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Abstract. Current challenges in the development of various
polymer nanocomposites and in the study of their proper-
ties are considered. Results of studying hybrid structural
(polymer—layered silicates, polymer—nanodiamonds) and
functional (based on conducting or liquid-crystalline poly-
mers) nanomaterials are presented. Methods of modifica-
tion of nanoparticles and their dispersion in a polymer
matrix, and the role of interactions between a polymer
matrix and fillers, as well as of nanoparticle morphology
realized in the course of processing, are discussed. The
bibliography includes 453 references.

I. Introduction

Many natural and artificial structures fall within the nano-
metre range: clay mineral and latex particles
(100 nm—1 um), polymer and DNA molecules, viruses
(10—100 nm), protein and dendrimer molecules, metal and
semiconductor nanoparticles (1—10 nm). These structures
serve as building blocks for creating nanomaterials, which
have significantly different properties as compared with
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those of materials composed of larger structural units.
Design of nanomaterials and tailoring of their properties
are the main task of the development of nanotechnologies;
however, understanding the size effects and establishing
corresponding relationships is impossible without funda-
mental interdisciplinary research.!

The present review focuses on polymer nanocomposites,
an important class of nanomaterials, which have garnered
significant interest since their inception in the late 1990s. As
reported by Vaia and Maguire,? the number of articles and
patents, as well as research and development funding, in this
area has been growing exponentially. For example, the total
number of hits for ‘polymer nanocomposites’ on SciFinder
(Chemical Abstract Service of the American Chemical
Society) from 1988 to 2005 is 9400, where the yearly number
has approximately doubled every two years since 1992. In
the last years, this growth has continued, even if at a slower
pace than previously:

Years 2006 2007 2008 2009 2010 2011 1988-2011
Number 2995 3460 3863 4182 4910 5197 34122
of records

Polymer nanocomposites are polymers filled with par-
ticles that have at least one of the dimensions on the
nanometre scale. In zero-dimensional (0D) nanocomposites,
all three dimensions of the filler are on the order of 1 nm
(spherical silicate nanoparticles,> metal and metal oxide
nanoparticles,*~¢ detonation nanodiamonds,”-® quantum
dots,” 19 ezc.). One-dimensional (1D) nanocomposites con-
tain a filler nanosized in two dimensions (nanotubes,'! 15
fibres or whiskers '¢), and two-dimensional (2D) nanocom-
posites are layers of nanometre thickness (layered sili-
cates,!” 19 metal chalcogenidies,? graphite,?! etc.).

Nanocomposites can be divided by their application into
structural and functional. For structural nanocomposites,
the introduction of filler efficiently enhances their durabil-
ity, inflammability, barrier properties and processability.
Nanosized fillers with adsorbed substances are able in some
cases to impart functional properties to structural compo-
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sites, for example, biocidal properties or electroconductiv-
ity. Theoretical models of such composites are described by
the laws of classical mechanics of solids and viscous fluids.
For fabricating structural nanocomposites, it is necessary to
create stable mixtures in which inorganic nanoparticles are
well dispersed in the bulk of a polymer matrix, have no
tendency to coagulate and (in the case of anisodiametric
particles) are capable of orientation in the manufacture of
products. Different methods of nanoparticle modification
and nanocomposite production are used for this purpose.
Studies in this field are surveyed in Section II for poly-
mer —silicate nanocomposites and in Section III for poly-
mer —nanodiamond composites.

The role of the filler in functional composites is much
more significant since the electric, magnetic, optical and
other properties of a material often depend substantially on
the corresponding characteristics of nanoparticles.?>~2% Of
great significance is the interaction between the filler and
polymer matrix at the molecular level, which can lead to
synergy of useful properties of the organic and inorganic
components of a material.?%27 For describing these inter-
actions, quantum notions and models should be invoked.
The possibilities of designing functional composites based
on conducting polymers and fillers of different nature and
dimension are considered in Section IV.

In some cases, especially for use in photonics and
optoelectronics, not only dispersion of the filler but also
formation of a prescribed spatial arrangement of nano-
particles is important.?® =32 Two general approaches to the
design of ‘organized’ nanocomposites have been consid-
ered 2: external-in, i.e., directed patterning of nanoparticle
dispersions, and internal-out, i.e., mesophase assembly of
nanoparticles. The potential of the first approach has been
demonstrated by the example of uniaxial alignment of
nanosized plate and sticks under sedimentation,?? spin
coating,3* fibre spinning,3°—3% film blowing,?° injection
molding,*® shear,*!-4?> magnetic fields#*4* and electrical
gradients.*

Although directed patterning of nanoparticle disper-
sions makes it possible to achieve any filler distribution,
real processes are limited by the time of pattern develop-
ment in highly viscous polymer media and by the necessity
of using special equipment to maintain structural precision
on the submicrometre scale. In this context, a natural
alternative to direct patterning of nanoparticle dispersion
is the inherent organization derived from a thermodynami-
cally well-defined phase. The potential of this approach is
discussed in Section V for nanocomposites based on liquid-
crystalline (LC) polymer matrices as a control medium for
quantum dot alignment.

This review does not touch upon some important classes
of polymer nanomaterials (for example, nanocomposites
based on biopolymers). At the same time, the selection of
subjects mainly caused by the scientific interests of the
authors is rather wide and provides the insight into the
progress and current problems in the area under consider-
ation.

I1. Polymer —silicate nanocomposites

It is typical that only a small portion of polymer materials
consist of one substance. Polymer engineering has long been
aimed at design of composite materials in which a required
set of properties is achieved by a tailored combination of

components. Polymer composites are a result of the search
for optimal combinations of polymers and fillers of differ-
ent nature. There are also natural materials of this kind: for
example, wood is a polymer composite reinforced by ori-
ented fibres.

The use of filled polymer materials enables the fabrica-
tion of radically new constructions and diverse articles and
makes it possible to reduce their weight and improve their
quality and appearance. The technology of fabrication of
polymer articles is simple and efficient and is suitable for
producing parts of complex shape.

For composites based on large-scale polymers, the most
essential are mechanical properties responsible for their
performance under operating conditions. The properties of
filled polymers are determined by various factors:#0—48

— the filler particle size;

— the particle shape;

— the orientation of particles and their mutual arrange-
ment in a matrix (ordered or random, agglomeration);

— the degree of filling;

— characteristics of the polymer matrix (binder);

— the interaction between the filler and the binder
(adhesion bond strength, the effect of the filler on the
properties of boundary layers or polymer crystallization).

Elastomer-based composites containing micron-sized
filler particles have, as a rule, enhanced stiffness, yield
strength and thermal resistance;*?-3° however, in hard
polymers, such fillers are usually not reinforcing. Moreover,
they often significantly decrease deformability and impact
resistance because of stresses that appear at the filler
particle surface or in the polymer near this surface. The
use of smaller filler particles improves the situation. In
particular, for polypropylene (PP) nanocomposites, filling
with silica leads to a considerable increase in the yield
strength and Young’s modulus (elastic modulus),”! and
filling with calcium carbonate®> or montmorillonite
(MMT)>3 increases the strength of the composite, no
sharp decrease in the material elasticity being observed. It
is worth noting that the introduction of only 5 mass % of
clay into PP leads to the same strength of the composite
material as the introduction of 20% of talc or 15% —50% of
chalk.>*

In composites with an elastomer binder, the use of
nanosized fillers leads to an even more significant improve-
ment of mechanical properties than for rigid polymer
matrices. It has been shown that the sixfold increase in the
elongation at break and the threefold increase in the elastic
modulus of polyurethane (PU) is achieved by filling it with
40 mass % of silica with a particle size of 12 nm.>%3¢ A
noticeable strengthening of rubber used for tyre production
is observed when filler particles have a specific surface of
>50 m? g—!, which corresponds to the spherical particle
diameter <50 nm. Unfortunately, this general correlation
(the finer the filler, the better the improvement of the
mechanical properties of polymer matrices), including the
case of large deformations, has not been mathematically
formulated to date even for amorphous polymers. It should
be taken into account that immediately after applying load
and appearance of strain in the material, the polymer
structure, orientation of filler particles and their connectiv-
ity change. For partially crystalline polymers, the pattern is
even more complex.

The macroscopic deformation behaviour of filled highly
elastic polymers with imperfect adhesion is caused to a great
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extent by phase separation and micropore formation proc-
esses.’’ 3% It has been shown that the stress required to
cause debonding between a hard spherical inclusion and
amorphous polymeric matrix is inversely proportional to
the square root of the inclusion radius and increases with an
increase in the elastic modulus of the matrix.®?

The stresses that emerge near the filler surface upon
composite loading interfere in polymer interlayers, which
leads to an increase in local stresses in the matrix.®! The
decrease in the filler particle size leads to an increase in the
minimal thickness of the interlayers and a decrease in the
probability of the overlap of stress fields in them so that
local overstress is reduced.

Both isodiametric particles (glass spheres, crumb rub-
ber) and anisodiametric particles (fibres, nanotubes, plate-
type filler) are used as a filler. To characterize the degree of
anisodiametry of these particles, the notion ‘shape factor’
(geometric factor, aspect ratio) f'is used. It is defined as the
largest-to-smallest size ratio of the particles.*®

Theoretical ©2-% and experimental ©7- %8 studies demon-
strate that filler particles with a high aspect ratio have a
stronger reinforcement effect on the polymer matrix as
compared with isodiametric inclusions and particles with
smaller f'values. First of all, these are clay minerals consist-
ing of colloid-sized particles capable of separating, under
definite conditions, into essentially anisodiametric subpar-
ticles with one of the sizes being of the order of 1 nm.%-70
The shape factor for MMT particles depends on the degree
of their dispersion in the polymer (stacks or separate
platelets) and can be as large as a few hundreds. In the
past 15-20 years, different laboratories have synthesized
nanocomposites based on dozens of polymers and layered
silicates. Many of these composites have interesting proper-
ties. The results of these studies have been summarized in
numerous reviews and books.67-68.71=77

Most of the publications focusing on design and proper-
ties of such materials deal with composites based on poly-
olefins (the worldwide production of polyolefins accounts
for more than one-half of all produced plastics) and poly-
amides (PA). Typical examples are nanocomposites based
on polyethylene (PE) or PP and a nanosized filler, layered
silicate Na™-MMT, which can be prepared by in situ
polymerization 7879 (so-called polymerization filling) or by
melt compounding.89-81

Considerable interest in similar composites is caused by
the effort to produce materials that would combine low cost
with a set of properties superior to the properties of the neat
polymers.

1. Properties of layered silicates and their modification

The unique nature of layered silicates determines both the
problems and the great possibilities for creation of a wide
spectrum of multifunctional composite materials.®? The
major units of the clay mineral structure are the silicon—
oxygen ion SiO}~ and the aluminium-—oxygen ion
Al(O/OH)g~ (Refs 69, 83 and 84). These structural units
form, respectively, tetrahedral and octahedral two-dimen-
sional networks capable of sharing oxygen ions to form
layers (sheets) constituting the basis of the clay mineral.
Depending on the tetrahedron-to-octahedron ratio in the
layer, clay minerals are designated as 1:1, 2:1, 2:1:1,
etc.8%-86 Natural layered aluminosilicates routinely used in
nanocomposites are representatives of the 2:1 family
(Fig. 1).
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Figure 1. Schematic representation of 2: 1 clay minerals.®”
(1) Tetrahedral network, (2) octahedral network.

The particle size in clay samples is determined by the
degree of isomorphous substitution of Si and Al atoms, as
well as by the nature of the substituent atoms. The distance
between oxygen atoms is 2.60 A in the octahedron and
2.55 A in the tetrahedron.® Since these atoms are shared
by the networks of both types, internal stresses appear in
the sheets, which leads to limitation of their size. The
aluminosilicate unit cell dimensions are 5.2x9 x 9.6 A,87
and the sheet dimensions are ~ 1000 x 1000 x 1 nm.®°

Owing to van der Waals interactions, aluminosilicate
platelets self-assemble into stacks (tactoids) with regular
‘passages’ (intersheet galleries) between separate sheets
distinguished by electron microscopy. The thickness of
these tactoids is up to 50 nm, and the transverse size is up
to 1-2 pm.

Isomorphous substitution inside the layers (when, for
example, ions with a smaller charge, Mg?>* or Fe?™, are
substituted for A" in the octahedral layer and A’ or
Fe3* ions are substitution for Si*™ in the tetrahedral layer)
leads to that the elementary layers become negatively
charged (from 0.5e¢ to 1.2e per formula unit).8¢-88.8% The
gallery between MMT sheets accommodates metal cations
(Na*, Li*, Ca?*, etc.) compensating for the negative
charge of aluminosilicate sheets.

An important characteristic of a clay mineral is the
cation-exchange capacity (CEC), i.e., the amount of
exchange cations (expressed in mg-equiv) that can be
replaced by cations of another type per 100 g of clay.”
For layered silicates, the CEC is 10— 150 mg-equiv. MMT
has the highest CEC, 80— 150 mg-equiv. Theoretically, CEC
is a constant quantity; however, in reality, up to 20% of
charge is located at sheet edges and changes with pH,
electrolyte concentration and other characteristics of a
medium.’!-92

The external and internal surface of layered silicates is
hydrophilic and polar. This facilitates wetting and penetra-
tion into intersheet galleries (intercalation) of both low- and
high-molecular-mass compounds containing polar groups,
such as acetone and its derivatives,”?-°* methyl methacry-
late, proteins and natural amino acids®® and other com-
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pounds with hydroxyl®%°7 and nitrile®® groups. MMT is
equally efficiently intercalated with compounds containing
ester groups,® 190 due to their specific interactions with
cations and hydroxyl groups on the surface of silicate
sheets.

