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Abstract—Data from recent studies of polymer composites with nanosized silica particles are considered.
A comparative analysis of current approaches to the description of concentration changes in the glass-transi-
tion temperatures of these systems is performed. The morphology of the surface layer in materials with
nanoparticles and its effect on the characteristics of materials are discussed. The surface layer of a composite
is represented as a shell including both the polymer and the external part of the filler. A conditional division
between the functions of the external layer and the nanoparticle core makes it possible to determine in a first
approximation which characteristics of the matrix and the filler have an effect on the properties of nanocom-

posites.
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Polymer-based nanocomposites are promising
materials for the design of new engineering prototypes
and multipurpose functional materials. The range of
their possible applications is so wide (from packaging
materials to car bumpers and from drug products to
optoelectronic devices) that it is difficult to find a field
of industry or engineering where these composites are
not in demand. The great amount of attention form
researchers and engineers to these innovative compos-
ites is due to the possibility to obtain materials with
unusual properties that cannot be attained via the
addition of conventional microsized fillers to a poly-
mer.

The research papers, reviews, and monographs
dedicated to these materials number in the ten thou-
sands. For example, one can find more than four
thousands references for 2015 at the ScienceDirect
Web site alone. Most of the publications are dedicated
to applied problems, such as the preparation of nano-
composites and the study of their properties via differ-
ent instrument-based methods. An empirical
approach to new composite materials is certainly effi-
cient, especially in those cases where researchers suc-
ceed in achieving the expected results. However,
researchers have to deal with a more difficult case
when no positive changes are observed after the addi-
tion of a nanosized filler, and there are quite a lot of
such cases, although not all of them are mentioned in
scientific publications.

Likewise, the attempts to analyze the causes of suc-
cessful and failed experiments are frequently encoun-
tered. Unfortunately, most of them generalize the facts
obtained for different materials, a circumstance that
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considerably decreases the objectivity level of the anal-
ysis data and generalizations [1—15]. Numerous “dis-
crepancies” in the published works restricted us to
selection of the most common nanosized filler—poly-
mer pairs and forced us to use the results from the
study of model systems containing nanoparticles with
well-controlled surfaces and, finally, to focus on
detecting the factors defining the positive or negative
effect due to the addition of a nanosized filler to a
polymer.

According to the current classification of nanopar-
ticles, they are divided into three types: 2D (for exam-
ple, nanoclays), 1D (carbon nanotubes), and 0D
(fullerenes, silica) [2, 16]. The polymers containing
one of the above-mentioned nanoparticle types can be
regarded as an individual class of nanocomposites with
their unique features caused by the filler shape [2, 3,
14—17]. To avoid the effect of nanoparticle shape on
the properties of a composite material, we confined
ourselves to the analysis of systems with 0D nanopar-
ticles. Moreover, to exclude the possible effect of a dif-
ferent chemical composition or the particle nature on
the properties of the material as a whole, the review
will consider studies where different modifications of
silica were used as nanosized fillers.

Silicon dioxide (SiO,) is a common filler widely
used for rubbers, thermoplastics, and thermosetting
materials. The addition of SiO, to the formulation of a
polymer material is known to increase the modulus of
elasticity, strength, heat and fire resistances, wear
resistance, insulating properties, etc. [8, 18]. After the
transition from micro- to nanosized SiO, particles, the
composite materials can acquire new unique proper-
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Table 1. Changes in glass-transition temperatures A7 of the systems based on amorphous glassy polymers and nanosized

