogenated	acrylonitrile	butadiene	rubber	(HNBR),	22
Hydrophilic–lipophilic	balance	range	(HLB	range),	49
Hydrothermal	method,	64–65

combined	with	mild	ultrasonic	sonication,	73
Hydroxyapatite	(HA),	46
Hyperspectral	imaging,	122
Hyperspectral	microscopy,	116;	see	also	Photoacoustic	microscopy	(PA	microscopy);

Scanning	electrochemical	microscopy	(SECM);	Scanning	electron	microscopy	(SEM);
Transmission	electron	microscopy	(TEM)

AOTF,	118
for	cellular	study,	121–122
epi-illumination	dark-field	microspectroscopy	system,	118	–119
hyperspectral	dark-field	system,	120



hyperspectral	imaging,	122

I

ICTOS,	see	(isocyanatopropyl)triethoxysilane	(ICTOS)
IDT,	see	Initial	decomposing	temperature	(IDT)
IEC,	see	International	Electrotechnical	Commission	(IEC)
IFR–PU–starch,	see	Intumescent	flame	retardant	polyurethane–starch	(IFR–PU–starch)
iGO,	see	Isocyanate-treated	graphene	oxide	(iGO)
Imidized	PI,	187
Indium	tin	oxide	(ITO),	56
Infrared	(IR),	3,	87,	208
Initial	decomposing	temperature	(IDT),	174,	180
Inorganic	fillers,	20

PNCs,	266–267
thermal	properties	of	PNCs,	188–191

Inorganic	phases	in	clay	particles,	180
In	situ	liquid	transmission	method,	110
In	situ	polymerization,	55–56,	148,	157;	see	also	Miniemulsion	polymerization;	Ring-

opening	polymerization
CNT–polymer	nanocomposites,	158–162
graphene–polymer	nanocomposites,	162–167
miniemulsion	polymerization,	158
techniques,	157

Insulation	class,	175
Integral	procedural	decomposition	temperature	(IPDT),	174,	191
Intensity	of	scattered	light,	215
Interaction	light-matter,	81–82
Interfacial	strength,	270
International	Electrotechnical	Commission	(IEC),	175
International	system	units	(SI	units),	211
Intumescent	flame	retardant	polyurethane–starch	(IFR–PU–starch),	199
Inverse	emulsion	polymerization,	49,	51
IPDT,	see	Integral	procedural	decomposition	temperature	(IPDT)
IR,	see	Infrared	(IR)
Iron	oxide	(Fe2O3),	176

nanocube	mesocrystals,	111
nanoflakes,	8

Isocyanate-treated	graphene	oxide	(iGO),	149
(isocyanatopropyl)triethoxysilane	(ICTOS),	186
ITO,	see	Indium	tin	oxide	(ITO)



L

Labyrinth	effect,	179
Lambert–Beer	law,	83
Laponite	(Lp),	272
Laser	ablation	method,	62
Laser	scanning	confocal	microscopy	(LSCM),	1
Layered	double	hydroxides	(LDH),	9,	25
Layered	nanoparticles,	244
Layered	polymer	nanocomposites,	266–267
Layered	silicates,	14
LCST,	see	Low	critical	solution	temperature	(LCST)
LDH,	see	Layered	double	hydroxides	(LDH)
LDPE,	see	Low	density	polyethylene	(LDPE)
Lead	sulfide	(PbS),	213
LEDs,	see	Light	emitting	diodes	(LEDs)
LEP,	see	Light	emitting	polymers	(LEP)
LHE,	see	Light	harvesting	efficiency	(LHE)
Light

absorption,	83–84
diffraction,	84–85
interactions	with	polymer,	208
light-absorbing	dyes	and	nanomaterials	combination,	89–91
reflection,	82
refraction,	82
scattering,	83–84

Light	emitting	diodes	(LEDs),	207
Light	emitting	polymers	(LEP),	209
Light	harvesting	efficiency	(LHE),	90
Limiting	oxygen	index	(LOI),	189
Linear	low-density	polyethylene	(LLDPE),	153–154
Linear	optical	properties,	82

absorption	of	light,	83–84
diffraction	of	light,	84–85
of	NPs,	211–214
photo-and	electroluminescence	of	PNCs,	222–223
of	polymer,	208–210
reflection	of	light,	82
refraction	of	light,	82
refractive	index	of	PNCs,	217–220
scattering	of	light,	83–84
transparency	of	PNCs,	215–217



UV	absorption	in	PNCs,	220–222
Linear	refractive	index,	209
Linear	viscoelastic	regime,	polymer	nanocomposites	rheological	behavior	in;	see	also

Nonlinear	viscoelastic	regime,	rheological	behavior	polymer	nanocomposites	in
clay	containing	nanocomposites,	236–241
matrix	anisotropy	effect,	243–244
nanoparticles	effect,	241–243
phenomenological	and	mathematical	models,	244–248

LLDPE,	see	Linear	low-density	polyethylene	(LLDPE)
LMW,	see	Low	molecular	weight	(LMW)
Localized	surface	plasmon	resonance	(LSPR),	115
LOI,	see	Limiting	oxygen	index	(LOI)
Loss	modulus,	275,	277
Low	critical	solution	temperature	(LCST),	54
Low	density	polyethylene	(LDPE),	177,	254,	271

mechanical	properties	of	LDPE	nanocomposites,	277
Lowest	unoccupied	molecular	orbital	(LUMO),	222
Low	molecular	weight	(LMW),	253
Lp,	see	Laponite	(Lp)
LSCM,	see	Laser	scanning	confocal	microscopy	(LSCM)
LSPR,	see	Localized	surface	plasmon	resonance	(LSPR)
Luminescence	up-conversion	(LUC),	214
Luminescent	carbon	nanoparticles	(OCN),	115
LUMO,	see	Lowest	unoccupied	molecular	orbital	(LUMO)

