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ABSTRACT: The development of a new reaction medium is reported, based on a biphasic mixture of
carbon dioxide and water for emulsion polymerizations: a surfactant-free aqueous emulsion polymerization
of methyl methacrylate using potassium persulfate under a varying head pressure of CO2 (0-350 bar) at
75 °C. The resulting polymer is a stable latex with particles of submicron size. The effect of CO2 on
polymerization is relatively small, until there is a significant change at high CO2 pressure. This is seen
by examining the molecular weight distribution in the form of the log(number distribution), P(M) (readily
obtained by GPC). At pressures of 140 bar and below, the P(M) show the form expected for chain-stopping
events dominated by transfer and by diffusion-controlled termination. At 280 bar, ln P(M) is significantly
steeper than its lower-pressure counterpart at relatively low conversion (45%). This is attributed to
swelling by supercritical CO2 reducing the viscosity of the particles, allowing more rapid termination.

Introduction

Carbon dioxide has recently been employed as an
inert medium for a variety of free-radical reactions.1 For
example, we have recently reported dispersion polymer-
izations in a carbon dioxide continuous phase resulting
in spherical colloidal particles of poly(methyl methacry-
late) using CO2-soluble amphiphiles.1,2 Previous reports
have also detailed solution3 and precipitation4 polymer-
izations in carbon dioxide.
Because carbon dioxide and water exhibit low mutual

solubilities, the combination of carbon-dioxide-based
processes and conventional aqueous heterogeneous po-
lymerization processes is similar to the biphasic fluo-
rocarbon/hydrocarbon system for olefin hydroformyla-
tion recently reported by Horvath5 and provides a
substantial departure from current technologies, allow-
ing for the compartmentalization of monomer, polymer,
and initiator based on their solubility characteristics.
Furthermore, the tunability inherent to supercritical
fluids allows one to vary the density, viscosity, and
solvent strength of the carbon dioxide phase with simple
changes in pressure or temperature. It is well-known
that carbon dioxide significantly plasticizes many poly-
mer particles,6 allowing one to tune not only the solvent
environment but potentially the glass transition tem-
perature, melting temperature, and viscosity of the
polymer-rich particles being formed. This could produce
qualitative changes in kinetics, molecular weight dis-
tributions, etc., since, for example, it could lead to
different mechanisms for reactions such as termination,
which are normally diffusion-controlled.7 This might
lead to qualitatively different molecular weight distri-
butions (MWDs) with changing pressure of CO2, with a
concomitant reduction in the gel effect being manifest
in the kinetics. The advantages of using CO2 here,
rather than a more common liquid organic solvent are
3-fold. Firstly, environmental considerations make CO2
a much more responsible choice than liquid organic

solvents. Secondly, solvent removal is achieved simply
by careful venting of the system. Lastly, CO2 has a
viscosity that is, under the conditions used, significantly
lower than that of conventional liquid solvents and
would thus be expected to have a greater impact on
reaction kinetics.
These biphasic systems are ideally suited for handling

highly reactive monomers such as chloroprene or tet-
rafluoroethylene, where monomer dilution with inert
carbon dioxide can serve to moderate reactivity. Also,
water’s high heat capacity can be advantageous in
controlling exothermic polymerizations. Herein, we
report the detailed characterization of a methyl meth-
acrylate emulsion polymerization using such a hybrid
system.8-11

The reaction mechanism for a traditional surfactant-
free emulsion polymerization in an aqueous continuous
phase with an initiator such as persulfate is generally
referred7 to as following a “homogeneous-coagulative
nucleation” process.12-14 An initiator molecule in the
aqueous phase undergoes aqueous-phase propagation
and termination, until it reaches a degree of polymer-
ization z when it can either enter a preexisting particle
or grow further to a degree of polymerization jcrit. An
oligomeric radical of size jcrit may homogeneously nucle-
ate to form a new (precursor) particle. Precursor
particles are colloidally unstable, and grow by both
propagation and by coagulation until they achieve
sufficient size and charge density to become stable to
further coagulation. Colloidal stability is provided by
in situ surfactant, i.e., the end groups arising from
initiator dissociation (which are either oligomeric spe-
cies formed from aqueous-phase termination or grafted
long chains). Because the amount of such in situ
surfactant is comparatively small, latex particles formed
in a “surfactant-free” emulsion polymerization are usu-
ally large. Interval 1 denotes the period of particle
formation, when newly formed radicals may form new
particles. Interval 2 denotes the period of particle
growth in the absence of new particle formation (i.e.,
when the only fates available to newly formed radicals
are either aqueous-phase termination or entry into a
preexisting particle) in the presence of monomer drop-
lets. Interval 3 denotes the final period of particle
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growth, when droplets have disappeared and monomer
is contained only in the particles and (usually to a much
smaller extent) in the continuous phase.
The present system comprises water and high-pres-

