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SUMMARY: Herein we report the synthesis of highly cross-linked polymers based on divinylbenzene by
heterogeneous polymerization in supercritical CO2 (scCO2). The polymers were isolated in the form of dis-
crete microspheres (diameter = 1.5–5lm) in good yields (F90%), in the absence of any stabilizers. In the
presence of a CO2-soluble polymeric stabilizer, much smaller particles (diametera0.5lm) were formed in
high yields (F95%) by emulsion polymerization in scCO2.

Introduction
Supercritical carbon dioxide (scCO2) is an attractive sol-
vent for polymer chemistry because it is inexpensive,
non-toxic, and non-flammable1). Unlike conventional
liquid solvents, supercritical fluids are highly compressi-
ble and the density (and therefore solvent properties) can
be tuned over a wide range by varying pressure. More-
over, scCO2 reverts to the gaseous state upon depressuri-
sation, greatly simplifying the separation of solvent from
solute. DeSimone and others have shown that scCO2 is a
versatile solvent for both homogeneous and heteroge-
neous polymerizations of monomers with a single poly-
merizable functional group2–5). In particular, CO2-soluble
polymeric stabilizers have been developed for free radical
dispersion polymerization in scCO2, thus allowing the
formation of regular polymer microspheres by this
method6–9).

Cross-linked polymer resins are useful in a wide range
of applications10–13), and it is often desirable to produce
the resins in the form of regular microspheres. This is
usually achieved by heterogeneous methods such as sus-
pension, dispersion, or emulsion polymerization14). In sus-
pension polymerization, the monomer, initiator, and poro-
gen (if any) are immiscible with the continuous phase,
which is usually water. Typically, water-soluble stabili-
zers are used to prevent particle coalescence, and poly-
mers are isolated as spherical beads in the size range
5–800lm (or greater). Spherical latex particles synthe-
sized by oil/water emulsion polymerization tend to fall in
the size range 20–600 nm (in the presence of amphiphilic
surfactants) or 1–10lm (in the absence of surfactants).
In this case, monomers are generally oil-soluble, although
it is also possible to copolymerize water-soluble mono-
mers. In precipitation polymerization, the monomer(s)
and initiator are soluble in the continuous phase and the
polymer precipitates as it is formed, often as an unde-

fined, agglomerated powder. Dispersion polymerization
is also characterised by initially homogeneous conditions,
however the resulting insoluble polymer is stabilized as a
colloid by use of appropriate surfactants to give spherical
polymer particles in the size range 100 nm to 10lm. In
stabilized reactions, residual surfactant on particle sur-
faces may sometimes impair the performance properties
of the resulting polymers.

We report here the first synthesis of well defined cross-
linked polymer microspheres in scCO2, both with and
without the use of stabilizers (Scheme 1).

Relatively uniform poly(divinylbenzene) (PDVB)
microspheres were formed by unstabilized suspension
polymerization in the absence of surfactants, because the
particles were stabilized against coagulation by their
rigid, cross-linked surfaces15). In the presence of a CO2-
soluble polymeric stabilizer, much smaller PDVB parti-
cles with narrow particle size distributions were prepared
by emulsion polymerization. Carbon dioxide behaved as
an inert, non-toxic, and easily separable solvent in the
polymerization process.

Experimental part

Materials and equipment

Monomer mixtures containing divinylbenzene (DVB; 1,3
and 1,4 isomers) and ethylvinylbenzene (EVB; 1,3 and 1,4
isomers) were purchased from Aldrich as DVB55 and
DVB80 (55 wt.-% DVB and 80 wt.-% DVB, respectively).

Scheme1:
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Monomermixtureswerepasseddowna neutralaluminacol-
umnto removeinhibitor beforeuse.2,29-Azoisobutyronitrile
(AIBN, Aldrich) was recrystallizedtwice from methanol.
Styrenewaspurchasedfrom Aldrich andpurified by vacuum
distillation. High pressurereactionswere carried out in a
10 mL stainlesssteelreactor, equippedwith a sapphirewin-
dow for observationof phasebehavior16). A PTFE-coated
magneticstir barwasusedto mix thecontentsof thereactor.

Stabilizerpreparation

A CO2-solublediblock copolymerstabilizer, 1 (Scheme2),
waspreparedby a modifiedscreenedanionicpolymerization
procedure,asdescribedpreviously16).

