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ABSTRACT: The influence of stoichiometry on the elastic modulus of eight-functional end-linked poly-
(dimethylsiloxane) (PDMS) networks was investigated by extensional rheometry with extensions up to
more than 100%, and the stress—strain relation was found to be almost linear—a characteristic property
for a network structure with an eight-functional cross-linker. The experimental data were compared to
a stochastic model taking into account entanglements and to Monte Carlo simulations. The Mooney—
Rivlin model was furthermore used to fit the data, and the dependency of C,; and C, parameters on the
stoichiometric ratio was investigated in order to clarify especially the influence of trapped entanglements
acting either as chemical cross-links or as sliding links. It was found that including a locking factor dividing
trapped entanglements into locked entanglements and slip-links could explain our data obtained for the
Mooney—Rivlin constants. It was furthermore found that trapped entanglements dominate when there
is an excess of cross-linker, ensuring that all long difunctional DMS chains are bound to the infinite

network in both ends.

Introduction

The structures and properties of polymer networks
are highly sensitive to the reaction by which they are
formed.! If absolute values of moduli are to be inter-
preted meaningfully, a thorough knowledge of imperfec-
tions in the network structure introduced by the cross-
linking is essential. Types of imperfection occurring
naturally in end-linking curing reactions are inelastic
loops and dangling substructure formations. Further-
more, trapped entanglements can be regarded as net-
work imperfections enhancing the network modulus.
The formation of a perfect network from an end-linking
polymerization requires that the pregel intramolecular
reaction is negligible and that postgel intramolecular
reaction always leads to elastically active chains. These
requirements cannot be met in real cross-linking reac-
tions.!

There are several ways to investigate the network
structures, for example, small-angle neutron scattering,?
dynamic light scattering,® swelling experiments,2—*
solution and solid-state silicon 29 NMR spectroscopy,®
and computer simulations.®” Another feasible way of
studying the network structure is extensional rheometry
which gives information about the cross-link density.
The method nevertheless requires a model in order to
interpret the results. Two well-proven models are the
Mooney—Rivlin (MR)° and the Edwards—Vilgis slip-link
theory (SL).1° The MR theory was proposed as a purely
phenomenological equation, however, capable of describ-
ing extension of rubberlike materials to relatively large
extensions. A direct physical interpretation of the 2C;
parameters can nevertheless be given. The situation
when C, = 0 equals the well-known phantom model, so
the C; parameter can be interpreted as the “ideal” part
of the network taking into account permanent cross-
links (both chemical or physical), whereas the C,
parameter takes into account imperfections and slip-
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links. The SL theory is based on the idea that there are
two kinds of cross-links in the rubber network: the
chemical cross-links which behave like the prediction
of the phantom model and the trapped entanglements
acting as sliding links. The theory predicts both low-
strain softening and high-strain hardening due to the
restriction in extensibility caused by the trapped en-
tanglements.

Previous investigations of the influence of functional-
ity and chain length of poly(dimethylsiloxane) (PDMS)
networks on the elastic modulus performed by Opper-
mann and Rehage!! showed that the phantom model
was inadequate. They concluded that at high branching
densities the experimentally observed moduli could be
as much as 3 times greater than those calculated from
the theory of phantom networks. As the branching
density decreases, this ratio decreases and tends to
approach unity.

Experimental Section

Preparation of Networks. A two-component room tem-
perature vulcanizing silicone was used. The two components
were a vinyl-terminated dimethylsiloxane (DMS-V31) and an
eight-functional (on average) methylhydrosiloxane—dimeth-
ylsiloxane copolymer (HMS-301), both from Gelest, Inc. A
platinum catalyst (SiP6830.0 from Gelest, Inc.) was used in
the addition reaction. The networks were prepared by mixing
half of the needed amount of DMS-V31 with all of the HMS-
301. The second half of DMS-V31 was mixed with the catalyst,
and finally this mixture was poured into the first one and
thoroughly mixed together. For example, a stoichiometric
mixture was prepared from 21.36 g of DMS-V31 (~1 mmol),
0.5 g of HMS-301 (~0.25 mmol), and 0.5 g of a mixture of 0.1
cm?® SiP6830.0 catalyst in 50 g of DMS-V31. Air bubbles were
removed in a vacuum. The reaction mixtures were poured into
straws (4.7—5.0 mm in diameter and approximately 15 cm
long) and cured in an oven at 70 °C for 40 min. Then the straws
were removed, and the samples were further cured at 150 °C
for 30 min. The resulting samples were 15 cm long silicone
rubber cylinders with a diameter of approximately 5 mm.
Samples were prepared with the mass ratios DMS-V31 to
HMS-301 of (15, 20, 25, 30, 33, 35, 40, 43.7, 50), corresponding
to stoichiometric imbalances of (2.92, 2.20, 1.76, 1.47, 1.33,
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Figure 1. Holder constructed to maintain the pressure on
the sample.

