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ABSTRACT: The structure and elastic moduli of end-cross-linked poly(dimethylsiloxane) (PDMS)
networks are studied using molecular dynamics (MD). The systems consist of 2000 PDMS chains of length
20 monomers and 1000 chains of length 40 monomers with varying amounts of cross-linker molecules.
The networks are formed dynamically within the MD simulations. Starting from an equilibrated melt,
tetrakis(dimethylsiloxy)silane cross-linkers are attached randomly to a fraction of the chain ends. When
a free end comes within a short capture distance from an unsaturated cross-linker, a bond is formed
between the chain and the cross-linker. The kinetics of the cross-linking process are studied as a function
of the stoichiometry of the number of cross-linkers and are found to agree with earlier predictions. Stress
relaxation simulations are performed on the fully formed networks by straining each system at four
different rates and recording the tensile stress during the relaxation period. Results for the elastic moduli
of the networks calculated from the plateau value of the tensile stress are compared to network models,
and qualitative agreement with dynamic mechanical experiments is found. The chain conformations after
straining indicate that these networks are deformed much more affinely than what is seen experimentally.
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1. Introduction

The physics of cross-linked polymer networks has
been extensively studied due to their industrial impor-
tance as rubbers and gels. Despite this effort, many
guestions concerning the behavior of polymer networks
still remain. The earliest models of rubber elasticity, the
affine modelt2 and the phantom model,3 apply to
monodisperse networks and neglect both the excluded
volume of the chain and entanglement effects. They
differ in their treatment of the motion of cross-linkers.
The affine model assumes that the cross-linkers are
confined to fixed locations in the network and has been
found to work in the small deformation limit. For the
affine model, the shear modulus is given by

G¥Mne = yRT 1)

where v is the number of moles of chains per unit
volume. The phantom model assumes that the cross-
linkers can fluctuate freely about their mean positions
in the network. In the phantom model, the shear
modulus is given by

Gphantom — (V _ /,t)RT (2)

where u is the number of moles of cross-linkers per unit
volume. Uniaxial extension/compression and swelling
experiments have shown that these models fail to
predict the properties of real networks under realistic
deformations.*~8 In the constrained junction model,”®
fluctuations of the junctions in a phantom network are
impeded by entanglements, giving a modulus that is
intermediate between the affine and phantom models.
The constrained junction model has been able to quali-
tatively predict the behavior of some real networks.4510
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Other experiments!?12 and simulations'3~17 have shown
that interchain entanglements contribute significantly
to the modulus, contrary to the constrained junction
model. The tube model'®1° considers the motion of each
strand to be confined to a tube formed by the surround-
ing strands. This model, which originally showed the
importance of reptation dynamics in entangled polymer
melts, is equally valid as a description of polymer
networks. It has recently been combined with the
constrained junction model?° to account for both effects
in the network.

The chemical inertness and thermal stability of
PDMS makes it well suited for many applications
including adhesives, seals, coatings, and encapsulants.
For the same reasons, it is frequently used in experi-
mental investigations of polymer networks. To test the
theories of rubber elasticity, experimentalists have
investigated model networks, prepared by end-linking
cross-linkers with a monodisperse sample of polymers.
This approach allows the strand length and cross-link
functionality to be controlled, but the extent of reaction
has just as much influence on the properties of the
network.2-22 The maximum extent of reaction was found
to be between 80% and 90% for PDMS cross-linked with
phenyltris(dimethylsiloxy)silane.?® This limits the abil-
ity to make direct comparisons with theoretical models
since the bulk properties of the networks are strongly
dependent on the number of free chain ends.

