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ABSTRACT: Amphiphilic block copolymers poly(ethylene glycol)-block-oligo(vinyl acetate) (PEG-b-
OVAc) and OVAc-b-PEG-b-OVAc have been demonstrated to be effective surfactants for CO2-in-water
(C/W) emulsions. However, the high cost and difficulty of synthesis process can render the economics of CO2

process unfavorable. In this work, by reversible addition-fragmentation chain transfer (RAFT) polymer-
ization, a series ofwell-definedCO2-philic triblock copolymersX-OVAc-b-PEG-b-OVAc-X(whereX stands for
xanthate group) were synthesized. The structures andmolecular weights of these copolymers were character-
ized by 1HNMR and GPC. The results of GPC analysis exhibited relatively narrow polydispersity (PDI<1.35).
The process of preparation of X-OVAc-based surfactants was much more simple, inexpensive and also easy
to control, which could promote industrial-scale applications. The X-OVAc-based surfactants were found
effectively to produce highly concentrated stable C/W emulsions. Porous emulsion-templated materials were
prepared by the polymerization of the continuous phase of C/W emulsions. The open-cell morphology of the
emulsion-templated materials was evidenced by scanning electron microscope. To tune the morphology of
the porous structures, the influence of the surfactant concentration andmolecularweight ofOVAcblockwere
also investigated. It was shown that X-OVAc-based surfactants can outperform perfluorinated surfactants
and approach OVAc-based surfactants for such applications.

Introduction

Emulsion templating is a relatively versatilemethod for the prepa-
rationof highly porous organic1-3 and inorganicmaterials,4 which
are extremely useful in a wide range of applications includ-
ing catalysis,5 chromatography,6 and drug delivery,7 etc. In
general, high internal phase emulsion (HIPE) with the droplet
phase volume fraction occupying more than 74.05% v/v of the
emulsion volume, is initially formed, and then the continuous phase
locks in the emulsion geometry usually by reaction-induced phase
separation (e.g., free-radical polymerization, sol-gel chemistry).
Subsequent removal of the internal phase gives rise to a porous
replica of the emulsion.

In practice, a significant disadvantage is that concentrated oil-
in-water (O/W) emulsion technique requires a large amount of
organic solvent as internal phase, more than 75% v/v typically.
Moreover it is always difficult to remove the solvent from the
templatedmaterial at the end of the reaction. For inorganicmate-
rials, high temperature (>600 �C) is required in order to com-
pletely remove any organic residues.4 Under such circumstances,
complete removal of the template phasemay bemuchmore prob-
lematic, particularly for applications such as biomaterials, where
organic solvent residues are undesirable.

As a possible solution to this problem, high internal phase
CO2-in-water (C/W) emulsions have been considered. Super-
critical carbon dioxide (scCO2) has been extensively promoted as
an environmentally benign solvent because of its intriguing
characters.8 In particular, for polymers synthesis and processing,
CO2 has been recognized as a versatile solvent.9-12 However,
CO2 is relatively a poor solvent and the majority of materials,

such as polar biomolecules, pharmaceutical actives, andhighmolec-
ular weight polymers, tend to exhibit low solubility in CO2.

13,14

So far, only fluorinated polymers15 and silicones16 show high solu-
bility in CO2, which have been exploited as CO2-philic building
blocks to produce surfactants for extraction,17 dispersion14,18-20

and emulsion21,22 polymerization. However, the associated costs
and low biodegradability may prohibit their industrial-scale appli-
cations. A great challenge for application of CO2 is the discovery
of inexpensiveCO2-philicmaterials orCO2-philes,which can pre-
ferably be easily biodegradable.23 Inexpensive poly(ether carbonate)
(PEC) and poly(ether ester) (PEE),24,25 sugar acetates,26-28 which
are regarded as renewable CO2-philes, have also been reported to
be high CO2 solubility, however, associated with numerous
practical difficulties. Recently, various studies have been devoted
to other hydrocarbon CO2-philes,

29-32 including the influence of
end-groups on their solubility.33,34 In our previous study, we have
reported that oligo(vinyl acetate) (OVAc) also exhibited anom-
alously high solubility in CO2 with respect to other vinyl hydro-
carbon polymers.35-37 The end-functional OVAc was used as
CO2-philic building block to combine with poly(ethylene glycol)
(PEG) to produce amphiphilic block copolymers PEG-b-OVAc
and OVAc-b-PEG-b-OVAc, referred to as OVAc-based surfac-
tants. Inspired by the study of these copolymers on stabilizing
high internal phase C/W emulsions, we have templated those
emulsions to generate highly porous open-cell poly(acrylamide)
(PAM)38 and poly(vinyl alcohol) (PVA)39 materials in the absence
of any organic solvents, but onlywater andCO2. The results indi-
cated that OVAc-based surfactants were functionally superior to
perfluorinated materials for such applications, in addition to
being potentially inexpensive and biodegradable.

