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. Introduction

Abstract : This review shows the design and the development of new COz-soluble hydrocarbon copolymers which
can be used as effective stabilizers for successful dispersion polymerizations of bio-compatible materials in supercritical
carbon dioxide (scCO,). The basic concepts of supercritical fluid including its solvent properties and applications in
polymer synthesis are described. We report the facile synthesis of highly soluble hydrocarbon based copolymers, pre-
pared with good control via controlled free radical polymerization from readily accessible and commercially available
monomers. The phase behaviour of these materials was monitored in pure CO: to investigate how the molecular
weights and the composition of the copolymers affect their solubility in COp. Their activity as a stabilizer was then
tested in dispersion polymerization of N-vinyl pyrrolidone in CO at various reaction conditions to identify the key
parameters required for a successful dispersion stabilization of growing PVP particles. Some prospective potentials
of this research which can be applied in developing new polymer materials in an environmentally-friendly fashion
for use in cosmetics are also discussed.

Keywords : supercritical, polymer, surfactant, hydrocarbon, RAFT

cause polymers can be prepared in this medium with

ScCOz has drawn a great attention in the polymer
industry as a potential medium for polymer synthesis
and processing[1-8]. This is not only because of the
environmental benign properties of scCOs, but also be-
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novel properties that cannot be achieved via conven-
tional organic solvents, There are three major benefits
that linked the use of scCO: to polymer manufacture.
First, polymer can be recovered as a dry product from
a reaction mixture by simple depressurization. This
eliminates the energy-intensive drying procedures often
required in polymer synthesis to remove solvent resi-
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dues from the final product[3]. It also produces ‘clean’
and solvent-free materials with no contamination, which
is important for use in biomedical applications[4].
Secondly, the adjustable density of scCO; has a sig-
nificant effect in assisting the separation of the final
polymer from starting materials or the simple fractiona-
tion of targeted polymer. For example, by reducing the
pressure of a polymer/scCQO; solution, the specific mo-
lecular weights of polymer fractions can be precipitated
and collected independently[9,10]. Finally, high dif-
fusivity of scCO; makes it possible for the CO; mole-
cules to penetrate through the polymer chains. This
leads to the plasticization of a wide range of polymers
and also reduces the polymer’s glass transition temper-
ature (7) at ambient temperature[1,11,12]. This low-
ers the energy required for chain rotation and as a con-
sequence the polymer substrate is liquefied. The dif-
fusion of scCO2 into polymers has been studied by a
number of research groups and plasticization effect has
been examined in a variety of polymer substrlates, in-
cluding PS[13], PMMA[14], PV Ac[15]. poly{methyl
acrylate) (PMA)[16] and polycarbonates[17]. The plas-
ticization effect of scCOz has proved to be very useful
particularly in many polymer-processing techniques
such as polymer blending and impregnation[2,4]. In
addition, plasticization has been utilized in the prepara-
tion of a wide range of porous materials and foams[4,
11,18,191.

This review mainly focuses on the use of scCO; in
polymer synthesis. ScCO; has been used as an alter-
native medium for a range of polymer syntheses in-
cluding metal catalysed[20,21] and enzyme catalyzed
ring-opening polymerizations[22]. The scCO: is partic-
ularly useful for free radical polymerization as the me-
dium is chemically inert and therefore does not inter-
fere with the chain transfer reactions which can affect
the final molecular weight[23-25]. It has been success-
fully used by DuPont to produce poly(tetrafluoro-
ethylene) (also known as Teflon®) in a precipitation
polymerization, replacing CFCs[26]. According to
DuPont, this scCO: technology produces Teflon with
enhanced performance and processing capabilities,
while generating less waste. It was developed jointly by

dstelgEata]A) A 3pd A 1 3, 2010

AA%

DuPont and the professor Joseph DeSimone at The
University of North Carolina, Chapel Hill. The products
are being manufactured at the company’s plant (in
Fayetteville, NC, USA) using a new 40 million US$
facility that started up in late 2000. In certain polymer-
ization reactions, the highly plasticized state of a poly-
mer in CO; can be very favorable for enhancing the
diffusion of monomer into the growing polymer prod-
uct[27]. Pure scCO2 has been reported to be a good
solvent for a wide variety of monomers and initiators
[28-30]. However, it is a very poor solvent for most
high molecular weight polymers[31,32] or highly polar
compound[331]. In order to investigate the potential use
of scCOs in polymer synthesis there needs to be a good
understanding about its ability to function as an effec-
tive polymerization medium.

