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ABSTRACT: The chain-stopping and radical-loss events in the seeded emulsion polymerization of methyl
methacrylate are determined using information from the complete molecular weight distributions (MWDs)
and rate behavior with initiation by y radiolysis followed by removal from the radiation source (“y
relaxation”). The system follows “pseudo-bulk” kinetics, implying that the chain-stopping and radical-
loss events are kinetically the same as in corresponding bulk and solution free-radical polymerizations.
It was essential to take SEC (size-exclusion chromatography) band broadening into account when
interpreting the MWDs. The MWDs are interpreted by plotting the log(instantaneous number MWD),
which is expected to be linear from theory, but it is shown that broadening leads to an upward curvature,
consistent with experimental observation in this and many other systems. It is proven that the slope of
the true (unbroadened) log(instantaneous number MWD) can be found from that of the experimental
(broadened) one by taking the slope at the peak of the SEC distribution. The experimental MWDs are
found to be dominated by transfer to monomer. The y-initiated rate data also show that radical loss is
predominantly caused by the rapid diffusion of short radicals generated by transfer to monomer (i.e., the
rate coefficient for termination is a function of those for transfer and primary radical termination). The
transfer constant inferred from all these data (kw/k, = 2.3 x 1079) is in agreement with that obtained by
alternative methods (Stickler, M.; Meyerhoff, G. Makromol. Chem. 1978, 179, 2729). All data can be
acceptably modeled using diffusion theory to predict the rate coefficients of chain length dependent
termination, with the few parameters adjusted to give the fit having values that are in good accord with

the expected range.

Introduction

Quantitative information on chain-stopping and radi-
cal-loss events in free-radical polymerization can be
obtained from two types of data: rates and molecular
weight distributions. It is notoriously difficult to obtain
consistent values of some of the rate coefficients in-
volved, particularly those for termination, for which
reasons have recently been discussed in the literature.!
In essence, these difficulties arise because data inter-
pretation must perforce involve a significant number of
model-based assumptions. For termination this is ren-
dered more complex because the microscopic rate coef-
ficient for termination between two growing radicals
depends on the degrees of polymerization of both
radicals, and hence termination rates depend on radical
concentrations and chain-length distributions, and hence
implicitly on radical flux (initiator concentration, etc.).
In addition, termination rate coefficients depend also
on conversion (i.e., on polymer concentration), and as
yet there are no benchmark data sets for termination
rate coefficients at very low polymer concentrations.
There are very few attempts in the literature to obtain
such data at intermediate and high polymer concentra-
tions, which are of considerable practical interest.
Similarly, there is often a wide range of values reported
in the literature for transfer constants to monomer.
Knowledge of these rate coefficients, and especially
physical understanding of these values and reliable
models for predicting them, is of particular interest for
commercial polymer production.
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The present paper tackles this problem for methyl
methacrylate (MMA), by combining data from a battery
of techniques: molecular weight distributions, and rate
data with initiation by both a thermal initiator (per-
sulfate) and y radiation. This last permits a study of
the variation in rate as the reactor vessel is removed
from the radiation source (“relaxation” mode), which
provides data which are sensitive to radical loss events
in the absence of a source of new radicals. The chosen
polymerization method is emulsion polymerization.
While emulsion polymerizations are inherently more
complex than bulk and solution polymerizations, be-
cause of the existence of phase-change events (entry of
radicals into, and desorption of radicals from, the latex
particles), it happens that MMA (and quite a few other
monomers) obey “pseudo-bulk” kinetics in most emul-
sion polymerizations: the kinetics and MWDs should
be the same as in equivalent bulk and solution poly-
merizations. In this study, the complexities of particle
formation are obviated by performing the polymeriza-
tion in a preformed and well-characterized seed latex,
ensuring that conditions are such that no new particles
are formed.

There are two advantages of using emulsion polym-
erization for the present goals. (1) Rate data, including
relaxation behavior, are readily and accurately obtained
using dilatometry. (2) The preformed seed particles can
be swollen with monomer as desired, and so data can
be obtained for any desired polymer concentration (at
or above that dictated by the equilibrium concentration
of monomer in the particles). By operating in the
presence of monomer droplets or controlled monomer
feed, one can maintain a constant polymer concentration
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in the particles for an extended period. As monomer is
consumed by polymerization inside a particle, monomer
from droplets, or from a controlled feed, is transferred
to the particles, to replace that which was consumed,
to swell the newly formed polymer. One thus obtains a
significant amount of polymer formed over conditions
of constant polymer concentration. Molecular weight
analysis of this polymer perhaps affords the closest
approximation to truly instantaneous MWDs that can
be obtained by free-radical polymerization.

It is noted that there are many studies of MMA rates
and MWDs in the literature. What differentiates the
present study is the combination of the use of y
relaxation data, which are specifically sensitive to
radical loss events, and instantaneous MWD data,
which are sensitive to chain-stopping events, to evolve
a qualitative and quantitative picture of the dominant
mechanisms controlling these two events.

Data Interpretation Methodology. The data com-
prise rates (including time-varying rates in y relaxation
mode) and molecular weight distributions. The objec-
tives are to obtain rate coefficients for the chain-
stopping events (transfer and termination) as a function
of appropriate controllable variables, and to compare
these with models. This comparison will not simply
involve showing that one can obtain accord with the
data using a complex model with many parameters
whose values may be adjusted; rather, we use a mini-
mum of model-based assumptions, infer rate parameters
from the data and use these to test mechanistic hypoth-
eses. The working hypothesis is that the termination
rate coefficient depends on the degrees of polymerization
of both terminating radicals: chain-length-dependent
termination, which is implicit in the hypothesis? that
termination between growing radicals is diffusion-
controlled. For statistical reasons this in turn implies
that for conventional systems (i.e., excluding “controlled”
radical polymerizations®* and systems with intermittent
initiation), termination will be dominated by events
involving a short mobile radical and a long immobile
one (except perhaps at the very onset of polymerization).

