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ABSTRACT: The average propagation rate coefficient, k,[J has been measured in the free-radical
copolymerization of styrene (STY) and a-methylstyrene (AMS) using pulsed-laser polymerization. The
value of kpCwas found to decrease by 2 orders of magnitude as the mole fraction of STY, fsry, is decreased
from 1.00 to 0.12. The effect of temperature on [k,Cwas measured over the range 17.9—47.4 °C, and the
Arrhenius parameters were determined. The reduction in &,Cwith decreasing fsty is primarily attributed
to entropic factors associated with the a-methyl group in AMS, as revealed by a reduction in the Arrhenius
preexponential factor, A. Homopolymerizations of AMS did not yield molecular weight distributions
suitable for successful evaluation of k, which is attributed to transfer to monomer dominating the chain
stopping events. Mathematical expressions relating [k,[0to monomer composition, allowing for different
depropagation Kkinetics, are derived. It was found that depropagation events did not play a significant
role in this work and that the terminal model for k,Oprovided an adequate description of the observed
propagation kinetics. Since k;, for pure AMS could not be measured directly, values were estimated by
extrapolation of the copolymerization k,Odata and the resulting Arrhenius parameters are E, = 36.7

kJ-mol~t and A = 10%17 dm3-mol~1-s71,

Introduction

The use of a-methylstyrene (AMS) as a comonomer
in free radical co- and terpolymerizations is widely
practiced in the surface coatings industry. AMS can be
used to modify the kinetics of copolymerization reactions
by sharply reducing the rate of polymerization at
relatively low concentrations in the feed. The primary
advantage associated with this rate modification is that
transfer to monomer becomes a favored chain stopping
event! and low molecular weight polymers can be
manufactured without the requirement for large quan-
tities of chain transfer agents or initiator. The low
ceiling temperature of AMS23 also allows an additional
control strategy to be employed; as the reaction tem-
perature approaches the ceiling temperature, effects
from depropagation become important and so the propa-
gation rate is further decreased and hence the prob-
ability of transfer is increased. Thus a range of reaction
conditions can be utilized (temperature, monomer con-
centration, and functional comonomers) to manufacture
oligomers. Despite the commercial importance of AMS
in polymerization reactions, there has been a dearth of
kinetic studies on quantifying its propagation and
transfer behavior in copolymerizations. This may be
attributed to the difficulty associated with the measure-
ment of the average propagation rate coefficient, Kyl
by early techniques such as the rotating sector method
and a general belief that the poor polymerizability of
AMS restricts its utility in polymerization reactions. To
date, the majority of studies on AMS copolymerization
have centered around investigating the effect of the
depropagation reaction on the average copolymer com-
position (i.e. measuring monomer reactivity ratios),*8
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the average rate of copolymerization,®° and the copoly-
mer molecular weights.10.11

The aim of the work reported in this paper is to
measure the average propagation rate coefficient, Ky
in the copolymerization of AMS with styrene (STY) over
a range of temperatures using the PLP/MWD tech-
nique’? (based on the analysis of the molecular weight
distribution (MWD) of a polymer produced by pulsed-
laser polymerization (PLP)). This technique has been
used extensively for the determination of propagation
rate coefficients in homo- and copolymerizations, and
has been recommended by an IUPAC working party.1314
In addition, several copolymerization models are com-
pared in their ability to describe the experimental data,
viz. terminal, penultimate, and two depropagation
models. The results of this work are also used to shed
light on why depropagation in AMS is significant at
normal reaction temperatures.

Experimental Section

Materials. Styrene (STY) (Aldrich, 99%) and o-methyl-
styrene (AMS) (Aldrich, 99%) were purified by passing through
a column of activated basic alumina to remove inhibitor. The
photoinitiator, benzoin, was purified by recrystallization from
methanol. Reactions were prepared in 4 mL Pyrex flasks
sealed with rubber septa. The appropriate amounts of STY,
AMS, and benzoin were added to the flask prior to deoxygen-
ation by purging with argon.

Pulsed-Laser Polymerization. The experimental setup
employed for laser initiation was similar to the design de-
scribed by Davis et al.’® A Spectra Physics Quanta-Ray DCR-
11 pulsed Nd:YAG laser with a HG-2 harmonic generator was
used to generate 355 nm laser radiation. The laser pulse
energy was tuned to 35 mJ per pulse and was directed
vertically through the solutions. The reaction temperature
was controlled using a thermostated cell holder, and conver-
sions were maintained below 5%. The polymer was isolated
by evaporating off the residual monomer: initially in a fume
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cupboard to remove the bulk of the liquid and then in a
vacuum oven.

Size Exclusion Chromatography. The molecular weight
distributions generated by PLP were measured by size exclu-
sion chromatography (SEC) on a modular system, comprising
an autoinjector, guard column, two mixed bed columns (60 cm
mixed C, and 30 cm mixed E, Polymer Laboratories), and a
differential refractive index detector. The eluent was tetrahy-
drofuran at 1 mL-min~! and the system was calibrated with
poly(STY) standards (2.89 x 108 to 1.25 x 10% g-mol~*) and
poly(AMS) standards (1.25 x 10° to 3.5 x 10°% g-mol~?*) from
Polymer Laboratories.