silica particles

Particle Size of Filler
Polymer Solvent . Finishing agent aggregates in . |AT,, °C|Reference
size, nm polymer, nm concentration
Mixing of a polymer solution with a suspension of nanoparticles
PS 2-Butanone 10—15 no — up to 20 vol % | +(1-2) [26]
2-Butanone 14t4 no — Swt % —4 [27, 28]
Dimethylacetamide 5.2 no 60—120 |upto20vol %| +6 [29]
Toluene 12 no - up to 5 vol % +5 [30]
20 " - upto7.5vol %| +7 [30]
40 " — 15 vol % +11 [30]
N, N-Dimethylfor- |28.7 + 0.3|Trimethoxyphenylsilane| up to 200 10 vol % +2 [31]
mamide
Toluene 7 Hexamethyldisilazane upto60 |upto30wt%| +6 [32]
PMMA 2-Butanone 14t4 no — 1wt % -1 [33]
(75 % 10%) - 20 wt % 0
PMMA Methanol — no up to 250 |upto 30wt % 0 [34]
(3 x 10°)
PMMA N, N-Dimethylfor- |28.7 £ 0.3|Trimethoxyphenylsilane| up to 200 1 vol % +4 [31]
(6 x 10°) mamide
Mixing of a polymer melt with nanoparticles
PS 16 Dimethyldichlorosilane 100—300 upto 4wt % 0 [71]
PC 40 3-(Trimethoxysilyl)propyl methac-| up to 600 Swt % +5 [72]
rylate
PMMA 16 no 50—300 up to Swt % +3 [73]
100 and 117 (3-Aminopropyl)triethoxysilane n/a 3wt % -3 [74]
155 (v-Glycidyloxypropyl)trimethox- 85-200 up to 5wt % 0 [75]
ysilane
16 no upto 200 | uptoSwt% |+(4-5) [76]
Polysulfone 11 no 50—100 up to 10 wt % +2 [77]
Poly(butylene 20 Octadecyltrichlorosilane up to 300 10 wt % +(3—4) [78]
succinate)

ties, such as transparence, UV resistance, and surface
hydrophobicity, in addition to the above-mentioned
characteristics [5, 8, 15].

Polymer—nano-SiO, mixtures are prepared
through several processes: namely, mixing a polymer
solution or melt with a suspension of nanoparticles,
the sol—gel technique (in situ filling during which a
polymer is mixed with a nanoparticle precursor), and
in situ polymerization of a polymer in the presence of
a filler.

All of the mentioned methods and their variations
have been considered in detail in reviews and mono-
graphs [2, 4, 5, 8, 15, 19—22]. Note that the prepara-
tion of nanocomposites is accompanied by the neces-
sity to solve a complex problem: providing a uniform
distribution of nanosized particles over the bulk of a
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polymer [4, 11, 12, 15, 23—25]. High surface energies
of nanoinclusions favor their agglomeration.

It is more convenient to begin the analysis of data
from various authors with systems obtained via mixing
a of polymer solution with silica nanoparticles whose
surfaces have not been pretreated with any modifiers
(finishing agents). During preparation of the mixture
via the above-mentioned method, additional disper-
sion procedures, such as shaking and ultrasonic treat-
ment, are used to improve the quality of mixing. Let us
use as the comparative characteristic glass-transition
temperature 7,, which, on the one hand, predeter-
mines the relaxation behavior, modulus of elasticity,
gas permeability, etc, and, on the other hand, reflects
the problems existing in this field of polymer materials
science. Table 1 gives the 7, values for PS- and
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PMMA-based systems. The data from various authors
[26—34] are quite contradictory. In one case, the
glass-transition temperatures of materials based on the
same polymer increase with an increase in the
nanoparticle content and, vice versa, decrease in other
cases. The increase or decrease in 7, is observed for
both the nonpolar polymer (PS) and the polymer con-
taining polar groups (PMMA).

Studies [6, 27, 28, 35, 36] proposed an approach to
explain the change in the glass-transition tempera-
tures of nanocomposites that can be formulated in a
simplified form as follows. If a polymer wets the
nanoparticle surface, 7, of the composite will increase
with an increase in the nanoparticle content and
decrease in the opposite case. The main facts support-
ing the validity of the proposed approach are results
from the study of glass-transition points of thin poly-
mer films. The glass-transition temperature of a sup-
ported polymer was found to increase with a decrease
in the thickness of the polymer layer. In the study of
free thin films, the glass-transition temperature of a
polymer increased with an increase in its film thick-
ness. Indeed, according to the data of [37], the glass-
transition temperature of PMMA adsorbed on the sur-
faces of untreated silica nanoparticles can be 56°C
higher than that of the bulk polymer. In addition, an
increase in the glass-transition temperature of PMMA
by an average of 10°C near the surfaces of SiO,
nanoparticles  prefinished with (3-aminopro-
pyl)dimethylethoxysilane was reported in [38].

