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ABSTRACT: Termination rate coefficients, ki, of alkyl acrylate and alkyl methacrylate homopolymer-
izations at 40 °C and pressures of 1000 and 2000 bar have been measured up to high degrees of monomer
conversion using the time-resolved single-pulse—pulsed-laser polymerization (SP—PLP) technique. The
chain-length dependence (CLD) of k; has been deduced from SP—PLP data by adopting the power-law
model, ki = k?i*“, where i is the chain length. For methacrylates at low degrees of monomer conversion,
o is close to the theoretically predicted value of 0.16. At conversions above 20% the exponent o increases
significantly with increasing conversion. This effect becomes particularly pronounced in the gel effect
region, where a, e.g. for MMA, reaches values close to unity. In the case of acrylates with small alkyl
ester side chain, such as methyl acrylate, a is also close to 0.16 at low conversions and increases toward
higher conversions. In the case of acrylates with larger alkyl ester side chain, such as dodecyl acrylate
and 2-ethylhexyl acrylate, however, a is close to 0.4 even at low degrees of monomer conversion. The
latter effect is strongly indicative of intramolecular chain transfer, which generates significant amounts
of midchain radicals in the system. The fact that such transfer processes take place is supported by SP—

PLP data on alkyl acrylates polymerized in mixtures with supercritical carbon dioxide.

1. Introduction

Knowledge of rate coefficients of propagation and
termination in free-radical polymerization (FRP) is
essential for both the understanding of the fundamental
kinetics of the process and the design of technical
polymerizations.! Propagation is chemically controlled
in an extended conversion range, so the propagation rate
coefficient, kp, is independent of the physical properties
of the polymerizing medium, such as viscosity, up to
fairly high degrees of monomer conversion. That is why
kp values measured at low conversion via the PLP—SEC
(pulsed-laser polymerization—size-exclusion chromatog-
raphy) technique,? recommended by IUPAC,3 apply over
a wide range of monomer conversions. The determina-
tion of the termination rate coefficient, k¢, is much more
demanding from both a theoretical and an experimental
point of view because the reaction of radical—radical
termination is diffusion-controlled from the very begin-
ning of polymerization. ki may vary with the physical
properties of the reacting free-radical species, e.g., with
their chain length (CL) and their branching character-
istics. Moreover, the physical properties of the medium,
e.g., polymer concentration or the amount and quality
of a solvent, may also play an important role.*

Only a few experimental methods for measuring the
CL and conversion dependence of ki have been put
forward so far.> Laser-based techniques are particularly
advantageous as they enable an independent study of
the variation of ky with monomer conversion and radical
chain length. Among them, the single-pulse—pulsed-
laser polymerization (SP—PLP) technique is very at-
tractive as it allows for measuring k; over a wide range
of monomer conversions. This method was developed for
studying the kinetics of ethene polymerization® and
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since then has been widely used for investigations into
the termination kinetics of acrylate and methacrylate
polymerizations in bulk and in solution at various
temperatures and pressures.”~2 However, the potential
of the SP—PLP method with respect to any detailed
studies into the dependence of k; on free-radical chain
length has not been fully explored so far. The present
work focuses on this aspect.

The idea of the SP—PLP method is as follows. A
monomer—photoinitiator mixture is placed in an optical
(high-pressure) cell of transmission type with two
windows that are transparent in the spectral range from
visible to IR frequencies. Primary radicals are generated
using an excimer laser pulse of about 20 ns duration.
These primary radicals from photoinitiator decomposi-
tion (initiator-derived radical species) then start free-
radical growth (polymerization) by adding monomer
molecules. The resulting pulse-induced change in mono-
mer conversion, usually from 0.01 up to a few percent,
is monitored with a time resolution of microseconds via
online near-IR spectroscopy. So far, most of the SP—
PLP experiments have been carried out at elevated or
high pressure. Application of pressure enhances the
propagation rate and slows down the termination rate.
This results in a larger pulse-induced monomer conver-
sion, which is associated with an improved SP—PLP
signal-to-noise quality. The monomer conversion vs time
trace yields the ratio of CL-averaged overall k; to kp,
Kilkp. With kp being independently determined via
PLP—SEC, [k:lk, provides access to [k{values. As will
be shown, model-based analysis of an SP—PLP trace
may also provide information on the CLD of k; in terms
of the quantity kq(i,i). The notation kq(i,i) indicates that
under conditions of negligible chain transfer termination
occurs between two free radicals of (almost) identical
size i. Both [k{[and k(i,i) may be determined for a wide
range of monomer conversions from individual SP—PLP
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experiments carried out during the course of a poly-
merization reaction.

