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ABSTRACT: We describe here the use of inexpensive poly(vinyl acetate) (PVAc) macromonomer stabilizers
for the free radical dispersion polymerization of styrene in 1,1,1,2-tetrafluoroethane (R134a). PVAc was
identified from a wide range of polymers as being highly soluble in R134a at low pressures (<10 bar).
The phase behavior of PVAc (Mw ) 12 000-500 000 g/mol) in R134a was studied over a range of
temperatures and pressures. It was found that PVAc exhibits LCST phase behavior in R134a. Based on
the results of these solubility studies, PVAc macromonomer stabilizers were synthesized for use in
dispersion polymerization. The dispersion polymerization of styrene in R134a gave rise to polystyrene
microspheres (4-5 µm diameter) in good yields (up to 95%) with number-average molecular weights as
high as 42 000 g/mol. The polystyrene microspheres could be redispersed in neat R134a after isolation
and purification.

Introduction

We recently reported the use of a liquid hydrofluoro-
carbon (HFC), 1,1,1,2-tetrafluoroethane (R134a, Tc )
101.1 °C, Pc ) 40.6 bar), as an environmentally benign
solvent for the synthesis of cross-linked polymer micro-
spheres by dispersion polymerization.1 It was demon-
strated that low molecular weight perfluoropolyether
(PFPE) stabilizers could be used to form stable disper-
sions consisting of uniform polymer microspheres in the
size range 1.5-3.0 µm. A key advantage of this approach
is that reaction pressures are moderate (15-40 bar) in
comparison with similar processes involving supercriti-
cal CO2 (scCO2), where pressures tend to be in the range
170-350 bar.2-6 A disadvantage is that the PFPE
stabilizers7 are expensive. Moreover, it was found that
these PFPE carboxylic acid stabilizers were not effective
in the synthesis of linear, non-cross-linked polymers
(e.g., PMMA, polystyrene) by dispersion polymerization
in R134a.1

Dispersion polymerization was developed to prepare
polymer particles in the micron size range for use in
the surface coating industry.8 Phase behavior in disper-
sion polymerization is characterized by initially homo-
geneous conditions (i.e., the monomer and initiator are
soluble in the continuous phase). Primary nuclei are
formed in the early stages of polymerization, as indi-
cated by a deep yellow or red color caused by light
scattering. As the polymerization proceeds, an opaque
white latex is formed. Agglomeration of the polymer
latex particles is prevented by the addition of a suitable
steric stabilizer.

Motivated by the need for economic and environmen-
tal alternatives to the toxic organic solvents used in
polymer chemistry, supercritical carbon dioxide (scCO2)
has emerged as a viable solvent alternative.9-16 CO2 is
nontoxic and nonflammable and is available in high-
purity from a number or sources. Most high molar mass

polymers are insoluble in CO2 at readily accessible
temperatures and pressures (T < 100 °C, P < 350 bar),
the main exceptions being certain amorphous fluo-
ropolymers and polysiloxanes.12,17 A variety of am-
phiphilic steric stabilizers and surfactants have been
developed, all of which contain a “CO2-philic” segment
based upon amorphous fluoropolymers or polysilox-
anes.2-6,9,10 The discovery of less expensive CO2-soluble
polymers is an important challenge associated with
extending the use of CO2 as a solvent medium. Beckman
has shown that it is possible to design CO2-soluble
hydrocarbon polymers, but only by achieving a precise
balance of chemical and physical properties.18,19

R134a is nontoxic and nonflammable and is widely
regarded as having zero ozone depletion potential.1,20

R134a has found widespread use as a CFC replacement
in refrigeration and auto air conditioning systems. In
addition, the low toxicity has led to approval for use in
metered dose inhalers.21 Roth22 and DiNoia et al.23

suggested that HFC solvents could be viable candidates
for supercritical fluid applications. For example, HFC
solvents have been evaluated in applications such as
electrochemistry,24 particle formation,25,26 extraction/
fractionation,27 and polymer foaming.28 The global
warming potential for R134a is estimated to be 1300
times that of CO2, but a widely held view is that
HFCs will have a very small impact on overall climate
change, which will arise mostly from the accumulation
of CO2 in the atmosphere from the burning of fossil
fuels.20,29 R134a is more expensive than CO2, and any
HFC-based process would likely require effective recy-
cling of the solvent.30 Energy-efficient recycling of R134a
may be practical since it was developed originally as a
refrigerant.

An important chemical difference between R134a and
CO2 is the degree of polarity: CO2 is symmetrical and
has no permanent dipole moment (although it does
possess a substantial quadrupole moment), while R134a
is moderately polar and has a significant dipole moment
(2.1 D).23,31 An important advantage associated with the
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use of SCFs is the fact that the solvent properties (i.e.,
density and polarizability) can be varied with pressure.
The solvent properties of R134a can also be varied with
pressure, even in the liquid state. Just as for CO2,
product isolation is simplified by the subambient boiling
point of R134a (-26.5 °C), although one would expect
the rate of degassing from a fluid-swollen polymer to
be somewhat lower in the case of R134a. From a
chemical perspective, R134a is relatively inert, although
like CO2 it can react with strong nucleophiles.32 We have
found that most common vinyl monomers are soluble
(up to 20-50% v/v) in liquid R134a at room temperature
and above.1 Previous studies have shown that certain
other relatively small molecules (Mw < 2000 g/mol) are
soluble in R134a; examples include lipids27 and some
low molecular weight surfactants.21 By contrast, most
high molar mass hydrocarbon polymers that we have
investigated are insoluble in liquid R134a under moder-
ate conditions (T < 100 °C, P < 50 bar). Certain
vinylidene fluoride polymers23 and poly(DL-lactide)33

materials have been shown to be moderately soluble in
R134a but only at elevated pressures (>200 bar). While
R134a is a poor solvent for most hydrocarbon polymers,
it is a good plasticizing agent.34 As in the case of CO2,
this should facilitate heterogeneous polymerization due
to enhanced monomer diffusion into the swollen polymer
phase.

The objective of this investigation was to discover
hydrocarbon polymers that are highly soluble in liquid
R134a at low pressures and thus to develop inexpensive
steric stabilizers for the synthesis of linear polymers by
dispersion polymerization. In the studies presented
here, R134a was used in the liquid state since the
reaction temperature was well below the critical tem-
perature for R134a (101.1 °C) in all cases.