Because termination rate coefficients depend on the
degrees of polymerization of both chains, the type of
data considered here will at best yield [%[] the termina-
tion rate coefficient averaged over all chain lengths:
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where i and j refer to the degrees of polymerization, 7
is the average number of radicals per particle, n; is the
average number per particle of radicals of degree of
polymerization i (7 = ¥n;), and kY is the termination
rate coefficient between radicals of degree of polymer-
ization i and j (eq 1 has been written in terms of 7,
which is convenient for emulsion polymerizations; for
bulk and solution systems, one has a corresponding
expression in terms of radical concentrations). In an
emulsion polymerization which obeys pseudo-bulk ki-
netics, intraparticle termination is the rate-controlling
evgnt for loss of radical activity, and the rate is given
by
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where p the entry rate coefficient (the frequency of
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radicals which enter a particle)) Nao the Avogadro
constant and V, the (monomer-)swollen volume of a
latex particle. Hence an ideal relaxation experiment,
where there is no source of new radicals, should yield
[(k[directly; in practice, there is usually a small amount
of spontaneous radical generation in such systems,57
which must be taken into account for accurate data
interpretation. This methodology will be used to infer
(2;from the relaxation rate data for a range of condi-
tions.

Molecular weight distribution (MWD) data are usu-
ally obtained using size-exclusion chromatography (SEC).
The theoretical interpretation of these distributions is
most easily implemented in terms of the number MWD
P(M), which is the number distribution of chains with
molecular weight M. P(M) is related to the SEC distri-
bution w(log M) by

w(log M) = M? P(M) (3)

which is the distribution that would be observed in an
ideal SEC if the calibration curve were linear and there
were no band broadening.8719 Both w(log M) and P(M)
have arbitrary normalization.

Interpretation of MWD data is best done using
instantaneous MWDs, i.e., for polymer that is formed
at a given polymer concentration and where the various
controlling rate parameters do not change significantly,
rather than the cumulative MWD over a large conver-
sion range, where for example radical concentrations
may change. Theory® suggests that the instantaneous
P(M) should have a simple exponential dependence on
M. A common case is when chain stoppage is dominated
by transfer to monomer and by termination, when one
has!!

k [k,3
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where M is the molecular weight of monomer, V; is the
swollen volume of the particle, and % and &, are the
rate coefficients for transfer (to monomer) and for
propagation, respectively. Simulations® predict that In
P (obtained from the instantaneous SEC distribution
using eq 3) should be linear in M except at very low
molecular weights. Theory?1! also gives means whereby
rate coefficients for termination and transfer can be
obtained from the slope of such a plot, including its
dependence on initiator concentration.

There are thus in principle two independent means
of determining (&[] relaxation rate data and MWD data.
Given the notorious difficulty in obtaining meaningful
and reliable values of termination rate coefficients,!2
accord between these two methods would suggest the
reliability of the resulting [%:[] Values of the transfer
rate coefficient ki, which can be inferred from MWD
data under appropriate circumstances, can also be
compared with those from more traditional methods
such as a Mayo plot.

A major obstacle to the use of complete MWDs to infer
rate coefficients is that the linearity expected in the
instantaneous In P is not generally observed. This
surprising result, which has often been commented upon
in the literature, will be discussed extensively in the
present paper. It will be proved that a linear In P
combined with SEC band broadening can account for
this nonlinearity. A new method will be deduced for
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inferring the slope of the underlying linear In P without
the need for deconvoluting the SEC trace.

Finally, for the purposes of this paper it is essential
to understand that even when dead chain formation is
predominantly by transfer (i.e., when [%;[Jis transfer-
dominated), the rate of radical loss is still determined
by termination. Under such circumstances a radical
usually undergoes many cycles of growth and transfer
before it terminates. Chain-length-dependent termina-
tion implies that a radical has a much faster rate
coefficient for termination while it is small than while
it is long. It is thus apparent that a transfer-dominated
[(2(must predominantly involve small radicals, and one
might think of such termination as being a form of
“primary radical termination”.!® Because under these
circumstances the rate of generation of small radicals
is governed by ki, it must play a central role in
determining the value of (&[]

Experimental Section

Seed Latex Preparation. Methyl methacrylate (Mitsub-
ishi Rayon, stabilized with 4-methoxyphenol inhibitor) was
passed through a column of basic alumina and distilled under
reduced pressure (first and last 10% discarded) to remove
inhibitor. The purified monomer was stored at 0 °C for no
longer than 2 weeks before use. Aerosol MA-80 (AMA-80,
sodium di(1,3-dimethylbutyl)sulfosuccinate, 80% solution in
2-propanol and water, Cytec) and sodium hydrogen carbonate
(BDH AnalaR grade) were used without further purification.
Potassium persulfate (KPS) (BDH AnalaR grade) was recrys-
tallized from water before use. Water (700 g), AMA-80 (20.0
g), and NaHCOs (1.0 g) were heated to 60 °C. A small amount
(50 cm3) of water was retained to dissolve KPS initiator (3.01
g). Monomer (190 g) was added to the reactor and emulsified
by stirring at 450 rpm, and finally initiator solution added.
The reaction was left to proceed for 3 h before the temperature
was raised to 80 °C and the reactor vessel opened. The reaction
was then left to proceed for a further 12 h to remove residual
monomer and residual initiator. This seed latex, MMAO6, was
dialyzed against distilled water for 10 days, over which time
conductivity measurements became constant. The dialyzed
latex was filtered through glass wool to remove any traces of
coagulum. Particle size distributions were measured by the
following techniques (average diameters given in parenthe-
ses): capillary hydrodynamic fractionation (CHDF, Matec; 85
nm number-average); dynamic light scattering (HPPS, Mal-
vern; 99 nm z average); transmission electron microscopy
(TEM; 88 nm number-average), using carbon sputtering. The
CHDF value was used in subsequent work.