2. Solvent Properties of scCO;

There have been numerous studies into the nature of
interactions between CO; and solutes over the last dec-
ade, but there are still a lot of questions on parameters
that govern solubility in this medium[3,33]. Carbon di-
oxide has a low dielectric constant and behaves very
similarly to a hydrocarbon with respect to its ability to
dissolve small organic molecules. CO2 also has a large
quadrupole moment and acts as a weak Lewis acid
that allows it to participate in polar interactions. Its di-
pole-quadrupole “and ;quadfﬁpole-quadrupole moments
may assist COz to dissolve some small polar molecules
such as methanol[32,34,35]. A number of researchers
have reported the solvating power of scCO2 in compar-
ison with those of toluene[36], n-hexane[37] and ace-
tonel[36]. These various parameters, which are still not
clearly elucidated, make it difficult to define the solvat-
ing power of a solvent whose properties strongly de—‘
pend on temperature and pressure of the system.

The main drawback with regard to polymer synL
thesis is that it is an extremely poor solvent for high
molecular weight polymers. For example, poly(ethyl-
ene) with a molecular weight of My ~ 109,000 g/mol
was found to be insoluble in scCO; up to temperatures
of 200 C and pressures of ~ 40,000 psi[38]. Another
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example is PMMA: A sample with a molecular weight
of 93,300 g/mol was reported to be insoluble in scCOq
even at a temperature of 255 T and a pressure of ~
37,000 psif39]. On the other hand, there are two ex-
ceptional groups of polymers, which are amorphous flu-
orinated polymers[34,35,40-45] and silicones[46-50].
They tend to demonstrate superior solubility in scCO2
under mild conditions ( { 100 C, ¢ 1000 psi). These
compounds have been used as surfactants and stabil-
izers for dispersion polymerization of various monomers
in scCOs.

There have been several investigations to improve
the miscibility of polymers in scCOs using certain func-
tional groups. Dardin ef al have shown that specific
van der Waals interactions exists between COs and flu-
orinated materials using in sifu high-pressure 'H and
YF Nuclear Magnetic Resonance {NMR) spectro-
scopy(51]. In the case of silicone polymers, it is thought
that good solubility is ascribed to the large free volumes
which are created by high chain flexibility of these ma-
terials[31,52]. Another important interaction is Lewis
acid-Lewis base inferaction beftween CO: molecules
and compounds containing electron donating groups
(eg. polyethers and polyesters), which was identified
by Fourier Transform Infra-Red (FTIR) spectro-
scopy [ 53-56].

Homogeneous polymerizations in scCOy are very lim-
ited[57,58]. The first example was introduced by
DeSimone ef al. who demonstrated the successful syn-
thesis of high molecular weight fluoropolymers in scCOs
via homogeneous solution polymerization[59], This
process has now been commercially scaled up by
DuPont to produce such fluorinated materials in large
quantities60]. In this case, a homogeneous technique
can be used due to the high solubility of the fluorinated
polymers in the scCO» continuous phase[45].

Although scCO; is able to dissolve a wide range of
conventional vinyl monomers, the resulting polymers
have limited solubility in CO2 and therefore precipitaie
out of the system at relatively low molecular weights.
For this heterogeneous system, the dispersion polymer-
ization technique has become particularly useful for
conducting free radical polymerizations in this me-

dium[1,3.4].

3. Dispersion Polymerization in scCO;

As with free radical dispersion polymerization in con-
ventional solvent, when scCOz is used as the reaction
medium, polymerizations begin as a homogeneous mix-
ture of monomer, initiator and scCOz. Once the reaction
takes place, polymer chains grow until they reach the
critical length, and then they precipitate out of solution
forming primary particles. Experimental results suggest
that particle nucleation is complete very soon after a
polymerization commences {before 0.1 % conversion of
monomer)[61]. After the nucleation, the particle num-
ber density is maintained to be constant throughout the
reaction, without forming new polymer particles[62].
The primary polymer particles need to be stabilized by
a suitable surfactant to avoid aggregation of the prod-
uct and to achieve high monomer conversions{63].

The stabilizers used for conventional media have
been examined in terms of their solubility in CO» before
they were actually employed in dispersion polymer-
ization conducted in scCOq. In 1990, Consani and Smith
demonstrated a screening of the solubility of over 130
traditional stabilizers in scCOz at 50 T and 1450 ~
7250 psil64). They found out thal these stabilizers
form microemulsions much more readily in less polar
SCFs, such as alkanes or xenon, rather than in scCOs,
In order to conduct a dispersion polymerization in
scCOq, a polymeric type of stabilizer is required which
must possess a portion that is highly soluble in the
scCOz phase. The design and development of such ma-
terials is intensively being studied and a variety of suc-
cessful COp soluble stabilizers have already been re-
ported[1.3,4].

