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Conventional heterogeneous dispersion polymerizations of unsaturated monomers are 
performed in either aqueous or organic dispersing media with the addition of interfacially 
active agents to stabilize the colloidal dispersion that forms. Successful stabilization of the 
polymer colloid during polymerization results in the formation of high molar mass polymers 
with high rates of polymerization. An environmentally responsible alternative to aqueous 
and organic dispersing media for heterogeneous dispersion polymerizations is described 
in which supercritical carbon dioxide (CO,) is used in conjunction with molecularly engi- 
neered free radical initiators and amphipathic molecules that are specifically designed to 
be interfacially active in CO,. Conventional lipophilic monomers, exemplified by methyl 
methacrylate, can be quantitatively (>90 percent) polymerized heterogeneously to very 
high degrees of polymerization (>3000) in supercritical CO, in the presence of an added 
stabilizer to form kinetically stable dispersions that result in micrometer-sized particles with 
a narrow size distribution. 

T h e  dissemination of volatile organic com- 
pounds, chlorofluorocarbons, and aqueous- 
waste streams into our environment has 
prompted considerable worldwide concern, 
and environmental issues are now of para- 
mount interest to the chemical industrv. To 
survive, the chemical industry must bk able 
to conform to more environmentallv sound 
practices in the manufacture and processing 
of uroducts. Herein. we describe the use of 
supercritical CO, as a dispersing medium 
for the manufacture (and ~rocessine) of ", 

polymeric materials. specifiEally, we have 
developed a dispersion polymerization pro- 
cess in which polymeric stabilizers, molec- 
ularly engineered to be interfacially active 
in CO,, are used to form a stable polymer 
colloid consisting of a lipophilic dispersed 
phase in a CO, continuous phase. This 
procedure allows for the synthesis of high 
molar mass acrylic polymers in the form of 
micrometer-sized particles with a narrow 
size distribution. 

This polymerization methodology obvi- 
ates the use of aqueous and organic dispers- 
ing media in this classical manufacturing 
route to many' of the polymers made on a 
large commercial scale such as polystyrene, 
poly (alkyl acrylate)~, poly (ethylene-co-vi- 
nyl acetate), poly (vinyl chloride) (PVC) , 
styrene-butadiene rubber, acrylonitrile-bu- 
tadiene-styrene terpolymers, poly(acry1ic 
acid), and poly (acrylamide) (1). Typically, 
these polymers are synthesized with either 
water (for water-insoluble polymers) or an 
organic solvent (for water-soluble poly- 
mers) used as the dispersing medium. Such 
heterogeneous polymerizations usually form 
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at least two phases in which the starting 
monomers or the resulting polymer, or 
both, are in the form of a fine dispersion in 
an immiscible liquid phase; particle sizes 
typically range from 50 nm to several mil- 
limeters and can be controlled with surfac- 
tants to within a relatively narrow size 
distribution. There are basicallv four differ- 
ent heterogeneous polymerization tech- 
niques-precipitation, suspension, emul- 
sion, and dispersion processes-which are 
distinguished by (i) the initial phase behav- 
ior of the polymerization mixture, (ii) the 
polymerization kinetics, and (iii) the mech- 
anism of particle formation (2). 

This report focuses on the design of a 
dispersion polymerization in supercritical 
CO,. Typically, a free radical dispersion 
polymerization starts as a one-phase, homo- 
geneous system such that both the mono- 
mer and the polymerization initiator are 
soluble in the polymerization medium but 
the resulting polymer is not (3, 4). As a 
result, the polymerization is initiated ho- 

Table 1. Results of MMA polymerizations with 
F-AIBN and AlBN as the initiator in CO, at 204 
bar and 65°C (22); stabilizer is either LMW or 
HMW poly(F0A). MWD, molecular weight dis- 
tribution. 
- 

Stabilizer Yield <(!$ Particle 
(wlv %) (") g/mol) MWD size (pm) 