Results and Discussion

PLP Experimental Data. In the PLP/MWD experi-
ment, the average propagation rate coefficient, kL] is
calculated from the degree of polymerization of the
inflection point, v, on the low molecular weight side of
the molecular weight distribution via the following
equations:

K = — (1)
P [M]cotf
M.
y= inf (2)
mCO
Mg, = FamsMams T FstyMsty 3
1000
M]., = 4
Ml famsMams  fstyMsty “)
davs dsty

Here Mijqs is the inflection point molecular weight, mg,
is the average molecular weight of the repeat unit in
the copolymer, maus and msty are the molecular
weights of AMS (118.18 g-mol~") and STY (104.15
g-mol~"), respectively, Faus and Fsty are the fractions
of AMS and STY in the copolymer, respectively (calcu-
lated using the terminal model for composition), [M]c
is the bulk monomer concentration in the comonomer
solution, fams and fsty are the mole fractions of AMS
and STY in the comonomer solution, respectively, and
dams and dsty are the densities of AMS and STY in the
comonomer solution, respectively (assuming ideal mix-
ing). The monomer densities for styrene were taken
from Coulter et al.16 and fitted by a linear regression
giving dstv/(g-cm~3) = 0.9237—-8.915 x 1074 T/°C. The
same dependence of density on temperature was as-
sumed for AMS since the reported densities for STY and
AMS at 20 °C are virtually identical'617 (0.906 and 0.908
g-cm~3, respectively).

The accuracy and precision of k,[bbtained from PLP/
MWD experiments is largely governed by the calibration
of SEC. This can become a major problem, especially
for copolymer samples. Previously, for the copolymer-
ization of STY and methyl methacrylate (MMA), Davis
et al.’® used a weighted average of the homopolymer
calibration curves. This approach attracted some criti-
cism but was subsequently fully justified by a compre-
hensive molecular weight study.’® In this work, the
calibration curves for poly(AMS) and poly(STY) were
found to overlay, as shown in Figure 1, and therefore
the PLP molecular weight distributions of the copoly-
mers were all analyzed using a poly(STY) calibration.
This approach needs to be used with caution since it
has been shown that, in some instances, e.g., the
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Figure 1. Comparison of SEC calibration curves for poly-
(AMS) and poly(STY). The curves overlay, indicating that poly-
(AMS) and poly(STY) have very similar hydrodynamic volumes
in solution for the same molecular weight.
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Figure 2. Molecular weight distribution, W(log M), and first
derivative from pulsed-laser polymerization of styrene at 47.4
°C, tr = 0.25 s. Note the point of inflection and an overtone at
twice the molecular weight.

copolymerization of methyl methacrylate/n-butyl acry-
late,20 even if the intrinsic viscosities of the homopoly-
mers are similar, the intrinsic viscosity of the copoly-
mers can be significantly different. For the
copolymerization of AMS and STY, however, it has been
shown that intrinsic viscosities of the copolymers are
very close to those of both the homopolymers,!! and so
analyzing all of the molecular weight distributions
against a poly(STY) calibration is justified.

Two examples of molecular weight distributions gen-
erated by the PLP experiments are shown in Figures 2
and 3. Figure 2 shows an “ideal” PLP molecular weight
distribution displaying clear characteristics of pulsed-
laser control over chain initiation and termination
processes,!?i.e., a low molecular weight inflection point
(used to calculate kp) and an overtone (at twice the
molecular weight of the inflection point). As the fraction
of AMS in the comonomer feed is increased (fsty
approaching 0), the PLP characteristics of the experi-
mental molecular weight distributions are less well-
defined. The distribution shown in Figure 3 is the worst
case example obtained using a comonomer feed, fams =
0.779. Despite the absence of characteristic PLP shape,
the inflection point did yield consistent [k,[lnumbers at
two different pulsing frequencies, and the data were
used in the subsequent Kinetic analysis. All of the
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Figure 3. Molecular weight distribution, W(log M), and first
derivative from pulsed-laser copolymerization of AMS and STY
(fams = 0.779) at 27.7 °C, tt = 3 s. The maximum in the
derivative is broader than in Figure 2, and there is no overtone.

inflection points were measured from the maximum in
the first derivative of the W(log M) molecular weight
distribution. It is noted that in PLP/MWD analysis it
is more common to measure the inflection point from
the maximum in the first derivative of the number
distribution;'221 however, in this work, it was found that
this maximum is lost at higher faus.

The pulsed-laser polymerization of AMS and STY was
performed over the temperature range 17.9—47.4 °C. All
the data satisfy some of the ITUPAC recommended
consistency checks,®® i.e., that the calculated [ky[3 are
independent of pulsing rate (at least two pulsing rates
were used for each composition) and, in addition, that
about half the samples had overtones at twice the
molecular weight of the first inflection point (the
overtone is lost at higher fams compositions).

The kp for pure AMS could not be measured as
appropriate reaction conditions to give characteristic
PLP behavior were not found; i.e., the inflection points
were not clearly resolvable, and the calculated kps were
not independent of pulsing rate. This may be explained
by the very high chain transfer to monomer constant
for AMS which has been measured to be Cs = 4.12 x
1073 at 50 °C;! this is approximately 2 orders of
magnitude higher than that for STY (Cs = 5.27 x 107°
at 50 °CY). Therefore chain stopping behavior in PLP
is dominated by transfer, rather than by the intermit-
tent irradiation. This explanation also accounts for the
loss of secondary peaks in the molecular weight distri-
butions as the AMS concentration in the feed of the
copolymerizations is increased.

The measured [kp,Ovalues, plotted on a log scale,
appear to vary almost linearly with faus, as shown in
Figure 4. Therefore, an attempt was made to estimate
a value of k, for AMS on the basis of linear extrapola-
tion. This procedure was adopted for each dataset at
the different temperatures. These empirical values of
ko, for AMS are shown in Table 1, alongside those
measured for styrene. Since AMS has a significant
depropagation rate, the extrapolated values of k, for
AMS may represent the effective k, and not the true
value; however, it is shown in a later section that the
extrapolated values actually best reflect the true k; of
AMS. The kp values for AMS are lower than the kys
for STY by a factor of approximately 170. This reduc-
tion is consistent with the trends observed for similar
monomer pairs, e.g., at 30 °C, butyl methacrylate:*?butyl
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Figure 4. Dependence of log k,Con famus measured by PLP
at 47.4 °C. The solid line is the linear regression used to
estimate the value for k,AMS.