sure CO2. Visual inspection of the system showed that
there were always two continuous phases present (in
addition to the particle phase), a water-rich and a CO2-
rich phase. These phases remain separate, and under
low agitation a clear phase boundary was seen between
the upper CO2-rich phase and the lower water-rich
phase. Polymer particles were observed only in the
water-rich phase, with no visible creaming (accumula-
tion at an interface).

Experimental Section
Surfactant-free emulsion polymerization of methyl meth-

acrylate was conducted in a 10 mL high-pressure view cell that
has been previously described.15,16 In all cases, the reactor was
purged thoroughly with argon prior to use. An aqueous
solution (5.0 mL) of potassium persulfate (Aldrich, used as
received) and 1.0 mL of methyl methacrylate were charged
before the cell was filled with CO2. The reactor was then
heated to 75 °C and kept at constant temperature for various
times, typically 4 h. After the allotted reaction time, the cell
was cooled and the upper carbon dioxide phase, which occupied
approximately half of the reaction vessel, was vented. The
white stable latex was collected and freeze-dried. Conversion
was then determined gravimetrically.
Particle size distributions were determined using capillary

hydrodynamic fractionation (CHDF).17,18 Each sample was
sonicated for 5 min before dilution with eluent (Matec Applied
Sciences 2X-GR500) to a polymer weight fraction of ap-
proximately 2% for analysis. Duplicate or triplicate injections
of each sample were made into a capillary hydrodynamic
fractograph (Matec Applied Sciences, model CHDF-1100 with
C-570 cartridge). Deconvolution of the resultant particle size
distribution (PSD) was performed only if the results were
reproducible between injection. Samples showing a significant
detector response from residual monomer were dried in air at
room temperature for several hours to remove residual mono-
mer, and enhance the accuracy of the PSD obtained. Particles
were also examined using scanning electron microscopy.
Molecular weight distributions were obtained from these

samples as follows. Polymer latex samples were dried in an
air oven at 50 °C overnight. Solutions of the dried polymer
(0.4% w/v in THF) were injected into a gel permeation
chromatograph (Millipore Waters Associates Liquid Chro-
matograph). Using THF as a mobile phase, the sample was
eluted through 106, 104, and 103 Å size-exclusion columns
(Waters Ultrastyragel) in series. Detection of eluted polymer
was achieved by refractometry (Millipore Waters Associates
differential refractometer, model R401).

Expected Form of Molecular Weight
Distributions
A useful way of obtaining qualitative and quantitative

information from an experimental MWD is as the
instantaneous number distribution P(M).7,19 The cu-
mulative number distribution, Ph (M), is related to the
GPC trace G(Vel) by19,20

whereM is molecular weight, Vel is the elution volume,
and the function Vcal(M) is the GPC calibration curve.
In the common case of a linear calibration (i.e., Vcal(M)
) a + b log M), then one has simply

If transfer to monomer is the dominant chain-stopping
event, then one has

where M0 is the molecular weight of a monomer unit,
and thus M/M0 is the degree of polymerization; the
proportionality constant omitted in eq 3 is trivially given
by the total mass of polymer; ktr and kp are the rate
coefficients for transfer to monomer and propagation,
respectively. Similarly, in a system where termination
is the dominant chain-stopping event, and where (as is
always expected to be the case in heterogeneous poly-
merizations such as the present where virtually all
polymerization occurs at polymer concentrations in
excess of where entanglements set in) termination is
dominated by diffusive encounters between long and
short radicals,21 one has19

where [M] and [R] are the concentrations of monomer
and radicals and 〈kt〉 is the average termination rate
coefficient, this average being over all chain lengths.
Equation 4 is applicable to “pseudo-bulk” emulsion
polymerization kinetics,7 which is the type followed by
methyl methacrylate.7,22
Equations 3 and 4 suggest that one should plot the

instantaneous number MWD as ln P(M) against M,
when a linear portion at higher molecular weights is
always expected. Formally, one defines23 the dimen-
sionless quantity Λ by