Experimental Section

A. Materials. The structures and molecular weights of poly-
(vinyl acetate) (PVAc), poly(methyl acrylate) (PMA), and poly-
(vinyl propionate) (PVPr) samples were confirmed by NMR and
GPC, respectively, and found to be consistent with the
information provided by the supplier (Aldrich). PMA and PVPr
were received as solutions in toluene. The solvent was removed
under reduced pressure at 40 °C for 12 h. Vinyl acetate (VAc,
Aldrich, 99+%), styrene (St, Aldrich, 99+%), and methyl
methacrylate (MMA, Aldrich, 99%) were freed from inhibitor
by distillation under reduced pressure over calcium hydride.
2,2-Azobis(isobutyronitrile) (AIBN, Fisher, 97%) was recrystal-
lized twice from methanol and dried under vacuum before use.
2-Mercaptoethanol (2ME, Aldrich, 98%), methacryloyl chloride
(MAC, Aldrich, 98+%), 2-isopropoxyethanol (IPE, Aldrich,
99%), trimethylolpropane trimethacrylate (TRIM, Aldrich,
technical grade), 1,1-dihydroperfluorooctyl methacrylate (FOMA,
Fluorochem), and perfluoropolyether carboxylic acid (PFPE,
Mn ) 550 g/mol, Aldrich) were used as received. 1,1,1,2-
Tetrafluoroethane (R134a, refrigeration grade) was purchased
from Ineous Fluor (Runcorn, UK) and was passed over an
Oxisorb catalyst (Messer Griesheim) in order to remove any
traces of oxygen.

B. Characterization. Molecular weight data for the poly-
mers were obtained by GPC using a Polymer Laboratories ELS
1000 using a 5 µm mixed PL gel column against poly(styrene)
standards. 1H and 13C NMR spectra were collected on a Bruker
Avance 400. Polymer morphologies were investigated with a
Hitachi S-2460N scanning electron microscope (SEM). Samples
were mounted on aluminum studs using adhesive graphite
tape and sputter-coated with approximately 10 nm of gold
before analysis.

C. Solubility Screening in R134a. A range of hydrocarbon
polymers was screened for solubility in liquid R134a at room

temperature using a 10-well Baskerville autoclave (see Sup-
porting Information). Weighed samples were submerged in
Soxhlet extraction thimbles in liquid R134a for a fixed period
(1 h) before venting the R134a. The percentage of polymer
extracted was determined gravimetrically for each sample.

D. Phase Behavior Measurements in R134a. i. Deter-
mination of Lower Critical Solution Temperature (LCST)
for PVAc in R134a. An accurately weighed sample of polymer
was added to a 10 mL fixed-volume view cell equipped with a
sapphire window and a magnetic stir bar. The vessel was
purged with argon followed by the addition of an accurate
volume of liquid R134a (8.00 mL). Since the reactor was not
completely filled with solvent, the initial pressure in the vessel
was always equal to the vapor pressure of R134a at ambient
temperature (∼7.1 bar). The solution was stirred until a clear,
homogeneous solution was obtained. All of the PVAc samples
tested were found to be initially soluble under these conditions.
The vessel was then heated slowly (not isobarically) until an
opaque mixture was observed due to polymer phase separation
(i.e., the cloud point). The cloud point was determined as the
point at which the back surface of the reactor was no longer
visible. The PVAc was characterized by 1H NMR before and
after the measurements in order to ensure that the phase
separation was not due to any changes in polymer structure
(e.g., hydrolysis of acetate groups).

ii. Cloud Point Determination for PVAc in R134a (Mw
) 167 000 g/mol). An accurately weighed sample of PVAc (0.4
w/v %, Mw ) 167 000 g/mol) was added to a 10 mL fixed-volume
view cell equipped with a sapphire window and a magnetic
stir bar. The system was purged with argon. Liquid R134a
(8.00 mL) was added using an Isco 260D syringe pump, and
the system was stirred until a clear homogeneous solution was
observed. The resulting solution was then heated above the
LCST for the polymer (i.e., such that the polymer precipitated
from solution) to the temperature at which the cloud point
would be measured. When the temperature of the view cell
had stabilized, the pressure was slowly increased by the
addition of liquid R134a until the polymer had redissolved to
form a homogeneous, optically transparent solution. The cloud
point was estimated as the pressure required to completely
dissolve the polymer at a given temperature. This measure-
ment was repeated at a number of different temperatures to
construct the phase diagram shown in Figure 1.

E. Stabilizer Synthesis. i. Synthesis of PVAc Mac-
romonomer 1a Using 2-Mercaptoethanol (2-ME) as Chain
Transfer Agent. The synthesis of hydroxyl-terminated PVAc,
1, was based on methods described previously.35,36 To a solution
of VAc (8.6 g, 100 mmol) in toluene (17.8 g, 190 mmol)
containing AIBN (2% w/w with respect to VAc, 1 mmol) was
added 2-mercaptoethanol (20% w/w with respect to VAc, 22
mmol). The resulting solution was deoxygenated three times
by freeze-pump-thaw degassing and then heated to 60 °C
for 12 h. The solvent was evaporated under reduced pressure,
and the polymer, 1, was reprecipitated into cold n-hexane. The

Figure 1. Cloud point behavior for PVAc in R134a (Mw )
167 000 g/mol, concentration ) 0.3-0.4% w/v). Area above the
line is the one-phase region.
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material was then dissolved in acetone and reprecipitated
again. This was repeated two more times, followed by drying
in vacuo at 30 °C. The structure of the resulting hydroxyl-
functionalized PVAc was confirmed by 1H NMR.35,36 The
methacrylate-terminated macromonomer, 1a, was obtained by
functionalizing 1 with methacryloyl chloride,36 and the struc-
ture was confirmed by 1H NMR and FTIR. The degree of
methacrylate functionalization was determined to be 28%
(from integration of backbone -CH groups at 4.87 ppm against
the vinyl protons at 5.64 and 6.18 ppm). νmax (film)/cm-1 1740
(CdO); δH (400 MHz, CDCl3), 1.65-2.19 (m, CH3 and CH2),
4.87 (m, CH), 5.64 and 6.18 ppm (CH2, vinyl end groups).

ii. Synthesis of PVAc Macromonomer 2a Using Iso-
propoxyethanol (IPE) as Solvent and Chain Transfer
Agent. The synthesis of the hydroxyl-terminated PVAc, 2, was
based on methods described previously.37,38 VAc (8.6 g, 100
mmol) was added to IPE (30 mL, 27.1 g, 260 mmol) containing
AIBN (0.33% w/w based upon monomer, 0.1 mmol). The
resulting solution was deoxygenated three times by freeze-
pump-thaw degassing and then heated to 60 °C for 12 h. The
solvent was removed under reduced pressure, and the polymer,
2, was reprecipitated into cold n-hexane. The resulting polymer
was dissolved in acetone and reprecipitated again. This was
repeated two more times followed by drying in vacuo at 30
°C. The methacrylate-terminated macromonomer, 2a, was
obtained by functionalizing 2 with methacryloyl chloride, and
the structure was confirmed by 1H NMR and FTIR. νmax (film)/
cm-1 1740 (CdO); δH (400 MHz, CDCl3), 1.65-2.19 (m, CH3

and CH2), 4.87 (m, CH). In this case, the vinyl end groups could
not be observed by 1H NMR due the higher molecular weight
of the macromonomer, and it was not possible to quantify the
precise degree of methacrylate functionalization.

iii. Synthesis of Poly(1,1-dihydroperfluorooctyl meth-
acrylate) (PFOMA). This polymer was synthesized as de-
scribed previously.12 The molecular weight of the PFOMA was
not determined due to insolubility of the polymer in all
common solvents used for GPC.