Table 1. Values of kyMS Obtained from Linear
Extrapolation of log kpOvs fams Data and Average of
Measured kpSTY Values

T/°C kp”MS/dm3-mol~1-s71 kpSTY/dms3-mol~1-s72
47.4 1.54 257

37.6 1.03 160

277 0.62 112

17.9 0.39 69.9

acrylate®® (BMA:BA) ~ 1:40, and methyl methacrylate:
“methyl acrylate?* (MMA:MA) ~ 1:20. The values of
ko for AMS estimated in this work are about an order
of magnitude lower than those previously estimated (at
60 °C:262% and 47 dm3-mol~1.s714),

Influence of Temperature on Kyl The Arrhenius
plots for the average propagation rate coefficient at the
different compositions are shown in Figure 5. From
these plots the values of the average Arrhenius param-
eters, [E 0and [AL]are calculated, where Ky[= [ACexp-
(—[E.[IRT). The Arrhenius parameters for kST are
found to be E, = 33.6 kJ-mol™? and A = 10788
dm3-mol~1-s71 which compare well with the IUPAC
recommended values®? of 32.5 and 107:53, respectively.
The Arrhenius parameters for the extrapolated values
of kyAMS, from Table 1, are found to be E, = 36.7
kJ-mol~t and A = 10%17 dm3-mol~1-s~1. The influences
of fams on [EsCand log [ACare shown in parts a and b of
Figure 6, respectively. The closed circles, calculated
directly from the plots in Figure 5, show some scatter.
The primary reason this scatter is that the values of
(k,Omeasured were only nominally at the same mono-
mer feed composition; that is, each Arrhenius plot
shown in Figure 5 actually contains data from slightly
different monomer compositions. To overcome this, a
linear regression of the log kyCvs fams data (see Figure
4) at each temperature was used to obtain an interpo-
lated value for (kpyCat exactly the same fams. The values
of [E;0and log [Alcalculated from the interpolated
values are shown in Figure 6 as joined open squares,
and show a strong linear trend. The data for Figure 6
are shown in Table 2.

The origin of the reduction in k,Owith decreasing fams
in this copolymerization is evident from the Arrhenius
data; [(E;0shows a small dependence on fams, whereas
log [Alshows a significantly larger dependence. The
activation energy increases by about 3 kJ-mol~1 in going
from pure STY to pure AMS, which corresponds to
change of about a factor of 3 in k, (at 50 °C). The
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Figure 5. Arrhenius plots for [k,Cat different nominal monomer feed compositions.

Table 2. Values of [E;Jand log [Allat Various fams

experimental data® interpolated dataP

fams EO log [AO [Ea0 log [AO
0 33.6 7.88

0.1 30.6 7.11 32.9 7.49
0.2 31.4 7.02 333 7.34
0.4 35.4 7.29 34.2 7.05
0.6 36.5 7.09 35 6.76
0.8 35.8 6.52 35.9 6.46

1 36.7d 6.17d

a Determined from the slopes and intercepts in Figure 5; values
of fams for the experimental data are nominal. ? Values of fawvs for
the interpolated data are exact. ¢ kJ-mol~t. d Extrapolated values.

frequency factor of AMS is about 50 times lower than
that for styrene, which corresponds to change of a factor
of 50 in K (i.e., much greater than the change due to
Ea). Thus, the low propagation rate coefficient in
a-methylstyrene can be attributed primarily to the low-
frequency factor. This observation can be understood
in terms of the monomer and radical structure. The
difference between STY and AMS is the presence of an
o-methyl group. Alkyl groups are known to exert
relatively small electronic effects, which are reflected
in the small, but still significant, difference in activation
energies of the two homopropagation reactions. The
o-methyl group, however, is likely to affect the fre-
qguency factor, A, significantly, as suggested by recent
theoretical studies,?6-28 where it was shown that the
frequency factor is largely governed by torsional motions
in the transition state of the propagation reaction—the
most important of these is the rotation of the adding
monomer about the forming C—C bond; see Figure 7.
The introduction of an a-methyl group will lead to a

Scheme 1. Depropagation in Case I: Only
o-Methylstyrene Sequences of Two (~AAe) or Longer
Can Depropagate

higher barrier to this rotation and a decrease in the
frequency factor.

It has been well-known for many years that the
primary cause of the low ceiling temperature in AMS
originates in steric interactions in the formed polymer
causing a low heat of polymerization, AH;2 however, to
our knowledge, steric factors in AMS homopolymeriza-
tion have not been previously quantified in terms of
Arrhenius parameters for the propagation reaction.

Mechanistic Models For Predicting kL] AMS
homopolymerization exhibits a low ceiling temperature
of 61 °C,23 and copolymerizations involving AMS are
known to be influenced by depropagation reactions.24-11
The magnitude of the depropagation reaction is depend-
ent on both the reaction temperature and the AMS
concentration in the feed; therefore, any general copo-
lymerization model for AMS needs to accommodate the
depropagation reaction. In this paper, two different
depropagation models are investigated (depropagation
case | and depropagation case Il) in addition to the
terminal model. Lowry’'s?® models for copolymerization
with depropagation define a minimum number of con-
secutive AMS monomer units, preceded by a styrene
unit, that need to be present on the radical endgroup
to allow depropagation. In case | (see Scheme 1), only
AMS sequences of two or longer can depropagate. In
case Il (Scheme 2), only AMS sequences of three or
longer can depropagate.
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fams. Closed circles correspond to values determined directly
from Figure 5. Open squares are obtained if the k,0vs faus
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in Figure 4), so that various temperatures are taken at exactly
the same monomer feed composition.

