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Synthesis of hydrogel polyHIPEs from
functionalized glycidyl methacrylate†

David Pahovnik,a Janja Majer,b Ema Žagara and Sebastijan Kovačič*a

Highly porous hydrogels based on functionalized glycidyl methacrylate (GMA) have been successfully

prepared through the high internal phase oil-in-water emulsions. Pre-polymerization functionalization of

the GMA monomer, porous structure and water uptake of highly porous hydrogels were investigated. The

primary amine groups of tris(2-aminoethyl)amine (TRIS) or 1,2-diaminoethane (EDA) were found to react

in three distinct reactions with the GMA, giving a mixture of methacrylate and methacrylamide as the

major products with a small amount of the aza-Michael addition product. Elemental analysis revealed

nitrogen loadings of 5.3 and 4.6 mmol g−1 for the hydrogel polyHIPEs prepared from the pre-function-

alized GMA with TRIS and EDA, respectively. The aminated p(GMA)-based hydrogel polyHIPEs had the

densities of around 0.16 g cm−3, void diameters of around 5.5 μm, water uptake up to 15 g g−1 and the

specific surface area up to 55 m2 g−1. The water uptake and the specific surface area were found to be

between 4 and 5 times higher than the corresponding values for the conventional GMA-based polyHIPEs

prepared from the water-in-oil HIPEs. These results demonstrate a highly efficient pre-polymerization

functionalization method for the preparation of GMA-based hydrogel polyHIPEs.

1. Introduction

PolyHIPEs are hydrophilic or hydrophobic porous polymers
with a highly interconnected porous structure, resulting from
templating within oil-in-water (O/W) or water-in-oil (W/O) high
internal phase emulsions (HIPEs).1 HIPEs are a special type of
emulsions characterized by a droplet (internal) phase volume
fraction exceeding 74.05% of the total emulsion volume,
whereas the continuous phase consists of monomers that are
polymerized around the droplet phase.2 The synthesis of
hydrophilic and hydrogel polyHIPEs is not an easy task.
A common procedure is to start from the hydrophobic poly-
HIPEs, thus taking advantage of highly stabile W/O HIPEs,
and enhance polyHIPE hydrophilicity through in situ3,4 or
post-polymerization functionalization.5–7 However, in both
cases a degree of polyHIPE modification with hydrophilic func-
tional groups strongly depends on the efficiency of the
functionalization reaction. Alternative methods to prepare the
hydrophilic polyHIPEs are: (i) a simultaneous polymerization
of hydrophobic and hydrophilic monomers within the W/O

HIPEs8,9 and (ii) direct synthesis of hydrophilic polyHIPEs
from either CO2-in-water (C/W)10,11 or O/W12,13 HIPEs. In the
first case, the so-called bicontinuous polyHIPEs are obtained
where the loss of polyHIPE interconnectivity is inevitable due
to filling up of the voids with a second polymer phase, which
finally affects the polyHIPE permeability. In the second case,
the preparation of the C/W HIPEs demands either specialized
equipment10 to achieve the required pressure, or application
of specific surface-active agents14 to obtain sufficient emulsion
stability. Therefore, the O/W HIPEs are still considered to be
effective templates for the synthesis of highly porous hydro-
philic or hydrogel polyHIPEs.

Poly(glycidyl methacrylate) (pGMA) is a versatile polymer
since its pendant epoxide groups react readily and irreversibly
with several nucleophiles to generate polyglycerol methacry-
lates.15 Therefore, it draws researchers’ attention in the fields
of polymer chemistry, materials science and biochemistry.
GMA-based polyHIPEs have been comprehensively investi-
gated. Several studies on morphology,16 permeability17 and
polymerization18 have been undertaken, wherein the GMA-
based polyHIPEs were tested for protein separation,19 enzyme
immobilization20 or as supports for organic synthesis.21