In our previous work we presented general math-
ematical expressions for deducing k¢ from SP—PLP data
for different termination models. Side effects, such as
chain transfer to monomer and nonsymmetric initiator
decomposition into two primary radical species of quite
different activity toward monomer addition, were also
considered.’® These expressions, however, have too
many parameters, which significantly hinders the analy-
sis of SP—PLP data. This problem may be circumvented
by carrying out an SP—PLP experiment under close-to-
ideal conditions. In that case simpler expressions for
data analysis may be used. A perfect SP—PLP experi-
ment requires that both free-radical species from pho-
toinitiator decomposition readily add to monomer to
start macromolecular growth. o-Methyl-4-(methylmer-
capto)-a-morpholinopropiophenone (MMMP) meets this
requirement. Moreover, MMMP is well-soluble in most
of the common monomers. That MMMP decomposes into
two propagating primary radicals has also been dem-
onstrated through electron spray ionization (ESI) ex-
periments by the Davis group.* DMPA (2,2-dimethoxy-
2-phenylacetophenone), which has been used in previous
studies as the photoinitiator, is nonideal in that it
decomposes into two fragments one of which does not
add to monomer but primarily reacts with free radicals
and thus acts as an inhibitor.12 This has been demon-
strated via PREDICI simulations!®!® and by ESI analy-
sis.14

If monomer conversion per pulse is too small, as with
methacrylates, where it may be less than 0.01%, a
sequence of laser pulses is applied to the monomer—
photoinitiator mixture, and the resulting signals are co-
added. By this procedure the signal-to-noise ratio is
significantly enhanced. Because of a better quality of
SP—PLP signals, one can now analyze SP—PLP data
in the initial time region after the pulse where chain
transfer to monomer is negligible. In this initial time
region the primary free radicals generated at t = 0 grow
at the same rate, with their chain length i increasing
linearly with time t after the pulse. Thus, the size
distribution of free radicals is narrow (of Poisson type),
and at a given moment in time, the overall k; is equal
to the individual (or microscopic) termination rate
coefficient, k¢(i,i). SP—PLP experiments thus provide
access to measuring the chain-length dependence of k.15
A mathematical procedure for deriving the CLD of ki
from an ideal SP—PLP experiment will be outlined in
section 3. Recent experimental results will be presented
and discussed in section 4.

2. Experimental Section

The SP—PLP experiments were carried out as described
elsewhere.'® The photoinitiator o-methyl-4-(methylmercapto)-
o-morpholinopropiophenone (MMMP, 98%, Aldrich Chemie)
was used as supplied at initial concentrations close to 1 x 1072
mol L=t Methyl acrylate (>99%, stabilized with 0.005 wt %
hydroquinone monomethyl ether, Fluka Chemie), butyl acryl-
ate (>99%, stabilized with 0.005 wt % hydroquinone mono-
methyl ether, Fluka Chemie), dodecyl acrylate (which actually
is a mixture of 55 wt % DA and 45 wt % tetradecyl acrylate,
Fluka Chemie), methyl methacrylate (>99%, stabilized with
0.005 wt % hydroguinone monomethyl ether, Fluka Chemie),
dodecyl methacrylate (DMA, ~96%, Aldrich Chemie), 2-eth-
ylhexyl acrylate (>98%, Fluka), and n-hexyl acrylate (>95%,
Lancaster) were purified by distillation under reduced pressure
in the presence of K,CO3; and treated by several freeze—pump—
thaw cycles to remove dissolved oxygen. The samples were
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irradiated with XeF excimer laser pulses (at 351 nm) of 2—3
mJ incident energy per pulse. Laser-induced monomer conver-
sion was monitored via online near-IR spectroscopy. For this
purpose, the first overtone of the C—H vibration of carbon
atoms engaged in a C=C double bond absorbing at around
6170 cm~! was used. After applying a series of excimer laser
pulses, each being followed by microsecond time-resolved near-
IR spectroscopic measurement of pulse-induced polymeriza-
tion, the reaction cell was inserted into the sample chamber
of an IFS 88 Fourier transform IR/NIR spectrometer (Bruker)
where absolute monomer concentration was checked. During
each polymerization experiment, SP—PLP measurements were
carried out until the reacting system became inhomogeneous
or the photoinitiator was consumed. The occurrence of inho-
mogeneity was established by visual inspection and/or by
observing a pronounced shift of the baseline in the NIR
spectra. (In this case also the shape of the SP—PLP signal
becomes very irregular.) Within the present work, all the SP—
PLP experiments were carried out at 40 °C and 1000 bar
(except for MMA which, in addition, was polymerized at 40
°C and 2000 bar) up to high degrees of monomer conversion;
e.g., in some cases conversions just below 70% were reached.