However, there are several key limitations associated with our
previous approach.37-39 First of all, the narrow polydispersity*Corresponding author. E-mail: bien.tan@mail.hust.edu.cn.
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OVAc is obtained through a two-step process. The first step is the
synthesis of the starting poly(vinyl acetate) (PVAc) with a consid-
erable board polydispersity (PDI> 1.6). Subsequently, the start-
ing PVAc is required to fractionate using a supercritical fluid
extractionmethod toprovide lowmolecularweight fractionswith
narrow polydispersity (PDI=1.14-1.40). Moreover, this pro-
cedure involves supercritical fluid extraction method, which not
only increases the capital equipment costs, but also is difficult to
control. Second, the yield of recovered low molecular weight
fractions is as low as 0.8-4.0% w/w. Moreover, the C/W emul-
sions stabilized by OVAc-based surfactants encounter phase sepa-
ration by the addition of monomer such as acrylamide (AM).
These limitations would prohibit industrial-scale applications of
these materials.

Reversible addition-fragmentation chain transfer (RAFT)
radical polymerization has been used extensively for the synthesis
of novel complexarchitecturepolymers, suchasblock copolymers,40

combs,41 and stars42,43 polymers. Generally speaking, controlled/
living radical polymerizations, suchasnitroxide-mediatedpolymer-
ization (NMP), atom transfer radical polymerization (ATRP),
could also be adopted as synthetic routes. However, these methods
have several limitations. The former usually requires relatively
high temperature,44 while the latter is often limited by monomer
functionality and solvent selection for proper catalyst activity.45

In addition, vinyl acetate (VAc) propagating radical is highly
reactive and apt to chain transfer and termination reactions.
So far, RAFT polymerization of VAc with xanthates46-48 and
cobalt-mediated radical polymerization49,50 of VAc have proved
to be themost successful method. Recently, a well-defined PVAc-
b-PEG diblock copolymer was synthesized by RAFT polymer-
izationusinga xanthate end-functionalPEGas chain transfer agent,
but they did not obtain triblock copolymer (OVAc-b-PEG-
b-OVAc).51 Tong et al. has also reported the synthesis of triblock
copolymer (PVAc-b-PEG-b-PVAc) with high molecular weight
(Mn-GPC>23500 g/mol), whichwas not suitable for generationof
C/W emulsions due to the less CO2-philic PVAc block.52

In this study, we present a solution to each of the problems
outlined above and show that a series of CO2-philic xanthate end-
functional triblock copolymers X-OVAc-b-PEG-b-OVAc-X
with narrowPDI,whereX stands for xanthate group, are directly
synthesized by RAFT polymerization. Xanthate end-functional
PEG (X-PEG-X) acted as macromolecular chain transfer
agent (macroCTA) to medicate the polymerization of VAc.
The X-OVAc-based copolymers are found extremely effective
in the production of C/W emulsions with enhanced stabilities.
Porous C/W emulsion-templated PAM-based materials with sig-
nificantly increased levels of porosity are prepared, even without
using PVA which virtually acts as “cosurfactant”. The influence
of surfactant concentration andmolecular weight ofOVAc block
on the preparation of C/W emulsion-templated PAM-based
materials are investigated in more detail.

Experimental Section

Materials.Vinyl acetate (VAc, Sinopharm, 97%) was freed from
inhibitor by passing through an alumina column. 2,20-azobis-
(isobutyronitrile) (AIBN, Sinopharm, 80%) was recrystallized
twice from ethanol. Potassium persulfate (KPS, Sinopharm,
99%) was recrystallized twice from water. Acrylamide (AM,
98%), N,N0-methylene bis(acrylamide) (MBAM, 98%), tetra-
methyl ehylenediamine (98%), ethanol(99%), carbon disulfide
(99%), pyridine (99%), potassium hydroxide (KOH, 82%),
2-bromopropionyl bromide (98%), anhydrous magnesium sulfate
(99%), ammonium chloride (99%), sodium bicarbonate (99%),
tetrahydrofuran (THF, 99%), dichloromethane (99%), were all
purchased from Sinopharm and used as received. Poly(vinyl
alcohol) (PVA, Aladdin, Mw=74800 g/mol, 99% hydrolyzed).
Poly(ethylene glycol) diol (PEG, Aldrich, Mw = 600 g/mol,

Mw=2000 g/mol, and Mw=3400 g/mol). High purity carbon
dioxide (99.99%) was purchased from Ming Hui Gas.

Synthesis of PotassiumO-Ethyl Dithiocarbonate. In a 100 mL
round-bottom flask fittedwith a reflux condenser, 10.50 g (0.19mol)
of potassium hydroxide was added to 30.10 g ethanol, and the
mixture was heated under reflux for 1 h. After cooling in an ice
bath, carbon disulfide (14.65 g, 0.19 mol) was then slowly added
to the resulting wine-red solution, resulting in almost a solid piece.
The crystals were filtered off and washed with ether (3�10mL).
The crude product (31.12 g) was recrystallized from absolute
ethanol (80 mL), and light yellow needle-shaped crystals were
obtained (18.39 g, 61.3%).

