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ABSTRACT

Kinetic data can be described in a simple model when using the gel
point as reference state. This has been shown for crosslinking data on
five high molecular weight polybutadienes (18 100-97 000 g/mol).
Experiments were carried out under isothermal conditions with a
constant amount of catalyst. Crosslinking took place by a hydrosilation
reaction at vinyl sites which were randomly distributed along the
backbone of the polybutadiene precursor molecules using the bifunc-
tional aromatic silane p-bis(dimethylsilyl) benzene as connector. F TIR
measurements showed that the hydrosilation reaction followed first
order kinetics. The critical gel time, 1., was determined by the instant at
which power law relaxation behavior was observed (i.e. tané =
constant) over the two lowest decades in frequency. The main para-
meters that were observed to affect t. were the stoichiometric ratio, r,
and the functionality of the polybutadiene, f. It was observed that the
time to reach the gel point decreased with increasing precursor
molecular weight (~f) of the polybutadiene. The gel time also
decreased when increasing the initial amount of silane crosslinker. We
were able 10 find a relationship between the gel time measured by the
CFS technique and r and f by coupling the Flory-Stockmayer gelation
theory with a simple first order kinetic curing scheme. © 1997 Published
by Elsevier Science Limited. All rights reserved

1 INTRODUCTION

Crosslinking polymer molecules are able to chemically connect into large
clusters which grow with conversion, p, of the reactive sites. At a critical
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conversion, p., the polymer undergoes a liquid-solid transition. The
instant of this transition is called the critical gel point. Engineers wishing
to process crosslinking polymers or develop specific materials with desired
mechanical properties near the gel point find that it is crucial to determine
the time to reach the gel point, f., so that processes can be tailored in this
region.

Rheological methods present the most effective and practical way to
monitor the evolution of network structure during gelation. Common
techniques include measuring the steady shear viscosity'® or dynamic
mechanical shear properties”' as a function of reaction time and
frequency. Other methods based on more qualitative observations have
also been reported, e.g. the hot plate and spatula method'® or the
indentation of the surface of the crosslinking polymer with a thumb and
subsequent observation as to whether this indentation vanishes.'®

Rheology is able to identify the gel point since stress relaxation at . is
characterized by a power law pattern. The power law is a manifestation of
the critical self-similar structure of the gel. The shear relaxation modulus
was found to be®!"!#

G(t)=8t"" for A <t<w (1)

where § is the gel stiffness and n is the critical exponent which takes on
values 0<n <1. A, is the shortest time for the self-similar relaxation
which is characteristic for the crossover to a new relaxation regime at
shorter times.

The corresponding complex modulus has the form

G*(w) =T(1 - n)S(iw)" for 0<w<1/A, )

The advantage of using dynamic mechanical techniques is that the
sample can be probed from the liquid to the solid state through the critical
gel point while remaining in the linear viscoelastic region without
disrupting the developing structure. In our study we use one such
technique called time-resolved rheometry.” The material is probed by
cyclic frequency sweeps (CFS) which are ideally suited for gelation studies
because they give an accurate measurement of the gel time which is the
parameter of most interest in this investigation, and, additionally, provides
data to quantify the parameters S and n and the rate of change of the
dynamic shear properties near the gel point.

The gel time depends upon a variety of system dependent experimental
parameters such as temperature, catalyst concentration, inhibitor con-
centration, and/or radiation dosage. Specifically important parameters for
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chemical gelation are the stoichiometric ratio, r, and the functionality, f,
of the precursor molecules. As an example, Arellano et al .}’ found for an
epoxy system during cure that increasing r (defined as the number of
functional groups of the epoxy molecule divided by the number of
functional groups of the amine molecule) caused the gel time to increase.

In this study we investigated the kinetics of crosslinking of polybuta-
diene precursors via hydrosilation. Our objective was to distinguish the
molecular parameters which strongly influence the gelation behavior and
especially the gel time. The gel times of polybutadienes of various
functionalities, f, crosslinked with a bifunctional crosslinker in numerous
stoichiometric ratios, r, were measured. We wanted to find a simple
correlation between the measured gel times and the parameters f and r
that allows us to predict #, as a function of the precursor composition by
incorporating a simple kinetic curing scheme with the branching theory
predictions of p. given by Flory®? and Stockmayer.” It was shown by
other researchers®?* that this mean field prediction of p. agrees reason-
ably well with experimental data. Mean field theory predicts the infinite
cluster at the gel point and the time to obtain it; however, in general it
does not describe the material structure properly due to the non-physical
nature of the underlying Bethe lattice. Percolation theory® is more useful
to predict the proper connectivity. A similar approach was taken by Batch
et al.'® to calculate the gel times of crosslinking polydimethylsiloxanes.
However, their method of gel point determination only allowed a very
crude estimate of the gel time.