For example, Λ would be the transfer constant to
monomer if this were the only chain-stopping event or,
more generally, (ktr[M] + 〈kt〉[R])/kp[M]. One can com-
pare experimental and theoretical values of Λ.
Now, experimental MWDs are always obtained as the

cumulative distribution. While (pseudo-)instantaneous
MWDs can be obtained by subtraction of cumulative
MWDs obtained at successive conversions (e.g., ref 23),
in practice it is often found that the expected high-M
linearity is obtained even for cumulative distributions,
since much of the high-M polymer is often formed over
a conversion range close to that at which the sample is
taken (since the rate of chain-stopping invariably de-
creases with conversion). To show this in detail, some
MWDs for the present system were simulated to aid
data interpretation, with all parameters either from the
literature7 or as follows. Because MMA follows “pseudo-
bulk” kinetics with 100% initiator efficiency in an
emulsion polymerization system,7,23 both the inter- and
the intraparticle kinetics controlling the MWDs are
particularly simple to model, requiring only the rate
coefficients for initiator dissociation, transfer to mono-
mer, and propagation, together with a model for how
the diffusion coefficient of oligomeric radicals scales with
conversion and with the degree of polymerization, and
the diffusion coefficient of monomer as a function of
conversion. [MW] ) 0.025 mol dm-3 was taken to be
the same as that in a CO2-free system at 50 °C, as was
the equilibrium monomer concentration inside the
particles (both these may, however, be significantly

P(M) ∝ exp(-
ktr
kp

M
M0

) (3)

lim
Mf∞

P(M) ∝ exp(-
ktr[M] + 〈kt〉[R]

kp[M]
M
M0

) (4)

lim
Mf∞(ln P(M)

M ) ≡ - Λ
M0

(5)

Ph (M) )
G(Vel)
M

dVcal

dM
|Vcal(M))Vel

(1)

Ph (M) ) (normalization const) × G(Vel)

M2
(2)
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altered by the presence of CO2). The rate coefficient for
transfer to monomer, ktr, was taken as 6 × 10-2 dm3

mol-1 s-1 (from the value at 50 °C 24 and by assuming
a 20 kJ mol-1 activation energy), kp ) 1.17 × 103 dm3

mol-1 s-1,25,26 initiator dissociation rate coefficient kd
) 4.4 × 10-5 s-1, and a water-phase termination rate
coefficient of oligomeric radicals ) 4 × 109 dm3 mol-1
s-1. It has been suggested that the value of the degree
of polymerization for entry for MMA might be z ) 5 at
50 °C,27 this value being consistent with the observation
that initiator efficiency is very high for this monomer
in emulsion polymerizations.7,28 However, initiator
efficiencies calculated with this value of z for the present
system were very low and gave entry rate coefficients
that varied only very weakly with [I], in contradiction
to experimental indications to the contrary.7,28 For this
reason, the value of z for the present system was chosen
as z ) 3, along with high values for the propagation rate
coefficients of very small sulfate-ended MMA oligomers
in the aqueous phase; these parameters give the ex-
pected high initiator efficiency and are thus consistent
with extant data on CO2-free MMA emulsion polymer-
ization.7,28 Extensive data on the diffusion coefficients
of oligomeric MMA species have recently been ob-
tained29 and were used here.
Simulated MWDs obtained with this parameter set

are given in Figure 1. The single-exponential compo-
nent due to transfer plus short-long termination (eq
4) is apparent, as is the nonexponential component at
lowM. The simulations show a variation in the high-M
component with initiator concentration, suggesting that
termination (between long and short chains) is a sig-
nificant chain-stopping event for longer chains; in
addition, the calculated sensitivity of this high-M por-
tion to the assumed value of ktr (not shown) shows that
transfer to monomer is also significant.
Now, the present data comprise cumulative MWDs

(i.e., the MWD accumulated as conversion increases).
The disproportionation component will change with
conversion (since the disproportionation reaction must
be diffusion-controlled with the values of wp for these
systems, and diffusion coefficients depend on wp); the

transfer component is independent of conversion. Hence,
cumulative MWDs will be the accumulation of single
exponentials that vary with conversion and, thus, in
general, will be expected to show significant nonexpo-
nential behavior even at high M. However, in the
present system, the diffusion coefficient probably varies
relatively slowly over much of the conversion range, and
so cumulative and instantaneous distributions are
similar at highM. This is supported by the appearance
of the distribution labeled “cumulative” in Figure 1,
which was obtained by summing the P(M)’s calculated
at wp ) 0.3, 0.4, and 0.5. It is this similarity of
simulated cumulative and instantaneous distributions
at high molecular weight that enables us to use the
experimental cumulative distributions at high M to
make mechanistic inferences.