1.26, 1.10, 1.01, 0.88); see later for definition. To ensure that
the samples prepared at the relatively high temperature (70
°C) did not undergo significant side reactions, two replicates
of the 30 mass ratio sample were made, and these samples
were cured at ambient temperature for 3 weeks and compared
to the samples cured at relatively high temperature.

Extensional Rheometry. We used an in-house-designed
filament stretch rheometer. A detailed description of the
instrument can be found in ref 12. Two holders (the lower one
shown in Figure 1) attached the sample to a load cell in one
end and to the moving sledge in the other. Concurrent values
of time, load, and sample diameter at the midpoint of the
sample were measured at room temperature. The experiments
were performed at a constant Hencky strain rate of 0.001 s~
Typically, 4000 data points were measured for each sample
with a sampling frequency of 6.6 per second. We measured
the diameter of a slice in the middle of the cylindrical sample.
Assuming overall incompressibility, this slice is deforming
ideally under elongation. Hence, the local extension ratio in
the middle of the sample can be determined from the instan-
taneous and initial diameters as 1 = (Do/D)?. Because of the
low strain rate, it is assumed that the sample is in equilibrium
during each individual sampling of data points. We may then
compute the tensile stress as the normal stress difference: o,
— o = FI(Aol), where Aq is the initial cross-sectional area of
the sample. The stress as a function of relative extension ratio,
A, was fitted to the Mooney—Rivlin model with the NonLin-
earfit routine in Mathematica 4.1 (Wolfram Research, Inc.).
The data were also fitted to a Hooke (linear) model and to a
Neo-Hooke model. The goodnesses of the fits were compared
using an F-test.®

NMR. 'H spectra were obtained on a Bruker Advance DPX-
250 spectrometer in CDCl; at room temperature. *H chemical
shifts were referenced to TMS via the residual nondeuterated
solvent signal at 6 = 7.26 ppm.

The molar amount of vinyl groups in DMS-V31 per —CH3;
group was determined from the ratio between the integrated
signals around 6 = 6.0 ppm (CH,=CH-Si) and the integrated
signal at 6 = 0 ppm (CH3—Si). Number-averaged molecular
weights were calculated assuming that both chain ends are
vinyl-terminated. The molar amount of silanes in HMS-301
per —CHj; group was determined from the ratio between the
integrated signal at 6 = 4.6 ppm (H—Si) and the integrated
signal at 6 = 0 ppm (CH3—Si). The molar silane amount per
chain was calculated assuming a number-averaged molecular
weight of 2000 g mol™* and that both ends are methyl-
terminated.

Size Exclusion Chromatography (SEC). SEC was used
to characterize the molecular weight distribution for DMS-
V31l. To determine M, accurately, a small low-molecular-
weight fraction was removed by repeated extractions with
ethanol and subsequent drying under vacuum. The SEC
column system consisted of a PLgel 5 um Guard 50 mm x 7.5
mm and two PLgel 5 um Mixed-D 300 mm x 7.5 mm. A
Viscotek right angle light scattering model 600 and a Viscotek
differential refractometer/viscometer model #200 were used as
detectors. The column and the detectors were at room tem-
perature (23.0 £+ 0.5 °C), and toluene at 1.0 mL/min was the
eluent. A Shimatzu HPLC pump LC-10AD was used. The light
scattering and refractometer signals were calibrated to a
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Figure 2. Two different probabilities of a site not being
connected to infinity via a particular branch. Subscripts D and
H indicate the bifunctional DMS and f-functional HMS chains,
respectively.

polystyrene standard (Waters 110 000 Da, part no. 41995) with
a polydispersity less than 1.01.

Network Monte Carlo Simulations. The network struc-
ture and elastic modulus were simulated using a Monte Carlo
technique. The Networks Monte Carlo module from Accelryst4-*7
was used. DMS-V31 was modeled as end-linked chains. HMS-
31 was modeled as a copolymer with the Si(CHz)H cross-link
sites randomly distributed along the chain. A simulation box
with volume 10° A3 contained around 50 000 polymer mol-
ecules depending on molecular weight. The polymer molecules
was created from a Flory distribution with polydispersity 2
and number-average molecular weight as given in the Results
section. The polymers were treated as Gaussian chains and
allowed to move around in the simulation box during which
the cross-linking reaction was performed. A characteristic ratio
of 6.0 was used for both silicone polymers.*® To check for finite
size effects, calculations used to determine the gel point were
performed with a 10 times larger box as well (volume of 10°

A3).

