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Abstract

The work presents an evidence in support of chain length dependent termination during cross-linking polymerization. It is based on the
behavior of the ratio of the bimolecular termination coefficient kP to propagation rate coefficient kp during the after-effect of a photo-induced
polymerization. The chain-length dependence was manifested by a decrease of the k}’/kp ratio with the increase in dark reaction time faster
than that resulting from the conversion increase. Two monomethacrylate/dimethacrylate and one dimethacrylate/dimethacrylate systems
were chosen, which enabled to study the chain-length dependence as a function of cross-link density of the polymer being formed and
physical properties of the initial composition. The ratios of the polymerization rate coefficients kl’/kp were calculated for various
postpolymerization processes as a function of dark reaction conversion using the mixed termination model (concerning the bimolecular and
monomolecular termination occurring parallel). A rapid drop of the kP/k, ratio during the dark reaction was observed at the beginning of the
after-effect and in slightly cross-linked systems suggesting a significant chain length dependence, but when the cross-link density increased
with conversion or with cross-linking agent concentration in the feed, the drop of the k?/k, ratio became much slower indicating that the chain
length dependence decreased.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction at low and moderate conversion and come into play only at

very high degrees of monomer conversion. On the other

The termination process during radical polymerization
has received significant attention over the past several
decades. From the kinetic point of view, termination is the
most complicated reaction occurring in free-radical polym-
erization [1], thus the detailed mechanism remains the
subject of much controversy [2].

The factor, which is responsible for the complicated
nature of the termination process, is its strong diffusion
dependence. It is accepted that propagation is chemically
controlled in an extended conversion range and the
propagation rate coefficient, k,, is independent on the
physical properties of the polymerization medium (e.g.
viscosity) at this conversion range [3]. In such a case
diffusion control of the propagation step might be neglected
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hand, the reaction of radical-radical termination is diffusion
controlled from the very beginning of polymerization and
thus may depend on the physical properties of the reaction
medium, such as medium viscosity, chain length (its
distribution) of macroradicals, their diffusivity and seg-
mental mobility, the polymer concentration (monomer
conversion), the type of solvent, etc. [3-5].

The linear chains formed during the polymerization of
monovinyl monomers have various lengths, which result in
differences in their mobilities. Thus, the bimolecular
termination rate coefficient, k[b, may vary with the chain
length of the reacting radical species, so it is chain length
dependent. The chain length dependence of k is normally
quantified by the following equation from which macro-
scopic kP values may be obtained by the averaging
procedure [5]:
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where k{"’ corresponds to the individual termination rate
coefficients involving two free macroradicals with the chain
lengths i and j and [P°] is radical concentration.

The chain length dependence of the macroscopic k is
usually described by a power-law model:

K=K @

where i denotes the average chain length of the radicals (it is
proportional to the number average degree of polymeriz-
ation) and « is the exponent controlling the degree of chain
length dependence [1,2,4-9].

The most facile termination reaction occurs between two
relatively short chains whereas two longer entangled chains
exhibit the slowest termination rate [5,10]. The most
probable termination occurs between one short and one
long macroradical. Thus, the ktb in classical Eq. (3) for the
bimolecular termination rate R? denotes an average value:
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The methods for probing the effect of kinetic chain
length on the kinetics involve the manipulation of
polymerization conditions such as changes in the initiator
concentration or an addition of a chain-transfer agent.

The dependence of the termination rate coefficient of
linear systems on various factors, including the chain length
dependence, has been recently reviewed and discussed [1,5,
9,11].

The experimental methods for measuring the chain
length and conversion dependence of k¥ in linear polym-
erizations involve laser-based techniques [5,12]; the single-
pulse—pulsed-laser polymerization allows for measuring k?
over a wide range of monomer conversion [4,9]. Recently,
novel methods were introduced which allow for determi-
nation of chain length dependent k® from RAFT polym-
erization (using DSC to monitor the reaction rate) [13—15]
and from ATRP process [16].

The chain-length dependence was recently discussed
also for the propagation rate coefficient k, [17-19]. The
experimental results indicate that chain length dependence
of k, needs to be considered at low chains lengths [18]
although a long-range dependence can also exist [19].