As with the conventional stabilizers used in organic
media, those found to function effectively in scCOz
consist of a component that is soluble in the scCO; con-
tinuous phase (eg a fluorinated polymer or silicone)
and a polymer-philic anchor component which spreads
out from the surface of the polymer particle into SCF
(Figure 1).

The major hurdle in the design of new CO;-compa-
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Figure 1. An illustration of the required components
within a stabilizer for use in scCOz.

tible stabilizers is to find high molecular weight poly-
mers which have good CO.-philicity. Fluorinated poly-
mers show high solubility in CO2 and have been ex-
tensively used as dispersing agents during the 1990s[1,
63,65-68]. Theses COz-soluble stabilizers have been
synthesized with various types of topology and their
stabilizing ability has been broadly investigated in dis-
persion polymerizations conducted in CO2[11,61,63,65,
69-78]. When a suitable surfactant such as poly(FOA)
and PDMS-mMA is used, free-flowing powder par-
ticles with well-defined spherical morphology can be
obtained in dispersion polymerization in CO.. For exam-
ple, dispersion polymerization of MMA in COz in the
presence of poly(FOA) showed good control of mor-
phology, producing discrete PMMA particles in a high
vield (90 %)[69] (Figure 2).

Along with PMMA, there are other vinyl monomers
which have been successfully polymerized in scCOz us-
ing dispersion polymerization. A collection of these
monomers having a variety of pendent functional
groups are shown in Figure 3.

These vinyl monomers.: include acrylonitrilep[80,811,
styrene[82-84], vinylidene fluoride[85-87], vinyl ace-
tate[88,89], methyl methacrylate[75,90,91], poly(ethyl-
ene glycol) methacrylate[92], 1-vinyl-2-pyrrolidone
[93], glycidyl methacrylate[94,95], 2-(dimethyl-ami-
no)ethyl methacrylate{96],
acrylate[97,98], and isobornyl methacrylate[92]. In all

2-hydroxyethyl ‘meth-

cases, the polymer product was recovered without sol-
vent residue and in high vield.
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SEM image of PMMA particles synthesized
with 047 % of poly(FOA). M, = 259 000 g/mol, PDI =
2.53, Yield = 90% and particle size diameter = 1.01[69].

, Figure 2.
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Figure 3. The selection of monomers which have been
successfully polymerized by dispersion polymerizations in
scCO2[79]. These vinyl monomers include: acrylonitrile
[80,81], styrene[82-84], vinylidene fluoride[85-87], vinyl
acetate[88,89], methyl methacrylate[75,90,91], poly(eth-
vlene glycol) methacrylate[92], 1-vinyl-2-pyrrolidone
[93], glycidyl methacrylate[94,951, 2-(dimethylamino)-
ethyl methacrylate[96], 2-hydroxyethyl methacrylate[97,
98], and isobornyl methacrylate[92].

However, the use of fluorinated polymers to prepare
CO» philic stabilizers is relatively expensive[99]. A re-
active silicone (methacrylate terminated polydimethyl
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siloxane) was also applied as a stabilizer in the poly-
merization of MMA in scCQOq, but its performance was
not as effective as the fluorinated polymers[100].
Ultimately, stabilizers containing fluorine and silicone
are not likely to be applied industrially.

Given this background. the design of new hydro-
carbon-based surfactants has emerged as one of the
greatest challenges in scCQOq technologies; The design
and development of a COz-philic hydrocarbon polymer
with solubility comparable to that of fluorocarbons
would allow production of surfactants 10 ~ 100 times
less expensive than their fluorinated counterparts[101].
It is suggested that the identification of highly COp-
soluble polymers composed of only carbon, hydrogen,
and oxygen could facilitate the design of safe, ‘inex-
pensive, environmentally benign “CQO:-philes” and
therefore enhance the performance and commercial
success of COz-based technologies[56].

4, Hydrocarbon Surfactants

Recently, hydrocarbons substituted with carbonyl
groups have been regarded as economical, environ-
mentally friendly COys-philic materials. Particularly,
poly(vinyl acetate) has been recognized as the most
COz-philic hydrocarbon material thanks to is relatively
higher solubility in COz than any other hydrocarbon ho-
mopolymers{56]. Several publications attribute this o
the favorable specific interactions between CO» and the
acetate groups in PV Ac, It was indicated by Ab mitio
molecular orbital calculations that the interaction be-
tween the carbonyl groups of acetate functional groups
and CO; is almost half as strong as the hydrogen bond
interaction in a water dimer[102]. This specific inter-
action between CO; and carbonyl groups has been con-
firmed by IR spectroscopic studies[53]. In addition, it
has been shown that a weak, but cooperative C-H---O
hydrogen bond, involving the hydrogen atom attached
to the carbonyl carbon and one of the oxygen atoms in
COq, reinforces the Lewis acid-Lewis base interactions
[103]. Figure 4 represents the two cooperating
interactions.