Theory

Several articles in the literature indicate that the
strongest networks are not necessarily obtained for
stoichiometric mixtures but rather for a mixture with
an excess of the f-functional cross-linker compared to
the difunctional end-linker for the PDMS network
system.319722 The molar ratio of cross-link sites to
precursor polymer ends, r = f [HMS]o/(2[DMS]o) (where
[...Jo denotes initial concentration), is called the stoichio-
metric imbalance. For a stoichiometric mixture r = 1,
in contrast to rqp: denoting the value of r for which the
modulus is maximal. Patel and Cohen? reported values
of rept, Which is the value of the stoichiometric imbalance
where maximum in the equilibrium modulus is ob-
tained, as large as 1.8—1.9 for slightly entangled
systems and reported that rqp increased with increasing
molecular weight of the difunctional prepolymer. These
observations disagree with the traditional idea that the
optimal network is formed when the reactants are
reacted stoichiometrically. Patel and Cohen? explain the
phenomenon with the maximum in weight fraction of
elastically active chains at r = rq. Others explain this
phenomenon with side reactions.1920.22

Not all material in the network will contribute to the
elastic modulus. Soluble material, pendant material,
and single-chain loops will not contribute to the elastic
modulus. For end-linked networks with functionality 3
or 4, statistical expressions for the fractions of soluble,
elastic, and pendant material exist,2® but for higher
functionalities, there are no analytical solutions to our
knowledge.

To evaluate the development of the gel during the
cross-linking reaction, a stochastical analysis is made.
In Figure 2 a sketch of the network can be seen. Let 3
be the probability that the site is not connected to the
infinite network via a particular branch and p be the
extent of reaction. fp is then the probability of an DMS
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Table 1. Expressions To Calculate the Mole Fractions of
Components Occurring in the Different Network
Fractions (i = H, D)

dangling ends elastic active network

Bif fAIH1 = B) 1= 1B YL = i) — Bif

reaction site not being connected to the infinite network
via a reaction with an HMS reaction site. By is the
probability of an HMS reaction site not being connected
to the infinite network via a reaction with an DMS
reacction site. f is the functionality of the polymer. Then
Bt is the probability that none of the neighbors’
subbranches connect to the infinite network, and ppaf!
is the probability that the site is connected to neighbor
chains but not connected to infinity. Furthermore, the
site will not be connected to infinity via that particular
branch if the site is not reacted (probability 1 — p).
Introducing the relation p = py = pp/r, where pp and
pw are the extents of reaction with respect to DMS and
HMS reaction sites, respectively, and relating the
probabilities above given an f-functional HMS chain and
a difunctional DMS chain gives

Bu = Pubp T (1 — pn) )

Bo=rpuByt + (1 — rpy) )

By eliminating fSp from egs 1 and 2, an expression for
Pn is obtained:

network
1- ﬂifl

solubles

2
1 1—-rp
S By + = ®)

0= ﬁHf_l -

Then the different mole fractions of the two components
in the different network fractions can be calculated by
the expressions in Table 1. In order for a molecule to
be a soluble, all its sites need to be nonreacted or not
connected to the infinite network; i.e., the mole fraction
of soluble material of component i will be given by X i
= Bifi. The network fraction Xpeti = 1 — Xso1i. Dangling
material consists of one site connected to the infinite
network and the rest not connected, i.e., Xqge,i = fBifi (1
— Bi). The fraction of elastically active DMS chains will
be given by Xactp = 1 — Xso,0 — Xdeo = 1 — 26p(1 — fb)
— Bp?. The static network modulus arising from elasti-
cally active DMS chains only can then be calculated:

G =vRT 4)

where R is the gas constant, T the absolute temperature,
and v¢ is the number density of permanent elastically
active DMS chains given by

v = 1- ZﬁD(l - ﬁD) - ﬂDZ P (5)
¢ 14 n M, Mp
NpMp

where M; and n; are the molecular weight and mole
number of component i, respectively. (o/Mp)/(1 + nuMy/
NpMp) is the number density of DMS chains since Mp
> My.

