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ABSTRACT: Molecular dynamics simulations, integral equation theory, and wide-angle X-ray scattering
experiments are used to study the structure of a poly(dimethylsiloxane) (PDMS) melt. Two different chain
models are employed for the molecular dynamics: a united-atom class | potential and an explicit-atom
class Il potential. The effects of partial charges and attractions on the intermolecular pair correlation
functions are studied for the united atom model. Good qualitative agreement between the polymer
reference interaction site model (PRISM theory) and the simulations is found for the united atom model
with charges and attractive dispersion interactions turned off. Simulation results for both the united-
atom and explicit-atom models for the structure factor are in excellent agreement with the X-ray scattering
measurements for high wavevector. However, the explicit-atom model gives significantly better agreement
for low wavevector, particularly in the vicinity of the first peak.

I. Introduction

Silicone polymers have several characteristics that
make them very useful for engineering applications. For
example, because of the high degree of flexibility of the
polymer backbone, poly(dimethylsiloxane) (PDMS) has
the lowest glass transition temperature (~150 K) of any
known polymer. Because of its high degree of chemical
stability, PDMS is also functional at relatively high
temperatures. For these reasons, materials based on
PDMS are ideal for applications such as elastomeric
seals, adhesives, coatings, and encapsulants. In these
applications PDMS exists in the bulk amorphous state
as a liquid or as a cross-linked network. The purpose of
the present investigation is to (1) measure the wide-
angle X-ray scattering (WAXS) structure factor of
PDMS, (2) model the structure and packing of PDMS
in the liquid state through molecular dynamics (MD)
simulations and polymer reference interaction site
model (PRISM) calculations, and (3) compare the results
of theory, simulation, and experiment.

The molecular structure of PDMS is shown in Figure
1. Note that the PDMS chain is similar in architecture
to poly(isobutylene) (PIB), with the CH; group replaced
by O and the C by Si. In PIB the macromolecules are
known to pack very densely, which results in an
extraordinarily low diffusion constant for gases in PIB
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Figure 1. (top) United-atom (UA) model for PDMS: yellow
(Si), red (0O), blue (CHs3). (bottom) Explicit-atom (EA) model
for PDMS: vyellow (Si), red (O), cyan (C), black (H). These
chains with 5 Si per chain are for illustration purposes. The
chain length used in the MD and PRISM studies is longer, 20
Si per chain. (Note: relative sizes of atoms not to scale.)

elastomers. PIB and other polyolefins were modeled
previously2 through MD simulations and PRISM theory
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and also studied with WAXS.2 PDMS, on the other
hand, has a relatively low density and high diffusivity
for gases. This is primarily a consequence of the larger
Si—0 and Si—C bond lengths compared to the C—C bond
length. In addition, the Si—O—Si bond angle in PDMS
is larger than the tetrahedral C—C—C bond angle in
PIB.

In the simulations, two force fields are used: class |
potential of Sok and Berendsen® and class Il potential
of Sun, Rigby, and others.*~8 The class | potential is
implemented in a united-atom (UA) model for which the
Si and O atoms are treated explicitly while each methyl
group (CHg) is treated as a single particle. The united-
atom potential was used to study the transport of small
molecules in PDMS and was not optimized to give the
correct structure for a bulk liquid. The class Il potential
is implemented in an explicit-atom (EA) model which
treats the Si, O, C, and H atoms individually. The
explicit-atom potential has been optimized to reproduce
experimental data describing molecular conformations/
energetics, bulk density, and pressure for PDMS.
Throughout the rest of this paper, the united-atom
model with a class | potential and the explicit-atom
model with a class Il potential will be referred to as UA/
Cl and EA/CII, respectively. Our aim in this work is to
test the adequacy of these force fields in describing
PDMS by comparing the MD simulations with the
experimental density and structure factor. Moreover, we
also assess the accuracy of PRISM theory in describing
PDMS by comparing theory and simulation.

Il. Method

Thermodynamic and structural data for PDMS are
compared from three sources: theoretical (PRISM),
computational (MD), and experimental (WAXS). PRISM
theory uses a single-chain Monte Carlo simulation to
determine the single-chain structure factor which is
used to calculate the intermolecular structure factor for
a dense, many-chain system. Molecular dynamics simu-
lations solve Newton’s equations for a system of par-
ticles from which the structure factor may be calculated
directly. Both PRISM and MD calculations use models
for PDMS that include functional forms of the classical
force fields describing interactions between the atoms
or groups of atoms. All PRISM calculations presented
here use UA/CI. The MD simulations use both UA/CI
and EA/CII. Schematic diagrams of the two models are
shown in Figure 1.

Comparing theory, simulation, and experiment allows
two issues to be addressed: what are the effects of
approximations used in PRISM, and how effective are
classical potentials in predicting the structure of PDMS
in the liquid state? The approximations in PRISM, made
so the theory is tractable, can be tested by MD simula-
tion. With simulations it is possible to adjust the model
parameters such that the conditions match those used
in the PRISM calculations. These adjustments include
testing the importance of the Coulombic interactions on
the local packing by comparing simulations with and
without charges present. By comparing those results
with simulation data using the full interactions, it is
possible to evaluate what effect the approximations have
on PRISM theory predictions. Also, MD simulations
make it possible to calculate the structure of PDMS,
using the more sophisticated potentials of the EA/CII
model, to make quantitative comparisons to the struc-
ture factors obtained from WAXS experiments.
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A. PRISM. The polymer reference interaction site
model or PRISM theory was developed several years ago
by Curro and Schweizer®-1 as an extension of the RISM
theory of Chandler and Andersen.1213 PRISM theory has
been discussed in detail in previous publications#45
and, therefore, will only be described briefly here. The
advantage of PRISM over the full MD simulation is that
significantly smaller computational resources are re-
quired and, therefore, can be applied to much longer
chain systems. The tradeoff is that the results are
approximate.