Synthesis of X-EG45-X. The synthesis of macroCTA X-
EG45-Xwas based on methods described previously.51 For the
synthesis of macroCTAs X-EG13-X and X-EG77-X, the
same procedure was applied. Briefly, Poly(ethylene glycol) diol
(HO-EG45-OH,19.22 g, 9.61�10-3mol) was placed in a 250mL
three-neck round-bottom flask and stirred with pyridine (4.0 mL)
in dichloromethane (150 mL). When the reactant dissolved, the
reaction was placed in an ice bath. 2-bromopropionyl bromide
(5.1 mL, 4.80�10-2 mol) was added dropwise for 2 h. The mix-
ture was kept stirring for further 17 h at room temperature.
A white precipitate was filtered off. Dichloromethane (200 mL)
was added. The resulting solution was washed with saturated
ammonium chloride (4� 100 mL), saturated sodium bicarbonate
(4�100 mL), water (3�100 mL), dried over anhydrous magne-
sium sulfate, and then filtered off. The solvent was evaporated
under vacuum. 2-bromopropionic acid poly(ethylene glycol)
ester (Br-EG45-Br) was finally obtained (18.71 g, 85.8%). 1H
NMR data (400 MHz, CDCl3): δ 4.41 (q, J=6.8 Hz, 2H, CH-
CH3), δ 4.32 (m, 4H, CH2OC(O)), δ 3.65 (s), δ 3.5-3.8 (m, 183H,
CH2CH2O of PEG backbone), δ 1.83 (d, J=6.8 Hz, 6H, CH3).

In a 100 mL three-neck round-bottom flask, Br-EG45-Br
(7.91 g, 3.49�10-3mol) was dissolved in dichloromethane (50mL)
and stirred with pyridine (40 mL). Potassium O-ethyl dithio-
carbonate (1.15 g, 7.19�10-3 mol) was added portionwise. The
mixture was stirred at room temperature for 24 h. The resulting
mixture was centrifuged and the white precipitates were re-
moved. Dichloromethane was added (300 mL) to filtrate. The
solution was washed with concentrated ammonium chloride
(4�100mL), saturated sodium bicarbonate (3�100mL), water
(2�100mL), and dried over anhydrousmagnesium sulfate. The
solvents were evaporated under vacuum. X-EG45-X was
obtained (5.85 g, 71.4%). 1H NMR data (400 MHz, CDCl3):δ
4.62 (q, J=7.2 Hz, 4H, OCH2CH3), δ 4.41 (q, J=7.5 Hz, 2H,
CHCH3), δ 4.30 (m, 4H, CH2OC(O)), δ 3.65 (s), δ 3.5-3.8 (m,
183H, CH2CH2O of PEG backbone), δ 1.58 (d, J=7.5 Hz, 6H,
CHCH3), δ 1.42 (t, J=7.2 Hz, 6H, OCH2CH3).

Synthesis of TriblockCopolymers X-OVAc-b-EG45-b-OVAc-X.

A typical polymerizationwas performed as follows. VAc (7.16 g,
8.33�10-2 mol), AIBN (0.030 g, 1.83�10-4 mol), X-EG45-X
(2.10 g, 8.94�10-4 mol), THF (9.30 g) were placed into a flask
by passing nitrogen gas through the mixture for 1 h in an ice bath.
The flask was immersed in an oil bath preheated at 60 �C with
stirring for 12h.Themixturewas reprecipitated in coldn-hexane for
more than twice. The resulting product was dried under vacuum at
40 �C for more than 24 h to get the final product (monomer
conversion=41%,Mn-GPC=5420 g/mol, PDI=1.34,Mn-NMR=
4930 g/mol). 1H NMR data (400 MHz, CDCl3): δ 6.55-6.68, δ
4.78-5.08, δ 4.57-4.70, δ 4.05-4.38, δ 3.51-3.84, δ 2.41-2.57,
δ 1.94-2.14, δ 1.50-1.94, δ 1.37-1.46, δ 1.13-1.21

Several X-OVAc-b-PEG-b-OVAc-X triblock copolymers were
prepared with different average degrees of polymerization (n)
for the VAc block with the same procedure by varying the initial
concentration ratios of VAc to X-PEG-X and conversion.

Polymerization of C/WEmulsions. In a typical polymerization,53

an aqueous solution of monomers (40% w/v in H2O), K2S2O8

initiator (2%w/v based on monomers), surfactant, and PVA were
added in a 10 cm3 stainless steel view autoclave before purgingwith
a slowflowofCO2 for5min to removeanyoxygen.The reactorwas
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then pressurized with liquid CO2 (20 �C, 110 ( 5 bar), and mag-
netically stirred (300 rpm) to form a milky white C/W emulsion.
The mixing time and speed were kept constant, since it was known
that these parameters can affect the size anduniformity ofHIPEs.54

When a stable emulsion had been formed, stirring was further
continued at 300 rpm for 60min before adding a controlled volume
of tetramethyl ethylenediamine (TMEDA, 0.1 mL). Stirring was
ceased when the temperature started increasing due to the exother-
mic reaction. The temperature and pressure were kept for 120 min,
and then theCO2was slowly vented formore than 1h. The product
was recovered as a continuous, white monolithic sample that
conformed to the internal dimensions of the reactor. Subsequently,
the material was immersed in water to remove excessive initiator
andmonomers, and then dried by freeze-drying using a Scientz-12N
freeze-dryer for more than 24 h.

