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To tailor properties of polymer composites are very important for their applications. Very small concentrations of
nanoparticles can significantly alter their physical characteristics. In this work, molecular dynamics simulations are per-
formed to study the thermodynamic and structural properties of polystyrene/Cgy (PS/Cgg) composites. The calculated
densities, glass transition temperatures, and coefficient of thermal expansion of the bulk PS are in agreement with the ex-
perimental data available, implying that our calculations are reasonable. We find that the glass transition temperature 7
increases accordingly with an added concentration of Cgg for PS/Cgy composites. However, the self-diffusion coefficient
D decreases with increase of addition of Cgg. For the volumetric coefficients of thermal expansion (CTE) of bulk PS
and PS/Cg composites, it can be seen that the CTE increases with increasing content of Cgy above T (rubbery region).
However, the CTE decreases with increasing content of Cg below T (glassy region).
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1. Introduction

Polymer nanocomposites (PNCs) have received consid-
erable attention because they can be added to polymer ma-
trixes to alter their thermal-mechanical and structural proper-
ties without affecting their chemical features.!'! Nanoparticles,
such as nanotubes! and fullerenes,[?! gold nanoparticles,[4]
silica nanoparticles,! and others,[®! have been used in PNCs
over a century. This is due to the key factors in tailoring
the properties of polymeric materials, namely, the structure
and diffusion of polymer chains are dependent on the for-

7-101 Therefore, we need to know more about the

eign surface.|
thermodynamic and diffusion properties of polymer systems
which are filled with nanoparticlas.

Interfacial interactions between nanoparticles and poly-
mers play important roles in glass transition of PNCs. The
glass transition temperature (7) of a polymer matrix can be
enhanced by addition of nanoparticles, which is due to the fact
that the mobility of polymer chains is limited by the nanopar-
ticles. However, two different views emerged for the change
of T, of PNCs in recent experiments. Oh et al. reported that
PNCs containing AuPS( nanoparticles can exhibit substan-
tially lower 7;, values than that of bulk polystyrene (PS).[* In
contrast, Ty of PS/Cgy composites is higher than bulk PS.5!
Recent experimental results also show that PNCs contain-
ing silica nanoparticles exhibit two 7;’s. One is associated
with the week interaction between nanoparticles and poly-
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mer chains far from the nanoparticles. The other is related
to the strong interaction between the nanoparticles and poly-
mer chains nearby the nanoparticles.!!! For systems of PNCs,
recent experimental results exhibit that the increase of T; is
mainly due to low mobility of polymer chains in the nanocom-
posites. From the concept of free volume, the molecular mo-
tion is relatively easy because the polymer chains have a larger
free volume at the liquid state than melts. With the infusion
of nanoparticles, the free volume can be reduced until there
would not be enough free space to allow molecular translation
of motion.! !

Nanoparticles play an important role in thermal expan-
sion and diffusion properties of a polymer matrix. For exam-
ple, the recent simulated results display that polymer chains in
the vicinity of a nanoparticle are more immobilized than those
in the outermost region.?! Wei e al.!'?! demonstrated that the
diffusion coefficient of polymer chains is profoundly increased
with the presence of carbon nanotubes (CNTs). Their results
also prove that the coefficient of thermal expansion (CTE) of
polymer chains can be enhanced with addition of CNTs. The
composites have a fixed volume and exclude the occupancy of
the polymer chains. The increased CTE of the composites is
attributed to the increase in the excluded volume of the em-
bedded CNTs.

To improve the efficiency of experiment in synthesis and
optimization of material properties, computer simulations are
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an effective tool to solve this problem. Molecular dynam-
ics (MD) simulations are often used to predict properties of
polymeric materials and local interaction problems of mate-
rial interfaces.['3-1) The authors of Refs. [13—19] found the
same tendency that smaller nanoparticles were more appropri-
ate to increase mechanical performance of PNCs by perform-
ing MD simulations. Yang et al.!'” have reported that the spe-
cific monomer structure plays an important role in determin-
ing the strength of interaction between CNTs and polymers.
If we want to design favorable microscopic and macroscopic
structures of PNC materials, we need to know more about the
molecular mechanism of PNC systems.