One of the consequences of the diffusional limitations on
the bimolecular termination is its conversion dependence.
The bimolecular termination rate coefficient of the linear
polymerization high at the beginning of the process is
controlled by segmental diffusion and is generally chain
length independent and almost constant in value. However,
it rapidly drops down by several orders of magnitude when
becomes translational diffusion controlled and the gel effect
begins [5]. When the mobility of radical chain ends becomes
strongly limited the only way of movement of radical sites
becomes the propagation reaction through unreacted double
bonds, so-called reaction diffusion. Reaction diffusion was
defined as the diffusive motion of the polymer chain-end

radical as a result of propagation [1]. Under such conditions,
the termination rate coefficient becomes to be almost
independent on the chain length and thus, on conversion
degree. Due to its dependence on propagation, the rate
coefficient for termination by reaction diffusion, kERD, is
proportional to the rate coefficient for propagation and the
amount concentration of double bonds [M] with the
proportionality constant-reaction diffusion parameter Crp.
So, the overall termination rate coefficient, k0, is given by
Refs. [20-24]:

k= kED + kERD 4

where kED, is termination rate coefficient for diffusion
controlled termination.

For linear systems, reaction diffusion becomes particu-
larly important at high conversion where chains are
practically immobile. During the time interval fp required
for center-of-mass diffusion of the polymeric coil to
displace over a distance, which is comparable to coil size,
the increase in chain length by propagation is significant [3].

In cross-linking polymerization, network formation
highly affects the termination process. As the large polymer
chains become entangled or cross-linked in the network,
center-of-mass diffusion is dramatically suppressed. Thus,
reaction diffusion becomes the dominant termination
mechanism from the relatively low conversion degrees
[25,26] and the effect of chain length should diminish.

The bimolecular termination rate coefficient, kP, rapidly
decreases just from the beginning of the network formation
which results from dramatic drops in the mobility of radicals
and double bonds connected to the network. When the
reaction diffusion begins to control the termination,
reaches a region of a much slower change and then begins
again to decrease due to the drop in the propagation rate
coefficient kp, which becomes also diffusion-limited [27].
Thus, the ratio of the two coefficients at first rapidly
decreases with the increase in conversion and then tends to
reach a plateau in the range of dominance of reaction
diffusion. Reaction diffusion parameter Crp shows similar
conversion dependence.

Although many papers were devoted to the chain length
dependence of the termination kinetics in linear systems, the
cross-linking systems were rather not considered. This
might result form the fact that in network-forming systems
the majority of radicals is incorporated into the network, so
their reactivity should not be affected by the chain length.
Additionally, as stated above, the chain length independent
termination mechanism, reaction diffusion, begins to
dominate at much lower conversions that in the case of
linear polymerization.

However, recently some works appeared, in which the
chain length dependence of the termination process has been
shown to occur also in cross-linking systems and the
corresponding models were developed [28-32]. In these
works the kinetic chain length was varied by changing the
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initiation rate and via the addition of a chain transfer agent.
Its influence on termination was determined by changes in
exponent « in the equation R, R{' [29-31], where R,
denotes polymerization rate and R; denotes the initiation
rate. When the polymerization kinetics are not considered as
a function of the kinetic chain length, or the kinetic chain
length does not affect significantly the kinetics, « takes the
classical value 0.5. In the case of chain length dependence
a<0.5 and increases with conversion until reaching the
classical value. Based on the results of modeling of
diethylene glycol dimethacrylate photopolymerization it
was suggested that the chain length distribution is most
important at low conversions; at moderate conversions,
where reaction diffusion begins to control termination, there
is a transition region with decreased mobility where k?
becomes independent of chain length and at still higher
conversions termination becomes fully dominated by
reaction diffusion.

The effect of the chain length should be especially
important during the after-effect (postpolymerization). The
after-effect is observed when a polymerization is initiated
by light and after a time the irradiation is interrupted. Then
the reaction, which was induced by light continues to
proceed in the dark with a diminishing rate and can reach a
significant conversion.