The theory represents the polymer chains as a col-
lection of overlapping interaction sites as seen in Figure
1. We begin by assuming that the macromolecules are
long so that end effects can be neglected!! and that all
monomers along the chain backbone are equivalent. The
goal of the PRISM approach is to calculate the inter-
molecular pair correlation functions g,,(r) between sites
making up the monomers on different chains,

f@a(r') p,(r — )0

r)= dr’ 1
Joy(1) outy 1)

where pq is the density of sites a. The starting point of
the theory is the generalized Ornstein—Zernike equa-
tion,™?~15 written for convenience in Fourier space as

h(k) = Q(K) CRIL(K) + ph(K)] ()

where the caret denotes Fourier transformation with
wave vector K, p is the diagonal matrix of site densities,
C(K) is the direct correlation function, and Q(k) is the
single-chain structure factor,

. 1 N [Sinkr
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Equation 2 relates the average intermolecular packing
and intramolecular structure characterized by h,(r) =
Joy(r) — 1 and Qq,(k), respectively. The summation in
eq 3 is over intramolecular pairs of sites on a single
chain, having N monomers.

The generalized Ornstein—Zernike equation can be
viewed as a definition for the intermolecular direct
correlation function C,(r).245 It can be demonstrated
from simulation or experiment that at high density the
direct correlation function is a short-range function of
r. This motivates us to make use of the well-known
Percus—Yevick (PY) approximate closure from the
theory of atomic liquids'®

Cq(n) = {1 —exp[fU,, (NT}[N,, () +1] (4

where U, (r) is the nonbonded potential which we take
to be of the Lennard-Jones form, 8 = 1/kgT, where kg is
the Boltzmann constant and T is the temperature.
Equation 4 can be used to eliminate the direct correla-
tion function from eq 2, thus providing a direct relation-
ship between the intermolecular packing and intra-
molecular structure of the polymer liquid. It is well-
known for atomic liquids!® that the packing at high
density is primarily determined from the repulsive part
of the potential. Later in this paper we will test this
hypothesis for PDMS liquids using MD simulation. It
has been demonstrated previously*15 that PRISM
theory works best for repulsive potentials; hence, we
follow Weeks, Chandler, and Andersen!? by dividing the
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Lennard-Jones potential between nonbonded monomers
into a repulsive part U’ (r)

T\ [06,\° | 1 1/6
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Ugr(n =94 “Ll\r r 4 i e (5)
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and an attractive or perturbative contribution UZf/‘(r)
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In the present investigation of PDMS, we will employ
only the repulsive part of the potential in the closure
relation in eq 4. The PRISM theory outlined here has
been applied previously to polyolefin melts? and
blends.181° In the present application to PDMS melts,
each monomer contains three independent, united atom
sites representing O, Si, and CH3 moieties. Thus, the
matrices in eq 2 are of size 3 x 3, and there are six
independent g,,(r) needed to characterize the PDMS
melt within the united atom model. R

For a given intramolecular structure function Q,(k),
eqs 2 and 4 can be solved numerically for the inter-
molecular radial distribution functions. As a first ap-
proximation, one could use Flory’s hypothesis41520 py
approximating the single chain structure in a polymer
melt as a chain without long-range excluded-volume
interactions. More exact calculations on flexible chains,
however, require that the intramolecular structure be
determined self-consistently with the intermolecular
packing.121415 This self-consistent computation pro-
ceeds by replacing the full many chain computation with
a single chain Monte Carlo simulation in the potential
energy field

U(7) = Ug + W(~) ()

where Ug represents the conventional bonded and
nonbonded interactions that an isolated chain would
experience. W(%?) is a medium-induced potential that
mimics the effects of the other chains in the system and
depends on their configurations %2. The essence of the
Flory hypothesis is that the repulsive excluded-volume
interactions and attractive medium induced potentials
effectively cancel each other in eq 7. In this work we
approximate this medium-induced potential as being
pairwise additive with the form?4.1521.22

PWo, (K) = =5 CoifK) S;i(k) Cj (k) 8)
]

where the partial structure factors are defined as
Sey(K) = 0,24,/ (K) + pe, N (K) ©)

Since the medium-induced potential depends on the
intermolecular direct correlation functions, it is neces-
sary to solve the self-consistent problem iteratively. One
begins by guessing W, (r) in eq 7. A single chain Monte
Carlo simulation is then performed with the potential
U to obtain the single chain structure function defined
in eq 3. This intramolecular structure function €,(k)
is then used as input to PRISM theory where egs 2 and
4 are solved for the direct correlation functions. This
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leads to a new estimate for the medium-induced poten-
tial through egs 8 and 9. The procedure is then repeated
until the medium-induced potential does not change
from one iteration to the next within some tolerance.
At this point we have converged to a self-consistent
solution for both the intramolecular structure and
intermolecular packing. It is important to note that
reweighting techniques are employed so that the Monte
Carlo simulation does not have to be repeated in each
iteration.?