At the same time, the polarity of the silicate surface
hinders the interaction of MMT with nonpolar and weakly
polar polymers [polyolefins, polystyrene (PS), etc.] and
prevents the uniform distribution of silicate platelets in the
polymer matrix. In this case, for fabrication of a polymer—
silicate nanocomposite, it is necessary to create conditions
for dispersion of clay in the polymer, intercalation of
macromolecules into galleries between silicate sheets or
complete separation of clay tactoids into platelets (exfolia-
tion). To this end, clays are preliminarily modified by
different methods:

1) by ion exchange of clay cations for organic cations;

2) by adsorption onto the clay surface of poly(vinyl
alcohol) (PVA),!91 polyacrylamide '°? and other water-solu-
ble polymers, alkyl ketones (acetone, methyl ethyl ketone,
diethyl ketone), methyl methacrylate,*® acrylonitrile 19 and
other compounds forming complexes with the clay surface
or exchange cations;

3) by adsorption of anions, in particular, polyacrylates,
onto the edges of silicate sheets,'4 196 which becomes
possible at pH < 5 as a result of protonation of hydroxyl
groups located at the edges (Al—OH — Al—OHjJ);!07

4) by grafting organosilanes, for example, 3-aminopro-
py(triethoxy)silane, to the clay surface to form Si—O —Si
bonds; 108109

5) by introduction of organic molecules capable of van
der Waals or ion—dipole interaction with the clay surface,
for example, alkylammonium cations, for which the affinity
for clay decreases in the series RNH* > RNHJ > RNH7
and increases with an increase in the length of the ion
aliphatic chain.3*

Although selection of surfactants as clay modifiers
requires a knowledge of the specific features of the clay
mineral structure and is individual for each matrix polymer,
cationic surfactants containing from 6 to 20 carbon atoms,
for example, primary, secondary and tertiary amines con-
verted into a quaternary form by the treatment with
equimolar amounts of mineral acids, are most often used
as modifiers. For example, the simplest alkylammonium
cations MesN™* and alkylamines MeNH,, Me,NH and
MesN efficiently replace the Na* ions from MMT, making
the clay mineral surface organophilic,'!%- 111 which ensures
its compatibility with macromolecules. As organophilicity
increases, water adsorption by clay is reduced.

When interlayer metal cations after ion exchange are
replaced by bulkier organic cations, the interlayer distance
increases, which can be judged from the small-angle shift of
the basal reflections in the X-ray diffraction patterns of the
clay.''? Modification of layered silicates by surfactant
adsorption on their surface also destroys the structural
hierarchy of the clay formed by adhesion of separate silicate
crystallites, which is accompanied by a decrease in the
number of silicate platelets in the tactoid.

The modification-induced increase in the intersheet
gallery of clay minerals depends on the charge of silicate
sheets and the CEC of the silicate, the surfactant molecule
size and shape, and the number and length of aliphatic
chains.

Figure 2. Structures formed by surfactants in the intersheet gal-
lery of layered silicates: a horizontal monolayer (a), a horizontal
bilayer (b), a horizontal pseudotriple layer (¢), a paraffin-type
monolayer (‘pseudobilayer’) (d) and a paraffin-type bilayer
(e).112:113

Surfactants containing one aliphatic chain or having a
planar molecular structure, such as n-butylamine, aniline
and pyridine, are absorbed by the clay, forming one or two
adsorption layers with parallel arrangement of chains (or
rings) between silicate sheet planes (Fig. 2 a,b) and increas-
ing the intersheet distances by ~0.6 nm.''"* Aminopyri-
dines,'!>- 116 polyvinylpyridine,''” polyaniline (PANI)!!8
and acetonitrile ''® are also sorbed onto MMT, forming
one layer and moving silicate layers apart by 0.5—0.6 nm.
The sorption of saturated amine vapour by monmorillonite
can lead to the appearance of the third adsorption layer
with an increase in the distance between silicate sheets by
1.2 nm.120

A similar behaviour is observed for polyfunctional
compounds. In particular, aminobutyric, aminocaproic
and aminolauric acids are sorbed onto MMT and force
clay sheets apart by 0.6 nm when taken in amounts not
exceeding the CEC of the clay and by 1.2 nm when taken in
excess.!14-121

The ion-exchange sorption of MesN* and Et4N™* cati-
ons with a short aliphatic chain leads to an increase in the
intersheet distance only by ~0.5 nm;'?° however, for a
longer aliphatic chain of a surfactant, the number of
adsorbed molecules being the same, this distance increases
more significantly.!?2. 123

The number of exchange positions on the silicate sheet
surface determines the packing density of modifier mole-
cules. At a large CEC of a clay mineral, primary amines
with an aliphatic chain length larger than a definite length
form so-called pseudotriple layers in the intersheet space
(Fig. 2¢) so that the distance between silicate layers
increases to 2.1 nm.!1?

Molecules of quaternary ammonium salts (QASs) con-
taining two long aliphatic chains can form ‘paraffin’ mono-
or bilayers, which are arranged in the interlayer space of
MMT at a certain angle to the layered silicate surface and
attached to the one or different sheets (Fig. 2d,e).!13- 124,125

All types of layers are easily identified from X-ray
crystallography data; however, according to mathematical
modelling results,!2°~128 these data are insufficient to deter-
mine the true structure of interlayer molecules. The inter-
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layer structure and conformation of aliphatic chains of
QAS:s intercalated into the interlayer space of silicate sheets
are the objects of intensive study.!!3-122 The use of differ-
ential scanning calorimetry (DSC) and Raman spectroscopy
in addition to X-ray crystallography significantly improves
the reliability of results.”%- 129131 [t is worth noting that it is
precisely the arrangement of modifier molecules in the
intersheet gallery that determines the distance between
silicate sheets, organophilicity of intersheet galleries of the
clay and, ultimately, the structure of nanocomposites
formed upon mixing the clay and polymers.

2. Synthesis and properties of polymer —layered silicate
composites

The use of clays with different CECs, selection of modifying
organic cations and tailored formation of organophilic
layers taking into account the properties of the polymer
matrix enables the fabrication of composites of several types
(Fig. 3). For nanocomposite synthesis, it is necessary to
destroy the entire hierarchy of morphological formations
down to separate crystallites or even silicate platelets.

If the polymer is not intercalated in the space between
the crystallite layers, a composite with separated phases is
formed (A in Fig. 35b), and its major characteristics are in
the same range as those of common microcomposites.

Dispersion Size

1. Agglomerates 100-1000 um
II. Initial particles 1-10 um

I1L Crystallites = 0.01-0.001 pm

Figure 3. Schematic representation of morphological formations
of the clay (I-III) (a) and the type of nanocomposite structures
that appear through the interaction between layered silicates and
polymers (b).67

A is two-phase microcomposite, B is intercalated nanocomposite, C
is exfoliated nanocomposite.

Another type of composite (B in Fig. 3b) has a structure
in which separate extended polymer chains are intercalated
into the intersheet galleries of the clay, thus forming a well-
ordered system of alternating polymer and silicate layers. In
the composites of the third type (C in Fig. 3 b), aluminosi-
licate layers are completely dispersed in the polymer matrix,
giving rise to the so-called exfoliated, or delaminated,
structure.®’

The type of polymer—Ilayered silicate composite can be
determined by X-ray diffraction from the position of the
basal reflection. The displacement of this reflection toward
smaller diffraction angles than in the pattern of the initial
clay is evidence of the existence of a regular multilayer
structure typical of intercalated nanocomposite. The dis-
appearance of diffraction peaks can be due to the large
(more than 8 nm) distance between layers or because of
disordering in silicate platelets typical of completely exfo-
liated composite. The decrease in the reflection intensity is
characteristic of a nanocomposite with partially exfoliated
structure.

The type of composite and the filler dispersion degree
can be determined by transmission electron microscopy
(TEM);'32 however, this requires to examine a large number
of images and use sample staining, which cannot be done
for all systems. The exfoliation degree can be estimated by
rheological techniques 33~ 135 by measuring the power-law
coefficient of the viscosity vs. shear rate dependence, which
characterizes the dispersion degree of the filler in compo-
sites.

The first attempt to theoretically describe intercalation
of macromolecules into the intersheet galleries of the clay
with surfactants adsorbed onto silicate platelets has been
undertaken by Vaia and Giannelis.'3¢ 137 In terms of the
mean-field theory, an expression has been derived for the
change in the free energy of the system consisting of a
modified layered silicate and a polymer melt. In the course
of nanocomposite formation, the modifier molecules
acquire greater conformational freedom as the layers sepa-
rate, whereas macromolecules go from the melt into a
narrow gap and experience the confinement effect of the
walls. The overall change in the entropy of the silicate—
modifier — polymer system is negative; therefore, for a ther-
modynamically stable nanocomposite to form, it is neces-
sary that the energetic interactions should compensate for
the entropic barrier. Otherwise, phase separation of compo-
nents will occur so that a common microcomposite will
form. Thus, the polymer ability to intercalate into layered
silicates and conformations of macromolecules in two-
dimensional space are determined, first of all, by the
polymer polarity.!38 139

Further theoretical studies of the thermodynamic prop-
erties of the silicate—modifier —polymer melt system have
been carried out by self-consistent field theory and density
functional theory methods.!38-140-144  The interaction
between the system components has been described by
means of pairwise energy parameters. The calculations
suggest that the increase in the chain length of modifier
molecules promotes the formation of thermodynamically
stable nanocomposite. In this case, better interpenetration
of the polymer and modifier molecules is observed, which
increases the conformational freedom of both components.
Therefore, for exfoliation of layered silicates in nonpolar
polymers, in addition to clay modifiers, comodifiers with
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polar groups and long aliphatic ‘tails’ capable of penetrat-
ing the polymer matrix are often used.!45 146

In recent years, works aimed at creating multilevel
models of polymer nanocomposites relating molecular
parameters to the macroscopic properties of the system
have been carried out.!47-152

Polar water-soluble polymers — PVA,153-154 poly(ethy-
lene  oxide) (PEO),'5% 155 poly(ethylene  glycol)
(PEG),13¢- 159 polyvinylpyrrolidone,'®® and poly(acrylic
acid) 1°® — as a rule, spontaneously intercalate into clay
galleries. Nanocomposites are fabricated by adding polymer
solutions to dispersions of swollen layered sodium silicates
in water or organic solvents. For example, PEO has been
successfully intercalated into sodium MMT and hectorite
from acetonitrile.!¢!

Intercalated nanocomposites are also obtained by means
of polymer synthesis and modification reactions. Poly(me-
thyl methacrylate) (PMMA)-clay'%? and PS-clay!%3
nanocomposites have been produced by emulsion radical
polymerization, and clay —polyimide composites have been
prepared by mixing modified MMT with poly(amido acid)
in dimethylacetamide and heating the mixture to 300 °C.164
According to X-ray diffraction, under equilibrium condi-
tions, the interlayer spacing nearly always increases only by
the polymer monolayer.

At present, the mechanisms responsible for the increase
in interlayer spacing cannot be clearly distinguished. When
a polymerization filling technique is used, the increase in the
interlayer thickness and the extent of silicate platelet exfo-
liation are determined by many factors, in particular,
diffusion kinetics of monomers and the change in their
concentration during polymerization, the interaction of
monomers with the filler surface and the type of surfactant
used for clay modification.!??

Under certain conditions (the polymer-to-clay ratio is
large and polymerization occurs in the prepolymer melt),
the X-ray diffraction patterns of the composites do not
show peaks typical of the intercalated structure, which can
be interpreted as evidence of exfoliation.!63

Polymerization of g-caprolactam with ring opening
afforded nanocomposites containing MMT modified with
12-aminolauric acid.'%%167 According to XRD and TEM,
formation of an exfoliated (clay content < 15 mass %)
or intercalated (15 mass % —70 mass % clay) structure
depends on the filler content.

Polar oligomers, for example, epoxy resins cured with
maleic anhydride (MA), form with clay completely exfoli-
ated nanocomposites.'8

It is more challenging to produce nanocomposites based
on nonpolar or weakly polar polymers. It has been demon-
strated in numerous studies that, under equilibrium con-
ditions, PE,!%® polylactides,!”® poly(e-caprolactones)!’! or
PS kept under pressure in melt at temperature above the
polymer softening point!7? are unable to spontaneously
intercalate into clay galleries, whatever the modifier is
used. Partial intercalation is achieved by modifying the
polymer to increase its polarity (chlorination of PS'72) or
using severe conditions of composite preparation (treatment
of the clay with high-boiling organic solvents and its
extrusion together with the polymer at high tempera-
ture '73). The use of a comodifier (usually a functionalized
low-molecular-mass polyolefin) is more efficient and makes
it possible to produce both intercalated and exfoliated
nanocomposites.!74- 182

Nanocomposites based on nonpolar polymers can be
synthesized without introducing comodifiers if the poly-
mer —clay mixture is formed under thermodynamically non-
equilibrium conditions. Such conditions can be realized for
polymerization of nonpolar or weakly polar monomers over
clay-supported catalysts. If the polymer formed in clay
galleries is insoluble in the reaction medium at polymer-
ization temperature, the entropic and enthalpic barriers to
intercalation of the nonpolar polymer into polar silicates
are removed. To this end, it is necessary to create conditions
for clay swelling in the reaction medium, which provides
access into clay galleries for the catalyst and monomer.”8
This is possible for surfactant-modified clay. When a certain
molecular weight is achieved, the resulting polymer is
deposited in clay galleries, separating silicate platelets.

Exfoliated and intercalated nanocomposites based on
PE of different density have been synthesized by polymer-
ization of ethylene and long-chain a-olefins on various
catalysts with the use of modified clays.!®3 The PE-MMT
and PE —hectorite composites have been synthesized on the
MAO (methylaluminoxane) catalyst preliminarily applied
to unmodified clay in suspension in hexane and xylene.!84
The same catalyst, along with bifunctional clay modifiers
based on alkylaluminium and vinyl alcohol, has been used
for preparing exfoliated nanocomposites.'®> The copoly-
merization of vinyl groups with ethylene leads to that the
modifiers are fixed into the silicate galleries.