However, in the dark, the polymerization conditions
drastically change, which immediately affects the termin-
ation rate coefficient. Under stationary conditions (during
irradiation), at the early and medium polymerization stages,
the bimolecular termination is dominated by reactions
involving newly formed mobile short-chain radicals able to
react with themselves or with macroradicals connected to
the network. In non-stationary conditions (in the dark) the
formation of short-chain radicals is abruptly stopped. The
entire living population is growing longer (including the
short-chains not terminated before) and mobilities of
macroradicals are dropping rapidly [33]. As a result, k
rapidly decreases with the increase in conversion in the dark
[33,34]. Only a small fraction of living chain radicals is able
to terminate in bimolecular reaction; it becomes smaller, as
the conversion (dark reaction time) increases. Thus,
whereas during quasi-stationary conditions a single value
of kP corresponds to each monomer conversion, under non-
stationary conditions it becomes a function of time because
of its chain length dependence [3]. The variations of
termination rate coefficient in linear polymerization under
non-stationary conditions at different degrees of monomer
conversion were investigated [3].

The time dependence of the termination rate coefficient
during the after-effect should be observed also for a cross-
linking polymerization. This effect will be mitigated by the
reaction diffusion which contribution increases with the
conversion degree, and will highly depend on the cross-link
density. In our earlier works [35,36] we indicated on the
possibility of chain length dependence of termination rate

coefficient during the after-effect of a dimethacrylate
polymerization.

The aim of the present work was to show the chain length
dependence of termination at various cross-link densities of
the polymer being formed and at various physical properties
of initial compositions using the postpolymerization as a
probing method.

The model monomers were: dodecyl methacrylate
(DDM), ethylene glycol dimethacrylate (EGDM), triethy-
lene glycol dimethacrylate (TEGDM) and 2,2-bis[4-(2-
hydroxy-3-methacroyloxypropoxy)phenyl]propane (bis-
GMA). The investigated systems were two-component
mixtures of these monomers: DDM/EGDM, DDM/bis-
GMA and TEGDM/bis-GMA. The cross-link density was
manipulated by changing the molar ratio of the two
monomers in the system.

This aim was realized by modeling of the after-effect of a
photo-induced polymerization of the above mentioned
systems and calculation of the ratios of the termination
and propagation rate coefficients k{’/kp (without the steady-
state assumption) using termination models described
previously [35-39]. The kf’/kp ratio was determined as a
function of the double bond conversion during the
continuous irradiation and during the after-effect (in the
dark). Assuming that in the conversion range investigated
the possible changes in propagation rate coefficient are low
in comparison to changes in termination rate coefficient, the
results of calculations allowed us to follow k behavior at
various degrees of double bond conversion and at various
stages of the dark reaction. Moreover, it was expected that
kP will drop with the conversion increase. Thus, if we
observe a decrease in k{’/kp ratio, it indicates on a decrease
of k? value, even if k, decreases also during the reaction, and
the drop of the k//k, ratio qualitatively describes the
decrease of k.

The question arises how degree of double bond
conversion in a cross-linking polymerization is correlated
with the average chain length i. If we consider the chain
length as the kinetic chain length (the average number of
double bonds which react with a radical site before any
termination reaction), it increases with the double bond
conversion. Such an approach is reasonable even in the case
when the radical end adds to a pendant double bond,
because the polymerizing system loses some of its mobility.

According to the calculation procedure used in this work,
the propagation and termination rate coefficients were
averaged over increasingly large time of the dark reaction
(and corresponding conversion in the dark) [35,36,40],
i.e. over first 10, 20, 30, etc. seconds of the dark reaction
starting invariably at the moments of discontinuation of
illumination. This should reflect changes in rate coefficients,
occurring as the time of the dark reaction is protracted.
The procedure was repeated for each series of post-
polymerization processes (for the given system) occurring
after the light was cut off at various double bond
conversions.
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Most often the termination process is considered to be a
bimolecular reaction. However, in cross-linking systems
radical trapping (the monomolecular termination, Eq. (5)),
becomes important especially at later polymerization stages
(although it may occur even at early reaction stages due to
microgel formation [37]):

_ d[pP*]

RM =
! dr

= k'[P"] (&)

where R{" is the monomolecular termination rate, k{" is the
monomolecular termination rate coefficient and [P°] is
radical concentration.