Seeded Studies: Rates from Dilatometry. The tech-
niques used for obtaining rate data by dilatometry, with both
chemical and y-radiolytic initiation (with both in-source and
out-of-source, or relaxation, modes), were as described else-
where.'* In the case of MMA, which is appreciably soluble in
water, nonideal mixing of monomer and water may not be
neglected and the approach of Ballard et al.!> was used to
calculate conversion for such systems. For this purposes, one
requires the saturated solubility of monomer in water, [M]5*
and in latex particles, [M]:at. The latter value was measured
at 50 °C (the temperature used for kinetic experiments) for
seed latex MMAOG6 using the “static swelling” method.51%16 The
value so obtained, 6.9 M, is close to that of 6.6 M reported by
Ballard et al.’® All chemically initiated runs were performed
with a particle number density N, = 4.3 x 1016 L1

Seeded emulsion polymerization compositions for all y- and
chemically initiated runs at 50 °C are given in Table 1.
Polymerization rates were measured by automated dilatometry
assuming ideal mixing with the densities of monomer and
polymer at 50 °C taken as dy = 0.909 g cm ™2 and d, = 1.226
g cm™? respectively,!’ the latter being the density of polymer
in a monomer solution (applicable to monomer-swollen latex
particles). The density of monomer dissolved in water at 50
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Table 1. Details of Seeded Emulsion Polymerizations

chemically initiated y-radiolysis

experiments experiments
NyL™t 4.3 x 1016 1.0 x 1017
seed (MMAO06) polymer/g 0.89 0.92
MMA/g 5.25 4.80
AMA-80/g 0.031 0.033
KPS/g 0.004—0.05 -
y-radiolysis dose rate/Gy h™! - 146

Table 2. Initiator Concentrations and Initial
Pseudo-Steady-State n for Chemically Initiated Runs

run [KPS]/mM Tlinitial
C68 0.10 0.17
C69 0.30 0.26
C73 1.0 0.33
C72 3.0 0.45

°C was measured experimentally as 0.981 g cm™. Final
dilatometric conversions were verified by gravimetry to ensure
accuracy of the dilatometry procedures. For reasons given
elsewhere,!® for pseudo-bulk systems such as these it is useful
to present conversion data as mass rather than as fraction
conversion.

Molecular Weight Distributions. Molecular weight dis-
tributions were measured for the seed latex polymer and the
polymer from latexes produced in four seeded kinetic experi-
ments with potassium persulfate as chemical initiator. The
seeded runs were monitored by dilatometry and stopped at
the end of interval 2 (i.e., before the disappearance of monomer
droplets), rapidly quenched with hydroquinone, and cooled in
an ice bath. Samples were prepared by dissolving the dried
polymer in tetrahydrofuran at 0.1 wt %. Analyses were carried
out using a Shimadzu SEC system fitted with a series of three
HT6E Waters columns and a refractive index detector. The
molecular weight distribution was determined with Polymer
Laboratories Cirrus software. A calibration curve was con-
structed using a combination of low polydispersity poly(MMA)
(Polymer Standards Service, molecular weight range 5.05 x
102 to 2.5 x 10%) and polystyrene (Polymer Laboratories,
molecular weight range 5.0 x 10% to 1.0 x 107) standards;
nonlinearity of this calibration curve was fully taken into
account in the data processing. Universal calibration was
employed for the polystyrene standards, using the following
Mark—Houwink parameters: K = 14.1 x 10° mL g%, o =
0.7 for polystyrene; K= 12.8 x 1073 mL g1, oo = 0.69 for poly-
(MMA). Because a poly(MMA) of very high molecular weight
was produced, the polystyrene standards were needed to cover
the range of molecular weight of up to 1.0 x 107 and even
slightly beyond.

Results

Chemical Initiation: MWD and Rate Data. Table
2 gives initiator concentrations and rate results for
chemically initiated runs. Typical rate data are shown
in Figure 1, and also the corresponding data for 72, which
are related to the rate by

dz _ k,IM] ,M,N V, &)
dt N,
where % is the mass of monomer converted, [M], the
monomer concentration within the particles, and Vy, the
volume of the water phase. The values of %, are well
established over a wide temperature range for MMA.18

Figure 1 and corresponding data for other initiator
concentrations all show a rapid attainment of a pseudo-
steady state (within ~2 min in Figure 1), whereafter 7
shows an approximate steady state with a slight in-
crease with conversion (acceleration) over interval 2.
The reason for this slight increase is well established,®
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Figure 1. Conversion (line) and 7 (points) as functions of time
for a chemically initiated seeded emulsion polymerization of
MMA at 50 °C with [KPS] = 1 mM. Interval 2 is from 0 to 17

min.
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Figure 2. Conversion (line) and 7 (points) as functions of time
for a y-relaxation experiment at 50 °C with y-radiolysis dose
rate of 146 Gy h™. Interval 2 is from 0 to 30 min.

and will be one of the subjects of a subsequent publica-
tion on entry rate coefficients in this system. It is noted
that 7 is by no means restricted to a value below /s, as
indeed expected for a system such as this which falls
into the common category of pseudo-bulk kinetics.!®

Duplicate relaxation experiments were performed;
Figure 2 shows some data from an experiment in which
two y-relaxations were performed during the same run.
As with chemical initiation, the value of 72 in interval 2
shows a slight acceleration.

The MWDs pertaining to run C69 are shown in Figure
3, first as SEC distributions; the calibration curve is also
shown as an inset in this figure. The MWD of the seed
polymer was then subtracted from that of the total
polymer obtained at the end of run C69. The subtraction
took into account the relative amounts of seed and new
polymer, following methodology described eslewhere.20
The resulting “pseudo-instantaneous” MWD is that due
only to new polymer formed during run C69, which was
at 50 °C and only in interval 2, where the monomer
concentration corresponds to a weight fraction of poly-
mer wy, = 0.30.

Following the discussion given above, this pseudo-
instantaneous SEC distribution, w(log M), is replotted
as the number distribution P(M) using eq 3. This is
presented as a separate panel in Figure 3. This log-
linear plot of P(M) is expected to show an extensive
straight-line region. However, it is apparent that this
is not the case. Data for all four runs are shown in
Figure 4 as both w(log M) and as In P(M), in which the
remarkably high molecular weights produced by these
polymerizations are evident: all the SEC distributions
peak at nearly 107. Importantly, it will be seen in the
following sections that these MWDs are fully consistent
with expected kinetic parameter values, i.e., we are
confident that the MWDs are correct.