3. Termination Rate Coefficients from SP—PLP

The rate of polymerization, rp, in ideal free-radical
polymerization is defined by the following expression:

dey,
=""gt — KoCMmCR 1)

where cy and cg are monomer and overall free-radical
concentration, respectively, and t is polymerization time.
Under conditions of single-pulse initiation, the rate of
termination, ry, is given by

dcg
== = 2k, )

where ky = k¢ + k¢ is the overall termination rate
coefficient, with k¢ and k¢ being the rate coefficients
of termination by combination and disproportionation,
respectively. (In what follows we consider the specific
situation which occurs in pulsed-laser polymerization;
i.e., we assume that primary radicals are generated
instantaneously at t = 0 by applying a laser pulse to a
monomer—photoinitiator mixture.) The factor of “2” has
been introduced into eq 2 and into all the relevant
equations throughout the present work in accordance
with the IUPAC preferred definition of k.4

Under condition of negligible chain transfer radicals
generated at t = 0 grow at the same rate so that chain
lengths of growing radicals are more or less identical
at any given moment of time t after the pulse. In that
case, free-radical chain length i is proportional to the
time of radical growth (after applying the laser pulse)
so that

i = ket = Ot 3)

where ® = Kpcvm is the propagation rate of a single
radical. The above expression holds for times t < ty,
where ty = (kyCv) L is the time after which, on average,
chain transfer to monomer occurs. ty is about 0.1 s for
acrylates and about 1.0 s for methacrylates (under the
chosen experimental conditions). These estimates have
been obtained assuming that the dimensionless constant
of chain transfer to monomer is 107> for both acrylates
and methacrylates and that typical k, values for acryl-
ates and methacrylates at 40 °C and 1000 bar are 30 000
and 1500 L mol~! s™1, respectively (see Table 1). The
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Table 1. Kinetic Parameters Used for SP—PLP Model
Calculations

Kp/(L ol log (k/(L a (up
mol~t  (mol mol~ts™1) (up to15%

monomer s L-1)¢  to15% conv)  conv)
MMA 17002° 10.1 7.6 0.14
DMA 1 400° 3.6 6.4 0.11
MA 28 600° 11.8 8.3 0.15
BA 35 600° 7.2 7.8 0.14
DA 39 800° 3.6 7.9 0.42
n-hexyl acrylate 38 000° 5.7 8.2 0.29
2-ethylhexyl acrylate 38 000°¢ 4.8 8.1 0.45
BA in scCO; 24 900¢ 4.6 9.0 0.35
DA in scCO; 30 200¢ 2.4 8.6 0.42

a40 °C/2000 bar. b Literature data (see refs 2 and 3). ¢ Esti-
mated value. 9 Literature data (see refs 33 and 34). ¢ Monomer
density at zero conversion divided by (monomer) molecular weight.

analysis of chain-length-dependent k; has been re-
stricted to this initial time region where the free-radical
size distribution after each pulse is monodisperse (of
Poisson type) and is linearly correlated with t unless
other transfer reactions, e.g., intramolecular transfer to
polymer such as backbiting, start to dominate the
Kinetics.

De Kock’s Approach and the Second-Derivative
Problem. Equations 1—3 allow for deducing simple
expressions which relate k; either to monomer concen-
tration as a function of time or to the number chain-
length distribution of produced polymer. For example,
from eqs 1 and 2 one can easily obtain eq 4, which
relates individual k; to time-resolved monomer concen-

tration, cu(t):
K, [ EuC
— _p)ZM*M
kt—ﬁ o2 1] (@)

where ¢y = dem/dt and &, = d%cu/dt?.17 1t should be
noted that eq 4 is also valid under conditions of strong
chain transfer (to monomer).

Equation 4 implies that, under SP—PLP conditions,
k¢ is a function of time t after the laser pulse. In the
absence of chain transfer (to monomer) processes, the
variation of k; with time is equivalent to the variation
of microscopic (individual) termination rate coefficients
ke(i,i) with chain length: ki = ki, ).

At longer times after the pulse, chain transfer to
monomer may no longer be ignored, and the macroscopic
termination rate coefficient, ki, deduced from eq 4, will
become some chain-length-averaged coefficient. To ex-
tract information on k(i,i) from SP—PLP experimental
data, one has to use a more general expression for k.10

The method based on eq 4 is model-free. The only
parameter that needs to be known is kp, which may be
measured via PLP—SEC. With other methods, ad-
ditional parameters, such as initial radical concentra-
tion or the quantity 6 characterizing the contribution
of disproportionation to overall termination, must be
known as well.1” The main disadvantage associated with
de Kock’s approach is the requirement of a twofold
differentiation of monomer concentration data, cu(t) (see
eq 4). The quality of time-resolved SP—PLP data, at
least at present, is not sufficient for reasonably carrying
out such differentiation. For this reason, methods based
on a particular termination model are usually employed.
k¢ is determined by fitting an expression for cy(t) derived
for a given termination model to SP—PLP experimental
data.
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Figure 1. Dependence of log [k:Jon monomer conversion, X,
for bulk homopolymerizations of MA (O, ®) and DA (A, 4A) at
1000 bar and 40 °C. [k{Ovalues were obtained by fitting eq 5
to SP—PLP data in the time intervals 0 < t < 0.02 s (open
symbols) and 0 < t < 0.1 s (full symbols).