Thus, at the beginning of the polymerization the
bimolecular mechanism prevails; when the conversion
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increases, the termination mechanism changes to the
mixed one, where the bimolecular and the monomolecular
reaction are equally important (Eq. (6)).

R™ — _% = 2k°[P°)? + K™[P°] (6)

where R™* is the mixed termination rate.

At the latest polymerization stages the monomolecular
termination dominates [35,41]. During the continuous
irradiation the monomolecular termination begins to prevail
near the maximum polymerization rate Ry [35,41]. Under
non-stationary conditions, the monomolecular termination
mechanism becomes important even if the illumination has
been discontinued at lower degrees of double bond
conversion (below Rj™) but at later stages of the dark
reaction, due to the rapid drop of macroradical mobility in
the dark [35,36]. The termination behavior can be described
by three termination models: monomolecular, bimolecular
and mixed [35-39]. It was found that the after-effect is best
described by the mixed termination model [35,36,40] and
this model has been used in the present work for calculation
of the polymerization rate coefficients. Because in linear (or
almost linear) systems the radical trapping should not occur
until high conversions, the monomolecular termination
indicated by modeling in such systems can be associated
with a rapid and significant drop in the macroradical
mobility. Thus, in our approach, the monomolecular

CH2=C-C-0-CHZ-CHz-O-(lll-C=CH2
(o]

(o]

H
| [ |
CHZ—C-(.|‘.|-O-CH2-(|2H-CH2-0 (l: -CHZ-CI:H-CHZ—O-ﬁ-C_CHZ
o OH CH3 OH (o]

termination is considered as a significant slowing-down of
diffusion of macroradicals, which precludes the reaction
between two radical centers in the time scale registered by
the experimental method used [40].

2. Experimental section

2.1. Materials and methods

The monomers: DDM, EGDM and TEGDM were
purchased from Aldrich and bis-GMA from Polysciences.
DDM, EGDM and TEGDM were purified by column
chromatography before use.

o i s
CHy= C'ﬁ"o'(CHZ'CHZ'O)S'(ﬁ'C =CH,
(o] (o)

TEGDM

CHy

Bis-GMA

Reaction rate profiles and conversions were determined
by isothermal differential scanning calorimetry. DSC 605M
(UNIPAN-TERMAL, Warsaw) instrument equipped with a
lid specially designed for photochemical measurements was
applied. Throughout the experiments the DSC unit was
operated isothermally at 40+0.01 °C. The 10-mg samples
were polymerized in open aluminium pans with the
diameter of 6.6 mm. The DSC chamber was purged with
argon of high purity (<0.0005% of O,) for 10 min prior to
irradiation to remove oxygen from the chamber and that
dissolved in the sample.

Polymerization was initiated with UV light (A,.x=
366 nm) from a medium pressure Hg lamp (incident light
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Fig. 1. Rate of polymerization vs time for 10 different dark reactions during
the polymerization of the equimolar EGDM/DDM mixture. The upper
curve corresponds to the polymerization during the continuous
illumination.
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intensity 1 mW/cm?) in the presence of 2,2-dimethoxy-2-
phenylacetophenone (Ciba) used at a concentration 0.2 wt%
for bis-GMA/TEGDM system and 1 wt% for the remaining
systems. After a chosen reaction time, the irradiation of the
sample was interrupted by closing the shutter and the
polymerization in the dark was monitored. Examples of
kinetic data obtained for the after-effect have been shown in
Fig. 1. To recalculate the units of the heat flow (ml/g) to
reaction rate units (1/s), the value of the enthalpy of
polymerization 56 kJ/mol per one double bond was taken
[42]. The degrees of double bond conversion were obtained
from areas under time-polymerization rate curves.

2.2. Calculations

The experimental data for calculations were obtained
from postpolymerization processes, which were registered
after stopping the irradiation at various degrees of double
bond conversion. This enabled to estimate polymerization
rate coefficients as a function of conversion of double bonds.
The experimental data were analyzed using three termin-
ation models, which assume that the termination occurs only
by radical trapping (monomolecular termination model,
Model I), only in a bimolecular process (bimolecular
termination model, Model II), or simultaneously by these
two mechanisms (mixed termination model, Model III) [35—
39].