Free-Radical Polymerization of Methyl Methacrylate 3217

0.8

0.6 1 ha ,-/ \

5 .. I\
§OA4- \"‘\, // /\ \
¥ \

0.2 1 zoreten%?m lim%% min 32 //\\/ \\
// L

0 ¥ S T T
3 4 5 6 7 8
logyo
15 4
e® e~
-35

0 2x10"  4x10”  6x10’  8x107
M

Figure 3. Top panel: SEC distributions from interval 2
seeded emulsion polymerization of MMA at 50 °C with [KPS]
=3 x 107* M (run C69): cumulative MWD for total polymer
from seeded run (— — —), cumulative MWD of seed (latex
MMAO06) polymer (- — - — -), and pseudo-instantaneous MWD
of new interval 2 polymer (—); the inset shows the calibration
curve. Bottom panel: the pseudo-instantaneous data as a In
P plot.

The plots of In P in Figure 4 all display the same
concave-up nonlinearity. Close examination almost all
previous studies”!120727 of In P reveals significant
nonlinearity and also the same concave-up behavior,
with the only exception being the essentially linear
distributions that have been obtained from some experi-
ments with added chain transfer agent.2829

Nonlinear In P MWD Plots: The Effects of
Broadening. Some aspects of the work given in this
section have been published in an earlier communica-
tion.? The expected linearity in pseudo-instantaneous
In P plots seems experimentally to be more honored in
the breach than in the observance. It has been suggested
that observed nonlinearity may be the result of errors
introduced by the GPC baseline subtraction,3! in the
isolation of the new polymer MWD from the seed MWD,
and/or the effects of GPC band broadening of the
distribution. Consideration of such issues has led to the
suggestion that the most accurate value for the true
slope of In P may be obtained by fitting of the region of
the In P(M) distribution corresponding to the peak
region of the associated w(log M) distribution,!1,28:31,32
and that fitting of the highest molecular weight region
may be more prone to error.

Because baseline subtraction might be expected to
provide error of a random nature, we suggest here that
the observation of a concave-up form that seems to
almost always be present over a variety of experimental
studies provides strong evidence that baseline subtrac-
tion is not the fundamental origin of the effect. This
suggests that quantitative investigation of band broad-
ening as the origin of the effect is merited — an
investigation which is implemented in the present
section.

The basic treatment of broadening is well-known (see,
e.g., arecent review!?) and is summarized here. Denote
by S(¢) the signal from SEC at an elution time ¢ (elution
time and elution volume may be used interchangeably).
Because of broadening, a perfectly monodisperse stan-
dard will not elute over an infinitely narrow elution
time, and thus for any input MWD, the signal has
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Figure 4. As in Figure 3, for (top to bottom) runs C68, C69, C73, and C72. The slopes A of In P at the peak (maximum) in the
SEC distributions are also indicated (note that the values of A are not those of the actual plots here but are those with respect
to degree of polymerization rather than molecular weight—see the definition of eq 4).

contributions from all molecular weights eluting at a
given time, expressed as a convolution equation:33-35

S® = [ Gt,M) M P(M) dM (6)

Here the spreading function G(¢,M) is the signal that
would be obtained at elution time ¢ from a perfectly
monodisperse sample with molecular weight M, and the
MWD in the integral is chosen to be the weight
distribution M P(M), because by expressing the convolu-
tion in this form it is sometimes adequate for the
spreading function to have a simple Gaussian form:10

e a2
t HMD) -

Gt,M) = exp( 507

Here o is the broadening width and # (M) the SEC
calibration curve: the elution time at which the signal
S(t) is a maximum when a perfectly monodisperse
sample of molecular weight M is eluted; (of course both
the broadening width and the calibration curve depend
on the particular SEC column and instrument).

It is well established (for example, as discussed in the
review by Baumgarten et al.1%) that a simple Gaussian
broadening function is inadequate for accurate work,
and instead more flexible functional forms are preferred,
such as the “exponential-Gaussian hybrid” (EGH),
defined by3¢

G(t,M) =
1 -t — D)’ ,
C™P\oc? + ¢ - t’(M))r) 20 FE— D=0 g
0 20+t —t'(M)r < 0

where ¢ is the standard deviation of the precursor
Gaussian, 7 is the time constant of the precursor
exponential, and C is a normalization constant. A linear
calibration curve has the form:

logiM =a — bt', ie, ¢0)=%—logM (9

The effect of broadening is exemplified in Figure 5,
which shows the result of taking the P(M) of eq 4, with
the transfer constant k/k, that reported for MMA at
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Figure 5. Effects of broadening modeled using eqs 4 and 69,
presented in the same way as the experimental data of Figures
3 and 4. Parameter values given in text. The In P plot also
shows the point where w(log M) has its maximum.

50 °C by Stickler and Meyerhoff for a highly purified
MMA bulk system (ku/kp, = 1.16 x 107%).37 An EGH
spreading function, eq 8, was chosen with parameter
values determined®® in the laboratory of one of the
authors (RGG) for aqueous SEC data on linear starch,
fitting the SEC distribution to that obtained by capillary
electrophoresis (which gives absolute molecular weight
distributions). These EGH spreading parameters are o
=0.23 min, a = 19.8, b = 0.65 min~!, and 7 = —3.85 x
107* min.

The numerical integration involved in this calculation
can be accurately implemented using standard numer-
ical quadrature procedures with a small number of
points if the variable of integration in eq 6 is trans-
formed to elution time and integration performed in
equal increments of ¢'.

The results of this model calculation are presented
in Figure 5 in the same way as actual data for the
present MMA system, except that now the true SEC
distribution is compared to the (simulated) broadened
one, and the true In P(M) with that obtained by applying
eq 3 to the broadened distribution (but ignoring broad-
ening). We denote the latter by In Pproaq. It is apparent
that this relatively small, but realistic, broadening
preserves the general form of w(log M), including the
maximum, but induces a concave-up curvature in In
Pproad. This qualitative trend is consistent with many
experimental observations. The reason for preserving
the maximum is that broadening effects approximately
cancel at a maximum (recall that the broadening
integrand is proportional to M P(M), which has this
maximum). The reason for the upward concavity in In
P is also straightforward, arising from the skewness
toward both the higher and lower parts beyond the
maximum induced by the form of these two functions
and the coordinate transformation.
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An essential point from this example is that one sees
from Figure 5 that, while In Pjy0aq no longer is a straight
line, the slope of the In Ppr.q at the point of the
maximum in the SEC distribution is to a good ap-
proximation the same as that of the true In P: the
broadened In P(M) slope at the maximum in w(log M)
differs by 9% from that of the exact In P(M).