The stabilizer consisted of a CO2-soluble fluorinated
poly(methacrylate) (PFMA) block, and a CO2-insoluble
poly(methylmethacrylate)(PMMA) anchoring block. The
numberaveragemolecularweight (M

—
n) of the PMMA block

was determinedwith a Knauer gel permeationchromato-
graph(GPC)usingPL Gel 30cm 5 lm mixed C columnat
308C, running in chloroformat 1 cm3 N min–1 with polystyr-
ene(M

—
n = 600–106) standards. Characterisationdatafor 1:

IR (KBr): 1734cm–1 (s;C2O).
1H NMR (CDCl3) [{M} = PMMA block, {F} = PFMA

block]: d = 4.60–3.80 (br s, 2H{F}, CH2), 3.61 (s, 3H{M},
CO2CH3), 2.70–2.20 (br s, 2H{F}, CH2), 2.15–1.7 (br m,
2H{M}, 2H{F}, CH2) and1.22–0.8 (br m, 3H{M}, 3H{F},
a-CH3).

M
—

n (PMMA block) = 14000.From 1H NMR integrals,the
mole ratio, x:y, of the PMMA block (CO2CH3, d = 3.61) to
thePFMA block (CO2CH2–, d = 4.60–3.80)was1:1. Calcu-
latedM

—
n (1) = 74500.

Polymerizationsandanalyticalprocedures

The reactor was charged with monomer(s)(2.0g), AIBN
(0.16 g) as initiator, and stabilizer 1 (60mg, if included),
beforepurgingwith aslowflow of CO2 for 20 min. Thereac-
tor was then pressurizedwith liquid CO2 to around80 bar,
stirring commenced,and the reactionmixture heatedto the
desiredtemperature and pressure(658C, 310l 15 bar). In
the absenceof addedstabilizer, muchof the monomermix-
turewasinsolublein thecontinuousphaseunderthesecondi-
tions, andthe reactionproceededasan unstabilisedsuspen-
sionpolymerization17,18). Thesupercriticalsolutionwasiniti-
ally heterogeneous,consisting of a cloudy suspensionof
undissolvedmonomerin CO2. With time (L90min), a white
solidprecipitateformedon thewallsandwindowof thereac-
tor. In the presenceof stabilizer1 (3 wt.-% with respectto
monomer), the phasebehaviorwasquite different. Immedi-
ately afterpressurisation,anopaque,white, uniform mixture
wasobtained,resemblingan emulsionof monomerin CO2.
This appearancepersisted throughout the reaction, and
afforded polymer particles in the size range0.25–0.5lm.
The phasebehaviorwas consistentwith an emulsionpoly-
merization mechanism14). In both cases,polymerizations
were continuedwith stirring overnight.At the end of each
reaction,the systemwascooledto ambienttemperature and
the CO2 wasvented.The dry polymer (L2 g) wasremoved
from the reactor and purified as describedpreviously15).
Thermogravimetric analysiswas carriedout with a Perkin-
Elmer TGA 7 in a nitrogenatmosphere(30–8008C, heating
rate208C N min–1). Polymermorphologieswere investigated
with a JEOL JSM-5800LV scanningelectronmicroscope.
Polymer sampleswere mounted on aluminum studs and
were sputter coatedwith 10–20 nm gold before analysis.
Where discrete polymer microspheres were observed
(Tab.1, entries3–5), particlesizesandparticlesizedistribu-
tions werecalculatedfrom electronmicrographs(L300par-
ticle diametersmeasured).

Resultsand discussion
The resultsof somepolymerizations in scCO2 involving
DVB as the cross-linking agent are shown in Tab.1. In

Scheme2:

Tab.1. Synthesisof cross-linked polymersin scCO2

Entry wt.-%
DVBa)

wt.-%
EVBa)

wt.-%
styrenea)

wt.-% 1b) Particlesize
lm

c) Polymer morphology Phasebehaviord) Yield
%

1 0 0 100 0 e) agglomerate P 56
2 55 45 0 0 1.5–5 powder US 89
3 80 20 0 0 2.40(21%) microspheres US 92
4 55 45 0 3 0.41(16%) microspheres E 96
5 80 20 0 3 0.29(18%) microspheres E 95

a) wt.-% basedon total monomerweight(2.0g).
b) wt.-% stabilizer1 with respect to total monomer weight.
c) Determined by scanningelectron microscopy. Figurein parentheses= % coefficient of variation,CV, whereCV = (r/Dn) 6 100;

r = standarddeviation of particlediameterin lm, Dn = meanparticlediameter in lm.
d) P= precipitation, US= unstabilized suspension,E = emulsion.
e) Agglomeratedpolymer;noparticles formed. M