Exfoliated nanocomposites have been fabricated by
ethylene polymerization or ethylene—1-octene copolymer-
ization in neat Na*-MMT on the MgCl,/TiCly catalyst
activated with AlEt3,'8¢ and in clay modified with L-amino
acids or a complex modifier (L-amino acid —cetyltrimethyl-
ammonium bromide) on the zirconocene catalyst.'8” The
elastic modulus, strength, creep, yield point and other
essential engineering characteristics of materials are meas-
ured by mechanical analysis methods.¢7- 68,84

The elastic modulus of the PP—modified MMT nano-
composites containing only 1 mass % clay was found to be
eightfold higher than that of the neat PP.!3% At the same
time, a noticeable increase in the composite strength was
observed at clay contents no lower than 10%. The compo-
sites also exhibited enhanced crack resistance: at the filler
content 10 mass %, the time to failure exceeded that for the
neat polymer by a factor of 4.5.

The elastic modulus can be additionally increased with
the use of a modified filler. In particular, for nanocompo-
sites based on Nylon-6, saponite particles and 12-amino-
dodecanoic acid-modified MMT obtained by intercalation
polymerization, the elastic modulus at 120 °C increases with
an increase in the filling degree in the range 0% —
7.5%.189-191 It has been demonstrated that the increase in
the elastic modulus is proportional to the average length of
layers of dispersed nanoparticles. For analogous composites
containing up to 18 mass% clay, the elastic modulus
monotonically increased up to the clay content 10 mass %,
and then its growth became slower.!? As follows from
DXR and TEM data, at this clay content there is a
transition from the completely exfoliated structure to the
intercalated —exfoliated structure. Thus, the composite elas-
ticity depends not only on the concentration of layered
silicate particles but also on the degree of their exfoliation.

The mechanical properties of a nanocomposite depend
on the nature of the clay —polymer adhesion bond.'®® For
the systems based on maleic anhydride-modified PP and PP
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oligomer (PP-MA) prepared by melt intercalation, the
increase in the PP-MA content leads to an increase in the
intercalation degree up to partial exfoliation and to the
corresponding increase in Young’s modulus.!”> For the
nanocomposites based on weakly polar PMMA 10 or
PS 193 synthesized by emulsion polymerization in the pres-
ence of water-swollen Nat-MMT, Young’s modulus
increases insignificantly: from 1.21 to 1.30 GPa when
11.3 mass % of the filler is introduced.

A considerable increase in the interplanar spacing (to
7 nm) in nanocomposites obtained by polymerization filling
of epoxy resins with montmorillonite does not lead to a
noticeable increase in their elastic modulus.!?? As stated by
Zilg et al.,'®® the material toughnes is caused by specific
features of supermolecular entities appearing in the pres-
ence of anisotropic nanoparticles. It has been shown that
the toughness of epoxy nanocomposites cured with anhy-
drides changes only slightly upon the formation of a
properly exfoliated structure; however, the use of amino
acids or amino alcohols leads to the increase in the elastic
modulus of the composite.

Another significant characteristic of physical and
mechanical properties of polymer —silicate nanocomposites
is strength. In general, the strength builds up with a
decrease in particle size, although anisotropy of filler
particles in the exfoliated structure can be a detrimental
factor because of local stress concentrations.!%4

In thermoplastic-based nanocomposites, the strength
depends strongly on the nature of interaction between the
matrix and filler. Nylon-6-based exfoliated systems pre-
pared by different methods 3%~ 19! or PMMA-based inter-
calated systems!%5 exhibit enhanced strength, which is
commonly explained by ionic or polar interactions between
the polymer and silicate layers. The strength enhancement is
more pronounced in Nylon-6-based composites, which have
an exfoliated structure and are characterized by ionic bonds
between the polymer and silicate. lon—dipole interactions
in the case of PMMA or PS (induced dipoles) ' in
intercalated nanocomposites do not afford a significant
increase in material strength.

In PP-based nanocomposites, the gain in strength is
either small or absent. Such a behaviour can be explained
by the insufficient adhesion between the nonpolar polymer
and polar layered silicates where the filler particles either
play a passive role, exfoliating from the matrix, or even
serve as the centres of defect formation.'?® The introduction
of a small amount of PP-MA into the nanocomposite
promotes the intercalation of polymer chains and increases
the strength.!7# Preliminary treatment of the filler with, for
example, functional silanes have an analogous effect.!8 A
small increase in strength is also observed for intercalated
PE —clay systems prepared by polymerization filling.!84

The effect of formation conditions and nanocomposite
structure on yet another essential characteristic of nano-
composites — elongation at break — has been little studied
to date. It has only been stated that, for intercalated systems
based on PMMA, 95 PS 193 and PE !84 or for the intercala-
ted —exfoliated PP-based composite,!’* the elongation at
break decreases by 5% —10%.

The behaviour of nanofillers with significantly anisodia-
metric shape is determined, first of all, by the strength of
‘squeezing’ of macromolecules in clay galleries,'” which is
fundamentally different from the case of the ‘classical’ filler.
Depending on the tactoid orientation with respect to the

external loading direction, the ends of filler sheets can move
relative to each other, thus facilitating the exit of polymer
chains from the galleries, or come closer together, thus
holding the intercalated macromolecules.

The interaction between macromolecules and silicate
particles has a strong effect on the rheological properties
of the composite. Polymer filling with disperse particles is
usually accompanied by an increase in system viscosity;
however, for PVA—MMT composites (up to 5 mass % clay)
the viscosity decreases by a factor of 2.7.°7 At high shear
rates or upon prolonged exposure to low-rate shear, silicate
platelets in polymer melts or greases are aligned parallel to
the applied load, which leads to a considerable decrease in
melt viscosity 33 and texturing of the silicate filler in the
composite.80- 198,199 1t follows from data on the glass tran-
sition temperature and polymer chain conformation 2%° that
the decrease in the viscosity of particulate-filled PP nano-
composites is accompanied by the increase in free volume.

Theoretical studies of a continuum hydrodynamic
model 201203 have enabled the prediction of the decrease
in the composite viscosity even for spherical particles of a
nanofiller. The model attributes this effect to the dynamics
of polymer chains at the nanoparticle—polymer interface.
The decrease in the amount of macromolecules in the
polymer layer at the filler—polymer interface leads to the
local reduction of the layer viscosity, which facilitates the
movement of particles in the polymer matrix.?0!-202 If the
regions with reduced polymer viscosity start overlapping
(according to Ref. 204, efficient interaction between the
filler particles appears when the average distance between
them is twice as small as the gyration radius of the polymer
chain), the resistance to flow of the polymer—filler system is
additionally reduced.??® If the polymer depletion layer
thickness is more than the nanoparticle radius and its
viscosity is lower than the polymer viscosity, the intrinsic
viscosity of the composite becomes negative.?03

It is worth noting that significant changes in visco-
plastic and rheological properties of various polymer nano-
composites occur at small filler contents in the system
(5 mass % — 10 mass %).

For composites based on PA-12, PS and maleinized PS
and PE, the increase in the dynamic modulus of the
materials is especially significant at low frequencies: it
exceeds the corresponding modulus values for neat poly-
mers by 2—3 orders of magnitude in the case of PA and PS
and by two orders of magnitude in the case of maleinized
PE.206’207

Study of dynamic properties has shown that, for poly-
carbonate (PC) containing 4.5 mass % of modified MMT,
the dynamic modulus is 2—3 orders of magnitude higher
than that for neat PC at low frequencies but is lower than
the latter at high frequencies.?’® The dynamic modulus
values substantially depend on the type of organic cation.

The rheological properties of nanocomposites based on
layered silicates depend on the molecular mass of polymers
and the degree of intercalation of polymer molecules into
clay galleries. In particular, the increase in the dynamic loss
modulus and especially dynamic elastic modulus is observed
in the PP—~MMT system.?°7 The rheological properties of
composites based on ethylene—vinyl acetate copolymers
containing the clay mineral fluorohectorite treated with a
modifier — a mixture of (n-C;gH37)MesN™* cations and
protonated aminolauric acid — have been studied.?% It
turned out that the dynamic modulus of the composite with
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separate phases does not noticeably increase, whereas the
modulus of the exfoliated system at low frequencies
increases by two orders of magnitude.

Among other promising characteristics of polymer—
silicate nanocomposites are the decreased gas pemeability,
enhanced heat and fire resistance, high ion conductivity and
low thermal expansion coefficient. The high adsorption
capacity of the clay enables its use as a carrier for different
substances that should be uniformly distributed in the
polymer. This can be exemplified by composites based on
MMT modified with different guanidine copolymers, which
have pronounced biocidal properties.?!?

Nanocomposites of thermoplastic polymers and layered
silicates are already commercially available and applied in
automotive industry and packaging industry. They became
a new and very promising class of materials due to the
simplicity of their fabrication. At the same time, the
increased interest in nanocomposites has not yet led to an
abundance of commercial products. First, this is due to the
fact that the filler exfoliation achieved in many polymers did
not lead to the significant improvement of the mechanical
properties of composites, except elastic modulus. Second,
the requirements for high dispersion of the filler and its
uniform distribution in the polymer matrix necessitate
modification of existing production processes, which greatly
increases the cost of production.

In this context, basic research in this area is essential. It
is hopeful that deeper insight into the principles of forma-
tion of polymer —silicate nanocomposites will make it pos-
sible to formulate new ideas and strategies capable of giving
impetus to development of modern technologies for crea-
tion of materials based on these systems.

II1. Composites based on polymers and
nanodiamonds

From the widest range of nanoparticles, detonation nano-
diamonds (DND) with excellent physical and mechanical
properties 2!1-212 are promising candidates for use as poly-
mer modifiers. The detonation synthesis of nanodiamonds
was discovered in the USSR in 1963.2!2 The developed
process of DND production currently involves detonation
synthesis from explosives with a negative oxygen bal-
ance.?!3-214 DND particles are, on average, 4—6 nm in
size. Detonation nanodiamonds have a cubic crystal lattice
with the unit cell parameter a = 0.355 nm, the density
3.05-3.4 g cm 3 and local microstresses ~ 10 GPa.?!3
Since DNDs are synthesized under nonstationary,
extremely severe explosion conditions, the particles have
no common surface composed of carbon atoms combined
into a crystal structure; rather, they have a ‘fringe’ of
oxygen-containing functional groups (Fig. 4). In particular,
in addition to carbon, DNDs contain considerable amounts
of heteroatoms, and their content depends on synthesis,
purification and processing conditions. On average, DNDs
contain 80% —88% carbon, which is mainly in the diamond
phase. They also contain oxygen (10% or more), hydrogen
(0.2% —1.5%), nitrogen (2% —3%) and noncombustible
residue (0.5% —8.0%) composed of oxides, carbides and
salts of different metals, such as Fe, Ti, Cr, Cu, K, Ca, Si,
Zn and Pb.7-216 These compounds, along with non-diamond
carbon, are difficult-to-remove solid impurities. This is
responsible for a set of unusual properties and uncommon
applications of detonation nanodiamonds.?!3-217.218
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Figure 4. Schematic structure of the DND particle with different
functional groups.?!?

IR spectroscopy indentifies various functional groups
on the DND surface after processing under different con-
ditions: oxygen-containing (hydroxyl, carbonyl, ester, anhy-
dride, etc.), nitrogen-containing (amide, amino, cyano and
nitro groups, etc.), sulfo groups, etc.”-2' In addition,
methyl and methylene groups are identified on the particle
surface, but their content is insignificant. DNDs also con-
tain bound and sorbed water, which is not removed even on
drying the powders at 393 K. It is evident that this water is
immobilized in closed pores formed in the course of DND
synthesis.

An important problem is the necessity to tailor the
surface properties of purified nanodiamonds since it is
precisely the surface composition that predetermines their
application to different fields. The nanodiamond surface is
modified by various methods, including heat treatment of a
suspension or chemical treatment in different media at high
or low temperature. This essentially changes the ratio of
hydrophilic to hydrophobic groups on the diamond surface,
sorption properties, surface charge, etc. Nuances of DND
fabrication process, chemical purification and modification
may have a strong effect on both the physical and chemical
properties and the performance of diamonds in composite
materials and coatings. Different methods of particle sur-
face modification have been developed that allow obtaining
the type of DND most suitable for a certain field of
application.219-224

DND nanoparticles have a very high surface energy and,
therefore, form difficult-to-destroy blocks (clusters)
200—-300 nm in size, which are combined in bulkier amor-
phous aggregates. Depending on the nature of the func-
tional cover, colloidal properties of DND significantly vary.
DND particles aggregate in both dry powders and suspen-
sions, thus forming stable primary (up to 1-5 pm) and less
stable secondary (up to 200 pm) aggregates,?!®22> and in
liquid polar media, which significantly limits the possibility
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of achieving the properties predicted on the basis of the size
of individual nanoparticles. For some practical purposes,
DND suspensions in nonpolar media should be used;
however, the DND surface is hydrophilic?*® and is not
solvated by low-molecular-mass liquids of this type.

High-priority uses of DNDs are in electrochemical and
chemical metal-diamond coatings,?!4.222.227-230  poly-
mer—diamond composites (films materials, membranes,
rubbers, plastics), additives to lubricating oils,?!4- 222,227,228
polishing systems, diamond ceramics and toolware (elec-
tronics, cutters);?!4-222,228,231,232 they are also used in
medicine (gastric and antitumour drug carriers, immobil-
izers, adsorbents, etc.).223-231,233-238

Notwithstanding the fact that, in the above fields,
polymer composites account for only a few percent of used
DNDs, this direction of their application is extremely
promising. In technological processes intended to create
new materials with the use of DNDs, they are assigned the
role of strong structuring agent. A common feature of these
processes is the very low consumption of nanodiamonds
(often a fraction of a percent), while the beneficial effect is
achieved by a change in the properties of the product
through a change in the characteristics of the corresponding
process in the presence of DNDs, be it polymerization,
lubricating film formation, coating adsorption and forma-
tion, electrochemical metal deposition or polymer reinforce-
ment. As a result, the structure of the final product can be
modified so that its performance properties change dramat-
ically.