B. Molecular Dynamics. All simulation data are
obtained from systems containing 100 chains of 20 Si
atoms per chain, except one system of 800 chains using
only the UA/CI model neglecting Coulomb interactions.
Class | potentials include terms describing the interac-
tions due to nonbond, bond, angle, and torsional forces.
Nonbond forces arise from van der Waals and Coulombic
interactions between all particles on different chains
and between particles on the same chain which are
farther apart than fourth or third-nearest neighbors for
class I and class Il potentials, respectively. Bond, angle,
and torsional terms arise from intrachain connectivity.
The bond potential describes the strong, two-body,
covalent interactions that define which atoms belong to
each PDMS molecule. The angular potential describes
three-body interactions which allow for chain stiffness.
The torsional potential describes four-body interactions
and enforces an energetic penalty for twisting motion
about bonds along each chain. The functional forms and
parameters of the class | potential are given elsewhere.3
The class Il potential contains all terms from the class
| potential plus additional cross-term interactions. The
exact functional forms of the class Il potential are
different from class | and include more anharmoncity
in the interactions. The nonzero cross-terms used in this
study of PDMS are bond—bond and bond—angle inter-
actions. Extensive discussions about derivation of the
functional forms and optimization of parameters
used by the class Il potentials can be found else-
where.4~8

For selected UA/CI simulations the nonbond interac-
tions are adjusted in order to evaluate their effects on
thermodynamic and structural properties. Therefore,
the functional forms of the LJ and Coulombic potentials
are shown below. The nonbond potential for both class
I and class Il is defined as

4.4
nonbond U\(;\Jl’v(r) + kq r . ' fe
kK &+ r>r,
9r

where q is the electric charge, r is the distance between
any two atoms i—j of type a—y, respectively, and r; is
the cutoff on the van der Waals interaction. The
proportionality constant for the electrostatic potential
energy is Kq = 1/(4meo) = 332.06(kcal A)/(e2 mol) where
e is the electron charge. For the full potential including
attractive LJ interactions, r. = 12.0 A for both the
UA/CI and EA/CII simulations. The values of r. used
in the purely repulsive UA/CI simulations are shown
in Table 1. The long-range Coulomb interactions are
calculated with a particle—particle/particle—mesh Ewald
(PPPM) algorithm.2® The LJ mixing rules for the class
| potential are given by Berthelot mixing rules, while
the class Il potential employs special LJ mixing rules.>
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Table 1. Nonbonded Simulation Parameters for the
PDMS UA/CI Model32

Si 0 CHs
¢ [keal/mol] 0.5848 0.2049 0.1799
o [A] 3.3850 2.955 3.786
q[el 0.3 —-0.3 0.0
reP [A] 3.799 3.316 4.249
d[A] 3.44 2.87 3.66

a Si atoms located on chain ends have partial charges adjusted
in order to preserve overall charge neutrality. d is the effective
hard-core diameter.’

Table 2. Nonbonded Simulation Parameters for the
PDMS EA/CII Model2

Si o) C H
¢ [kcal/mol]  0.131 0.080 0.0620 0.0230
oAl 4.290 3.300 3.8540 2.8780
q [e] 0.7150  —0.4450  —0.2940  0.0530

a All other parameters can be found in the literature.*—8

The van der Waals potential energy UYW(r) for class

I/class Il is
o 12 o 6
4e |1-E|] - 1= class |
N r r

eay[z(ﬂ) - 3(ﬂ) class I1
r r

where ¢ and ¢ determine the length/energy scales,
respectively. All parameters used in the nonbond in-
teractions for the UA/CI and EA/CII potentials are
summarized in Tables 1 and 2, respectively.

To initialize the starting configurations, a single,
methyl-terminated PDMS molecule is constructed with
alternating trans—gauche conformations every fourth
oxygen atom to prevent a highly nonequilibrium back-
folded structure. The configuration of this PDMS mol-
ecule is then copied and the center-of-mass placed in a
random location within the simulation box. The mol-
ecule is also rotated about its center-of-mass in a
random direction. The resulting overlaps among atoms
are then removed by running the MD simulation with
a soft, nonbond potential until the full nonbond interac-
tions may be switched on safely. A time step of At =
0.4 fs is used for most of the simulations. A multiple-
time step integrator (RESPA) is used in all simulations
such that forces are calculated for: bonded interactions
every time step, three- and four-body forces every 2 time
steps, and LJ and Coulomb forces every 4 time steps.
Simulations using the UA/CI model are run at two
densities: p = 0.98 g/cm?® and p = 1.01 g/cm?3. Simula-
tions using the EA/CII model are run at three densi-
ties: p = 0.95 g/cm®, p = 0.98 g/cm3, and p = 1.01
g/cm3.24 A Nose-Hoover thermostat is used to control
the temperature T, with a coupling frequency chosen
to be 0.02 fs~1. The systems of 100 chains were run on
between 16 and 32 processors on the Sandia Cplant
clusters. The systems were equilibrated for up to ~4.0
ns, and statistics were collected for up to ~5.6 ns
sampling configurations every ~0.08 ns.

C. Experiment. PDMS is a clear viscous liquid with
a density of 0.98 g/cm? at 25 °C (obtained from Ald-
rich).2> The molecular weight given by the manufacturer
is 65 000 g/mol as determined from viscosity. The PDMS
is used as received, and the X-ray intensities were
measured from the free, horizontal surface of the
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sample, mounted on a Scintag PAD-X diffractometer
using reflection geometry.?6 Mo Ka radiation (A = 0.7107
A, 50 kV, 40 mA) and a solid-state detector are used.
Intensities are measured over a momentum transfer
range of 0.3 < k < 16 A~%, where k = 4741 sin 6, with
20 the scattering angle. Sufficient counts are accumu-
lated at each point to keep the statistical error in the
k-weighted structure factor (defined below) approxi-
mately uniform over the whole momentum transfer
range. This entailed collecting well over 108 counts at
the highest k values where the intensities are lowest.
The measured intensities I(k) are converted to the
differential scattering cross sections do/dQ27 by

do _100) _
4o =g 0O (12)

where o(6) depends on the sample and scattering
geometry, polarization, and absorption, and §(60) repre-
sents the multiple scattering and incoherent scattering.
Accordingly, the measured intensities were corrected for
polarization, absorption,?® incoherent scattering,?® mono-
chromator discrimination,® and multiple scattering.3!
The do/dQ? is related to the static coherent scattering
function S(k)

do _
do = NS(Kk) (13)

where Nt is the total number of sites (Si, O, CHs) in
the sample. The corrected X-ray intensities in arbitrary
units can be converted to absolute units of electrons per
site by normalizing to the self-scattering from uncorre-
lated sites, Sseir(K).