Molecular dynamics simulation is an attractive tool
for studying polymer networks because of its ability to
provide control over the details of the network in a much
simpler way than through experimentation. MD simu-
lations allow one to study the nature of stress on the
atomic level and to quantify the effects of variables such
as the strand length, extent of reaction, and chain
topology on the physical properties of the network. This
flexibility can be utilized to produce ideal networks
useful for testing theoretical models or to produce
realistic networks to provide additional insight into
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Figure 1. (top) Schematic representation of the united atom
model for silanol-terminated poly(dimethylsiloxane): yellow
(Si), red (O), cyan (CHg), black (H). (bottom) Tetrakis(dimeth-
ylsiloxy)silane cross-linker molecule. The chain lengths used
in the MD simulations are either 20 or 40 monomers per chain.
Atom sizes in this figure are not to scale.

experimentally observed behavior. Although there have
been a number of MD371524-27 gand Monte Carlo
simulations!®28-31 of polymer networks, these studies
have been on coarse-grained models, either in the
continuum or on a lattice. Previously, there has been
no simulation of polymer network formation and stress
relaxation using atomistic models. An atomistic level
of detail allows several practical problems to be explored
in detail, including network formation near surfaces and
in the presence of solvent.

This paper presents the first molecular dynamics
simulations of polymer network formation at the united
atom level. These simulations are intended as an
evaluation of atomistic modeling of network formation.
We present extensive MD results for the network
formation and stress/strain behavior of PDMS end-
cross-linked with tetrakis(dimethylsiloxy)silane cross-
linkers. Details of the simulation are presented in
section 2. The network formation procedure and result-
ing formation kinetics are discussed in section 3 in
terms of diffusion-controlled kinetics. Uniaxial extension
simulations and measurements of the moduli are in
section 4. Results are also compared to data from
dynamic mechanical experiments. Final discussions and
conclusions are presented in section 5.

2. Simulation Details

The molecular structures of OH-terminated PDMS
chains and tetrakis(dimethylsiloxy)silane cross-linkers
are shown in Figure 1. In the presence of a catalyst,
each cross-linker molecule is able to bond to four
terminal hydroxy groups on the PDMS chains via the
reaction

RH + HO—Si(CH,),R' — R—0—Si(CH,),R’ + H,

where R represents the cross-linker molecule and R’
represents the PDMS chain. Most model networks are
prepared experimentally using vinyl-terminated PDMS
chains, but as this is our first atomistic study of polymer
networking and since the potentials are better charac-
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terized for silanol-terminated PDMS chains, we use
silanol-terminated PDMS chains. This system is ex-
pected to give similar results for the structure and
moduli as networks prepared by end-linking vinyl-
terminated chains.

For the united atom model employed here, methyl
groups (shown in blue) are treated as single interaction
sites. Although Figure 1 shows hydrogen atoms on the
terminal oxygen atoms, the hydrogen atoms are not
explicitly included in the simulation. Hence, when the
reaction occurs, no H, molecules are explicitly simu-
lated. Similarly, no catalyst molecules are simulated.
For the interaction parameters, we use a recently
developed united atom force field®? optimized to match
the structure. With this force field, the mean-square
radius of gyration and mean-square end-to-end distance
are within 2.5% and 8.7%, respectively, of those for
PDMS melts obtained from explicit atom simulations
with class Il potentials. The static structure factor, S(q),
is also found to be in good agreement with results from
wide-angle X-ray scattering experiments.

The nonbond potential acts on each pair of sites on
the same molecule separated by four or more bonds and
all pairs of sites on different molecules. The interaction
potential contains both van der Waals and Coulomb
terms and is defined by32

qaq}
nonbond \OIL%W(r) + kq r : ' rc
Kyt b r=r,
r

where UYY(r) is the van der Waals interaction be-

tween sites a and j separated by a distance r, g, is the
charge on site a, kg = 1/4meo where «q is the permittivity
of vacuum, and the cutoff r. = 12 A. The charges on
each atom are defined such that each Si atom has a
partial charge of 0.3e times the number of O atoms
directly bonded to it and each O atom has a partial
charge of —0.3e times the number of Si atoms directly
bonded to it, where e is the proton charge. Since the
CHs; groups have zero partial charge, this yields a
molecule with no net charge. For van der Waals interac-
tions between Si or O atoms, the 9—6 potential is used