Nanodiamond-modified polymers can be used in air-
craft, automotive, tractor and shipbuilding industry; med-
icine; chemical and petrochemical industry; production of
seals and shut-off valves for various purposes; and in
protective and anti-friction coatings.”-223-228

Nanocomposites based on DND and polymers (rubbers)
have been described for the first time.®-23° Owing to the
nanometre size of the filler particles, these materials exhibit
much better physical and mechanical properties than the
neat polymers of common (micrometre scale) composites.

In some cases, modification of polymers and their
blends with nanoparticles provides unique tribotechnical
properties owing to formation of adsorption layers with a
spatial network of physical bonds at the polymer matrix —
nanoparticle interface.

As shown,240-241 the crucial factor is the method of
introduction and dispersion of DND into polymer matrices
since it is precisely the morphology of composites that has a
decisive effect on their final properties. An original method
of combination of a polymer with a filler has been pro-
posed:?*0 immobilization of DND particles on the polymer
powder surface occurs in a cavitating inert medium (hexane)
under ultrasonication with subsequent filtration and drying
of the composite powder.

From the technological viewpoint, a rheological method
of combination of the polymer and filler is more promising.
In this method, nanoparticles are mixed with the polymer
melt in elastic turbulence (‘spurt’) regime, which leads to the
efficient destruction of DND agglomerates and their uni-
form distribution in the polymer bulk.?*! The use of high-
speed equipment makes it possible to obtain nanocompo-
sites containing more than 90 vol.% of particles <100 nm
in size (Fig. 5).

The thus produced composites based on DND and
thermoplastics — the styrene—acrylonitrile copolymer
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Figure 5. Differential (f, /) and integral (F, 2) size distribution
curves of DND particles (d) for the SAN-DND composite
(1 mass %) obtained by melt mixing in spurt regime.?*?

(SAN) and polysulfone (PSF) — exhibit a set of improved
properties. In particular, at the DND content 0.5 mass % in
SAN, the elastic modulus and tensile strength increase by
more than 30%, which is accompanied by the increase in
impact toughness and hardness. The introduction of
0.5 mass % DND into PSF leads to an increase in impact
toughness by 80%, whereas, in the composites containing
5 mass % DND, the Brinell hardness increases by 40% and
the elastic modulus, by 100%.2*! Modifying DNDs with
hexafluoropropyl alcohol improves their dispersion in PSF,
which provides enhanced mechanical properties.?43

It is interesting that the viscosity of thermoplastic melts
with small additions of DNDs is reduced,?#?-243 which can
facilitate the processing of composites into finished articles.
Besides applied problems, the polymer melt viscosity reduc-
tion upon the introduction of a certain amount of nano-
particles has a fundamental significance since it reflects the
change in the flow mechanism, especially at high rates —
transition from segmental to stratified (layered) flow. Such
a transition also causes the change in the morphology of a
heterophase composite since a strong flow meets the con-
ditions of precursor processing into a real nanocomposite.
This circumstance compels us to consider rheological fac-
tors as key ones in synthesis of nanocomposites with
tailored morphology.

The introduction of DNDs into thermoplastic PC leads
to an increase in elastic modulus and a decrease in elonga-
tion at break. It has been demonstrated that, in the DND
concentration range from 0.74 vol.% to 1.2 vol.%, the
deformation behaviour changes from plastic to brittle
before reaching the yield point. The cause for this change
has been stated to be the formation of percolation cluster of
fractal structure by DND particles.?*

The use of DND as a component of oriented nano-
composites seems to be rather promising. This is due to the
fact that nanodiamonds form extended indestructible aggre-
gates capable of acting as efficient modifiers of physical and
mechanical properties of polymer fibres. In particular, of
interest is the attempt to design an oriented PVA-based
composite (fibre) that would contain detonation nanodia-
monds as nanosized filler.
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PVA composites reinforced with DND particles have
been synthesized by a solution method.?*> DND particles
were functionalized to create surface carboxyl and hydroxyl
groups by treatment with sulfuric and nitric acids. As the
filling degree increases from 0 mass % to 0.6 mass % DND,
the degree of crystallinity of the composites increases from
42% to 56%, while the elastic modulus and hardness
increase twofold. Gel spinning conditions and regimes
have been determined for producing PVA—-DND nano-
composite fibres with considerably higher longitudinal elas-
tic modulus values (the twofold increase, from 11 to 22
GPa, while the tensile strength remains constant) as com-
pared to nonmodified polymer fibres.?4¢

Epoxy adhesives filled with DNDs have good adhesive
and cohesive properties. The use of DNDs in epoxy binders
of glass fibre reinforced plastics efficiently decreases the
longitudinal wear (a nearly twofold decrease is achieved at
10% DND).?47-248 Minor amounts of DND (0.125 mass %)
lead to a 50% increase in crack resistance of ED-22 epoxy-
diane resin and enhance its microhardness.??*

Small DND additives to polyimide matrices increase the
thermal degradation temperatures (by up to 30 °C). The
introduction of 2 mass % DND into PA increases thermal
conductivity by 15%,24°=251 and the microhardness of the
composites increases by 15% and 26% at a filler content of
1 mass % and 5 mass %, respectively,?>2

The introduction of 0.24 vol.% DND into poly(ester
urethane) plasticized with nitroglycerin leads to a twofold
increase in elongation at break and a ~60% increase in
tensile strength, while the elastic modulus remains constant
or slightly decreases. It can be suggested that the fractal
structure of nanodiamond clusters is responsible for the
improvement of mechanical properties.?>3

Coatings based on Nylon-11 reinforced with DNDs
produced by high-velocity oxy-fuel combustion spraying
exhibit enhanced adhesion to a steel substrate, but inferior
mechanical characteristics (elastic modulus and hardness),
which is attributed to a nonuniform distribution of the filler
in the matrix.?>*

The introduction of up to 1 mass % DND into epoxy
resin (Epicote 827, Epicure curing agent, ASTRA) by ultra-
sonicationc leads to a more than 100% increase in the
hardness of cured composites containing 0.67 mass %
DND. The dielectric permittivity of the composite is
reduced from 5.74 to 4.27.253

Polyacrylonitrile (PAN) and PA-11 nanofibres contain-
ing up to 80 mass % and 40 mass % DND, respectively,
have been prepared by electrospinning.?’¢ Thin films of
these composites can be used as UV protectors and protec-
tive coatings. In particular, for the PA-11 composite con-
taining 20 mass % DND, a fourfold improvement of elastic
modulus and a twofold increase in hardness are observed.

Composite films based on the ethylene—1-octene
copolymer with 5 mass % DND have been obtained from
solution.?”” DSC demonstrates that DNDs increase the
degree of matrix crystallinity. The tensile strength of the
composites increases from 3 to 5.1 MPa after material
relaxation at room temperature for a month.

The efficiency of the introduction of DNDs into elas-
tomers has been demonstrated by different researchers. In
particular, filling fluoroelastomers with DND particles in
the course of cold cure affords coatings with the following
advantages:”- 212

1. The permeability to hydrocarbons and polar solvents
decreases by a factor of 30-50. The highest chemical
resistance in salt, acid and alkaline media is exhibited by
filled copolymers of ethylene with perfluoroalkyl vinyl
ethers (protective coatings).

2. The dry friction coefficient against metal decreases to
0.01.

3. Elastic and strength parameters are enhanced: the
elastic modulus at 100% elongation and conventional
tensile strength increase more than tenfold, which is accom-
panied by an increase in elongation at break by a factor of
1.6.

4. The contact adhesion strength increases, by
300% —500% for active surfaces (steel St3, zinc, alumi-
nium).

Film coatings based on DND-modified polysiloxanes
have noticeably better elastic and strength characteristics:
there is an approximately threefold increase in stress at
100% strain (from 19 to 53 MPa), tensile strength (from 52
to 154 MPa) and elongation at break (from 730% to
1970%), while the tear resistance increases by a factor of
1.4_7,212

On the basis of fluoropolymer— DND composites, a
film-forming material has been developed for antifriction
coatings of metal surfaces; this material has shown the dry
friction coefficient against metal previously unattainable for
polymers, <0.01. The developed process of hot curing of
commercial polymers with DNDs provided the improve-
ment of mechanical, antifriction and protective properties
of composite materials and enhancement of their wear and
radiation resistance. The DND content in such composites
was from 0.1 mass % to 2.0 mass %.”

DND-modified fluororubbers have improved elastic and
strength characteristics and are resistant to thermal ageing:
the stress at 100% strain increases by 1.6 times (from 7.9 to
12.5 MPa), the tensile strength increases by 1.1 times (from
15.4 to 16.5 MPa), the relative elongation at break increases
by 1.35 times (from 210% to 285%).2!2 The abrasive wear
resistance of DND-modified fluoroelastomers increases by
a factor of 1.5—-2.0, and in this characteristic, they are close
to isoprene rubbers.?!?

The use of fillers modified by silylation (DNDs and
technical diamond —carbon powders, superfine silica A-300,
glass spheres) improves the mechanical properties of films
obtained from suspensions of a filler in toluene solutions of
polysiloxane block copolymers, by 20% —30% in the practi-
cally important strain range (up to 300%) with retention of
satisfactory elastic properties.?*® It should be emphasized
that such an effect is achieved at a filling degree of no more
than 5 mass %.

The introduction of 0.05 mass % of aminated and sily-
lated DNDs dispersed in polyol into the foamed polyur-
ethane synthesized by polycondensation of polyol and
diisocyanate increases the adsorption capacity of the mate-
rial by 42% and enhances its strength.?>?

The mechanical characteristics of DND-containing rub-
bers remain roughly constant in the course of thermal
ageing at 523 K, either being at the level of analogous
characteristics of standard compositions (not subjected to
heating) or exceeding them. The presence of DNDs is
favourable for structuring rather than destructive changes
in the composites in the course of thermal aging.

For polyisoprene rubbers, the introduction of modified
DNDs leads to considerable improvement of elastic and
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strength characteristics. In particular, for SKI-3 synthetic
isoprene rubber, the stress at 300% strain increases by a
factor of 1.6 (the same result is observed for SKI-5 rubber),
conventional tensile strength increases by 1.4 times (from
20.5 to 28.2 MPa), and the tear resistance increases from
139 to 148 kN m~—!'. The maximal swelling degree of the
rubbers in toluene is reduced by 45%. These rubbers have
higher crosslink density, strength characteristics (~30%
higher than those of common rubbers based on SKI-3)
and fatigue strength.?®® The increase in percent elongation
with an increase in the elastic modulus of such rubbers is
not consistent with generally accepted notions. This points
to a change in the supermolecular structure of rubber,
which is also supported by the significant increase in
cohesion strength (from 1.7 to 2.7 MPa).

The introduction of DND into a standard SKMS-30
ARK rubber mixture based on the butadiene—styrene
copolymer containing 30% styrene units increases the
cohesion strength of the composite by a factor of 1.5-2.0.
DND-modified rubbers are distinguished by the high degree
of vulcanization, their strength characteristics being almost
the same as for the reference rubber and their tear resistance
being two times higher than that of the latter. The stress at
300% strain increases by a factor of 1.4.260

DND-modified butadiene—nitrile rubbers B-14 have
improved performance characteristics: friction coefficient
decreases by 1.5 times, wear resistance increases by 1.3 times
and elasticity, by 1.7 times; frost resistance also increases
(the glass transition temperature decreases by 8% —10%).
For RSS natural rubber (Malaysia) modified with DND,
stress at 300% strain increases threefold (from 1.8 to
5.4 MPa), its performance characteristics being somewhat
improved. The friction coefficient against polyfluoroelasto-
mers (such as copolymers of vinylidene fluoride with per-
fluorinated comonomers, e.g., hexafluoropropylene) and
perfluoro polymers is low, and that against polyisoprenes
(SKI-3 and SKI-5) is high.7-239,261

Upon the introduction of 0.1 mass % to 2 mass % of
diamond blend into commercial explosive decompression-
resistant rubbers, the elastic modulus increases to 8 MPa,
and tear and wear resistances also increase by 60% and
40%, respectively.26?

On the whole, the enhancement of mechanical properties
of polymer—nanodiamond composites is associated with
that the decrease in the DND particle size is accompanied
by the increase in the fraction of interfacial adsorption
layers that have higher density owing to orientation of
macromolecules in the field of nanoparticles as compared
to the polymer in the bulk.?*! The fraction of the polymer
component that undergoes structural and conformational
transformations in the field of these particles is, in general,
equivalent to the volume fraction of the wall boundary
layer. It is assumed that the modifying effect can be
significantly increased at a higher level of DND dispersion
in the polymer matrix, which accounts for the fact that
formulations of composites of different nature and prepa-
ration method differ in the nanodiamond content.