To take into account a contribution from so-called
trapped entanglements, a simplification is made for our
system. Given the entanglement molecular weight for
well-entangled, linear DMS of Mg = 12 000 g mol~1,24
it is clear that the lengths of the applied DMS chains
(Mpms/Me = 1.8) are relatively short. It is assumed that
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every chain leads to one entanglement in average. This
assumption holds for the type of cross-linking system
with very short cross-linkers only. Since we have a melt
in equilibrium before the cross-linking reaction, the
entanglement density should not change significantly
during the cross-linking reaction. If the DMS chain
entangle around an HMS chain, it is not regarded as
an entanglement since the HMS chains are so short that
the “entanglement” will be acting from the chemical
cross-link and hence not increase the modulus. To be a
trapped entanglement, both entangling DMS chains
need to be connected to the infinite network in both
ends; i.e., the probability of getting a trapped entangle-
ment is

Pre=(1— B — 2Bp(1 — Bp))’ (6)

since 1 — Bp? — 2Bp(1 — Bp) is the probability of choosing
an DMS chain connected to infinity in both ends.

The expression for the storage modulus can then be
written as

1-Lle) Pe o o0 o
2 M, M
@a+n) } nyvi, Vp
1+-H2H
npMp

G=vRT+ (L +

where v is given by eq 5, = 0.2343 if the slip-link
model is applied, Lg is the fraction of trapped entangle-
ments being “locked”, i.e., acting like chemical cross-
links, and 1 — Lg is the fraction of trapped entangle-
ments acting as slip-links.

According to the slip-link and the Mooney—Rivlin
models, the expressions for the reduced modulus ® =
t/(A2 — 27125 as a function of strain are given by

Dg () = kg T[N, + N;H(@,7)] (8)
@) = 2C, + 2C,/A 9)

where N¢ is the cross-link (both chemical and trapped
entanglement) density and Ng the slip-link density.
H(Z,n) expresses the deviation from the classical elastic-
ity theory:10

2
VA N S )

HEN =2 @ +n)°  AQ+ni%°

(10)

where 7 is the slippage parameter, which is a relative
measure of the freedom of a link to slide. For n = 0, the
Ns entanglements would induce the same strain depen-
dence as the N cross-links. A constant value of » =
0.2343 has been calculated assuming that each slip-link
on average can slide as far as the centers of its
topologically neighboring links.2® Edwards and Vilgis©
argue that for a real network » cannot be fixed, thus
admitting variable values of #. Thirion and Weil?® just
consider » as a material parameter.

It can be seen that the slip-link model only reduces
to the Mooney—Rivlin equation when 4 — 1. Relating
the three equations above, expressions for the param-
eters C; and C; can be obtained:

2C, = kg TN, (11)
2C, = kTN, —+ (12)
2 B S (1 + 17)2

The modulus is given by
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Gyr = 2C, + 2C, (13)

1
Gg = kgT|N, + N, ——— (14)
SL B [ c S (1 + 17)2]
From the above equations and eq 7, the MR constants
can be written as

P
2C,=vRT+Lg——— P RT (15
nuMy Mg
14
npMp
c,= 1o LE2 Pre__ o gt (16)
1+ My Mp
14+
npMp

The slip-link model must be used with great caution
to interpret stress/strain data limited to medium exten-
sions as our present data. If the data follow the
Mooney—Rivlin model, egs 11 and 12 show that kTN
and » cannot be determined independently but only in
the combination KTNg/(1 + 7)2. In fact, a least-squares
analysis show that the slip-link model with an optimal
choice of » = 0.4 only differs by 5% in average from the
Moonley—Rivlin model in the interval 1 < 1 < 2. We
measure the area of the sample and calculate the
extension from it, but more often the extension is
measured from the length of the sample and force
divided by unstrained area is analyzed. In that case,
systematic errors from the clamped ends deforming
differently from the rest of the sample as well as random
errors may easily approach 5%. Hence, » cannot be
found by fitting the slip-link model to such data. On the
other hand, if data over a large range of relative
extensions are available, the slip-link model including
a finite extensibility parameter can very well fit the
experimental data (see ref 27).