F. Dispersion Polymerization in R134a. Reactions were
carried out in a 10 mL stainless steel view cell equipped with
a magnetic stir bar and a sapphire window to allow observation
of phase behavior.1 The monomer(s), initiator, and stabilizer
(if any) were added to the reaction vessel, which was then
purged four times with argon. R134a (7.80-9.10 mL, depend-
ing on the final pressure required at the reaction temperature)
was added using an Isco 260D syringe pump, and the reactor
was heated to 60 °C using an external heating tape. The
temperature was monitored using a type-K thermocouple.
Pressure changes were monitored using a miniature flush
diaphragm pressure transducer. For reactions that yielded dry
powders in high yields, the phase behavior was indicative of
a dispersion polymerization mechanism.2-6 In other cases
where the latexes were unstable, latex collapse was observed
during the latter stages of the reaction. These reactions gave
rise to much lower polymer yields and lower average molecular
weights. In reactions where powders were obtained, a small
quantity (∼50 mg) of the polymer was washed with methanol
and then analyzed by SEM. The remaining polymer was
dissolved in toluene and reprecipitated twice into cold metha-
nol. The polymer was isolated and dried under reduced
pressure. Yields were determined gravimetrically.

Results and Discussion

Screening for R134a-Soluble Polymers. The fac-
tors affecting polymer solubility in compressed fluids
are complex, and one must consider the interplay
between the intra- and intersegmental interactions of
the many segments of the polymer and the interactions
of these segments with the solvent (i.e., the interchange
energy).17 The development of predictive models can be
complicated by the fact that directional Lewis acid-base
interactions may play a significant role in determining
polymer phase behavior.17,39 As such, the current level
of predictive understanding for the phase behavior of

polymer solutions in compressible fluids is limited.
Polymer phase behavior in scCO2 has been quite widely
investigated,17 but there is very little published infor-
mation concerning the phase behavior of nonfluorinated
hydrocarbon polymers in R134a.

The main objective of this study was to identify an
inexpensive hydrocarbon polymer with high solubility
in R134a at moderate pressures in order to synthesize
effective steric stabilizers for dispersion polymerization.
We adopted a rapid screening approach in order to
discover candidate materials. A range of candidate
polymers was selected according to some basic criteria.
First, polymers with relatively low glass transition
temperatures (Tg) were favored since this often indicates
high flexibility and high free volume, both of which
should result in a more favorable entropy of mixing.40

Second, many of the polymers possessed specific func-
tional groups (e.g., carbonyl groups) that might interact
with the dipole moment of R134a, thus increasing
solute-solvent interactions and improving the enthalpy
of mixing.17,39 Over 50 polymers were screened for
solubility in R134a (25 °C, 7.1 bar, see Supporting
Information). All of the polymers in this group were
found to have negligible solubility (<0.2% w/v) in R134a
under these conditions, apart from PVAc which was
found to be highly soluble (up to 30% w/v at 12 800
g/mol, 21 °C, 7.1 bar). As a result, the phase behavior
of PVAc in liquid R134a was studied in more detail.

Phase Behavior of PVAc in Liquid R134a. It was
found that PVAc exhibits lower critical solution tem-
perature (LCST) phase behavior in R134a, as indicated
by the positive gradient of the cloud point curve (+4 bar/
°C) shown in Figure 1. LCST behavior is common to a
variety of polymer-compressed fluid systems such as
poly(1,1-dihydroperfluorooctyl acrylate) (PFOA) in CO2,4
PMMA in chlorodifluoromethane,41 and poly(1,1,2,2-
tetrahydrofluoroperfluorodecyl acrylate) [poly(TAN), av-
erage alkyl chain length ) 9.6] in CO2.42

The main reason for carrying out these solubility tests
was to determine the conditions under which PVAc
would be soluble at a sufficiently high molecular weight
(Mw > 10 000 g/mol) in order to act as a steric stabilizer
for dispersion polymerization. Figure 2 shows the
dependence of the LCST on the polymer concentration
for low molecular weight (12 800 g/mol) and high
molecular weight (167 000 g/mol) PVAc in liquid R134a.
In each case, the area below the curve represents the

Figure 2. Effect of polymer concentration on the LCST for
PVAc in R134a: circle points, Mw ) 12 800 g/mol; triangle
points, Mw ) 167 000 g/mol. Area below curve ) one-phase
region. Maximum pressure during measurements ) 17.9 bar.
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one-phase region while the area above the curve corre-
sponds to the two-phase region. As might be expected,
the LCST curve was found at lower temperatures for
the higher molar mass PVAc. Both curves exhibit the
typical shape expected for systems with LCST behav-
ior: this is denoted by a minimum in the LCST at a
certain polymer concentration. The 12 800 g/mol PVAc
showed a minimum in LCST of 49.3 °C at approximately
5% w/w, while for 167 000 g/mol PVAc, the minimum
LCST was found to be 33.2 °C at approximately 5% w/w.
The maximum concentration in Figure 2 is 10% w/w
because the 167 000 g/mol sample did not appear to be
fully soluble at higher concentrations. By contrast, the
12 800 g/mol sample was found to be soluble up to at
least 30% w/w at 7.1 bar and 25 °C. In these experi-
ments, the location of the LCST was not determined
isobarically (i.e., the pressure increased slightly as the
solution was heated in the fixed-volume reactor). Thus,
the observed phase behavior cannot be attributed solely
to the effect of changing the temperature, since the
pressure and the liquid density varied as well. Nonethe-
less, these conditions are closest in nature to the
reaction conditions (i.e., a known volume of solvent is
added to the reactor and the system is then heated):
as such, this information was considered to be the most
useful in terms of finding reaction conditions under
which PVAc would remain soluble during dispersion
polymerization.