Lowry?® published expressions for the effect of depro-
pagation on the polymer composition in a copolymeri-

zation for three cases, i.e., I, Il, and Il1l. Using Lowry’s
models, expressions for [k,0vs fams for case | and case
Il were derived (case Ill is applicable when both

monomers can depolymerize). The derivations are given
in the Appendix.
The terminal model expression for k,is

_— rery[STY]? + 2[AMS][STY] + rs[AMS]? .
P o AMS]ror15TYR)
(ISTY] + [AMS]) A o
p

p

where rauvs and rsty are the monomer reactivity ratios,
fams and fsty are the mole fractions of monomer in the
feed, and ky"MS and k,STY are the homopropagation rate
coefficients.

The expression for K,0in depropagation case | is

k=
s [STY]? + 2[AMS][STY] + raps[AMS]? — arps[AMS]/K
FamslAMS] 17y [STY]
([STY] + [AMS]) S o
P P

(6)

where K is the equilibrium constant for depropagation
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Figure 7. Rotation of the monomer around the forming C—C
bond in the monomer addition step.
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Figure 8. Comparison of terminal, depropagation case I, and
depropagation case Il models in their ability to describe [k,
vs fams data measured by PLP at 47.4 °C. The model param-
eters used were rsty = 0.117, rsty = 0.974, kyAMS = 1.54
dms-mol~1-s71, k,STY = 257 dm3mol~1-s7%, and K = 0.204
L-mol~.

Scheme 2. Depropagation in Case Il: Only
o-Methylstyrene Sequences of Three (~AAA.) or
Longer Can Depropagate
. k™™ .
~AAA <—>k ~AA° + A

P
(= k™MS/kgp®™S) and o is a parameter that varies
between 0 and 1 (see the Appendix for definition eq A7).
This expression is analogous to the one for the terminal

model, eq 5.
The expression for KyUin depropagation case 11 is

[k, (=
p
Fsry[STY]? + 2[AMS][STY] + raus[AMS]? — 61 aps[AMS]/K
FavslAMS]  rery[STY]
([STY] + [AMS]) S o
P P

(7)

where K = kyMS/kgAMS and d is a parameter that varies
between 0 and 1 (see the Appendix for definition eqgs
A20, A21, and A24). This expression is identical to eq
6 except that 6 has a more complex definition than a.

In the model predictions, the monomer reactivity
ratios used are as follows: log rams = 2.48 — 1094/T,
and log rsty = 0.378 — 125/T,* and the values for kpST"
and k,AMS used are shown in Table 1. The equilibrium
constant for depropagation, K, was calculated from the
free energy of polymerization

AG = AH — TAS = —RT InK (8)

where AH = —29.1 kJ-mol~! and AS = —104 J-mol~1-K1
for AMS,2 T is the temperature, and R is the universal
gas constant (8.314 J-mol~1-K™1),

Figure 8 shows the experimental data along with the
three model predictions. On this scale there is no
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Figure 10. Dependence of k,Clon fams measured by PLP at
47.4 °C. The two broken lines show the sensitivity of the
terminal model on kyAMS by varying it by a factor of 2.

apparent difference between the models. If KyOis
plotted on a log scale (Figure 9) the differences between
the models can be highlighted. Figure 9 suggests that
effects from depropagation are not expected to be seen
until the mole fraction of AMS monomer is greater than
0.9; however, the difference is only truly significant once
the styrene content approaches zero (i.e. faus & 1). As
detailed earlier, the k, for AMS was determined as an
empirical value, and so it is not possible to ascertain
with certainty if the depropagation models provide a
better description of (kpLIsince all three models describe
the experimentally measured data equally well. Under
such circumstances, we invoke Ockham’s Razor3® and
utilize the terminal model because it is the simplest of
the three. The terminal model prediction and the actual
experimental data differ at most by a factor of 2. This
agreement is seen as satisfactory since the KyCvalues
vary by 2 orders of magnitude over the feed composi-
tional range, and the model contains no adjustable
parameters.

Since the homopropagation rate coefficients for AMS
were extrapolated, it seems appropriate to undertake a
sensitivity analysis on these estimates and evaluate the
influence of this parameter on the model prediction. A
sensitivity analysis is shown in Figure 10, showing that
varying kp,”MS by a factor of 2 causes the terminal model
fit to worsen. Therefore, it appears that the extrapo-
lated values of k, for AMS are of the right magnitude.
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Figure 11. Dependence of (k,Con faus measured by PLP at
(a) 37.6, (b) 27.7, and (c) 17.9 °C. Lines correspond to a
terminal model prediction using () rsty = 0.0910, rsty = 0.945,
kpAMS = 1.03 dm3-mol~1-s71, and k™Y = 160 dm3-mol~*-s7%; (b)
rsty = 0.0698, rsty = 0.919, ky"MS = 0.620 dm3-mol~*-s~%, and
kpSTY = 112 dm3-mol~*-s~%; and (c) rsty = 0.0526, rstv = 0.890,
kpAMS = 0.387 dm3-mol~*-s7%, and k5™ = 69.9 dm3-mol~1-s71.

T

The dependence of Ky,0on fams, for the temperatures
37.6,27.7,and 17.9 °C, are shown in parts a—c of Figure
11 along with terminal model predictions. Generally,
the terminal model for kyUfits the data well for each
temperature set, eliminating the need for more compli-
cated models, such as the penultimate model, which
introduces extra (unnecessary?) parameters; however,
it is noteworthy that as the temperature is decreased,
the terminal model prediction of the experimental data
at fams ~ 0.1-0.2 improves, whereas the prediction at
fams > 0.5 becomes worse.