0% 
2% LMW 
4% LMW 
1% HMW 
2% HMW 
4% HMW 

0% 
2% LMW 
4% LMW 
2% HMW 
4% HMW 

F-AIBN 
77 2.9 

277 2.5 2.0 (k0.2) 
303 2.3 0.9 (20.3) 
163 2.3 
193 2.3 2.4 (k0.2) 
281 2.5 1.4 (kO.l) 
AIBN 
149 2.8 
308 2.3 1.2 (k0.3) 
220 2.6 1.3 (k0.4) 
315 2.1 2.7 (kO.1) 
321 2.2 2.5 (20.2) 

mogeneously and the resulting polymer 
phase separates into primary particles. 
Once nucleated, these primary particles 
become stabilized by amphipathic mole- 
cules present in the system that prevent 
particle flocculation and aggregation. Poly- 
mer colloids produced by dispersion poly- 
merizations are usuallv stabilized bv a 
"steric" mechanism as compared with an 
electrostatic mechanism that is common to 
colloidal stabilization in aqueous environ- 
ments (3-7). Steric stabilization of a colloi- 
dal dispersion is usually imparted by amphi- 
pathic macromolecules that become ad- 
sorbed onto the surface of the dispersed 
phase. These amphipathic macromolecules 
contain an anchoring segment, which at- 
taches to the particle usually by physical 
adsorption, and stabilizing moieties that are 
soluble in the continuous phase. The stabi- 
lizing moieties project into the continuous 
phase (which needs to be a good solvent for 
the stabilizing moieties) and prevent floc- 
culation by mutual excluded volume repul- 

A 

I Lipophilic, acrylic-like anchor 
0 
I 

I 
TO2-philic" steric stabilizing moiety 

Fig. 1. The chemical 
structures of (A) an-inter- 
facially active, polymeric 
stabilizer [poly(FOA)], de- 
picting the proposed site 
of anchorage for the 
C0,-philic steric stabiliz- 
ing moieties, and (B) a 
free radical initiator (F- 
AIBN) that has the solu- 
bility characteristics to 
selectively partition into a 
supercritical CO, phase 
over either a hydrophilic 
dispersed or a lipophilic 
dispersed phase. 
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Fig. 2. Schematic illustration or a PMMA parti- 
cle (shown in blue) stabilized by poly(F0A) in 
which the lipophilic backbone (shown in black) 
acts as an anchor for the fluorocarbon steric- 
stabilizing moieties (shown in green). 

sions during a Brownian collision, thereby 
imparting stability to the colloid. 

Recently, we successfully synthesized 
high molar mass fluoropolymers using ho- 
mogeneous free radical polymerization 
methods in supercritical CO, (8-12). How- 
ever, most high molar mass polymers are 
not soluble to any appreciable extent in 
supercritical C02-fluoropolymers and sili- 
cones are exceptions. Therefore, alterna- 
tive processes are necessary to take advan- 
tage of this solvent alternative for the syn- 
thesis (and processing) of conventional, 
hydrocarbon-based polymers that do not 
have significant solubility (tens of percent) 
in supercritical CO, at relatively "mild" 
conditions (temperatures T < 100°C, pres- 
sures P < 350 bar). On the basis of exper- 
imental observations of the solubilities of 
materials in CO, (8, 10-1 9), we can there- 
fore categorize polymeric materials as being 
either "COz-philic" (1 9) or "C0,-phobic" 
materials; by these criteria, amorphous flu- 
oropolymers and silicone-polymers essen- 
tially define C0,-philic (Scheme 1). This 
categorization dictates the design parame- 
ters of an interfacially active molecule for 
CO,: It requires the intramolecular combi- 
nation of a C0,-philic segment (stabilizing 
moiety) with a C0,-phobic segment (an- 

Polymefk materials 

Scheme 1. Categorization of the solubility of 
polymeric materials in supercritical CO,, which 
establishes the guidelines for the molecular 
engineering of arnphipathic molecules in anal- 
ogy to the hydrophile-lipophile balance con- 
cept used for the description of conventional 
surfactants. 

preventing flocculation of though a Fig. 3. Scanning electron micrograph of PMMA 
steric stabilization ne lbDhilic synthesized in CO, without stabilizer. 
acrylic backbone will preferentiall; &lsorb 
onto an acrylic colloidal particle, providmg a 
surface anchor for the C0,-philic fluorocar- 
bon stabhng moieties (see Fig. 2) (5). As 
described earlier (8), this polymeric stabilizer 
can itself be readily synthesized (homoge- 
neously) in CO, (20). 