Figure 3 shows the effect of polymer molecular weight
on the LCST for PVAc in R134a. The polymer concen-
tration was fixed at 0.5% w/w (based on solvent) since
this corresponds approximately to the concentration of
steric stabilizer that might be used in a dispersion
polymerization. Figure 3 demonstrates clearly that the
LCST is strongly dependent on molecular weight up to
around 100 000 g/mol. At higher molar masses, the
dependence on molecular weight is small. As Mw is
increased from 12 800 to 83 000 g/mol, the LCST
decreases by 16.7 °C. Increasing Mw from 113 000 to
500 000 g/mol decreases the LCST by only 2.9 °C.

The Tg of PVAc is moderately low (Table 1), and the
polymer chain has relatively high flexibility. PVAc is
polar (e.g., it is soluble in methanol) and contains
carbonyl functionalities that could interact favorably
with a moderately polar solvent such as R134a. This
interpretation is supported by preliminary phase be-
havior studies carried out on structural analogues of

PVAc (Table 1). For example, poly(methyl acrylate)
(PMA, 0.5% w/w, 40 000 g/mol) exhibited an LCST that
is 17.7 °C lower than the LCST for PVAc (0.5% w/w,
167 000 g/mol), despite the fact that both Tg and Mw
for the PMA sample were substantially lower. Poly(vinyl
propionate) (PVPr) (which had Tg and Mw that were very
close to those of the PMA sample) also exhibited an
LCST that was significantly lower than that observed
for PVAc. A possible interpretation for this difference
in phase behavior is that the carbonyl groups in PMA
and PVPr are less accessible to interactions with the
solvent39 (i.e., because of positional isomerism in the
case of PMA and because of the more sterically bulky
ethyl substituent in the case of PVPr). A similar
argument has been made to rationalize the large dif-
ference in the cloud point pressures for PMA and PVAc
in scCO2.17,40

Synthesis of R134a-Soluble PVAc Macromono-
mers. Macromonomers can be defined as oligomers or
polymers having a polymerizable functional group at
one chain end. Fluorinated and siloxane macromono-
mers have been used as steric stabilizers for dispersion
polymerization in CO2.5,43,44 In this study, PVAc mono-
functional macromonomers were synthesized consisting
of a R134a-soluble PVAc chain which was terminated
with a methacrylate group. The target molecular weight
for these macromonomers was in the broad range 5000-
20 000 g/mol. At higher Mw (>20 000 g/mol), we ex-
pected the PVAc to be insufficiently soluble in R134a
(i.e., the LCST would be too low; see Figure 3). Also, it
becomes increasingly difficult to end-functionalize mono-
hydroxyl-PVAc oligomers with a polymerizable group
(e.g., a methacrylate) as the molecular weight increases
(see below).36 On the other hand, macromonomer mo-
lecular weights of >5000 g/mol were desired in order to
impart efficient steric stabilization in the subsequent
dispersion polymerization.8

Two different methods were employed to prepare
monohydroxyl-terminated PVAc polymers,35-38 and the
results are summarized in Table 2. The structures of
polymers 1 and 1a (Figure 4), produced by chain

Figure 3. Effect of molecular weight on LCST for PVAc in
R134a (0.5% w/w). Maximum pressure during measurements
) 16.5 bar.

Table 1. Effect of Polymer Structure on LCST in R134aa

polymerb Mw (g/mol)c Tg (°C)c LCST (°C)

PVAc 167 000 30 34.3
PMA 40 000 9 16.6
PVPr 34 000 10 17.0

a Concentration of polymer 0.5% w/w with respect to R134a (P
< 15 bar). b PVAc ) poly(vinyl acetate); PMA ) poly(methyl
acrylate); PVPr ) poly(vinyl propionate). c Mw (GPC) and Tg (DSC)
provided by the supplier.

Table 2. Synthesis of PVAc Macromonomers

polymer
Mn

(g/mol)c PDIc,d yielde

chain
transfer
agentf end group

1a 10 000 1.3 15.1 2-ME 2-hydroxyethylthio
1aa 10 300 1.3 ∼100g n/a methacrylateg

2b 16 900 1.2 27.2 2-IPE isopropoxyethanol
2ab 17 000 1.2 ∼100h n/a methacrylateh

a Synthesized using 2-ME as chain transfer agent (section E.i).
b Synthesized using IPE as chain transfer agent (section E.ii).
c Measured by GPC; Mn and PDI were unchanged after methacry-
late functionalization. d Polydispersity index ) Mw/Mn. e Deter-
mined gravimetrically after reprecipitation. f 2-ME ) 2-mercarp-
toethanol; IPE ) 2-isopropoxyethanol. g Refers to gravimetric,
isolated yield. Degree of functionalization ) 28%. h Refers to
gravimetric, isolated yield. Methacrylate end groups could not be
observed by 1H NMR at this molecular weight.
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transfer polymerization using 2-mercaptoethanol (2ME),
were confirmed by 1H NMR, GPC, and FTIR. For
hydroxyl-functionalized PVAc oligomers of this molec-
ular weight, the degree of methacrylate end-capping was
estimated by 1H NMR to be around 28% (i.e., a signifi-
cant proportion of the hydroxyl end groups remained
unfunctionalized due to the comparatively high Mw of
the PVAc oligomer).36 Polymers 2 and 2a were produced
by chain transfer polymerization in neat 2-isopropoxy-
ethanol (IPE) and were characterized in the same way.
In this case, Mw was too high to observe the methacry-
late end groups by 1H NMR. It was not, therefore,
possible to calculate the degree of methacrylate end-
capping for polymer 2a, although one might predict this
to be lower than found for polymer 1a. Nonetheless,
there is clear evidence that the methacrylate-terminated
species, 2a, is active as a steric stabilizer in dispersion
polymerization while the underivatized hydroxyl spe-
cies, 2, is not (see below). This suggests that a significant
percentage of the hydroxyl end groups were function-
alized in both cases.