—
w = 11700,M

—
w /M

—
n = 8.3.
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the absenceof a cross-linker, the unstabilized precipita-
tion polymerization of styrene(which is soluble in scCO2

undertheseconditions)gavelow molecularweight poly-
styrenein pooryield (entry1), ashasbeendescribedpre-
viously8,9). However, the polymerizations of DVB55
(entry2) andDVB80 (entry3) led to cross-linkedPDVB
polymerswhich were isolatedin high yieldsdirectly from
thereactor asdry, white, free-flowing powders.Whenthe
materials were examined by scanningelectron micro-
scopy, it wasfound that the polymersexistedin the form
of relatively uniform microspheres (diameter= 1.5–
5 lm), eventhough no stabilizers wereused(Fig. 1a, b).
This is consistentwith studiesby Li and Stöver15), who
foundthathighly cross-linked PDVB microspherescould
be formedby precipitation polymerization of DVB mix-
tures in acetonitrile. In their work, it was assumedthat
theparticle formation andgrowth mechanismwassimilar
to thatof dispersion polymerization, exceptthat theparti-
cles were stabilized against coagulation by their rigid,
cross-linkedsurfacesratherthanby addedstabilizers.

We alsoattribute theinhibition of agglomerationin our
more highly cross-linked samples to the rigidity of the
PDVB microspheres.When DVB55 was used (Tab.1,

entry2), sphericalmicroparticles were generated, how-
ever a certain degreeof agglomeration was observed
(Fig. 1a). At higher cross-linker ratios (Tab.1, entry3),
however, relatively uniform and discrete microspheres
were obtained(Fig. 1b). Li andStöver reporteda precipi-
tation polymerization (i.e., initiator and monomerwere
initially soluble in acetonitrile)15); however, we observed
that the DVB monomermixture waslargely insoluble in
scCO2 from thestartof the reaction. The initiator, AIBN,
wassoluble in both themonomerphaseandtheCO2 con-
tinuousphase,thus making the precise classification of
the reactions aseither emulsionor suspension polymeri-
zationssomewhatdifficult. Some authorshave suggested
that particle size may be one criterion for classification,
in asmuch assuspension polymerization tends to leadto
particles greaterthan 1 lm in size14,17,18). Basedon the
mechanismand observedphasebehavior of the unstabi-
lized polymerizations in scCO2, we prefer the term
“unstabilized suspensionpolymerization”. The cross-
linked particles hadsizessimilar to polystyreneparticles
formedby dispersion polymerization in scCO2 in thepre-
sence of amphiphilic diblock copolymer surfactants8,9),
although therewas somewhatmore evidenceof particle
agglomeration, particularly in less highly cross-linked
samples.Thermalanalysisshowedthecross-linkedresins
to havehigh thermalstability; almostno thermaldecom-
position wasobservedbelow 4008C (Fig. 2).

The phasebehavior during polymerization in the pre-
senceof 3 wt.-% stabilizer 1 wasquite different (Tab.1,
entries4 + 5). Immediatelyupon addition of CO2, anopa-
que, white emulsion of monomerin CO2 was formed,
which persistedthroughout thepolymerizationreaction19).
Thecross-linkedparticlesgenerated from thesepolymeri-
zations were much smaller than those formed in the
absence of the stabilizer (Fig. 3a). Moreover, the particle
sizedistribution wasrelatively narrow (Fig. 3b) andthere
wasmuchlessevidenceof particleagglomeration.

Fig. 1. Scanningelectronmicrographsof PDVB microspheres
synthesizedin scCO2 in theabsenceof anystabilizer:(a) 55wt.-
% DVB; (b) 80wt.-% DVB. Reaction conditions: 658C,
310l 15bar, 24h

Fig. 2. Thermogravimetric analysis for PDVB microspheres
shownin Fig. 1a
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The cross-linkedpolymerswere completely insoluble
in all solvents tested,however they were readily dis-
persed in most common organic media (except pure
water)to form milky white suspensions.In thecaseof the
larger, unstabilized particles (entries 2 + 3), the suspen-
sionstendedto settleout within a few hours.Thesmaller
particles,however, which had beenformed by emulsion
polymerization (entries4 + 5) formedsuspensionsin cer-
tain organic solvents which were stable for several
weeks.

The key advantages of our preparation methodsare
thatno toxic, volatile organiccompoundsareusedassol-
vents in the polymerizations, the solvent and soluteare
very easily separated, and that regular cross-linked
microspheresof various sizescan be formed both with

and without added stabilizers. This novel approach
should also allow the synthesis of cross-linkedpolymer
particles containing water sensitive or water-soluble
comonomers,which areoftendifficult to prepare by more
standard suspension/emulsion polymerization techni-
ques20). Futurework wil l focuson the useof scCO2 asa
solvent for the preparation of cross-linkedterpolymers
containing specific reactive functionalgroups for specia-
list applications.
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Fig. 3. (a) PDVB microspheresformedin presence of 3 wt.-% stabilizer1 (Tab.1, entry 4); (b)
Graphshowingdistributionof particlesizesfor sampleshownin Fig. 3a
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