2 EXPERIMENTAL

2.1 Materials and characterization

Five polybutadienes of different molecular weight and narrow molecular
weight distribution were synthesized by Dr Michael Masse (Shell Deve-
lopment Co.) using a standard anionic polymerization technique. The
details of the synthesis are described in a previous paper on the relaxation
behavior of the uncrosslinked polybutadiene polymers.”* The molecular
weights and polydispersities were measured by gel permeation chromat-
ography. The 1,2-vinyl content was determined by proton NMR and the
relative cis and trans content along the chain backbone by FT Raman
spectroscopy on a Bruker instrument model IFS-88 with FT Raman
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TABLE 1
Characterization summary of polybutadiene precursor polymers

Sample M.. M, /M, % cis % trans % vinyl Average T, (°C)
functionality,

f
PBDI18 18 100 1.03 4] 52 7.30 23.8 -92
PBD20 20700 1.04 39 53 8.19 30.2 -91
PBD38 37900 1.05 41 51 7.70 51.5 -92
PBD44 44 100 1.04 39 53 8.11 63.7 =90
PBD70 70200 1.02 43 50 7.30 93.0 =93
PBD97 97 000 1.07 41 51 8.04 135.0 =90

module FRA 106 attachment. Glass transition temperatures were
obtained on a DuPont DSC instrument model 2910 at a heating rate of
20 K/min. A summary of the characterization results is given in Table 1.

2.2 Crosslinking reaction

The polybutadiene chains were crosslinked at the 1,2-vinyl sites along
their backbone with an aromatic bifunctional silane crosslinker, p-
bis(dimethylsilyl) benzene. The reaction is catalyzed by cis-dichloro-
bis(diethylsulfide) platinum(II) which was dissolved in toluene. Details of
the reaction have been given elsewhere.?’#

Crosslinker and precursor were mixed at desired stoichiometric ratios r
(r = moles of SiH/moles of vinyl). Due to the narrow molecular weight
distribution, the accurately measured vinyl content of the polybutadiene
prepolymer and the specificity of the hydrosilation reaction between the
vinyl group and SiH group of the crosslinker, we are able to define the
prepolymer functionality of the polybutadienes as the average number of
reactive vinyl sites per precursor chain. This was evaluated as®

f= Pvinyl:\,: (3)

where P, is the percentage of total butadiene monomer units in the
chain that are vinyl units as measured by 'H NMR. X, is the number
average degree of polymerization of the precursor molecules and is
calculated as™

Xo=77 4)
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where M, is the molecular weight of the butadiene monomer (54 g/mol)
and M, is the number average molecular weight of the polymer. At
constant vinyl content, the functionality of the prepolymer increases
directly with the precursor molecular weight. The spacing of the vinyl
group along the backbone is assumed to be random.

Other researchers® have demonstrated that it is actually more ap-
propriate for polydisperse material to define the functionality based on the
weight average degree of polymerization rather than the number average
as proposed by Friedmann and Brossas.” For the current study, however,
the difference in f is negligible due to the near monodispersity of the
precursor polymers.

2.3 Sample preparation

Samples were prepared by mixing 0.6g of polybutadiene with 0.06 ml
(350 ppm) of catalyst solution in toluene (8.0 X 1073 mol/1) for 10-12 min
with a microspatula in a ceramic crucible. The mixing process is very
effective since the sample was ‘folded’ with every move of the spatula, e.g.
folding the sample 20 times increases the number of ‘layers’ within the
sample by a factor of approximately 10° The toluene introduced by the
catalyst solution (approximately 8 wt%) was removed by vacuum stripping
the mixture at 70°C for 2 h. Afterwards, the sample was allowed to cool to
room temperature. The desired amount of crosslinker (purity >99.5%)
was added with a 0.1 ml Hamilton syringe and mixed in at ambient
conditions for 6 min. This addition of crosslinker initiated the reaction.
Samples were then loaded in between preheated rheometer fixtures and
cured at 28, 34, and 40°C.

Cure temperatures in the rheometer were controlled to within +0.5 K.
A time of 1.5min was required to load the sample and start the
measurement. A total time of 7.5 min was used for mixing and loading for
the cure cycles at 34 and 40°C and 10min for 28°C. At the end of the
mixing and loading time, the rheological measurement was started.

Since temperature affects the rate of reaction, the room temperature is
important to take into consideration during the mixing phase. To
minimize this effect, experiments were performed over a period of time in
which the room temperature did not vary significantly. For samples cured
at 34 and 40°C, the room temperature was 25.5 + 1.5°C. For samples cured
at 28°C, the room temperature was 21.5 £ 1.5°C. Gel time data were not
accepted for experiments which were prepared at room temperatures
outside this 1.5 K temperature tolerance.