These two observations made from Figure 5 are that
(1) broadening induces an upward concavity in In Ppyoaq
and that (2) the slopes of the true In P and In Py,aq are
almost the same at the maximum in w(log M). Similar
close matches are also seen when these model calcula-
tions are performed with a wide variety of parameters
for both P(M) and G(¢,M). Thus, the common observation
of upward-concave In P plots is explained. Second, it
suggests that quantitative interpretation of these plots
can be done by taking the slope of In P(M) at the
maximum in w(log M) (as suggested elsewhere for
purely empirical reasons!1:28:31),

We now prove in the following approximate way that
the slope of the maximum of In P from a broadened
w(log M) gives the correct slope of the true In P. The
form of G is taken to be that of eq 7, and the calibration
curve to be that of eq 9. Because one expects most of
the contribution to the signal at a particular evolution
time ¢ to be from a moderate but not large range of
molecular weight, it can be assumed that one can
approximate the local functional form of w(log M) by a
Gaussian:

_ — (' (M))?
w(log M) — MZ e (constants)xM ~ exp( (2(2 )) ) (10)
S

where t'(M) is given by eq 9. While eq 10 is of course
not the more complex functional form of the w(log M)
that arises from a linear In P(M), it furnishes an
accurate fit to this more complex functional form in the
neighborhood of the maximum in w(log M). Substituting
eqs 7, 9, and 10 into eq 6 and evaluating the integral,
one obtains

—2
2s* + o)
For conventional free-radical polymerizations and
typical SEC equipment, it is expected that the width of
w(log M) (i.e., the value of the parameter s that we have
assumed fits this distribution locally in eq 10) would
be significantly greater than the broadening (i.e., the
value of 0). Under these circumstances, one sees that
to second order in of/s, the functional form of w(log M)
= S(¢#'(M)) at the maximum is the same in the true and
broadened distributions, including both having the same
maxima. Hence the two will have the same slope of the
corresponding In P(M) = In(M2S(#'(M))).

It is emphasized that this proof requires that broad-
ening be Gaussian in form and significantly less than
the width of the distribution. Nevertheless, this ap-
proximate result is surprisingly robust. The results in
Figure 5 show that this is an excellent approximation
with the w(log M) from an exponential P(M) (which is
of course not Gaussian), and with a non-Gaussian, and
experimentally realistic, spreading function (the EGH
function used for this calculation being taken from a
real system in which it was possible to obtain the
spreading parameters directly). Similar model calcula-
tions with a range of spreading parameters all show that

(1D

or |12
S@t) =|——"—]| ex
(32 + 02) P
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Figure 6. Points: values of A, from the data of Figure 4, as
a function of 7 for chemically initiated seeded emulsion
polymerizations of MMA at 50 °C over a range of initiator
concentrations. The values of ku/k, from Whang et al.®
(= — —) and from Stickler and Meyerhoff®” (......) are also
shown.

the slope of the broadened In P at the SEC maximum
is an excellent approximation to the input value of the
true In P.

Although there are a number of means of taking
broadening into account by deconvolution (see the
review of Baumgarten et al.19), these all require some
a priori knowledge of the broadening applicable to the
particular experimental system in use. Such information
can be very hard to obtain. It has been pointed out?°
that this can be obviated in cases where a simple
exponential P(M) is anticipated (especially MWDs ob-
tained in the presence of excess transfer agent in free-
radical systems) by the simple procedure of taking the
slope of In Py0aq at the maximum of w(log M). Moreover,
if one were to perform SEC measurements on a sample
which one knew to have a single-exponential P(M), such
as that obtained with excess of transfer agent, this
provides a means of quantifying the broadening in the
SEC system used for the measurements.

Obtaining Rate Coefficients from SEC and Rate
Data. MWDs. The starting point of analysis for the SEC
data is the result deduced by Clay et al. in eq 4, which
implies that a plot of the slope A of In P(M) as a function
of M against 7 should be linear, if [2.[lis similar for the
conditions of each data point, with intercept k/k, and
the slope being a quantity from which % can be
inferred. The data of Figure 4 are for systems which
are all in Interval 2, i.e., at the same weight-fraction of
polymer w,. Because simulations®!! suggest that &
should not be strongly dependent on initiator concentra-
tion (for the range used here), one expects from eq 4
that a plot of A against 7 should show approximately
linear behavior; the actual behavior is shown in Figure
6. In view of the discussion in the preceding section, the
value of A for this purpose was taken to be the slope of
In P at the molecular weight at which w(log M) is a
maximum. It is noted that although (as shown in Figure
3) the standards used in calibration go only to M ~ 107,
these maxima are never more than slightly above this
value, and moreover there is (as also seen in Figure 3)
no evidence that these data are anywhere near the
exclusion limit of the columns. Hence the MWD at the
maximum in the SEC distributions are regarded as
being free from any artifacts from extrapolation of the
calibration curve and from the exclusion limit of the
column. Also shown are two values from the literature
for ky/k, at 50 °C: that of Stickler and Meyerhoff, using
essentially the Mayo method for a highly purified MMA
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bulk system,3” and that of Whang et al.,3° who used
what is essentially eq 4 to infer this quantity from early
SEC data in MMA emulsion polymerization. The latter
value, and a similar value obtained in a similar In P
study by Kukulj et al.,2! are both much higher than that
of Stickler and Meyerhoff, a discrepancy which may
arise from the presence of some adventitious impurities
in the emulsion studies. Equation 4 is used together
with a linear fit to the A data of Figure 6 to infer rate
coefficients. The intercept gives ku/k, = (1.22 + 0.25) x
1075 M~ s71, This is remarkably close to the Stickler—
Meyerhoff value at 50 °C: (1.16 £ 0.2) x 107> M1 s~ 1.
The slope gives the value of [kiJas (1.7 & 0.3) x 105
M~! s71, which will later be compared to the value of
(2from the y relaxation data.