Ns

Seer(K) = inbiz(k) (14)

where ns is the number of types of sites within a repeat
unit, and x; and bi(k) are the mole fraction and coherent
scattering factors, respectively, of the sites. The coherent
scattering factors for Si and O were taken from the
International Tables for X-ray Crystallography.3? For
CHj3, we use group scattering factors®3 which treat CHz
as a single scattering site. Such an analysis gives no
information on interactions involving hydrogen, which
are hard to obtain due to the low scattering power of
hydrogen for X-rays. The normalized static coherent
scattering function S(k) and the self-scattering Ssei(K)
for PDMS at 25 °C are shown in Figure 2.

The total structure factor H(K), containing the struc-
turally sensitive part of the data, is defined as

H(k) = M(K)[S(K) — Sge(K)] (15)

where the modification function M(K) is given by

Ns

M(K) = [y xibi(k)] (16)

The intensities measured at low angles in reflection
mode (below k ~ 0.5 A~1) are very sensitive to scattering
geometry and cannot be measured accurately. To obtain
the low angle H(k), we rely on the thermodynamic
property that the total structure factor at k = 0, H(0),
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Figure 2. Structure factor data S(k) for PDMS from WAXS
experiment at T = 298 K. The circles and dashed line denote
the scattering data and the self-scattering contribution
Sseaii(K), respectively. The data labeled x 10 has been multiplied
by a factor of 10 to magnify the structural details at inter-
mediate to high values of k.
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Figure 3. Total structure factor H(k) for PDMS and PIB. The
curve for PDMS is offset for clarity.

is related®* to the bulk isothermal compressibility «t
through

H(0) = kgpTry — 1 17)

We used this property to extrapolate H(k) to H(0) from
k ~ 0.5 A1, The experimental site number density is p
=0.031 84 A3, and the compressibility («r = 0.001 014
MPa™1) for PDMS is obtained from PVT data in the
literature,®® which gives H(0) = —0.8671. The total
structure factor for PDMS is shown in Figure 3 along
with the PIB structure factor for comparison.

I1l. Simulation Results

The calculation of the gq,(r) functions from PRISM
uses a nonbond potential Uy, (r) that includes only the
repulsive part of a Lennard-Jones potential and ignores
the long-range Coulomb interactions. To compare MD
and PRISM, as well as test the accuracy of the UA/CI
potential for PDMS, simulations are run with/without
LJ attractions and with/without Coulomb interactions.
The six intermolecular correlation functions for the
PDMS UA/CI model are shown in Figure 4, which are
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Figure 4. Intermolecular correlation functions gq,(r) calcu-
lated by MD simulations using the UA/CI model for PDMS.
For all data T = 300 K and p = 0.98 g/cm?. Symbols denote
Coulomb interactions off and repulsive LJ (open squares),
Coulomb interactions off and attractive LJ (filled squares), and
Coulomb interactions on and attractive LJ (filled stars). Each
function is normalized such that gq,(r) — 1 as r — «. The
values for the g, (r) functions in each panel have been offset
for clarity.

calculated directly using the particle positions from MD
simulation and averaged over independent configura-
tions. Of the three sets of data shown in Figure 4, the
first (open squares) is obtained without Coulomb inter-
actions and a cutoff r'® (see Table 1) such that the van
der Waals forces are purely repulsive. For the second
set of data (filled squares), U3 "™"(r) includes van der
Waals potential including attractive interactions (r. =
12.0 A) but no Coulomb interactions. For the third set
of data, Uge"*"(r) includes both the attractive van der
Waals and Coulomb interactions. The intermolecular
correlation functions measure local structure and should
be dominated by short-range repulsive forces. The data
of Figure 4 confirm this assumption as the gross
features of the g, (r)'s are insensitive to changes in
either the attractive LJ or long-range Coulomb interac-
tions. However, small differences in the g, (r)’s appear
due to changes in the nonbond interactions. For all six
correlation functions, including the attractive LJ inter-
action shifts the first gq,(r) peak to smaller r and/or
increases first peak height. Including Coulomb interac-
tions enhances these effects further. In particular,
Coulomb forces have a relatively large effect on the
go.cHs(r) and goo(r) functions where the first peak
around 4—5 A is significantly more pronounced.

It is instructive to compare the intermolecular cor-
relations for PDMS in Figure 4 with previous results?
on PIB melts. Qualitatively, the gq,(r) functions are
similar for the two polymers with the methyl—methyl
correlations having a large peak at short distances
reflecting the fact that intermolecular CH3 groups can
approach each other readily in the liquid. Likewise,
intermolecular correlations between backbone sites are
screened by the pendant methyl substituents in both
PDMS and PIB. However, more structure is observed
in PDMS for the short-range correlations between
backbone sites, particularly for g, (r) between Si— CHg,
O—0, and O—CHgs. This is a consequence of the larger
bond lengths and angles in PDMS, resulting in less
screening due to the presence of the methyl groups. It
can also be seen in Figure 4 that the partial charges
induce additional short-range structure as seen in the
O—0 and O—CHgj correlations.
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(¢) Si—CHj (f) CH;—CH;

2.5

(b) Si-0

— MD
— PRISM
v *

r[A]
Figure 5. Comparison of intermolecular correlation function
Ju,,(r) as calculated from PRISM theory (solid line) and MD
simulation using the UA/CI model (points). The MD data are
for the case without Coulomb interactions and only repulsive
LJ interactions, affording the most direct comparison with
PRISM. For all data p = 0.98 g/cm?. Because of numerical
errors in evaluating PRISM theory, some of the g,,(r) functions
have spurious negative values.

