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temperatures of vinylic polymers from atomistic simulation
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The aim of molecular modeling is to mimic reality by considering approximations appropriate to the scale at which the
simulation is carried out. At the atomic level, forcefields that represent average atomic interactions are used. However,
the phase space has to be adequately explored in order to compare successfully computed and experimental properties. The
procedure exposed in this article considers an initial selection of relevant configurations on which a simulated annealing
process is applied using the first generation forcefield OPLS, followed by a uniform hydrostatic compression using the second
generation forcefield COMPASS®©. The resulting data are fitted by an equation of state, from which density and bulk modulus
are determined. The glass transition is then simulated and Ts are computed. Our approach is tested using a series of vinylic
polymers, which differ from each other by small variations in atomic interaction combinations. The excellent agreement with
experimental data shows the validity of the procedure exposed. Moreover, a clear linear relationship between simulated and

experimental Ts is revealed.
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1. Introduction

Using molecular dynamics (MD) simulations with a full
description of the atomic interactions through the use
of forcefield, involves an integration step of 10~ ' s to
remain on the surface of potential energy [1]. Short
simulation durations can thus only be accessed and
obtaining relaxed polymer systems was evidently called
into question [2]. Atomistic MD simulations inspect the
portion of phase space that is directly located near the
initial location [3]. The phase space is actually split into
two spaces, the configurational and the momentum spaces,
both of 3N dimension, with N the number of atoms in
the system [4]. Accordingly, generation of the initial
configurations is of major importance since they dictate
the final properties [3,5]. Great efforts have thus been
carried out during the last decade to generate accurate
amorphous initial configurations. The original break-
through has been done by Theodorou and Suter [3] who
proposed a polymer chain generation procedure based on
a modified RIS model to include long range excluded
volume, followed by a series of energy optimization
(relaxation and minimization). This procedure is

*Corresponding author. Email: armand.soldera@usherbrooke.ca

implemented in the Amorphous_Cell© code from
Accelrys. Different methods to generate polymer chains
have been proposed since then using phantom chain
growth, coarse-grained guesses or advanced Monte Carlo
algorithms [6—13]. However, the purpose of this study is
not to compare the different methods, but rather to use an
existing one, implemented in the Amorphous_Cell© code
and attempt to circumvent some of its drawbacks. One of
the major drawbacks is actually in generating relaxed
configurations of a long chain [10,14].

The proposed procedure to get optimized configurations
could not ascertain that relaxed structures have been
obtained since the simulation times that have been used
are low compared to the polymer relaxation times.
However it yields compounds whose density and bulk
modulus are in good agreement with experimental data
and whose computed Ts are clearly reproducible. In order
to confirm the accuracy of the procedure, it has been
applied to five polymers. These polymers are vinylic
polymers, which differ from each other by small variations
in atomic interaction combinations. Atomistic simulations
of such polymers are therefore important since it can deal
with these slight variations at the atomic scale. These
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polymers are: polyethylene (PE), isotactic and syndiotatic
poly (methyl methacrylate) (i-PMMA and s-PMMA),
isotactic and syndiotactic poly (o-methyl styrene) (i-
PaMS and s-PaMS), polymethylacrylate (PMA) and
polystyrene (PS). Except for PE, they all possess a side-
chain: an ester group for PMA and PMMA and a phenyl
group for PS and PaMS. The presence of an additional
o-methyl group in PMMA and PaMS imparts to these
polymers different 7,s according to the tacticity of their
chain [15], while no significant difference in T,s is
observed between stereomers of PMA and PS. Both chain
tacticities of these latter polymers have also been
simulated.

It has to be pointed out that an extensive equilibrium
procedure based on a series of MD simulations has
been proposed by Hoffmann er al. [16—18] using the
Amorphous_Cell© code. Despite the excellent agreement
between simulated and experimental densities, it is central
process unit (CPU) time demanding. An alternative
approach is exposed in this text to get systems with
accurate density values. The proposed approach consists
in a simulated annealing process followed by a uniform
hydrostatic compression procedure. The uniform hydro-
static compression is usually applied to inorganic
compounds to attain their crystal structure [19]. The
crystallographic parameter, the cell edge for a cube, is
varied until a minimum in energy is reached. The curve of
energy with respect to the volume is then fitted with an
equation of states (EOS) [20]. Density and bulk modulus
can then be extracted. Moreover, a combination of first
and second-generation forcefields is used in a comp-
lementary fashion in order to gain in computer time
resources. T,s can thus be computed and compared to
experimental data.