Cross-Linked Polymers: Dispersion Polymeri-
zation of TRIM in Liquid R134a Using PVAc
Macromonomers. PVAc macromonomer 1a was used
for the dispersion copolymerization of MMA and TRIM
to produce cross-linked polymer microspheres (Table 3,
entries 1-3). Figure 5 shows electron micrographs for
the microspheres produced. In the absence of any
stabilizer (entry 1), polymers were obtained in good
yields by precipitation polymerization, although the
particles were significantly agglomerated and non-
spherical in shape (Figure 5a). The formation of polymer
powders in good yields without any added stabilizer can
be attributed to the rigid, cross-linked particle surface
which provides an inherent barrier to agglomera-
tion.1,45,46 In the presence of the PVAc macromonomer,
1a, a uniform, opaque, white latex was observed, and
uniform polymer microspheres (average particle diam-
eter ) 0.91 µm) were obtained in good yield (Figure 5b).
Under these reaction conditions (60 °C, 17 bar) the
system was slightly cloudy at the very beginning of the
reaction period; this could arise from partial insolubility
of the macromonomer under these conditions. The
reaction was repeated in the presence of a low molecular
weight monofunctional perfluoropolyether carboxylic
acid stabilizer (PFPE-CO2H, Mn ) 550 g/mol) of the type
developed by Howdle for the dispersion polymerization
of MMA in scCO2.7,47,48 As reported previously,1 cross-
linked microspheres were produced in high yields with
spherical particle morphologies (Figure 5c). A few

particles appeared to be fused together, but overall the
majority existed as discrete microspheres. The cross-
linked particles produced using the PVAc macromono-
mer, 1a, were smaller than those produced using the
PFPE-CO2H stabilizer (0.91 µm vs 1.62 µm), perhaps
suggesting that the nucleation process is more efficient
due to the reactive macromonomer forming permanent
chemical bonds with the microparticles. The molecular
weight of the PFPE-CO2H species (Mn ) 550 g/mol) is
certainly much lower than most steric stabilizers,8 and
the exact mechanism of stabilization is unclear.

Linear Polymers: Dispersion Polymerization of
Styrene Using R134a-Soluble Homopolymers. In
the case of cross-linked polymers, the rigid nature of
these materials greatly assists in the formation of
uniform spherical particles. Attempts to use PFPE-
CO2H stabilizers for the synthesis of linear polymers
(e.g., PMMA, polystyrene) by dispersion polymerization
proved unsuccessful and gave rise to polymers in low
yields and with low molecular weights.1 We attribute
this to the fact that stable latexes were not formed (i.e.,
the reactions were similar to unstabilized precipitation
polymerizations). In comparison with results obtained
using scCO2,7,47,48 there was a large reduction in activity
for these PFPE-CO2H steric stabilizers. This could
result from differences in the phase behavior of these
highly fluorinated materials in CO2 and R134a. Alter-
natively, the hydrogen-bonded anchoring mechanism
proposed by Howdle and co-workers may be substan-
tially weaker in the more polar hydrofluorocarbon fluid.1

Given that fluorinated CO2-soluble polyacrylates (e.g.,
PFOA) have been used as stabilizers for the dispersion
of monomers such as MMA2,4 and styrene49 in scCO2,
we first attempted to use linear R134a-soluble ho-
mopolymers in a similar fashion as steric stabilizers for
the dispersion polymerization of styrene in R134a.
These preliminary experiments were carried out at
relatively high pressure (230 bar) in order to ensure that
the homopolymer stabilizers were fully soluble in the
continuous phase. Three potential stabilizers were
investigated, all of which were shown to be soluble in
neat R134a (i.e., PFOMA, Mw not determined; PVAc,
Mw ) 167 000 g/mol; PVAc, Mw ) 500 000 g/mol). In
each case, the yield and molecular weight of the
polystyrene product were increased in the presence of
the homopolymer stabilizer (Table 3, entries 4-7). The
phase behavior in the reactions differed strongly; the
PFOMA-stabilized system gave rise to a uniform white
latex and resulted in the formation of a free-flowing
polystyrene powder (74% yield, Mn ) 35 500 g/mol) that
consisted of partially agglomerated microspheres (see
Figure 6a). By contrast, the addition of PVAc (Table 3,
entries 6 + 7) did not give rise to stable latexes, and
both the yields (12-20%) and the molecular weights
(10 000-16 000 g/mol) in these reactions were much
lower. This contrasting behavior might arise from
differences in phase behavior or from the fact that PVAc
is relatively polar and does not adsorb as strongly to
the hydrophobic polystyrene particle surfaces.

Linear Polymers: Dispersion Polymerization of
Styrene Using R134a-Soluble PVAc Macromono-
mers. Table 4 summarizes the results of a series of
dispersion polymerizations carried out in liquid R134a
using PVAc macromonomers as steric stabilizers. The
presence of styrene in the reaction mixture appeared
to enhance the initial solubility of the PVAc mac-
romonomers, and all of these reactions formed clear,

Figure 4. Structures of hydroxy- and vinyl-terminated PVAc.
1 + 1a synthesized using 2-mercaptoethanol (2-ME) as chain
transfer agent (1 ) PVAc with 2-hydroxyethylthio end group,
1a ) macromonomer after methacrylate functionalization). 2
+ 2a synthesized using isopropoxyethanol (IPE) as chain
transfer agent and solvent (2 ) PVAc with hydroxyl end group,
2a ) macromonomer after methacrylate functionalization).
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transparent solutions at 60 °C, even those conducted
at low pressures (e.g., Table 4, entries 1, 8, and 9).
Similar cosolvency effects have been noted for PMMA/
MMA/CO2 systems.50 At relatively low macromonomer
concentrations (1% w/w based on styrene), neither 1a
(Mw ) 10 000 g/mol) nor 2a (Mw ) 16 900 g/mol) had a
very significant effect on the molecular weight or yield
of the polystyrene that was produced (Table 4, entries
1-3). At this macromonomer concentration, the reaction
pressure had no influence, suggesting that the amount
of stabilizer present was simply insufficient to form a
stable polymer latex. It should be noted that the degree
of methacrylate functionalization was low (<30%): as
such, it is likely that only a fraction of the added
stabilizer was actually “active”. Although isolated poly-
mer yields and molecular weights were low at this
stabilizer concentration, a marked difference was noted
in terms of phase behavior. In particular, the higher
molecular weight stabilizer (2a, entry 3) formed a
relatively stable latex at the beginning of the reaction,

although this latex was observed to collapse before the
polymerization was complete. Macromonomers are known
to exhibit low reactivity in many cases, particularly
when the macromonomer is highly soluble in the
continuous phase.51 It is likely, therefore, that grafting
of the macromonomer onto the polystyrene surface may
be rather inefficient, thus requiring an excess of the
stabilizer to be present.8 When the concentration of
stabilizer 2a was increased to 8.5% w/w (entry 4), both
the yield and molecular weight of the polystyrene were
increased significantly. The yield could be improved
further by increasing the initiator concentration, with-
out causing a large decrease in Mn (entry 5). Indeed,
Mw was increased at this higher initiator concentration
because the molecular weight distribution became
broader. Latex collapse occurred at a late stage in this
polymerization to yield an agglomerated product in 82%
yield. At higher stabilizer concentration (entry 6, 13.8%
w/w based on styrene), the system exhibited phase
behavior that is typical for dispersion polymerization