M

Macroazoinitiator	(MAI),	162
Macroporous	materials,	74
Magnetite	(Fe3O4),	20,	213

nanoparticles,	47
MAI,	see	Macroazoinitiator	(MAI)
MAOM-TMOS,	see	(methacryloxy)methyl(trimethoxy)	silane	(MAOM-TMOS)
MA-polyhedral	oligomeric	silsesquioxane	(MA-POSS),	11
Martens	method	174
Mass	loss	rate	(MLR),	14
Mathematical	models,	244–248
Matrix

anisotropy	effect,	243–244
polarity,	271

Maxwell-Garnett	effective	medium	theory,	218,	219



MBE,	see	Molecular	beam	epitaxy	(MBE)
MCAPP,	see	Microencapsulated	ammonium	polyphosphate	(MCAPP)
MD,	see	Molecular	dynamics	(MD)
Mechanical	exfoliation,	73–74
Medium	molecular	weight	(MMW),	253
Melt	compounding,	154;	see	also	Solution	mixing

graphene	/polymer	nanocomposites,	154–157
polymer	nanocomposites,	154

Mesoporous	materials,	74
Mesoporous	silica,	74,	184
Mesoporous	silica	nanospheres	(MSNs),	186
Metal	nanocluster	synthesis,	38

microwave-assisted	synthesis,	39
sonochemical	synthesis,	40
Wang’s	group,	38–39

Metal	nanoparticles,	6,	20
Metal	nanoparticle	synthesis,	44;	see	also	Ceramic	nanoparticle	synthesis;	Polymeric

nanoparticle	synthesis
biological	methods,	45–46
chemical	reduction,	44–45
direct	laser	irradiation,	45

Metal–organic	chemical	vapor	deposition	method	(MOCVD	method),	66
growth	of	ZnO	nanorods,	69

(methacryloxy)methyl(trimethoxy)silane	(MAOM-TMOS),	178
(3-methacryloxypropyl)dimethylchlorosilane,	184
4,4′-methylenedianiline	(DDM),	see	(4,4′-diaminodiphenyl)methane	(DDM)
Methyl	methacrylate	(MMA),	158
Microemulsion,	40,	42,	43
Microencapsulated	ammonium	polyphosphate	(MCAPP),	199
Microfluidic	method,	53–54
Microindentation	analysis,	135–136
Microporous	materials,	74
Microscopy,	106

hyperspectral	microscopy,	116–122
PA	microscopy,	114–116
SECM,	112–114
SEM,	106–109
TEM,	109–112

Microwave-assisted	synthesis,	39
Microwave	heating	method,	62

growth	method,	71



Microwave	irradiation	(MWI),	39
Mie	scattering,	215
Mie	theory,	84,	212
Mild	ultrasonic	sonication,	hydrothermal	method	combined	with,	73
Miniemulsion	polymerization,	158,	161,	165;	see	also	Bulk	polymerization;	In	situ

polymerization;	Ring-opening	polymerization
CNT–polymer	nanocomposites,	161–162
SEM	micrograph,	162
synthesis	of	polymer	nanocomposite	lattices,	165
TEM	micrographs	of	poly(St-BA)/GO	nanocomposite,	166
volume-based	particle	size	distribution,	167

MLD,	see	Molecular	layer	deposition	(MLD)
MLG,	see	Multilayer	graphene	(MLG)
MLR,	see	Mass	loss	rate	(MLR)
MMA,	see	Methyl	methacrylate	(MMA);	Monomer	n-butyl	acrylate	(MMA)
MMT,	see	Montmorillonite	(MMT)
MMW,	see	Medium	molecular	weight	(MMW)
MOCVD	method,	see	Metal–organic	chemical	vapor	deposition	method	(MOCVD	method)
Molecular	beam	epitaxy	(MBE),	70
Molecular	dynamics	(MD),	142
Molecular	layer	deposition	(MLD),	72–73
Molecular	seeds	self	assembly,	61
Molecular-weight	cutoffs	(MWCO),	40
Molybdenum	disulfide	(MoS2),	10
Monomer	n-butyl	acrylate	(MMA),	162
Montmorillonite	(MMT),	176,	194,	272
MoS2,	see	Molybdenum	disulfide	(MoS2)
MSNs,	see	Mesoporous	silica	nanospheres	(MSNs)
Multilayer	graphene	(MLG),	198
Multiwall	carbon	nanotubes	(MWCNTs),	11,	12,	62,	193,	197,	242
Multiwalled	nanotubes	(MWNTs),	60,	148
MWCNTs,	see	Multiwall	carbon	nanotubes	(MWCNTs)
MWCO,	see	Molecular-weight	cutoffs	(MWCO)
MWI,	see	Microwave	irradiation	(MWI)
MWNTs,	see	Multiwalled	nanotubes	(MWNTs)

N

Nabarro–Herring	diffusion	mechanisms,	139
NaMMT,	see	Sodium	MMT	(NaMMT)
Nanoalumina	(Al2O3),	266



Nano-and	micro-sized	magnetic	particles,	47
Nano-CaCO3,	10–11
Nanocatalysis,	2
Nanocharacterization,	106
Nanoclay-based	pigments	(NCP),	97,	98
Nanoclays,	234
Nanoclusters	(NCs),	38
Nanocoatings,	73–74
Nanocolorants,	96

FDA,	99
organically	modified	nanoclays,	98
surface	plasmon	resonance,	97

Nanocomposites	(NCs),	1–3,	5,	176,	207,	233–235;	see	also	Polymer	nanocomposites
(PNCs)

functionalization,	148–151
in	situ	polymerization,	157–167
melt	compounding,	154–157
of	PMMA	with	silica,	184–185
of	polyamide-imides	and	polyimides	with	silica,	185–187
of	polycarbonate	with	silica,	185
of	polyethylene	with	silica,	184
polymer	matrices	in,	176–177
polymers	in,	178–179
of	PR	with	SBA-15,	185
of	PS	with	silica,	184
of	silicates	with	epoxy	resins,	179–180
of	silicates	with	PI,	183–184
of	silicates	with	PLA,	182–183
of	silicates	with	PMMA,	polyesters,	polyurethanes,	and	polyethersulfone,	180–182
of	silicates	with	polyolefins	and	vinyl	polymers,	177–179
solution	mixing,	151–154

Nanofillers,	12
Nanofilm	synthesis,	71

chemical	bath	technique,	72
chemical	precipitation	with	subsequent	thermal	treatment,	71–72
MLD,	72–73