We have also designed a free radical 
polymerization initiator that can partition 
itself into the continuous CO, phase versus 
either a lipophilic dispersed phase or a 
hydrophilic dispersed phase (Fig. 1B). This 
highly fluorinated initiator (F-AIBN) , 
made by treating 4,4'-azobis-4-cyanopen- 
tanoyl chloride with 1,1,2,2-tetrahydroper- 
fluorodecanol, is highly soluble in CO,, and 
its decomposition is analogous to that of 
2,2'-azobis(isobutyronitri1e) (AIBN) (9). 

Polymerizations of MMA were conduct- 
ed in supercritical CO,, with and without 
added stabilizer; in these polymerizations 
either F-AIBN or AIBN was used as the 
free-radical initiator (see Scheme 2). The 
high-pressure polymerizations were carried 
out in a view cell equipped with sapphire 
windows (8) to visually verify the phase 

+ AIBN or F-AIBN 

Carbon dioxide 
204 bar 
65°C 
(polymeric stabilizer) 

I 

Scheme 2. Synthesis of poly(methy1 methacry- 
late) with a dispersion polymerization method in 
supercritical CO,. 

behavior during the polymerization. For a 
typical polymerization, the initiator (4 x 

mol of either AIBN or F-AIBN) and 
the polymeric stabilizer [poly(FOA)] were 
placed into a 10-ml high-pressure reaction 
view cell containing a magnetic stir bar. 
The cell was purged with argon for 10 min, 
and the monomer (2 g of MMA, purified by 
column chromatography) was injected into 
the cell under an argon atmosphere. The 
cell was then filled with CO, to -70 bar 
with an Isco syringe pump. While the cell 
was heating to 65"C, the pressure was grad- 
ually increased to 204 (20.5) bar by the 
addition of more CO,. The system was 
maintained at these conditions for 4 hours. 
and then the reactor was cooled and thh: 
CO, was vented. lohnston and co-workers 
have recently shown that the glass transi- 
tion temperature of poly(methy1 methacry- 
late) (PMMA) decreases with an increase 
in CO, pressure as a result of solvent 
swelling (plasticization) of the polymer 
(2 1). Therefore, under the conditions used 
for our investigations the reaction temper- 
ature is above the glass transition tempera- 
ture of the highly plasticized PMMA parti- 
cles. This circumstance should facilitate 
the rate of monomer difision into the 
growing polymer particles. Furthermore, 
such plasticization points to the potential 
for synthesizing new (composite) materials 
through the introduction of a second com- 
ponent (monomer, polymer, dye, pharma- 
ceutical agent) into the swollen particle 
that may not be accessible with the use of 
conventional heterogeneous polymeriza- 
tion methods. 

The data on polymerizations of MMA in 
supercritical' CO, with and without added 
stabilizer are summarized in Table 1 (22). 
Two different stabilizers were used: a low 
molecular weight (LMW) poly(F0A) (num- 
ber-averaged molar mass (M,,) = 1.1 x 10'' 
glmol) and a high molecular weight (HMW) 
p l y  (FOA) ((M,,) = 2.0 x lo5 g/mol) (23). 
All polymerizations were initially homoge- 
neous, as MMA monomer is soluble in CO, 
at the reaction conditions utilized. In the 
absence of stabilizer [that is, 0% (wlv)] for 
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both initiators (F-AIBN and AIBN), the 
resultant PMMA accumulated as a thick 
irregular film on the interior walls and win- 
dows of the view cell. clearlv indicative of a 
precipitation reaction. These precipitation 
~olvmerizations of MMA conducted without . , 

stabilizer were unsuccessful as the reactions 
were found to proceed only to low conver- 
sions and resulted in polymer with relatively 
low molar masses (see Table 1). Scanning 
electron microscopy (SEM) was also used to 
determine the morphology of the PMMA 
that formed in suwrcritical CO,. Without 
added stabilizer, a nondescript morphology 
was observed for these precipitated, unstabi- 
lized particles (Fig. 3). 