Ideal Kinetics Model. Before using any model that
takes CLD of k; into account, one should show that ideal
kinetics cannot adequately describe the SP—PLP data.
The easiest way to demonstrate that is to fit an
expression deduced for constant k¢, eq 5, to an SP—PLP
trace taking different time intervals for analysis.

cm(t)
Ch

(1 + 20k, [62t) ke/HD (5)

where ¢, and c% are the monomer and the radical
concentrations at time t = 0O, respectively. Equation 5
was derived by substituting eq 1 into eq 2 and then
integrating it. This equation describes laser-induced
monomer concentration, cy(t), as a function of time after
firing the laser at t = 0. In the case of chain-length-
independent k; and kj, identical rate parameters, e.g.,
(K¢Zkp, should result irrespective of the time range of
an SP—PLP trace that is subjected to the fitting
procedure.

The fitting of eq 5 to SP—PLP data yields two
parameters, Kk, and Dktliig. As K is available from
independent PLP—SEC experiments,2? k(] may be
immediately obtained from [k;[Zk,.

Figure 1 shows conversion-dependent k; values for
bulk homopolymerizations of methyl acrylate (MA,
circles) and dodecyl acrylate (DA, triangles) at 1000 bar
and 40 °C obtained by fitting eq 5 to SP—PLP data in a
short (0 <t < 0.02 s, open symbols) andalong (0 <t <
0.1 s, full symbols) time interval, respectively. Both time
regions are, however, within the range t < ty. As can
be seen, k. values for shorter times and thus for shorter
chains (open symbols) lie above the associated numbers
obtained by fitting eq 5 to the same SP—PLP trace but
over a more extended time range (full symbols). The
differences are minor for MA at low and moderate
degrees of monomer conversion but become more pro-
nounced toward high conversions. For DA significant
differences in k{fJare seen throughout the entire mono-
mer conversion range. The data in Figure 1 provide
clear evidence for k; decreasing with free-radical chain
length.

Figure 2a shows the conversion dependence of [kifor
methyl methacrylate (MMA). Corresponding data for
dodecyl methacrylate (DMA) are presented in Figure 2b.
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Figure 2. Dependence of log lk{{on monomer conversion, X,
for bulk homopolymerizations of (a) MMA (O, B) and (b) DMA
(v, v) at 1000 bar and 40 °C. [kdvalues were obtained by
fitting eq 5 to SP—PLP data in the time intervals 0 <t < 0.1
s (open symbols) and 0 < t < 0.5 s (full symbols).

The results shown in Figure 2a,b are from SP—PLP
experiments carried out at 40 °C and 1000 bar. The open
symbols represent the results of fitting eq 5 to SP—PLP
data in the time interval 0 <t < 0.1 s, whereas the full
symbols refer to fits over a longer time interval, 0 < t
< 0.5 s. In the case of MMA the difference between the
k{Ovalues referring to short and long time intervals of
the same SP—PLP trace (and thus to short and long
average chain lengths) is small at low degrees of
monomer conversion but becomes significant at conver-
sions above 20%, where also absolute [K:[tlearly changes.
With DMA, the difference between the k(S for short
and long chains is weak at low conversions. Toward
higher degrees of monomer conversion this difference
increases but to a much smaller extent than with MMA.

Another observation that can be made from Figures
1 and 2 is that [k{3 for DA and for DMA are more or
less constant up to about 70% conversion, whereas [k¢[]
for MMA, above 20% monomer conversion, is signifi-
cantly reduced upon further polymerization. The de-
crease in MMA [k{Oby about 3 orders of magnitude
below the initial plateau value (up to 20% monomer
conversion) suggests that different diffusion mecha-
nisms are dominant at low and at moderately high
conversions.'®

The results shown in Figures 1 and 2 may be sum-
marized as follows: k; clearly decreases with increasing
chain length. The size of this effect, however, varies with
the type of monomer and with monomer conversion.
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Power-Law Model for Chain-Length-Dependent
ki. Figures 1 and 2 evidently show that k; is chain-
length-dependent. The quantitative analysis of SP—PLP
traces thus requires an expression which takes CLD of
k: explicitly into account. The most widely used such
expression is the so-called power-law model,®-2° which
assumes k; to vary with free-radical chain length i
according to

k(i i) = ki (6)

where k{ is the termination rate coefficient for very
small free radicals and i is radical chain length. Equa-
tion 6 assumes that chain transfer to monomer may be
neglected. The terminating radicals thus are of identical
length. Using eq 6 and eqs 1—3, one may derive the
following expressions for overall free-radical concentra-
tion and rate of polymerization, respectively:

2C0 kO -1
Cp=cOll + —2 L i 7
1-we*
dey, o 2cpky |\
E = _®CR 1+ m (8)

Integration of eq 8 yields the following integral expres-
sion for relative monomer concentration cM(t)/cﬂ,I (see
refs 10 and 15):

cm(t)
Ch

b t t’ n I _1 I
1- Efo(bﬁ) (L) dt’ + 1) dt (9)

with b = 2c3k{ and ¢ = 2k/kp. t, = (kpChy) L is the time
required for the first propagation step (and, to good
approximation, is also the time required for each
subsequent propagation step, as ¢y = cf\’,,). Fitting eq 9
to an SP—PLP trace yields k¥/k,, c2k?, and a. Such
fitting can be carried out using, for example, the
software package Origin Professional v. 6.1.

Other Models for Chain-Length-Dependent k.
It goes without saying that beyond the power-law model
also other termination models may be used for k¢
analysis of SP—PLP traces. One may, for example,
consider the following termination model which has
been discussed in detail in ref 10:

i<i

1,
k(i) = k{o(i), o(i) = {(ie/i)3’2’ i>i

° (10)

e

where i. is the so-called entanglement length. The
exponent 3/,, predicted by de Gennes,?! accounts for the
diffusion of long (entangled) radicals in semidilute or
concentrated polymer solutions. A more general expres-
sion for chain-length-dependent k; reads

k(t) = K{(t),

t /1), t,<t<t
w(t):wRD+=(p ) P °

)y, t-t, Y
where t. is the time at which the radicals reach the
entanglement length i, and wgp is the ratio of kt,RD/k?,
with kegp being the reaction diffusion coefficient.18
Equation 11 rests on the assumption that free-radical
chain length increases linearly with time t after the
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Figure 3. SP—PLP trace for DA at 1000 bar and 40 °C (a).
DA conversion from preceding polymerization is 11%. The solid
lines are results of fitting eq 12 to the SP—PLP data for three
different termination models: ideal kinetics model (ki =
constant), with eq 12 fitted to the data in the time interval
fromt=0tot=0.02 s (curve 1); power-law model, eq 6 (curve
2); and the model given by eq 10 (curve 3). Curves 2 and 3 are
fits to the entire signal from t =0 to 0.1 s. The time dependence
of ki/k, for the above-mentioned models is illustrated in (b).

laser pulse (see eq 3). The exponents a (o < 0.5) and y
(y >1) account for the diffusion of short (nonentangled)
and long-chain (entangled) radicals, respectively. Obvi-
ously, egs 6 and 10 are specific cases of eq 11; e.g., eq 6
is obtained from eq 11 by setting y = 0 and te — .

For the termination model represented by eq 11, the
relative change in monomer concentration after the
laser pulse will be given by the following integral
expression:

cu(®) _
Cu

b t t’ I n 71 I
1—Ef0(b[)w(t ydt' + 1)7tdt (12)

Equation 12 may be fitted to SP—PLP data to yield the
values of the parameters b, ¢, a, v, ie, and k¢rp.22
Model Discrimination. Figure 3a shows an SP—
PLP trace measured for DA at 40 °C, 1000 bar, and 11%
initial monomer conversion (from preceding polymeri-
zation). Curve 1 in Figure 3a was obtained by fitting
the ideal kinetic model, eq 5, to the initial 20% of the
cm(t) trace, 0 <t < 0.02 s, and using the so-obtained fit
parameters to draw a curve for the entire time interval,
i.e.,, up to 0.1 s. Curves 2 and 3 are fits of eq 12 to the
data for the models represented by egqs 6 and 10,
respectively. As can be seen, curves 2 and 3, although
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referring to quite different termination models (il-
lustrated in Figure 3b), equally well describe the
experimental data. This observation is fully supported
by comparison of the minimized y? values obtained from
fitting the two models to the data using Origin.2® The
same holds true for DA at other degrees of monomer
conversion and for the other monomers of the present
study.

Even though SP—PLP provides clear evidence of k¢
decreasing with CL, the SP—PLP technique does not
allow for elucidation of the detailed mechanism of chain-
length-dependent termination. In what follows, the
power-law expression, eq 6, will be used, primarily
because of its simplicity but also because of existing
theoretical predictions for the power-law exponent o.
The resulting parameters, o and kP, obviously are
model-dependent kinetic parameters. Nevertheless, they
should be useful for quantitative analysis of the chain-
length dependence of k; for different systems at different
conversions.