2. Molecular modeling procedure

Each polymer chain considered in this study possesses 100
repeat units (RUs). The Amorphous_Cell© code, based on
the self-avoiding walk procedure [21], is used to generate
the polymer chain imbedded in a cell with periodic
boundary conditions. The procedure is based on the
knowledge of the conditional probability to increment
RUs during the chain generation. It is actually determined
by the calculation of the long-range non-bond energy
considering atoms that are separated by more than two
bonds [22]. The consideration of only short-range
interactions through the pentane effect, was not sufficient
to homogeneously fill the entire cell [3]. However, the
modification of this conditional probability to explicitly
consider long-range interactions, has direct consequences
on the percentage of rotameric states and consequently on
the values of the end-to-end distance and the radius of
gyration. It is thus proposed to initially generate 50
configurations. About 10 configurations are then selected
according to two criteria. The first criterion consists of the
selection of the apposite portion of the configurational

Table 1. Simulated and computed RIS (in parentheses) percentages for
studied polymers.

Simulation (RIS model)

Polymer t % g% g %
PE' 55 + 3 (60) 23 + 4 (20) 22 + 4 (20)
i-PMA® 60 + 4 (67) 20 * 4 (22) 20 = 3 (11)
s-PMA¥ 71 £ 7 (93) 12+54) 17+5(@3)
i-PMMA 61 +5(72) 21 * 6 (20) 18 = 4 (8)
s-PMMA 72 + 3 (88) 14+24) 14 + 3 (8)
i-PS® 43 = 5(52) 48 £ 6 (47) 9 +4(1)
s-PS® 67 + 4 (80) 26 + 5 (19) 7+3(1)
i-PaMS! 74 + 4 (84) 14 =3 (8) 12 +3(8)
s-PaMS! 83 + 5 (94) 8+3(3) 9+2(3)

i]ernigan, R. L.: Flory, P. J. J. Chem. Phys. 1969; 50:4165.

*Qjalvo, E. A.; Saiz, E.; Masegosa, R. M.; Harndndez-Fuentes, I. Macromolecules
1979; 12:865.

1 Vacatello, M.; Flory P. J. Macromolecules 1986; 19:405.

§Biskup, U.; cantow H. J. Makromol. Chem. 1973; 168:315.

I Sundararajan, P. R. Macromolecules 1977; 10:623.

space by comparing simulated and experimental end-to-
end distances in order to reduce considerably the standard
mean deviation. The purpose for this selection is to get
configurations that better mimic reality and thus it tends
to circumvent some of the drawbacks of the chain
generation: atomistic simulation and experience are
carried out in a complementary fashion. The second
criterion is purely energetic: configurations of lower
energy are selected. To confirm the correct selection of
the final configurations, percentages of rotameric states
have been calculated and reported in table 1. They are
compared to values stemming from the RIS matrix of
statistical weights computed for a bond in the middle
of the chain. Due to the introduction of long-range
interactions, a slight difference is observed. It has to be
noted that only three rotameric states have been
considered for the calculations of the rotameric percen-
tages. However, the six rotameric states of both PMMA
have been clearly revealed, as it is shown for instance for
one configuration of s-PMMA at 300K in figure 1 [23].

0.018
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0.014- \/

0.012-
0.010—-

0.008

Probabilities

0.006 E_ §+
1 Z128° | -105° g 8,
0.004 106° 130°
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(o]
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Figure 1. Computed probabilities of backbone dihedral angles of s-
PMMA at 300 K. The Vacatello and Flory’s notation is used to design
rotameric states.
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2.1 Simulated annealing process

The simulated annealing process requires an important
demand in calculation due to the great number of polymer
chain configurations involved during the simulations (90
polymers, number that considers both tacticities of PS and
PMA) and the long duration of the entire MD simulations.
A first generation forcefield, OPLS, was then chosen for
those simulations.

