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Synthesis of microsphere-loaded porous polymers by combining emulsion

and dispersion polymerisations in supercritical carbon dioxidew
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Highly porous materials were produced by acrylamide polymerisation

templated by supercritical CO2-in-water emulsions using new

fluorinated glycosurfactants. Properties of the resulting polymer

scaffolds were tuned by performing dispersion polymerisations

within their cavities filled with supercritical CO2.

Supercritical carbon dioxide (scCO2) has been used as an

alternative to organic solvents in a range of polymerisation

processes in order to reduce their environmental impact.1

Supercritical CO2-mediated polymerisation also benefits from

straightforward product recovery and purification by venting

of CO2. Dispersion polymerisations in scCO2 are common due

to the solubility of most industrially important monomers in the

medium in contrast to the resulting polymers.Well-defined particles

with standard particle diameters of 0.1 to 10 mm are usually

obtained if a stabiliser is used to prevent their aggregation.2

Emulsion polymerisation in scCO2 is a heterogeneous process

where scCO2 serves as either the continuous3 or the dispersed

phase.4 High internal phase emulsion (HIPE) (scCO2-in-water) can

also be used as template for polymerisations.4 In this case, the

monomer is polymerised in the continuous aqueous phase before

removal of CO2 by venting (Scheme 1, step 1). The result is a

porous polymer, referred to as a polyHIPE, with interconnected

voids, where the sum of the pore volume is commonly greater

than 74% of the structure’s total volume. Porous polyHIPE

materials have a variety of applications,5 including scaffolds for

tissue engineering,6 supports for catalysts7 and immobilisation

of proteins.8

In this study, we demonstrate the efficiency of a novel class of

non-ionic surface active agents, fluorinated glycosurfactants (1),

for the stabilisation of scCO2-in-water HIPE emulsions used as

templates for the synthesis of porous polymers (step 1, Scheme 1).

We also report for the first time the chemical modification of

polyHIPEs by performing a methyl methacrylate (MMA)

dispersion polymerisation in scCO2 within the voids of the

polymer scaffold, leading to hydrophilic porous materials

loaded with hydrophobic polymer microspheres (step 2,

Scheme 1). In this strategy, we took advantage of the high

diffusivity and mass transfer capacity of scCO2 to help the

diffusion of the monomer, the initiator and the dispersion

Scheme 1 Synthesis of microsphere-loaded polyHIPE in scCO2.
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stabiliser throughout the porous matrix prior to polymerisation,

so that a homogeneous microsphere-distribution is obtained.

This novel strategy offers the unique opportunity to tune the

properties of preformed porous scaffolds, namely pore size,

bulk density, specific surface area and mechanical properties, in

order to meet the requirements of their applications. Reported

examples of polymer-loaded polyHIPEs are rare and obtained

by simultaneous polymerisation of different monomers located

in both phases of a HIPE.9 This last approach is thus not

suitable for the modification of existing polyHIPEs in contrast

to our strategy assisted by the scCO2 technology.

In line with our recent work on the enzymatic modification

of carbohydrates,10 we have developed a novel fluorinated

glycosurfactant (1) composed of a hydrophilic sugar head and

a CO2-philic fluorinated tail. The synthetic procedure (see

Fig. S1 in ESIw) consists of the selective enzymatic esterification

of mannose with 3-mercaptopropionic acid (isolated yield= 48%)

followed by a near-quantitative Michael addition of the thiol-

containing sugar intermediate to Zonyls (isolated yield = 84%),

an inexpensive methacrylate mixture bearing fluorinated chains of

different lengths (for MS analyses see Fig. S2 in ESIw). To help

solubility, Zonyls was distilled in order to remove the highest

molecular weight methacrylates prior to the addition of the thiol.