The tribological properties of polymer—nanodiamond
composites have received considerable attention of
researchers. It has been shown that DND is the most
efficient additive for decreasing the wear rate of polytetra-
fluoroethylene as compared with well-known ana-
logues.?47-263 The introduction of 5 mass% DND into
PSF decreases the friction coefficient against metal by

30% and leads to a threefold increase in wear resistance.?*3
Small amounts of DND (0.5 mass %) improve the antifric-
tion and antiwear properties of polyurethane rubber in
water-lubricated boundary friction against steel. The load
bearing capacity and maximum working contact pressure
for modified PU are as large as 18 MPa, which is 60%
higher than for neat PU, the elastic and strength character-
istics of the material remaining almost unaltered.?%*

Double-layer metal —polymer coatings with 0.5 mass %
DND reliably protect bearings and rotors of submersible
pumps, as well as other parts, from the joint action of
corrosion and wear, which makes it possible to retain high
performance for a long time. The use of DND particles
favours the increase in density and coating—substrate
adhesion strength, as well as high adhesion of a lubricant
to the frictional surface; as a result, the service life of parts
increases by 1.5—2 times. DND-modified polymer coatings
are characterized by high antifriction properties, mechan-
ical strength, the absence of toxicity, quiet operation, good
machinability by cutting tools and high resistance to liquid
fuel, mineral oils and fats, organic solvents, alkalis and
acids.224.227.263

In friction and wear processes, DND particles have a
strong reinforcement effect on the amorphous phase of a
polymer and considerably increase the hardness of the
attrition face. In addition, particles that fall into the trans-
fer film from the composite can be fixed in microheteroge-
neities of a counterface, decrease its roughness, and block
the fraction of the surface occupied by a metal adhesively
active to the polymer. As a result, the abrasivity of the
counterface is reduced, which leads to a decrease in wear.

Thus, the review of recent studies dealing with design of
polymer —nanodiamond composites confirms the impor-
tance and prospects of research in this area; some of the
results of these studies are already worthy of industrial
application.

IV. Electroconductive polymer composites

In this section, we consider hybrid nanocomposites based
on conjugated polymers (CPs) and low-dimension (1D or
2D) inorganic structures: carbon nanotubes (CNTs); lay-
ered transition metal oxides (V2Os), oxochlorides (FeOCl)
and chalcogenides (MS,, M = Mo, Ta, Nb, W); silicates
and graphite or graphene. Available methods of fabrication
of nanomaterials and their structure and morphology and
electrical and electrochemical properties are discussed.

1. Hybrid 1D nanocomposites of conjugated polymers and
carbon nanotubes
Since the discovery of carbon nanotubes in 1991,%%5 interest
in them has not abated, first of all, due to a remarkable
combination of their inherent properties, such as high
thermal stability and mechanical strength and high electri-
cal and thermal conductivity. The prospects of creating
polymer composites containing CNTs are associated with
the possible manifestation of the synergistic effect 200~ 268
and, as a result, with the expansion of areas of application.
Composite nanomaterials based on conductive conju-
gated polymers (such as polythiophene (PT), PANI, poly-
pyrrole (PPY), and polyphenylenevinylene) and CNTs are
good candidates for use in organic electronics and electro-
rheology, for design of microelectromechanical systems,
supercapacitors, sensors and biosensors, solar cells, dis-
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plays, etc. Among a great number of conductive polymers,
PANI is the best studied and unique and most suitable for
creation of composite materials owing to its easy produc-
tion, stability, high electroconductivity and ease of redox
processes.?%? =271 Therefore, it is not surprising that the vast
majority of studies on hybrid materials based on conjugated
polymers and CNTs deal with PANI as the polymer
component.

a. Preparation of 1D nanocomposites based on conjugated polymers
and carbon nanotubes

To date, a variety of methods of fabrication of PANI/CNT
nanocomposites have been developed. They imply dissolu-
tion of the polymer in a suspension of CNTs in an organic
solvent,?’? melt mixing of the polymer and CNTs,?”? graft-
ing of macromolecules to the CNT surface,?’# and electro-
deposition of PANI onto CNTs.?7%27¢ However, the CNT
propensity for aggregation gives rise to difficulties in
obtaining the homogeneous fine distribution of CNTs in
the polymer matrix. This is caused by insolubility of CNTs
in organic solvents and incompatibility of CNTs and the
polymer. A high degree of dispersion can be achieved by
in situ polymerization of monomers in the presence of
CNTs. In situ oxidative polymerization of aniline on multi-
walled carbon nanotubes (MWNTSs) affords a homogeneous
polymer coating, and its thickness depends on the content
of nanotubes in the reaction mixture.?”” - 286 The presence of
MWNTs in the reaction system sharply increases the aniline
oxidation rate.?8” The presence of only 1 mass % MWNTs
(with respect to the monomer) reduces the polymerization
time from 64 to 17 min due to the decrease in the induction
period. The aniline monomer, intermediates and oligomers
are adsorbed onto the MWNT surface, providing the
autocatalytic growth of the polyaniline coating. Single-
walled carbon nanotubes (SWNTs) have an analogous
effect.

Hybrid PANI/CNT nanomaterials have also been syn-
thesized by in situ emulsion polymerization.?8%-28% In this
case, protic acids, such as dinonylnaphthalenesulfonic acid
and dodecylbenzenesulfonic acid (DBSA), simultaneously
act as a dopant and emulsifier.290- 291

The use of ultrasonication to aid both mixing and
polymerization per se not only ensures a fine distribution
of MWNTs in an aqueous medium but also prevents the
coagulation of nanotubes in the course of emulsion poly-
merization.?°2 The emulsion polymerization of aniline in the
presence of MWNTs under common conditions without
ultrasonic initiation leads to formation of agglomerates
1—4 pym in size. The use of ultrasonication only at the
stage of mixing MWNTs also does not lead to their high
degree of dispersion: the resulting agglomerates are
0.5—2 pum in size. The use of ultrasonication at both stages,
dispersion of nanotubes and polymerization, ensures more
efficient interaction of aniline with the MWNT surface.

Hybrid PANI/MWNT nanocomposite has been synthe-
sized by the ultrasonically assisted interfacial dynamic
inverse emulsion polymerization of aniline in the presence
of MWNTs in chloroform.?3 Surfactant camphorsulfonic
acid (CSA) was used as a dopant and ammonium perox-
odisulfate (APS) served as an oxidant. The organic phase
with ultrasonically dispersed MWNTs contains aniline and
CSA, and the aqueous phase is a suspension of very small
APS droplets. A layer of PANI is formed at the interface
upon the reaction of APS radicals with the aniline— CSA

complex. The resulting PANI/MWNT nanocomposites
form stable suspensions in chloroform, wherecas MWNT
nanoparticles dispersed in chloroform that contains CSA,
rapidly coagulate and precipitate.?*42%> Thus, PANI is a
stabilizer of MWNT dispersion in chloroform.

As shown by scanning electron microscopy (SEM) and
low-temperature TEM, the polymer (PANI) form, on the
MWNT surface, a homogeneous, continuous polymer coat-
ing 10—50 nm thick. The tubes coated with PANI form
networks. The suggested method enables very fast polymer-
ization: at the ratio [aniline]: [CSA]:[APS] = 1:2:0.5, 82%
conversion is achieved within 5 min of sonication. Such an
effect is caused by the large interface surface area, as well as
by the high concentration of APS radicals formed under
sonication. It is worth noting that dynamic inverse emulsion
polymerization without ultrasonic mixing and static inter-
facial polymerization proceed at very low rates.?96-297

A fundamental feature of the above 1D hybrid materials
is strong mw—m* interaction between the quinoid units of
PANI and the MWNT surface, which has been proved by
electronic, IR, X-ray photoelectron and Raman laser spec-
troscopies. The strong m—=* interaction between the nano-
material components is caused by that, during the in situ
polymerization of aniline, planar quinoid units of PANI
ensure formation of polymer chains in immediate proximity
to the CNT surface, forming a coaxial shell on CNTs and
providing charge transfer from the quinodiimine moieties of
the polymer chain to CNTs.274 281 Notwithstanding the fact
that there is strong m—n* interaction between the compo-
nents in the nanocomposite, this interaction is much weaker
than covalent bonding. The parallel arrangement of the
polymer chains and CNTs significantly increasing the inter-
action between the nanotubes and polymer coating has also
been observed for nanomaterials based on sulfonated
PANI,?°8 poly(p-phenylenevinylene) and the copolymer of
m-phenylenevinylene and 2,5-dioctyloxy-p-phenyleneviny-
lene.?°

In the above methods of fabrication of 1D hybrid
materials by means of in situ polymerization in the presence
of CNTs, special synthesis conditions should be met to
ensure the formation of the polymer layer only on the CNT
surface and prevent polymerization in the bulk, which
results in a morphologically inhomogeneous material. In
particular, for polymerization to occur only on the surface,
the monomer concentration should be low and the ratio of
the reaction volume to the surface area of the carbon
substrate should be high.300-301

Another approach to achieve high dispersion and homo-
geneity of the CNT distribution implies modification of
CNTs leading to the change in their surface properties. Both
noncovalent surface modification and covalent functional-
ization are possible. Sorption of aniline oxidants —
IrCl3~ and 2,2-azinobis(3-ethylbenzothiazoline-6-sulfate)
(ABTS) — on the CNT surface significantly promotes the
oxidative dimerization of aniline on the CNT surface to
produce oligomeric intermediates responsible for the auto-
catalytic growth of the PANI chain.?7%302 As a result,
PANI forms mainly as a homogeneous shell around
CNTs, and the fraction of the free polymer considerably
decreases.?93> When ABTS is used, the nanocomposite com-
pletely lacks the free PANI phase.

Polymerization in the presence of covalently functional-
ized CNTs not only provides the formation of a homoge-
neous nanostructure but also prevents the microphase
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separation. In particular, hybrid nanomaterials in which
PANI (Refs 284 and 304), sulfonated PANI (Ref. 305) or
poly(4-phenylaminobenzosulfonic acid 3% are grafted to
MWNTs, as well as sulfonated PANI is grafted to
SWNTs,?%7 have been prepared in which the polymer
forms a coaxial shell on the CNT surface.

An efficient method of synthesis of stable 1D hybrid
nanomaterials in which PANI chains are grafted to
MWNTs is in situ emulsion polymerization of aniline in
the presence of covalently functionalized MWNTs. This
method afforded a nanomaterial in which PANI chains are
grafted to MWNTs functionalized with p-phenylenedi-
amine.’°® The synthesized composite nanoparticles are
multi-walled nanotubes bearing phenylenediamine (PDA)
moieties and coated with a PANI layer doped with DBSA.
The synthesis of these nanocomposites is shown in
Scheme 1 and involves the following stages: (a) oxidation
of MWNTs by a mixture (3:1) of concentrated sulfuric and
nitric acids, (b) interaction of SOCl, with DMF, (¢) addition
of p-phenylenediamine in a nitrogen atmosphere, and (d)
preparation of a micellar dispersion of functionalized
MWNTs (PDA-MWNTs) in DBSA, addition of aniline
and an aqueous solution of an oxidant — APS (the ratio
[DBSA]:[PhNH>]:[APS] = 0.8:1:1). The in situ polymer-
ization occurs at 30 °C. It is essential that all stages occur
under ultrasonication.

IR and Raman spectroscopy has proved that DBSA-
PANI chains are covalently bonded to functionalized
MWNTs through amide groups.

b. Electrical properties of 1D PANI/CNT composites
Strong m—7m* interaction between quinoid units of PANI
and six-membered rings of the graphene surface of CNTs
promotes electron transport in a nanomaterial as compared
with the neat polymer, thus improving the macroscopic
conductivity parameters. The surface resistance of the
PANI/SWNT nanocomposite film on an SiO, plate is
16.9 kQ/[], which is one order of magnitude lower than
the resistance of PANI (343.3 kQ/[J) and MWNTs
(222.7 kQ/[7).2%3

Ultrasonic treatment has a considerable effect on the
conductivity parameters of nanocomposites. The conduc-
tivity of PANI/MWNT produced under sonication at all
stages of synthesis of the hybrid nanomaterials is
27 S em—!, which significantly exceeds the conductivity of
PANI/MWNT nanocomposites obtained with the use of
sonication only for mixing (2.5 S cm—!) and under common

conditions of emulsion polymerization (4.6 S cm—1).2°2 An
increase in conductivity is explained by the ultrasonically
induced increase in the donor—acceptor interaction between
the quinoid units of PANI (strong donor) and MWNTs
(strong acceptor). It has been shown that, with an increase
in ultrasonic treatment duration, the surface resistance
increases as a result of gradual conversion of the conducting
PANI form into the nonconducting form of the emeraldine
base.30?

The electroconductivity of the DBSA-PANI/
PDA-MWNT nanocomposite3°® at room temperature
(13.65 S cm—! after polymerization for 3 h) is at least an
order of magnitude higher than the conductivity of PANI
doped with DBSA (1.03x10-2 S cm ). The high conduc-
tivity of the samples produced within 3 h of polymerization
is due to the ordered structure and the high content of
functionalized MWNTs. The phenylenediamine moieties
grafted to the MWNT surface act as bridges, promoting
electron density delocalization, which enhances charge
transport. As a result, the conductivity of the hybrid nano-
materials increases at least by an order of magnitude as
compared with that of PANI doped with DBSA.

With an increase in the polymerization duration to 6 h,
the content of functionalized MWNTs is reduced, and
according to X-ray diffraction data, the upper (near-sur-
face) layers of the PANI coating have a disordered structure
with a high content of amorphous regions so that the
conductivity decreases to 0.623 S cm~— 1.

Noteworthy is the fact that ultrasonication in the course
of polymerization leads to the ‘cutting’” of MWNTs. Nano-
structures obtained by polymerization for 3 h are 1—-3 pm
in length and 100 nm in diameter (the aspect ratio is
10—30). With an increase in the reaction time to 6 h, the
length of most of nanostructures decreases to 0.3—1.5 um,
the average diameter being 120 nm (the aspect ratio is
2.5-12.5). The decrease in nanoparticle size has an effect
on charge transport in the nanocomposite so that the
conductivity is reduced.