The termination models are given by Egs. (3), (5) and (6).
For calculations they were used in the form describing the
polymerization occurring in the absence of initiation, i.e. in
the dark [35-39] (Eqgs. (7)-(9)):

1. The monomolecular termination model (Model I):

k
—In(1 — py) = k%[P.]o(l —exp(—ki't)) 7

2. The bimolecular termination model (Model II):

1k .
—In(1 —pg) =5 k—g In(1 + 2[P*1ok??) (8)
t

3. The mixed termination model (Model III):

—In(1 — py)
1k . kP m ©)
sz_? 1n<1 +2[P ]OE(I — exp(—ki t))>

where [P°]y is the macroradical concentration at the
beginning of the dark period, 7 is time from the start of

the dark reaction, and py is the degree of double bond
conversion in the dark.

Calculations were performed without steady-state
assumption, thus the following parameters were deter-
mined: k?/kp (Model II), & (Model I) and both kl’/kp and k"
(Model IIT). To find their dependence on the time of the dark
reaction, the postpolymerization curves were divided into
segments corresponding to time intervals of 10s. The
parameters k™, kP[P*], and k,[P*]y were calculated from
the models at various duration of postpolymerization (10—
200 s at 10-s increments) starting invariably at the moments
of discontinuation of illumination. Thus, the propagation
and termination rate coefficients were averaged over
increasingly large dark conversion corresponding to first
10, first 20, first 30, etc. seconds of the dark reaction. In this
way, [P*]y was always constant for a given dark reaction
[36]. Such a procedure enables the kinetic parameters
calculated for increasingly longer times of dark reaction to
be compared. Application of multistep statistical analysis
enabled to find the model that fits to the experimental data
indicating the dominating type of termination mechanism
(monomolecular, bimolecular or mixed) during the con-
sidered time of dark reaction. This procedure was repeated
for each postpolymerization process.

The parameters of the Models I-III (Egs. (7)—(9)) were
calculated by the non-linear least-square method.

For each model the residual variance (MSR) and the
variance of the model (MSE) were calculated. Exemplary
results showing changes in theses variances occurring with
the increase in the dark reaction time are given in Table 1.

i'v=l (nyp - ymean)2

MSE =
Npar — 1

) (10)

A

MSR =
N — Npar

(1)

where N is the number of experimental points, N, is the
number of model parameters and N,,,=2 for Model I and
Model II and N,,,=3 for Model IIL

The changes observed depend on the model considered.
The fitting of the Model II decreases with the increase in the
time of dark reaction, which is reflected by the increase both
in the variance of the model and variance of residuals. Such
changes are in agreement with expectations. In the case of
the Model I and the Model III the variance of the model also
increases, which can be associated with the increasing
number of points, but the residual variance after an initial
increase passes through a maximum and then decreases. The
decrease in the residual variance indicates on the growing
importance of the monomolecular termination mechanism
as the time of the dark reaction increases. It should be
stressed that all the functions obtained for the three models
and various dark time periods are statistically significant
which is evidenced by the comparison of the both variances
in the F-Snedecor test. Similar results were observed for all
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Table 1

Residual variances (MSR) and variances of the model (MSE) for various dark reaction times of TEGDM polymerization; the irradiation has been stopped at

0.168 of double bond conversion

Postpolymeriza- Model I Model 1T Model III
tion time (s)

MSR MSE MSR MSE MSR MSE
10 1.07X107° 4.47x1073 1.21x107° 4.47x1073 - -
70 1.09X107° 6.89%107! 9.05x107° 6.81X107! 1.45%x107* 3.11x107!
100 1.72x107° 1.17 2.97%x107° 1.15 273%x107% 5.11x107!
170 1.51X107° 2.19 1.25X107* 2.09 3.01x107* 9.17x107!
200 1.49%107° 2.44 1.58x10™* 231 2.51x107% 1.02

the postpolymerization processes independently of the
system studied and the conversion at which the irradiation
has been stopped. However, this type of analysis does not
allow to find the dominating termination mechanism. This
has been done using procedure of comparison of the models
in pairs as described in Refs. [36,40].