The reproducibility of the gel point was very good despite the small
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amount of sample used for each experiment. Gel times for different
samples with the same stoichiometry usually agreed to within 1-2 min.

2.4 Rheological measurements

Dynamic mechanical measurements were performed in a Rheometrics
RDS 7700 with 25mm parallel disk fixtures. Heated nitrogen was
circulated throughout the environment chamber for measurements per-
formed at 34 and 40°C while air was used for the experiments at 28°C.

The gel times of the crosslinking materials were measured with the
technique of cyclic frequency sweeps (CFS).'*23233 This method studies
the evolving structure of the material by probing it with consecutive
frequency sweeps which results in time and frequency dependent data.
Each data point represents a different state of the network and interpola-
tion is needed to evaluate the dynamic moduli over the entire frequency
window at a specific extent of reaction. Data in the vicinity of the gel point
were therefore interpolated with the computer program GELPRO."

The critical gel time was easily determined by the self-similar relaxation
pattern at the gel point (i.e. tan & is constant over the terminal frequency
range). An example of the gel point determined by CFS is given in Fig. 1.
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Fig. 1. CFS data showing the evolution of tan & during crosslinking for PBD38 (r = 1) at
28°C as a function of the experimental time, f,,,. The frequency range from 1 to 100 rad/s
is shown. 1., indicates the critical gel time.
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The intersection of the tan & curves over the frequency window gives the
time of gelation.

We propose to use the gel point (and the associated properties of the
critical gel) as reference state when analysing the experimental data. This
has several advantages:

 the gel point lies in the middle of the most interesting region of the
experiment;

* the gel point can be measured;

e the critical gel properties n, S, and A, can be measured;

» a controlled environment has been established.

The conventional representation of the data has been with respect to
the initial conditions. However, these initial conditions are quite ill-
defined since the reacting sample is being subjected to two different
environments, The first is the ambient condition of the room during the
time it takes to mix the precursor, catalyst, and crosslinker and load them
into the rheometer. During this initial mixing and loading stage, the
sample is reacting. Therefore, the extent of reaction at the beginning of
the kinetic CFS measurement is not zero (and it is ill-defined). The CFS
measurement on the reacting sample begins at the experimental time
fexp = 0 when the reaction has already proceeded to some (yet unknown)
initial extent of reaction p = p;. A controlled environment, i.e. controlled
temperature of the chamber of the rheometer, can only be provided for
the second and main part of the experiment. These are the reasons for the
above procedure in which we use (. — 1) as time scale and not 7 by itself.

The initial extent of reaction cannot be easily reduced. One could
envision a modified sample preparation with less catalyst to decrease the
reaction rate and thereby reduce p;. This however results in very long
experimental times which are not necessarily practical. An increase in
temperature for the CFS experiment to compensate for the catalyst
reduction is not advisable since the importance of side reactions increases
with increasing temperatures.*

The clock might be started at three different times. One may describe
the experiment with: (1) the actual reaction time, Z,., that includes the
sample’s actual temperature history; (2) the time of the rheological
experiment, 1.,,, at T.; or (3) a time f.,, + Af for the hypothetical case
that the entire experiment including mixing and loading was carried out at
T.,,- The time of gelation measured by CFS is given a value t.,,. It differs
by At; from the real gel time at the reaction temperature, .. A schematic
representation of the cure cycle of the kinetic experiment and the different
time scales involved is given in Fig. 2.
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Fig. 2. Schematic representation of the kinetic experiment showing the extent of reaction,

p. versus reaction lime, f,,. After mixing and loading at T, the CFS measurement is

performed at 7, in the rheometer. At the beginning of the CFS experiment the extent of

reaction has reached a value of p, and a new time scale, Lexp, DEGINS. teac(Toxp) denotes the

reaction time for the hypothetical case that the entire experiment had been performed at
T