The 1D nanomaterials considered in this section have
high potential for use as electrode materials for electro-
chemical power sources, electrolytic capacitors, sensors, efc.
Therefore, it is vital to scrutinize their electrochemical
behaviour. Comparison by cyclic voltammetry of the elec-
trochemical properties of the PANI, PANI/MWNT and
PANI/MWNT modified with IrCI2~ and ABTS (Ref. 303)
has shown that the electrochemical properties of the nano-
composites are determined by the redox transitions of
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PANI. Of crucial importance is that the potential difference
between the anodic and cathodic peaks (AE = E,—E.)
decreases, which corresponds to the increase in reversibility
of electrode reactions. Most likely, this is associated with an
increase in the charge transfer rate in the MWNT - PANI
system as compared with neat PANI.

Studying electrochemical capacity retention in compo-
sites upon long-term cycling has demonstrated the high
stability of composites with modified MWNTs during
charge/discharge processes. After 100 thousand cycles,
their losses were only 5% —6% of the starting value,
whereas the losses of composites with unmodified MWNTs
were as large as 20%.

Thus, in the past decade, efficient methods of fabrica-
tion of hybrid 1D nanomaterials based on conjugated
polymers and CNTs have been developed. The polymer
forms a coaxial shell on the CNT. This shell can be
covalently bonded to the CNT surface or be held by strong
n—m* interaction between the components of nanomaterial.
The introduction of CNTs into a nanomaterial increases its
thermal stability and ensures the increase in electroconduc-
tivity owing to stronger electron density delocalization and,
as a result, enhancement of electron transport in the system.

2. Hybrid 2D nanocomposites based on conjugated polymers
A methodology of synthesis of 2D hybrid nanomaterials is
based on intercalation of conductive conjugated polymers
into layered inorganic structures 31 and is dictated by the
nature of both the layered material (‘host’) and the interca-
lated polymer (‘guest’). Transition metal oxides and oxo-
chlorides (FeOCl, V,Os xerogel), metal chalcogenides
(MeS,, Me = Mo, Nb, Ta and others), layered silicates
(MMT, smectite, hectorite) and graphite are used as two-
dimensional layered materials.

a. Nanocomposites based on conjugated polymers and metal oxides
and oxochlorides

Kanatzidis et al3''! were the first who applied in situ
polymerization of pyrrole to produce the hybrid nano-
material PPY —FeOCIl. The method involves the introduc-
tion of monomer molecules into the interlayer space of
FeOCl followed by oxidative polymerization. In addition to
PPY, PANI and PT have been intercalated into the FeOCl
lattice.3127316 Formation of hydrogen bonds between NH
groups of the monomer and Cl atoms of host has been
revealed. The PANI bonding in the FeOCl structure is
shown in Scheme 2.3'7 As follows from spectral data, the
resulting polymers are in the conducting form, which
determines the electrical properties of the synthesized nano-
materials.311.318
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In synthesis of hybrid materials by intercalation of
conducting polymer into the interlayer space of FeOClI,
V,0s5 and VOPOy, it is crucial that the layered inorganic
compounds themselves initiate oxidative polymerization,
simultaneously acting as dopants. In situ oxidative interca-
lation polymerization of aniline, pyrrole and bithiophene in
the interlayer galleries of the V,Os xerogel affords nano-
materials with a structure of alternating layers of the
electroactive polymer and vanadium oxide.317-319-322 The
synthesis conditions have a strong effect on the mechanism
of formation of a nanomaterial and its morphology. In
particular, intercalation polymerization of aniline in V,Os
in an aqueous medium in the presence of HCI at 120 °C
leads to formation of composite nanosheets.323 At the early
stages in an acid medium (pH 3), the anilinium cation
diffuses into the intersheet galleries of V>Os, where oxida-
tive polymerization occurs. At further stages of polymer-
ization yielding intercalated PANI, V,0s is exfoliated to
give 10—20 nm thick nanosheets, which self-assemble into
supramolecular nanostructures (Fig. 6); this is accompanied
by partial reduction of V3* to V4*. At room temperature,
nanosheets are not formed, and the resulting hybrid mate-
rial has a rod-like morphology. In the absence of an acid,
sonochemically initiated polymerization of aniline in the
interlayer space of V,Os leads to a nanomaterial in the form
of nanowires.3?#

200 nm
—i

Figure 6. TEM image of the PANI-V.Os
([PhNH;] = 0.016 mol litre—!, 120 °C, 24 h).3»

nanocomposite

The process of preparation of a hybrid nanomaterial
and its morphology are radically different when intercala-
tion polymerization is carried out under homogeneous
conditions of the reaction between aniline and peroxyvana-
dic acid, which forms upon dissolution of V,0s in an
aqueous solution of hydrogen peroxide.3?3-326 The product
is a hybrid material with a hierarchical morphology com-
posed of differently oriented nanoplates and nanostrips.32’
Figure 7 shows the SEM image of such a structure. Accord-
ing to X-ray diffraction, the end product has a lamellar
structure with intercalated PANI chains.310-316.328 The
interlayer distance for the (001) reflection peak is 13.6 A
and remains constant with an increase in polymerization
duration, which is consistent with the results319-321_ The
morphology of the hybrid nanomaterial depends on syn-
thesis temperature and duration. At room temperature, no
polymerization occurs, and a hybrid material does not
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Figure 7. SEM image of the hierarchical nanostructure of the
hybrid nanomaterial PANI-V,05 obtained at 180 °C in 24 h.3%7

form. At 80, 120 and 180 °C, polymerization leads to
nanostrips, nanoplates and nanosheets, respectively. As
shown by X-ray diffraction and IR spectroscopy, the
galleries accommodate PANI chains and water molecules.
Simultaneously, vanadium is reduced to V4. At 180 °C,
with an increase in polymerization time to 4 h, aniline
continues reacting with peroxyvanadic acid to give a hybrid
nanostructure resembling flowers composed of arbitrarily
oriented 20—30 nm thick nanoplates and with horizontal
dimensions of 1 -2 pm. The hybrid material formed within
24 h has a supramolecular structure with a hierarchical
morphology and close-packed nanoplates. As the process
develops, water molecules leave the V,Os galleries.

The PANI- V.05 nanocomposites are electroactive in
aqueous acids and aprotic electrolytes.??® Cycling of the
nanomaterial in I M HCI in the potential range from —0.2
to 1.0 V does not lead to its degradation. The cyclic
voltammogram show one broad peak, whereas two peaks
are observed for neat PANI under the same conditions. The
electrochemical activity of nanocomposites is associated
with electron transfer between the redox sites of nano-
composite components. Direct charge-transfer interaction
between the macromolecules intercalated into the intersheet
galleries of V,0s and V>* giving rise to a joint electronic
system has been demonstrated by EPR spectroscopy. Elec-
tron transfer from the lone pair of the nitrogen atom of

PANI to V37 is identified in the EPR spectra, which show
the signals of PANI paramagnetic centres (g = 2.0023) and
V4+ jon (g = 1.967). Thus, the obtained PANI - V,Os5 nano-
materials are of interest as stable electrode material with a
wide range of electrochemical activity.

b. Nanocomposites based on conjugated polymers and metal
chalcogenides
Consider formation of hybrid nanomaterials based on
conjugated polymers and transition metal chalcogenides
for conducting polymers and MoS, as an example. A
characteristic feature of the layered chalcogenide MoS; is
that it has a sandwich S— Mo —S structure where a layer of
Mo atoms is located between two layers of S atoms, and
each Mo atom in the layer is coordinated to six S atoms.
The sandwich layers owing to the S—Mo bonds have a
trigonal prismatic or octahedral configuration and are
bound to each other through van der Waals interactions.?®
At the first stage, formation of a hybrid layered nano-
material based on a conducting polymer and MoS; involves
exfoliation of MoS;, and formation of a colloid suspension.
The scheme of the process is shown in Fig. 8. The reaction
of MoS, and Bu"Li in hexane yields the intercalated com-
pound Li,MoS::

MOSZ + Bu”Li —> LixM082 + 0.5 CgH]g

The x value depends on reaction temperature and is 1.12
at 80 °C. Under ultrasonic mixing in an aqueous medium,
Li.MoS, is subjected to exfoliation to form a colloid
dispersion:

LiXMOSZ + HzO e (Mosz)mono]ayers + LlOH + 0.5x H2

Complete exfoliation is observed at x > 0.9. After neu-
tralization, the suspension is stable for several days.

Then, two approaches are possible. The first one is
direct introduction of the polymer into the layered structure
of MoS, . The polymer (PANTI or its alkyl derivatives, PPY)
is first dispersed in water or organic solvent and then added

to exfoliated MoS, and stirred at room temperature for
4 h.331-336

(MoS:2)monolayers T X polymer — (polymer),—MoS,

/ monomer
Bu"Li O O O O O H>O solution
/) —— -] > "= >
© O O O O ultrasonic mixing
I
MoS, Li,MoS,

Lo

— o~

APS

R

Exfoliation

OOO

Figure 8. Scheme of synthesis of the PT—MoS, nanocomposite.
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PT—MoS; nanocomposite
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The other synthetic route implies the introduction of the
monomer into a colloid suspension of exfoliated MoS, with
subsequent oxidative polymerization in the intersheet gal-
leries of the host. This approach has been used for inter-
calation of PANI, PPY and PT into the intersheet galleries
of MoS,.330.337-339 The monomer introduced into the
colloid system is adsorbed onto the surface of exfoliated
MoS, monolayers. Subsequent oxidative polymerization
leads to the polymer intercalated between the MoS; layers.
It is worth noting that the oxidant (APS) modifies not only
the monomer but also the resulting polymer (p-doping) so
that the latter becomes positively charged. Since the MoS»
layers have partial negative charge owing to the presence of
electronegative sulfur atoms,33% there is electrostatic inter-
action between the host layers and the guest, the p-doped
polymer, which is responsible for flocculation of the inter-
calated polymer.

According to X-ray diffraction, the intercalation of
PPY, PT and PANI and its alkyl derivatives increases the
interlayer spacing of MoS, by 3.5—5.4 A.331,332,334,337.339
This is evidence that the polymer forms monolayers in the
intersheet galleries of the host, and the macromolecules tend
to align parallel to the MoS; layers. It has been demon-
strated for the PPY —MoS; nanocomposite 33° that, depend-
ing on the synthesis conditions, the orientation of polymer
chains can be changed. When polymer chains are parallel to
the host layers, the planes of heterocyclic rings of the PPY
chains are parallel to the MoS; layers, which is favoured by
strong interaction between the m-orbitals of the guest
heterocycles and the electronegative sulfur atoms of the
host. If the polymer chains are perpendicular to the host
layers, the planes of the heterocycles of PPY are also
perpendicular to the host layers, and interaction between
the polymer chains and MoS; is completely absent.

Owing to the interaction of the conjugates system of the
guest with semiconductive layers of the host, the conductiv-
ity of the nanocomposites is higher than that of correspond-
ing neat polymers and MoS, . The increase in conductivity is
due to the fact that the presence of the polymer monolayers
in the galleries facilitates electron transport between the
organic and inorganic components of the nanocomposite.
In addition, MoS; can rearrange from the trigonal prismatic
(semiconductive) structure into the octahedral (metal-like)
structure.3#0-342 The presence of even a small amount of
metal-like MoS, also contributes to the increase in conduc-
tivity.

The conductivity of intercalated nanocomposites
depends on the conformation and stereoregularity of con-
ducting macromolecules in the MoS, galleries.?3° At 10 °C,
higher conductivity is exhibited by the nanocomposites in
which the PPY heterocycles are parallel to the MoS, planes
and, thus, promote electron transport between the organic
and inorganic components of the nanocomposite. If the
planes of the polymer molecules are perpendicular to the
host planes, the interaction between the m-system of PPY
and MoS; is absent, and the nanocomposite conductivity is
determined only by the PPY conductivity since the MoS>
conductivity is significantly lower.3*3 At 0 °C, the conduc-
tivities of nanocomposites of both types are the same,
remaining higher than the conductivity of neat PPY. This
is explained by topochemical polymerization of pyrrole
between the MoS; layers, which occurs in the temperature
range from —60 to 10 °C and leads to formation of a
stereoregular polymer, whereas bulk polymerization yields

atactic PPY. At —60 °C, the conductivity of neat PPY and
the composites is the same and decreases with a further
decrease in temperature since, at low temperature, it is
determined only by the charge carrier concentration.

c. Nanocomposites based on conjugated polymers and layered
silicates

Layered silicates, especially Na*-MMT, are used for fab-
rication of conducting polymer nanocomposites by means
of introducing conjugated polymers into clay galleries by
different methods.68: 344-350

Most frequently, intercalation of conjugated polymers
into the silicate structure is carried out by exchanging the
cations in the galleries for transition metal cations, which
act as polymerization catalysts. A monomer adsorbed in
Cu?*"-MMT is oxidized to form radical cations, initiating
the growth of a polymer chain. The Cu?" ion is thereby
reduced to the Cu™ ion, which rapidly disproportionates to
give the polymerization catalyst Cu?® (Ref. 344). The
proposed method has been used for introduction of PANI,
PPY, poly(p-phenylene), PT and polymethylthiophene into
the intersheet galleries of MMT, smectite and fluorohector-
ite. This gives rise to a monolayer packing of polymer
chains, and their heterocyclic or aromatic rings are parallel
to the silicate planes.?** To intercalate PPY into MMT
galleries, inverse emulsion polymerization was used, with
DBSA as a emulsifier and dopant and APS as an oxidant.33°
It has been shown that the NH groups of PPY and surface
oxygen atoms of MMT are hydrogen bonded.34°

The second route is the introduction of colloid nano-
particles of polymers into a dispersion of MMT exfoliated
in water. This method does not require the presence of
transition metal ions for initiation of polymerization and
produced the hybrid nanomaterial based on PT and MMT
without introduction of oxidants.34> Thiophene is known to
polymerize very slowly in the presence of strong Lewis acids
(FeCl3) because of its higher oxidation potential as com-
pared with pyrrole and aniline.?>! At the same time, it
polymerizes in high yield in the bulk and in a solution in
chloroform at the thiophene boiling temperature in the
presence of MMT without introduction of oxidants. It is
suggested that polymerization yielding PT between MMT
layers is initiated by the thiophene radical cation generated
by electron transfer in the monomer complex with cations in
MMT galleries.