Nanoindentation	analysis,	136–138
Nanomaterials,	1,	5,	105,	129;	see	also	Synthesis	of	nanomaterials

advantages,	2
boron	nanowires	under	tension,	132
challenges	and	opportunities,	2



classification,	38
complex	structure,	9
to	detection	of	explosives,	96
and	light-absorbing	dyes	combination,	89–91
mechanical	characteristics,	129
mechanical	properties,	130
metal	nanoclusters	synthesis,	38–40
NPs	synthesis,	43–60
numerical	modeling,	142–143
1-D	nanomaterials,	7–8,	60–71
in	optical	applications,	88–99
optical	characterization,	87–88
physical	and	chemical	approach,	39
QDs	synthesis,	40–43
three-dimensional	materials,	74–75
2-D	nanomaterials,	8–9,	71–74
types,	6
0-D	nanomaterials,	6–7,	38

Nanooxides,	266
Nanoparticles	(NPs),	6,	38,	43,	88,	94,	108,	176,	207,	211,	244

ceramic	nanoparticle	synthesis,	46–48
commercial	applications	of	inorganic	NPs,	90
creep,	139–141
effect,	241–243
fatigue	behavior,	138–139
fracture	toughness,	138
hardness,	135–138
linear	optical	properties,	211–214
metal	nanoparticle	synthesis,	44–46
nonlinear	optical	properties,	214–215
polymeric	nanoparticle	synthesis,	48–60
strength,	130–135
synthesis,	43
types,	89

Nanopigments,	96
FDA,	99
NCP,	98
in	solid	state,	97–98

Nanoporous	materials,	9
Nanoreactors,	43
Nanorod	synthesis,	64



graphene	patch	formation	from	alizarin,	65
MOCVD	method,	66–69
seed-mediated	and	seedless	methods,	65–66
simple	hydrothermal	method,	64–65
vapor	phase	synthesis,	69–70

Nanoseed-mediated	microwave	heating	growth	method,	71
Nanosensor,	94
Nanosilica	(SiO2),	10,	266
Nanostructured	surface	plasmon	resonance	sensors,	95
Nanotechnology,	75,	105–106
Nanotube,	23

arc	discharge	method,	62–63
bottom-up	chemical	synthesis,	63–64
CVD,	60
electric	field-directed	nanotube	growth,	60–61
laser	ablation	method,	62
microwave	heating	method,	62
molecular	seeds	self	assembly,	61
synthesis,	60

Nanowire	(NW),	70
electrophoresis-assisted	electroless	deposition,	70
microwave	heating	growth	method,	71
subdiffraction	laser	synthesis,	70
synthesis,	70

Natural	bentonite	(NBt),	178
Natural	rubber	(NR),	20
NBR,	see	Acrylonitrile	butadiene	rubber	(NBR)
NBt,	see	Natural	bentonite	(NBt)
NCP,	see	Nanoclay-based	pigments	(NCP)
NCs,	see	Nanoclusters	(NCs);	Nanocomposites	(NCs)
Neem	(Azadirachta	indica),	46
NH4HCO3,	see	Ammonium	bicarbonate	(NH4HCO3)
NIPAM	-	co	-	AA,	see	N-isopropylacrylamide	and	acrylic	acid	(NIPAM-co-AA)
N-isopropylacrylamide	and	acrylic	acid	(NIPAM-co-AA),	54
Nitrogen	(N),	91
N-methyl-pyrrolidone	(NMP),	149
NMP,	see	N-methyl-pyrrolidone	(NMP)
Nonlinear	optical	properties,	85–87;	see	also	Linear	optical	properties

of	NPs,	214–215
of	polymer,	210–211
of	polymer	nanocomposites,	223–225



Nonlinear	optic	applications,	nanomaterials	in,	99
Nonlinear	refractive	index,	211
Nonlinear	susceptibilities,	210
Nonlinear	viscoelastic	behavior,	249
Nonlinear	viscoelastic	regime,	rheological	behavior	polymer	nanocomposites	in,	248–249;

see	also	Linear	viscoelastic	regime,	polymer	nanocomposites	rheological	behavior	in
clay	addition	effect	on	die	swell	and	extrusion	instabilities,	257–258
rheological	behavior	in	extensional	flow,	254–257
shear	viscosity	as	shear	rate	function,	252–254
under	well-defined	transient	shear	flows,	249–252

Nonpolar	matrices,	PLS	nanocomposites	based	on,	271–278
NPs,	see	Nanoparticles	(NPs)
NR,	see	Natural	rubber	(NR)
Numerica	l	modeling,	142–143
NW,	see	Nanowire	(NW)
Nylon-6	(PA6),	266

O

OA,	see	Oleic	acid	(OA)
OCN,	see	Luminescent	carbon	nanoparticles	(OCN)
Octadecylamine	(ODA),	154
(octadiphenylsulfonyl)	silsesquioxane	(ODPSS),	191
Octapropylglycidylether	silsesquioxane	(OGPOSS),	191
ODA,	see	Octadecylamine	(ODA);	4,4′-oxydianaline	(ODA)
ODPSS,	see	(octadiphenylsulfonyl)	silsesquioxane	(ODPSS)
OGPOSS,	see	Octapropylglycidylether	silsesquioxane	(OGPOSS)
Oil-in-water	emulsion,	43
OLEDs,	see	Organic	light	emitting	diodes	(OLEDs)
Oleic	acid	(OA),	163
OLp,	see	Organophilic	(OLp)
OMMT,	see	Organically	modified	montmorillonite	(OMMT)
OMt,	see	Organophilic	montmorillonite	(OMt)
One-dimensional	nanomaterials,	7–8,	60;	see	also	Two-dimensional	nanomaterials;	Zero-

dimensional	materials
elastomers	filled	with,	22–24
nanorods	synthesis,	64–70
nanotubes	synthesis,	60–64
nanowires	synthesis,	70–71
thermoplastics	filled	with,	11–12
thermosets	filled	with,	17–19

Onset	of	nonlinearity,	237



OOT,	see	Oxidative	onset	temperature/time	(OOT)
Optical	applications,	nanomaterials	in,	88

H2	microscope	experimental	setup,	99
nanocolorants,	96–99
nanopigments,	96–99
in	nonlinear	optic	applications,	99
in	optical	detector	and	sensors,	94–96
in	solar	cell,	photocatalysis,	and	photoelectrochemistry,	88–94