Characterization. Nuclear magnetic resonance (NMR) spec-
tra were recorded in CDCl3 on a Bruker AV400 MHz spectro-
meter at room temperature using tetramethylsilane (TMS) as
an internal reference. Polymer morphologies were investigated
with a FEI Sirion 200 field emission scanning electron micro-
scope (FE-SEM). For SEM analysis, samples were mounted on
aluminum studs using adhesive graphite tape and sputter-coated
with gold before analysis. Gel permeation chromatography
(GPC) was performed with an Agilent 1100 instrument using
refractive index detector (RID) and a chromatography column
(PLgel 5 μm). THFwas used as an eluent at a flow rate of 1.0 mL/
min at 30 �C. The calculated molecular weights were based on a
calibration curve for polystyrene (PS) standards of narrow
polydispersity (Polymer Laboratories). Pore size distributions
were recorded bymercury intrusion porosimetry using aMicro-
meritics Autopore IV 9500 porosimeter. Samples were subjected
to a pressure cycle starting at approximately 0.5 psi, increasing
to 60000 psi in predefined steps to determine pore size and pore
volume. Thermal gravity analysis (TGA) was carried out at a heat-
ing rate of 10 �C/min from30 to 700 �Con aPyris1 under a nitro-
gen atmosphere.

Results and Discussion

Preparation of X-PEG-X and Triblock Copolymers
X-OVAc-b-PEG-b-OVAc-X. Here we present the synthe-
sis of various xanthate RAFT agents with different PEG
blocks. Initially, the potassium O-ethyl dithiocarbonate was
synthesized via the method of Fleet et al.,55 recrystallized,
and then added to a solution of Br-PEG-Br to obtainmacro-
CTAs (X-PEG-X). The detailed synthesis strategy is described
in Scheme 1.

PVAc is a typical example of inexpensive commercial poly-
mer which is also moderately biodegradable, and has recently
been investigated in various biomedical applications.41,43

Although PVAc is one of the most CO2-philic hydrocarbon
polymers discovered so far, the solubility of PVAc is highly
dependent on its molecular weight. Previously we reported
that PVAc showed high solubility in CO2 under conditions
of practical relevance only when the molecular weight was
lower than 3000 g/mol.34,38 Because the vinyl acetate propa-
gating radical is highly reactive and apt to chain transfer and
termination reactions, it is impossible to obtain OVAc with
narrow PDI through conventional free-radical polymerization.38

Living/control radical polymerization of VAc is often problem-
atic, and techniques such as ATRP and NMP are generally
not effective. Successful control of VAc polymerization
has been reported under a RAFT mechanism mediated by
xanthates.46-48

In order to obtain X-OVAc-based surfactants with nar-
row PDI, a series of reactions were conducted. Following an
inhibitionperiod, thepolymerizationproceededwithpseudofirst-
order kinetics consistent with a constant radical concentration
(Figure 1). The ratio of xanthates concentration to initiator

concentration played a crucial role in the inhibition time.When
the ratio increased from 2 to 5, the inhibition time intensively
raised from 1 to 2.6 h. The evolution of the molecular weight
and PDI with conversion during the VAc polymerization in
the presence of macroCTA (X-EG45-X) at 60 �C is shown
in Figure 2. The GPC chromatograms show a single peak
growingwith reaction time and conversion (Figure 3). A pro-
gressive and nearly linear increase in the molecular weight as
a function of conversion is observed, which is consistent with
a living process (Figure 2). However, a broad molecular
weight distribution of the polymers is observed at high
conversion (>50%) of VAc, which suggests the formation
of PVAc homopolymer in the later polymerization stage as
reported previously.51 Interestingly, the homopolymeriza-
tion is slight at lower conversion. Therefore, we could control
the monomer conversion at a relatively low level to prepare
OVAc with narrow PDI.

In order to investigate the influence of the molecular
weight of OVAc block on the hydrophilic-CO2-philic balance,
a series of copolymers were synthesized by RAFT polymer-
ization mediated by various macroCTAs (Table 1). An
advantage of this methodology is that it could directly lead
to oligomeric species with relatively low PDI in a range of
1.23-1.35 (Table 1). In all cases, the final products were light
yellow viscous liquids because of the incorporation of the
xanthate group at the end of the polymers. The xanthate
group of X-OVAc-based copolymers could be cleaved from

Figure 1. Plots of log of monomer concentration with time for the
RAFTpolymerizationofVAc thatmediated byX-EG45-Xat 60 �C in
a 50%w/w solution in THF. The dashed lines (;;) denote regressed
fits to linear relationships.

Scheme 1. Preparation of Macromolecular Chain Transfer
Agent X-EGn-X (n = 13, 45, 77)
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polymers by thermolysis as reported previously.56 Thermo-
gravimetric analysis of X-OVAc-b-EG45-b-OVAc-X
(Mn-NMR=4930 g/mol, PDI= 1.34) showed a mass loss of
6.8%between210and310 �C,whichwasconsistentwith the loss
of the xanthate group (7.1%, expected for C3H5S2) (Figure 4).