Results and Discussion

Table 2 shows the results obtained from NMR and
GPC data. Two properties need to be determined ac-
curately: the cross-link density in HMS-301 and the
number-average molecular weight of DMS-V31. The
measured cross-link density of HMS-301, XcHsHsio =
0.278 (mole percent of CH3HSIO groups in the chain),
is in good agreement with the manufacturer’s data (25—
30% CH3HSIO). The molecular weight given by the
manufacturer (M, = 2000 g mol~1) corresponds to an
average chain length of 28 Si atoms. Eight of these will
be CH3HSIO groups, but the average distance between
the cross-links is then less than one Kuhn step and the
HMS-301 can be regarded as an eight-functional cross-
linker rather than a polymeric cross-linker. 'TH NMR
data for DMS-V31 showed a number-average molecular
weight of 22 000 g mol~1. By washing several times with
ethanol, the original sample was separated into two
fractions: a purified high-molecular-weight fraction and
a low-molecular-weight fraction contained in the wash-
ings. Both fractions were dried for 24 h in a vacuum at
60 °C. All NMR spectra showed only the lines corre-
sponding to vinyl protons and Si—CHjs protons. *H NMR
analysis of the purified fraction and the washings
showed M, to be 28 000 and 8000 g mol~1, respectively.
This corresponds to a 15% content by weight of the low-
molecular-weight fraction. More than 10% uncertainty
in these numbers may certainly be expected, so for that
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Table 2. Structural Data from NMR and GPC

Measurements?@
mol % mass

compound CH3HSIO Mn/(g mol~?) fraction (%)
HMS-301 27.8 (NMR)
DMS-Vv31 22 000 (NMR) 100
original 20 000 (GPC + NMR)P
DMS-V31 28 000 (NMR) 85 (NMR)
high-M,, fraction 21 200 (GPC) 94 (GPC)
DMS-V31 8 000 (NMR) 15 (NMR)
low-M, fraction 6 (GPC)

a The source of data is indicated after each value. ® Determined
from M, = 22 000 g mol~? for high-M, fraction and 6% w/w of low
Mp = 8000 g mol~1 fraction.

reason we choose to use values that are compromises
between the NMR results and the GPC result. M, for
the purified fraction could be determined with confi-
dence from the combined GPC light scattering and
refractometer data. A value of M,, = 21 800 g mol~! was
found. Judged from the refractometer data for the
original sample, the low-molecular-weight fraction is
only 6% of the total mass. This indicates that M, for
the original sample is 20 000 g mol~! and that the low-
molecular-weight fraction constitutes 15 mol % (if M,
is taken to be 8000 g mol™1). From the GPC data, a
polydispersity index of 1.6 was found for DMS-V31. We
choose in the following to work with a value of M =
22 000 g mol~t for the original sample used in the
network formation, but one must keep in mind that the
uncertainty in the structural data is at least 10% and
that it influences the discussion about the precise
stoichiometry for the networks with maximal elastic
modulus.

Experimentally, samples are characterized by the
mass ratio of DMS-V31 to HMS-301, mpms/Mmpms, and
the stoichiometric imbalance is derived from this ratio:
I = NchHgHsio/Nvingl = Xchgtsio/Mav)/[(2Mpms/Miums)/Mpwms],
where Mg, = 70.8 g mol~1 is the average monomer mass
for HMS-301 determined from Xcusnsio and the manu-
facturer's M,(HMS-301) = 2000 g mol~%. M,, depends
only slightly on M, for HMS-301. An accurate determi-
nation of M,(DMS-V31) is however crucial in order to
determine r precisely. Often-used GPC procedures,
where silicone molecular weights are determined on the
basis of polystyrene calibration curves, were inadequate
for the present study as were also the use of the
manufacturer’s molecular weight.

The equilibrium moduli are determined from eq 13
by fitting the stress—strain curves to the Mooney—
Rivlin model.

The moduli are fitted to the MR model for those
experiments where the extension exceeded 60%, except
at the lowest mass ratio where extensions above 60%
were not obtained. For each mass ratio, at least two (in
average three) independent experiments were per-
formed. For each experiment, the equilibrium modulus
was fitted to the experimental stress—strain curves.

The MR constants and the moduli with standard
deviations can be seen in Table 3. The standard devia-
tions on the experimental determined equilibrium moduli
are low, whereas the standard deviations on the C; and
C, constants are fairly large.

The samples prepared at 70 °C were compared to the
samples prepared at ambient temperature, and no
significant difference was found. This ensures us that
the amount of side reactions is kept low despite a
relatively high curing temperature.