The third route for creating nanocomposites is to
exchange Na* ions in MMT for the anilinium cation in
MMT by keeping clay on a solution in aqueous HCI with
subsequent polymerization in the presence of chemical
oxidant,3**  electrochemically3%> or  mechanochemi-
cally.?33.354 To increase the content of polymer chains in
MMT galleries, the Na™ cations were completely replaced
by protons, and the protonated MMT was treated at 80 °C
with a 0.4 M solution of HCI containing a 10-fold excess of
aniline, or in the absence of an acid, anilinium cations were
introduced into intersheet galleries of protonated MMT.3%5
Intercalation polymerization was carried out by adding a
APS solution in 0.1 M HCI to a suspension of protonated
aluminosilicate preliminarily saturated with the monomer.
Polymerization was carried out at 0—2 °C for 8 h under
permanent stirring.

A maximal content of aniline (20 mass %) in the MMT
galleries has been achieved by means of borderline polymer-
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ization.300.301.356,357 Ty this case, PANI is formed as mono-
layers in galleries and on the surface of clay particles.

Conducting polymer/clay materials have an electronic
type of conductivity. The conductivity of nanocomposites is
always lower than the conductivity of the polymer filling the
intersheet galleries. The conductivity magnitude is deter-
mined by the concentration ratio of the conjugated polymer
and MMT and varies within the range 2.0x10~°—
1.5 S ecm—! (Refs 345, 349, 358 -366). Clearly pronounced
anisotropy of the conductivity of the PANI/fluorohectorite
and PPY/smectite layered nanocomposites has been
revealed.30%3%7 The conductivity anisotropy coefficient
was ~ 107 in the first case and 4.0 x 103, in the second case.

For creation of dominant orientation of clay particles, a
pressing method has been used.3>> In the bulk of material, a
state is generated that is characterized by shear and normal
strains, which are favourable for orientation of planar
particles along the shear direction. The resulting ordering
of PANI/MMT particles provides efficient transport of
charge carriers from particle to particle in the direction of
preferred orientation.

As already mentioned, the borderline polymerization
method 390-357 makes it possible to increase the polymer
content in the nanocomposite owing to formation of the
conjugated polymer not only in clay galleries but also on the
surface of silicate sheets. In-plane compression leads to
predominantly planar ordering of anisodiametric clay par-
ticles with an adsorbed or intercalated polymer. As a result,
a nanomaterial with conductivity anisotropy is formed, the
anisotropy coefficient being as large as 6 x 103 (Ref. 355).

This class of hybrid nanomaterials exhibits excellent
electrochemical properties. In particular, for electrodes
based on the PPY/MMT nanocomposite, the working
range of potentials increases by 1 V.3%% Such electrodes are
more stable than electrodes based only on clay or only on
PPY.

d. Nanocomposites based on conjugated polymers and graphene
structures

Graphene, a one-carbon-atom thick sheet with atoms
arranged in a regular hexagonal pattern, has unique elec-

NH3

oxidative
+- polymerization
[

trical, optical, catalytic and mechanical properties so that
its synthesis has attracted considerable interest of research-
ers.309-372 Like graphene, graphene oxide (GO), obtained
by exfoliation of graphite oxide, has a single-layer structure
with oxygen groups in the basal planes and at the edges.?”3
Two methods of synthesis of PANI/GO nanocomposites are
known: mixing PANI with GO 374375 and in situ polymer-
ization of aniline.37¢377 Nanocomposites of PANI and
reduced GO have been synthesized in one stage by combin-
ing the reactions of oxidative polymerization of aniline and
GO reduction with aniline37% (Scheme 3). Polymerization
occurs at 70 °C in 1 M HCI. The reduction of GO has been
proved by X-ray diffraction. With an increase in duration of
reduction with aniline, a sharp diffraction peak of GO
(d=17.89 A 260= 11.2°) rapidly decreases and a new
broad, strong reflection peak of reduced GO appears
(d=3.53 A, 20 =25.4°;37 the position of this peak is
very close to the reflection peak of graphite (d = 3.35 A,
20 = 26.6°).380

The morphology of the nanocomposite essentially dif-
fers from that of the initial GO. GO has a lamellar
morphology, whereas, in the nanocomposite, PANI fibres
with a large aspect ratio arranged into spindle-like struc-
tures are located between nanosheets of reduced GO.

Graphite is a layered material with high conductivity
(10* S em~—") at room temperature. Its structure is repre-
sented by a great number of graphene layers stacked
together in which carbon atoms are arranged in a hexagonal
network.?! To synthesize a nanocomposite with graphite,
the polymer should be intercalated into pores of interlayer
space of exfoliated graphite nanosheets.?8! 383 The proce-
dure of preparation of the latter involves three stages:
1) intercalation of acids (H2SO4 and HNOs, 4:1) and
washing with water to neutral reaction; 2) thermal expan-
sion at 1000—-1050 °C for 15-30s; 3) exfoliation in an
ultrasonic bath. The in situ polymerization of aniline in the
presence of exfoliated 20— 50 nm thick graphite nanosheets
leads to formation of the hybrid PANI/graphite nanoma-
terial.38% 385 Depending in the conditions of preparation of
nanosheets, the synthesis yields the composites in which

Scheme 3
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either PANI is located between graphite nanosheets or these
nanosheets are finely distributed in the PANI matrix.

Testing the resulting nanocomposites as the electrode
material for capacitive devices by cyclic voltammetry, gal-
vanostatic method and electrochemical impedance spectro-
scopy has demonstrated that the composite systems have
better electrochemical performance than PANI, reduced
GO and graphite nanosheets, which opens prospects for
their use in capacitive energy storage systems.

Study of electrochemical properties by cyclic voltamme-
try has shown an increase in the conductivity of nano-
composites as compared with neat PANI384386 Tt g
possible that graphite nanoparticles act as electron conduc-
tors and connect PANI chains, thus increasing conductivity.
The conductivity of the nanocomposite achieves a maxi-
mum value of 0.67 S cm~! at the 3% content of graphite
nanosheets.38¢

As shown by galvanostatic charge/discharge measure-
ments, the discharge time of the PANI/graphite nanocom-
posite is significantly longer than that of pure graphite
nanosheets: for the latter, the time it takes for 20 cycles to
pass is 38 s, while for the nanocomposite this time is
700 s.384 Since the discharge time is in direct dependence
on specific capacity, the capacity of the nanocomposite is
considerably higher than that of graphite. The specific
capacity of reduced GO, PANI and the nanocomposite
based thereon is, respectively, 41, 115 and 286 F g—1,
which demonstrates enhancement of the electrochemical
performance of the hybrid material.

Thus, recent interest in hybrid nanomaterials containing
conjugated polymers stems from the fact that, owing to
electronic interaction of the organic and inorganic compo-
nents, they can exhibit excellent electrical and electrochem-
ical properties. This circumstance makes them promising
materials for use in organic electronics and in design of
rechargeable batteries, sensors, supercapacitors, electroca-
talysts and other electrochemical devices.

For example, the use of hybrid fibres based on PANI
and CNTs (only 0.25 mass %) as the electrode material will
make it possible to enhance the redox reversibility, decrease
the discharge potential and increase the charging potential
of electrochemical systems.?®7 Aniline polymerization on
the surface of carbon paper (based on graphite of graphene
oxide) affords a material that combines flexibility, high
electrochemical performance and biocompatibility, which
makes it a good candidate for use in flexible bio-electrodes
of power cells and sensors, as well as a platform for cell
cultures.388

In addition, the above hybrid materials are distinguished
by high thermal and chemical stability, which enables their
operation at elevated temperatures and in corrosive envi-
ronments.

V. Nanocomposites based on liquid-crystalline
polymers

Among nanocomposites, a special place is occupied by the
systems constituting the basis of modern materials for
photovoltaics, optoelectronics, information storage sys-
tems, etc. They are fabricated by filling polymers with
nanoparticles of noble metals or semiconductors 1—20 nm
in size, in which strong spatial localization of valence
electrons leads to the appearance of properties other than
those of both the solid and the isolated molecules. Particles

no more than 10 nm in size are most promising for realiza-
tion of quantum-size effects.38°=395 Although the first
important stage is the synthesis of homogeneous uncoagu-
lated solid particles with the diameter smaller than the Bohr
radius of the exciton of the bulk material, of crucial
importance is the second stage involving fabrication of
functional materials based on nanoparticles. One of the
key issues for solving many applied problems consists not
only in simple filling of the matrix but also in finding ways
for controlled and accurate organization of arrays of nano-
particles. Ordered arrays formed by metal nanoparticles,
semiconductor islands or quantum dots are suitable for use
in the development of new optical devices, nanosensors,
computers, memory systems and other systems for informa-
tion processing and storage.

One of the most interesting findings of the last decade is
the use of LC media as matrices that promote self-organ-
ization of nanoparticles of different shape. At the funda-
mental level, almost nothing is known about the effect of
anisotropic environment on the physical properties of nano-
particles, and there is no appropriate molecular theory
describing the optical properties of nanoparticles in an
anisotropic medium, which is necessary for developing new
materials and studying new effects. Nevertheless, theoretical
consideration of the interaction of nonmagnetic and mag-
netic nanoparticles with LC director 3°® has demonstrated
that since the director field depends essentially on boundary
conditions, the character of chemical bonding of LC phase
molecules with the nanoparticle surface determines the
orientation of these molecules. Consideration of two nano-
particles placed into an LC medium has demonstrated that
there is long-range interaction between them. This is caused
by the disturbance of the director field induced by one
particle, which has an effect on the director field of the
other particle. This is responsible for a specific interaction
between the nanoparticles at distances equal to several
nanoparticle diameters. The behaviour of nanoparticles in
an LC medium is described by the magnitude of their
effective charge. The spinor character of the latter deter-
mines the most energetically favourable mutual orientation
of nanoparticles. First experimental studies of compatibility
of nanoparticles and lyotropic liquid crystals have shown
that the anisotropic matrix is responsible for a mean
orientation of magnetic particles, which persists even in
zero magnetic field.3*7 40 The magnetic moments of par-
ticles are preferentially aligned in the plane of the ferro-
smectic layers for the lamellar phase and along the axes of
ferrohexagonal cylinders in the cylindrical phase. Thus,
lyotropic liquid crystals are able not only to fix the positions
of particles but also to have an effect on the orientation of
their magnetic moments.

The chemical interaction of the molecules of a thermo-
tropic liquid crystal with gold nanoparticles resulting in
formation of an Au—S bond with retention of the LC
properties of such composite materials have been
described.#01-403 [t has been demonstrated that the intro-
duction of noble metal nanoparticles into an electrooptical
LC matrix makes it possible to control light scattering and,
as a result, induce a spectral shift of the particle plasmon
resonance by applying an electric field.*** Moreover, light
scattering experiments show that spherically shaped nano-
particles become optically spheroidal when placed in an
anisotropic liquid crystal. The introduction of CNTs into
liquid crystals can enhance the LC order and increase the
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isotropic—nematic phase transition temperature.*®> The
same effect has been revealed in a liquid crystal doped
with gold nanorods covalently functionalized with organic
molecules resembling the molecules of liquid crystals.4%® In
addition, a significant decrease in the threshold voltage for
the Freedericksz transition has been observed.407-409 Con-
siderable progress in control of electrooptical properties of
liquid crystals used for creation of displays has been
achieved in recent years by doping them with nanopar-
ticles. 410413

A crucial result has been reported,*!'* the authors show
that the interaction of colloid particles and their self-
assembly in a nematic medium can be controlled by varying
the shape of nanoparticles. For polygonal crystals, it has
been demonstrated that nanoparticles disturb the homoge-
neity of their environment, which leads to a change in the
characteristics of order and directed pairwise interactions in
the equilibrium state. Forces of interaction between par-
ticles have either dipole or quadrupole symmetry, depend-
ing on the set of polygon planes, which contributes to
different packing of nanocrystals. In addition, it has been
demonstrated that nanospherical gold particles coated with
polyvinylpyrrolidone in smectic layers of liquid crystals
exhibit enhanced colloid stability. Gold nanorods are capa-
ble of self-alignment in liquid crystalline phases with sub-
sequent realignment in electric and magnetic fields.#!?
Noteworthy is also the process of self-organization of gold
nanorods to adopt the helical configuration of the choles-
teric liquid crystalline phase.*1®

One of the important approaches developed in recent
years is immobilization of nanoparticles by block copoly-
mers.*!'7-427 For example, the introduction of gold, silver,
indium and lead nanoparticles as the inorganic phase into
the PS-PMMA block copolymer leads to formation of a
lamellar structure, the nanoparticles (in particular, gold
nanoparticles) being located mainly in the PS domains
owing to preferential interaction. When 30 mass % of gold
nanoparticles are introduced, the PS domains become
electroconductive, thus converting into nanowires. The
same diblock copolymer of composition at which PMMA
blocks form cylindrical micelles 15—20 nm in diameter has
been used as a template for self-assembly of CdSe nano-
particles. When a copolymer film is placed into a dilute
solution of nanoparticles, the latter penetrates into cylin-
drical structures due to capillary forces. Electron micro-
scopy showed that about 70% of cylinders are filled with
nanoparticles that retain their ability to luminescence under
self-assembly conditions with subsequent acidic etching of
the substrate, and the luminescence intensity can be con-
trolled by varying the concentration of nanoparticles in
solution. The structure of similar composites is determined
by the size and shape of nanoparticles.