Results and Discussion
pH vs CO2 Pressure. Certain aspects of free-radical

polymerization kinetics depend on pH, such as the
persulfate dissociation rate coefficient30,31 or the entry
and exit rate coefficients in systems with electrosteric
stabilizer.32 The pH of water will obviously change as
the amount of dissolved CO2 changes. The relation
between the partial pressure of CO2, pCO2 and its
concentration in water can be approximated by Henry’s
law:

where KH is the Henry’s law constant. This dissolution
involves the following equilibria:

i.e.,

whence the relation between pH and CO2 concentration
can be written

The calculated pH as a function of pressure for two
temperatures is shown in Figure 2; the values of KH and
pKa1 were taken from the literature33,34 and extrapo-
lated to higher temperatures where needed. The pre-
dictions of this simple model are in acceptable accord
with experimental values obtained in this laboratory.35
The model predicts that pH decreases from 7 to 3 for
pressures up to 70 bar, and further increasing the CO2
pressure by a factor of 5 decreases pH by only ca. 10%.
The predicted and experimental dependences of pH

on CO2 pressure enable us to make certain inferences
about pH effects in the present system. First, persulfate
decomposition is virtually unaffected by pH over the
range 3-7,30,31 suggesting that aqueous-phase radical
flux will not be affected by pH changes. Even with
constant radical flux in the aqueous phase, pH changes
can affect the particle surface and can thus change the

Figure 1. Simulated instantaneous number MWDs (on a log10
scale) at 75 °C, Nc ) 3 × 1015 dm-3, using the model of Clay
and Gilbert,19 with all rate parameters as given in the text.
Instantaneous distributions for 1 and 10 mM initiator at wp
) 0.4 are shown, as is the “cumulative” distribution obtained
by summing the contributions from P(M) calculated at wp )
0.3, 0.4, and 0.5.

[CO2] ) KH pCO2
(6)

CO2 + H2O a H2CO3 K )
[H2CO3]

[CO2]
(7)

H2CO3 a H+ + HCO3
- K1 )

[H+][HCO3
-]

[H2CO3]
(8)

[H+][HCO3
-] ) KK1[CO2] ≡ Ka1[CO2] (9)

pH ) -1/2(log KH + log Ka1) - 1/2log pCO2
)

1/2(pKH + pKa1 - log pCO2
) (10)
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rate coefficients for entry of radicals into, and exit of
radicals from, the particles, since these are controlled
by aqueous-phase or surface events.27,36 The present
system uses in situ stabilizer, and the mechanism for
entry with latexes stabilized by what is effectively an
ionic stabilizer suggests that this will be unaffected by
pH changes,27,36 a conclusion that is verified by experi-
ment.32 The accepted mechanism for exit for ionically-
stabilized latexes transfer followed by diffusion away
from the particle, with radical passage through the
particle-water interface not being rate-determining;
this mechanism is supported by extensive experimental
data.7 This thus suggests that any effect of pH on this
interface will not change the rate coefficient for exit, a
conclusion again supported by experiment for anioni-
cally-stabilized systems.32 It is therefore reasonable to
assume that there will be no effect of pH change on the
kinetics of the present system. However, it is noted that
electrosterically stabilized systems (e.g., with acrylic acid
as co-monomer) show entry and exit rate coefficients
which are strongly affected by changes in pH over the
range used here,32 and thus one would expect such
effects in a CO2-water hybrid system in the presence
of water-soluble monomers.
Rate Data. Conversion-time data are reproduced in

Figures 3 and 4. The significant scatter in the points
can be attributed to two sources. The most obvious
source of error is in the gravimetric determination of
conversion, but even the most conservative estimates
would predict only a small error from this source. A

more significant source of scatter is variability in the
induction time, that is, the time taken for any residual
oxygen or inhibitor in the reaction mixture to be
consumed. As is well-known, a high variability in
induction time in a system such as the present, wherein
there is extensive deoxygenation, is to be expected:
while the amount of residual oxygen is very small, this
amount is not easily reproducible (indeed, it is also well-
known that the best way to obtain a reproducible
induction period is to add an excess of inhibitor).
Because of this variability, conversion has been used
in place of time as an independent variable in many of
the analyses and figures presented in the following
sections. Since duplicate experiments were made with
identical reaction times rather than conversions, they
do not appear as duplicates after the variable substitu-
tion. However, with the exception of behavior at very
low conversion, there is consistency from run to run of
quantities such as particle number with conversion (see
Figures 5 and 6), which is sufficient evidence for the
reproducibility of experiments in this system.
Despite the high uncertainty, these data appear to

lend credibility to the hypothesis that the gel effect is
reduced when reaction is carried out with significant
amounts of CO2. However, while no clear autoaccel-
eration is seen, considering the sparse and scattered
nature of the data, it would be imprudent to make any
assertion of its absence. There is also a general, but