In Figure 3 a typical stress—strain curve for a sample
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Table 3. Equilibrium Moduli and MR Constants Determined by Fitting the Stress—Strain Data to the Mooney—Rivlin

Model?
mass ratio 15 20 25 30 33 35 40 43.7 50
G/10°Pa 158+ 0.09 166 +0.02 1.724+0.06 1.804+0.02 1.774+0.02 1.74+0.10 1.07+0.05 0.7340.06 0.30 +£0.01
Cy/10°Pa 0.57 £0.02 0.54 £0.06 0.65+0.02 0.604+0.02 0.614+0.08 0.55+0.08 0.39+0.04 0.29+0.03 0.16 +£0.01

C,/105Pa 0.22 £0.07 0.29 +£0.07 0.21+0.06 0.30+0.01 0.28+0.09 0.32+0.12 0.15+0.06 0.07+0.05 -0.01+0.01

aAverage values and standard deviations are found by averaging over at least two (on average three) independent experiments for

each composition.

x 10°

e
[$)]

0.2z - o.rr [Pa]

o
2

o 12 14 16 18 2

A

Figure 3. Stress—strain curve for a sample with mpms/Mums
= 25 (r = 1.73) at 25 °C.

2.5

1 15 2 25 3
lJL0
Figure 4. Actual deformation in the middle of the sample (1)
as a function of the applied deformation (L/L,) for two different
samples of the same stoichiometry.

with excess of HMS can be seen. The strain is based on
the diameter of the deformed sample, and the stress is
the measured force divided by the actual cross-sectional
area of the deformed sample at the midpoint. This is in
contrast to other data in the literature using engineer-
ing stress.11:28-30 |t can be seen in Figure 4 that for two
samples from the same reaction mixture (mass ratio 20)
that the actual deformation as a function of the applied
deformation may vary probably due to slippage. How-
ever, the true stress—strain relations of the samples are
nearly identical.

It is furthermore observed that for the eight-func-
tional network the response is almost linear. This is
expected if 2C; and 2C; + 2C, are identified with the
shear moduli predicted by the phantom and affine
models, respectively.!! In that case, the ratio C1/(C; +
C,) = (f — 2)/f, which for our eight-functional cross-linker
takes the value 0.75. It can, however, be shown that
the least-squares difference between 3G(4 — 1) (Hookean
linear behavior) and (C; + C,/A)(A2 — 1/A) over the
interval 1 < 4 < 2 is minimal for C,/(C; + C3) = 0.76,
assuming that G = 2C; + 2C,. In fact, the average

oX 10 ,
Exp. data
1.5r, — MR
" --- Neo-Hook K
1 Linear L

0.zz - o.rr - G(A-1)

1 1.2 1.4 1.6 1.8 2

Figure 5. Differences between linear fit and experimental
data, Mooney—Rivlin fit, and Neo-Hookean fit. Only every 50th
data point is shown. Sample with mpus/Mums = 25 (r = 1.73)
at 25 °C.

difference between the linear model and the MR model
is only 4% for this value of C1/(Cy + Cy). For lower cross-
linker functionalities (f = 4), the two models deviates
already below 25% extension. Hence, precisely for the
network we work with, C; and C, are less accurately
determined than the sum of the two: G =2C; + 2C; is
determined from the slope of the stress—strain curve,
but the small deviation of this curve from a straight line
result in a less accurate determination of C; and C;
individually.

Figure 5 shows a comparison between experimental
data and the Hooke, Neo-Hooke, and Mooney—Rivlin
models with optimal parameters. On the basis of an
F-test, the MR model fitted the data significantly better
than the other models in all cases.

One series of Monte Carlo simulations for 38 composi-
tions in the range 0.21 < r < 4.85 were performed. The
Monte Carlo program counts all elastically active chains
in the network, but because the cross-linker HMS-301
is entered as a random copolymer, it also contributes
elastically active chains. The average distance between
cross-link sites on the HMS-301 chain is less than the
Kuhn length for DMS. If we for that reason regard
HMS-301 as a stiff cross-linker, we need to estimate the
number of elastically active DMS-V31 chains alone. For
this, we use the calculated values of cycle rank, number
of effective edges, and number of vertices as follows:
The number of vertices, u, equals the number of Si-
(CH3)H cross-link sites in the gel particle. The number
of edges, v, equals the number of polymer chains in the
gel particle. Ideally, one finds six edges for each four
vertices forming a cycle: 1 edge along the HMS-301
chain per vertice and one DMS-V31 edge connecting two
vertices. This corresponds to a cycle rank per edge of
Y3 in an ideal network. The cycle rank is defined as v —
(u — 1). Each elastically effective DMS-V31 connects two
vertices. For that reason, we find the number of elasti-
cally active DMS-V31 edges as Npus-vs1 = Vvertices/2 =
(edges — cycle rank)/2, where edges and cycle rank refer
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Equilibrium modulus [Pa]

o 05 1 15 2 25 3 35
Stoichiometric imbalance

Figure 6. Experimental determined equilibrium moduli as
a function of stoichiometric imbalance compared to Monte
Carlo simulation results. Average values and one standard
deviation are depicted for the experimental data. HMS + DMS
is the simulated modulus when both the DMS and the short
HMS chains are counted as elastically active. DMS is the
modulus when only elastically active DMS chains are taken
into account.