According to [27, 28, 35, 36], with consideration
for the hydrophilicity of the SiO, particle surface, the
glass-transition temperatures of composites based on
polymers containing polar (oxygen-containing)
groups must be higher than that of the starting poly-
mer and increase with an increase in the content of the
nanosized filler. If a hydrophobic polymer is used for
the preparation of a composite, the addition of hydro-
philic particles conversely results in a decrease in 7.
The equation describing the change in 7, of a
nanoparticle-containing polymer was proposed in [27,
35, 39]:

+ 2§(Tg(h))(Tsurf _ Tbulk),

Tg(h) — Tgbulk p . i}

(1)

where Tgbmk is the glass-transition temperature of

polymer in the bulk, &(T, «(h)) is the thickness of the

surface layer with glass-transition temperature Tgs‘"f;
and 4 is the thickness of the polymer film or the dis-
tance between the nearest particles.

The analysis of Eq. (1) shows that, if 7, > 7™,
the glass-transition temperature of a material

increases and, vice versa, if T gsurf <T gbulk, its glass-
transition temperature decreases with an increase in
the concentration of the nanosized filler. Indeed, the
2016
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T, values for the nanocomposites based on PMMA,
poly(ethyl methacrylate), and poly(2-vinylpyridine)
were higher than those of the starting polymers and
increased with an increase in the nanoparticle concen-
tration, whereas the 7, values for the PS—nano-SiO,
systems decreased. The experimental data given in [27,
28, 35, 36] were used in the development of a thermo-
dynamic approach to predict the glass-transition tem-
peratures of nanocomposites [40].

However, as the table shows, such a change in the
T, values of nanocomposites is not a rule. For exam-
ple, in terms of the concept proposed in [27, 35], it is
unlikely that the glass-transition temperature of a
composite will increase upon the addition of silica
nanoparticles to PS. Nevertheless, in [29, 30], the
samples obtained with the use of unfinished silica
nanoparticles showed increased glass-transition tem-
peratures. The fact that wetting—unwetting of the
nanoparticle surface with a polymer is not a principal
factor defining the concentration change in (or con-
stancy of) the 7, values for polymer—nano-SiO, sys-
tems is evidenced also by the data from [41]. Compos-
ites based on poly(arylene ether nitrile) (PEN) have
been studied as well. Nanoparticles were pretreated
with PEN containing pendent carboxyl groups. In its
procedural essence, the preliminary treatment of
nanoparticles corresponds to adsorption of the poly-
mer onto the silica surface and is an attempt to pre-
form a layer with a higher glass-transition temperature
than that o the matrix polymer. The comparison of
procedures used in [41] and [37] shows their similarity.
Note that the authors of [37] established a significant
increase in the glass-transition temperature of the sil-
ica-surface-adsorbed polymer layer. However, the 7,
values obtained for the PEN-based composites were
found to be lower than that of the starting polymer
[41].