Figure 2. Calculated pH as a function of CO2 pressure at 25
and 75 °C.

Figure 3. Conversion as a function of time for the MMA
hybrid CO2/water system initiated by 0.1, 1, and 10 mM
potassium persulfate, at a pressure of ca. 140 bar CO2.

Figure 4. Conversion as a function of time for the MMA
hybrid CO2/water system initiated by 1 mM potassium per-
sulfate, at various pressures of CO2. The lines are drawn to
suggest trends at low and high pressures.

Figure 5. Dependence of particle number on conversion for
the MMA hybrid CO2/water system initiated by 0.1, 1, and 10
mM potassium persulfate, at a pressure of ca. 140 bar CO2.

6018 Quadir et al. Macromolecules, Vol. 30, No. 20, 1997



not systematic, tendency to lower rate at high pressures;
the slower rate could thus be explained by a lower
radical population caused by decreased viscosity within
particles at higher pressures. The experimental activa-
tion volume for styrene kp suggests that this quantity
would be expected to increase by only about 10% over
this range of pressures.37 This expected insensitivity
of kp to CO2 pressure is confirmed by recent PLP
measurement.38 Note that the partitioning of CO2 in
the present hybrid system is also unknown at present.
While the best evidence for a reduction in the gel effect
could be obtained from accurate rate data, because of
the technical difficulty in obtaining such data, our main
evidence is that obtained from molecular weight distri-
butions.
Particle Size Data. Figure 7 shows typical scanning

electron micrographs (SEMs) of polymer particles from
the surfactant-free polymerization conducted in the
absence of CO2 and in the presence of CO2 (113 bar). It
is apparent that the latex particles are spherical and
free from agglomeration. Micrographs obtained in
systems without CO2 appear to show a small but
significant population of smaller particles; the presence
of such a population may not be apparent in the CHDF
data.
Figure 8 shows the PSDs obtained using CHDF for

pressures of ca. 70, 140, and 280 bar. The apparent
shoulders seen in some of these curves are probably
artifactual, since they are sensitive to the method
chosen for deconvoluting the CHDF signal to obtain a
PSD. From these data, the particle number concentra-
tions Nc can be obtained from the usual formula:7

where ru is the unswollen particle radius, dp is the
density of polymer, andmp is the (final) mass of polymer
per unit volume of the aqueous phase. Results are
shown in Figures 5 and 6. The high values of Nc at low
conversions are probably artifacts: measurement of
particle size in for such small, relatively polydisperse,
samples is subject to moderately high uncertainty (as
shown by the high scatter in Nc value), and since Nc ∝
(diameter)-3, this leads to a correspondingly larger
uncertainty in particle number.
The first point of comparison is with particle numbers

obtained in corresponding surfactant-free systems with-
out CO2 (note that the comparison is to be made in
terms ofNc rather than particle size, since while particle

number is determined uniquely by the mechanism of
particle formation for a given temperature, initiator
concentration, etc.,7 eq 11 shows that particle size also
depends trivially on the amount of monomer in the
recipe). There are two sets of literature data for Nc at
ca. 75 °C for surfactant-free MMA emulsion polymeri-
zation,39,40 which are in acceptable agreement: the
results reported by these workers can be processed to
give Nc ≈ (5-10) × 1016 dm-3. This particle number is
also in accord with the present CO2 system, as seen in
Figures 5 and 6.
Our PSDs show a behavior qualitatively similar to a

conventional aqueous emulsion polymerization. In the
early stages of the reaction, the PSD has a distinct right
skew. The tail at large particle radius is postulated to
be the result of coagulation of the more numerous
smaller particles.41 As more radicals with sulfate end
groups enter the particles, electrostatic stabilization
improves and coagulation ceases. Thus, at higher
conversions we see a more symmetrical, monodisperse
PSD, consistent with colloidally-stable growth of exist-
ing particles. What is unusual is the large size of the
large-radius tail, and the extent of conversion to which
it persists (>10%). It is possible that this behavior
results from artifacts of the CHDF analysis procedure.
The breadth of the low conversion PSD’s is such that
slightly different methods of deconvolution of nominally
duplicate distribution leads to variability in this feature.
Therefore, it is quite conceivable that the tail observed
at low conversion is exaggerated by the instrument
broadening and that the relatively small tail expected