0,5\° 0,4\8 )
us(n) = eaﬂ[z(T“ﬂ) - 3(%’3) ] aand 8 = {Si, O}
(4)

where the parameters for ¢,3 and o, are given in Table

1. For interactions involving CHs3; groups, a 12—6
potential is used

Covalent bond stretching and bending potentials are
modeled using harmonic potentials

1
Ubond(r) = zkbond(r - ro)2 (6)

with spring constant kpong and equilibrium bond dis-
tance ro and

1
Ubend(e) = Ekbend(e - 00)2 (7)
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Table 1. Potential Parameters for the Hybrid/UA Model

of PDMS32
van der Waals €qp [Keal/mol] oo [A]
Si—Si 0.1310 4.29
Si—0 0.0772 3.94
Si—CHjs; 0.1596 3.83
0-0 0.0800 3.30
O—CHg3 0.1247 3.38
CH3—CH3 0.1944 3.73
bonds Kpond [kcal/(mol A2)] ro [A]
Si—O 350.12 1.64
Si—C Hs 189.65 1.90
angles Kpenda [kcal/(mol rad?)] 6o [deg]
Si—O-Si 14.14 146.46
O-Si—-0 94.5 107.82
C H3—Si—C Hs 49.97 109.24
O—-Si—C Hg 49.97 110.69
dihedrals Ktors [kcal/mol] n
Si—0-Si—-0 0.225 1
Si—CH3—Si—CHg; 0.01 3

with equilibrium bend angle 6,. The torsional potentials
are of the form

Ut0r5(¢) = ktors[l + COS(n¢)] (8)

where ¢ = =z corresponds to the trans state. The
parameters for these potentials are summarized in
Table 1.

Molecular dynamics simulations were performed on
OH-terminated PDMS melts containing 1000 chains of
PDMS with N = 40 monomers per chain with 400, 500,
or 600 cross-linkers and 2000 chains of N = 20 PDMS
with 1000 cross-linker molecules, giving two systems
with a stoichiometric amount of cross-linkers and one
system with either an excess of cross-linker molecules
or an excess of chains. All simulations were performed
at a temperature T = 400 K. Each system was initially
formed by randomly attaching a specified number of
cross-linkers to PDMS chain ends and inserting the
PDMS chains, each with up to two cross-linkers at-
tached, into a cubic box with random orientations. The
dimensions of the simulation cells were L = 186 A for
the N = 20 system and approximately L = 182 A for
the three N = 40 systems, giving a fixed density of 0.86
glcm3 for each system. We used a multiple time step
second-order symplectic integrator (RESPA)3 to solve
the equations of motion. The long-range Coulomb in-
teractions were calculated using a particle—particle/
particle—mesh Ewald (PPPM) algorithm.3* The temper-
ature was kept constant by using a Langevin thermostat
with a damping constant of 0.01 fs~1.35 The simulations
were run with a 2 fs time step for the bond length
fluctuations, 4 fs time step for the angle, torsion, and
improper forces, and an 8 fs time step for the van der
Waals forces. For the system with 1000 chains of length
N = 40 with 500 cross-linkers, simulating 1 ns using
the LAMMPS code® took approximately 30 h on 48
processors of Sandia’'s CPlant DEC alpha cluster or 15
h on 36 processors of an Intel Xeon cluster.

Since the chains initially overlapped, we applied the
bonded potentials along with a soft nonbonded potential
defined as

A(l + cos(zr/r)) r=r
Usoft(r) = {0( ( C)) r > rz (9)
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with ro = 2Y6g,; defined separately for each af pair. The
amplitude A increased linearly from 1.0 to 500.0 kcal/
mol over the course of 10 ps. This allowed all of the
overlapping chains to be pushed apart quickly but
smoothly. At this point, the full nonbonded potential
was applied, and each system was equilibrated for 2.0
ns at a density of 0.86 g/cm?.