4. Analysis of SP—PLP Data Using the
Power-Law Model

The presentation and discussion of results will be
subdivided into an acrylate and a methacrylate part.
The reason behind this separation is that PLP—SEC
studies directed toward measuring K (by size-exclusion
chromatography carried out on polymer samples pro-
duced by periodic laser pulse initiation) indicated special
problems occurring with acrylates. Some of these prob-
lems are due to intramolecular chain transfer, e.g., via
backbiting. The associated difficulties may also affect
the analysis of SP—PLP data. The data for methacryl-
ates will be analyzed first. Because the o-hydrogen
atoms of acrylates are replaced by methyl groups, free
radicals occurring in methacrylate polymerizations are
less reactive. As a consequence, easily abstractable
hydrogen atoms are not available. The analysis of SP—
PLP of methacrylates should therefore be somewhat
easier, although the quality of SP—PLP signals for
methacrylates is generally lower than that for acrylates
because of a significantly lower k, of methacrylates as
compared to acrylates.

SP—PLP of Alkyl Methacrylates. Plotted in parts
a and b of Figure 4 are the values of a and k°,
respectively, obtained by fitting eq 9 to SP—PLP data
for MMA and DMA. Kinetic parameters used for SP—
PLP model calculations are summarized in Table 1.

The value of the exponent o scatters around 0.16 for
both monomers at conversions below 20%, that is, in
the initial “plateau” region of almost constant overall
kI (see Figures 1 and 2). The exponent o clearly
increases at conversions above 20%, with this effect
being particularly pronounced for MMA, for which a
reaches values close to unity at monomer conversions
above 40% (Figure 4a). k?, on the other hand, for both
MMA and DMA does not markedly change with conver-
sion (Figure 4b). k‘t) for MMA falls with conversion at
conversions above 40%. k¥ values for MMA are above
DMA values by about 1 order of magnitude, which is in
line with the observed difference in overall [k{1(see
Figures 1 and 2). It should be noted that k‘t) has no
clear physical meaning but may be looked upon as a
property of long-chain radicals extrapolated to negligible
chain length. k? should definitely not be identified with
experimental rate coefficients for termination reaction
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Figure 4. Fitting parameters o (a) and k? (b) plotted against
monomer conversion, X, for bulk homopolymerizations of MMA
at 2000 bar/40 °C (O) and DMA at 1000 bar/40 °C (v).

of two small free radicals, although the values of these
two coefficients in some cases may be very close to each
other. k¥ values will not be discussed in any detail
throughout the subsequent text. It needs, however, be
kept in mind that a values are strongly correlated with
the corresponding k‘f values, as both quantities are
obtained from the same fits of eq 9 to experimental SP—
PLP traces. The experimental errors in k{ and o values
are estimated to be about 30% for both systems.

The differences in size and in conversion dependence
of o at low, intermediate, and high conversions strongly
suggest that different mechanisms of diffusion-control
of k¢ apply during the course of the polymerization
reaction. At low conversions segmental diffusion with
excluded-volume effects is assumed to be rate-determin-
ing, whereas center-of-mass diffusion!® controls termi-
nation in the gel-effect region. The time interval chosen
for analysis of the SP—PLP traces for both monomers
was 0 <t < 0.5s, which, under the chosen experimental
p and T conditions, can be associated with the maximum
free-radical chain length of about 10* monomer units.
Immediately after the pulse all radicals are short
(nonentangled), these radicals then grow to become
rather long. Under gel-effect conditions, that is at higher
conversions, most of these long-chain radicals become
entangled.?*

The low-conversion MMA data presented in Figure
4a are in full agreement with literature values of o =
0.15 (see ref 25) and o = 0.16—0.17 (see ref 26). Data
for higher conversions, that is, for gel-effect situations,
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have not been reported so far. The low-conversion a
values are also in good agreement with the theoretical
value of a = 0.16 predicted by Friedman and O’Shaugh-
nessy?8 for reaction in dilute solution between long (i >
3000 monomer units) linear chains with radical func-
tionality at a terminal position of each chain (“end—end”
reaction). It comes as a surprise that the a value
predicted for dilute solution seems to apply over an
extended conversion range from zero up to monomer
conversion (polymer content) of about 20%. In dilute
solutions mean-field (MF) kinetics apply, and the total
probability for reaction between two radicals upon their
encounter may be significantly below unity due to the
excluded-volume effect.?® The radicals thus may get
separated before termination occurs. In semidilute
solutions the termination rate coefficient increases with
conversion due to screening until reaction probability
reaches unity. This situation would correspond to a
being close to zero. However, the predictions made for
semidilute and moderately concentrated regions are not
supported by our experimental data: a gradual transi-
tion from the low-conversion a = 0.16 plateau value to
higher values of a for gel-effect conditions is seen.
Theoretically predicted value of o for entangled polymer
solutions is 1.5.2127 It should be noted that our “experi-
mental” high-conversion o values for MMA are not in
conflict with such high number for a.