To provide the most direct test of PRISM, MD
simulation data and PRISM are compared in Figure 5
in the case for only repulsive LJ interactions and no
Coulombic interactions. It can be seen from these figures
that PRISM theory is in good qualitative agreement
with the MD simulations for all six intermolecular
correlation functions. Because of numerical errors in
evaluating PRISM theory, some of the g, (r) functions
have spurious negative values. As in the case of PIB,!
the PRISM g, (r) for PDMS have less structure than
those from the MD simulations. In the case of the
methyl/methyl correlation functions, the agreement
between PRISM and MD is better than was found
earlier for PIB. This is likely due to the larger lengths
of the Si—0O and Si—CHj3z bonds that result in a smaller
overlapping of sites in the PDMS molecule relative to
PIB at the same temperature. A measure of the extent
of site overlapping is provided by the ratio of effective
hard core diameter d (see Table 1) between sites divided
by the bond length I. If there was no site overlap, this
ratio would be less than or equal to one. For the Si—O
bond I = 1.60 A and d/l = 1.97 compared to 2.62 for the
corresponding bond in PIB. Likewise, for the Si—CHj
bond I = 1.88 A and d/l = 1.89 compared to 2.60 for the
C—CHjs; bond in PIB. Since PRISM, as well as RISM,
theory is known3® to be less accurate as the site
diameters overlap more, one would expect PRISM
theory to be more accurate for PDMS than for PIB, and
this is what is observed here.

It is interesting to observe in Figure 5 that PRISM
theory predicts a small peak in the O—CHj3 correlation
function at about 3.2 A, corresponding to the hard core
contact distance (see Table 1) between these sites. As
can be seen in Figure 4, this peak does not appear in
the MD simulation when the site—site interactions are
purely repulsive. Since this peak occurs at the same
distance scale as the spurious negative values for some
of the other g(r) functions, it is likely a consequence of
PRISM theory trying to keep the density approximately
constant. It can also be observed in Figure 5 that in four
of the six pair correlation functions the PRISM theory
prediction at short range is shifted to smaller distances
relative to MD. Interestingly, when the attractive and
Coulombic interactions are turned on, as seen in Figure
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Figure 6. Comparison of intermolecular correlation functions
Jo.,(r) as calculated from MD simulation using the full UA/CI
(filled symbols) and EA/CII (open symbols) potentials for
PDMS, including the Coulombic interaction. All data for p =
0.98 g/cm® and T = 300 K.

4, the MD correlations also shift to smaller distances.
In summary, when PRISM theory and simulation are
compared using the same site—site potentials, PRISM
theory behaves as if the sites are somewhat smaller
than they actually are. This characteristic was also seen
in earlier studies3® of polyolefins.

Figure 6 compares the g, (r) functions calculated from
MD simulations using the full UA/CI and EA/CII
potentials for PDMS, including Coulombic interactions.
A direct comparison between each of the 10 correlation
functions of the EA/CII model with the six correlation
functions of the UA/CI model is not possible. Therefore,
Figure 6 shows the six gq,(r) functions for the EA/CII
model such that H O o, y. These gq,(r) functions are
compared with the data from the UA/CI model simula-
tions such that if C €a, y for the EA/CII model, then
CHs €q, y for the UA/CI model. Some of the correlation
functions are nearly identical such as those in Figure
6c,f while the data in Figure 6a,d have significant
differences. For all gq,(r) functions, however, the EA/
CII results show a larger first peak which is shifted to
larger r due in part to details of the nonbond potential.
The form of the EA/CII nonbond potential (eq 11) for
the parameters given in Table 2 has a more shallow
attractive well and a softer repulsive core for each
species than the UA/CI nonbond potential. This also has
an effect on the long-range structure.

Long-range structure in the melt can be investigated
by studying the Fourier transform of the real-space
correlation function which can be compared to the
results shown in Figure 3 from WAXS. The scattering
intensity

N
(k) = Zbi(k) bj(k)e" (18)
]

is calculated directly from the particle positions gener-
ated from MD simulation and averaged over several
configurations. To compare with the experimental data,
the scattering intensity is calculated on a per average
site basis H(k)3" as defined in eqs 14—16 (section 2.3).
The H(K) as calculated from the MD data uses the CH3
scattering form factor for all of the C sites and ignores
the direct contribution from the H sites, as done in the
experimental analysis.
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Figure 7. Comparison of H(k) as calculated from MD simula-
tions for the UA/CI model and PRISM theory (solid line) for
(a) p = 0.98 g/cm® and (b) p = 1.01 g/cm® at T = 300 K. For the
MD simulations the symbols denote LJ attractions on (filled
squares) and LJ attractions off (open squares). All data have
Coulomb interactions turned off.

Results for H(k) from MD and PRISM are shown in
Figure 7a,b. To make the most direct comparisons to
PRISM, the MD simulations for the UA/CI model are
used without Coulomb interactions. The MD data in
Figure 7a include one set of data which is obtained using
a LJ potential that includes only repulsive interactions
and the other which also includes attractive interac-
tions. The agreement between MD with repulsive LJ
and PRISM is very good over the entire k range,
especially for k 2 2 A=l PRISM predicts a small
shoulder near the main peak located at k ~ 1 A~1 that
is completely absent in the MD results; however, the
height and position of the main peak and H(k) as k — 0
are in excellent agreement.

The agreement between MD using a LJ potential with
attractions included and PRISM is also very good for k
= 2 A1 however, the low-k behavior shows drastic
disagreement with the MD results, showing a huge
increase in H(k) as k — 0. This large increase at low k
is indicative of a large isothermal compressibility «t =
—(2/V)(aVIaP)t since «t is related to the zero-k limit of
the scattering intensity, eq 17. The behavior of H(k) at
low k suggests that this particular UA/CI model for
PDMS results in a compressibility that is too large. This
is confirmed by direct measurement of the system
pressure, shown in Table 3, which is large and negative.