In this work, MD simulations are performed to study the
glass transition and diffusion properties of PS/Cgn nanocom-
posites. Since the physical properties of PNCs are directly
influenced by the interfacial interaction between the nanopar-
ticles and polymers, the present simulation emphasizes the ex-
amination of effects of nanoparticle loading and temperatures.

2. Model and simulation method

For all the simulation processes, the commercially avail-
able MD simulation package Materials Studio is used in this
work. The second-generation COMPASS (condensed-phase
optimized molecular potentials for atomistic simulation stud-
ies) force field has been used to describe the inter- and intra-
atomic interactions of PS/Cgg systems.[18J The COMPASS
force field is often used to predict the properties of the poly-
mer system, which is due to its high accuracy. The recent sim-
ulation results have shown that the densities, coefficients of
thermal expansion, and the glass transition temperature agree
with the available experimental data for thermoset polymer
networks using the COMPASS force field.['”) Wu ef al.?" and
Tack et al.!*!! also found that the COMPASS force field for
predicting the properties of polymer networks is better than
that of cff91 and DREIDING force fields. In our previous
work, the COMPASS force field was successfully used in pre-
dicting the density and interfacial interaction properties of the
Nylon 6 and CNT composites./??! The force field potential can

be expressed as follows: 2!

Etotal = Evalence + Ecross—term + Enonbond» (1)

where the first term Eygjence 1S the valence energy. The second
term E¢rogs-term 1S the cross-term interacting energy. The third
term Eponbond 1S the nonbond interacting energy. The detail
about every term is expressed as follows:
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where b and b’ are the bond lengths, 6 is the two-bond angle,
¢ is the dihedral torsion angle, y is the out of plane angle, ¢
is the atomic charge, € is the dielectric constant, 7;; is the i—j
atomic separation distance; by, K; (i = 2-4), 6y, H; (i = 2-4),
¢ (i=2-4), Vi (i = 1-3), Fyy. by, Foer. 60, Foo. Fop. Fivo. Fi
(i=1-3), Foo, K(pggl, A;j, and B;; are the system-dependent
parameters. The time step is 1 fs and the cutoff distance is
9.5 A for all calculations. The Anderson method!?*! is applied
to control the temperature in all the calculations.

The experimental results have shown that Cgo plays a
key role in the glass translation and the mechanical proper-
ties of the polymer/Cg.[>>! Kropka et al.l®! shown that the
PS/Cgp and poly(methyl methacry-late) (PMMA)/Cgy com-
posites exhibit an increase in their “bulk” T,. Song et al. (23]
demonstrated that polymer/Cgy nanocomposites possess good
mechanical properties. Figure 1 displays the structure of PS
and Cgp. The single PS chain is made up of 10 C,H3(C¢Hg)
groups. In order to investigate the thermal properties of the
polymer system with the addition of nanoparticles, Cg is dis-
tributed uniformly in the PS matrix (Fig. 2(b)). The periodic
boundary condition is used in our simulations. For the bulk PS
system, the initial cell size is 4.073 nm x 4.073 nm x 4.073 nm
(total 6480 atoms in the unit cell, as shown in Fig. 2(a)). The
density is about 1.03 g/cm? for the pristine PS at 300 K, which
is close to the experimental values (1.04—1.065 g/cm?).[26]
This implies that the model of the present PS system is rea-
sonable and the computational policy is acceptable. For the
PS/Cgp composites, three different concentration ratios of Cgg
in the PS matrix (1.7 wt%, 3.3 wt%, and 4.9 wt%, respectively)
are studied in the present calculations. The three different con-
centration ratios of Cgq are represented as PS/Cgo-1, PS/Cgp-2,
and PS/Cgp-3 in the succeeding discussions.
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Fig. 2. (a) Bulk PS and (b) PS/Cgy nanocomposite systems.