In previous studies, the GMA-based polyHIPEs were syn-
thesized exclusively from the W/O HIPEs where the GMA
monomer was dissolved together with a comonomer in the oil
(continuous) phase of HIPE. The reason lies in poor water-
solubility of GMA as compared to other acrylate monomers
(e.g. acrylic acid, acrylamide or 2-hydroxyethyl methacrylate)
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that are usually used for the synthesis of hydrophilic or hydro-
gel polyHIPEs. According to GMA partition coefficient (log Pow)
of 0.96 and water-solubility of 50 g L−1 (at 20 °C) it can be con-
sidered as a more hydrophobic monomer.22 Polymerization of
the oil (continuous) phase of the GMA-based HIPE results in
an inherently hydrophobic polyHIPE polymer that needs to be
appropriately functionalized before it can be applied in water-
borne systems. Up to now, the GMA-based polyHIPEs were
functionalized by post-polymerization modification using
various nucleophiles in order to tune functionality type on the
polyHIPE surface. PolyHIPE post-polymerization functionali-
zation is mostly limited to the surface of the voids, whereas
the bulk polymer remains mainly non-functionalized, which is
preferred when the purpose of functionalization is to intro-
duce functional groups on the voids’ surface, but it is not
enough to significantly alter polymer hydrophilicity.

In this paper we investigated a synthetic approach to the
GMA-based hydrogel polyHIPEs through the O/W HIP emul-
sions. A pre-polymerization modification of the GMA
monomer for the preparation of hydrogel polyHIPEs via O/W
HIPEs was compared with the post-polymerization modifi-
cation of p(GMA) polyHIPE prepared from the W/O HIPE as
well as with the unmodified p(GMA) polyHIPE. In the pre-
polymerization functionalization approach, the GMA
monomer was functionalized beforehand by two different
amines, that is 1,2-diaminoethane (EDA) and tris(2-amino-
ethyl)amine (TRIS), which enabled us to prepare the O/W
HIPEs that were subsequently polymerized. In the post-
polymerization functionalization approach, p(GMA) polyHIPE
was synthesized from the W/O HIPE. Afterwards, it was func-
tionalized either with EDA or TRIS to prepare the post-
polymerization functionalized polyHIPEs. Non-functionalized
p(GMA) polyHIPE represents a reference sample. The effect of
pre- vs. post-polymerization functionalization on the porous
structure, specific surface area, chemical properties and water
absorption capability of the GMA-based polyHIPEs is dis-
cussed herein.

2. Experimental
2.1 Materials

Glycidyl methacrylate (GMA, Sigma-Aldrich), ethylene glycol
dimethacrylate (EGDMA, Sigma-Aldrich), N,N′-methyl-
enebisacrylamide (MBAA, Sigma-Aldrich), poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(Pluronic® L121, Sigma-Aldrich), Triton™ X-705 solution
(Sigma-Aldrich), α,α′-azoisobutyronitrile (AIBN, Fluka),
ammonium persulfate (APS, Sigma-Aldrich), N,N,N′,N′-tetra-
methylethylenediamine (TMEDA), 2,6-di-tert-butyl-4-methyl-
phenol (BHT, Sigma-Aldrich), calcium chloride dihydrate
(CaCl2·2H2O, Sigma-Aldrich), toluene (Merck), N,N-dimethyl-
formamide (DMF, Merck), chloroform (J. T. Baker), diethyl
ether (Merck), 1,2-diaminoethane (EDA, Fluka), and tris(2-
aminoethyl)amine (TRIS; Sigma-Aldrich) were all used as
received.

2.2 Pre- and post-polymerization functionalization

2.2.1 Pre-polymerization functionalization. For the (GMA-
TRIS)pre monomer preparation, 30.73 g (0.22 mol) of GMA,
2.52 g (0.011 mol) of BHT and 3.51 g (0.024 mol) of TRIS were
placed in a 250 mL round bottom flask together with 100 mL
of chloroform. The reaction mixture was stirred for 18 h at
60 °C. After 18 h, the reaction mixture was cooled down to RT
and afterwards chloroform was evaporated with a rotary evap-
orator. For the (GMA-EDA)pre monomer preparation, 29.01 g
(0.204 mol) of GMA, 1.78 g (0.008 mol) of BHT and 2.04 g
(0.034 mol) of EDA were placed in a 250 mL round bottom
flask together with 100 mL of chloroform and the reaction
mixture was stirred for 18 h at 60 °C. Prior to further character-
ization and polyHIPEs synthesis, the BHT and excess of GMA
were removed by adding 20 mL of cold diethyl ether to the
mixture. Afterwards, the mixture was stirred and placed into
an ultrasonic bath, followed by removal of the liquid phase.
This procedure was repeated several times. Thus obtained
functionalized monomers were dried under vacuum at room
temperature overnight.