Table 3. Synthesis of Cross-Linked and Linear Polymers by Dispersion Polymerization in 1,1,1,2-Tetrafluoroethane
(R134a)a

monomer stabilizerb
stabilizer
(% w/w)c yield (%)d Mn (g/mol)e PDIf

pressure
(bar)g

av particle
diam (µm)h

1 MMA + TRIM none 0 81.2 NA NA 14 NA
2 MMA + TRIM 1a 0.5 84.7 NA NA 17 0.91 (33)
3 MMA + TRIM PFPE 0.5 82.4 NA NA 19 1.62 (28)
4 styrene none 0 10.8 6100 1.6 234 NA
5 styrene PFOMA 5 73.6 35500 6.8 230 4.33 (40)
6 styrene PVAc A 10 17.4 15600 1.5 239 NA
7 styrene PVAc B 10 13.0 9900 1.3 236 NA
a Reaction conditions: 20% w/v total monomer concentration: cross-linked polymers (entries 1-3): 5% w/w initiator (AIBN), 6 h, 60

°C; linear polymers (entries 4-7): 1% w/w initiator (AIBN), 12 h, 60 °C. b PFPE ) perfluoropolyether carboxylic acid (Mn ) 550 g/mol);
PFOMA ) poly(1,1-dihydroperfluorooctyl methacrylate); PVAc A ) poly(vinyl acetate), Mw ) 167 000 g/mol; PVAc B ) poly(vinyl acetate),
Mw ) 500 000 g/mol. c Based on monomer. d Determined gravimetrically after washing three times with methanol (entries 1-3) or after
reprecipitation (entries 4-7). e Determined by GPC for linear polymers (entries 4-7). f Polydispersity index ) Mw/Mn. g Initial pressure
at reaction temperature (60 °C). h Mean particle diameter calculated from SEM images by measuring > 100 particles. Figure in parentheses
) percentage coefficient of variation, CV, where CV ) (σ/Dn) × 100. σ ) standard deviation in particle diameter (µm). Dn ) mean particle
diameter (µm); NA ) agglomerated products.

Figure 5. Electron micrographs of cross-linked polymers synthesized by dispersion polymerization in R134a (scale bar ) 10
µm): (a) 14 bar, no stabilizer; (b) 17 bar, PVAc macromonomer 1a; (c) 19 bar, PFPE carboxylic acid stabilizer.

Figure 6. Electron micrographs of polystyrene synthesized by dispersion polymerization in R134a utilizing different stabilizers
(scale bar ) 20 µm): (a) PFOMA stabilizer, pressure ) 230 bar; (b) PVAc macromonomer 2a, pressure ) 268 bar; (c) PVAc
macromonomer 2a, pressure ) 14 bar.
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(i.e., a homogeneous solution was formed, followed by
light scattering from primary particles, followed by the
formation of a stable, white latex that persisted through-
out the polymerization). Both yield (>90%) and molec-
ular weight (Mn ) 42 100 g/mol) were significantly
increased, and the resulting polymer was isolated from
the reactor as a powder. The yield and molecular weight
of this polymer are comparable with results obtained
in studies on the dispersion polymerization of styrene
in CO2 using fluorinated stabilizers.3,52,53 The polymer
morphology was investigated by SEM, and the product
was found to exist as discrete polymer microspheres
with an average diameter of 4.94 µm (Figure 6b). The
product could be redispersed in methanol to form a
stable, uniform, white latex. The polymer was washed
with methanol (a good solvent for PVAc and the
monomer, but a nonsolvent for polystyrene) to remove
any residual monomer or unreacted macromonomer,
followed by centrifugation and decanting. This proce-
dure was repeated several times. Analysis of the washed
product by GPC showed a monomodal peak at 42 100
g/mol with no additional peak at 17 000 g/mol that could
be assigned to the macromonomer (see Supporting
Information). This confirms that the purification pro-
cedure had removed the unreacted PVAc stabilizer.

When the polymerization was repeated at lower reac-
tion pressures (Table 4, entries 7 and 8), the polymer
latex collapsed during polymerization and both yield
and molecular weight were reduced. We believe that this
arises from the fact that the PVAc macromonomer is
close to or below its LCST (see Figure 1) at these
pressures and temperatures (i.e., the PVAc chains are
not sufficiently solvated to fully stabilize the latex).
When the initiator concentration was increased to 3%
w/w (Table 4, entry 9), a polymer latex was formed that

was stable throughout the reaction. The polymer yield
was increased under these conditions, but Mn was
reduced considerably (7800 g/mol). A sample of the
polymer was isolated in a methanol trap during venting
to avoid dissolution of the polymer in residual, unre-
acted styrene. Characterization by SEM showed that
polystyrene microspheres had been formed (Figure 6c).
The phase behavior of this reaction again suggests that
the anchoring of the macromonomer to the polystyrene
particle surface may be a relatively inefficient process
that is enhanced by increasing the initiator concentra-
tion (i.e., more stabilizer chains are grafted to the
particle surface which improves latex stability, even
though the degree of solvation imparted by the R134a
is unchanged).8 In support of this interpretation, only
very weak signals corresponding to grafted PVAc could
be detected in the 1H NMR spectra of the polystyrene
products (estimated <0.2% w/w PVAc based on poly-
styrene). Again, this suggests that the overall incorpo-
ration of the macromonomer was low, partly because of
the inefficiency of the grafting process and partly
because of the low degree of methacrylate end-capping
(<30%) in the PVAc macromonomers.

To confirm that 2a was indeed being grafted to the
polystyrene particle surface by copolymerization through
the methacrylate end groups, the reaction was repeated
using the underivatized, hydroxyl-terminated species,
2. This resulted in a dramatic decrease in yield and
molecular weight (cf. entry 10 and entry 6, Table 4). The
phase behavior did not indicate a dispersion polymer-
ization mechanism and the product isolated as a hard,
agglomerated solid, thus proving that the methacrylate
end group was indeed essential for latex stabilization.