To further investigate this problem with the UA/CI
model, both PRISM and MD calculations are performed
at a higher density p = 1.01 g/cm?3, shown in Figure 7b.
Increasing the density should have a similar effect as
truncating the LJ potential so as to include only
repulsive interactions and reduce the compressibility.
Figure 7b shows the PRISM calculation and MD simu-
lation data with an attractive LJ interaction for p = 1.01
g/lcm3. As in Figure 7a, the PRISM and MD data agree
well for k > 2 A=, For the MD data at p = 1.01 g/cm?3,
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Table 3. Pressure, Mean-Squared Radius of Gyration
[Ry20 and End-to-End Distance Rec2Ofor the UA/CI

Model2
q plglem3 LI P [atm] R2OAY]  [Re2A2]
off 098 repl 31357+292 741404 467.9+6.7
off 098  attr —1013.6+47.2 724 +0.6 439.0+ 13.7
off 1.0l  attr —11040+46.6 715405 441.4+6.8
on 098 attr —963.0+355 80.6+0.3 4989 +44

a PRISM calculations using p = 0.98 g/cm? give [Ry?[= 84.2 +
0.6 and Ree200= 549.0 &+ 8.4. Note: the pressure values do not
include tail corrections.
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Figure 8. Comparison of H(k) as obtained from WAXS and
MD simulations using (a) UA/CI model and (b) EA/CII model.
Coulomb and attractive LJ interactions are turned on for MD
simulations. The simulations are performed at the experimen-
tal density p = 0.98 gZ/cm?3 and near the experimental tem-
perature T = 300 K (Texpt = 298 K).

the large increase in H(k) for small k is suppressed and
more closely agrees with PRISM results. The scattering
data in Figure 7a,b both show that this particular UA/
CIl model does not predict the correct phase behavior
for PDMS. This anomalous low-k behavior is not a finite-
size effect as it persists for larger system sizes. A system
with 800 chains (i.e., 8 times the volume of the smaller
systems) shows an even larger isothermal compress-
ibility compared to that of the smaller systems. For
higher T, the bulk thermodynamic properties become
less sensitive to the attractive part of the LJ potential
and more sensitive to the repulsive part. Simulations
run at T = 450 and 600 K at the same density (o = 0.98
g/lcm3) show that, as k — 0, H(k) decreases with
increasing T, similar to the effect of turning off the
attractions in the LJ potential seen in Figure 7.
Figure 8a,b compares H(k) as measured from WAXS
with results from MD simulations using UA/CI and EA/
CII potentials. Figure 8a shows the agreement between
the UA/CI model and WAXS is quite good for large k
but breaks down drastically for k < 2 A-1. As for the
MD results obtained without Coulomb interactions, the
UA/CI model with Coulomb interactions incorrectly
predicts the low-k portion of the structure factor. Figure
8b compares the experimental data with the EA/CII
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Table 4. Pressure, Mean-Squared Radius of Gyration
[Ry%0) and End-to-End Distance [Ree2for the EA/CIHI

Model?

p [g/cm?] P [atm] Re?[A?] Ree?(A?]
0.95 —21.1 +43.7 90.7 + 3.8 645.2 + 49.6
0.98 190.9 +53.2 926+ 2.4 672.2 + 32.3
1.01 575.7 + 37.2 91.3+ 2.1 666.9 + 27.8

aNote: the pressure values do not include tail corrections.

potential. Clearly, the agreement over the entire range
of k is very good, except for the H(0O) limit. The
simulation result for the EA/CII potential is H(0) =
—0.920, which gives a compressibility of x+ = 0.000 605
MPa~1.

The radius of gyration Rg and end-to-end distance Ree
of the PDMS chains are listed in Tables 3 and 4 for the
UA/CI and EA/CII potentials, respectively. It can be
seen from Table 3 that attractions have almost no effect
on the radius of gyration as expected for a dense liquid.
Turning on the charges, however, leads to a 9% increase
in chain dimensions due to intramolecular, Coulombic
repulsions. PRISM theory predicts a somewhat larger
Ry than observed in the corresponding MD simulations
in Table 3. From Table 4 we observe that the EA/CII
model predicts significantly higher chain dimensions
than from the UA/CI model. These can be compared to
R2, ~ 613 A2 inferred from experiments3® for long
chains in a ® solvent. Overall, the agreement between
Ry and Ree as obtained from MD simulation and PRISM
is reasonable and similar to the agreement found in
studies of polyolefins.t

The system pressure is also listed in Tables 3 and 4.
Table 3 contains data for the same model parameters
shown in Figure 4, including data for a system at p =
1.01 g/cm3. As expected, the pressure in a system
without LJ attractions has a large positive pressure.
However, a large negative pressure is measured for the
UAJ/CI model when LJ attractions and Coulomb interac-
tions are present. The anomalous low-k behavior for
H(k) seen in the simulation data (Figure 8a) is consis-
tent with the large negative pressure at experimental
density obtained with the UA/CI potential. In effect, the
liquid/gas transition temperature for this particular
model is too high. The pressure obtained from simula-
tions using the EA/CI1 potential for p = 0.98 g/cm? (i.e.,
near the experimental density) results in a small
positive pressure, while for a simulation with p = 0.95
g/lcm? (i.e., slightly below the experimental density) gives
a small negative pressure. To further test the ability of
EA/CII potential to reproduce the correct pressure and
density of PDMS, the length of the simulation box in
the z-direction is increased, resulting in a liquid/vapor
interface in the z-direction, i.e., a “slab” geometry. The
PDMS slab is free to adjust its volume and come to a
zero pressure state by expanding or contracting in the
z-direction. The density in the center of the PDMS slab
is in good agreement with bulk simulations, which give
a value of p = 0.95 g/cm3 for a system with small
negative pressure. This value of the density is consistent
with the values of H(k) at low k obtained from simula-
tion which slightly underpredict the isothermal com-
pressibility for a system fixed at experimental density.
Note, however, that the simulations are for relatively
short chains. For longer chains, the density at zero
pressure will surely increase toward the experimental
value of p = 0.98 g/cm?.
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IV. Experimental Analysis