Based on this background, Woods et al [104] first

¥*
M ewis acid-Lewis hase imteraction

Cooperative hydrogen bonding

Figure 4. lllustration of the interactions between PVAc
and COs.

investigated the use of PV Ac as the COz-philic portion
in the design of hydrocarbon surfactants. In this work,
VAc was copolymerized with several different meth-
acrylate monomers fo synthesize statistical copolymer
stabilizers incorporating PVAc COg-philic portions
(Figure 5). Their solubility in pure COz and in a mix-
ture of CO2/MMA was measured and their stabilizing
ability was examined in terms of copolymer architec-
ture.

Out of all these PVAc based copolymers inves-
tigated, the most successful copolymer stabilizer used in
a dispersion polymerization of MMA in scCOz was
found to be PVAc-PCMO (85:15) (Figure 5(a)) pro-
ducing a PMMA product with high molecular weight
(My > 250,000 g/mol) in good vield (90 %). The PMMA
product was obtained in the form of white powder with
an average particle size of 5 ym (Figure 6).

However, it was found that this excellent result was
not 100 % reproducible during further experiments us-
ing PVAc-PCMO from both the same batch and a
new bafch synthesized in the same way. It was sug-
gested that the free radical copolymerization employed
for the synthesis of PVAc~PCMO allows limited con-
trol over the final copolymer architecture and this has
proved to be problematic in reproducing successful re-
sults[104],

Despite the poor reproducibility of this copolymer
stahilizer, this work has established a prospective plat-
form for further development of hydrocarbon surfac-
tants for use in scCO; technologies.

J. Soc. Cosmet. Scienfists Korea, Vol. 36, No. 1, 2010
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Figure 5. PV Ac-based statistical copolymers prepared by
free radical polymerization of Vac with different meth-
acrylate co-monomers[104], CMO = caprolactone 2-(meth-
acryloyloxy) ethyl ester, EEM = 2-ethoxyethyl meth-
acrylate, DEG = di(ethylene glycol) ethyl ether meth-
acrylate, MEA = 2-(methacryloyloxy) ethyl acetoace-
tate, MMA = methyl methacrylate.

Figure 6. SEM image of PMMA product polymerized in
the presence of PVAc-PCMO (85:15)[104].

5. Controlled Synthesis of Hydrocarbon Copoly-
mers via RAFT

A major problem associated with PV Ac-based poly-
mers is that VAc is particularly difficult to polymerize
in a controlled way. VAc lacks a conjugating sub-
stituent and as a result its propagating radical is highly
reactive, less stable and tends to undergo chain transfer

Ustsld-Eshs) x| Al 36 Al 1 £, 2010

and termination reactions[105]. Eventually, the molec-
ular weight of PV Ac products can be difficult to pre-
dict and polydispersity tends to be high. Presently,
VAc cannot be polymerized easily by metal mediated
living radical polymerization — one reason is that it is
difficult to generate radical species from dormant
PV Ac-halogen terminals[106]. This is thought to be a
result of the weakly electron donating acetyl sub-
stituent in VAc, which prevents dormant PV Ac-halo-
gen species from receiving an electron from the metal
catalyst. It has been found that a side reaction occurs
involving the decomposition of the dormant PV Ac-hal-
ogen terminal.

As a result of the difficulties associated with control-
ling the radical polymerization of V Ac, the preparation
of PVAc copolymers with well-defined architecture is
highly challenging and examples are scarce in the liter-
ature[107-111].

5.1. Reversible Addition Fragmentation Chain Transfer
(RAFT)

The RAFT process has proved to be the method of
choice for successfully mediating VAc polymeriza-
tion[112,113]. Xanthates especially have been found to
effectively control vinyl acetate polymerizations. RAFT
polymerization with xanthates is sometimes called
MADIX (Macromolecular Design by Interchange of
Xanthate)[113,114].