Optical	characterization	of	nanomaterials,	87–88
Optical	detector	and	sensors,	nanomaterials	in,	94–96
Optical	detector,	nanomaterials	in,	94–96
Optical	“pumping”,	214
Optical-resolution	photoacoustic	microscopy	(OR-PAM),	115
Optics,	81

interaction	light-matter,	81–82
linear	optical	properties,	82–85
nonlinear	optical	properties,	85–87

Organically	modified	montmorillonite	(OMMT),	177
Organically	modified	nanoclays,	98
Organic	fillers,	20

NPs,	176
thermal	properties	of	PNCs,	198–199

Organic	fillers,	PNCs	thermal	stability	with,	198–199
Organic	light	emitting	diodes	(OLEDs),	2,	222
Organophilic	(OLp),	272,	275
Organophilic	montmorillonite	(OMt),	272,	274,	278
Organophilic	sepiolite,	19
OR-PAM,	see	Optical-resolution	photoacoustic	microscopy	(OR-PAM)
ORR,	see	Oxygen	reduction	(ORR)
Ostwald	ripening	process,	65
Oxidative	onset	temperature/time	(OOT),	175
4,4′-oxydianaline	(ODA),	186
Oxygen	reduction	(ORR),	112

P

PA,	see	Phenylacetylene	(PA);	Polyamide	(PA)
PAA,	see	Polyamic	acids	(PAA)
PA	-	I,	see	Polyamide-imide	resin	(PA-I)
Palladium	(Pd),	91
Palladium–graphene	junctions,	8



PAM,	see	Polyacrylamide	(PAM)
PA	microscopy,	see	Photoacoustic	microscopy	(PA	microscopy)
PANI,	see	Polyaniline	(PANI)
Particle–particle	interactions,	251–252
Particulate	nanomaterials,	6
PA6,	see	Nylon-6	(PA6)
Patterned	gold	nanodisk	arrays,	8
Payne	effect,	21
PBA,	see	Polybutyl	acrylate	(PBA)
PBA-a,	see	Polybenzoxazine	(PBZ)
PBIAs,	see	Poly(benzimidazole-amide)s	(PBIAs)
PbS,	see	Lead	sulfide	(PbS)
PBS,	see	Polybutylene	succinate	(PBS)
PBZ,	see	Polybenzoxazine	(PBZ)
PC,	see	Polycarbonate	(PC)
PCL,	see	Poly	(ε-caprolactone)	(PCL)
PDI,	see	Polydispersity	(PDI)
PDLA,	see	Poly(D-lactic	acid)	(PDLA)
PDMS,	see	Polydimethylsiloxane	(PDMS)
PE,	see	Polyethylene	(PE)
PEG,	see	Poly(ethylene	glycol	(PEG)
PEMAA,	see	Poly(ethylene-co-(methacrylic	acid))	(PEMAA)
PEN,	see	Poly(ethylene	naphthalene	2,	6-dicarboxylate)	(PEN);	Polyarylene	nitrile	ethers

(PEN)
PEO,	see	Polyethylene	oxide	(PEO)
PES,	see	Polyethersulfone	(PES)
PES	with	hydroxyl	chain	ends	(PES(OH)),	182
PET,	see	Polyethylene	terephthalate	(PET)
Petrochemical-based	plastics,	271
Phenolic	resin	(PR),	185
Phenomenological	models,	244–248
Phenylacetylene	(PA),	12
Phosphorus	(P),	91
Photoacoustic	microscopy	(PA	microscopy),	114;	see	also	Hyperspectral	microscopy;

Scanning	electrochemical	microscopy	(SECM);	Scanning	electron	microscopy	(SEM);
Transmission	electron	microscopy	(TEM)

advantages	and	limitations,	116
application	of	PA	imaging,	114–115
nanoparticles	characterized	by,	115–116
PAM	and	micro-CT	images	of	PLGA	scaffolds,	116

Photoacoustic	waves,	114



Photocatalysis,	88
nanomaterials	and	light-absorbing	dyes	combination,	89–91
quantum	dots,	91–94

Photoelectrochemistry,	88
nanomaterials	and	light-absorbing	dyes	combination,	89–91
quantum	dots,	91–94

Photoluminescence	(PL),	3,	203
photoluminescent	nanosensors,	95
of	polymer	nanocomposites,	222–223

Photoreductive	synthesis,	40
Photovoltaic	cells,	88–89
Photovoltaic	effect,	88–89
Physical	jamming,	241
PI,	see	Polyimides	(PI);	Polyisoprene	(PI)
Pickering	emulsion,	166
Piezoresistive	behavior,	23
PL,	see	Photoluminescence	(PL)
PLA,	see	Polylactic	acid	(PLA)
PLA-grafted	silica	nanoparticles,	256
PLA/HNTs,	see	PLA	with	halloysite	nanotubes	(PLA/HNTs)
Plasma	polymerized	aniline	(PPani),	223
Plasticized	PLA-based	nanocomposites,	195–196
Platinum	(Pt),	91
PLA	with	halloysite	nanotubes	(PLA/HNTs),	183
PLD,	see	Pulsed-laser	deposition	technique	(PLD)
PLGA,	see	Poly(lactic-co-glycolic	acid)	(PLGA)
PLLA,	see	Poly(L-lactic	acid)	(PLLA)
PLS	NCs,	see	Polymer	layered	silicate	nanocomposites	(PLS	NCs)
PMAA,	see	Polymethylacrylic	acid	(PMAA)
PMAA-Na,	see	Polymethacrylic	acid	sodium	salt	(PMAA-Na)
PMDA,	see	Pyromellitic	dianhydride	(PMDA)
PMMA,	see	Poly(methyl	methacrylate)	(PMMA)
PMMA-co-PTMSM,	see	Poly(methyl	methacrylate)-co-poly[3-tri(methoxy)silylpropyl

methacrylate]	(PMMA-co-PTMSM)
PMMA/TiO2	NCs,	224
PNCs,	see	Polymer	nanocomposites	(PNCs)
Polarization,	210
Polar	polymers,	151
Polyacetal	copolymers	(POM),	189
Polyacrylamide	(PAM),	49

inverse	emulsion	polymerization,	49,	50



Polyamic	acids	(PAA),	186
Polyamide	(PA),	176

PA6,	14
Polyamide-imide	resin	(PA-I),	185

NCs	with	silica,	185–187
Polyaniline	(PANI),	12,	56,	198

emeraldine	salt,	59
PANI/graphene	nanocomposites,	60
polymer	formation,	57
protonic	acid	doping,	58