2.5 FTIR measurements

FTIR spectroscopy was used to measure the curing kinetics, p(), of
PBDI8 in order to find the reaction order of the hydrosilation. Measure-
ments were made on an IBM 98 Fourier transform infrared spectrometer.
Data was analysed with LabCalc software (Galactic Industries Corp.).
Samples were prepared in the same way as for CFS measurements. After
mixing for 6 min, the reacting mixture was loaded between polished KBr
plates and then placed in the sample compartment which was purged of
H,O vapor and CO, with dry air. The measurement was carried out at the
temperature of the sample compartment which was measured to be
25+ 1°C. It was not necessary to perform the FTIR experiments at the
same reaction temperature as the rheological experiments since the
reaction order is not expected to change dramatically within a few
degrees. No direct correlation between rheological experiment and extent
of reaction data from FTIR was attempted in this study. Data were
collected manually and stored in units of absorbance approximately every
3-5min for the first hour and every 7-10min for the next hour. Fach
spectrum represents an average of 32 scans which required 20s. The
recorded time of the measurement was taken at the 16th scan. The
amount of chemical change that took place during a single measurement
(32 scans) was negligible and will not cause significant error.
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Data that were taken early on in the reaction had interference from the
absorbance of water vapor and carbon dioxide since not all of the
moisture and CO, (moisture and CO, entered the FTIR cell during
sample loading) was completely purged at the time of initial measure-
ments. These peaks (mostly between 1450-1750cm™' and 2300~
2400 cm™') were later subtracted from the spectra using LabCalc.

3 RESULTS
3.1 CFS values of the gel times

To determine the effect that the stoichiometric ratio and the functionality
of the chain had on the measured gel times, experiments were run using a
variety of precursor compositions at three different temperatures. The
values of the CFS gel times are given in Table 2 for cure temperatures of
28, 34, and 40°C.

3.2 Effect of stoichiometric ratio on the measured gel time

The precursor composition significantly influences the gel time as me-
asured by the CFS technique. The first observation was the strong

TABLE 2
Gel times measured by CFS (1., as defined in Figure 2

Sample r Teoxp (8) @1 28°C opny (5) a1 38°C Leonp (s) at 40°C
PBDI18 0.09 3070

0.122 2140

0.175 1750

0.404 876
PBD38 0.1 5090

0.124 1170

0.15 3200

0.25 2560 2300

1.0 958

1.39 670

2.0 580

3.0 513
PBD44 0.25 2140 1140

0.5 1240 750

0.8 450
PBD70 0.5 845

PBD97 0.5 820
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Fig. 3. Evolution of the dynamic moduli as a function of Lexp at 3.16 rad/s during gelation
for PBD38 at 28°C for three stoichiometric ratios r. Filled symbols represent G', open
symbols represent G”. The approximate gel times, I.cxps 8re indicated by the dashed lines.

dependence of the gel time on the stoichiometric ratio. Figure 3 shows the
evolution of the dynamic moduli at 3.16 rad/s for PBD38 at r = 0.25, 1.0,
and 3.0 cured at 28°C. The values of the critical relaxation exponent n for
these samples are 0.45, 0.45, and 0.47, respectively. The dashed lines are
used to indicate the approximate gel time. It can be seen that, as the silane
content was increased from r=0.25 to 3.0, the gel time decreased
dramatically. Such a trend was observed for all precursor molecular
weights.

3.3 Effect of functionality on the measured gel time

Another parameter which strongly influences the gel time is the functi-
onality of the precursor molecule. Figure 4 shows the evolution of the
dynamic moduli during crosslinking at 3.16rad/s for samples PBD18,
PBD38, and PBD70 cured at 28°C with balanced stoichiometry (r = 1.0).
The dashed lines again mark the gel point. From the data it is evident
that, as the average functionality of the precursor sample is increased from
23.8 to 93.0, the value of the gel time decreases.
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Fig. 4. Evolution of the dynamic moduli as a function of /.., at 3.16 rad/s during gelation

at balanced stoichiometry (r =1) for three precursor molecular weights. Filled symbols

represent G', open symbols represent G". The approximate gel times, Iy, are indicated
by the dashed lines.

3.4 FTIR measurements

The kinetics of the crosslinking reaction of PBD18 with stoichiometric
ratios of 1.0 and 0.5 was monitored using FTIR spectroscopy. This was
done by measuring the intensity of the silane (SiH) absorption band which
appears as a well isolated peak at 2116 cm~'. There is no interference by
any other absorption band from other bonds in the crosslinker molecule
or the polybutadiene. FTIR has been used extensively to monitor the
evolution of silane conversion during hydrosilation.'>**-** FTIR data in
Fig. 5 show the decrease in the silane peak during the crosslinking of
sample PBD18.