Figure 6. Dependence of particle number on conversion for
the MMA hybrid CO2/water system initiated by 1 mM potas-
sium persulfate, at various pressures of CO2 as indicated. High
values of particle number at low conversion are probably
artifacts.

Figure 7. Scanning electron micrographs for particles formed
(a) without CO2 and (b) with CO2 at 113 bar. Both samples
are taken at ca. 80% conversion.

Nc )
mp

4
3

πru
3dp

(11)
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at higher conversion is not resolved by the deconvolution
algorithm.
An interesting result that emerges from the data on

Nc is that there is no systematic trend in Nc with CO2
pressure or with initiator concentration; the latter
observation has also been reported in surfactant-free
MMA systems without CO2.39
Because particle number is determined by aqueous-

phase and particle growth events in very small par-
ticles,7 the lack of dependence of Nc upon CO2 pressure
can be interpreted as insensitivity of these events to the
presence of CO2. This would not be surprising, since,
for example, the change in pH is negligible, although
there could be a significant effect from changes in the
water-phase solubility of a given monomer, [MW], which
could affect both entry and the values of jcrit and z. In
very small particles, growth in an MMA system is
dominated by entry (determined by z) and by transfer
to monomer,7,22 and transfer is not expected to be
significantly affected by high CO2 pressure. The lack
of pressure dependence could arise either from a lack
of pressure variation of [MW] or a fortuitous cancelation
between the combined effects of a change in [MW] and/
or kp in the aqueous phase, together with changes in z
and jcrit (both of which probably correlate with [MW]7,27).
The lack of dependence of Nc on initiator concentra-

tion shown in Figure 5 is at first unexpected, although
it has also been reported for an MMA surfactant-free
system in the absence of CO2 by Tanrisever et al.39
Intuitively, one might expect that if more radicals were
being produced in the aqueous phase, then more radi-

cals would grow to length jcrit and form new particles.
However, the same lack of dependence ofNc on initiator
concentration [I] was also reported by Goodwin et al.
for styrene surfactant-free emulsion polymerizations42
provided no attempt was made to adjust the ionic
strength to allow for changes in ionic strength induced
by changing initiator concentration (see eq 9 of Goodwin
et al.42). However, Goodwin et al. showed that if the
ionic strength is kept constant (by varying the concen-
tration of an added indifferent electrolyte as initiator
concentration is changed), then Nc increases with [I] as
expected. The most reasonable explanation for this
observation is7 in terms of a higher rate of coagulation
of precursor particles caused by the increasing ionic
strength as [I] is increased; this tends to reduceNc, and
approximately counterbalances the tendency of higher
radical flux (increasing [I]) to increase Nc.
Molecular Weight Distributions. Some typical

GPC distributions are given in Figure 9. A selection of
the molecular weight data obtained are reproduced, in
the ln Ph (M) form (i.e., the logarithm of the cumulative
number molecular weight distribution), in Figures 10-
12 (note that in these figures, the regions of large scatter
at high molecular weights, e.g., M > ca. 1 × 106 for 10
mM initiator and 280 bar, arise where there are very
large uncertainties arising from baseline subtraction,
and such regions are not reproducible). The data here
have been arranged so that only one of the three
variables, conversion, initiator concentration, and CO2
pressure, varies within each series. It can be seen that
each of the ln Ph (M) plots exhibits a qualitatively similar
behavior, with an upward curvature at low molecular
weight and, in most cases, a more linear region at high
molecular weight. The dependences of the experimental
distributions on the various reaction parameters are
best considered separately, since the effects displayed
by each are approximately independent.
Theory19 suggests that the instantaneous number

MWD in an MMA emulsion polymerization at weight-
fractions (wp) of polymer typical of those in the present
system should comprise the sum of two components:
one (as shown by eq 4) a single exponential due to the
combined effects of chain-stoppage by transfer to mono-
mer and by termination between long and short chains,
and the other a more complicated form due to termina-
tion between shorter chains; this latter is only signifi-

Figure 8. Particle size distributions obtained by CHDF for
ca. 70, 140, and 280 bar CO2 pressures and various conversions
for the MMA hybrid CO2/water system initiated by 1 mM
potassium persulfate.