Mayo method. There has been considerable discus-
sion in the literature!l:21,28.31,324041 of the similarities
and differences (not to mention the relative advantages
and disadvantages) between the In P(M) slope method-
ology used above and the more traditional Mayo method
for determining ki, and (2]t is therefore of interest to
complement the above analysis with the approach of
Mayo, which uses:

k, Q+ADER,
R P (12)
X, ko (k,M)N,V,

n

where X, = number-average degree of polymerization,
A = fraction of termination occurring by disproportion-
ation (with A ~ 1 assumed here for MMA*243), and Ry,
= kp[Mlyz in the present instance. The similarity
between these two methods is immediately evident upon
comparison of eqs 4 and 12, and in practical terms the
Mayo approach is identical to that used above. In
principle a plot of 1/X,, vs Rya/(INaVs) may be used to
infer a value of (&[] if (2{Jdoes not change, a fact which
may limit the accuracy of this approach, just as it does
the In P approach above—the essentially identical
nature of the equations shows that if a varying 20
affects one approach, then it must equally affect the
other. However since [%iIshould not be strongly de-
pendent on initiator concentration (for the range used
here), one expects a Mayo plot to be linear, and certainly
the value of 1/X, must converge to ki/k, in the transfer
limit. Thus, it may still be possible to obtain accurate
values for ky/k, under transfer-controlled conditions.

Values of 1/X, may be most simply obtained for
experimental P(M) distributions. However, the value of
M, is considerably more sensitive to SEC uncertainties
than the weight-average molecular weight My,3! and we
here assume (as have others?$#4) a value for the polymer
polydispersity of My,/M,, = 2. It is pointed out that since
a polymer polydispersity index of 2 is characteristic of
MWDs for dead chains formed by transfer or termina-
tion by disproportionation, the above assumption is
likely to be a good one for MMA systems irrespective of
whether transfer-controlled conditions hold. The plot of
1/X,, against Ry, so obtained is essentially the same as
Figure 6, and therefore it is not presented. The values
obtained from the slope and intercept of a linear fit to
these data give k(0= 7.5 x 10* M~! s71 less than that
obtained from the In P approach and closer to the value
from rate measurements given below, while the value
kulky = 1.27 x 1075 M~1 s71is very similar to that from
both the In P method and from Stickler and Meyerhoff.
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Termination Rate Coefficients from Relaxation
Data. The y-radiolysis relaxation data were analyzed
by integrating eq 2 and then eq 5 to give

_ Qexp(20t) — 1

7 Q exp(20t) + 1 (13)

n=
k,[M],MN, V.,
N,c

x= [In |Qe” + exp | — In |Q + 1|]

(14)

Here ¢ = [B{INAV;, Q = (s + ny/(nmy), 6 = 2cng, and
fig = (0/2c)V2. 71; and 7ig denote the initial and final steady-
state values of 7 respectively. These results have been
presented elsewhere,!® but without the modulus func-
tions, and consequently in a form that is limited in its
use. The form given above (including moduli) is a
general result applicable to the kinetics of both a
y-insertion or y-relaxation, and also to the approach to
steady-state for a chemically initiated polymerization.
In the y-relaxation case, the value of p is that from entry
of spontaneously generated radicals only, pspont, and the
final value of 7z is that from spontaneous polymerization,
ﬁspont~

Values for pspont and [(2iOwere obtained by nonlinear
least-squares fitting of eq 14 to the experimental
conversion—time data obtained immediately after re-
moval of the system from the y-source; this resulting
two-parameter fit closely matched the data. These
values are (&= (1.9 £ 0.1) x 10* M1 871 figpont = 0.074
+ 0.007, pspont = (1.5 £ 0.1) x 107* 57! (the experimental
uncertainties are estimated from the two measure-
ments). Equations 13 and 14 assume a constant value
of [M],. Since [&[will be affected by the viscosity of the
latex particle interior and therefore sensitive to changes
in the weight fraction of polymer (w,) inside the
particles, the only data used for analysis of radical
loss kinetics were those from the first relaxation in
each experiment. These commenced in Interval 2, where
the values of [M], (6.9 M) and consequently of w,
(0.30) are approximately constant due to the
presence of excess monomer. The values of [k;Jand
pspont are in acceptable agreement with those
measured in Interval 2 by Ballard et al.:1? (&= (3.8 £
1.0) x 107+ M1 s7! and pspont = (2.5 £ 2.0) x 107* s L
The value of [2i[There differs from that of Ballard et al.
only by a factor of about 1.5, which is a very small
difference given the usual spread noted in the literature
values for [;[]'2 Moreover, it is noted that the data of
Ballard et al. were subject to quite significant scatter
and that the present experimental apparatus has much
greater precision and accuracy than that available to
Ballard et al.

It is seen that this value of [2{Ofrom the relaxa-
tion data is a factor of ~4 smaller than that inferred
from the MWD data using the Mayo method, which
in turn is a factor of ~2 smaller than that from the In
P. Theory is now used to investigate this large discrep-
ancy.