Comments on the Applicability of the Implicit
Penultimate Unit Effect Model to AMS—STY Co-
polymerization. Fukuda et al.31~34 have shown that,
in general, copolymerization propagation Kinetics are
governed by a penultimate unit effect which affects
radical reactivity, but not selectivity (also termed the
implicit or restricted penultimate unit effect). There-
fore, the penultimate unit model with the simplifying
assumption, samsSsty = ramsfsty, was fitted to (k,[data.
This simplifying assumption has often been used to
reduce the model to only one adjustable parameter;31.35
however, it is only valid if the penultimate unit effect
is solely enthalpic in nature (theoretical predictions3®
suggest that entropic effects may also be significant).

Figure 12 shows a comparison of the penultimate unit
effect model and the terminal model on the data at 47.4
°C on a log KyOscale. Surprisingly, although the
penultimate unit effect model contains an extra (adjust-
able) parameter, it provides a slightly worse prediction
than the terminal model when the same parameters are
used.

Meaning of the Extrapolated Value for Ok,Cof
AMS. Earlier it was stated that, due to depropagation
effects, the extrapolated value of k, for AMS may
actually represent the effective value for kp (i.e., kp®™)
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Figure 12. Comparison of penultimate unit and terminal
models in their ability to describe [ky,Cvs faus data measured
by PLP at 47.4 °C. The model parameters used were rsry =
0.117, rsty = 0.974, ky"MS = 1.54 dm3-mol~t-s71, k,STY = 257
dm?3-mol~1-s7%, sams = 1.57, and ssty = 0.073 (setting Sstvy =
rams I'sty/Sams).

and not the true forward propagation rate coefficient,
thus it needs to be established which value is being
estimated.

Under conditions where depolymerization is impor-
tant, the propagation reaction should be written as an
equilibrium reaction?

k
R.n +M k(=>:; I:z.nJrl (9)

where Kgq, is the rate coefficient for depropagation. From
eq 9, the overall rate of polymerization, Ry, can be
written as

R, = k,[MI[R] — kgy[R7]
= (K, — ke IMDIM][R]
=k, IMI[R7] (10)
thus

koo =k — Kyp/[M]

=k, (1 = 1(K[M])) (11)

where K is the equilibrium constant for eq 9 (the value
of K can be calculated from eq 8).

If the propagation rate coefficient for pure AMS was
measured directly using PLP, then the value obtained
from the MWD inflection point would in fact be kp™ and
so the true k, would need to be calculated using eq 11.
In this work, however, the kys for pure AMS were
extrapolated from copolymerization data over the range
fams = 0 to 0.8, and so it is not immediately clear if
the extrapolated values reflect kp® or the true k, for
AMS.

The meaning of the extrapolated values are estab-
lished in two ways: (i) by considering the effect of
depropagation in the region of the measured data (fams
= 0 to ~0.8); (ii) by considering the values of the
Arrhenius parameters. First, there is the effect of
depropagation: the two [k,Clequations for case | and Il
depropagation models (eqs 6 and 7) predict that effects
from depropagation do not manifest themselves until
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fams is greater than about 0.9; see Figure 9. This
suggests that all of the experimental data represent true
values for kp,Oand are not significantly influenced by
AMS depropagation. Thus, if one extrapolates to fams
= 1 based on data that do not contain effects from
depropagation, it would also be expected that the
extrapolated values would not contain effects from
depropagation, i.e., the extrapolation procedure obtains
the true kys. Second, there is the Arrhenius param-
eters: if it is assumed that the extrapolated values
represent the true kp then the Arrhenius parameters
obtained are those shown in Table 2 and Figure 6. It
is clear from Figure 6 that there is a strong linear trend
in the Arrhenius parameters over the whole range of
fams. If, alternately, it is assumed that the extrapolated
values best represent k", then the Arrhenius param-
eters for k, of AMS calculated from the corresponding
values of k, (determined using eq 11) are E; = 56.7
kJ:mol~! and A = 1098 dm3-mol~1-s~1. These values
are significantly higher than those obtained for the
copolymerizations and do not fit the trend of Figure 6.

As a result, it is felt that the extrapolated values best
represent the true value of k, for AMS and not kp°f.

Effects of Depropagation in AMS Homopolym-
erization. From the Arrhenius parameters of k, for
AMS, Table 2, and the enthalpy and entropy of reaction,
the Arrhenius parameters for the AMS depropagation
rate coefficient, kqp, can be calculated:

InK=Ink, —Inkg,
From eq 8 and the Arrhenius equation

E N
R MR

AH | AS _ B
RT TR MM

grouping terms with and without T yields
AH = AE_* — AE \* (12)
AS = (In Akp —1In Akdp)R (13)

Using egs 12 and 13 the Arrhenius parameters for
kqp are calculated to be E 4% = 65.8 kJ-mol~! and Axg,
= 10116 dm3-mol~1-s~1. The very high values for E K
and Ay, (compared to those for kp) are in the order
expected for unimolecular reactions. Figure 13 shows
the Arrhenius plot for k, and kg, for AMS.

Using the Arrhenius parameters for k, and kg, and
eq 11, it is possible to calculate the effective propagation
rate coefficient, k,°f, as a function of temperature,
Figure 14. kqp is plotted as kqp/[M] so as to match the
dimensions in eq 11. It can be seen that as the
temperature is increased both k, and Kgp/[M] increase
and become equal at about 60 °C; this corresponds to
the ceiling temperature where kp®" = ke has a
maximum at about 40 °C, and so this temperature will
give the maximum rate of polymerization for pure AMS
(assuming the termination reactions are not strongly
temperature dependent).