Mixture 1 was tested as a surfactant for scCO2-in-water

high internal phase emulsion polymerisations and the prepara-

tion of acrylamide polyHIPEs. Inspired by the work of

Cooper et al.,4a,b an aqueous solution of acrylamide (AM)

and N,N0-methylene bisacrylamide (MBAM) (8 : 2 w/w) was

emulsified with scCO2 at 250 bar in the presence of 5 wt% of 1

(conditions are detailed in the footnotes of Table 1). The

polymerisation was then performed at 60 1C using potassium

persulfate (K2S2O8) as initiator (step 1, Scheme 1). After 16 h,

the reactor was vented to leave a porous polymer matrix

occupying the entire reactor vessel, which was then dried by

lyophilisation. The scanning electronic microscopy (SEM)

analyses of sections of the polyacrylamide revealed a homo-

geneous porous morphology with highly interconnected

voids characteristic of polyHIPEs (Fig. 1, sample A). The

diameter of the voids ranges from 3 to 10 mm and the thin cell

walls are pierced by small windows or pores. The mean pore

diameter and the specific volume of voids measured by mercury

intrusion porosimetry were 2.6 mm and 4.31 cm3 g�1 respec-

tively (Table 1, sample A). Mercury pycnometry analyses

confirmed the low bulk density of the material (0.23 g cm�3)

and the Brunauer–Emmett–Teller (BET) calculation derived

from nitrogen adsorption–desorption measurement estimated a

low specific surface area (o5 m2 g�1), typical of polyHIPEs.11

The acrylamide polyHIPE A (Fig. 1A) was used as host for

MMA dispersion polymerisation performed in scCO2 (step 2,

Scheme 1). The glycosurfactant 1 was assessed for its ability to

Table 1 Synthesis and characterisation of PMMA-loaded polyHIPEs

Sample
MMA/polyHIPE (w/
w)

Stabilizer 2 (wt% vs.
MMA)

Vpore
c (cm3

g�1)
Mean pore diameterc

(mm)
Bulk densityd (g
cm�3)

Compressive moduluse

(MPa)

Aa / / 4.31 2.6 0.23 8
Bb 2.5 5 2.20 2.5 0.35 37
Cb 5 5 0.81 2.3 0.58 42
Db 2.5 / 2.08 2.6 0.33 46
Eb 5 / 0.60 2.3 0.78 114

a Synthesis of the empty polyHIPE A: AM/MBAM/H2O = 8 : 2 : 25 (w/w/w), K2S2O8 and 1 (2 and 5 wt% based on monomers, respectively),

PVOH (5 wt% based on H2O), CO2/Faqueous = 77 : 23 v/v, 60 1C, 250 � 20 bar, 300 rpm, 16 h. b Dispersion polymerisation in the polyHIPE A:

AIBN (2 wt% based on MMA), 65 1C, 320 � 20 bar, 300 rpm, 16 h. c Measured by mercury intrusion porosimetry from 30 mm to 7.5 nm (for

porosimetry curves see Fig. S3 and S4 in ESI). d Determined by mercury pycnometry. e Determined from the compressive stress–strain diagrams

(see Fig. S5 and S6 in ESI).

Fig. 1 SEM images of the polyHIPEs. Sample A was prepared by

scCO2-in-water emulsion polymerisation of acrylamide stabilised by the

glycosurfactant 1. B and C were synthesized by MMA polymerisation

inside A in the presence of the stabiliser 2 (MMA/polyHIPE = 2.5 and

5 (w/w) for B and C respectively). D and E were prepared by MMA

polymerisation inside A without the stabiliser (MMA/polyHIPE =

2.5 and 5 (w/w) for D and E, respectively). For detailed synthesis

conditions see Table 1.
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stabilise PMMA particles (5 wt% of 1 and 2 wt% of AIBN vs.

MMA, 65 1C, 320 bar), however it was unable to prevent

particles aggregation, possibly due to the insufficient length of

the fluorinated tails. Another homemade dispersion stabiliser,

a fluorinated polyacrylate bearing tetraethyldiethylenetriamine

pendant moieties (2) (see structure in ESIw),12 was therefore

used. MMA, AIBN and 2 (5 wt% based on MMA) and a piece

of the polyHIPE A were placed in a stainless steel reactor with a

magnetic stirrer before pressurisation with CO2. The poly-

merisation was conducted at 320 bar and 65 1C with different

amounts of MMA (samples B and C in Table 1). The significant

increase in bulk density and decrease of total pore volume

(Vpore) observed after the MMA polymerisation confirmed the

incorporation of PMMA into the polyHIPE (compare samples

A–C in Table 1). At the low PMMA loading, spherical micro-

particles were deposited on the surface of the AM polyHIPE’s

walls (Fig. 1, sample B). The particles diameters (1–3 mm) were

similar to those reported for the same experiment carried out in

the absence of a porous matrix.12 Examination of several

sections of the modified sample revealed a homogeneous

distribution of the particles, even at the heart of the material;