3. Network Formation

The cross-linking reaction is performed by forming a
bond between one of the remaining terminal SiH united
atoms on the cross-linker and the nearest terminal OH
united atom on the PDMS chain. The bond forms with
unit probability when the SiH and OH united atoms
come within a reaction radius ry of each other. Since
the atomic diameters of SiH and OH are 4.29 and 3.30
A, respectively, the nonbonded SiH and OH united
atoms can never approach their equilibrium bond
distance of 1.64 A due to the strong repulsion of the 9—6
and 12—6 potentials for r < g4s. Therefore, we define a
reaction to occur when the two united atoms are
separated by r, = 6.5 A and define a new bond potential
specifically for the formation of cross-links. This new
bond potential is necessary since the harmonic bond
potential, eq 6, is quite large for this large bond
separation and would lead to instabilities. The new
cross-link bond potential, shown in eq 10, is harmonic
at bond distances below r¢,: and linear at large dis-
tances.

Upona() =

1

Ekbond(r - r0)2 r=ry 10
= (r —r)2+1k' (r—ry) r=r 4o
2 bond\" cut 0. 2 bond cut cut

In eq 10, K'pong is set to 35.01 kcal/mol and r¢ye = 1.71
A. This allows the Si and O atoms to be pulled together
with a constant force of 17.5 kcal/(mol A) until the bond
energy is below 1 kgT. When a bond forms, the van der
Waals interaction between united atoms separated by
less than four bonds is turned off, and the new angular
potentials are added to the newly cross-linked molecule
without modifying the harmonic angle bending poten-
tial.

The time required to form the network from the melt
is strongly dependent on the chain length and cross-
linker stoichiometry. Achieving 85% conversion takes
from 6 to 15 ns for the systems studied here. As the
network formation nears complete conversion, the rate
of bond formation decreases to the point where it is no
longer practical to simulate. Once the rate of network
formation slows to where tens of thousands of steps are
required to form a single additional bond, the simulation
is stopped. To form a more complete network in a short
amount of time, the reaction radius for bond formation
is extended to ry = 10 A. In addition, the temperature
is ramped up to 1000 K over a period of 10 ps and back
down to 400 K over 10 ps using the Langevin thermostat
while maintaining zero pressure. Once returned to T =
400 K, the simulation is run for an additional 10 ps to
allow the volume to reequilibrate. The density of each
system after network formation is listed in Table 2.
Although this procedure does not provide kinetic infor-
mation, it allows nearby sites to form bonds that would
likely have formed if the simulations were run longer.
This results in an additional 35—51 bonds formed for
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Table 2. Network Formation Characteristics of Each

System?
Ny N¢ N Niot o [g/lem?] p
400 1000 40 167 800 0.9175 90.9
500 1000 40 169 500 0.9061 86.4
600 1000 40 171 200 0.9564 91.6
1000 2000 20 179 000 0.9671 94.0

a Ny is the number of cross-linkers in the system, N the number
of chains, N the number of monomers per chain, and Ny the total
number of sites in the system. The density is p, and p is the percent
conversion of free chain ends to bonds.

the N = 40 systems and 207 new bonds formed for the
N = 20 system. The final percent conversion for these
simulations ranges from 86% to 94%, comparable to
experimental networks.

3.1. Formation Kinetics. The kinetics of network
formation can be loosely characterized as a reaction
where two free species A and B combine to form a third
inert species. In this case, the Kkinetics depend on
whether a stoichiometric amount of species A and B is
present. For the stoichiometric case, the concentration
of reactants decays as 1/t, while for the nonstoichiomet-
ric case, it decays exponentially.?> Kang and Redner3’
found that for dimensionalities d < d; = 4 concentration
fluctuations determine the Kinetics when such a reac-
tion is diffusion limited. Concentration fluctuations lead
to domains with excess amounts of one species such that
after times proportional to 12, where | is the linear
dimension of the domain size, only the excess species
remains. They find that this leads to an overall decay
rate of t~%4 when equal amounts of species A and B are
present initially.