The whole calculation procedure has been described in
details elsewhere [36,40]. The coefficients calculated are
average values for a given polymerizing system consisting
of a mixture of two monomers at their given molar ratio and
present average values for monomeric and pendant double
bonds.

Because of complexity of processes described by rate
coefficients included in Models I-III, these parameters are
not true reaction rate constants but coefficients characteristic
for a mathematical model proposed. Their dependence on
conversion of double bonds gives rather qualitative picture
of processes, which lead to elimination of radicals from
further reactions at various stages of the polymerization.

3. Results and discussion

The consideration of the chain length influence on the
termination process was based on the analysis of the
conversion dependence of the rate coefficients kf’/kp
calculated from postpolymerization data.

The statistical analysis performed for increasingly large
dark conversions indicated that, in each case considered, in
the conversion range investigated (always not exceeding the
conversion corresponding to Ry™), at the beginning of the
after-effect the termination occurred mainly via a bimole-
cular reaction. However, at longer times of the after-effect,
the monomolecular termination (considered as significant
reduction of radical center mobility) became increasingly
important and the termination mechanism changed to the
mixed one.

Because the rate coefficients were averaged over
increasingly long time intervals of the dark reaction and
during the shortest times of the dark reaction the
bimolecular termination dominated, statistical analysis
could never indicate the first order process to be the main
termination mechanism, despite its importance at higher
conversions and later dark reaction stages. Thus, only two

termination mechanisms could be considered: the bimole-
cular and the mixed ones.

The rate of polymerization in the dark drops down
rapidly, which must result from a rapid drop in active radical
concentration. The radicals are eliminated from propagation
in a termination process, which may be a first- or second-
order reaction. The bimolecular termination model (Model
IT) takes into account only one termination rate coefficient
and a rapid drop in the polymerization rate (strictly
speaking: faster increase in the reverse polymerization
rate than the decrease of double bond concentration [36]) at
a constant k, must be interpreted by this model as caused by
an increase in k? coefficient (and kP/kp ratio, Fig. 2, for
explanation see below). However, it is expected that during
the after-effect k& should decrease.

To explain the decreasing polymerization rate at quickly
decreasing bimolecular termination rate coefficient the
monomolecular termination mechanism has to be taken
into account, and its rate coefficient k{" has to increase with
time of the dark reaction. Introduction of two termination
rate coefficients into the termination model (Model III)
gives the correct result: a decreasing kP (kP/kp ratio) and an
increasing k{" coefficient during the after-effect [35,36,40]
(Fig. 3, for explanation see below). Thus, in the present
work we discuss mainly the results obtained by the mixed
termination model (Model III).

Fig. 2 shows an example of the results obtained from the
Model II. It has been given to explain the way of

100-15‘

jg
-3 o g
_QE 10{ A M
X" Vo W
P Pw
1) o 4<1 qq OOO
0.0 0.1 0.2 0.3 0.4
ptotal

Fig. 2. Rate coefficients in relation to the total degree of double bond
conversion calculated from Model II for TEGDM polymerization. See text
for explanation. The arrows indicate changes in termination mechanism
from the bimolecular to the mixed one. The results are given for all time
intervals, regardless of which model is indicated by statistical analysis to fit
to the corresponding segment of the curve.
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Fig. 3. Rate coefficients in relation to the total degree of double bond
conversion calculated form Model III for TEGDM polymerization. The
parameters are given only for time intervals where mixed termination
dominates (corresponding to total conversions shown by points next to
arrow in Fig. 2).

presentation of the results and shows the dependence of the
k?/kp ratio on total conversion p, for several TEGDM
postpolymerization processes. The total conversion is the
sum of starting conversion (reached during illumination)
and of the conversion during the considered period of time
of the dark reaction (final conversion of this period of time).