The experimental data for H(k) presented in the
preceding section can be analyzed further to extract
information about the structure of PDMS. The total
structure factor, H(k), is a weighted sum of partial
structure factors

12 A -
H(K) = M(K)| =3 buby (€24, (K) + p, g, (K)) = Seei(K)
sy (19)

where ns is the number of sites within a monomer (4 in
the case of PDMS), Q4,(K) is the intramolecular, and
he, the intermolecular components. Although both the
intramolecular and intermolecular structure are of
interest, it is the latter which primarily contains
information on chain—chain packing in the melt. For
polymer chains the intramolecular structure generally
overlaps the intermolecular structure, and a unique
separation of the two is not possible from a single
diffraction experiment. However, there are some in-
tramolecular correlations which can be extracted uniquely
from the total structure factor H(k). These correlations
are the Si—O and Si—CHj; bond distances (1—2 dis-
tances), and the distances between the first and third
sites in the bonded triplets (1—3 distances) Si—0O—Si,
O-Si—0, CH3—Si— CHgj, and CH3—Si—0O which, to-
gether with the bond distances, define the equilibrium
bond angles. They are all at distances less than, or
minimally overlap, the shortest intermolecular contacts
(3 A, see Figures 4—6). The contribution of these six
intramolecular distances to the total intramolecular
structure can be approximated by

A _ 21.2 -
@, (K) = w,,, exp(—1,,7k"/2) sin(kr,,)/(kr,,) (20)

where rg, is the mean value and |, is the rms deviation
of an assumed Gaussian distribution for the separation
of sites a. and y. The weights w,, specify the number of
these correlations. These correlations are also the site—
site distances that are approximately independent of
molecular conformation—all other intramolecular dis-
tances (1—4 and higher) depend on the conformation of
the polymer chain (i.e., bond torsions).

The dominant oscillations in H(k) above k ~ 2 A-1
(see Figure 9) are due to these shortest intramolecular
correlations. We construct a partial structure factor
Hm(k) based on these shortest correlations by summing
over the sites involving only 1—2 and 1—3 distances in
eq 20. The parameters wy,, Iy, and |y, are obtained by
a least-squares refinement against the k-weighted total
structure factor kH(k) from k = 2 to 16 A~1. This model
structure factor, Hn(K), is shown in Figure 9a together
with the experimental total structure factor H(k). The
difference, Hy(k), is shown in the lower part of Figure
9a. Twofold symmetry for the Si center was assumed
in the fit. This fitting procedure was also applied to the
kH(k) data generated from the MD simulations for the
EA/CII model, which is compared to the experimental
k-weighted structure factor in Figure 9b. The bond
distances and bond angles obtained in this way from
the X-ray and MD data are listed in Table 5.

In Figure 9 we show these functions weighted by k
for several reasons. First, it is kH(k) that appears in
the kernel of the Fourier transform for the radial
distribution function (see below), and it can be seen that
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Figure 9. (a) The k-weighted total structure factor kH(k) and
the model structure factor kHm(K), top; the difference structure
factor kHq(k), bottom. (b) Comparison between the k-weighted
total structure factor kH(k) from MD simulation and experi-
ment. Results of the least-squares analysis used to determine
the six intramolecular correlation distances in Hm(k) are shown
in Table 5.

Table 5. Results for the Short-Range Intramolecular
Structure by Fitting the k-Weighted Total Structure
Factor kH(k) from WAXS Experiment and MD Simulation
(See Figure 9)2

X-ray MD MD class Il
correlations (fit) (fit) (direct) potential
Bond Distance r (A)
Si—0O 1.626 (0.005) 1.647 (0.003) 1.634 (0.0002) 1.64
Si—CHjs 1.836 (0.008) 1.907 (0.005) 1.894 (0.0002) 1.899

Bond Angle (deg)

0—(Si)-0 105.9 (1.40) 107.4 (1.20) 107.86 (0.02)  110.7
CHs—(Si)-O  110.4(0.90) 110.0 (0.60) 110.77 (0.03)  114.90
CH3—(Si)—CH3 109.5 109.5b fixed 109.30 (0.01)  113.19
Si—(0)—Si 149.6 (1.20) 146.7 (0.90) 147.50 (0.06)  159.0

a2 The angles are also directly measured from the MD simulation.
Note that the angles are renormalized from the EA/CII potential
due to condensed phase effects. The standard deviations in the
measurements are shown in parentheses. ? This value was fixed
in the least-squares analysis.

the kH(K) amplitude in the high-k region is large and
contributes appreciably to the transform. Second, it
shows that the k-weighted functions have appreciable
amplitude beyond k = 16 A-1, which will result in a
truncation error in the Fourier transform. These con-
siderations suggest that this function could be measured
to higher momentum transfer values with synchrotron
radiation, for example. Third, it shows that one must
obtain good statistics at high k values (compare to
Figures 2 and 3), if one wants to retain good statistics
in the difference function kHy(K). For the experimental
data this means accumulating a very high number of
counts in this region (as many as 10%), where the count
rate is lowest. For the simulation data this corresponds
to sampling many chain configurations as well as using
a large number of k-vectors in the structure factor
analysis. Note that all parameters in Table 5 have been
obtained from a fit in k-space; therefore, the analysis
does not depend on the transformed data.