When using xanthates as mediating agents, in which
the stabilizing Z-groups are —OR/, an enhanced elec-
tron density on the central carbon effectively decreases
the stability of the intermediate RAFT radicals 2 and
4 (see Scheme 1), hence, counterbalancing the in-
stability of the growing vinyl ester radicals. Moreover,
the addition rates of the propagating radicals toward 1
and 3 are decreased, due to a resonance stabilization
that lowers the double-bond character of the C=S
bond in 1 and 3. If the addition-fragmentation reaction
is fast compared to propagation, the typical features of
a “living” radical polymerization are obtained, that is, a
linear increase in the number—ayerage molecular weight
M, with conversion arid é loW polydispersity[ 1151
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Scheme 1. Basic reaction steps of the RAFT process em-
ploying xanthates as mediating agents[116].

Stenzel et al[117] investigated the ability of a set of
eight xanthates to induce living characteristics in free
radical vinyl acetate polymerization with respect to mo-
lecular weight control and kinetic behaviour. They re-
ported that all suitable xanthates induced extended pe-
riods of inhibition and moderate rate retardation. It is
also suggested that the ability of the compounds to
control VAc polymerization can be correlated with the
electron density on the central carbon atom of the
xanthate,

A particular type of xanthate, O-ethylxanthyl ethyl
propionate (Figure 7), bearing an ethyl propionate
leaving group (R) was purposely designed for this
study. To produce such a xanthate, a selective one-pot
synthesis using TCDI (1,1-thiocarbonyl diimidazole)
was employed. This strategy introduced by Perrier et
al[118] presents clear advantages in terms of vield, re-
action time, and simplicity for the synthesis of chain
transfer agents for RAFT or MADIX polymerization.

T §E AT 23

N

Figure 7. Structure of O-ethylxanthyl ethyl propionate.

5.2. Synthesis of Hydrocarbon Copolymers

Hydrocarbon copolymers of vinyl acetate and vinyl
butyrate (PVAc-PVB-X) with different molecular
weights were synthesized using xanthate as a RAFT
agent. The molecular weights were targeted to range
from 2,000 g/mol to 10,000 g/mol because, in general,
hydrocarbon polymers with molecular weights above
10,000 g/mol have very poor solubility in scCO2[119]
Table 1 summarizes the properties of the 50:50 random
copolymers of PVAc-PVB-X.

M, determined by GPC shows good agreement with
theoretical molecular weight M indicating good con-
trol over the molecular weights of copolymers. PDIs
tend to increase as the molecular weights increase,
which
homopolymers.

is similar behaviour to that observed for

The actual composition ratio calculated by 'H NMR
(Figure 8) was very close to the initial feed ratio of
each monomer. This proves that each of the monomer
radicals equally undergoes addition and fragmentation
process with the xanthate (non-selective, non-compet-

ing sequence). The monomer conversion was very high
(> 93 %).

Table 1. The Copolymerization of Vinyl Esters using Xanthate as a RAFT Agent

Entry Polymer Feed Ratio  Final Ratio®”  M:R:I C‘()%b) <ghf;}f&> I\fg(/?nig) PDI
I PVAcPVBX 5050 49:51 20:1:0.1 99 2200 2400 1.29
9 PVAc-PVB-X  50:50 4951 30:1:0.1 9% 3200 3600 143
3 PVAcPVBX 50150 48:52 £0:1:01 9 £200 4000 145
4 PVACcPVB-X  50:50 48:52 80:1:01 97 8000 8600 177
5  PVAc-PVB-X  50:50 50150 108:1:01 9 10900 10800 175
6§  PVAcPVB-X  50:50 50:50 148:1:011 9 14900 14900 181

Reaction conditions: at 65 C for 48 h

a) M:R:I=Monomer :

RAFT (xanthate)

. Initiator (AIBN), b) Determined by 'H NMR data

J. Soc. Cosmet. Scientists Korea, Vol. 36, No. 1, 2010
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Figure 9. GPC traces for PVAc-PVB-X copolymerization
in the presence of xanthate (Table 1, Entry 1: My =
2400 g/mol, PDIL = 1.29; Entry 2: My = 3,600 g/mol, PDI
= 143; Entry 3: M, = 4,000 g/mol, PDI = 1.45: Entry
4 My = 8,600 g/mol, PDI = 1.77: Entry 5: My = 10,800
g/ mol, PDI = 1.75).

The copolymers were obtained as viscous liquid or
sticky solid. The lower the molecular weight, the more
yvellow the colour of the polymers because the amount
of xanthate (the colour of which is yellow) required for
the synthesis of lower molecular weight product is rela-
tively larger, GPC chromatographs of the vinyl ester
copolymers with various molecular weights are shown
in Figure 9, ’

5.3. Solubility of Hydrocarbon Surfactants in scCO:

The solubility of hydrocarbon copolymers prepared in
this work has been compared to other CO: soluble poly-
mers (Figure 10).