A calibration curve for verifying Beer’s law® was measured with four
mixtures of crosslinker and PBD18 with stoichiometric ratios of r = 0.25,
0.5, 0.75, and 1.0. The measured silane peak heights at 2116 cm™' were
normalized with a reference peak at 1436 cm™' (CH,/CH, deformation
peak). The peak at 1436 cm™' was chosen as an internal standard because
its peak height changed by less than 5% during the reaction. Use of an
internal standard peak eliminates factors that can affect the absorption
intensity, such as sample thickness. Figure 6 shows the plot of normalized
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Fig. 5. FTIR kinetic data at 25+ 1°C showing the conversion of silane at 2116 cm™'
during crosslinking of PBD18 with stoichiometric amount of silane (r=1). The peak at
1436 cm™" was used as internal reference.

silane peak heights versus r. The linear dependence signifies that Beer’s
law holds and therefore the concentration of silane is directly proportional
to the normalized silane peak heights.
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Fig. 6. FTIR calibration curve showing the linear dependence of the normalized silane
peak intensity versus stoichiometric ratio.
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The extent of reaction, p, was calculated by

_RO-RQ)
R(0)

where R(f) is the normalized silane peak intensity ratio at time ¢ and R(0)

is the normalized peak intensity ratio at reaction time f,,q =0. This is
equivalent to

p@) &)

[SiH]o - [SiH],
[SiH],

where [SiH], is the initial concentration of silane (at t,e = 0) and [SiH], is
the concentration of silane at some time ¢ during the reaction. The extent
of reaction versus reaction time, f..(T) (see Fig. 2), for stoichiometric
ratios of 1.0 and 0.5 is shown in Fig. 7.

p()= (6)

4 ANALYSIS

We first determine the order of the reaction since this affects the entire
analysis. Then we integrate the rate equation for p and introduce the gel

1.0
» r=]
0.8 - o r=05
]
0.6 - l.
. =0 *
(=9 5.
o
0.4 .
p, 8t r=0.5 ~I.
_____________ 1 Y
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Fig. 7. Extent of reaction of silane, p, as calculated from the FTIR data at 25+ 1°C, is

plotted versus reaction time (trescs) fOF two initial compositions of PBD18 and crosslinker

(r =0.5 and 1). The values of the critical extents of reaction, p., calculated by branching
theory, are given for both initial compositions.
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point as reference state. Approximation of p, with the Flory-Stockmayer
model leads to a simple relation for p(t) with parameters r, f,and T.

4.1 Order of reaction

If we assume that the reaction between the SiH unit and the vinyl unit
follows the mechanism proposed by Chalk and Harrod,® then we can
describe the kinetics in the same manner as reported by Macosko and
Lee* for the hydrosilation crosslinking of polydimethylsiloxane. The
consumption of silane can be described by

_ d[siH]

~— = k[PY[SiH]" %)

where m is the reaction order, [Pt] is the platinum concentration and k is
the rate constant. Equation (7) can be simplified if it is realistic to assume
that [Pt] remains nearly constant during the reaction:

d[SiH] - .
ar k{SiH] (8)
with k = k[Pt].

For integrating eqn (8), we need a reference state which ideally would
be the initial state at #,.,.. = 0 and [SiH], as prescribed by the composition
of the sample. However, during the initial period of the sample prepara-
tion, the reaction path is somewhat complicated by the mixing kinematics
and the temperature history. We therefore propose to take the critical gel
as reference. It has the advantage of knowing f. (from rheology) and
[SiH]. (from FTIR) and the reaction parameter k can be assumed to be a
constant in the vicinity of the gel point. To simplify matters, we assume
the reaction can take on three possible values of m. If eqn (8) is integrated
with limits [SiH] to [SiH]. at times from 1 to 1., respectively, for a reaction
order of 1, 1.5, and 2 the results are

for m = 1: [SiH] = [SiH].e %% (9)

for m = 1.5: e = +1Eu—z) (10)
M= VSH . V[siHLL 2 ‘

form=2:—1—=-—1—+E(t—tc) (11)

[SiH] [SiH].

Linear plots of In [SiH] versus ¢, 1/V[SiH] versus ¢, and 1/[SiH] versus ¢
from FTIR data are able to provide evidence as to whether the reaction
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Fig. 8. FTIR kinetic data plotted for the determination of the reaction order. R is the

normalized silane peak height ratio which is directly proportional to silane concentration.
Data is plotted for the initial concentration of (a) r =1 and (b) r = 0.5.

is of order 1, 1.5, or 2, respectively.*® The silane concentrations are plotted
in terms of normalized absorbance intensities. Figure 8 shows plots of
FTIR kinetic data of curing PBD18 at r=1.0 and 0.5. For r=0.5 it
appears that the reaction rate could be described as either of order 1 or
1.5. For r = 1.0, the data are best described by a first order plot. Soltero
and Gonzalez-Romero* who studied a polydimethylsiloxane network
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system also found that a first order kinetic scheme fitted reasonably well
for the hydrosilation reaction. Therefore, we will use first order kinetics in
our model.

4.2 Flory-Stockmayer prediction of p,

The qualitative trend in the value of 7, with the stoichiometry and the
functionality of the precursor may be described with the branching theory
of Flory***' and Stockmayer.?