Polyarylene	nitrile	ethers	(PEN),	195
Poly(benzimidazole-amide)s	(PBIAs),	189
Polybenzoxazine	(PBZ),	188,	197
Polybutyl	acrylate	(PBA),	162
Polybutylene	succinate	(PBS),	266
Polycarbonate	(PC),	267
Polydimethylsiloxane	(PDMS),	53,	176
Polydispersity	(PDI),	53
Poly(D-lactic	acid)	(PDLA),	11
Polyethersulfone	(PES),	182
Poly	(ε-caprolactone)	(PCL),	182
Polyethylene	(PE),	154,	177,	271
Polyethylene-based	nanocomposites,	275–278
Poly(ethylene-co-(methacrylic	acid))	(PEMAA),	154
Poly(ethylene-co-vinyl	acetate)	(EVA),	194,	195,	238,	250,	266
Poly(ethylene	glycol	(PEG),	182
Poly(ethylene	naphthalene	2,	6-dicarboxylate)	(PEN),	181
Polyethylene	oxide	(PEO),	151
Polyethylene	terephthalate	(PET),	155,	157,	181,	195,	266
Polyhedral	oligomeric	silsesquioxane	(POSS),	20–21,	191,	241

PNCs	thermal	stability	with	POSS	fillers,	191–193
Polyimides	(PI),	177,	183,	194,	196,	267

NCs	with	silica,	185–187
PI–silica	hybrids,	186

Polyisoprene	(PI),	22
Polylactic	acid	(PLA),	177,	182,	256,	257,	266
Poly(lactic-co-glycolic	acid)	(PLGA),	53
Polylactide	(PLA),	see	Polylactic	acid	(PLA)
Poly(L-lactic	acid)	(PLLA),	11
Polymer

fillers	in	PNCs,	176



linear	optical	properties,	208–210
matrices	in	NCs,	176–177
nonlinear	optical	properties,	210–211

Polymer	composites
bulk	polymerization	approach	use,	162–163
thermal	behavior	and	thermal	stability	determination,	174–176

Polymeric	materials,	7,	235
affecting	factors	for	thermal	properties,	174

Polymeric	nanoparticle	synthesis,	48;	see	also	Ceramic	nanoparticles	synthesis;	Metal
nanoparticle	synthesis

conductive	polymer	nanoparticles	synthesis,	56–60
emulsion	polymerization	method,	49–53
grafting	method,	54–55
in-situ	polymerization	method,	55–56
microfluidic	method,	53–54

Polymerization	mechanism,	56
Polymer	layered	silicate	nanocomposites	(PLS	NCs),	265

on	biodegradable	matrices,	278–279
chitosan-based	layered	silicate	nanocomposites,	282–285

on	nonpolar	matrices,	271
polyethylene-based	nanocomposites,	275–278
polystyrene-based	nanocomposites,	272–275

of	silicates	with	epoxy	resins,	179–180
of	silicates	with	PI,	183–184
of	silicates	with	PLA,	182–183
of	silicates	with	PMMA,	polyesters,	polyurethanes,	and	polyethersulfone,	180–182
of	silicates	with	polyolefins	and	vinyl	polymers,	177–179

starch-based	layered	silicate	nanocomposites,	279–282
thermal	properties,	177
thermal	resistance,	184–187
Polymer	matrix,	2–3,	207,	233

AMPS-modified	GO	sheets,	165
clay	dispersion	in,	15
dispersibility	of	CNTs	and	grapheme,	148,	168
materials,	154
in	NCs,	176–177

Polymer	nanocomposites	(PNCs),	151,	154,	173,	176;	see	also	Nanocomposites	(NCs)
carbon	filler-based,	267–268
with	carbon	fillers,	thermal	properties,	193–198
DC	surface	resistance,	156
heat	resistance	of	polymers,	174–176



hierarchical,	269–270
inorganic	fillers,	thermal	properties	with,	188–191
layered	silicate	and	inorganic	filler,	266–267
linear	optical	properties,	215–223
modeling	mechanical	properties,	270
nonlinear	optical	properties,	223–225
organic	fillers,	thermal	stability	with,	198–199
polymers	and	fillers	applications	in,	176–177
POSS	fillers,	thermal	stability	with,	191–193
TEM	images	of	TPU,	156
thermal	properties,	177
thermal	stability	of	polymers,	174–176
TRG/TPU	nanocomposites,	155
with	various	fillers,	268–269
XRD	patterns,	152

Polymer–particle	interactions,	251
Polymethacrylic	acid	sodium	salt	(PMAA-Na),	39
Polymethylacrylic	acid	(PMAA),	40,	176
Polymethyl	methacrylate,	see	Polymethylacrylic	acid	(PMAA)
Poly(methyl	methacrylate)	(PMMA),	14,	151,	175,	197,	208,	254,	266
Poly(methyl	methacrylate)-co-poly[3-tri(methoxy)silylpropyl	methacrylate]	(PMMA-co-

PTMSM),	180,	181
Polyolefins,	silicates	NCs	with,	177–179
Polyphenylene	sulfide	(PPS),	190,	267
Polypropylene	(PP),	177,	195,	266,	271
Polypropylene	modified	with	maleic	anhydride	(PP–MA),	251
Polypyrrole	(PPy),	12
Polystyrene	(PS),	22,	49,	151,	184,	208,	267,	271

PS-based	nanocomposites,	272–275
Poly(styrene-co-butyl	acrylate)	(Poly(St-co-BA)),	165

Poly(St-co-BA)-clay,	179
Polyurethane	(PU),	151,	177,	182,	266
Polyurethane	rubber	(PUR),	20
Polyvinyl	alcohol	(PVA),	44,	151,	177,	178,	198,	215,	279–282
Polyvinylchloride	(PVC),	177,	196,	271
Polyvinylidene	fluoride	(PVDF),	151
Poly(vinylpyrrolidone)	(PVP),	44
POM,	see	Polyacetal	copolymers	(POM)
Porosity,	130
Porous	polyimide	microspheres,	187
POSS,	see	Polyhedral	oligomeric	silsesquioxane	(POSS)