The structures of the starting macroCTAs and its corre-
sponding copolymers were characterized by 1H NMR to
confirm the incorporation of VAc units into the macroCTAs
(Supporting Information, Figures S9 and S10).51 The number-
averagemolecular weights of those copolymers calculated by
1HNMR from the relative integrations of-CH2-CH2-O-
protons of PEGbackbone and of the-CH- protons of VAc
backbone are also listed (Table 1). The experimental molec-
ular weights evaluated from GPC show a slight deviation
from that calculated from 1H NMR. The main reason may
be the difference in the hydrodynamic volumes of PEG and
PS (which was used as the calibration standard) to a certain
extent.

Formation of Stable C/W Emulsions. It is well-known that
low molecular weight perfluoropolyether (PFPE) ammonium
carboxylate surfactants can be employed to form both C/W
and W/C macroemulsions57 and microemulsions.21,58,59 How-
ever, the C/W macroemulsions stabilized by PFPE are not
much stable in the presence of monomers, such as AM and
MBAM.60 There can be two reasonable possibilities for this
phenomenon. First, themonomers adsorb at thewater-CO2

interface, thus reducing interfacial tension gradients and,
therefore, stability of the emulsions.57 Another possibility
could be that themonomers play a crucial role in the solution
properties of the surfactant in the aqueous phase, that is, the
surfactant becomes more soluble in the aqueous phase and,
hence, is removed from the C/W interface.53 Although this
destabilization canbe overcomeby the additionof cosurfactant
(PVA) to the aqueous phase prior to polymerization, per-
fluorinated surfactants are much more expensive and insuf-
ficiently degradable for many applications.

Johnston has reported that less expensive hydrocarbon
surfactants such as poly(ethylene oxide)-b-poly(butylene
oxide) (EO15-b-BO12) could be used to emulsify up to 70%
CO2 with droplet sizes from 2 to 4 μm in diameter, as deter-
minedbyvideo-enhancedmicroscopy.61 Inourprevious study,37

we synthesized various OVAc-based hydrocarbon surfactants,
which could stabilize highly concentrated C/W emulsions.
However, the practical industrial applications of such surfac-
tants were limited due to various factors as described above.
In order to address these issues, we have prepared a series of
X-OVAc-based hydrocarbon surfactants to investigate
the emulsification of CO2 and an aqueous solution (40%
w/vAMþMBAMinH2O,AM/MBAM=8:2w/w), asdetailed
in Table 2. Interestingly, even without addition of cosurfac-
tant (PVA), these emulsions were found to be stable for a
long period in the absence of stirring (i.e., more than 24 h).

Figure 2. Evolution of the molecular weight and PDI with conversion
for the RAFT polymerization of VAc mediated by X-EG45-X at
60 �C in a 50% w/w solution in THF. The dashed lines (; ;) denote
regressed fits to linear relationships.

Figure 3. Evolution of GPC traces for the RAFT polymerization of
VAc in the presence ofX-EG45-X.The reactionwas carried out at 60 �C
in a 50% w/w solution in THF.

Table 1. Molecular Weight Data of X-OVAc Based Hydrocarbon
Surfactants Prepareda

polymer compositionb

OVAc
(g/mol)

PEG
(g/mol)

convc

(%)
Mn-GPC

d

(g/mol)
Mn-NMR

e

(g/mol) PDId

2 � 600 540 18 2270 2100 1.35
2 � 690 2060 14 4420 3730 1.32
2 � 1200 2060 31 5490 4760 1.29
2 � 1290 2060 41 5420 4930 1.34
2 � 1380 2060 46 6060 5100 1.30
2 � 1460 2060 35 6260 5270 1.23
2 � 1810 2060 49 6850 5960 1.23
2 � 510 3340 17 6920 4700 1.27
2 � 980 3340 28 7880 5640 1.29
aReactions were carried out with themolar ratio of [VAc]:[macroCTAs]:

[AIBN] is 93:1:0.2 at 60 �C in a 50% w/w solution in THF. bCalculated
from Mn-NMR.

cMonomer conversion that determined gravimetrically
after evaporation of the solvent and monomer. dDetermined by GPC.
eDetermined via 1H NMR spectroscopy analysis of the polymers.

Figure 4. Normalizedmass loss (;) and first derivative ofmass loss (- - -)
forX-OVAc-b-PEG-b-OVAc-X (Mn-NMR=4930 g/mol, PDI=1.31)
heated from 30 to 700 at 10 �C/min under nitrogen.
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Neither PEG, OVAc, nor a mixture of these two materials
could form stable C/W emulsions.38 This demonstrated the
requirement for the amphiphilic block copolymer structure.
However, not all X-OVAc-based hydrocarbon surfactants
can lead to stable emulsions. It was found that surfactants
with a short PEG block (Mn-NMR= 540 g/mol) were poor
stabilizers for C/W emulsions (Table 2, samples 1, 2). How-
ever, when the molecular weight of PEG block increased to
2060 g/mol, it was observed that highly concentrated milky-
white C/W emulsions were formed, which filled the entire
reaction vessel. Neither too high molecular weight of OVAc
block, nor too lowmolecular weight could lead to such stable
emulsions (Table 2, samples 8, 9). These results agree well
with the fact that achieving an appropriate hydrophilic-
CO2-philic balance for surfactants is a key factor for C/W

emulsion stability. It is considerably easy to adjust this
balance through the control of molecular weights of OVAc
block and PEG block via RAFT polymerization.