the high diffusivity and mass transfer capacity of scCO2 facilitate

the diffusion of the reactants throughout the polyHIPE. Addition-

ally, membranes of the modified polyHIPE remained thin and

unaffected by the PMMA inclusion.

Upon MMA polymerisation using double MMA/polyHIPE

weight ratio (Fig. 1, sample C) the resulting PMMA particles

are observed to have merged, however, pore ‘‘windows’’

remained unblocked. Retention of pore connectivity of the

PMMA-loaded polyHIPE was illustrated by a limited reduction

in mean pore diameter (2.3–2.6 mm) (compare samples A–C in

Table 1). The specific surface area of the polyHIPEs remained

less than 5 m2 g�1, but a significant increase in the compressive

modulus upon PMMA loading indicated an improvement of

the mechanical properties (compare samples A–C in Table 1).

For comparison, we performed the MMA polymerisation

without a stabiliser (samples D and E, Fig. 1 and Table 1).

Incorporation of PMMA into polyHIPE was effective how-

ever the polymer guests were less spherical and seemed to have

grown against the wall surfaces of the polyHIPE pores (Fig. 1,

sample D). At higher PMMA loading, the contrast was even

more striking (compare samples E and C, Fig. 1); PMMA

completely covers the internal surface of the polyHIPE pores

when no stabiliser is used during polymerisation. SEM images

of sections of the modified polyHIPE showed protrusions corre-

sponding to PMMA cages templated by the polyHIPE’s cavities

(Fig. 1, sample E). Sample E exhibited the highest compressive

modulus of all PMMA loaded polyHIPEs (Table 1).

In summary, this work demonstrates the effectiveness of

fluorinated sugars as stabilisers for emulsion polymerisation

and the production of polyHIPEs in scCO2. For the first

time, polymer microspheres were formed in the cavities of a

porous material by dispersion polymerisation in scCO2. This

chemical modification allows adjustment of the pore volume,

bulk density and improvement of the mechanical properties

of a polyHIPE without affecting its pore interconnectivity.

This modification strategy could potentially be applied to a

large range of polyHIPEs reported in the literature, while the

incorporation of polymer particles in porous scaffolds may

contribute to future developments in support catalysis and

release systems.
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O. Babot, B. Julián-López, M.-F. Achard, M. I. Popa, C. Sanchez
and R. Backov, Chem. Mater., 2007, 19(23), 5786.

6 (a) W. Busby, N. R. Cameron and C. a. B. Jahoda,Biomacromolecules,
2001, 2(1), 154; (b) Y. Lumelsky, J. Zoldan, S. Levenberg and
M. S. Silverstein, Macromolecules, 2008, 41(4), 1469.

7 (a) G. B. Jacobson, C. T. Lee, K. P. Johnston and W. Tumas,
J. Am. Chem. Soc., 1999, 121(50), 11902; (b) S. Cetinkaya,
E. Khosravi and R. Thompson, J. Mol. Catal. A: Chem., 2006,
254(1–2), 138; (c) I. Pulko, J. Wall, P. Krajnc and N. R. Cameron,
Chem.–Eur. J., 2010, 16(8), 2350.

8 (a) S. J. Pierre, J. C. Thies, A. Dureault, N. R. Cameron, J. C. M.
Van Hest, N. Carette, T. Michon and R. Weberskirch, Adv.
Mater., 2006, 18(14), 1822; (b) F. Fernández-Trillo, J. C. M. Van
Hest, J. C. Thies, T. Michon, R. Weberskirch and N. R. Cameron,
Adv. Mater., 2009, 21(1), 55.

9 (a) T. Gitli and M. S. Silverstein, Polymer, 2011, 52(1), 107;
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