Firstly, the MD with NPT ensemble is performed for
200 ps to make the studied systems reach their equilibrium
at 500 K and 1 atm. Figure 3 shows the evolutions of the dif-
ference in total energy between structure and initial structure
of the three systems. It is observed that the energies quickly
equilibrate in less than 50 ps and then continues to fluctuate
around the equilibrium value, which implies that the simula-
tion time of 200 ps is long enough for the systems to reach re-
lax state. The method is the same as that used in our previous
works.[>227] Then, the systems are gradually cooled to 300 K
with the quenching rates of 20 K/100 ps. The effect of the rate
of quenching has been provided in Fig. 4. From the follow-
ing figures, it can been seen that the changes of density and
glass transition temperature are weak under the two quench-
ing rates for pure PS and PS/Cg)-3 systems, which means that
the 100 ps is long enough for the systems reaching relaxation
states when the systems at the target temperature.
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Fig. 3. The evolutions of the potential energy difference between the
structure and initial structure for the three systems.
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Fig. 4. The evolutions of the density and glass transition temperature
for (a) pure PS and (b) PS/Cgp-3 systems.

3. Results and discussion

3.1. Glass transition and thermal expansion properties of
bulk PS and PS/C¢y composites

3.1.1. Density of bulk PS and PS/Cgx, composites

Figure 5 displays the density as a function of temper-
ature for the bulk PS and PS/Cgp composites. For the bulk
PS system, the density (1.03 g/cm?) is consistent with the
experimental values (1.04—1.065 g/cm?) at room temperature
(T =300 K).?°! The density of PS/Cgy composite systems
is also shown in Fig. 4. As is expected, the density of the
PS/Cgp system is strongly enhanced with the increasing con-
This is

due to the stronger interactions of inter-chains in the PS/Cgg

centration of Cgg in the whole temperature range.

system. Teh et al.!?8! have investigated the interaction between
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Fig. 5. Density as a function of temperature for bulk PS and PS/Cg
composites.
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the Cgp and each monomer, and the results demonstrated that
the polymer composites have a smaller distance between Cgg
and functional group, and have stronger intermolecular inter-
actions than the pure polymer melts. For the PS consisting of
styrene monomer, the first principle results have proved that
the binding energy between Cgp and styrene is stronger than
that between Cgo and other functional groups, which implies
that the PS has the stronger binding energy with Cgg.

3.1.2. Glass transition of bulk PS and PS/Cs, compos-
ites

The results of the glass translation of bulk PS and PS/Cgg-
3 composites are presented in Fig. 6. From Fig. 6, the spe-
cific volume continuously increases with increasing temper-
ature. Obviously, the change of volume possesses good lin-
earity with temperature in high and low-temperature regions.
Because of the strong interfacial interaction between Cgy and
PS, the specific volume continuously decreases with increas-
ing Cgo nanoparticales in the whole temperature range. The
low and high temperature regions correspond to the glassy and
rubbery regions, respectively. Glass transition temperatures
are determined at the point of the change in the slope (repre-
sented by the intersection of the solid lines in Fig. 6). The glass
transition temperature was enhanced with the addition of Cgj.
The current 7;; value is about 372 K for bulk PS (see Fig. 6),
which is consistent with the experimental report (373 K).[26]
This implies that the current cooling rate and method are valid
to determine 7 of the PS systems. The 7j is about 420 K for
the PS/Cgp-3 system, increased by about 40 K compared with
the bulk PS system, and the value is consistent with the previ-
ous MD simulations conducted on a similar system.??! How-
ever, the value is larger than the experimental data,*”! which
is related with the force field. However, the tendency of 7, of
PS/Cgp agrees with the experimental data.
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Fig. 6. Glass transition temperatures for bulk PS and PS/Cgo-3 composites.

In general, 7, is associated with the mobility of the
chains. The experimental and theoretical results have demon-
strated that the increasing 7, represents the strong interactions

between the particle and polymer chains, while the decreas-
ing T is due to the weak interactions. The increasing 7T, for
the PS/Cgp system upon the addition of Cg is interpreted to
the result of the strong interactions between the Cgy and PS
chains, and the interactions reduce the molecular mobility and
the flexibility of the polymer chain nearby the Cgo nanoparti-
cles.