For network formation, the rate constant of diffusion-
controlled processes is time dependent since the chain
motion is diffusive only after a time tr ~ N2 where r is
the Rouse time and N is the chain length. The rate
constant scales as t=3/8 for t < g and as tV4 for t >
7r.%8 For chains longer than the entanglement length
(Ne =~ 160 for PDMS at 300 K39), the rate constant would
be independent of time when t is larger than the
reptation time.*° Since the motion at early times is
Rouse-like, the number of free ends should decay as?52¢

N(t) ~t %, d<d,=8 (11)
The nonstoichiometric case is more complicated as one
species is consumed more rapidly than the other result-
ing in nonsymmetric concentration fluctuations.

Table 2 presents the network characteristics after
completion of the network formation and volume equili-
bration. The simulated network formation Kinetics are
shown in Figure 2. Here, the number of unreacted cross-
linking sites divided by the total number of cross-linking
sites is plotted as a function of time. For the case where
excess cross-linking sites are present, the excess is
subtracted from both numbers. Each system shows a
power law decay at long times with exponents of 0.29
+ 0.02 and 0.33 £+ 0.02 for the N = 20 and N = 40
stoichiometric cases, respectively, slightly below the
value predicted by eq 11. Since the PDMS chains
studied here are too short to be Gaussian, the slow
reaction rate may be due to the inability of the dangling
ends to diffuse close enough to each other to form a
bond. The results are, however, in better agreement
with eq 11 than earlier simulations32% forming net-
works of bead—spring chains. In these earlier simula-
tions, the power law exponent was found to be ~0.5 for
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Figure 2. Number of free cross-linking sites remaining
divided by the initial number of free cross-linking sites for the
PDMS networks as defined in Table 2 for Nx = 400 (solid line),
500 (dotted), 600 (dashed), and 1000 (dot—dashed).

the stoichiometric case. For the nonstoichiometric cases,
the decay rates are faster than the stoichiometric cases
due to the excess amount of cross-linkers or chains
present.

The chain dimensions before and after cross-linking
are shown in Table 3. Here, (R20is the mean-squared
end-to-end distance, and R¢?0is the mean-squared
radius of gyration of the chains in the melt or the
strands in the network. The cross-linkers are not
included in the calculation of these values. The sub-
scripts m and n correspond to the melt and the fully
formed network, respectively. Upon forming the net-
work, the end-to-end distance of the chains decreases
by an average of 16% and the radius of gyration
decreases by an average of 8%. This contrasts with
earlier simulations using bead—spring models!314 as
well as small-angle neutron scattering (SANS) experi-
ments*t on longer hydride-terminated PDMS chains
ranging from N = 86 to N = 337 that saw almost no
change in the chain dimensions after networking.
However, the ratio [R?[IIR¢?Lis significantly larger than
the value of 6 expected for random walk statistics for
melts. Even though the chains in the melt have equili-
brated, they are non-Gaussian because of their intrinsic
structure whereas the chains in the bead—spring model
studied previously and the SANS experiments were
Gaussian. The decrease in chain dimensions may be due
to the fact that, once a bond forms, the united atom pairs
between the two chains that are now separated by less
than four bonds interact with bond and angle potentials
instead of van der Waals potentials. In united atom
models, this brings the atoms closer together whereas
in bead—spring models, sites usually do not overlap even
when bonded to each other. Also, the effect on the end-
to-end distance and radius of gyration diminishes as the
chain length increases, making it difficult to detect for
chains long enough to exhibit Gaussian behavior. The
change in chain dimensions and non-Gaussian behavior
seen in these more realistic models are features that
are not included in network theories that assume
Gaussian statistics apply, including the affine and
phantom models.