Redispersion of Polystyrene Latex Particles in
R134a. Polymers produced by dispersion polymerization

Table 4. Synthesis of Polystyrene by Dispersion Polymerization in 1,1,1,2-Tetrafluoroethane (R134a) Using PVAc
Macromonomers as Stabilizersa

stabilizer
stabilizer
(% w/w)b

initiator
(% w/w)b yield (%)c Mn (g/mol)d PDIe P (bar)f

av particle
diam (µm)g

1 1a 1 1 9.4 9 000 1.3 17 NA
2 1a 1 1 12.3 12 400 2.5 224 NA
3 2a 1 1 13.3 13 800 1.4 230 NA
4 2a 8.5 1 63.2 31 100 4.6 224 NA
5 2a 8.5 2 82.3 27 000 8.2 239 NA
6 2a 13.8 2 94.2 42 100 2.6 268 4.94 (26)
7 2a 13.8 2 58.4 12 000 7.5 121 NA
8 2a 13.8 2 34.9 13 300 3.8 15 NA
9 2a 13.8 3 57.2 7 800 1.8 14 4.53 (30)

10 2 13.8 2 27.4 11 500 7.0 262 NA
a Reaction conditions: 20% w/v total monomer concentration, AIBN, 60 °C, 12 h. b Based on monomer. c Determined gravimetrically

after reprecipitation. d Determined by GPC. e Polydispersity index ) Mw/Mn. f Initial pressure at reaction temperature (60 °C). g Mean
particle diameter calculated from SEM images by measuring > 100 particles. Figure in parentheses ) percentage coefficient of variation,
CV, where CV ) (σ/Dn) × 100. σ ) standard deviation in particle diameter (µm). Dn ) mean particle diameter (µm). NA ) agglomerated
polymers.

Figure 7. (a) Polystyrene latex particles (Table 4, entry 6) redispersed in R134a (149 mg polymer in 8.0 mL of R134a, 22 °C, 7.1
bar) after purification by washing with methanol. (b) Latex separation observed 15 min after stirring was stopped (note that the
polymer is less dense than the R134a solvent and rises to the surface). (c) Dispersed latex after stirring is resumed.
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are used extensively in the surface coatings industry.8
For many applications, the polymers are prepared
directly as stable latexes in a solvent that is suitable
for application of the coatings. Alternatively, the dry,
isolated latex can be redispersed in a suitable solvent
prior to application. Dry, redispersible coatings are
appealing since it is much less expensive to transport
dry powders than it is to transport solvent-borne latexes.

The well-defined polystyrene microspheres produced
in R134a (e.g., Table 4, entries 6 and 9) could be
redispersed, after purification, in solvents such as
methanol, which is a good solvent for PVAc but a
nonsolvent for polystyrene. The particles did not redis-
perse in nonsolvents for PVAc (e.g., water, CO2 (up to
300 bar), diethyl ether, and saturated hydrocarbons).
This further supports the argument that permanently
grafted PVAc is responsible for latex stabilization.
Surprisingly, the polystyrene particles could be redis-
persed in R134a after purification (Figure 7), although
the latexes thus formed were observed to separate over
time in the absence of stirring (Figure 7b). Previously,
Johnston and co-workers synthesized PMMA particles
by dispersion polymerization in scCO2 using an “ambi-
dextrous” surfactant that allowed the dry latexes to be
redispersed in water.54 By contrast, none of the polymer
latexes synthesized using SCF solvents thus far have
been reported to be redispersible in the SCF continuous
phase (i.e., agglomeration was irreversible when the
SCF solvent was vented). We believe that this PVAc
macromonomer system is the first example of a disper-
sion polymerization in a compressed fluid solvent where
the latex particles can be redispersed in the fluid after
product isolation. This suggests a number of potential
applications, ranging from HFC-borne coatings to the
development of aerosol calibration standards.55

Conclusions

Of more than 50 candidate polymers tested, PVAc
alone was found to be significantly soluble in liquid
R134a at room temperature and at low pressures (<10
bar). More detailed phase behavior studies showed that
PVAc exhibits LCST behavior in R134a, and an ap-
proximate area of operability (i.e., points on the phase
diagram where PVAc was soluble) was established.
Based on this knowledge, PVAc macromonomer stabi-
lizers were synthesized which were soluble in R134a.
Under the appropriate reaction conditions, these mac-
romonomers were effective as stabilizers in the disper-
sion polymerization of styrene in R134a to yield prod-
ucts that could be isolated directly from the reactor as
dry powders in high yields (90%) and with high molec-
ular weights (Mn ) 42 000 g/mol). These products
consisted of discrete, spherical microparticles in the size
range 3.5-5.0 µm. The PVAc macromonomers imparted
latex stability by permanently grafting onto the surface
of the polystyrene microparticles, which allowed the
products to be redispersed in good solvents for PVAc,
such as methanol and R134a.

These results demonstrate that R134a, like CO2, has
potential as an environmentally benign solvent for
polymer synthesis and processing. Moreover, polymer-
izations can in principle be carried out at relatively low
reaction pressures (<15 bar) using hydrocarbon stabiliz-
ers that are very much less expensive than fluorinated
polymers or polysiloxanes. Future work will focus on
identifying second-generation hydrocarbon stabilizers
that exhibit even higher solubility in R134a, thus

broadening the scope of this approach and allowing
reactions to be carried out at lower operating pressures
over a wide range of temperatures.

Acknowledgment. We gratefully acknowledge fi-
nancial support from EPSRC (Studentship Award No.
99800424 and Research Grant GR/R15597) and from
Avecia Ltd (CASE Award to C.D.W). We thank the
Royal Society for provision of a Royal Society University
Research Fellowship (to A.I.C) and for a Royal Society
Research Grant (No. 20372). We are also grateful to Dr.
Kazunobu Senoo for helpful discussions.

Supporting Information Available: Complete list of
polymers screened for solubility in R134a and GPC elution
curves for polystyrene synthesized using PVAc macromono-
mers. This information is available free of charge via the
Internet at http://pubs.acs.org.

References and Notes

(1) Wood, C. D.; Senoo, K.; Martin, C.; Cuellar, J.; Cooper, A. I.
Macromolecules 2002, 35, 6743-6746.

(2) DeSimone, J. M.; Maury, E. E.; Menceloglu, Y. Z.; McClain,
J. B.; Romack, T. J.; Combes, J. R. Science 1994, 265, 356-
359.

(3) Canelas, D. A.; Betts, D. E.; DeSimone, J. M. Macromolecules
1996, 29, 2818-2821.

(4) Hsiao, Y.-L.; Maury, E. E.; DeSimone, J. M.; Mawson, S.;
Johnston, K. P. Macromolecules 1995, 28, 8159-8166.

(5) Shaffer, K. A.; Jones, T. A.; Canelas, D. A.; DeSimone, J. M.
Macromolecules 1996, 29, 2704-2706.

(6) Lepilleur, C.; Beckman, E. J. Macromolecules 1997, 30, 745-
756.

(7) Christian, P.; Giles, M. R.; Griffiths, R. M. T.; Irvine, D. J.;
Major, R. C.; Howdle, S. M. Macromolecules 2000, 33, 9222-
9227.