Potassium	persulfate	(KPS),	54
Potassium	titanyl	phosphate	(KTiOPO4),	225
PP,	see	Polypropylene	(PP)
PPani,	see	Plasma	polymerized	aniline	(PPani)
PP–MA,	see	Polypropylene	modified	with	maleic	anhydride	(PP–MA)
PPS,	see	Polyphenylene	sulfide	(PPS)
PPy,	see	Polypyrrole	(PPy)
PR,	see	Phenolic	resin	(PR)
Preceramic	polymers,	174
Precrystalline	phase,	75
Pristine,	158
PS,	see	Polystyrene	(PS)
“Pseudo-solid-like”	behavior,	see	Terminal	behavior
PU,	see	Polyurethane	(PU)
Pulsed-laser	deposition	technique	(PLD),	71
PUR,	see	Polyurethane	rubber	(PUR)
PVA,	see	Polyvinyl	alcohol	(PVA)
PVC,	see	Polyvinylchloride	(PVC)
PVDF,	see	Polyvinylidene	fluoride	(PVDF)
PVOH,	see	Polyvinyl	alcohol	(PVA)
PVP,	see	Poly(vinylpyrrolidone)	(PVP)
Pyrolysis–gas	chromatography–mass	spectrometry	(Py–GC–MS),	197
Pyromellitic	dianhydride	(PMDA),	73,	186
Pyrophyllite	single	layer	computational	cell,	142

Q

Quantum	confinement	effect,	212
Quantum	dots	(QDs),	40,	91,	212

application	of	doped	TiO2,	93–94
operating	principle	of	DSSC,	92
reflectance	spectra	of	TiO2,	93
solar	cell	combining,	93
surface-modification,	43
synthesis,	40–43
variation	of	absorbance	spectra	of	doped	TiO2	and	ZnO,	94

Quantum	dot	solar	cells	(QDSC),	91

R

Radical-addition	fragmentation	chain	transfer	polymerization	(RAFT),	11
Rayleigh	scattering,	208



theory,	215–216
Reference	electrode	(RE),	112
Reflection,	208

light,	82
Refraction,	208

light,	82
Refractive	index	(RI),	82,	119,	209

polymer	nanocomposites,	217–220
Reinforcement	mechanism,	14
Reverse	micelle	process,	43
Rheology,	235–236

behavior	of	polymer	nanocomposites,	236
in	linear	viscoelastic	regime,	236–248
in	nonlinear	viscoelastic	regime,	248–258

RI,	see	Refractive	index	(RI)
Ring-opening	metathesis	polymerization	(ROMP),	11
Ring-opening	polymerization	(ROP),	157,	158,	163;	see	also	Bulk	polymerization;

Miniemulsion	polymerization
CNT–polymer	nanocomposites,	158–161
FTIR	spectra,	161,	164
graphene–polymer	nanocomposites,	163
PA6-functionalized	SWNT	synthesis,	160
scheme	for	synthesis	of	PA6	grafted	GO,	163
XPS	C1s	spectra,	164
Rod-like	silicate,	18–19
ROMP,	see	Ring-opening	metathesis	polymerization	(ROMP)
ROP,	see	Ring-opening	polymerization	(ROP)
Rubber	particles,	17

S

SAOS,	see	Small	amplitude	oscillatory	shear	(SAOS)
SAXS,	see	Small	angle	X-ray	scattering	(SAXS)
SBA-15,	see	Mesoporous	silica
SBR,	see	Styrene	butadiene	rubber	(SBR)
Scanning	electrochemical	microscopy	(SECM),	1,	3,	106,	112;	see	also	Hyperspectral

microscopy;	Photoacoustic	microscopy	(PA	microscopy);	Transmission	electron
microscopy	(TEM)

advantages	and	limitations,	114
NPs,	112–113

Scanning	electron	microscopy	(SEM),	106



advantages,	and	limitations,	107–109
image	formation	in,	106
interaction	between	primary	electron	beam	and	the	sample	in,	107

Scanning	helium	ion	microscope	(SHIM),	61
Scanning	probe	microscopy	(SPM),	114
Scanning	tunneling	microscopy	(STM),	1,	106,	107
Scattering,	208

light,	83–84
Scatter	reflection,	82
Scientific	Committee	on	Consumer	Safety	(SCCS),	99
“Scotch-tape”	technique,	149
SDBS,	see	Sodium	dodecylbenzene	sulfonate	(SDBS)
SDS,	see	Sodium	dodecyl	sulfate	(SDS)
SEBS,	see	Styrene-b-(ethylene/butylene)-b-styrene	(SEBS)
SECM,	see	Scanning	electrochemical	microscopy	(SECM)
Second	harmonic	generation	(SHG),	85,	99
Second-order	susceptibility,	210
Seed-mediated	and	seedless	methods,	65–66
SEM,	see	Scanning	electron	microscopy	(SEM)
Semiconducting	ZnO	nanobelts,	8
Sensors,	nanomaterials	in,	94–96
Sentinel	lymph	nodes	(SLN),	115
Sepiolite,	22–23,	183
Sharkskin	effects,	see	Extrudate	distortion
Shear	extensional	flow	235
Shear	viscosity	as	shear	rate	function,	252–254
Shell-derived	CaCO3	(CS),	10
SHG,	see	Second	harmonic	generation	(SHG)
SHIM,	see	Scanning	helium	ion	microscope	(SHIM)
SiC,	see	Silicon	carbide	(SiC)
Silane	functionalized	graphitic	nanoplatelets,	20
Silica	(SiO2),	46,	213

nanoparticles,	48
Silicates

NCs	with	epoxy	resins,	179–180
NCs	with	PI,	183–184
NCs	with	PLA,	182–183
NCs	with	PMMA,	polyesters,	polyurethanes,	and	polyethersulfone,	180–182
NCs	with	polyolefins	and	vinyl	polymers,	177–179

Silicon	carbide	(SiC),	74,	176,	267
Silver	(Ag),	45,	91



Silver	nanoclusters	(AgNCs),	40
Silver	nanoparticles,	44,	48
Silver	nitrate	(AgNO3),	44