Comparison of Propagation and Depropagation
Rate Coefficients. The phenomenon of depropagation
is common to the majority of monomers.2 Thus all
polymerizations can be described by eq 9; however,



Macromolecules, Vol. 31, No. 17, 1998

T T T T
3 i
2 4
. ]

-~
£ 0- .
-1 4
2 i
]
T 1 T T L
0.0030 0.0032 0.0034 0.0036
1T /K

Figure 13. Arrhenius plots for k, and kgp in the homopoly-
merization of AMS. E/% = 36.7 kJ-mol %, Ay, = 1057 dm3mol
s71, Esdo = 65.8 kJ-mol™?, and Ay, = 106 dm3-mol~*-s™2.
Values of k, determined from linear extrapolation of the Ik,
vs faus data; Kqp determined from the equilibrium constant,
K.
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Figure 14. Dependence of k,, kap/[M], and kpf for the
homopolymerization of AMS on temperature over the range
0—60 °C. ky* has a maximum at approximately 40 °C.

monomers such as methyl methacrylate (MMA) and
STY have very high ceiling temperatures, 220 and 300
°C, respectively (as compared to 61 °C for AMS), and so
depropagation is not important under normal reaction
conditions (T < 150 °C).2 The origin of the low ceiling
temperature in AMS is 1,3 interactions in the product
polymer causing a low AH. This determines the equi-
librium monomer concentration; however, the rate at
which the polymerization proceeds to the equilibrium
state is determined by both the k, and kqp values, which
in turn depend on the respective Arrhenius parameters.

To compare the effect of depropagation in AMS, MMA,
and STY homopolymerization, the respective equilibri-
um constants, K, depropagation rate coefficients, Kgp,
and effective propagation rate coefficients, k,*f, were
calculated from the free-energies of polymerization; see
Table 3. For each monomer K is vastly different;
however, it is interesting to note that the depropagation
rates (Kqp/[M]) for AMS and MMA at 50 °C are similar
(only different by a factor of 2). Since k, for MMA is 2
orders magnitude greater than kg/[M], ko is es-
sentially the same as k;,, and depropagation has little
influence on the overall reaction. On the other hand,
in AMS polymerization the value of kp is similar to Kqp/
[M], and so depropagation is important. In the polym-
erization of STY, kgp/[M] is very low (7 orders of
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Table 3. Effect of Depropagation on the
Hompolymerizations of AMS, MMA, and STY at 50 °C

parameter AMSa MMAP STYe®
AHd —29.1 —54 —73
AS® —104 —127 —104
Kf 0.187 124 2.33 x 108
kpd 1.73 649 237
Kap/[M]9 1.24 0.58 1.20 x 10°°
kpeft o 0.49 648 237

a AH and AS are from ref 3, and [M] = 7.44 mol-L~1. P AH and
AS are from ref 38, k, = 10427exp(—22360/(RT)),* and [M] = 9.0
mol-L™1. ¢ AH and AS are from ref 38, k, = 107-5%%exp(—32510/
(RT)),2% and [M] = 8.44 mol-L1. 9 kJ-mol?. & J-mol~1-K~1, f L-mol -1,
calculated using eq 8. 9 dm3-mol—1-s71,

magnitude less than kp), and so effects from depropa-
gation are negligible.

Conclusions

The average propagation rate coefficient in the copo-
lymerization decreases by about 2 orders of magnitude
as the monomer composition is varied from pure styrene
to pure a-methylstyrene. This is due primarily to a
much lower frequency factor for the propagation rate
coefficient of AMS (causing a decrease by a factor of
~b0), since the activation energies for both monomers
appear similar (causing a decrease by only a factor of
~3). The copolymerization of styrene and AMS is one
of the few monomer pairs whose [kp,[can be adequately
described by the terminal model, and this indicates that
penultimate unit effects in this system may not be
significant. Suitable conditions to measure the k, of
pure AMS by pulsed-laser polymerization were not
found, and so the values were estimated by extrapola-
tion of the k,Odata. From the estimated values of k,
for AMS, the Arrhenius parameters for the both the
propagation and depropagation rate coefficients were
calculated.
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Appendix

In the copolymerization of styrene and a-methylsty-
rene, it is necessary to allow for the possibility of
depolymerization of the a-methylstyrene monomer ad-
dition. In this appendix, analytical expressions for the
copolymer composition, Fa, and average propagation
rate coefficient, [k,[] as a function of the monomer
fraction in the comonomer mixture, fa, are derived. The
derivations for case | and case Il are based on the
reaction schemes suggested by Lowry.?° In the deriva-
tions, S represents the monomer which does not depo-
lymerize (styrene) and A represents the monomer which
may depolymerize (a-methylstyrene).

Derivations for the copolymer composition have been
previously published by Lowry?® and Wittmer,57 but the
expressions derived herein resemble the terminal model
equation and so it is easy to see the effect of depropa-
gation. During the course of this work, an expression
for kpOwith depropagation was published by Martinet
and Guillot;1° however, they did not provide a detailed
derivation and it is not obvious how to calculate the



5676 Kukulj and Davis

parameter ¢ which they define. Also, Meackin3” has
derived expressions to simulate the dependence of the
monomer concentrations on time for copolymerizations
with depropagation.

Depropagation Case I. Model. The conditions of
the model are as follows:

1. Monomer S has a negligible tendency to depoly-
merize regardless of the nature of the penultimate chain
unit.

2. Monomer A has a negligible tendency to depoly-
merize only if it is attached to a monomer S unit.

3. Monomer A has an appreciable tendency to depo-
lymerize if it is attached to a another A monomer unit.

4. The rate of addition of a particular monomer to
any given chain end or the rate of removal of a
particular monomer from a given chain end is indepen-
dent of the composition of the remainder of the chain.

This is represented in the following reaction scheme:

kpS
~S + S ~S
Kk SA

~S 4+ A ~AT

k AS

~AT+ST—~S 1<i<w
. kPA . -

. kdpA . -

The symbol ~A® represents an active chain end of i

units of monomer A, immediately preceded by one or

more units of monomer S. From this scheme, several

steady-state expressions can be written as follows.
Steady State in ~S-.

ko 3 [~A"1[S] = k,*[~STTIA] (A1)

Steady State in ~A".

ko T~SIA] + Kgp [~A"] = K, [~A"][S] +
k" [~A'IA] (A2)

Steady State in ~A% (2 < i < ).