Figure 9. GPC distributions (i.e., DNM2Ph (M), which are GPC
traces with baseline subtracted and deconvoluted to remove
effects of a nonlinear calibration curve) for two samples from
hybrid water/CO2 emulsion polymerization of MMA at indi-
cated CO2 pressures, conversion ≈ 45%.
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cant at quite lowmolecular weights. Disproportionation
is probably the dominant termination mode in MMA;43
note, however, that since termination is diffusion-
controlled in emulsion polymerizations and therefore
most termination is between a mobile short chain and
an entangled long one, both combination and dispro-
portionation will give a linear ln Ph (M) at high conver-
sion.7,23
Another cause of nonexponential P(M) in a cumulative

MWD from an emulsion polymerization is from the
component from polymer formed during particle forma-
tion (interval 1), which can be quite different from that
formed during intervals 2 and 3.44 While the transfer
portion will not change in interval 1, termination events
can be quite different in very small precursor particles,
and so the low-M portion can show quite a different
curvature from that formed after the cessation of
particle formation.
Conversion Dependence of MWD. The data pre-

sented in Figure 10 show the conversion dependence of
the cumulative MWD. The linear portions of the ln
Ph (M) are attributed to chain stoppage by transfer, and
the nonlinear components at lowerM, to disproportion-
ation and the chain-stopping events in interval 1. The
linearity of the ln Ph (M) plots improves with conversion,
consistent with the suggestion that a significant com-
ponent of the nonlinearity is from polymer formed in
interval 1. The full experimental MWD cannot be
adequately compared with the simulations because of
the component from particle formation, whose complexi-

ties even in conventional emulsion polymerization are
such that there has been no report of a successful
modeling of the MWD. However, the high-M component
can be compared with theory, since the contribution
from interval 1 is less important; this comparison will
be performed below.
Initiator Concentration Dependence of MWD.

The most obvious feature of the distributions produced
with higher initiator concentration in Figure 11 is the
greater slope, corresponding to more rapid chain-stop-
ping events. This is as expected, since the termination
rate increases with radical concentration (eq 4) and
hence with initiator concentration, and indeed is also
seen in the simulated distributions of Figure 1. This
effect of initiator concentration is seen at both inter-
mediate and high pressures.
The experimental values of the high-M slope of ln

P(M), i.e., Λ (eq 5), provide the best means of comparison
between experiment and theoretical expectations; al-
though less than ideal, one can meaningfully compare
cumulative and instantaneous values of Λ, since the
data suggest that this quantity is relatively insensitive
to conversion. The experimental data of Figure 11 yield
Λ ) 1.3× 10-4 and 6.5× 10-4 for 1 and 10 mM initiator.
The corresponding values calculated from the model and
parameters given above are Λ ) 1.1 × 10-4 and 2.3 ×
10-4, using the simulations of Figure 1. While the
agreement is certainly imperfect, the trends are repro-
duced, and the semiquantitative agreement is in fact
pleasing, since the parameter values were taken (with
the exception of z) entirely from the literature without
any attempt at adjustment. In this context, it should
be noted that the experimental values for Λ are subject
to some uncertainty: for example, the expectation is
that the greatest variation that Λ can show with [I] is

Figure 10. Experimental cumulative MWD as Ph (M) (on a
log10 scale) for two different conversions at ca. 140 and 280
bar CO2, 1 mM persulfate. In this and subsequent figures, the
regions of large scatter at high molecular weights (e.g., M >
ca. 1 × 106 for 10 mM initiator, 280 bar) arise where there
are very large uncertainties arising from baseline subtraction,
and such regions are not reproducible.