only to the elastically active parts of the gel particle. In
all simulations, we find the cycle rank per edge to be
equal to /3, when only elastically active edges are
counted. The equilibrium modulus is calculated as G =
[(number of elastically active edges)/V)]KT. In Figure 6,
the results from the Monte Carlo simulations are
compared to the experimentally derived equilibrium
moduli. From the figure, it is seen that rqp falls within
the range 1.25 < rope < 1.45. Allowing for a 10%
uncertainty in the determination of molecular weights
shifts the r values by at least 0.1. Hence, the confidence
interval will be 1.1 < ropr < 1.5. The experimental
results are compared to simulation results where only
the long DMS chains are taken into account as elastic
chains and where both long DMS chains and short HMS
chains are counted as elastic chains. Two trends are
evident from Figure 6: (1) Up to rop, Monte Carlo
simulations reasonably predict the form of the curve,
but the height and position of the curve are wrong. (2)
Beyond rqpt, the experimental results decrease much
slower with r than the simulations. The experimental
curve looks as if it is displaced toward higher r values.
Even though we do not go near to the gelation limit,
both the r values at the gelation point and rqp: Seem to
be displaced by at least 0.25. If the origin of this shift
is due to inaccuracy in the structural determination,
then either should the molecular weight of DMS be as
low as 15 000 g mol~! or more than 30% of the chains
should be vinyl terminated in one end only. The
maximal modulus predicted by taking only DMS chains
into account is less than half the experimental value.
The Monte Carlo simulation results depend only on
structural imperfections such as dangling ends (and
other pendant structures) and loops. It seems most
correct to compare simulation results counting elasti-
cally active DMS chains only and experimental values.
In that case, it is clear that imperfections due to
entanglements play a crucial role for the real modulus.

In Figure 7 the experimental determined equilibrium
moduli are compared to the prediction of the stochastic
model with a locking factor of Le = 0.22, which has been
obtained from the model by fitting the value of Lg to
the experimental 2C; and 2C, data by means of egs 15
and 16. A value of = 0.234 was assumed. The
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Figure 7. Experimental data for the equilibrium modulus
compared to the prediction of the stochastic model assuming
one entanglement per DMS chain and a fitted locking factor
of Le = 0.22. The stoichiometric imbalance of the stochastic
model has been shifted by rgp:.
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Figure 8. Experimentally determined Mooney—Rivlin con-
stants 2C, compared to the prediction of the stochastic model
with a locking factor of Lg = 0.22. The stoichiometric imbal-
ance of the stochastic model has been shifted by rop.
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Figure 9. Experimental determined Mooney—Rivlin con-
stants 2C, compared to the prediction of the stochastic model
with a locking factor of Lg = 0.22. The stoichiometric imbal-
ance of the stochastic model has been shifted by rop.

stoichiometric imbalance was shifted by a factor of rop:
= 1.3 in order to compare the results.

In Figures 8 and 9 the experimental values of 2C; and
2C, are compared to the prediction of the stochastic
model with the fitted locking factor of Lg = 0.22. It is
clear that the very simple assumption of one entangle-
ment per DMS chain is capable of explaining the
observed trends when the locking factor is fitted. It has
to be noted that the choice of the number of entangle-
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Figure 10. Structure of the largest molecule in the reaction mixture (the gel particle) at the end of reaction calculated for r =

0.18 (left) and r = 0.19 (right).

Table 4. Gel Point Predictions (rger = Minimum r Value
for Which Gelation Still Occurs)

Flory— stochastic  Monte Carlo
Stockmayer ARS model simulations
fw 8 (13.6) 8(13.6) 8
rge  0.14(0.08) 0.25 (0.23) 0.14 0.17-0.19

ments per chain shift the curve vertically. It does not
change the shape significantly. However, changing the
assumption of the number of trapped entanglements
being proportional to the square of the number of
elastically active DMS chains will change the shape of
the curve.