In Table 5, the Si—O and Si—CH3; bond lengths
obtained from the least-squares analysis are compared
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Figure 10. Total experimental radial distribution function
G(r) and the model distribution function Gu(r).

to the equilibrium bond distances defined by the EA/
CIl potential. It can be seen that the bond lengths used
in the EA/CII potential, and found in the MD simula-
tions, are close to but slightly larger than the experi-
mentally measured values. The Si—O and Si—CHs
distances of 1.626 and 1.836 A extracted from our
experimental data compare favorably with the 1.630 and
1.857 A interatomic distances given in a compilation
derived from many organic crystals.3°

An interesting effect emerges when one examines the
angles deduced from experiment and the simulation. By
comparing column 5 with columns 3 and 4 in Table 5,
one observes that the bond angles from the EA/CII
potential get renormalized due to condensed phase
effects. In other words, the bond angles of an isolated
PDMS chain, in a hypothetical gas phase, change rather
dramatically when that molecule is inserted into a dense
liquid of other PDMS chains. It can be seen that this
condensed phase effect is accounted for rather well in
the MD simulations by comparing columns 3 and 4 with
the corresponding experimentally deduced angles in
column 2. It can be observed that the Si—O—Si angle
exhibits the largest condensed phase effect. This is not
be surprising since this angle also has the weakest force
constant for bending in the EA/CII potential.

The total radial distribution function G(r) is obtained
from the Fourier transform of the structure factor

G(r) =1+ (27°or) " [ kH(K) sin(kr) dk  (21)

It is well-known that the finite upper limit (kmax = 16
A-1in this integral introduces certain truncation errors
in the G(r). However, since the model structure factor
kHm(K) closely approaches the experimental structure
factor kH(K) at high k values, as shown by the fit and
the difference curve kHg(K) in Figure 9a, it can be used
to extend the experimental structure factor beyond Kmax
= 16 Al to arbitrary values and thus avoid the
truncation error in the Fourier transform. Thus, eq 21
can be used to transform the extended experimental
structure factor to real space. It should be pointed out,
however, that the resulting G(r) is not purely a struc-
tural correlation function since it depends on the specific
values of the site scattering factors by(k) folded into
H(k). The G(r), as well as the transform of the model
representing the short intramolecular correlations, Gp-
(r), is shown in Figure 10. The two bond lengths and
the triplet distances are clearly separated from the rest
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Figure 11. Experimental r2-weighted radial distribution
function G(r) for PE, PIB, and PDMS. PRISM calculations for
PE and MD simulations for PDMS from this work are also
shown. The curves for PE and PIB are offset for clarity.

of the G(r) and are well represented by the short-range
intramolecular model structure, Guy(r).

In the above analysis we have extracted the intramo-
lecular information unambiguously accessible from the
total experimental structure factor. Let us now turn to
the remaining G(r) above 3.5 A, which exhibits a series
of features that decay to small values at r ~ 8 A (Figure
10). To better display this region and beyond, we show
the r2-weighted experimental G(r) in Figure 11, together
with those of polyethylene (PE) and PIB. All three
polymers show regular, low-frequency oscillations to
long distances in G(r) ~20 A for PE, ~26 A for PIB, and
at least to ~31 A for PDMS. Beyond the sharp, short-
range, intramolecular features, the oscillations arise
largely from intermolecular correlations. These sub-
stantial oscillations are not at all obvious in the un-
weighted representation G(r). The period of the oscil-
lations is about 4.5 A for PE, 6.1 A for PIB, and 7.1 A
for PDMS. Clearly, for these polymers the periods track
the thickness of the chains. These oscillations are
reminiscent of the packing of simple atomic liquids,
where they represent nearest-neighbor, next-nearest-
neighbor, etc., correlations. Such atomic fluids are well
represented by hard-sphere fluids. In analogy, the G(r)
for these polymers might be interpreted, to first order,
in terms of flexible hard cylinder fluids, where the
oscillations represent the nearest-neighbor, next-near-
est-neighbor, etc., cylinder—cylinder (chain—chain) cor-
relations. In this view the G(r) should track the thick-
ness of the chains, independent of the details of the
chain structure. This interpretation is not a trivial
result, since such regularity in G(r) is not always the
case. The r2-weighted G(r) of isotactic polypropylene is
almost devoid of these oscillations,? and poly(1-butene)
(P1B) and poly(4-methyl-1-pentene) (PMP) show com-
plex behavior.*® In the case of P1B and PMP, this
implies chain packing more complex than simple hard
cylinder packing.

Finally, in Figure 11, we compare the total G(r)
obtained from PRISM calculations for PE3¢ and the MD
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results in this work for PDMS. In both cases the
oscillations and the periods are reasonably well repro-
duced.

V. Conclusion

In the present investigation we made detailed com-
parisons between MD simulations, PRISM theory, and
WAXS experiments on PDMS. Our objective was to
evaluate the adequacy of current UA/CI and EA/CII
models to predict the structural properties of PDMS
chains in the melt state. Our main conclusions can be
summarized as follows:

1. With the UA/CI model, attractive interactions have
a larger than expected effect on the intermolecular pair
correlation functions. The additional structure observed
when attractions are turned on may be due to the rather
large Lennard-Jones attractions in the UA/CI model as
seen in Table 1 compared to the corresponding param-
eters in the EA/CII model listed in Table 2,

2. In the UA/CI model, Coulombic charges are seen
to significantly increase the short-range structure in the
O—0, O—CHg3, and Si—Si correlation functions.

3. PRISM theory is in good qualitative agreement
with MD simulations for PDMS,

4. The UA/CI model predicts significantly more short-
range structure than the EA/CII model.

5. The EA/CII model is in very good agreement with
WAXS measurements of PDMS at 298 K.

6. The UA/CI model is in poor agreement with WAXS
measurements on PDMS at low wave vector, a conse-
guence of this particular UA/CI model’s inability to
capture the correct PVT properties.

The fact that the particular UA/CI model used here?
is inadequate for predicting the structure of PDMS
melts does not necessarily imply that a united atom
model, in which the CHj3 group is represented as a single
site, will not work for PDMS. Indeed, our earlier
success! in using a united atom model to describe
polyisobutylene suggests that it should also be possible
to develop an accurate united atom model for PDMS.
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