The results are plotted in series corresponding to after-
effects beginning at various degrees of conversion. Each
point in series corresponds to one time interval of the dark
reaction (and conversion increment during dark reaction).
The first points in series correspond to the starting
conversions at which the initiation has been discontinued
and show the result for the first 10 s of the dark reaction. The
other points in series correspond to the conversions of
double bonds during 20, 30, etc. seconds of the dark reaction
(always starting at the moments of discontinuation of
illumination). Arrows indicate the change in the termination
mechanism from the bimolecular to the mixed one. The
values of the first points, which may be assumed to describe
the polymerization during continuous irradiation, decrease
with the increase in starting conversion tending to reach a
plateau. This could indicate that bimolecular termination in
stationary conditions becomes to be controlled by reaction
diffusion [27,43,44].

However, as discussed above, this model gives incorrect
picture of processes occurring in the dark, since calculated
values of kl’/kp ratios increase in the dark, thus, the mixed
termination model should be used.

The statistical analysis showed that bimolecular reaction
was the main (but not exclusive) termination mechanism

until about 50-100 s of the dark reaction. Thus, discussion
of the results obtained from the Model III will concern the
later stages of the dark reaction where mixed mechanism of
termination dominates. After 50-100 s of the reaction,
depending on the system investigated, we were able
calculate both k™ and k?/kp ratio.

In reality, the dominance of the mixed termination begins
at shorter times than indicated by statistical analysis. The
procedure of calculations used in this work, which averages
the termination rate coefficients over increasingly long
times of dark reaction, always include a period of time
where bimolecular termination dominates. Thus, at a degree
of conversion in the dark where according to the procedure
used the mixed termination becomes the main mechanism
of termination, in reality the contribution of the mono-
molecular reaction is already significant.

Fig. 3 presents the results of calculation for TEGDM
polymerization by the use of the Model III. Only the results
for time intervals where mixed termination dominates are
given; the parameters correspond to total conversions shown
by points next to arrows in Fig. 2.

As could be expected, the k%’/kp ratios decrease as the
dark reaction proceeds (Fig. 3(a)). A decrease in the kP/kp
values with the increase in conversion and further tendency
to plateau when reaction diffusion begins to dominate the
bimolecular termination is usually observed for both linear
and cross-linking systems in stationary conditions.

However, the drop of the k}’/kp values during the after-
effect is somewhat faster than that resulting from the
increase in double-bond conversion. This effect, although
very slight but visible (mainly at conversions>(0.2), must
result from an additional decrease in the overall mobility of
macroradicals caused by their chain length dependence
(their longer period of growing before termination due to
lack of formation of short-chain radicals). We can explain it
as follows: the termination is dominated by the reaction
between two short or one short and one long macroradical
(in our case attached to the network). When the light is
extinguished, the short-chain radicals existing in the
polymerizing system are growing longer before termination
and their diffusivity decreases. Thus, after a time of the dark
reaction and at a degree of dark conversion reached, the
meeting of these radicals with other macroradicals is more
difficult that at the beginning of the after-effect. As the
result, the bimolecular termination rate coefficient
decreases. However, if the light has been cut off somewhat
later, at somewhat higher starting conversion degree, the
short-chain radicals present at the moment of discontinu-
ation of illumination will need a shorter time to grow to
produce the same total conversion degree as that discussed
in the previous case. Thus, their diffusivity will be higher
and, in consequence, k? value, although will decrease in the
dark, will be higher than that in the previous case at the same
conversion degree.

If the termination rate coefficients were constant and
independent of time of dark reaction (in the absence of chain
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length dependence during the after-effect), their averaging
over increasingly long periods of time (and corresponding
conversion increments) would give always the same value
for the same conversion degree reached in different
postpolymerization processes.

On the other hand, if the monomolecular termination is
considered as a significant slowing down of diffusion of
macroradicals, its rate coefficient must increase with the
chain length, which is really observed (Fig. 3(b)). Thus, the
radicals are continuously eliminated from further reaction
by the first-order mechanism and growing k{" compensates
for the drop of kP.

A good example of the chain length dependence of the
termination during the after-effect of the cross-linking
polymerization is the polymerization of DDM+EGDM
mixtures at various molar ratios of the monomers (Fig. 4).
This system contains two low viscosity monomers, the
mono- and divinyl ones. As could be expected, the chain
length dependence of the k}’/klD ratio is only slight for the
polymerization of neat EGDM, when the cross-link density
is the highest (it is visible mainly for the three last series,
Fig. 4(a)), and intensifies with the increasing monoester
content in the monomer mixture (Fig. 4(b)—(d)). The
dependence discussed is substantial at the beginning of
the polymerization and abates with the increase in
conversion when the k{’/kp ratios tend to reach plateau
associated with increasing contribution of the reaction
diffusion in the bimolecular termination.