Another approach to explain the change in 7, of
nanocomposites is based on the assumption that the
nanoparticle surface possessing excess surface energy
seems to attract the matrix macromolecules to itself,
thereby dramatically decreasing their segmental
mobilities [42]. The properties of this immobilized
polymer layer are described through the use of the
concept of a “rigid amorphous phase” or “glassy poly-
mer layer” [17, 29, 43—50] whose devitrification
occurs at higher temperatures. The content of the
“bound polymer layer” increases with an increase in
the filler concentration and the molecular mass of the
polymer [17]. In [31, 42], the reinforcing effect of
nanoparticles was observed in the case when the dis-
tance between their surfaces was comparable with 2R,,
where R, is the radius of gyration of the polymer chain.
While the former approach to predict the sign of the
shift in 7, of nanoparticle-containing polymer systems
can be regarded to a greater degree as semiempricial,
the latter approach is confirmed by the data from the
computer simulation [51—53].
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In accordance with the foregoing, the addition of
nanoparticles to a polymer will result in an increase
in T, of the system. The experimental evidence for
the assumption that the immobilized layer of the
matrix polymer forms is the data from studies report-
ing two glass-transition temperatures of nanocom-
posites, one of which corresponds to the surface
layer, while the other corresponds to polymer devit-
rification in the (polystyrene—polybutadiene)—SiO,
[54], polydimethylsiloxane—SiO, [55], polyvinylpyr-
rolidone—SiO, [56], or PVA—SiO, block [57].

However, according to the example of the polyvinyl
acetate—SiO, composite, the authors of [58] provided
convincing evidence that the SiO, nanoparticles have
no effects different from those of usual microparticles;
both the permanence of the glass-transition tempera-
tures of materials and the absence of two glass-transi-
tion points for the matrix polymer were especially
noted. In addition, as the table shows, the 7, values for
nanocomposites may be lower than that of the starting
polymer. This effect is not considered in terms of the
model based on the immobilized-polymer-layer for-
mation.

The formation of a mixed polymer—filler network
whose nodes are nanoparticles with surface-adsorbed
macromolecules was assumed in [59, 60]. In its
essence, this assumption is analogous to the above-
mentioned concept contemplating the formation of a
“rigid amorphous phase.”

What do the above-mentioned approaches have in
common? In each of them, the polymer layer near the
nanoparticle surface has an effect on the properties of
the composite as a whole. In addition, its contribution
to the characteristics of a future material is associated
with the fact that the volume fraction of the polymer
influenced by the surfaces of nanoparticles less than
10 nm in size exceeds the volume fraction of the filler
[61]. It is obvious that such parameters as the chemical
structure of the nanoparticle surface and the physical,
hydrogen, or chemical bonding should predetermine
the degree of difficulty in the segmental mobility of
macromolecules on the nanoparticle surface or near it
[24]. As a consequence, the pretreatment of particles,
for example, with finishing agents, can change the
degree of interaction between the polymer and the
filler. For example, the study of nanocomposites based
on natural rubber and nano-SiO, showed that the
chemical structures of finishing agents affect 7, by
shifting it in favor of the higher-temperature range
[62]. In [44], the reinforcing effect of nanoparticles
was found to depend on the length of alkyl groups in
the surface modifier of silica particles.

With consideration for the fact that the analyzed
systems were obtained via mixing of a polymer solu-
tion with a nanoparticle suspension, the quality of the
used solvent can serve as an additional factor that
changes the properties of an immobilized polymer
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layer. This assumption was made in [37], whose
authors noted that, upon dissolution of PMMA in a
more polar solvent (a benzene—acetonitrile mixture)
followed by adsorption of the polymer from this solu-
tion onto the SiO, nanoparticle surface, the 7, value of
the adsorbed polymer layer is higher than that in the
case when a less polar solvent, namely, toluene, is used
for the preparation of such samples. This experimental
result was attributed to varying density—looseness of
polymer coils in a solution, which defines the number
of contacts between the polymer chain and the
nanoparticle surface.

The quality of a solvent (toluene, 2-butanone, or
dimethylacetamide) used for the preparation of PS—
silica mixtures [26—31] can be estimated with the use
of Hansen solubility parameter yy;. For calculation of
this parameter, we use the Chen equation [63]:
%((Sd,L - 8d,P)2 + (Sp,L - Sp,P)z)a 2)
where 8,1, 8,1, 04 p, and 9, p are the solubility param-
eters of a liquid and polymer, respectively; V; is the
molar volume of a liquid; R is the gas constant; and T
is temperature. The 8,4, 0,;, 84p, and d,p values
required for calculation [64], as well as the yy values,
are given below.