This relaxation step is performed on a cluster of
processors in parallel employing the DL._POLY code [24]
with the Verlet-leapfrog integration algorithm using a
1 fs integration time step [25]. The NPT ensemble, i.e.
constant number of particles, pressure and temperature,
was used during the simulated annealing process. To keep
the system at prescribed temperature and pressure the
Berendsen thermostat and barostat were employed [26].
The cut-off of the non-bonded interactions has been done
using the Ewald summation method [27]. The relaxation
begins with a heating of the system from 300 to 800 K.
The system is thereafter cooled from 800 to 240 K using a
cooling rate of 1.2 X 10" K/min. A relatively slower
cooling rate of 1.2 X 10" K/min has also been used for
both PMMA chain tacticities. The final temperature
corresponds to the glassy state for all the studied
polymers. It has to be pointed out that this procedure is
similar to the simulated dilatometry [28]. However, the TS
are not reported at this point since non reproducible values
have been obtained. A specific optimization procedure has
thus been undertaken and is exposed in the following
paragraph.

2.2 Uniform hydrostatic compression

To determine the crystal structure of some inorganic
compounds, a uniform hydrostatic compression is
employed [19]. The computed energy is reported with
respect to the cell parameter, or to the cell volume. The
crystal structure corresponds to the configuration of
minimum energy. The set of data is usually fitted by an
EOS, which allows the determination of density and bulk
modulus. This procedure was applied to the polymer
configurations after the simulated annealing has been
applied. In fact, compression is initially carried out since
the processes of chain generation and relaxation
performed in the isotherm—isochore ensemble, exposed
in the previous paragraph, involve an expansion of the cell.
An example of data stemming from application of uniform
hydrostatic compression on five configurations of each
chain tacticity of PMMA is displayed in figure 2. As can
be observed from figure 2, different compression steps
have been reported. Actually the procedure consists into
two stages. An initial compression of the cell is carried out
uniformly with variation steps of the cell edge of 0.1 A and
an energetic convergence of 10kcal/mol. When a
minimum in energy is reached, the optimization is refined
and a step of 0.001 A is then imposed, with an energetic
convergence of 0.1 kcal/mol. It has to be pointed out that
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Figure 2.  Graph of energy with respect to cell volume during a uniform
hydrostatic compression for 5 configurations of i-PMMA (V) and s-
PMMA (A).

compression or dilatation could occur to reach this latter
minimum since a downhill energy variation is always
looking for. The fitting process is done at this stage
yielding the values of the density and the bulk modulus.

The forcefield which has been used during this process
is COMPASS©, a second generation forcefield, from
Accelrys. A comparative study using OPLS has been
carried out for both PMMA tacticities, PS and PMA.
COMPASSO© has been specifically built up to accurately
represent non-bond interactions. The use of this forcefield
to obtain the minimum in energy is actually not
incompatible with the choice of a first generation
forcefield to get the polymer in the rubbery phase. The
OPLS forcefield has been parameterized in order to better
mimic the liquid phase. These two forcefields serve two
different goals: energy minimization using COMPASS©
and energy relaxation (and T, determination) employing
OPLS.

2.3 Computation of bulk modulus and density

Two ways are used to compute bulk modulus and density.
In the first case, the same procedure as used for inorganic
compounds is applied. The Murnaghan [29] EOS,
equation (1), deriving from continuum mechanics, was
chosen to fit the data stemming from the uniform
hydrostatic compression. It has to be noted that other EOS
could be employed, but differences in the stemming
results are not significant in the vitreous state of polymers.

1 vo\? ' 1 v 1
E(V):Bl(;dv() [( 0) 4+ +E()

BB —-1)\V BV, B —1

6]

where V) is the volume at the minimum energy, directly
yielding the density, p™; B) is the bulk-modulus; and B’ is
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the pressure derivative at zero pressure; the superscript M
refers to the Murnaghan EOS.

The second way to compute the bulk modulus stems
from the fact that the system is in the vitreous state and
entropic variations are therefore negligible [30]. Conse-
quently, the bulk modulus, or the inverse of the
compressibility, B = —V,(p/dV)yrlo, where p is the
pressure imposed to the system, could be rewritten under
the following form:

92E
B=1V, (—2> 2
V2 yrl,

the subscript o indicates that the value is obtained for the
minimum in energy. Expressing the energy with a quadratic
equation, following the Hooke’s law, directly yields the
values of B and density, p. The computed values and their
standard-mean deviation, are reported for each polymer in
tables 2 and 3 and compared to experimental data.