The emulsions showed remarkable stability against co-
alescence for several hours in the absence of stirring. It was
noteworthy that with the internal phase volume increasing
from 80% to 90%, the stability of emulsionwas dramatically
enhanced. In previous reports,62 it has been demonstrated
that increasing the internal phase volume caused the viscos-
ity of the system to increase. Therefore, the main possible
reason for this larger increase in emulsion stability may be
that the increase of internal phase volume causes an increase
in the interfacial viscosity, thus inhibiting the tangential
interfacial flow in the thin aqueous film between the CO2

droplets.

Table 2. Stability of C/W Emulsion Prepared Using X-OVAc-based surfactants

X-OVAc-b-PEG-b-OVAc-X

OVAca (g/mol) PEG (g/mol) % (w/v) C/Wb (v/v) note

1 2 � 600 540 1 8:2 partial emulsion, 100-250 bar
2 2 � 1370 540 1 8:2 partial emulsion, 100-250 bar
3 2 � 690 2060 1 9:1 stable emulsion at 65 bar, 24 h
4 2 � 1290 2060 0.16 8:2 stable emulsion at 110 bar, 3 h
5 2 � 1290 2060 1 9:1 stable emulsion at 110 bar, 24 h
6 2 � 1810 2060 1 8:2 stable emulsion at 110 bar, 6 h
7 2 � 1810 2060 1 9:1 stable emulsion at 110 bar, 24 h
8c 3600 2000 1 8:2 partial emulsion, 100-300 bar
9 2 � 510 3340 1 9:1 partial emulsion, 100-250 bar
10 2 � 980 3340 1 9:1 stable emulsion at 100 bar, 24 h

aCalculated from the equation of (Mn-NMR-MPEG)/2.
bAn aqueous solution of AMþMBAM (40%w/v in H2O, AM/MBAM=8:2 w/w) without

PVA. cTaken from ref 38.

Figure 5. Photograph of a low-density C/W emulsion templated PAM-based materials. The materials obtained conform closely to the cylindrical
interior of the reaction vessel.

Table 3. Synthesis of C/W Emulsion-Templated PAM materials Using Hydrocarbon Surfactants
a

X-OVAc-b-PEG-b-OVAc-X

PAM OVAc (g/mol) PEG (g/mol) % (w/v) PVA (w/v) CO2/H2O (v/v) median pore diameter (μm)b total intrusion volume (cm3/g)b

1 2 � 1290 2060 2 1 8:2 5.22 6.65
2 2 � 1290 2060 1 1 8:2 5.04 5.30
3 2 � 1290 2060 0.5 1 8:2 6.83 6.21
4 2 � 1290 2060 0.25 1 8:2 10.29 7.82
5 2 � 1290 2060 1 0 8:2 5.45 7.47
6 2 � 1290 2060 0.25 0 8:2 7.47 4.66
7 2 � 1290 2060 0.5 0 9:1 8.10 7.71
8 2 � 690 2060 1 0 8:2 7.19 7.42
9 2 � 1810 2060 1 0 8:2 5.12 6.58

10c 2 � 2110 2000 1 10 8:2 5.55 7.51
aReaction conditions: AM þ MBAM (40% w/v in H2O, AM/MBAM=8:2 w/w), K2S2O8 (2% w/v based on monomer), surfactant, PVA (Mw =

74800 g/mol, 99%hydrolyzed), 20 �C, 110 bar, 2 h, venting, and then freeze-drying. bMeasured bymercury intrusion porosimetry over the range 7 nm to
100 μm. cTaken from ref 38.
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In our previous study, it was reported that the emulsions,
stabilized by PFPE, would undergo phase separation by the
addition of monomers (AM andMBAM) without cosurfactant
(PVA). In contrast, the X-OVAc-based surfactants could
stabilize highly concentrated C/W emulsions (90% CO2) in the
presence of such monomers without PVA (Table 2). Interest-
ingly, surfactantat concentrationas lowas0.16wt%is sufficient
to form a relative stable highly concentrated C/W emulsions
and effectively inhibit CO2 droplets from further coalescence
(Table 2, sample 4). This finding is in contrast to conventional
HIPEs,1,53 for which large fractions of expensive surfactants
(2-50%) are often required to stabilize HIPEs effectively.

In summary, these results suggest that X-OVAc-based
surfactants are very effective in the formation of stable and
highly concentrated C/W emulsions. Therefore, the emul-
sion templating approach to produce porous materials is
feasible, because the free-radical polymerization would be
expected to occur before the emulsion became destabilized.