The stochastic model clearly underpredicts the mini-
mum stoichiometric imbalance; a clear evidence of this
is seen in Figure 7 as well, but this seems reasonable
since the model does not take into account loops. An
estimate of the fraction of DMS chains reacting with
two HMS sites on the same molecule can be given by
calculating the fraction of DMS molecules with their
end-to-end radius within the mean-square radius of the
HMS molecule:

" P(r) d
Plr, < 20} = Jopwmdr 015  (17)
o P(r) dr

where [2G]Y2 = (Cwnil?)Y2 with C,, = 6.0 being the
characteristic ratio of DMS, n; the number of Kuhn
segments, and | the Kuhn step length. P(r) is the
probability function given by Gaussian chain statistics:

3/2 —3r2
exp(2 m;@) (18)

P(r) =

271,

This low value indicates that the single loop formation
has a moderate influence on the gel point.
Experimentally, compositions with cross-linker con-
tent so low that we approach the gelation limit have
not been tested. So the minimum r value for which
gelation occurs can only be estimated from Figure 6. The
predictions of the gelation limit value from the different
simulations and the Flory—Stockmayer31—34 and Ah-
mad—Rolfes—Stepto (ARS) theory3>3¢ are given in Table
4 to compare the consistency of the different models. In
the latter two theories, the weight-averaged function-
alities enter the equations. For DMS-V31 this is still
two, but for HMS-301 one gets f, = 13.6 if an ap-
proximate polydispersity of 1.7 is used. In Table 4,
predictions using both f,, = 8 and f,, = 13.6 are given.
The ring-forming parameter in ARS theory is calculated
from an end-to-end distance of the smallest ring of 90

A (corresponding to one DMS-V31 chain). The gel point
in the Monte Carlo simulation can be found in several
ways: The Accelrys software determines the gel point
as the extent of reaction, where more than half of the
total mass fraction of reacting chains belongs to the gel
particle. Eichinger et al.”:8 define the extent of reaction
from a lower and an upper bound derived from curves
of number-average molecular weights vs extent of
reaction. Galina and Lechowicz®” also define the gel
point as the extent of reaction, where the sol number-
average molecular weight is maximum. Flory—Stock-
mayer, ARS, and our stochastic model rely on the
definition of the gel point as the extent of reaction where
a finite probability exists for a given branch point to be
connected to infinity. For the Monte Carlo simulation,
this definition corresponds to the case where the gel
particle is infinite, or alternatively, it fills the whole
simulation box. Hence, we define the gel point as the
extent of reaction where the gel particle fills the whole
simulation box. The minimum r value for which gelation
still occurs (rger) is now defined as the r value where
this extent of reaction approaches one. Figure 10 shows
the gel particle for r values just below and above rgge. It
should be noted that the sol number-average molecular
weight shows a maximum as a function of extent of
reaction for both of these r values. A simulation where
the volume of the simulation box was increased 10 times
to 1010 A3 yielded the same gel point from the visual
inspection of the gel particle. The gel particle at r = 0.18
was however larger in the big simulation; hence, there
may be a tendency toward a slight shift downward in
gel point as the simulation size is increased. To compare,
Eichinger et al.l” found that a simulation box with
volume 2 x 10° A3 yielded satisfactory statistics.

Conclusion

Experimental results show that the strongest network
is not obtained for a stoichiometric reaction mixture, but
rather for a mixture with an excess of cross-linker.
Experimental uncertainties do not suffice to explain this
observation.

An almost linear stress—strain relation is obtained
for the investigated system. This is a characteristic
property for an ideal network composed of eight-
functional cross-linkers and end-linked polymer chains.
The MC simulations were not capable of describing the
shape of the G(r) curve. The stochastic model can
explain the trends in MR data when an assumption of
one entanglement per DMS chain is made together with
the introduction of a fitted locking parameter. This is
the fraction of entanglements acting as chemical cross-
links, and a value of approximate 0.22 was found. Both
simulations predicted rq, = 1, although the MC simula-
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tions allow for nonideal structures like ring formation,
which could explain why rqp should be larger than one.
Also surprisingly to us, the MC simulations predicted
rgel to be lower than the value predicted by ARS theory.
The MC simulations fails to explain the almost constant
elastic modulus observed when the excess of cross-linker
in the reaction mixture is increased, but this phenom-
enon can be explained by the number of entanglements
being proportional to the square of the number of
elastically active DMS chains. An excess of cross-linker
ensures that all long end-linked DMS chains are bound
in both ends, so the modulus arising from entangle-
ments will stay more or less constant at moderate values
of rwhen r > 1.

The effect of entanglements is hardly recognizable for
DMS chains with My below 30 000 g mol~* due to the
fast relaxations in such polymers. The present study
shows however that upon cross-linking the presence of
entanglements becomes evident as they are trapped
during the network formation.
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