Xu =

Parameter o 5, V., g /em® [Xu

PS 9.64 | 0.42 — —
Toluene 8.82 | 0.7 106.28 0.032
2-Butanone 7.77 4.4 89.59 0.699
Dimethylacetamide| 8.2 5.6 93.02 1.086

The yy values increase in the order toluene < 2-
butanone < dimethylacetamide, which suggests a
deterioration in the solvent quality [63]. Following the
assumption made in [37], one may expect that the 7,
values for the PS-based nanocomposites obtained
with the use of dimethylacetamide as the solvent will
be lower than those during the application of toluene.
As is seen from the table data, the AT, is {+5}—{(—4)
or (+2)}—{+6}, respectively, in the toluene—2-buta-
none—dimethylacetamide series. There is a discrep-
ancy between the experimental and predicted data.

Thus, with the use of one method for the prepara-
tion of nanocomposites based on the same polymer, it
is possible to observe different effects: increases, con-
stancy, and decreases in the glass-transition tempera-
tures of polymer—nanoparticles mixtures. Note espe-
cially that we intentionally did not consider such factor
as the effect of nanoparticle size. In the above-cited
references, silica particles had diameters in the range
5—30 nm.

The properties of composites obtained from the
mixture of a polymer solution and a nanoparticle sus-
pension depend not only on the mixture composition
but also on the preparation conditions of films, in par-
ticular, on their formation mode and drying condi-
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(b)

Fig. 1. Formation of the surface layer near a (a) microparticle and (b) nanoparticle: (/) matrix polymer, (2) filler particles with

radius R, or R, and (3) surface layer.

tions. In [35], the variation in drying conditions was
shown for the example of PS to change the size of
aggregates and the modality of the aggregate-size dis-
tribution. As a result, 7, for the same-composition
system can be higher, remain the same, or be lower
than that of the starting polymer. The “disappearing
effect” of nanoparticles was noted also by the authors
of [65]. They found that annealing the PMMA-based
samples and, consequently, release of strains in the
film obtained from a solution results in the fact that
there is no increase in glass-transition temperature
that was observed before annealing. For sure, the plu-
rality and uncertainty of causes influencing the prop-
erties of a future material overcomplicate the determi-
nation of general regularities in the behavior of poly-
mer—nanoparticles systems and the possibilities for
prediction of their characteristics.

Note that solution mixing with the assistance of
additional dispersion techniques, as well as prelimi-
nary modification of the nanoparticle surface, do not
prevent nanoparticle aggregation [24, 25]. Neverthe-
less, the conditions previously established by
P.A. Rehbinder and E.D. Shchukin for the prepara-
tion of thermodynamically stable lyophilic systems
with particles 1 to 100 nm in size provide a positive
attitude for solving this problem. It was shown that the
self-dispersion of nanoparticles requires a decrease in
the surface tension at the disperse phase/dispersion
medium interface to 1072 mJ/m? or less [23].

In contrast to the solution method, the method of
mixing a polymer melt with nanoparticles, for exam-
ple, with the use of an extrusion apparatus of a differ-
ent modification, depends to a lesser degree on the
environmental conditions of the experiment [66—70].
Table 1 gives the glass-transition temperatures of sys-
tems based on various polymers [71—78]. Either
2016
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increases or constancy in the 7, values of composites
relative to the glass-transition temperature of the
matrix is observed in this case as well. The comparison
between the sizes of nanoparticle aggregates forming
in the polymer bulk suggests that, during mixing of
nanoparticles with a polymer melt, the resulting
aggregates are larger than those formed during use of
the solution method. Preliminary finishing of the filler
surface favors a decrease in the sizes of aggregates that
form during mixing.