PAM-Based Materials. Although successful C/W emul-
sion-templated polymerization has been carried out, the
systems provided so far have involved fluorinated surfac-
tants (PFPE) which are very expensive and are not environ-
mental friendly.22,53,60 Many conventional hydrocarbon
surfactants used in O/W systems exhibit low solubility in CO2

Figure 6. Porous PAM-based materials prepared by C/W emulsion templating with different surfactant concentrations (X-OVAc(1290)-b-PEG-
(2060)-b-OVAc(1290)-X), as characterized by scanning electronmicroscopy (left) andmercury intrusionporosimetry (right). The experimental details
listed in the Table 3. Key: (a) sample 4, 0.25% w/v; (b) sample 3, 0.5% w/v; (c) sample 2, 1.0% w/v; (d) sample 1, 2.0% w/v.
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and are incapable of generating either W/C or C/W emul-
sions.63 Despite the fact that several commercial hydrocarbon
surfactants (e.g., sodium dodecylbenzenesulfonate (SDBS),

Tween 40) were exploited as stabilizers to prepare porous
emulsion-templated materials, none of these hydrocarbon
surfactants, however, gave rise to pore volumes as high as
those obtained for samples using PFPE surfactants. The
resultant materials were less porous and less well-defined
than when PFPE was used and the concentration of surfac-
tants was also as high as 10%which raised the cost of related
applications.53

In this study, we reported a versatile method to directly
synthesize various X-OVAc-based surfactants used to stabi-
lize C/W HIPEs. In the presence of these X-OVAc-based
surfactants, it was observed that the C/W HIPEs were suffi-
ciently stable to act as templates for the formation of poly-
HIPEs.A catalytic amount of a redox co-initiator (TMEDA)53

was used to initiate these polymerization reactions at 20 �C.
The remarkable stability of the C/W emulsions was further
demonstrated by polymerization of the continuous aqueous
phase to produce porous, cross-linked PAM-based materi-
als. The emulsion-templated materials were recovered as
uniform monoliths with a smooth surface, which conformed
closely to the cylindrical interior of the reactor (Figure 5),
suggesting that most of the CO2 was emulsified and templated.
The resulted emulsion-templated materials were soaked in

Figure 8. PAM-based porous materials synthesized by C/W emulsion templating with various molecular weight of X-OVAc-based surfactants
as characterized by scanning electron microscopy (left) and mercury intrusion porosimetry (right). The experimental details are listed in the Table 3.
(a) Sample 8, X-OVAc(690)-b-PEG(2060)-b-OVAc(690)-X. (b) Sample 5, X-OVAc(1290)-b-PEG(2060)-b-OVAc(1290)-X. (c) Sample 9,
X-OVAc(1810)-b-PEG(2060)-b-OVAc(1810)-X.

Figure 7. Effect of surfactant concentrations (Table 3, samples 1-4) on
the intrusion volume, median pore diameter of C/W emulsion-templated
porous PAM-based materials.
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water to remove residual initiator and monomers, and then
freeze-dried. When the dried samples were placed in water,
their shapes were recovered completely within a few seconds.
The pore characterization data of the C/W emulsion-tem-
plated materials are summarized in Table 3. The SEM
images (Figure 6, 8) of the monoliths indicated that the
open-cell porous morphology was obtained.

A comparison of the pore properties of emulsion-tem-
plated materials using OVAc-based and X-OVAc-based
hydrocarbon surfactants is provided (Table 3, samples 9
and 10). The results show that theRAFT terminus has only a
small influence upon the pore properties of the materials.
The highest pore volume (7.81 cm3/g) is observed in sample 4
produced by using 0.25% w/v X-OVAc(1290)-b-PEG-
(2060)-b-OVAc(1290)-X, which is much more porous than
produced by using PFPE surfactant (5.89 cm3/g).53 This
result suggests that X-OVAc-based hydrocarbon surfactants
are superior to perfluorinated surfactants and approach
OVAc-based hydrocarbon surfactants for this application.
To tailor the morphology of the porous structures, the influ-
ence of the surfactant concentration andOVAc blockmolec-
ular weight are also investigated.

Effect of X-OVAc-Based Surfactant Concentration.A series
of C/W emulsion-templated porousmaterials were synthesized
over a range of surfactant concentration (0.25-2% w/v). All
the variables, such as mixing time, mixing speeds, monomer
concentration, initiator concentration, CO2 volume, and CO2