4. Uniaxial Elongation

The elastic modulus of polymer networks is easily
measured from dynamic mechanical experiments. For
simulations, the modulus can be obtained in a similar
manner from uniaxial elongation of the network. After
the chains are cross-linked and the density equilibrates
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Table 3. Chain Dimensions of the Melt (m) and Network (n) for Each System As Defined in Table 22

Ny N R2L, R R R0 R203/Ry25h R2LY/R203
400 40 3214(31) 2728(35) 362(3) 332(3) 8.9(1) 8.2(1)
500 40 3334(33) 2844(37) 366(3) 347(3) 9.1(1) 8.2(1)
600 40 3250(29) 2759(35) 364(3) 339(3) 8.9(1) 8.1(1)
1000 20 1028(9) 847(9) 140(1) 124(1) 7.3(1) 6.8(1)

a [R20is the mean-squared end-to-end distance, and [R¢20is the mean-squared radius of gyration of the chains in the melt or the
strands in the network. The subscripts m and n correspond to the melt and the fully formed network, respectively.

to the values listed in Table 2, the bond formation
mechanism is turned off, and the bond formation

potential, U"X(r), is replaced with the harmonic po-

tential, Upong(r). At this point, the dihedral interactions
due to the newly formed bonds are manually added to
the simulations. Each simulation is then equilibrated
at fixed volume for 1 ns before applying a strain.*?

The simulation cell starts as a cube of dimension L.
At t =0, the cell undergoes a constant volume extension
in the z direction at a constant rate &, according to

Lo(t) = A,()L (12)
where

2,() = A1) = (1 + &)
A0 =4, =A™ (13)

Each system is strained for 0.5 ns at a time step of 5 fs
at four different strain rates, ¢, = 0.4, 0.6, 1.0, and 2.0
ns—1, resulting in final extensions of 1 = 1.2, 1.3, 1.5,
and 2.0.

4.1. Stress/Strain Behavior. The components of the
stress tensor are defined as

1
Vo, = _zmivi,avi,ﬂ + EZ Fii.aTiip (14)
1 1=

where V is the volume, m; is the mass and v, is the a
component of the velocity of atom i, Fj. is the a
component of the force between atoms i and j, and rijg
is the § component of vector r; — rj between atoms i
and j. For uniaxial tension in the z direction, the tensile
stress is defined as

o,, t+ o
O'ngzz_% (15)

From classical viscoelasticity theory, this is related to
the strain according to

or=Gi* 3] (16)

Other models, such as the tube model of Heinrich and
Straube,”® a variant of this by Rubinstein and Pan-
yukov,** or the double-tube model of Mergell and
Everaers,2° have been shown to be more accurate.

The tensile stress for the N = 20 system at four
different strain rates is shown in Figure 3. The strain
is increased linearly for the first 0.5 ns and then
maintained at a fixed value for the remainder of each
simulation. The standard deviation in the tensile stress
data is roughly 100 atm for each data set. Note that
the data show a nonlinear regime during the latter part
of the straining period at high strain rates, indicative
of the connectivity of the network.
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Figure 3. Tensile stress for the 1000 cross-linker system at
four different strain rates, ¢ = 2.0, 1.0, 0.6, and 0.4 ns~! from
top to bottom. For each simulation, the strain is applied for a
duration of 0.5 ns followed by relaxation at fixed strain. The
relaxation data is recorded for up to 20 ns to ensure that an
accurate plateau value is obtained. The data sets are shifted
vertically for clarity.
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Figure 4. Equilibrium tensile stress for end-cross-linked
networks. The symbols correspond to the systems with 400
(circles), 500 (squares), 600 (diamonds), and 1000 cross-linkers
(triangles), as defined in Table 2. The lines are linear fits to

the lowest two data points constrained to pass through the
origin.
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4.2. Elastic Modulus. As seen in Figure 3, the tensile
stress decays to a plateau after several nanoseconds.
The plateau value of the stress is obtained by fitting
the Prony series