To explain the effect of nanoparticles on concen-
tration change in the glass-transition temperatures of
composites obtained via mixing a polymer melt with a
filler, researchers resort to the above-described
approaches: either for the effect of poor wetting of the
nanoparticle surface with a polymer melt (if 7, of the
system remains the same after the addition of silica
particles) or for the effect of polymer immobilization
on the filler surface (if 7, of the nanocomposite
exceeds that of the matrix polymer). The availability of
a “convenient approach” creates a situation that does
not make the nature of a polymer nanocomposite
clearer. This circumstance necessitates performing a
number of studies without a clear understanding of
what the benefit from the application of nanoparticles
is, what kind of properties the nanocomposite will
have, where it can be applied, and under which condi-
tions it can be used.

It has been noted above that, after the transition
from micro- to nanosized particles, the total surface
area of the filler increases significantly and, conse-
quently, the contribution of the properties of the par-
ticle-adjacent polymer layer to the overall properties of
the composite increases. With a general understanding
of how the surface layer influences the characteristics of
a material, the conditions of its formation are consid-
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ered predominantly from the polymer perspective, i.e.,
the change in the segmental mobility on or near the sur-
face. The function of the nanoparticle external layer is
limited by the function of the “adsorbent” [24]. This
approach is valid in the case of composites with micro-
sized particles. However, after transitioning to nanopar-
ticles whose size is comparable with the radius of gyra-
tion of polymer chain, the morphology and the chemi-
cal composition of the external layer of nanoparticle
itself, the mobility of its terminal groups, and the com-
patibility between nanoparticles and polymer can affect
the properties of the nearest polymer layer and prede-
termine the characteristics of the entire nanocomposite.
In other words, the nanocomposite surface layer should
be regarded most likely as a hybrid structure including
both the polymer in proximity to a nanoparticle and the
surface layer of the nanoparticle itself (Fig. 1).

The fact that the morphology of the nanoparticle
external layer influences the increment in (or its
absence from) the glass-transition temperature of the
nanoparticle surface-adsorbed polymer was estab-
lished in [79, 80]. Note that the surfaces of nanosized
silica particles used in [80] were not pretreated with
finishing agents, but were changed through variation
in the preannealing conditions of starting fillers. In
[73], it was assumed that the function of the finishing
layer is not limited by the increase in the wettability of
the nanofiller surface with a polymer or by the change
in the number of “adsorption” sites on the particle
surface. The finishing layer itself can act as the plasti-
cizer of the nearest polymer layer, a phenomenon that
results in a decrease in T, of the entire composition.

The effect of the nanoparticle external layer on the
properties of a composite are better demonstrated by
the results from the study of systems containing core—
shell particles as the reinforcing agent. The synthesis,
properties, and application of such nanostructures are
considered in reviews [81, 82]. Molecular silica sols
represented by a novel silica form soluble in organic
solvents can fit into this class [83]. The main methods
for the synthesis of these compounds and their prop-
erties are described in [83—87]. The inorganic core of
silica sols obtained from hyperbranched polyethoxysi-
loxane acts as the filler, and the organic shell formed
during the synthesis of nanoparticles and covalently
bound to the particle inorganic core includes —Si—O—
Si—R fragments. Here, R is an organic radical, in par-
ticular, [dimethyl(2-phenylethyl)]silyl in the case of a
PS matrix polymer. In [88—90], the organic surface
layers of nanoparticles 2 nm in size were shown to be,
in fact, a compatibilizer of the polymer—nanoparticle
system and act as a peculiar “plasticizer” of the matrix
polymer. With an increase in the concentration of
hybrid nanoparticles in the material, the fraction of
the “plasticizer” in the polymer likewise increases. As
a consequence, the glass-transition temperatures of
polymer—silica sol mixtures decrease monotonically
with an increase in the nanoparticle content. The rate
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of decrease in T, of the composition depends on the
chemical structure of the nanoparticle external layer,
more specifically, the type of external organic groups.
It was shown in [89] that, as far as the thermodynamic
compatibility between the nanoparticle external
groups and the matrix polymer deteriorates, the per-
formance of its external layer as a “plasticizer”
decreases.