Silver	salt	(Ag+),	44–45
Simple	hydrothermal	method,	64–65
Single	wall	carbon	nanotubes	(SWCNTs),	115,	194
Single-wall	nanotube	(SWNT),	148
Sinusoidal	stress,	175
SiO2,	see	Nanosilica	(SiO2)
SI	units,	see	International	system	units	(SI	units)
SLN,	see	Sentinel	lymph	nodes	(SLN)
Small	amplitude	oscillatory	shear	(SAOS),	236
Small	angle	X-ray	scattering	(SAXS),	256
Smart	drugs,	2
Snell’s	law,	82
Sodium	borohydride	(NaBH4),	39
Sodium	citrate,	44
Sodium	dodecylbenzene	sulfonate	(SDBS),	149
Sodium	dodecyl	sulfate	(SDS),	43,	45,	149,	195
Sodium	MMT	(NaMMT),	279,	281,	283
Sodium	silicate	(Na2SiO3),	46
Solar	cell

nanomaterials	and	light-absorbing	dyes	combination,	89–91
nanomaterials	in,	88
quantum	dots,	91–94

Sol–gel	method,	46–47
Solid-like	behavior,	238

nonterminal,	239,	241
Solution	mixing,	151;	see	also	Melt	compounding

graphene/polymer	nanocomposites,	151–154
polymer	nanocomposites,	151

Sonication	technique,	17
Sonochemical	synthesis,	40
Spectrophotometer	elements	and	process,	88
Spectroscopy,	87
Specular	reflection,	82,	208
SPM,	see	Scanning	probe	microscopy	(SPM)
SPR,	see	Surface	plasmon	resonance	(SPR)
Spray	drying,	48
Starch-based	layered	silicate	nanocomposites,	279–282
Steady	shear,	248



Step	shear,	248
STM,	see	Scanning	tunneling	microscopy	(STM)
Storage	modulus,	275,	277,	278
Stranski-Krastanow	method,	44
Strength	of	nanoparticles,	130

boron	nanowires,	132
conventional	strength,	134
parameters	in	buckling	test,	133
Stone–Wales	transformation,	131
three-point	bend	test,	133

Stress	relaxation	modulus,	240–241,	249
“Stress-transfer”	effect,	148
Strong	stabilizing	effect,	184
Styrene-b-(ethylene/butylene)-b-styrene	(SEBS),	256
Styrene	butadiene	rubber	(SBR),	20,	194
Subdiffraction	laser	synthesis,	70
Sulfur	(S),	91
Supernatant,	42
Superplastic	deformation	mechanism,	140
Surface	plasmon	resonance	(SPR),	91,	97,	211–212
Susceptibility,	210
SWCNTs,	see	Single	wall	carbon	nanotubes	(SWCNTs)
SWNT,	see	Single-wall	nanotube	(SWNT)

T

Tactoids,	244
TA	methods,	see	Thermal	analysis	methods	(TA	methods)
TC,	see	Thermal	conductivity	(TC)
TCE,	see	Thermal	conductivity	enhancement	(TCE)
TDI,	see	Toluene	2,4-diisocyanate	(TDI)
Tea	(Camellia	sinensis),	46
TEM,	see	Transmission	electron	microscopy	(TEM)
Template	method,	7–8
TEOS,	see	Tetraethylorthosilicate	(TEOS)
Terminal	behavior,	238
Tetraethylorthosilicate	(TEOS),	46,	48,	186
Tetraglycidyl	of	(diaminodiphenyl)methane	(TGDDM),	180
Tetrahydrofuran	(THF),	12
Tetramethylbiphenyl	diglycidyl	epoxy	resins	(TMBP),	191
TGA,	see	Thermogravimetric	analysis	(TGA)
TGDDM,	see	Tetraglycidyl	of	(diaminodiphenyl)methane	(TGDDM)



Thermal	analysis	methods	(TA	methods),	174
Thermal	conductivity	(TC),	198

epoxy,	16
Thermal	conductivity	enhancement	(TCE),	198
Thermal	degradation	behavior,	180
Thermal	interface	materials	(TIMs),	198
Thermally	reduced	graphene	oxide	(TRG),	149
Thermal	mechanical	analysis	(TMA),	174
Thermal	properties	of	PNCs

PLS	NCs,	177–184
PNCs	with	inorganic	fillers,	188–191
thermal	properties	with	carbon	fillers,	193–198
thermal	resistance	of	PLS	NCs,	184–187
thermal	stability	with	organic	fillers,	198–199
thermal	stability	with	POSS	fillers,	191–193

Thermal	resistance	of	polymer–silica	NCs,	184
of	PMMA	with	silica,	184–185
of	polyamide-imides	and	polyimides	with	silica,	185–187
of	polycarbonate	with	silica,	185
of	polyethylene	with	silica,	184
of	PR	with	SBA-15,	185
of	PS	with	silica,	184

Thermal	stability
factors	affecting	polymeric	materials	thermal	properties,	174
polymer	composites,	174–176
polymers,	174

Thermogravimetric	analysis	(TGA),	16,	174
Thermoplastic	nanocomposites,	9;	see	also	Elastomeric	nanocomposites;	Thermoset

nanocomposites
thermoplastics	filled	with	0-D	nanomaterials,	9–11
thermoplastics	filled	with	1-D	nanomaterials,	11–12
thermoplastics	filled	with	2-D	nanomaterials,	12–15
trend	s	in,	25–26

Thermoplastic	polyurethane	(TPU),	153
TEM	images,	156

Thermoset	nanocomposites,	15;	see	also	Thermoplastic	nanocomposites;	Elastomeric
nanocomposites

electrical	conductivity	of	GNP/epoxy	nanocomposite,	19
thermosets	filled	with	0-D	nanomaterials,	16–17
thermosets	filled	with	1-D	nanomaterials,	17–19
thermosets	filled	with	2-D	nanomaterials,	19–20



trend	s	in,	26
Thermoviscosifying	polymer	(TVP),	49,	52
THF,	see	Tetrahydrofuran	(THF)
THG,	see	Third	harmonic	generation	(THG)
Thionyl	chloride	(SOCl2),	149
Third	harmonic	generation	(THG),	86–87,	99
Third-order	susceptibility,	211
Three-dimensional	materials,	74–75;	see	also	One-dimensional	nanomaterials;	Two-

dimensional	nanomaterials;	Zero-dimensional	materials
3D	printing,	26
Three-dimensional	transmission	electron	microscopy	(3-D	TEM),	21
Three-point	bend	test,	133
Three-roll	mill	(3RM),	19
TIBA,	see	Triisobutylaluminum	(TIBA)
Time	required	for	ignition	(TTI),	15
Time-temperature	superposition	(TTS),	248
TIMs,	see	Thermal	interface	materials	(TIMs)
Titania	(TiO2),	46,	98,	212,	213,	266