K ANAT AL + kg ANAT ] = KAS[~ATS] +
kK A~ATTIA] + kg [~AT] (A3)

Define the following parameters.

S A
LS
SA A
kp dp
A .
_ky _ AL

o= o= -
ko [~A%
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From the Steady-State Expressions. FromeqAl

o k,>A[~SI[A]
A= ———— (A4)
= k. [S]

also

Z[~A°i] = [~AY] + [VAT] + [AG] F [SAT] L A

=[~A"] + a[~A"] + O‘Z[NA.l] + 0~3["’A.1] +
o a"H~AY]

=[~AJA+at+ i+l 4. +a™h

1-(1“71)
1-a

= [NA-l](

in the limitas n — o, and since 0 < a <1

b AT = [NA.l]
.=[ il = .
therefore
. KISTAIL — a)
[~AY] = < [5] (A5)
From eq A2

ko T~STTAT = [~A"1(, " [S] + k" TA] — kg, )

A= Ko [~SI[A] )
BkSIS]+ KMAL - kgt

From eq A3
koo [~ATIA] + kg o[ ~A%] = K [~AT][S] +
ko T~ATIA] + kg [~A']
Multiplying by (a/kgp®) and rearranging gives
o — (1 + K[A] + K[S]/rg)a + K[A] =0
In the solution of the quadratic equation in a, only the
negative sign in the numerator has physical significance

(in order that 0 < a0 < 1).

a =
(1 + K[A] + K[SIIrs) — /(1 + K[A] + K[S]/rs)? — 4K[A]
2

(A7)

This is also obtained by equating equations A5 and A6.
Rate of Monomer Consumption.

d[s] S o AS - .
— g~ K SIS+ S ATIIS]
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using eq Al

d[s] . .
— gt =k [STSI+ K~STAl - (A8)

diAl | s o AT LA AT poA
“ge Tl DSTALH IS BAIAT - k" AT

now

o 0

;[NA}] = IZ[NAH] —[~AY]

dlA - c
CIA A + KA ATIA] - Ky

dt [~A i] +

kdpA[NA.l]

=k, [~STIA] + (K, [A] — k')

[~A] + kgt

[NA.l]
using eqs A4 and A5
d
- % =k, \[~S[A] +
(k" TA] = kg )k, [~STIA]
+
kpAS[S]
Al SAr e _
Kap Ko [~STAIL — @) (A9)

kpAS [S]

Copolymer Composition.

dA] [, sar e (KA TAT = Ky Yk, A ~STIA]
das] k,\[~SI[A] + ] +
ke ko [~S AN — @)

Kk S[~S® K SA[~S®
< S15] )/( o [~S1IS] + K, [~SI[A]

by canceling [~S*], multiplying top and bottom by
kp”S[S1/kpSA[A] and then 1/kg”, then ra[A] can be found.

d[A] _ [AI[S] + ralAl° — ara[AVK
ds] rs[SI” + [A[S]

__dAl
AT d[A] +d[S]
[A][S] + rA[A]? — ar JAVK
rs[SI? + 2[A][S] + r\[A]* — arJAIK

(A10)

Cf. terminal model:

C__dA IS+ AP

Equation A10 is numerically equivalent to the equation
derived by Lowry:?3

E = d[A] _ [A]
A d[A]+d[S]  rg[SI1 — o) + [Al2 — o)
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This equation is simpler, but eq A10 shows closer
resemblance to the terminal model expression.
Average Propagation Rate Coefficient.

dM] _ .
~ gt~ EIMIRT

dis] d[A] o

T a (&, [([S] + [AD([~ST] + 2 [~A%D)

substituting eqs A4, A8, and A9 and canceling [~S*]

[k, = [k, [S] + k,SA[A] + Kk SA[A] +

(k. TA] = kg Ok, AL N Ko K AL — ) /
kpAS[S] kpAS[S]

(IS1+ [AD[1 + @
kpAS[S]

multiplying top and bottom by kp*S[S]/k,SA[A] and then
1/kp?, then ra[A] can be found.

2 2 _
& O rs[S]° + 2[A][S] + rAlA] ar)A[A]/K (A11)

+
A S
kp kp

P
(IS] + [A]) ra[A]  rg[S]

Cf. terminal model:

rs[SI° + 2[Al[S] + rA[Al
ra[A] I’S[S])

ko=

+
A S
kp kp

([S] + [AD

Depropagation Case Il. Model. The conditions of
the model are as follows:

1. Monomer S has a negligible tendency to depoly-
merize regardless of the nature of the penultimate chain
unit.

2. Monomer A has a negligible tendency to depoly-
merize only if it is attached to a monomer S unit or a
single monomer A unit.

3. Monomer A has an appreciable tendency to depo-
lymerize if it is attached to a sequence of two of more
monomer A units.

4. The rate of addition of a particular monomer to
any given chain end or the rate of removal of a
particular monomer from a given chain end is indepen-
dent of the composition of the remainder of the chain.

This is represented in the following reaction scheme:

kS
~S" 45—~

K. SA

~S"+ A—— ~A"

kyAS
~ATF S8 1<i<ow

KA
~ATHA~AY, 1Si<o
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K, A
~A A A 3<i<w

Steady State in ~S-.

k,/® S [~A"][S] = Kk, [~STT[A] (A12)

&
Steady State in ~A".
K, ASTIAL = Kk ST~ALIS] + K, [~ALTIAT (A13)
Steady State in ~A",.