However, even at this reaction stage the values of the
points in series decrease faster than it could result from the
total conversion increase indicating that the termination is
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still slightly chain length dependent and reaction diffusion is
not exclusive termination mechanism. At loosely cross-
linked systems (Fig. 4(d)) the chain length dependence of
the ktb/kp ratio seems to be considerable at the whole
conversion range studied suggesting that in this case
reaction diffusion does not control the termination.

The second investigated system, DDM/bis-GMA, con-
tains a very viscous monomer: bis-GMA, and its high
viscosity additionally affects the termination, in addition to
cross-linking density. The results of calculations are shown
in Fig. 5.

In the case of neat bis-GMA (Fig. 5(a)) the values of
points in series decrease only slightly, especially from
conversions about 0.08, indicating that in the highly viscous
system the conditions for the dominance of the reaction
diffusion (and a significant decrease in dependence of the
kP/kp ratio on conversion) appear soon after stopping the
illumination. Under non-stationary conditions, even a slight
growth of the short-chain radicals existing at the moment of
discontinuation of irradiation leads to their quick immobil-
ization in the viscous medium and the bimolecular
termination becomes almost completely reaction diffusion
controlled and chain length independent.

An addition of 60 mol% of the low viscosity difunctional
monomer increases the mobility of the system and the chain
length dependence of the kl’/kp ratio also increases.
However, at the end of the after-effects one can observe
again that the kF/kp ratio becomes chain length independent
(Fig. 5(b)). When the system contains only 2% of bis-GMA
(Fig. 5(c)) much looser network is formed, which
considerably increases the chain length dependence of the
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Fig. 4. Rate coefficients in relation to the total degree of double bond conversion calculated from Model III for polymerization of DDM/EGDM system. The
parameters are given only for time intervals where mixed termination dominates. DDM content (mol%): (a) 0, (b) 60, (c) 80, (d) 90.
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Fig. 5. Rate coefficients in relation to the total degree of double bond
conversion calculated from Model III for polymerization of DDM/bis-
GMA system. The parameters are given only for time intervals where
mixed termination dominates. DDM content (mol%): (a) 0, (b) 60, (c) 98.

kf’/kp ratio and is the reason of the fast drop of this parameter
in the dark.

The last investigated system: bis-GMA/TEGDM is the
mixture of the two tetrafunctional monomers. Fig. 6
presents the results obtained for this system (the results of
calculation for the neat monomers are given in Figs. 3 and
5(a)). Series of the k}’/klD ratios showing changes which
occur in this parameter during the after-effect clearly
indicate that even in highly cross-linked and viscous
systems the termination can be chain length dependent,
especially at the beginning of the polymerization (as can be
seen for the two first series in Fig. 6(a)). At the later reaction
stages, in the case discussed, the chain length dependence is
observed rather at earlier stages of the after-effect; at the end
of the after-effects the reaction diffusion becomes the
exclusive mechanism of the bimolecular termination (three
last series in Fig. 6(b)).
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Fig. 6. Rate coefficients in relation to the total degree of double bond
conversion for polymerization of TEGDM/bis-GMA system calculated
from Model III. The parameters are given only for time intervals where
mixed termination dominates. TEGDM content (mol%): (a) 70, (b) 90.

4. Conclusion

The results of modeling of the after-effect of a cross-
linking polymerization show a drop of the kk’/kp ratio with
the increase in dark reaction time faster than that resulting
from the conversion increase. Such a behavior can be
associated with the chain length dependence of the
termination process. The dependence of the kE’/kp ratio on
dark reaction time decreases with the increase in cross-link
density and starting conversion. For very viscous systems,
the viscosity plays a significant role in addition to the cross-
link density.

Because the after-effect can be considered as a method
for probing the effect of chain-length, the results presented
can make an evidence for chain length dependent
termination in cross-linking polymerization.
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