2.4 Simulated dilatometry

Experimentally the dilatometric technique is currently
employed to determine the T,. As the system cools down,
the specific volume, i.e. the inverse density, is reported
for different temperatures. The departure from a linear
relationship between the specific volume and the
temperature yields the value of the T, which corresponds
to the transition from the rubbery to the vitreous phases.
To apply this procedure to our systems, optimized
configurations stemming from the uniform hydrostatic
compression, have been gently heated to 800K.
Configurations are then kept at this temperature during
100ps in the NVT ensemble i.e. constant number of
particles, volume and temperature. Thereafter, the system
is cooling down to 240 K by 20 K steps of 100 ps duration
each, giving a cooling rate of 1.2 X 10"* K/min. During

Table 2.  Simulated bulk moduli obtained using COMPASS© and OPLS
forcefields, compared to experimental data for studied polymers. See text
for more details.

Simulated B (GPa)

Polymer COMPASS© OPLS Experimental B (GPa)
PE 50*05 470"
PMA 6.2+ 038
i-PMMA 6.6 05 49+ 13 5.93*
6.4 = 0.4) (5.0 = 1.0 5777
s-PMMA 5.4+ 0.4 49+ 13
(5.1 +0.4) 4.8+ 1.1)
PS 5.6+ 06 53+05 6.0"
45"
i-PaMS 52+09
s-PaMS$ 44 +07

"Bridgman, P. W. Proc. Am. Acad. Arts Sci. 1948;76;71.

iWeishaupt, K.; Krbecek, H.; Peitralla, M.; Hochheimer, H. D.; Mayr, P. Polymer
1995;36;3267.

l“Hartmamn, B. In Physical Properties of Polymers Handbook; Mark, J.E.Ed.;
A.LLP.:Woodbury, NY, 1996; Vol. Ch 49 pp 667.

S Plazek, D. J.; Ngai, K. L. In Physical Properties of Polymers Handbook; Mark,
J. E., Ed.; A.LLP.: Woodbury, NY, 1996: Vol. Ch 12, pp 139.

Table 3. Simulated densities obtained using COMPASS© and OPLS
forcefields, compared to experimental data for studied polymers. See text
for more details.

Simulated p
(gem™)
Experimental p
Polymer COMPASS© OPLS (gem™>)
PE 0.900 =+ 0.009 0.86"
PMA 1.245 + 0.012 1.159 = 0.019 1.222F
i-PMMA 1.192 + 0.005 1.141 + 0.014 1.20%
(1.189 = 0.003)  (1.139 = 0.012)
s-PMMA 1.157 = 0.006 1.108 + 0.010 1.19%
(1.155 = 0.004)  (1.105 = 0.011)
PS 1.073 = 0.010 1.067 = 0.007 1.062"
1.075%
i-PaMS 1.057 = 0.014 1.073!
s-PaMS 1.032 + 0.019 1.073!

¥ Alger, M. Polymer Science Dictionary: Chapman & Hall, 1997.

Ellis, B. Polymers—a property database. Sheffield: Chapman & Hall, 2000.
1 Mosiewicki, M.; Borrajo, J; Aranguren, M. I. Polym. Int. 2005;54:829.

¥ Naumann, M.; Duran, R. Polym. Perprints, A.C.S. 1991;32:96.

Il Cowie, J. M. G.; Toporowski, P. M. J. Macromol. Sci. Phys. 1969;B3:81.

this process to get the T,s, the first generation OPLS
forcefield is used. In this forcefield, the bonding potential
parameter terms come from the AMBER forcefield, while
the non-bond parameters result from the use of the BOSS
code [31,32]. These latter parameters are specifically
computed to accurately mimic the liquid phase. A better
determination of T,s is obtained using OPLS compara-
tively to the use of AMBER whose non-bond parameters
have been determined from crystal structures: difference
in T,s between the two configurations of PMMA has been
shown to be better depicted using OPLS [33,34].