(8) Barrett, K. E. J. Dispersion Polymerization in Organic Media;
Wiley: London, 1975.

(9) Kendall, J. L.; Canelas, D. A.; Young, J. L.; DeSimone, J. M.
Chem. Rev. 1999, 99, 543-563.

(10) Cooper, A. I. J. Mater. Chem. 2000, 10, 207-234.
(11) (a) Cooper, A. I. Adv. Mater. 2001, 13, 1111-1114. (b) Cooper,

A. I. Adv. Mater. 2003, 15, 1049-1059.
(12) DeSimone, J. M.; Guan, Z.; Elsbernd, C. S. Science 1992, 257,

945-947.
(13) Cooper, A. I.; Holmes, A. B. Adv. Mater. 1999, 11, 1270-

1274.
(14) Hebb, A. K.; Senoo, K.; Bhat, R.; Cooper, A. I. Chem. Mater.

2003, 15, 2061-2069.
(15) Wood, C. D.; Cooper, A. I. Macromolecules 2001, 34, 5-8.
(16) Butler, R.; Davies, C. M.; Cooper, A. I. Adv. Mater. 2001, 13,

1459-1463.
(17) Kirby, C. F.; McHugh, M. A. Chem. Rev. 1999, 99, 565-602.
(18) Sarbu, T.; Styranec, T. J.; Beckman, E. J. Nature (London)

2000, 405, 165-168.
(19) Sarbu, T.; Styranec, T. J.; Beckman, E. J. Ind. Eng. Chem.

Res. 2000, 39, 4678-4683.
(20) McCulloch, A. J. Fluorine Chem. 1999, 100, 163-173.
(21) Blondino, F. E.; Byron, P. R. Drug Dev. Ind. Pharm. 1998,

24, 935-945.
(22) Roth, M. Anal. Chem. 1996, 68, 4474-4480.
(23) Dinoia, T. P.; Conway, S. E.; Lim, J. S.; McHugh, M. A. J.

Polym. Sci., Part B: Polym. Phys. 2000, 38, 2832-2840.
(24) Abbott, A. P.; Eardley, C. A.; Harper, J. C.; Hope, E. G. J.

Electroanal. Chem. 1998, 457, 1-4.
(25) Tan, C. S.; Lin, H. Y. Ind. Eng. Chem. Res. 1999, 38, 3898-

3902.
(26) Tan, C. S.; Chang, W. W. Ind. Eng. Chem. Res. 1998, 37,

1821-1826.
(27) Catchpole, O. J.; Proells, K. Ind. Eng. Chem. Res. 2001, 40,

965-972.
(28) Utracki, L. A.; Simha, R. J. Polym. Sci., Part B: Polym. Phys.

2001, 39, 342-362.
(29) Powell, R. L. J. Fluorine Chem. 2002, 114, 237-250.
(30) Current price for refrigeration grade R134a is approximately

$2 per pound.
(31) Abbott, A. P.; Eardley, C. A. J. Phys. Chem. B 1998, 102,

8574-8578.

Macromolecules, Vol. 36, No. 20, 2003 Synthesis of Polystyrene 7541



(32) Bainbridge, J. M.; Corr, S.; Kanai, M.; Percy, J. M. Tetrahe-
dron Lett. 2000, 41, 971-974.

(33) Kuk, Y. M.; Lee, B. C.; Lee, Y. W.; Lim, J. S. J. Chem. Eng.
Data 2002, 47, 575-581.

(34) Zhang, Z. Y.; Handa, Y. P. J. Polym. Sci., Part B: Polym.
Phys. 1998, 36, 977-982.

(35) Sato, T.; Okaya, T. Polym. J. 1992, 24, 849-856.
(36) Ohnaga, T.; Sato, T. Polymer 1996, 37, 3729-3735.
(37) Carter, S.; Kavros, A.; Rimmer, S. React. Funct. Polym. 2001,

2001, 97-105.
(38) Liu, Z. F.; Rimmer, S. Macromolecules 2002, 35, 1200-1207.
(39) Kazarian, S. G.; Vincent, M. F.; Bright, F. V.; Liotta, C. L.;

Eckert, C. A. J. Am. Chem. Soc. 1996, 118, 1729-1736.
(40) Rindfleisch, F.; DiNoia, T. P.; McHugh, M. A. J. Phys. Chem.

1996, 100, 15581-15587.
(41) Haschets, C. W.; Shine, A. D. Macromolecules 1993, 26,

5052-5060.
(42) Mawson, S.; Johnston, K. P.; Combes, J. R.; DeSimone, J.

M. Macromolecules 1995, 28, 3182-3191.
(43) O’Neill, M. L.; Yates, M. Z.; Johnston, K. P.; Smith, C. D.;

Wilkinson, S. P. Macromolecules 1998, 31, 2838-2847.
(44) O’Neill, M. L.; Yates, M. Z.; Johnston, K. P.; Smith, C. D.;

Wilkinson, S. P. Macromolecules 1998, 31, 2848-2856.

(45) Cooper, A. I.; Hems, W. P.; Holmes, A. B. Macromol. Rapid
Commun. 1998, 19, 353-357.

(46) Cooper, A. I.; Hems, W. P.; Holmes, A. B. Macromolecules
1999, 32, 2156-2166.

(47) Christian, P.; Howdle, S. M.; Irvine, D. J. Macromolecules
2000, 33, 237-239.

(48) Li, G.; Yates, M. Z.; Johnston, K. P.; Howdle, S. M. Macro-
molecules 2000, 33, 4008-4014.

(49) Shiho, H.; DeSimone, J. M. J. Polym. Sci., Part A: Polym.
Chem. 2000, 38, 1146-1153.

(50) Lora, M.; McHugh, M. A. Fluid Phase Equilib. 1999, 157,
285-297.

(51) Tsukahara, Y.; Hayashi, N.; Jiang, X. L.; Yamashita, Y.
Polym. J. 1989, 21, 377-391.

(52) Canelas, D. A.; DeSimone, J. M. Macromolecules 1997, 30,
5673-5682.

(53) Clark, M. R.; Kendall, J. L.; DeSimone, J. M. Macromolecules
1997, 30, 6011-6014.

(54) Yates, M. Z.; Li, G.; Shim, J. J.; Maniar, S.; Johnston, K. P.;
Lim, K. T.; Webber, S. Macromolecules 1999, 32, 1108-1026.

(55) Vervaet, C.; Byron, P. R. J. Aerosol Med. 2000, 13, 101-115.

MA030063C

7542 Wood and Cooper Macromolecules, Vol. 36, No. 20, 2003