The contribution of the plasticizing effect of the
hybrid-particle surface layer to the properties of a
composite depends on the particle size and decreases
with an increase in the diameter of the particle inor-
ganic core. In [91, 92], an increase in the core size of
an organic—inorganic nanoparticle was found to result
in qualitative changes in 7, of the materials. The sign
of the shift in this parameter changes from negative to
positive in quite a narrow range of the inclusion diam-
eters. With the use of the surface-layer model of a
polymer nanocomposite shown in Fig. 1, a novel the-
oretical approach was developed in [91, 92] to describe
the concentration change in 7, of composites with
allowance for the configurational entropy of hybrid
nanoparticles. It was shown that change in the glass-
transition temperatures of composites containing
nanosized core—shell particles is mainly caused by the
following conditions:

(i) increases in the degrees of freedom and the entropy
of system due to the presence of organic-layer hybrid
nanoparticles on their surfaces, a situation that favors
decreased glass-transition temperatures of composites;

(ii) decreases in the entropy of system disorder and
in the number of configuration states of macromole-
cules in the presence of nanoinclusions, a situation
that results in an increased glass-transition tempera-
ture of the composition.

The competition between two main factors ulti-
mately defines the increases or decreases in the glass-
transition temperatures of materials during an increase
in the content of hybrid nanoparticles. The equation
describing the glass-transition temperatures of these
systems has been obtained [91, 92]:
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4R,

3
0

molar mass of a monomer unit, AC\" (J/(g K)) is the
change in the heat capacity of a polymer at the glass
transition, Ry is the Kuhn segment length of the poly-
mer matrix, R, is the radius of a nanoparticle, R, is
the radius of a particle core, R, is the size of the unit
cell, Nis the degree of polymerization, ¢/N, = n,/V
is the number of particles per unit volume, N, is the
number of unit cells corresponding to particles, n,, is
the number of particles in the system, V'is its volume,
v is the orientation number of organic layer units, Z is
the coordination number, and ¢ is the volume fraction
of particles.

Here, N, = , R is the gas constant, M, is the

The proposed approach to describe 7, values of the
composites with organic—inorganic nanosized parti-
cles was tested for the example of such systems as poly-
styrene with a molecular silica sol having various par-
ticle sizes [91, 92] and polystyrene with first, third,
and sixth-generation dendrimers [93]. A satisfactory
fit between the experimental and theoretical depen-
dences was observed.

The data confirm the above-stated assumption of
the “surface layer” composition of nanocomposites
(Fig. 1). In our opinion, understanding the morphol-
ogy and the role of this “layer” and its effect on a
material’s characteristics provide a key insight into the
nature of nanocomposites.

No less an important factor that can influence the
properties of a polymer with a nanosized filler is the
internal structure of the nanoparticle core, which has
an effect on the polymer rigidity and modulus of elas-
ticity. While the moduli of elasticity of composites
with microsized inorganic particles are a priori higher
than that of the matrix, the situation in nanocompos-
ites is not so unambiguous. According to the data from
[88], the modulus of elasticity of a nanocomposite
depends on the rigidity of the hybrid nanoparticle
core, which is not governed by the numerical value of
the elastic modulus, but is based on the molecular
concepts of mobility of core-forming chemical bonds.
If the particle core can undergo practically no change
in shape and is distorted owing to a low mobility of
core-forming chemical bonds, its modulus of elasticity
is higher and, as a consequence, the modulus of elas-
ticity of the entire composite is higher.

Thus, consideration of the nanocomposite surface
layer as a shell including both a polymer and an exter-
nal layer of nanosized filler, as well as a conditional
division between the functions of the external layer
and the nanoparticle core, has made it possible to
determine in a first approximation which characteris-
tics of the matrix and filler have an effect on the prop-
erties of a nanocomposite, in particular, on its glass-
transition point and modulus of elasticity. It is obvious
that the data are insufficient for the disclosure of gen-
2016
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eral regularities and that only an extension of these
approaches to polymer systems of various chemical
natures and an extension of the model systems with a
core—shell structure can make it possible to control
the properties of polymer nanocomposites and to
obtain materials with tailor-made characteristics.
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