Ni

pi(1 —e™") 17)

o7(t) = Go(1 —

to the tensile stress data for the relaxation period and
extracting the quantity Go(l1 — z!\ﬁlpi). The fits are
performed using a nonlinear least-squares fitting pro-
cedure with Nj = 2 terms in the series. The plateau
value of the tensile stress for each system, o(Te‘”, is
plotted as a function of the normalized strain in Figure
4. From eq 16, the slope of this curve in the small strain
region gives the plateau modulus for the network. The
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Figure 5. Elastic modulus for end-cross-linked PDMS ob-
tained from simulation (open symbols) and experiment (closed
circles,* squares,*” diamonds,* and triangles*). The solid line
represents the affine model, and the dashed line represents
the phantom model with a stoichiometric amount of cross-
linkers.

nonlinear behavior at the two highest strain rates
prevents us from including these data points in the fit
for the plateau modulus. Combined with the uncertainty
in the remaining data points, roughly equal to the
symbol size, deviations from classical viscoelasticity
theory, such as in a Mooney—Rivlin plot or a fit to tube
models,2043:44 gre difficult to access. Comparing the two
symmetric systems, we find that the large strand length
dependence of the tensile stress exceeds the 1/Ns
behavior predicted by the models. The tensile stress of
the N = 20 system is 6—8 times greater than the N =
40 system at the same strain rate.

Figure 5 compares these values to experimental
results**—48 at room temperature for vinyl-terminated
PDMS networks end cross-linked with tetrakis(dimeth-
ylsiloxy)silane. The experimental data are limited to
networks prepared in the bulk to avoid swelling effects,
which tend to decrease the number of trapped entangle-
ments.*® The solid and dashed lines correspond to the
predictions of the affine model (eq 1) and the phantom
model (eq 2), respectively. For these two models, we use
the fact that the tensile modulus is 3 times the shear
modulus in the limit of small strain for isotropic
materials. Here, the phantom model assumes a stoi-
chiometric amount of cross-linker such that ¢ = v/2. The
simulation results are in qualitative agreement with the
experimental data and within the same range of the
classical models, although both the simulation and
experimental data demonstrate the difficulty of obtain-
ing consistent results as well as the sensitivity to
variables other than the strand length and number of
cross-linkers.

Besides bulk behavior, the simulations also allow the
local structure and dynamics of the network to be
characterized. Figure 6 presents the components of the
mean-square displacement, gq(t) = [R.(t) — Ra(0))20) of
the center silicon atom of each cross-linker molecule that
is bonded to four network strands in the direction
parallel and perpendicular to the strain. Here, gp(t) =
(gx(t) + gy(1))/2. The data are collected after each system
is strained and allowed to relax for 2.5 ns. The curves
follow a t2 power law, which is the expected Rouse-
like behavior at short times. These curves are expected
to reach a plateau value at late times due to the
constrained motion of the cross-linker molecules in the
network, but that is not seen for the duration of these
simulations. The cross-linker mobility is larger in the
direction perpendicular to the strain, which is opposite
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Figure 6. Components of the mean-square displacement of
saturated cross-linker molecules in the direction parallel
(dashed line) and perpendicular (solid line) directions. The
curves are for the stoichiometric systems with (a) N =40, 1 =
1.2; (b)) N=20,4=1.2;(c) N=40,4=2.0;and (d) N =20, 4
= 2.0. Time zero corresponds to 2.5 ns after the strain is
applied.

to the standard results32426:50 for Gaussian strands.
When a strain is applied to tube models, the tube
dimensions increase in the direction parallel to the
strain and decrease in the perpendicular direction.
Thus, the cross-linkers have greater mobility in the
parallel direction. However, for the networks studied
here, the short strand length causes the strands to be
stretched to the point where bonding constraints hinder
the cross-linker mobility in the parallel direction. This
effect is enhanced going from the N = 40 strand length
(Figure 6c) to the N = 20 strand length (Figure 6d).