For the crosslinking of a multi-functional precursor with a bi-functional
crossiinker, the Flory-Stockmayer branching theory predicts the critical
extent of reaction of silane, p sy, needed to reach the gel point as a
function of stoichiometry, r, and functionality of the polybutadiene, f, as

Posu= ViFoD (12)

For the two cases examined, eqn (12) can be used to describe the
experimentally observed trend in the gel times.

4.2.1 Case 1: variable r, constant f

For the first case, the functionality is kept constant and the stoichiometric
ratio is changed. From eqn (12), p.syn decreases as r is increased by
increasing the amount of crosslinker. Therefore, if the other factors that
could influence the rate of the chemical crosslinking reaction are kept
constant, such as the amount of catalyst and the temperature, ., should
occur at shorter times as r is increased, as seen in Fig. 3.

4.2.2 Case 2: variable f, constant r

In the second case, the stoichiometric ratio is kept constant and the
functionality is increased by increasing the precursor molecular weight.
From eqn (12), p sy decreases if f is increased and r is kept constant.
Therefore, by the same argument made for case 1, I.exp WOUld be expected
to decrease as f increases as seen in Fig. 4. Arellano ef al.!® examined the
kinetics of a crosslinking epoxy system and they observed similar trends in
the gel times as a function of stoichiometry and functionality.

4.3 Correlation between gel time and precursor composition (first order
kinetics)

Classical branching theory can be used to qualitatively account for the
observed trend in the gel time as a function of f and r. Although this
finding is quite useful, it currently lacks the ability to quantitatively
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predict the gel time as a function of these two parameters. The results will
now be expanded by combining branching theory with simple kinetics to
derive an empirical model to accomplish this goal.

Knowing that the hydrosilation reaction can be described as first order,
eqn (9) can be used in the following gel time analysis. To make the
connection between critical conversion of silane (eqn (12)) and the
reaction rate, eqn (8) has to be expressed in terms of conversion, p,
instead of concentration of silane. One substitutes eqn (6) into eqn (8)
(m = 1) to obtain

dp

—=k(1- 13
4 = k-p) (13)
Integrating eqn (13) with the gel point as reference state results in
(1-p)=(1-pJe*? (14)

The critical extent of reaction might be approximated by the Flory-
Stockmayer expression (eqn (12)) and the extent of reaction for SiH
becomes

p=1- (1 ~ ——————Wl—_—ﬁ>e";"“=’ (15)

with constant k(T) = k(T)[Pt] for variable T.
Alternatively, the reaction time can be expressed explicitly as

fo—t= —%[ln<1 '_\/?(Tl““”_TT)) — @1 —p)] (16)

The model might be refined by more accurate descriptions of p. of more
recent theories which could, for example, include side reactions.

A similar expression as in eqn (16) results when using the extent of
reaction in terms of vinyl group concentration instead of in terms of silane
group concentration. psy and p.sin can be replaced by p.ay,/r and Peinpl T
This does not change the general form of the kinetic equation.

4.4 Evaluation of kinetic parameters

The parameters of egn (16) were evaluated by analysing the results of
CFS kinetic data taken at three temperatures. CFS gel time (Z, ..,) plotted
versus In(1 — 1/Vr(f — 1)) yields a linear relationship as seen in Fig. 9.

, 1 . . .
The slope gives the rate constant as — A The intercept with the abscissa

at .., =0 gives the extent of reaction at the end of the mixing and
loading time p; as In (1 — p). An average value of p; = 0.0748 is calculated
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Fig.9. Experimental gel times by CFS (t...,) plotted versus a function of p. (eqn (16)). p.
is calculated from eqn (12). Data is plotted for three temperatures. The slope of the plot
gives the rate constant as —1/k.
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from the data sets at 34 and 40°C since the mixing and loading for those
samples was carried out at the same room temperature (see Fig. 9, the
intercept for the 34 and 40°C data sets is almost identical). Note, that the
FTIR extent of reaction data is no longer used in this evaluation. The only
experimental data needed to evaluate the rate constant are the gel time, .,
the stoichiometric ratio, r, and functionality of the precursor, f.

The dependence of the rate constant on the cure temperature seems to
follow an Arrhenius relationship*

k= Ae E/RT 17)

where E, is the activation energy of the reaction and A is the
pre-exponential or frequency factor. Values of k are given in Table 3. A

TABLE 3
Rate constants evaluated from kinetic
data (all samples)

T (°C) k(™)
28.0 1.18 X 10™*
34.0 2.04 X 10~

40.0 3.64 x107*
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Plot of rate constant k (in s™') versus cure temperature. The slope yields the
activation energy as —E,/1000R.

plot of Ink versus 1000/7 yields a slope of —E,/1000R = — 8.856 K from
which the activation energy of 74 kJ/mol is calculated (Fig. 10). With this
activation energy the gel time for any precursor composition at any
temperature can be calculated. All parameters of the kinetic model are
given in Table 4.