K ANATITA] + kg A ~A] =
Kk AS[~ASIS] + K A[~ATIIA] (A14)

Steady State in A% (3 =1 < ).
ko [~A" AT + Ky [~ATL ] = K S[~AT[S] +
ko [~ATIIA] + kg “[~A"] (AL5)
Define the Following Parameters.

s
SA
Kp

A
_kp

LA
Kap

_ [“A.l]
[“A'z]

s 14
s
_k

[~Ai14]
rA - kpAS ﬁ =

[NA.i]

From the Steady-State Expressions. From eq A12

= k, A [~ST[A]
A= ——— (A16)
k. °[S]

also

0

[~A%] = [PA A [MAS] + [AS] + AT A+ AN

= y[~A"] + [~AL] + BI~AT] + F~A] + L+

ﬁn*Z[NAoz]
=AY+ 1+ + 2+ )
_ ph—2
=gy + 2720
in the limitas n — o, and since 0 < g <1
w[A']—[A’](+ ! ) (Al17)
2 il = 2|V 1-8
therefore
K, °[S] 1
~57=—"—""T1~A"1ly + —— Al
ES1= s v+ 9
From eq A13

[~A"1(k,**IS] + K, “TA]) = k, " [~S'I[A]
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o KVSTIA]
A= k"S[S] + K, [A]

(A19)

From eq Al4
K Y [~ASIIAL + kg BI~AT] = K AS~AS][S] +
kA~ALIA]
_ KSOIS]+ KAAL - kB
" K AT

multiplying top and bottom by 1/kqp”

_ K[SVr,+ K[A] -
= KTAT (A20)

From eq Al15
ko™ ATIIAT + ke BI~VAT] = K ST~ATIIS] +
Kk T~ATIATL + kg, [~AT]
multiplying by (5/kgp®) and rearranging
B% — (1 + K[A] + K[S)/rs) p + K[A] =0
In the solution of the quadratic equation in f3, only the
negative sign in the numerator has physical significance

(in order that 0 < 8 < 1).

ﬂ =
(1 + K[A] + K[S]/rg) — \/(1 + K[A] + K[S]/rs)2 — 4K[A]
2

(A21)

It is noted that  has the same mathematical expression
as a, even though they have slightly different physical
significances.

Rate of Monomer Consumption.

d[s] c
S kp T~STIIS] + K"y [~ATIS]

using egs A17 and Al8

d[s] k,"°[S]_ . 1
~a =y R e O &

Ay + =)
dis]_ . 1 \(relS]
~ gt = LAy + 1Tﬁ)( At 1) (A22)
d[A] o -

—F=kpSA[~S'][A]+kpA [~ATIIA] = kg [~AT]

now

[ 00

> A= 5 A - A - A



Macromolecules, Vol. 31, No. 17, 1998
d[A] SA . A - . A -
at Ko [~STIAL + k™ ) [~ATIIAL — Ky
1= 1=
[~A"] + kg Y [~AT] + Ky [~AT]

=k, [~STIAT + (K, “TAT — k")

kep [~AS(y + 1)

[NA.i] +

using eqs A17 and Al8

d
-l + 1 HW“M+k[M

kdp )+ kdp [~A Ay +1) (A23)
Copolymer Composition.

dA] _
d[s]
Ay + 72500 STST + IMTAL — k) I LA + 1)

B
A AS 1 s[S] )
Al SIS](y + 7 ﬁ)( e
by canceling [~A*;], and multiplying top and bottom by
([AVKAS)(y + (1 — B)~t
d[A] _[Al[S] + ra[Al — or,[AK

dis]  rSP + [A][S]
5—1—(y+1)(y+11ﬂ)1 (A24)
Co__dA
AT dIA] +d[S]
2 _
[AIIS] + rA[A]? — orA[AVK -

rs[SI* + 2[A][S] + rA[A]* — Or,[AlK
Cf. terminal model

_dlAl _ [AIS]+ AT
A dIA1+dIS]  r[S]? + 2[A][S] + rAlA]

Equation A25 is numerically equivalent to the equation
derived by Lowry:23
dlAl ~ _
d[A] + d[S]
By —1+ 11 —-py

rs[S] )( B ) 1

+py —1+
([A] Pyt Py (1 — By
This equation is of similar complexity, but eq A25 shows

closer resemblance to the terminal model expression.
Average Propagation Rate Coefficient.

Fp=

dM] .
~ gt = KIMIR]
d[S] d[A] -
- —— - —— = K,A[S] + [AD[~ST+ Y [~AT])
dt dt =

substituting eqs A17, A22, and A23, and canceling [~A®;]
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S
0= ke TSIy + Lﬁ)(r[i]] ) + (y + %ﬁ)(kpAS[S] +
AS[ ](
p

ko TA] = kyp) + kap (v + 1)/ ([s1+ [A])(

bt

multiplying top and bottom by ([Al/kg*S)(y + 1/(1 — f))~*

2 2
*o rs[S]° + 2[A][S] + ra[A]° — Or,[AVK 26
A[ ] rS[S]
([S] + [AD s
P p

Cf. terminal model

rs[SI? + 2[AI[S] + rA[Al
A[ ] I‘S[S])

S
P kp

K, L=

([S] + [AD

Using the Models. It is usual to plot k,[against
the mole fraction of one of the monomers, fa. The
models for [K,[) however, are in terms of monomer
concentrations. To convert mole fractions to monomer
concentrations the following relationships are used:

fs=1—f,

fa

[A] = 1000 7+ f.mo/d,

fs

[S1= 1000 4+ Fomoid,

Here da, ma, ds and ms are the densities (g-cm~3)and
molecular weights (g-mol~1) for monomers A and S,
respectively.

Supporting Information Available: Tables giving the
experimental conditions and results of the pulsed-laser po-
lymerization of AMS and STY over the temperature range
17.9—-47.4 °C (4 pages). Ordering and Internet access infor-
mation is given on any current masthead page.
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