4.3. Chain Dimensions in Deformed Networks.
Chain conformations in uniaxially stretched networks
have been studied using SANS by taking advantage of
the dependence of the scattering form factor on the
mean-square radius of gyration. The components of the
radius of gyration parallel and perpendicular to the
strain direction can be obtained from the scattering
intensities in these directions. Scattering laws have
been derived from polymer network models,51~52 allow-
ing a direct comparison between experiment and theory
for the chain conformations in deformed networks.

The chain deformation in the affine model is given
by51

R

IR, =1 (18)

g,i

Ry /Ry = AT (19)

all

where Ry and Rg,n are the components of the radius of
gyration parallel and perpendicular to the stretching
direction, respectively, and Ry, is the same component
for the unstretched network. For the phantom model,
the chain deformation is given by5?

f4+ 2+ (f— 2)22\?

Ryi/Ryi = ( 2(f ) ) (20)
f+2+(F -2

Re/Rqi = ( éf : ) D)

where f is the functionality of the cross-linker molecules.

The components of the radius of gyration are obtained
from the simulations by directly measuring the atomic
coordinates for each chain that has reacted with two
cross-linkers. In other words, no dangling ends are
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Figure 7. Variation of components of the radius of gyration
parallel and perpendicular to the strain direction. Open
symbols are simulation data. Closed symbols are data from
SANS experiments*® for N = 80 (circles) and N = 135
(squares). The solid and dashed lines are the affine and
phantom models, respectively.

included in the calculation. The results are compared
to the affine and phantom models in Figure 7, along
with SANS data*® for end-linked hydride-terminated
PDMS networks prepared in the bulk. The figure clearly
demonstrates that our short chains follow the affine
model whereas the experimental data are much closer
to the phantom model. This is most likely a consequence
of the strand length where the shorter strands require
the cross-links to follow the bulk deformation, in agree-
ment with the affine model. Longer strands offer more
cross-linker mobility, which allows them to move more
independently of the bulk deformation, as in the phan-
tom model.

5. Conclusions

This paper presents the first united atom model
simulation of the network formation and elongation of
model PDMS networks formed with tetrafunctional
cross-linkers. Compared to earlier simulations using
bead—spring models, several differences are observed.
Here, the formation Kinetics for stoichiometric systems
exhibit a t93 scaling, in closer agreement to the
predicted t~0375 rate for Rouse-like chain motion. Whereas
earlier simulations found almost no change in the chain
dimensions after networking, we find that for the
relatively short PDMS chains studied here the end-to-
end distance decreases by an average of 16% and the
radius of gyration decreases by an average of 8%. We
attribute at least part of this decrease in chain length
to the fact that the chains studied here are non-
Gaussian.

Each networked system is uniaxially strained at four
different strain rates. After the network is strained, the
tensile stress is allowed to relax to a plateau value over
tens of nanoseconds. From the stress—strain cure, we
extract the elastic modulus. The results are in qualita-
tive agreement with experimental measurements of
model end-linked PDMS networks. The change in chain
dimensions after straining are in accordance with the
affine model predictions whereas experimental results
follow the phantom model predictions. This may be
partially due to the smaller chain length in the simula-
tion.

This paper demonstrates the feasibility of applying
massively parallel molecular dynamics simulation to the
study of polymer network formation and stress relax-
ation at the united atom level. Current computational
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abilities are sufficient to capture the classical viscoelas-
tic behavior of polymer networks. An additional order
of magnitude increase in computational power will make
accessible chain lengths on the order of the entangle-
ment length, making direct comparison with several
experimental studies including SANS and dynamic
mechanical experiments. Future work will also include
studying the effects of cross-linking near surfaces and
extending the model to include vinyl-terminated PDMS.
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