4.5 Comparison of predicted gel time to experimental results

To test predictions with the measured gel time at different cure tempera-
tures, three compositions of PBD18 were prepared for crosslinking. The
room temperature for all three samples for the mixing and loading stage

TABLE 4
Parameters of gel time kinetic model

E./R (K) 8856
E, (kI/mol) 74
A(s™) 6.95 x 10
P 0.0748
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TABLE 5
Experimental CFS gel times compared to predicted gel times at three tempera-
tures using the kinetic model with parameters from Table 4

T (°C) r Predicted gel ~ Experimental gel % Difference
time (s) time (s)
26.0 0.50 2870 3210+ 30 +12
31.0 0.24 3100 3510 + 30 +13
37.5 0.11 3230 3530 + 50 +10

were at 25.5 + 1.0°C. The predicted gel times and experimental gel times
are given in Table 5.

5 APPLICATION OF p(:) EQUATION

The relationship between extent of reaction and time, eqn (15), has an
important application in the rheometry of crosslinking materials. The time
tor [t -t is the measurable variable in a rheological experiment while the
chemical extent of reaction, p, characterizes the actual state of the
material. Therefore, the extent of reaction, p, or the distance from the gel
point, |p —p|, is used in gelation theories to describe the progress of
reaction. Equation (15) can be easily used to convert the experimental
accessible parameter, |t — ¢/, to the more useful |p — p . Very near the gel
point, eqn (15) can be linearized. The material functions then show the
same functional behavior with |p ~ p.| and |t ~ 1, only the front factors
differ. The range of validity of such a linearization, however, highly
depends on the functional form of the p(r) relationship.

For our material, simple first order kinetics govern the reaction.
Nevertheless, the preceeding arguments are valid also for different order
kinetics. The equivalent relationships which replace the first order kinetics
equations (eqns (15) and (16)) are given in the Appendix.

6 DISCUSSION

The relationship given by eqn (16) agrees with the measured experimental
gel times to within 10-13%. The experimental gel times are generally
larger than the predicted ones which can be attributed to the occurrence
of side reactions such as ring formation. Such side reactions consume
crosslinker but do not contribute to the network. By using the Flory-
Stockmayer expression for the critical conversion, p., we cannot include
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the influence of those side reactions since their model does not account for
side reactions.

Our model is rather sensitive to the input parameters. The greatest
source of deviation originates from errors introduced in evaluating E./R
and the average value of p,. Experimental data at three temperatures were
used to evaluate E,/R. Usually, more data sets at several different
temperatures are needed to obtain a more accurate value of the activation
energy. Furthermore, only two values of p; were used to calculate an
average p; resulting in a significant uncertainty. Measuring more gel times
at different curing temperatures is necessary to achieve more precise
values for these input parameters.

The effects of temperature gradients were not taken into account in this
model. Temperature gradients across the thickness of the sample, from
the plate—sample interface to the center of the sample, produce gradients
in the extent of reaction, and consequently the mechanical properties are
functions of the sample thickness. Temperature gradients were reduced by
using cure temperatures that were less than 15K above ambient condi-
tions and by using samples with minimum thickness (=~ 0.5 mm). Use of
higher cure temperatures with greater sample thickness would increase the
potential for inhomogeneity in samples. Models have been developed to
predict temperature gradient effects and their relationship to gradients in
extent of reaction and mechanical properties as a function of sample
thickness.*'®

Our observations focused on two independent ways of affecting the rate
of change of mechanical properties: (1) the rate of the hydrosilation
reaction; and (2) the precursor composition. In the first case, the rate of
the chemical reaction has been increased by increasing the temperature or
the amount of catalyst used. When silane bonds are converted at a faster
rate, this causes crosslinks to be formed at a faster rate. The result is an
increase in the rate of evolution of the dynamic mechanical shear
properties and thus shorter gel times.