Poly(vinyl ester) polymers show the greatest sol-
ubility of any hydrocarbons in scCO: reported to date,
which is comparable to the cloud point curves for
PDMS-mMA (10,000 g/mol) and hydroxyl-terminated
Krytox (4,800 g/mol); the two most common surfac-
tants used in scCOsz Although the solubility of the
poly(vinyl ester) hydrocarbon polymers is still lower

gasiZEFEs A, A A1 E, 2010
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Figure 10. The cloud point curves (recorded in pure CO2)
for PVAc-X, PVB-X, PVAc-PVB-X (50:50), PEG-
PPG-3000[119), PDMS-mMA and Krytox-OH.

than that of the commercially available surfactants
(based on absolute molecular weight comparisons), all
the cloud points are well below 5,000 psi at all useful
temperatures for free radical polymerization.

Furthermore, the cloud point pressures for the most
soluble polymer reported until now (synthesized by
Cooper et al[119]) were also plotted. They showed a
significantly higher cloud point than all of the poly(vi-
nyl ester) polymers. Indeed, all of the copolymers pre-
pared by xanthate using vinyl acetate and vinyl buty-
rate were found to be much more soluble in scCOz than
that of PEC-PPG-3000{1191.

6. Dispersion Polymerization of PVP in scCO;

Poly (vinyl pyrrolidone), also known as PVP, is a
unique bio~-compatible polymer as it provides a remark-
able combination of properties such as transparency,
chemical and biological inertness, very low toxicity as
well as high media compatibility and crosslinkable
flexibility, PVP is readily prepared by the polymer-
ization of N-vinyl pyrrolidone (N-VP).

6.1. Dispersion Polymerization of PVP in scCOz
Supercritical COz has been successfully used as dis-

persing medium in the polymerization of N-VP, which

cannot be synthesized by heterogeneous techniques in
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Figure 11. SEM of PVP particles synthesized with 2 wt%
poly (FOA) stabilizer{93].

water-based polymerization systems. In 2000, Desimone
et al[93] first reported the dispersion polymerization of
N-VP using low molecular weight poly (FOA) as the
stabilizer. The polymerization in the presence of this
surfactant produced free-flowing powders after venting
COz. SEM revealed that the polymers consisted of mi-
cron-sized spheres with relatively narrow size dis-
tributions (Figure 11). They found out that increasing
concentrations of poly(FOA) yielded a decrease in par-
ticle diameter, while increasing the monomer concen-
tration produced an increase in particle size. No sig-
nificant change was observed in the particle morphol-
ogy for polymerizations conducted at different pressures.
Berger et all[120] employed easily accessible and
well-characterized PS-b-PDMS diblock copolymer sur-
factants to stabilize the growing PVP particles. In con-
trast to the polymerization without stabilizer, the re-
action led to the formation of uniform microparticles in
a regular spherical shape. The dispersion polymerization
of N-VP in scCOs; was found to be very sensitive to
the reaction parameters, especially the concentration of
stabilizer. The broad molecular weight distribution of
the products differs from that of a conventional dis-
persion polymerization of N-VP. They interpreted this
by a surface plasticization of the growing particles
leading to inhomogeneous polymerization conditions.
Galia et al[121] studied the batch free radical poly-
merization of N-VP in CO; in the presence of a re-
active polysiloxane surfactant (PDMS-mMA). They
investigated the effect of the concentration of the sur-
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face active macromonomer, the initiator and the mono-
mer, and the effect of the density of the fluid phase on
the kinetics of the process and on the morphology of
the particles. From the collected experimental results,
they strongly suggested that the polymerization of
N-VP in the presence of PDMS-mMA could proceed
with a nucleation mechanism different from that
postulated in pure dispersion polymerization stabilized
by graft-forming surfactants.

The studies shown above has proven that PVP
(either as homopolymer or as copolymer with other vi-
nyl monomer) can be synthesized in supercritical COs
using a suitable surfactant. However, CO2 soluble sur-
factants required to stabilize the growing PVP polymer
particles have been limited to costly fluorinated poly-
mer (poly(FOA)) or siloxane based polymers (PDMS-
mMA, PS-b-PDMS)[122]. The aim of our work was
to extend this research and see if the hydrocarbon
poly (vinyl ester) polymers synthesized above could act
as very effective stabilizers for dispersion polymer-
ization reactions in scCOsa.