NPs,	10–11,	219,	222,	223
Titanium	dioxide,	see	Titania	(TiO2)
TMA,	see	Thermal	mechanical	analysis	(TMA)
TMBP,	see	Tetramethylbiphenyl	diglycidyl	epoxy	resins	(TMBP)
(TMS)2S,	see	Bis(trimethylsily1)sulfide	((TMS)2S)
Toluene	2,4-diisocyanate	(TDI),	159
TOP,	see	Tri-n-octylphosphine	(TOP)
Top-down	approach,	38
TOPO,	see	Tri-noctylphosphineoxide	(TOPO)
“Tortuous	path”	effect,	196
TPU,	see	Thermoplastic	polyurethane	(TPU)
Translucent,	83
Transmission	electron	microscopy	(TEM),	1,	14,	16,	106,	109,	154;	see	also	Hyperspectral

microscopy;	Photoacoustic	microscopy	(PA	microscopy);	Scanning	electron	microscopy
(SEM)

advantages,	and	limitations,	110–112
iron	oxide	nanocube	mesocrystals,	111
in	STEM,	109–110

Transparency	of	polymer	nanocomposites,	215–217
TRG,	see	Thermally	reduced	graphene	oxide	(TRG)
Triisobutylaluminum	(TIBA),	56
Tri-n-octylphosphine	(TOP),	42
Tri-noctylphosphineoxide	(TOPO),	42



Trioctylphosphine	selenide	(TOPSe),	42
Trioctylphosphine	telluride	(TOPTe),	42
Trisilanol	isobutyl	polyhedral	oligomeric	silsesquioxane	(TSIB-POSS),	10–11
Trouton’s	rule,	255
TSIB-POSS,	see	Trisilanol	isobutyl	polyhedral	oligomeric	silsesquioxane	(TSIB-POSS)
TTI,	see	Time	required	for	ignition	(TTI)
TTS,	see	Time-temperature	superposition	(TTS)
Tungsten	disulfide	(WS2),	10
TVP,	see	Thermoviscosifying	polymer	(TVP)
Two-dimensional	nanomaterials,	8–9,	71;	see	also	One-dimensional	nanomaterials;	Zero-

dimensional	materials
elastomers	filled	with,	24–25
nanocoatings,	73–74
nanofilms	synthesis,	71–73
thermoplastics	filled	with,	12–15
thermosets	filled	with,	19–20

Two	step	bottom-up	synthesis	of	SWCNTs,	61

U

UAV,	see	Unmanned	aerial	vehicles	(UAV)
Ultrahigh	molecular	weight	polyethylene	films	(UHMWPE	films),	223
Ultramicroelectrode	(UME),	112
Ultraviolet	(UV),	207

UV-visible,	54
Ultraviolet–visible	absorption	spectroscopy	(UV–vis	absorption	spectroscopy),	220–221

in	polymer	nanocomposites,	220–222
UME,	see	Ultramicroelectrode	(UME);	Unmodified	epoxy	resins	(UME)
Uniaxial	extensional	flow,	235
Unmanned	aerial	vehicles	(UAV),	26
Unmodified	epoxy	resins	(UME),	179
UV,	see	Ultraviolet	(UV)
UV–vis	absorption	spectroscopy,	see	Ultraviolet–visible	absorption	spectroscopy	(UV–vis

absorption	spectroscopy)

V

van	der	Waals	forces,	10,	13,	247
Vapor–liquid–solid	growth	mechanism	(VLS	growth	mechanism),	70
Vapor	phase	synthesis,	69–70
Vapor–solid–solid	growth	mechanism	(VSS	growth	mechanism),	70
VBTMAC,	see	(vinylbenzyl)trimethylammonium	chloride	(VBTMAC)



Vicat	method,	174
(vinylbenzyl)trimethylammonium	chloride	(VBTMAC),	179
Vinyl	polymers,	silicates	NCs	with,	177–179
Vinyltriethoxysilane	(VTES),	177
VLS	growth	mechanism,	see	Vapor–liquid–solid	growth	mechanism	(VLS	growth

mechanism)
VSS	growth	mechanism,	see	Vapor–solid–solid	growth	mechanism	(VSS	growth

mechanism)
VTES,	see	Vinyltriethoxysilane	(VTES)

W

Water-assisted	injection	molding	method	(WAIM	method),	177
Water	glass—and	sodium	aluminate,	75
Water	in	oil	emulsion	(W/O	emulsion),	43,	50

X

X-ray	diffraction	(XRD),	1,	13,	14,	106,	152
X-ray	fluorescence	spectroscopy	(XRF),	1
X-ray	photoelectron	spectroscopy	(XPS),	1,	163

Y

Young’s	modulus,	133,	136
of	porous	materials,	130

Z

Zeolites,	74
Zero-dimensional	nanomaterials,	6–7,	38;	see	also	One-dimensional	nanomaterials;	Two-

dimensional	nanomaterials
elastomers	filled	with,	20–22
metal	nanoclusters	synthesis,	38–40
NPs	synthesis,	43–60
QDs	synthesis,	40–43
thermoplastics	filled	with,	9–11
thermosets	filled	with,	16–17

Zinc	oxide	(ZnO),	25,	98,	213,	267
nanoparticles,	108
nanowires,	71
NC	films	of	PMMA/ZnO,	225
semiconducting	ZnO	nanobelts,	8



Zinc	sulfide	(ZnS),	42,	215,	267
Zirconia	(ZrO2),	20,	46,	215

NPs,	219
ZrO2–CeO2	system,	73

Zirconium	dioxide,	see	Zirconia	(ZrO2)
ZnO,	see	Zinc	oxide	(ZnO)
ZnS,	see	Zinc	sulfide	(ZnS)
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