The values of o for methacrylates may be subdivided
into two groups: (i) At low conversions, o values are
close to the value of a = 0.16, predicted for dilute
solutions, and (ii) at moderately high conversions, the
experiments yield relatively large a values, as are to
be expected for termination via translational diffusion
of entangled free radicals. It should be noted that these
higher o values occur in the conversion range where also
overall [k kignificantly varies with monomer conversion
(polymer concentration), which may be taken as another
strong indication of translational-diffusion control of k¢
under gel-effect conditions.

SP—PLP of Alkyl Acrylates. The behavior of acryl-
ates with short alkyl ester side chains, e.g., of MA and
BA, is similar to the behavior of methacrylates in that
o is close to 0.16 at low conversions (Figure 5a). Toward
higher conversions, o increases up to about 0.4 for MA
and up to about 0.3 for BA. a for DA, on the other hand,
is relatively high from the very beginning of the poly-
merization reaction. Another interesting observation is
that, while a values for MA and BA are close to each
other at low conversion, o values for MA and DA closely
approach each other at moderately high degrees of
monomer conversion and are distinctly above high-
conversion o values for BA. This unexpected variation
results in the surprising sequence of a values at
moderate conversions around 30%, where a increases
from BA to MA and to DA, thus showing no systematic
variation with the size of the alkyl ester group. As can
be seen from Figure 5h, the associated k? values for the
three alkyl acrylate monomers exhibit no significant
dependence on monomer conversion (Figure 5b). As with
methacrylates, the experimental errors in k? and a
values are estimated to be about 30%.

A previously reported value for methyl acrylate at low
conversion is o = 0.32 (see ref 13). The difference
between this value and the values given in Figure 5a
probably results from the fact that the fitting procedure
in ref 13 was carried out with k? being fixed at 7 x 108
L mol~t s, whereas the fitting procedure of the present
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Figure 5. Fitting parameters o (a) and k? (b) plotted against

monomer conversion, X, for bulk homopolymerizations of MA
(O), BA (<), and DMA (a) at 1000 bar and 40 °C.

study yields k{ of around 2 x 108 L mol~! s~ (Figure
5b, Table 1). Adopting the kf value from ref 13 for the
analysis of the present SP—PLP data, one obtains low-
conversion a values which are close to the literature
value of 0.32.

The low-conversion o values for MA and BA (and for
MMA and DMA) are in almost perfect agreement with
the theoretical value of oo = 0.16 predicted by Friedman
and O’Shaughnessy.?® Toward higher monomer conver-
sion a increases, although to a weaker extent than with
methacrylates (see Figure 4a). This difference may be
understood as resulting from a significantly weaker gel
effect in the case of acrylates. As is to be expected,?®
the gel effect is stronger for MA than for BA, which is
associated with o being larger for MA than for BA in
the region of translation-diffusion control of termination.

The arguments presented so far do not explain why
o values for DA are so high from the very beginning of
the polymerization reaction. For dilute polymer solu-
tions, Friedman and O’Shaughnessy?8 predicted o to be
above 0.16 for reactions where the active site of at least
one free radical is located somewhere along the back-
bone, which species is referred to as “midchain” radical.
For reaction of such a “midchain” radical with an end-
functional free radical, an “end-interior” reaction, a is
predicted to be 0.27, and for the reaction of two “mid-
chain” free radicals a should be as high as 0.43. Thus,
it appears tempting to assume that the o values for DA
are indicative of strong contributions of “midchain”
radicals to termination.
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“Midchain” radicals may be produced by inter- and
intramolecular chain-transfer processes. As the high o
value for DA is already seen at very low conversion
where only small amounts of polymer are present,
intramolecular chain transfer must play an important
role. In principle, intramolecular chain transfer from a
terminal site may occur to any position at the macro-
radical. Backbiting via a six-membered ring is a par-
ticularly well-known special type of intramolecular
chain transfer which accounts for a significant fraction
of butyl side chains in ethene high-pressure high-
temperature polymerization. There is also strong lit-
erature evidence for the occurrence of intramolecular
chain transfer in acrylate polymerizations.?® For acryl-
ates with large alkyl ester side group, Scott and Se-
nogles reported that the dependence of polymerization
rate, rp, on initiation rate, r;, and monomer concentra-
tion follows the rate law:

ro 0 (ri)*cw)’, @ <05, =15

which observation may be understood as being due to
significant intramolecular chain transfer.