3. Results and discussion

Despite the use of a relaxation process, the end-to-end
distance does not greatly vary with temperature from its
initial value as it is shown for the two tacticities of PMMA
in figure 3. These small variations clearly reveal that

55 v
Vv vy wvv
vVvvva'vVVV'VV' v vv
50_
<
R
o
2
L 40
1 AA AAA
A ApN A A DA
JAVAVAVANVACEYN AAA 2n- ACan
A
30 T T T T T 1
200 300 400 500 600 700 800
Temperature /K

Figure 3. End-to-end distance with respect to the temperature for
i-PMMA (V) and s-PMMA (A), during a simulated annealing process.
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a limited exploration of the configurational space has been
made and thus show the importance to appropriately select
several initial configurations to get relziable averages.
After the simulated annealing has been performed on these
configurations, the T,s could be obtained and conclusions
regarding to the difference in the 7,s between the two
stereomers, could be extracted [35,36]. However an
analysis of the glass transition involving several polymers
could not be accurately performed since non-reproducible
T,s have been obtained. Nevertheless, this relaxation
process is important to get final structures on which
uniform hydrostatic compression is carried out.

Applying uniform hydrostatic compression (or dilata-
tion) to the vitreous state of polymers involves configu-
rational changes. As a typical example, energy and end-to-
end distance with respect to the volume are reported in the
same graph in figure 4, for one configuration of s-PMA.
In this case, a refine dilatation has been performed on the
configuration of minimum energy obtained during the first
stage described in Section 2.2. Different regions are defined
according to the jumps in the energy curve, as displayed in
figure 4. In each region, the end-to-end distance increases
with volume and the percentage of trans state remains
constant as shown in table 4. The change in the end-to-end
distance, or in the radius of gyration, during hydrostatic
variation, is not significant when all the configurations of
polymers are considered since it is included in the standard
mean deviation.

For each region displayed in the graph of figure 4, data
have been fitted using the Murnaghan EOS, equation (1)
and a quadratic equation, thus yielding values for the bulk
modulus and the density. These fitting values are reported
in table 4. In Region 3, the derivative of energy is zero, but
it does not correspond to the minimum in energy since
there is a jump to lower energy at higher dilatation,
corresponding to Region 4. From the minimum in energy
in this Region 4, a compression has been carried out giving
Region 5 for which computed bulk modulus and density
are reported in table 4. For sake of clarity in figure 4, the
end-to-end distance of Region 5 is not reported. Regions 3

22.6 22.7 22.8 22.9 23.0
115 T T T

|0
]

—1

7 \ '3) gzu
) 1P

100

Energy/kcal.mol
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°

954

90 . : . . E 28.0

T T T
22.6 22.7 22.8 229 23.0

Cellparameter/A

Figure 4. Energy (%) and end-to-end distance (—) variation with
respect to the cell parameter for one configuration of s-PMA.

Table 4. Comparison between bulk modulus and density values
computed using equations (1) and (2), for the different regions defined on

figure 4.
Quadratic
Murnaghan EOS equation
BY! p B
Region Percentage of t (g cm Y (GPa) (g cm ) (GPa)
1 63% 1.1917 5.31 1.2054 11.7
2 64% 1.1908 7.29 1.1922 8.34
3 63% 1.1891 7.19 1.1891 7.18
4 64% 1.1869 7.26 1.1878 6.00
5 64% 1.1871 7.16 1.1871 7.18

and 5 both exhibit an energy derivative of zero, but a
different minimum in energy. However the fits yield
comparable values of bulk modulus and density. As soon
as a region does not exhibit the zero energy derivative, the
two fitting equations give different results. The departure
from the data obtained at the equilibrium structure is more
pronounced for the quadratic equation since the Hooke’s
law becomes less relevant. Accordingly density and bulk
modulus have to be computed at the equilibrium position.

For both PMMA tacticities, PMA and PS, the two
forcefields, OPLS and COMPASS© have been used
during the hydrostatic uniform compression and the
resulting data are reported in tables 2 and 3. From table 3,
density values obtained using COMPASS© show an
excellent agreement with experimental data. The non-
bonding interactions in COMPASS®© has been greatly
improved comparatively to pcff [37,38], resulting in a
better representation of densities. In the case of density
values computed using the OPLS forcefield, the agree-
ment is excellent for PS, while for PMMA and PMA, the
resulting values are slightly lower than experimental data.
An important aspect to be considered is that the difference
in the densities between PMMA stereomers is accurately
reproduced whatever forcefield is employed.