In remarkable contrast, the dispersion 
polymerization of MMA in CO, conducted 
in the presence of added stabilizer started 
homogeneously and became progressively 
more cloudy with increasing polymer for- 
mation and formed a kinetically stable col- 
loidal dispersion. The successful formation 
of a stable colloid is a result of the interfa- 
cial activity of poly(F0A) in supercritical 
CO,, which is indicative of a steric stabili- 
zation mechanism analoeous to that ob- " 
tained in conventional heterogeneous poly- 
merizations that utilize nonionic surfactants 
(4, 24). In all cases, the use of either LMW 
or HMW poly(F0A) as a stabilizer dramat- 
ically increased the yield and the molar 
masses of the product, in contrast to the 
results in polymerizations in which no poly- 
meric stabilizer was added (see Table 1). 
The resulting product was easily isolated as 
a free-flowing powder after venting of the 
CO,, which is an advantage of conducting 
such dispersion polymerizations in CO,. 
Furthermore, residual monomer and stabi- 
lizer could be conveniently extracted from 
the resulting polymer in situ with a super- 
critical fluid extraction process to yield a 
highly purified product (25). 

We did not observe major differences in 
the use of F-AIBN versus AIBN. Both 
initiators resulted in the formation of high 
molar mass polymer with high conversions 
when stabilizer was added. Uniform disper- 
sions of polymer particles of high molar 
mass and high yields were obtained with 
both initiators as long as enough stabilizing 
agent was added, which is similar to results 
observed for conventional dispersion poly- 
merizations (8, 26, 27). The primary parti- 
cles have sizes ranging from 0.9 to 2.7 p.m 
(Table I), which is also consistent with the 
size of particles obtained with the use of 
classical dispersion polymerization processes 
(2) - 

We varied the concentration and molar 
mass of the polymeric stabilizer to investi- 
gate the influence of each factor on the 
stability of the colloid. For polymerizations 
in which F-AIBN and HMW poly(F0A) 
were used as the polymeric stabilizer, smaller 

and more uniform particles were formed as 
the concentration of added stabilizer was 
increased (Fig. 4). With progressive in- 
creases in the stabilizer concentration. the 
particles become more uniform and de- 
creased in diameter as a result of successful 
colloidal stabilization. The molar mass of the 
polymeric stabilizer (at constant stabilizer 
concentration) also influenced the average 
size of the particles formed (Table 1). For 
both initiators, dispersion polymerizations 
using the LMW poly(F0A) resulted in sta- 
bilization of more  articles with a smaUer 
diameter than for polymerizations using the 
HMW poly(F0A) stabilizer (see Fig. 5). 
Moreover, because of the narrow size dism- 
bution of particles that could be obtained for 
certain reaction conditions (see Figs. 4C and 
5A), especially for polymerizations that had 
a sufficient amount of HMW poly(F0A) to 
form a stable colloid, it is proposed that a 
fixed number of oarticles was reached earlv 
in the reaction for a given amount of stabi- 
lizer and that these particles grew at a rela- 

tively uniform rate. This situation is consis- 
tent with the initially homogeneous nature 
of the polymerizations. 

In conclusion, p l y  (FOA) has been 
shown to be interfacially active in supercrit- 
ical CO, and can effectively stabilize a 
dispersion polymerization. The successful 
formation of a stable colloid in supercritical 
CO, results in higher rates of polymeriza- 
tion and higher molar masses than without 
added stabilizer. Su~ercritical CO, offers an 
attractive alternative to conventional dis- 
persing media for the synthesis of polymeric 
materials. This approach could eliminate 
the aqueous and organic waste streams typ- 
ically generated from these manufacturing 
processes. In addition to these environmen- 
tal advantages, the compressibility of the 
supercritical continuous phase should allow 
for the manipulation of the polymer mor- 
phology, affecting both the particle size and 
the oarticle size distribution. The creation 
of new core shell structures, interpenetrat- 
ing polymer networks, or new composite 
materials that may not be readily accessible 
with conventional dispersing media may 
also be oossible. With the successful stabi- 
lization of a polymer colloid in. a low- 
viscosity, environmentally responsible su- 
percritical fluid, it is now possible to con- 
sider the extension of this breakthrough 
into coating applications, an important 
technology that continues to come under 
significant environmental scrutiny, where 
there would be zero emission of hazardous 
volatile organic compounds to the atrno- 
sphere (28). 