3.1.3. Volumetric coefficient of thermal expansion of
bulk PS and PS/C¢, composites

The increasing specific volumes of the bulk PS and the
composite with increasing temperature indicate the thermal
expansions of the composites. The slopes of the curves
give the volumetric coefficient of thermal expansion (CTE) as
(£)(9%) in glassy and rubbery regions,!!! respectively. Fig-
ure 7 shows that the CTE increases with increasing content
of Cgp in the region of above T, (rubbery region). However,
the CTE decreases with increasing content of Cgg below T,
(glassy region). The experimental values for bulk PS at glassy
and rubbery states are also shown in Fig. 7. The CTE value ob-
tained from our simulations for bulk PS is in agreement with
the experimental data in the rubbery region. The CTE value
of bulk PS is slightly larger than the experimental data in the
glassy region.
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Fig. 7. Volumetric coefficients of thermal expansion for the glassy and
rubbery regions.

3.2. Diffusion properties of PS chains in bulk PS and

PS/C¢n composites

Molecular mobility and flexibility are influenced by the
temperature and the content of nanoparticles. The molecular
mobility and flexibility of PS chains can be directly described
by the self-diffusion coefficient (D) of PS chains. The self-
diffusion coefficients are calculated from the mean squared
displacement (MSD), which is defined as follows: 3]

D= lim 61 (It +10) ~ rw)?), )

o0 6F

where r(to) is the initial coordinate and (¢ 4 7o) the position

of chain atoms after a time ¢. Figure 8(a) shows the MSD of
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PS chains as a function of time for the bulk PS and PS/Cg
composite systems at the temperature of 480 K, respectively.
Obviously, the curves of MSD versus time are linear. The dif-
fusion coefficient D is the slop of the MSD to time ¢.
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Fig. 8. (a) The mean-square displacement (MSD) as a function of time
for bulk PS and PS/Cg composites under the temperature of 480 K.
(b) The diffusion coefficient D(r) as a function of evolution time for
bulk PS and PS/Cg( composites under the temperature of 480 K. (c) The
diffusion coefficient D(z) as a function of temperature for bulk PS and
PS/Cgp composites.

Figure 8(c) displays the D of PS chains as a function of
temperature for bulk PS, PS/Cgo-1, PS/Cgo-2, and PS/Cgp-3
systems, respectively. The strong interfacial interaction will
inflect to the mobility and the flexibility of PS chains nearby
the Cgo nanoparticles. Obviously, bulk PS chains have a larger
D than PS chains in PS/Cgy composites in the whole tem-
perature range. The D continuously decreases with increas-
ing content of Cgg. However, Harmandaris et al. 311 have re-

ported that the D is not a constant in all the cases and the

time-dependent diffusion coefficient D(¢) is more proper to de-
scribe the properties. Therefore, the time-dependent diffusion
coefficients D(¢) of PS chains are calculated by the equation
D(t) = (r(t)*)/(6t).1*5) The results are presented in Fig. 8(b).
Obviously, D(¢) has a sudden drop in a very short period of
time. At later time, the D(t) is found to reach a plateau value.

3.3. Radius of gyration of PS in bulk PS and PS/Cg, com-
posites

To better understand the conformational change of PS
chains in bulk PS and PS/Cgp composites, the radius of gy-
ration (Ry) of the chains as functions of temperature and con-
centration of Cg is displayed in Fig. 9.
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Fig. 9. The radius of gyration of PS chains in bulk PS and PS-Cgy com-
posites.

Obviously, the Ry of PS chains in the bulk PS system is
larger than that in the composites under different temperatures
(see Fig. 9(a)). This is due to the fact that the strong inter-
facial interaction plays an important role in the conformation
of the chains. Thus, the R, of PS chains decreases with in-
creasing content of Cgp nanoparticles. To determine the effect
of the temperature, Fig. 9(b) presents the R, of PS chains in
bulk PS and in the composites under different temperatures.
From Fig. 9(b), it can be seen that the difference of the Ry of
PS chains between the lower and higher temperatures is very
little with the increase of the content of Cgg, indicating that
the temperature has little effect on the R, of PS chains in the

composites. This implies that the structure of the PS chains
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is influenced by the temperature, but the strong interfacial in-
teraction of polymer-nanoparticle can assuage the effect of the

temperature.