6.2. Stabilizing Ability of Hydrocarbon PVAc-PVB-X
Copolymer

The stabilizing ability of RAFT-terminated hydro-
carbon copolymers of vinyl ester (PVAc-PVB-X) was
examined in dispersion polymerization of N-vinyl pyr-
rolidone (N-VP) in COq. In order to look at the effect
of the molecular weights of the stabilizer, the low mo-
lecular weight PV Ac-PVB-X-2400 was firstly tested
at the concentration of 5 wt% wrt monomer with
AIBN as an initiator in dispersion polymerization of
N-VP in CO; at 65 C. The product was obtained as a
viscous liquid in low vield. The use of 10 wt% stabilizer
also did not improve the monomer conversion. When
the amount of AIBN was increased to twice as much,
the monomer conversion slightly increased (from 0.53
to 0.73) but the product was still in the form of sticky
polymer. This indicates that the low molecular weight
PV Ac-PVB-2400 does not have enough stabilizing ac-
tivity regardless of the stabilizer concentration and ini-
tiator concentration.

In the following experiments, a new type of azo ini-
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Figure 12. The free flowing powder of PVP particles ob-
tained directly after the polymerization with 5 wt%
PV Ac-PVB-X8600 stabilizer in scCOs,.

tiator VA-70 which has a low decomposition temper-
ature (t1z = 10 hours at 30 C) was introduced to en-
able the polymerization in CO. to take place at low
temperature as 35 C (where the density, or the solvent
power of COs is relatively higher). At this lower tem-
perature, it has been observed that the stabilizers are
generally more soluble in CO; to form a homogeneous
phase at the early stage and thus provide good steric
stabilization during the polymerization in CQOs The
higher molecular weight PV Ac-PVB-X-4000 was then
employed with VA-70 as an initiator at 35 C, 5,000
psi. Interestingly, the final product was not sticky but
glassy material. An examination on the results from the
preliminary experiments above revealed that the use of
higher molecular weight considerably improved the
yield and the polymer morphology. Nevertheless, their
activity as stabilizers was still not good enough to pro-
duce fine microparticles.

The next stabilizer examined was PVAc-PVB-X-
8600 copolymer. To a great surprise, this copolymer
greatly acted as a stabilizer to achieve excellent dis-
persion stabilify. The resulting polymer was collected as
a free flowing powder (Figure 12) with well defined
spherical morphology (Figure 13). This was “The First
Time™ that the successful hydrocarbon stabilization has
been achieved in supercritical CO2[122]. SEM analysis
of the PVP polymers produced showed slightly ag-
glomerated but spherical particles with a narrow size dis-
tribution (approximately 1 ym in diameter) (Figure 13).
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(b)

Figure 13. SEM images of PVP particles formed by dis-
persion polymerization in scCO; using PVAc-PVB-
X-8600 as a stabilizer ((b) is the enlargement image of
(a)). The particles were slightly agglomerated but mostly
spherical showing a narrow size distribution (approximate-
ly 1 um in diameter).

This slight agglomeration of PVP particles synthe-
sized in scCO2 has been previously reported by Berger
et al[120] They used the PS-b-PDMS stabilizer and
obtained uniform PVP particles which were also slight-
ly agglomerated like “glued” spheres. They interpreted
this by a plasticization of the particle shells under poly-
merization condition, Likewise, in this study, it is as-
sumed that a soft shell was formed in the outer sphere
of the particles as a consequence of the incorporation of
“soft” stabilizer molecules ( 7y of PVAc-PVB-X is ap-
proximately -1 C at ambient pressure), This soft shell
is then plasticized and allows for the particles to fuse
with one another and therefore to form aggregates.

The molecular weights (Mw = 175,000 g/mol) and
the polydispersity (PDI = 6.25) was similar to those of
PVP reported by Berger et al[120] (where My =
240,000 g/mol, PDI = 9.7). This unusually high poly-
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(b)
Figure 14. SEM images of PVP particles formed by dis-
persion polymerization in scCO; using (a) PVAc-PVB-
X-10800 and (b) PVAc-PVB-X-15000 as stabilizers.

Note that the particles are spherical and about 1 ~ 2 ym
In diameter.

dispersity is probably ascribed to the inhomogeneous,
nonstationary reaction conditions and/or a high radical
transfer rate to the monomer[123].

The reactions were repeated employing the higher
molecular weight stabilizers (PV Ac-PVB-X-10800 and
PV Ac-PVB-X-15000), which also produced free flow-
ing powders of PVP particles with quantitative poly-
mer vields. The SEM analysis also showed a spherical
shape of the particles, but some agglomeration was still
seen in both products (Figure 14).