Fig. 4. Scanning electron micrographs of 
PMMA particles synthesized in CO, with 
F-AIBN used as the initiator and HMW poly- 
(FOA) used as the stabilizer. (A) 1 % (wk) HMW 
poly(F0A); (B) 2% (wk) HMW poly(F0A); (C) 
4% (wk) HMW poly(F0A). 

Fig. 5. Scanning electron micrographs of 
PMMA particles synthesized in CO, with AIBN 
used as the initiator and with (A) 2% (wh) HMW 
poly(F0A) or (B) 2% (wk) LMW poly(F0A). 
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Catalytic Activation of Carbon-Fluorine Bonds by a 
Soluble Transition Metal Complex 

Michael Aizenberg and David Milstein* 
Homogeneous catalytic activation of the strong carbon-fluorine bonds under mild condi- 
tions was achieved with the use of rhodium complexes as catalysts. The catalytic reactions 
between polyfluorobenzenes and hydrosilanes result in substitution of fluorine atoms by 
hydrogen atoms and are chemo- and regioselective. With individual stoichiometric steps 
observed and combined, and with intermediates isolated and fully characterized (including 
crystal structures), these systems demonstrate the effectiveness of a rational approach to 
catalytic design. 

Homogeneous catalysis by transition metal 
complexes has an important role in chemis- 
try, enabling efficient, selective processes 
under mild, easily controllable conditions 
and leading to the production of millions of 
tons of chemicals annually (1). These pro- 
cesses are based on the activation of chem- 
ical bonds by transition metals, followed by 
transformations in the metal coordination 
sphere and product release. Despite the phe- 
nomenal growth of this field, homogeneous 
catalysis by a metal complex based on acti- 
vation of the strongest bond that carbon can 
form, C-F, remains unknown. Such cataly- 
sis is highly desirable for the functionaliza- 
tion of polyfluorinated organic compounds, 
which " are important constituents of the 

L,RhSiR, + C6F6 + 

l a ,  R, = M e Z h  L3RhC6F5 + R3SiF (1) 
lb, R, = Ph, 2 

The Me,PhSiF product was identified un- 
ambiguously by 19F and 'H nuclear mag- 
netic resonance (NMR) and by gas chro- 
matography-mass spectroscopy (8). Com- 
plex 2 was characterized spectroscopically 
(7), and its identity was confirmed by an 
x-ray crystallographic study (7) (Fig. 1) 
and by its independent synthesis from 
L4RhC1 and C6F,MgBr. Interestingly, the 

chemical, phaknaceutical, and advanced 
materials industries (2). Toward this goal, 
much research effort has been devoted to the 
activation of the strong C-F bond by tran- 
sition metal complexes. Indeed, C-F bond 
cleavage, although still fairly uncommon, is 
now known in a number of intermolecular 
systems involving transition metal complex- 
es (3-5). However, despite this remarkable ,,,, 
progress, all of these reactions are stoichio- 
metric. .We report here that aromatic C-F 
bonds can be cleaved by rhodium complexes 
even at room temperature and that this 
reaction can. be elaborated into homoge- 
neous catalysis involving C-F bonds. These 
catalytic cycles, which were designed by a c 

combination of individual stoichiometric re- 
actions, exhibit high selectivity. 

The Rh(1) silyl complex L,RhSiMe,Ph 
(la) (L = PMe,) . svnthesized from L,RhCl 

~ ,~ 

and ~ i ~ i ~ e , ~ h ' a n d  structurally cha;acter- Fig. 1. Perspective view (ORTEP) of 2 (hydro- 
ized (6, 7)9 reacts quantitatively with C6FI, gen atoms are omitted for clarity), Bond dis- 
at room temperature: tances and anales (errors in last digits in pa- 

are ihl -PI  = 2.292(2) a ; ~ h l - ~ 2  = 
Department of Organic Chemistry, Weizmann Institute ; Rhl-P3 = 2.291 (2) A; Rhl-Cl = 
of science, ~eho io t  76100, Israel. 2.078(8) A; PI-Rhl-P3 = 169.4(1)"; and P2- 
*To whom correspondence should be addressed. Rhl-C1 = 177.8(2)". 

SCIENCE VOL. 265 15 JULY 1994 359 