Theory for Rate Coefficients. The data were mod-
eled using a standard treatment®* 51 for rates and
MWDs in free-radical polymerization, assuming that
termination is diffusion-controlled. In brief, one solves
the radical balance equations for the n;:

Free-Radical Polymerization of Methyl Methacrylate 3221

dnl 0 00

_ 1
Pt + ktr[M]pJ; n; = ky [Mlgn, = 2n1JZ ay (15)

dn,
o k' Ml ny — koM ny — ko [M]n, —
2n, Z cyn; (16)
£
dn; B
— =k Ml (n,_y —n)— kMl n,—2n, ) c;n;,i>
dt p!Hp p JZ it
2 (17)
v NAVs
B = G ) 19)

The methods used for numerical solution of these
equations have been given elsewhere.?*-51 We assume
the following parameter values for MMA at 50 °C: the
rate coefficient for propagation of a monomeric radical
kpl = 15 kp,>527%5 ¢ = 1.26 (which is the exponent
predicted at w, = 0.30 by an empirical “universal”
scaling law fitted to a range of data on diffusion of
oligomers up to degree of polymerization 10 in a wide
range of monomer/polymer mixtures),?%57 the Stickler—
Meyerhoff?” value of &y, = 1.1 x 1075 £, = 7.0 x 1073
M~ s7! (where k, = 649 M! s7! is the IUPAC-
recommended value!®). The reaction—diffusion contribu-
tion to the rate coefficients®® can be included but makes
no difference in this low-w, regime. The value of k!!
was treated as an adjustable parameter to fit the
y-relaxation data, yielding a value of 5.1 x 108 M1 57!
for this quantity. A different fit was also performed by
specifying a crossover chain length X. at which the
scaling law exponent changes from the value predicted
from the empirical “universal” value to the reptation
limit of 2; choosing X, = 10 resulted in a fitted value of
8.5 x 108 M1 s71 for k.11 A number of other changes
in the fitting procedure resulted in similarly small
changes in k.11

The value of k"1 can be predicted a priori under the
assumption of diffusion-controlled termination®45-51 a5

11 _
kt - 2J-[Oradpspin

(Dy + DyN (20)

Here 0r,q = interaction radius for radical—radical
reaction (taken as 3.0 A%), ps,in = probability of radical
reaction based on spin alignments (taken as 0.25%), and
Dy is the diffusion coefficient for a monomer molecule
in a latex particle, used to approximate that of a
chemically similar monomeric radical (taken as 1.12 x
1079 m? s7156), The value of k! so obtained is 6.4 x
108 M~1 571, which is remarkably close to that obtained
from fitting of y-relaxation data above. In essence this
means that the y-relaxation termination kinetics are
fully in accord with the a priori expectation, suggesting
that the termination model that has been used here in
modeling is close to the physical truth.

Prediction of MWD Data. The same equations, and
the value of k¢! fitted to the y relaxation data above,
are now used to predict the full MWD obtained with
chemical initiator. The MWD data were obtained with
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Table 3. Experimental and Calculated Values of the Slope of In P(M)

persulfate concentration/mM

experimental A (from slope of In P at maximum in w(log M))

A from simulated In P

A from In P obtained from simulated broadened w(log M) at
maximum in simulated broadened w(log M)

persulfate as chemical initiator, and modeling of the
slope of In P, using eq 4,° thus requires the inclusion of
a model for the entry rate coefficient p, for which we
use the so-called “Maxwell-Morrison” model.?® This
assumes that radical entry into particles is by aqueous-
phase propagation to a critical degree of polymerization
z, and that only radicals of this degree of polymerization
may enter; propagation to a z-mer is in competition with
aqueous-phase termination. Using the Maxwell-Morri-
son semiempirical model for the value of z, a model
based on the free energy of hydration of sulfate-ended
oligomers, predicts z ~ 4—5 for the present MMA
system; in turn, this predicts 100% initiator efficiency.

Modeling the radical distribution as thus described
predicts that [2;(0for the present conditions is only very
weakly dependent on initiator concentration (and hence
also on the assumptions made in modeling the entry
rate coefficient). This is implicit in the values of A in
Table 3 from the simulations: the predicted A increases
almost negligibly with increasing initiator concentra-
tion, implying that the MWD is transfer-dominated (see
eq 4), and thus that termination is transfer-dominated,
and thus that [&Jis essentially constant. Table 3 also
shows the experimental values of the slope of In P
measured at the value of M at the peak in the observed
w(log M).

The simulated MWDs were then compared with
experiment by taking broadening into account. To do
this completely correctly, it would be necessary to
determine the spreading function for the particular SEC
setup used here. A method for doing this has recently
been deduced,?® which enables one to find G(t,M)
without making assumptions such as this being a
Gaussian with constant spreading function, which is
known to be inaccurate.!® However, for the present
purpose of understanding the effects of broadening
semiquantitatively, this rather complex experimental
procedure3? was not implemented, and instead a simple
Gaussian spreading function was assumed, as encap-
sulated in eqs 6 and 7. In the present case a nonlinear
calibration curve was found experimentally, for which
the slope b (eq 9) varied over 0.3—0.65 min~! over the
range of elution volumes spanned by our poly(MMA)
samples. An estimate for the standard deviation of the

1.2 4

logM

Figure 7. Effect of Gaussian broadening on simulated
instantaneous w(log M) for a seeded emulsion polymerization
of MMA at 50 °C with [KPS] = 3 x 10~* M; MWDs simulated
(dashed lines) with increasing broadening applied using values
of 0 b = 0, 0.12, 0.26, and 0.45 as indicated; solid line:
experimental MWD (run C69).

0.10 0.30 1.0 3.0

1.8 x 107 2.3 x 1070 2.3 x 107 3.0 x 107°
2.4 x 1075 2.4 x 107> 2.5 x 107° 2.6 x 107>
2.1 x 1075 2.4 x 1075 2.4 x 1075 2.6 x 1075

Gaussian broadening function, o, was obtained using
the SEC traces of the low-polydispersity molecular
weight standards used in the GPC calibration. Equation
7 was fitted to the SEC traces of the five highest
molecular weight standards (which span the relevant
range of elution volumes) and a mean value of 0 = 0.4
min was determined. On the basis of these estimates it
is reasonable to expect a value of 0b in the range of
0.12—0.26 for the GPC setup used here. The effect of
broadening with a range of ob is shown for 0.3 mM
persulfate in Figure 7. It is evident that ob as large as
0.45 is needed to obtain close agreement between the
experimental and (broadened) simulation MWDs. While
this represents a moderately high extent of broadening
(but still much less than that of the experimental w(log
M), there is some evidence!? that SEC broadening does
increase as molecular weight increases, and the molec-
ular weights in the present investigation are extremely
large.