Three-dimensional assemblies of metal nanoparticles are
of great interest as plasmonic materials. Their properties
essentially depend on the type of metal and particle size and
shape, as well as on the character of their self-assembly.
Microphase separation in block copolymers is favourable
for creation of nanosized periodic structures in which the
particles are self-assembled to fit the type of domain
structure of the polymer matrix, which has an effect on the
plasmonic properties of the system as a whole.#28

In parallel with experimental studies of block copoly-
mer/nanoparticles composites, the self-consistent field
theory has been developed to describe the effect of nano-

particles on phase separation in diblock copoly-
mers.42%-429,430 Calculations showed that, depending on
the selected key parameters, namely, the particle size,
block chain lengths and parameters of interaction between
nanoparticles and different blocks with each other, nano-
particles can be located either at the centre or at the edges of
lamellar or spherical domains. Later,*3! a theoretical
approach has been suggested that is based on a field-
theoretic description of the polymer melt in which the
coordinates of impermeable particles are specified explic-
itly. The role of nanoparticle size, as well as of the concen-
tration and composition of copolymers has been
experimentally demonstrated for gold and FePt nanopar-
ticles in composites based on PS—PEO block copoly-
mers,432.433

Functionalization of gold nanoparticles with ligands
containing groups capable of molecular recognition enables
their assembly inside polymer scaffolds.434~43¢ With the use
of anisotropic gold nanorods, filled anisotropic PVA films
have been fabricated in which particles are aligned by
stretching the matrix above glass transition temperature
with subsequent cooling to fix the alignment.*37 Yet another
interesting approach has been suggested for fabrication of
LC phases based on different rod-like nanoparticles func-
tionalized with PMMA, PS and PEG macromole-
cules.#38-440 In this case, nanorods dispersed in organic
solvents or PEG and PS oligomers self-assemble to form LC
phases.

At the Topchiev Institute of Petrochemical Synthesis,
Russian Academy of Sciences, a new approach have been
suggested and realized for design of functional nanocompo-
sites with controlled localization and distribution of nano-
particles in the bulk of matrices based on comb-like LC
polymers. The approach is based on the consideration of
four major factors: the chemical structure of a polymer, the

Figure 9. Nanoparticles of (a) CdSe, (b) PbSe and (¢, d) CdS
semiconductors synthesized at the Topchiev Institute of Petrochem-
ical Synthesis, RAS.
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structure of an LC phase, the type of interaction responsible
for its formation and, finally, the possibility of chemical
bonding of the matrix with the nanoparticle surface.

It is evident that, from the viewpoint of nanoparticle
shape, nanorods and nanodiscs have better chance to
undergo LC matrix-assisted assembly. Figure 9 shows semi-
conductor nanoparticles some of which have been used in
investigations described below, namely, spherical nanopar-
ticles (quantum dots), polygonal nanocrystals, nanorods
and nanowires.

As polymer matrices, polymers based on 4-(w-acryloyl-
oxy)alkoxybenzoic acids (BA-nPA) with polymethylene
pendant chains of different length (1) were used. These
polymers completely meet the requirements for the use of
polymer matrices in the new approach. The polymers form a
tilted smectic C phase.**!

Macromolecules contain moieties with functional car-
boxyl groups. The latter form dimers responsible for for-
mation of mesogenic fragments through hydrogen bonding
and, as a result, promote the formation of the LC
phase.##1-442 In addition, the presence of functional groups

~~~—~e isoleic acid

implies their possible interaction with the nanoparticle sur-
face.

Scheme 4 shows the schematic of the possible mecha-
nism of controlled introduction of nanoparticles into the
matrix of LC polymers of the BA-nPA type. It is well known
that nanoparticles can be stabilized in organic solvents if
their surface is covered with various hydrophobic mole-
cules. In this case, we are talking about CdSe quantum dots
stabilized by oleic acid molecules,*43 444 or about CdS
nanorods modified with trioctylphosphine oxide (TOPO)
molecules and synthesized by a published procedure.445 It
has been assumed that if the composite preparation
method ##¢ is properly selected, the macromolecules con-
taining functional groups will be able to substitute for the
molecules of the low-molecular-mass stabilizer in the nano-
particle surface.

The presence of the stabilizer on the surface of synthe-
sized nanoparticles was proved by IR spectroscopy. It was
demonstrated for the first time that oleic acid forms an ionic
bond with the surface of CdSe quantum dots,**’ and the

Scheme 4
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P=0 group of TOPO forms a strong coordination bond
with the surface of CdS nanorods.*48

It is evident that the process of bonding of carboxyl
groups of the polymers to the nanoparticle surface in the
course of substitution for low-molecular-mass stabilizer
molecules should be accompanied by the rupture of cyclic
associates of COOH groups (see Scheme 4). It was exper-
imentally confirmed that the bonding of the COOH groups
to the surface of CdSe quantum dots is ionic;**” and for the
nanorods initially covered with TOPO, the type of bonding
with the polymer is still unknown. It is worth noting that
the nanocomposite morphology is also different. Quantum
dots are rather uniformly distributed over the material
volume without aggregation, (Fig. 10a,b), whereas nano-
rods are prone to form small domains, which tend to be
homogeneously distributed over the nanocomposite volume
(Fig. 10¢,d).

Figure 10. TEM images of the films of nanocomposites BA-6PA
polymer/CdSe quantum dots (a, b)) and BA-7PA polymer/CdS
nanorods (c, d).#48.449

X-ray diffraction data have shown that nanocomposites
of both types have a structure typical of BA-nPA polymers
for which the presence of an amorphous halo is character-
istic.448-449 The angular position of the diffraction max-
imum in the range 20 = 13—30° corresponds to the distance
between the side chains of macromolecules and does not
change as nanoparticles are introduced. At the same time,
quite distinguishable, even if broad, diffraction reflections
appear at the shoulder of the amorphous halo at 20 = 25.4°
(nanocomposite with CdSe) and 27° (nanocomposite with
CdS). They correspond to the (111) reflection of the cubic
modification of CdSe nanocrystals and to the (002) reflec-
tion of the hexagonal modification of CdS nanocrystals.

Analysis of small-angle reflections in the X-ray diffrac-
tion patterns of nanocomposites of BA-7PA with CdSe
quantum dots, #4%-450 showed that the position of the
reflection corresponding to the thickness of the smectic

layer of the polymer does not change with an increase in
the nanoparticle content in the matrix. However, the change
in the size of nanoparticles or in the length of the aliphatic
pendant chain leads to the corresponding shift of this
reflection. Therefore, the conclusion has been drawn that
nanoparticles are introduced into the smectic layer and
increase its thickness. With allowance for the fact that
hydrogen-bonded groups of macromolecules are localized
inside the smectic layers for which the thickness depends on
the quantum dot size, a model of the nanostructure of
composites of quantum dots with the LC polymer has
been suggested (Fig. 11).

Figure 11. Model of the nanostructure of the LC polymer/CdSe
quantum dots composite.44%-430

The notions of the nanocomposite structure are consis-
tent with the results of studying oriented films. Uniaxial
stretching of the film leads to the change of the small-angle
X-ray diffraction pattern: instead of the spherical pattern
for an isotropic sample, an ellipse appears with its major
axis perpendicular to the stretching direction. On the basis
of a set of data, the conclusion has been drawn about
preferable localization of quantum dots inside the polymer
layers, which are arranged parallel to the film plane upon its
stretching.

As mentioned above, nanorods introduced into the LC
polymer matrix form small domains distributed over the
matrix volume. Uniaxial stretching of the films of such
composites above the glass transition temperature with
subsequent fixation of the resulting texture leads to partial
coalescence of domains and to formation of long structures
(Fig. 12 a), extended along the stretching axis. As seen from
the texture X-ray diffraction pattern (Fig. 125), the poly-
mer retains its tilted smectic structure, and the layers are
also oriented along the stretching direction. The long axes
of nanorods are preferably aligned in the same direction
which follows from the meridional position of the (002)
reflection on the small-angle electron diffraction pattern
(see inset in Fig. 12 a).

The colour of nanocomposite films results from the
luminescence properties of nanoparticles, which depend on
the particle size. Figure 13 shows the luminescence spectra
of the BA-6PA polymer (curve /), CdSe quantum dots in
hexane (curve 2) and the polymer —quantum dots composite
with different filling (curves 3—6). The neat polymer lumi-
nesces giving rise to two very broad lines at 400 and 510 nm
of roughly the same intensity (nearly ‘white’ luminescence).
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Figure 12. TEM image with the central part of the small-angle
electron diffraction in the inset («) and the texture X-ray diffraction
pattern (b) of the oriented BA-7PA film with CdS nanorods.*48

Intensity
A

Figure 13. Luminescence spectra of the BA-6PA polymer (), CdSe
quantum dots in hexane (2) and the polymer —quantum dots nano-
composite with filling 0.5 (3), 5 (4), 10 (5) and 20 mass % (6).4°
Radiation wavelength is 380 nm.

As the concentration of quantum dots increases from
0.05 mass % to 5 mass %, the luminescence intensity of the
polymer monotonically decreases, while it seems like that
the luminescence of quantum dots is lacking. However, at
concentrations above 20 mass %, there appears a narrow
line corresponding to the CdSe luminescence and a weaker
and broader line in the red region. The first band corre-
sponds to exciton luminescence, while the second is asso-
ciated with photoluminescence of defects usually localized
on the nanoparticle surface. An insignificant red shift of the
major band can be attributed to the particle growth upon
heat treatment, while the intrinsic luminescence of the
polymer is completely quenched.

An analogous behaviour was observed for luminescence
of CdS nanorods 5 x 50 nm in size in a solution and in the
polymer matrix.**® Figure 14 shows the absorption and
photoluminescence spectra of nanorods in heptane and in
the film of the LC polymer BA-10PA on exposure to light at
400 nm. Comparison of the spectra shows that the exciton
peak at 468 nm for the nanorod in solution is almost not
shifted in going from the solution to the polymer matrix. As
in the case of quantum dots, the spectrum of the composite
shows an additional weaker but significantly broader peak

A Ip (rel.u.)
2.0 1 1.0

0.8

0.6

0.4

0.2

0

350 450 550 650 4 /nm

Figure 14. Absorption (/) and photoluminescence spectra of CdS
nanorods in heptane (2) and in the matrix of the BA-10PA liquid-
crystalline polymer (3) (concentration 2 mass %).448

Radiation wavelength is 400 nm.
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Figure 15. Photoluminescence spectra of the composite based on
BA-7PA containing 33 vol.% of CdS nanorods fabricated at
different densities (P) of excitation radiation with the wavelength
480.5 nm (a); P/W cm—2: 50 (1), 25 (2), 12.5 (3), 5 (4), 0.5 (5).448
Intensities of the exciton ASPL peak (480—481 nm) (/) and defect
photoluminescence peak (676—677 nm) (2) vs. the excitation light
density (b).448
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(570—700 mn) attributed to photoluminescence of surface
defects.

When the Ag™ laser-induced irradiation wavelength
(488 nm) exceeded the luminescence wavelength, the anti-
Stokes photoluminescence (ASPL) of CdS nanorods was
observed for the first time. As an example, Fig. 15a shows
the photoluminescence spectra of the composite containing
33 vol.% of nanorods. As known, different mechanisms are
available that explain ASPL, such as multiphonon excita-
tion,*>! Auger recombination,*3? as well as different thermal
mechanisms.*>3 The first two processes are nonlinear in the
irradiation intensity, whereas the thermal processes should
be linear. Analysis of the ASPL mechanism in nanorods
packed in the LC polymer matrix revealed that the intensity
of both the exciton photoluminescence peak and the peak
related to nanoparticle surface defects depends linearly on
the radiation density (Fig. 155). This fact enabled the
conclusion that ASPL of nanorods in the polymer matrix
is associated with thermal processes.

Thus, polymeric LC matrices of definite structure pro-
mote self-assembly of nanoparticles in composites. Similar
nanocomposites are of great interest as promising materials
for optical communication systems, solid light sources
based on high-brightness light-emitting diodes, biosensors
and solar cells. Their optical properties are not a simple sum
of the optical properties of nanoparticles and an anisotropic
matrix; by contrast, the nanocomposite properties are a
rather nontrivial interference of the individual properties,
which is responsible for absolutely new characteristics.

VI. Conclusion

Analysis of modern literature in the fields covered by this
review allows us to distinguish nanocomposites most prom-
ising from the view point of the development of new
technologies. First of all, these are composites based on
large-scale polyolefins or condensation polymers and orga-
nophilicized clay, in particular montmorillonite, which can
be used as building materials; anticorrosion, thermoresist-
ant and flame-proof coatings; packaging materials with
decreased gas permeability; domestic cast ware. For fabri-
cation of composites with nanodiamonds, of special interest
are fluoropolymers: the composites have high wear resist-
ance and retain the superhydrophobic properties, thermal
stability and chemical inertness inherent in the neat fluo-
ropolymer. They are widely used in various fields. Nano-
diamonds are good candidates for fabrication of polymer
fibers used as ion exchangers in purification of liquids and
gases, as well as for subsequent graphitization and carbon-
ization. Among conductive composites, noteworthy are
highly stable electrode materials based on polyaniline and
carbon nanotubes or graphite (and in the future graphene)
for capacitors, power cells and other electrochemical devi-
ces. The functional characteristics of such composites can
be considerably higher than those of their constituting
components. Interest in materials based on LC polymers
(especially chiral) and semiconductor or noble metal nano-
particles stems from their possible use in design of informa-
tion processing and storage systems, in nonlinear optics,
display technologies and optoelectronics.

It should be noted that the production of composites is
usually a compromise between the improvement of some
characteristics of the material and deterioration of the other
characteristics. Properly fabricated nanomaterials avoid

deterioration of properties, although they turn out to be
rather expensive. Technologies for their production, or
nanotechnologies, will undoubtedly find many applications,
especially, in those areas where the unique properties of the
material are more important than its price. However, it
should not be forgotten that new technologies are usually
more intricate than the old ones, so their development will
require a quantum leap in the preparation of a new
generation of engineers and technologists.
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