As shown above, initial experiments with low molec-
ular weight stabilizers (PVAc-PVB-X-2400, PV Ac-
PVB-X-4000) were not successful and this was as-
cribed to the insufficient length of these chains to force
steric stabilization of the dispersion. However, on in-
creasing the PVAc-PVB-X copolymers to molecular
weights greater than 8,000 g/mol and up to 15,000
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g/mol, excellent dispersion stability was achieved.
Polymerizations resulted in quantitative monomer con-
version and well stabilized polymeric microspheres.

Interestingly, these longer surfactant chains are not
soluble in pure scCOq at pressures below 5,000 psi, but
they are soluble in the scCOz/monomer mixture.
PVAc-PVB-X copolymer (50:50, M, = 15,000 g/mol)
shows a cloud point of less than 5000 psi in the
scCOo/N-VP mixture (15 wt% N-VP) at temper-
atures less than 50 C.

6.3. The Effect of CO- Density on the Dispersion Stability
The reactions were conducted to study the effect of
COs density varying the reaction temperature. 5 wt%
of PVAc-PVB-X-10800 copolymer was used as a
stabilizer. The reaction at 35 C (at which CO; density
is 0950 g/mlL) perfectly produced a white powder.
When the reaction was conducted at 65 T (CO; den-
sity is 0.841 g/mL), the product was obtained not as a
powder but as an aggregated clump of polymer. This is
ascribed to the poor solubility of the stabilizer in
COgz/monomer mixture at this temperature.

This result can be clearly explained by Figure 15.
The phase behaviour of PVAc-PVB-X-10800 stabilizer
in COz/monomer mixture was observed via variable
volume view cell.

At 35 C, 5,000 psi (which is well over the cloud point
curve), the stabilizer was completely dissolved in COs
and a transparent and homogeneous phase was seen
through the view cell (Figure 15(a)). As a result, a
fine powder was formed by the successful dispersion
polymerization. At 65 C and 5,000 psi (below the cloud
point curve), on the contrary, the stabilizer remained
undissolved and the view cell revealed an opaque phase
of the mixture. Under this condition the growing par-
ticles were not stabilized, hence the polymerization re-
sulted in poor dispersion stability producing agglom-
erated polymer blocks (see Figure 15(b)). These re-
sults clearly demonstrate that the COz density is di-
rectly related to the solubility of stabilizer, which is the
crucial factor for a perfect dispersion polymerization to
be performed.
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PVAC-PVB-X 10800 in CO, + NVP

188 f

3000

303;04;):;5505560‘?07580

hise

Figure 15. Cloud point curve for PVAc-PVB-X-10800,
phase behavioi,nf observation in view cell and the resulting
PVP polymerf by dispersion polymerization (a) at 35 T,
5000 psi and {b) at 65 C, 5,000 psi. At 35 C, 5,000 psi
(which is well over the cloud point curve), the stabilizer

was completeify dissolved in CO; and a transparent and
homogeneous bhase was seen through the view cell, As a
result, a fine powder was formed by the successful dis-
persion polymerization. At 65 C and 5.000 psi (below the
cloud point curve), on the contrary, the stabilizer remained
undissolved arfd the view cell revealed an opaque phase of
the mixture. Under this condition, the polymerization re-
sulted in poor dispersion stability producing an agglom-
erated polymer blocks.

7. Conclusion

This review focused on the design of new COq-soluble
hydrocarbon polymers for the use as effective stabil-
izers for dispersion polymerization of bio-compatible
materials in supercritical CO.. A particular type of
RAFT agent, xanthate, was successfully used to facili-
tate excellent control over the molecular weight and
polydispersity of hydrocarbon vinyl ester copolymers.
The phase behaviour study proved that PVAc-PVB-X
copolymers are much more soluble than any other hy-
drocarbon materials reported until now. We have also
shown that it was possible to produce bio-compatible
PVP microparticles by dispersion polymerization in
scCO;y using RAFT-terminated PV Ac-PVB-X copoly-
mers as stabilizers, The results have shown that higher
density of CO: help to completely dissolve the stabil-
izers and therefore improve the dispersion stahbility.
Dispersion polymerizations resulted in quantitative
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monomer conversion and produced a free flowing pow-
der with well defined spherical morphology. Our studies
are now focused on extending this strategy to a wider
range of vinyl polymerizations in scCO; and investigat-
ing the application of this approach into such areas as
controlled synthesis of bio-macromolecules and devel-
opment of new functional copolymer architectures for
use in cosmetics and pharmaceuticals.
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