During recent years, overwhelming evidence for in-
tramolecular chain transfer in acrylate free-radical
polymerization has been provided, chiefly by the groups
of Lovell,®® Asua,3' and Yamada.®? The occurrence of
fairly high “midchain” radical concentrations is also
favored by the much slower propagation rate of the
tertiary free radicals produced by the chain-transfer
process. By intramolecular chain transfer already at low
conversions, significant concentrations of “midchain”
radicals may be generated. If “midchain” radicals actu-
ally are responsible for the large o value for DA, it is,
however, not easily understood why low-conversion a
for MA and BA is smaller. (Backbiting with these two
monomers should be at least as efficient as with DA.)
A tentative explanation for the different sizes of low-
conversion a could be that it is not only and not
primarily backbiting which produces “midchain” radi-
cals and that chain transfer may occur to any site of
the macroradical. If this is true, acrylates with long
alkyl ester chains should provide particularly favorable
conditions for such intramolecular chain transfer as
they offer a large amount of hydrogen atoms to be
abstracted.

To test this hypothesis, SP—PLP experiments have
been carried out on two other acrylates with longer alkyl
ester side chain, n-hexyl acrylate (HA) and 2-ethylhexyl
acrylate (EHA). As can be seen from Figure 6, o values
for both monomers are well above 0.16: a(HA) is close
to 0.3, and a(EHA) is already very close to the DA o
value. Moreover, the EHA data also show no detectable
conversion dependence of a as do the DA data. The data
in Figure 6 are not in conflict with the assumption that
alkyl acrylates with ester side groups larger than butyl
readily undergo intramolecular chain transfer to yield
“midchain” radicals.

As a further test of the hypothesis that conversion-
independent o values above 0.16 reflect “midchain”
radicals being brought upon by intramolecular chain
transfer, a few SP—PLP experiments have been carried
out on mixtures of BA and of DA with supercritical
carbon dioxide (scCO,). Polymerization in solution at
otherwise identical conditions should enhance the for-
mation of “midchain” radicals, as intramolecular chain
transfer will be favored by the larger mobility of chain
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segments and by the reduced propagation rate of free
radicals. ScCO, is a particularly interesting solvent
because the advantage of lowering propagation rate by
dilution is not counterbalanced by the disadvantage of
transfer reaction to the solvent, as CO; has zero transfer
activity. For this reason, CO; has been frequently used
as a solvent in free-radical polymerizations during
recent years.33:34

The results of SP—PLP studies into o. for BA and DA
polymerized in bulk and in mixtures with scCO, are
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plotted in parts a and b of Figure 7, respectively. For
BA a large difference between o’'s for bulk and for
solution polymerizations is seen, whereas with DA the
bulk and solution o’s are identical within the limits of
experimental accuracy. These findings may be under-
stood as follows: During bulk polymerization of BA (at
40 °C and 1000 bar) the concentration of “midchain”
radicals is not sufficiently high to give rise to a values
well above 0.16. With 40 wt % CO, being present,
however, the fraction of “midchain” radicals is increased
to such an extent that low-conversion a reaches values
of about 0.35. With DA, where the concentration of
“midchain” radicals appears to be sufficiently high even
in bulk polymerization, methods of further enhancing
this concentration, e.g., by carrying out SP—PLP experi-
ments on solutions containing CO,, are not expected to
have an influence on a. This is indeed what is observed.

5. Conclusions

The analysis of SP—PLP data for several alkyl acryl-
ates and alkyl methacrylates clearly shows that k; is
chain-length-dependent at both low and high degrees
of monomer conversion. The chain-length dependence
(CLD) of k; is particularly strong for methyl acrylates
under gel-effect conditions. Also for alkyl acrylates with
large alkyl ester group, such as dodecyl acrylate or
2-ethylhexyl acrylate, ki changes markedly with chain
length. At present, the signal quality of SP—PLP
experiments is not sufficiently high to allow for dis-
crimination between different models for CLD of ki. The
analysis of SP—PLP data thus has been carried out by
adopting the validity of the simple power-law model k-
(i,i) = ki

Three types of o behavior are seen: (i) At low degrees
of monomer conversions, typically up to 20%, o is close
to the theoretically predicted value of 0.16, which
number holds for macroradicals with terminal free-
radical functionality as are occurring in polymerizations
of the methacrylates and also seem to occur for alkyl
acrylates with small alkyl ester group. (ii) At higher
concentrations of methacrylates (and alkyl acrylates
with small alkyl ester group), in particular under gel-
effect conditions, where termination is controlled by
translation diffusion, o may be significantly above 0.16
and may even approach unity, as is the case with MMA.
(iii) Relatively high a is found for acrylates with larger
alkyl ester groups throughout their entire monomer
conversion range. This effect is assigned to termination
predominantly taking place between “midchain” radi-
cals, for which reaction theory predicts o of 0.43.

The “midchain” radicals are produced by intramo-
lecular chain-transfer processes. SP—PLP experiments
on alkyl acrylate—CO, mixtures support the assumption
that “midchain” radical termination is responsible for
the observed high a values, e.g., in DA polymerization.
Within ongoing work, the branching structure of the
polymeric products will be analyzed in detail. Moreover,
SP—PLP measurements will be carried out at lower
temperatures where chain-transfer processes should be
less important.
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