However, in this study we kept the temperature and amount of catalyst
constant and still observed a dramatic change in the gel times while only
varying the precursor composition. This could be qualitatively described
for two cases by using the Flory-Stockmayer prediction. The first case
involved changing the initial concentration of silane and keeping the
functionality constant. Taking into account the fact that the reaction was
first order, the rate of conversion of silane and therefore p(r) should be
independent of the initial concentration of silane as given by eqn (13) and
shown experimentally by the FTIR data (Fig. 7). Therefore, temperature
or catalyst concentration cannot be a factor in explaining the dramatic
effect on the rate of change of the mechanical properties resulting in
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shorter gel times as a function of r. However, the total amount of silane
consumed per unit of time increases with increasing initial silane con-
centration. Integrating eqn (7) from an initial state to some time ¢ yields
(first order reaction)

[SiH] = [SiH]ye* (18)

The extent of reaction, p(t), as a function of silane concentration is given
by eqn (6) and is therefore not affected by the initial concentration of
silane. The decrease in the gel time with increasing initial silane
concentration, i.e. stoichiometric ratio, results from the increasing number
of crosslinks formed at the same extent of reaction because of the
increasing amount of silane consumed at this extent of reaction.

The second case involved keeping the stoichiometric ratio constant
while changing the functionality of the precursor. It should be noted here
that in this case the initial silane concentration and the vinyl concentration
are inherently constant. This can be explained as follows: the density of
PBD is independent of molecular weight and the randomly distributed
vinyl unit content on the chain is approximately the same for all precursor
molecular weights at 8 mole %, and hence the moles of vinyl units per cm®
is the same for all precursor molecular weights. However, we still
observed a dramatic decrease in the gel time as the value of f increased.
With increasing precursor chain length the gel point is reached at smaller
extent of reactions because fewer chain connections are necessary to
achieve a sample spanning network.

This investigation clearly shows that monitoring kinetic evolution of
crosslinking reactions by mechanical or chemical means can yield vastly
different information, In the simplest case of first order reactions using
varying initial compositions, the rate of conversion is not affected while
the rate of evolution of mechanical properties can change drastically. This
is because chemical monitoring is a measurement of molecular reaction
rate while mechanical measurements probe the connectivity of the entire
evolving structure.

7 CONCLUSIONS

The critical gel offers itself as the most appropriate reference state for
describing gelation. The main reasons for this choice are the following: (1)
The critical gel state is well defined since both the critical gel time and the
critical extent of reaction are known from rheometry and FTIR, respec-
tively. (2) The reaction conditions can be held constant in the wider
vicinity of the gel point. (3) This choice of reference state allows us to
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write a simple first order kinetic relationship for p(r) with the precursor
composition and functionality (molecular weight) as parameters.

The gel time was found to agree reasonably well with experimental
observations on a crosslinking polybutadiene system with several precur-
sor compositions at various temperatures. The kinetic parameters were
evaluated using experimental gel times, stoichiometric ratios, and functi-
onalities of a variety of crosslinking samples. The most important
parameter, the rate constant k, proved to be a function of temperature
and platinum concentration, k = k(T,[Pt]), but it is independent of
molecular weight and stoichiometric ratio.

The rate of change of mechanical properties was controlled by the rate
of reaction (as a function of temperature and catalyst concentration) and
by the precursor composition (functionality and stoichiometry). Mechani-
cal and chemical observations of the crosslinking reaction led to vastly
different information since chemistry concerns the reaction rate and
mechanics probes the connectivity of the evolving structure.

The rate of the specific crosslinking reaction (hydrosilation) for our
system only depends on the concentrations of silane groups and platinum
catalyst. The concentration of vinyl groups which varies during the
reaction does not influence the rate of reaction, only the initial vinyl
concentration enters the picture via the stoichiometric ratios. This
independence from one reactant concentration does not necessarily hold
for different reacting systems. Hence, additions to our kinetic model might
be needed to describe such crosslinking systems.
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APPENDIX

The simple relationships between gel time, precursor composition, and
functionality, eqns (15) and (16), can also be deduced for non-first order
kinetics which might apply to different reacting systems.
Introducing the definition of extent of reaction, eqn (6), into the general

rate equation, eqn (8), leads to

dp .

3 = KISHz (1 = p)" (A1)
For first order kinetics, m =1. This results in the simple relationship
between p and ¢, eqn (15), and the new equation for the gel time m as a
function of r and f, eqn (16). The corresponding relationships kinetics of

order 1.5 and 2 are:
/ 1 2
1 —_——
m=15p=1- (/1) (A2)
1+ 0.5k[SiH]$5 /1 - —r(\/—Tl——T—lj(t —1t)

2 1 1
¢ ' k[SiHp® \/ 1 Vi-p (A3)
RV TESY
1
1 — ——————
m=22p=1- r(f~11) (A4)
1+ lZ[SiH]0<1 ——r(_\/T——__—l‘)‘)(t — 1)
1 1 1
" Ksin), P (A%
VR D)

These equations are somewhat more complex than eqns (15) and (16)
because the initial silane concentration [SiH]}, is an additional parameter
that influences the gel time. In case of first order kinetics, only the ratio of
initial silane to initial vinyl concentration (stoichiometric ratio r} is
important.