Figure 11. Experimental cumulative MWD as Ph (M) (on a
log10 scale) for two different conversions at ca. 140 and 280
bar CO2, 1 and 10 mM persulfate.
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Λ ∝ [I]1/2; this implies that the ratio of the Λ values for
1 and 10 mM persulfate should be no more than 101/2 ≈
3, whereas the apparent experimental ratio of the above
data is 5.
CO2-Pressure Dependence of MWD. In Figure 12,

we see a remarkable behavior in the pressure variation
of the MWD. For low to intermediate pressures of CO2,
the distribution is essentially invariant. However, at
the highest measured pressure (∼280 bar), there is a
marked decrease in average molecular weight, and
much steeper ln Ph (M). The MWD formed at high
pressure is significantly steeper than its low-pressure
counterpart and deviates somewhat from a single
exponential, even at higher molecular weights. Again,
this can be attributed to a changing contribution from
disproportionation. It is likely that the fundamental
origin of the pressure dependence arises because, for
enthalpic reasons, the swelling of polymer by CO2
probably becomes significantly more favorable at higher
pressures. The decrease in the slope of ln Ph (M) at the
highest pressure is proposed to be the result of a
consequently higher concentration of CO2 within the
particles, which significantly reduces the internal vis-
cosity of the polymer-rich particles.
Consider the implications if the decrease is due to an

increase in the termination rate. Some quantification
of the reduction in viscosity in the high-pressure system
can be made by taking the high molecular weight slope
of the ln Ph (M) plot and using eq 4 as follows. If one
assumes that initiator efficiency is 100% (which enables
one to calculate the radical concentration [R]), and given
that pseudobulk kinetics applies for MMA, then ma-
nipulation of eq 4 gives (see ref 7 for the appropriate
equations):

where Vs is the swollen volume of a latex particle. Using
the values of Λ from the lower and highest-pressure
Ph (M) data in Figure 12, one finds that the highest
pressure data show an approximate 3-fold increase in
Λ: Λ(low pressure) ≈ 1.1 × 10-4, Λ(highest pressure)
≈ 2.9 × 10-4. Since ktr/kp ≈ 0.5 × 10-4 for this system,
this suggests that, if there is no change in kp, the
contribution to Λ from termination increases by a factor
of ca. 5, i.e., that 〈kt〉 increases by a factor of ca. 25. Since
the model for the MWD discussed above implies that

〈kt〉 is approximately (but not exactly!) proportional to
the diffusion coefficients of small species, this implies
that, if there is no change in kp, these diffusion coef-
ficients increase by about a factor of 25 at the highest
pressure of CO2 used in this system. Further quanti-
fication of this must await measurement of CO2 parti-
tioning in this system, so that contributions from
changes in [M] can be taken into account.
Some explanation of the sudden change between 140

and 280 bar can be found by considering the Hildebrand
solubility parameter (δ) data in Figure 13. These values
have been calculated from tabulated literature values45
of the specific enthalpy of vaporization (∆Hvap) and
specific volume (Vsp) of CO2 as functions of pressure (p)
and temperature, using the expression:46

It can be seen that in the critical region, the solubility
parameter rises into the region where partial, or even
total, solubility of poly(MMA) in pure CO2 would be
expected. Total solubility of the polymer was not
observed, probably because the system is not a binary
mixture but contains various quantities of water and
monomer. However, it is clear how quickly the fa-
vorability of the CO2-poly(MMA) interaction can change.
Also, the abrupt change of slope seen in Figure 13 at
just over 140 bar indicates the possibility of a partial
phase change in the CO2, which may also explain the
sudden change in behavior.

Conclusions
The surfactant-free emulsion polymerization of meth-

yl methacrylate in a hybrid carbon dioxide/aqueous
medium with a water-soluble initiator shows some
interesting similarities and differences to corresponding
systems in the absence of CO2. Colloidally-stable
latexes are produced, with particle sizes (or more
precisely particle number concentrations) generally
similar to those seen in the absence of CO2. However,
the addition of supercritical CO2 to a conventional
surfactant-free emulsion polymerization has a definite

Figure 12. Experimental cumulative MWD as Ph (M) (on a
log10 scale) for 40-45% conversion, 1 mM persulfate, for CO2
pressures as indicated.

Λ )
ktr
kp

+ 1
kp[M](kd[I]〈kt〉NcVs

)1/2 (12)

Figure 13. Calculated variability of the Hildebrand solubility
parameter δ with pressure of pure CO2 at 75 °C, calculated
from tabulated data on enthalpy of vaporization and specific
volume.

δ ) (∆Hvap - pVsp

Vsp
)1/2 (13)
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effect upon both the reaction kinetics and the product
formed. In particular, the sudden and profound change
in the molecular weight distribution at 280 bar is due
to a fundamental change in chain-stopping mechanism
(that the addition of supercritical CO2 at such pressures
greatly reduces the viscosity inside the polymer par-
ticles, increasing the rate of bimolecular termination).
Further quantification of the data in these systems will
also require proper measurements of the effects of CO2
on the concentration of monomer in the aqueous and
particle phases.
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