For situations where the broadening is much less, for
example the use of a high-quality SEC setup with lower
molecular weights, there will still be appreciable broad-
ening, as shown by the ob = 0.12 results of Figure 7.
Thus, it can never be disadvantageous to apply the
procedure suggested here: where errors can be elimi-
nated, they should be.

In view of ob = 0.45 being questionably large, the
expected upper bound of 0.26 was used for further
calculations: all MWD simulation data have been
broadened with ob = 0.26 and are compared with
experiment in Figure 8. It is seen that experiment is
adequately reproduced with ob = 0.26. The values of A
of the broadened simulated MWDs at the SEC maxi-
mum are given in Table 3. It should be noted that the
use of a single value for 0b in all simulations implicitly
assumes that the extent of broadening is uniform over
the range of conditions used, and thus does not allow
for, e.g., a dependence of b on polymer molecular
weight. However, given that the overall nature of the
MWDs is seen to vary only slightly under the present
conditions (see Figure 8), this assumption is unlikely
to significantly affect any kinetic inferences made.

The very acceptable accord obtained between experi-
ment and modeling means that reliable inferences can
be drawn from examination of the details of the model
for this particular system. The most important infer-
ences are that (a) the dominant chain-stopping event
is transfer to monomer, i.e., that the MWDs are transfer-
controlled, while (b) the dominant radical loss event is
short—long termination between a rapidly diffusing
short radical resulting from transfer and an immobile
long one. However, radical activity is maintained over
many cycles of transfer, i.e., not every transfer event
results in termination, and hence the termination rate
coefficient is not simply that for transfer.

A single parameter value, ki, was varied in obtaining
the simulation results of Figure 8; its effect is to shift
the SEC distributions (i.e., change their central posi-
tion), with it having no effect on width. The best-fit
value was found to be &y, = 2.3 x 1075k, = 1.5 x 1072
M1t s71. This value is about a factor of 2 higher than
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Figure 8. Effect of Gaussian broadening (b = 0.26) on simulated instantaneous MWDs for chemically initiated seeded emulsion
polymerizations of MMA at 50 °C; experimental (solid lines) and simulated (dashed lines) MWDs for a range of initiator
concentrations: [KPS] =1 x 104 M (a), 3 x 1074 M (b), 1 x 1073 M (c), and 3 x 1073 M (d).

the Stickler—Meyerhoff value of k,/k, = 1.1 x 1075 and
a factor of 2 lower than the Whang et al. value. Because
the value of 2.3 x 1075 has been obtained by fitting the
entire MWD distribution including broadening (see
Figure 8), as opposed to fitting of A or X,, only (as carried
out above), it is recommended as the best value from
the present work. The observation that the present ki,
value is slightly higher than the Stickler—Meyerhoff
value could reflect either SEC differences or that the
present emulsion systems are slightly more impure than
Stickler and Meyerhoff’s ultraclean bulk systems. The
fact that the present value is so close to the Stickler—
Meyerhoff value is supportive of both values, and
reflects that the chain-stopping kinetics are indeed the
same in these very different systems: intermediate-
conversion emulsion polymerization with chemical ini-
tiator as opposed to low-conversion bulk polymerization
with no added initiator.

It is noted that molecular weights in this system are
high. However, unlike styrene,'60 this is not due to the
suppression of termination that accompanies radical
compartmentalization in a zero-one emulsion system.?
The present MMA system is pseudo-bulk, and thus has
a frequency of termination and thus polymer molecular
weights similar to those in a bulk system. The explana-
tion for the high molecular weights measured here is
transfer control.

Some insight has now been gained into why the plots
of experimental A against 7, Figure 6, and of 1/X,
against Rp, (not shown), yielded estimates of [2;Jthat
are too high. The reason is that chain-stopping is
transfer-dominated, which means that the transfer
contribution to A and X, completely dominates that
from termination (see eqs 4 and 12). This is evident from
the values of A reported in Table 3: the unbroadened
simulation values are barely above the input ku/k, =
2.3 x 1075, Thus, the slope of a Mayo plot or a plot of A
against 7 is in the present case dominated by experi-
mental scatter, and so it is impossible to obtain [Z%[]
accurately—in fact the more credible approach is just

to regard the experimental 1/X, or A values as ku/k,
estimates (see experimental values of A in Table 3).
Further, by comparing the broadened and unbroadened
values of A from simulations, it is evident that broaden-
ing introduces a greater variation into the A values,
which explains why the plots overestimate (&[]

Conclusions

A long-standing mystery in examination of the num-
ber MWDs in free-radical polymerization has been that,
while theory predicts that the instantaneous number
distribution should be a single exponential in M (i.e.,
In P should be linear in M), experiment has always
shown significant nonlinearity with a concave-up In P.
It is now apparent that this can be explained by band
broadening in SEC. Moreover, the slope of the true
“unbroadened” In P can be obtained from the observed
(experimentally broadened) one by taking the slope of
the broadened In Py,4aq at the value of molecular weight
corresponding to the peak molecular weight in the
experimental instantaneous SEC distribution; this is
because broadening effects cancel at this turning point,
at least to a good approximation.

The theory and experiment presented here for MMA
make it apparent that in the not uncommon case where
termination is transfer-dominated, the plot of the slope
of In P against rate suggested by Clay et al.11.%0 as a
means of obtaining termination rate coefficients from
experiment cannot be utilized.

The relaxation rate data and MWD data for MMA
together are successfully modeled using the diffusion-
controlled model for termination, with the chain-length
dependence of the termination rate coefficients being
modeled with the empirical scaling law deduced from
pulsed-field-gradient NMR data for oligomer diffusion
coefficients.?®57 The good agreement found here quan-
titatively supports the notion that the Smoluchowski
equation provides a good foundation for modeling ter-
mination kinetics in the present system. It also means
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that, to good approximation, the values of [2{[required
to fit experimental kinetic data may be predicted
entirely from first principles based on the model for
chain length dependent termination used here. The
modeling, and the qualitative trends observed experi-
mentally, imply that the rate-determining step in chain
stoppage (i.e., what controls the MWD) is transfer; the
rate-determining step in radical loss is diffusion (of a
short chain formed by transfer to monomer).
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