pressure, were kept constant. Figure 6 shows a series of SEM
images and mercury intrusion porosimetry plots for the emul-
sion-templated materials synthesized at increasing surfactant
concentration. It should be noted that the discontinuity that
can be observed at around 7.5 μm in many of the porosimetry
plots (e.g., Figure 6a) is an artifact that arises from switching
the analysis from the low-pressure port (large pores) to the
high-pressure port (small pores). The median pore diameter
(5.04-10.29 μm) is measured by mercury intrusion porosime-
try and corresponds to the average size of interconnected pore
that connect the emulsion-templated CO2 droplets. The cell
diameter can be observed from SEM images and has, approxi-
mately, the same average diameter as that of CO2 emulsion
droplets immediately prior to chemical gelation of the system.
The effect of surfactant concentration on the intrusion volume
andmedian pore diameter is also shown in Figure 7. The intru-
sion volume in these materials shows aminimum of 5.30 cm3/g
at a surfactant concentration of around 1.0% w/v. Interest-
ingly, decreasing the amount of surfactant from 2 to 0.25 wt%
dramatically increases the size of interconnected pores and
cells, which is in accordance with dominantmicellar nucleation
mechanism proposed by Harkins.64 According to the mecha-
nism, an increase in the ratio of initial surfactant to monomer
increases the relative amount of micelles and should increase
the number of the CO2 droplets, thus decreasing the size of the
CO2 droplets. After polymerization, venting, the size of cells
also decreases correspondingly. These predictions are in accor-
dance with the experimental results (Figure 6).

In previous study, we found that C/W emulsion droplets
were much more heterogeneous, as evident from the distri-
bution of cell sizes observed in the scanning electron micro-
graphs.53 The materials shown in Figure 6c,d are signifi-
cantly more homogeneous, while the SEM images for the
samples with a low surfactant concentration (typically less
than 0.5%w/v) indicate broad cell distribution (Figure 6a,b).
The possible reason for such broad cell distribution could be
that the addition of small amount of surfactant leads to
destabilization by bridging flocculation between droplets,65

where a single polymer molecule may adsorb two or more
CO2 droplets, physically hold them together, and result in

coalescence to some extent, that is, large cells are surrounded
by much smaller cells. The experimental results strongly
support that the morphology of the monoliths of Figure 6a
is due to bridging flocculation. Sample 6 (Table 3) shows
the lowest intrusion volume (4.66 cm3/g). In this experiment,
the surfactant concentration is as low as 0.25% w/v in the
absence of cosurfactant (PVA), which would lead to partial
droplet coalescence.

An attractive feature of the approach described above is
that the size of the final structure can be tunable by simply
changing the surfactant concentration. Under such circum-
stances, it is possible to obtain porous materials with cell
diameter of 100 μm required as a scaffold for tissue engineer-
ing applications.

Effect of OVAc Block Molecular Weight. In our previous
study, we have demonstrated that the solubility of the OVAc
in CO2 strongly depended on the molecular weight, with the
concept that theOVAcmolecularweight could affect the hydro-
philic-CO2-philic balance of the C/W emulsions, and thus
affect the pore properties of the C/W emulsion-templated
materials. A series of PAM-based emulsion-templated mate-
rials were synthesized at a constant surfactant concentration
(1%w/v based on reactor) over a range of OVAc blockmolec-
ularweights (Mn-NMR=690-1810 g/mol, Table 3, samples 5, 8
and 9). It is obvious that the interconnected pore diameter in
those materials decreases with increasing the OVAc block
molecular weight (Figure 9), which suggests that the hydro-
philic-CO2-philic balance plays an important role in the for-
mation of these emulsions. This tendency can also be observed
in SEM images (Figure 8). The intrusion volume shows a
maximum of approximately 7.47 cm3/g at the OVAc block
molecular weight of around 1290 g/mol. Compared with the
samples 5, 8, and 9, the intrusion volumes for samples 5 and 8
(Table 3) are similar (7.42 vs 7.47 cm3/g), however, it decreases
rapidly for sample 9 (6.58 cm3/g). This result is consistent
with the solubility decreasing with increasing OVAc block
molecular weight, which would affect the stability of emul-
sions, and then result in partial CO2droplets coalescence, but
does not proceed to the formation of two separate phases.

Conclusions

In summary, we present here a versatile method for prepara-
tion of X-OVAc-based hydrocarbon surfactants with narrow
PDI (<1.35) for the production of C/W emulsions. Xanthate
end-functional PEGs acting as macroCTAs were exploited to
mediate the polymerization of VAc. Comparedwith the synthesis

Figure 9. Effect of molecular weight of OVAc block (Table 3, samples
5, 8, 9) on the intrusion volume, median pore diameter of C/W
emulsion-templated porous PAM-based materials.
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of OVAc-based surfactants, the process of the preparation of
X-OVAc-based surfactants was much more simple, inexpensive
and also easy to control, which could promote industrial-scale
applications. It was shown that X-OVAc-based surfactants can
effectively stabilize highly concentrated C/W emulsions. Highly
porous emulsion-templated materials with tunable cells size and
interconnected pores size were also prepared by the polymeriza-
tion of the continuous phase of C/W emulsions. The influence of
the surfactant concentration and molecular weight of OVAc
block on the morphology of the porous structures were also
investigated. The analysis by mercury intrusion porosimetry
confirms the interconnected pore size in the range of 3.2-10.0 μm
and the intrusion volume in the range of 4.66-7.82 cm3/g.
These results indicate that X-OVAc-based surfactants can out-
perform perfluorinated analogues and approach the OVAc-
based surfactants for this application. X-OVAc-based surfac-
tants may develop a range of potential applications in emulsion
technology such as the generation of biodegradable scaffolds
with highly interconnected pores suitable for tissue engineering
scaffolds.
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