Difference between both PMMA configurations is also
observable for the bulk modulus computed using COM-
PASS®© thus revealing that bulk modulus depends on the
chain tacticity. No experimental data has been found in the
literature to confirm this finding. Furthermore, the same
value is obtained when OPLS is considered. However, the
simulated values for both forcefields are in same order
than experimental data. Concerning PS, computed values
are found in the same range than the different
experimental bulk moduli found in the literature. Actually
no further conclusions could be extracted from the
simulation of bulk modulus due to the lack of
experimental data. Nevertheless, as for PMMA, PaMS
exhibits bulk modulus and density values that depend on
the tacticity of the chain [15].

The dependence of bulk moduli and densities on the
cooling rates during the simulated annealing process has
also been regarded. For both PMMA configurations, two
cooling rates have thus been used. Uniform hydrostatic
compression was applied to the final structure and bulk
modulus and density were then computed. Results are
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Table 5. Simulated T,s compared to experimental data for studied

polymers.

Polymer Simulated T, (K) Experimental T, (K)
PE 327 +3 194

PMA 406 * 4 280"
i-PMMA 45 + 6 318*
s-PMMA 513 =7 387F

PS 484 + 5 3627
i-PaMS 508 = 6 390%
s-PaMS$ 588 + 6

"Lu and B. Jiang, Polymer 32, 471 (1991).

*K. Ute, N. Miyatake, and K. Hatada, Polymer 36, 1415 (1995).

L. H. Sperling, Introduction to Physical Polymer Science (John Wiley & Sons,
Ins., New York, 1992).

$1. Malhotra, L. Minh, and L. P. Blanchard, J. Macromol. Sci. Chem. A12, 167
(1978).

reported in tables 2 and 3. Values in parentheses reported
in these tables correspond to data obtained after a
1.2 X 10" K/min simulated annealing cooling rate was
applied. No dependence on the cooling rates for both
properties is observed whatever forcefield is used.

An excellent agreement between experimental and
simulated results is thus obtained for all the polymers
considered in this work. It has thus been argued that
despite the low duration that reported simulations have
accessed, simulated dilatometry could be applied to
compute 7T,s. In table 5 are reported 7, values for the
different polymers. Experimental data have been extracted
from the Fox—Flory equation. It has to be pointed out that
reported values are reproducible. Moreover, despite the
great difference with experimental data, a linear
relationship is clearly revealed between the simulated
and experimental 7,s as can be shown in figure 5. The
fitting equation is displayed in equation (3).

Ty simulated) = 0.96.T'g (experimentary + 140 K 3

The reliability factor is 99.8%. The difference of 140K is
attributable to the cooling rate used (1.2 X 1013K/min).
Further analysis on the dependence of this parameter on
the cooling rate is the subject of an incoming article.
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Figure 5. Simulated 7s of all the studied polymers are reported versus
experimental 7,s. The linear fit is also displayed.

4. Conclusion

To by-pass the problem of ergodicity, impossible to solve
by atomistic simulation, an appropriate selection of initial
configurations based on two criteria, a comparison with
experimental data and energetic consideration, is firstly
carried out. A simulated annealing is then performed on
these configurations. Due to the great demand in computer
resources, time and processors, a first generation
forcefield, OPLS, specifically designed to address non-
bonding interactions in polymers, is used. After this
heating-cooling process, the configurations are not in a
potential well. A uniform hydrostatic compression is then
carried out until a minimum in energy is reached. Due to
the lower demand in computer resources, the COM-
PASS© forcefield is employed. The excellent agreement
between ensuing densities and bulk moduli and exper-
imental data suggests that the final configurations can be
used to determine reproducible values of T,s. A very clear
relationship between computed and experimental 7S is
thus obtained, confirming the validity of the procedure. A
complete analysis of the difference in T,s with different
cooling rates can be undertaken and is the subject of an
incoming article.
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