3.4. Interaction energy between Cg and PS chains

To investigate the binding strength of interfacial interac-
tion, the interfacial binding energy (IBE) between PS and Cg
is calculated. Generally, IBE is estimated by the difference
between the potential energy of the composite system and the
potential energy for the polymer matrix and the corresponding

Ceo as follows: 2!

AE = Eral — (EC60 +Epolymer)a (6)

where Erory is the total potential energy of the system, Ec, is
the total potential energy of Cgp without the polymer, and the
Epolymer 18 the total potential energy of the PS chains without
Ceo-

Figure 10 shows the IBE between PS and Cgq for the
PS/Cgp-1, PS/Cgp-2, and PS/Cg-3, respectively. The results
from the first principle show that the styrene exhibits a rel-
atively high binding energy with Cgp, and IBE is found to
be 3.21 kcal/mol, which is larger than that of Cgy with other
monomers. We find that IBE of Cgp and PS is strongly en-
hanced by increasing concentration of Cgy. The origin of the
higher IBE in the composites is explained as follows. PS is
able to interact with Cgp via m—7 interactions between the
curved 7 surface of the Cg( cage and the flat 7 surface of the
phenyl ring of PS. In addition, the distance between Cgo and
PS is also relatively small, ~2.63 A, indicating the strong in-
teraction between the nanoparticle and the PS. From Fig. 10,
it can be seen that the energy difference between the lower
temperature and the higher temperature is very little for the
PS/Cgo-1, which indicates that the temperature has little ef-
fect on IBE of the nanocomposites with lower concentration
of Cgp. On the contrary, for the nanocomposite systems con-
taining the Cgo with higher concentration of Cgg, the energy
difference between the lower temperature and higher tempera-
ture is obvious. This implies that the IBE depends on both the
concentration of the nanoparticles and the temperature of the
system.

Combining the change of glass transition and diffusion of
polymer chains, as seen in Fig. 10(b), we can realize that the
mobility of the polymer chains is related with IBE between
PS chains and Cg in the interfacial region, and the diffusion
self-coefficients of PS chains decreases with increasing con-
centration of Cg in the interfacial region. Meanwhile, the T,
is associated with the interfacial interaction and mobility of
PS chains, therefore the glass transition temperature increases
with the addition of Cgg in bulk PS melts.
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Fig. 10. (a) The interfacial interaction binding energy between PS and
Cgo with different concentrations of Cgg. (b) The diffusion coefficient
D for bulk PS and PS chains in the composites at different temperatures.

4. Conclusions

In this work, MD simulations are performed to predict
the physical properties of the bulk PS and PS/Cgy composites.
The simulations demonstrate that the thermal expansion and
diffusion properties of the PS system are effectively improved
by addition of Cgg. The density, glass transition temperature,
and volumetric coefficients of thermal expansion are in good
agreement with the experimental data. The present MD re-
sults have displayed that the densities and the glass translation
temperatures of the composite systems are strongly enhanced
with the increasing concentration of Cgg. However, the self-
diffusion coefficients of the PS chains continuously decrease
with the increasing content of Cgy. We also find that the self-
diffusion coefficients of the PS chains are more diffusive at
temperature above T;. The increase in the 7; and the decrease
in the self-diffusion coefficients upon the addition of Cg( are
interpreted to the result of the presence of a strong interac-
tion between the Cgo and PS chains, as this interaction reduces
the molecular mobility and the flexibility of the polymer chain
nearby the Cg fullerenes. For the volumetric coefficients of
thermal expansion of bulk PS and composites cases, the sim-
ulations results show that above T, (rubbery region), the CTE
increases with the increasing content of Cgy. However, the
CTE decreases with the increasing content of Cgg below T

(glassy region). These findings have potential applications in
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polymer composite processing, coating, and printing.
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