2.2.2 Post-polymerization functionalization. 1 g (7 mmol of
epoxy groups) of p(GMA) polyHIPE was powdered and placed
in a 50 mL flask. Then 3.08 g (0.021 mol) of TRIS (for
p(GMA-TRIS)post) or 1.27 g (0.021 mol) of EDA (for
p(GMA-EDA)post) and 20 mL of anhydrous DMF were added to
the p(GMA) polyHIPE and the reaction mixture was stirred for
24 h at 60 °C. The p(GMA-EDA)post and p(GMA-TRIS)post poly-
HIPEs were filtered off and washed with DMF, ethanol, a
mixture of ethanol/water (1 : 1) and finally with ethanol. After-
wards the obtained polyHIPEs were dried under vacuum.

2.3 PoyHIPE synthesis

2.3.1 O/W HIPEs. 1.85 g (3.6 mmol) of (GMA-TRIS)pre,
0.11 g (0.4 mmol) of MBAA, and 1.67 g of Triton™ X-705 were
placed in a 3-neck round-bottom flask and dissolved in
4.82 mL of deionized water. The mixture was stirred with an
overhead stirrer at 400 rpm. Toluene (19.3 mL) with 0.04 g
(0.24 mmol) of AIBN was added dropwise under constant stir-
ring. In another case, 1.94 g (6.5 mmol) of (GMA-EDA)pre,
0.11 g (0.7 mmol) of MBAA, 1.78 g of Triton™ X-705 were
placed in a 3-neck round-bottom flask and dissolved in
5.20 mL of deionized water. The mixture was stirred with an
overhead stirrer at 400 rpm. Toluene (20.8 mL) with dissolved
0.04 g (0.24 mmol) of AIBN was added dropwise under con-
stant stirring. Once all AIBN in toluene was added, stirring was
continued further for 15 min to produce uniform emulsions.
Then, the emulsions were transferred to the moulds (poly-
ethylene containers) and cured at 60 °C for 24 h. The resulting
monolithic p(GMA-EDA)pre and p(GMA-TRIS)pre polyHIPEs
were purified via Soxhlet extraction with ethanol for 24 h and
then with diethyl ether for further 24 h. Afterward the mono-
liths were dried under vacuum at room temperature.

2.3.2 W/O HIPE. 9.1 g (64 mmol) of GMA, 1.4 g (7 mmol)
of EGDMA and 2.35 g of Pluronic L121 were placed in a reactor
and the mixture was stirred with an overhead stirrer at 400 rpm.
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The aqueous phase was prepared by dissolving 0.2 g of
APS and 1.77 g of CaCl2·2H2O in 100 mL deionized water. After
degassing, 46.2 mL of the as-prepared aqueous solution was
added dropwise to the continuous (monomer) phase under
constant stirring. Once all the aqueous phase was added, stir-
ring was continued for further 15 min to produce a uniform
emulsion. Then, stirring of the emulsion was reduced to
20 rpm and the reducing agent TMEDA (0.06 mL, 0.4 mmol) was
added. After 1 min of additional stirring at 20 rpm the emul-
sion was transferred to the mould (polyethylene container)
and cured at 40 °C for 24 h. The resulting monolith was puri-
fied via Soxhlet extraction with a mixture of ethanol/water
(1 : 1) for 24 hours and then with ethanol for further 24 h.
Afterwards, the obtained monolith was dried under vacuum at
room temperature.

2.4 Characterization

The morphology investigations were performed with a scan-
ning electron microscope (SEM) (Carl Zeiss, SUPRA 35 VP
microscope, Germany). A piece of each sample was cryogeni-
cally fractured and mounted on a carbon tab for better conduc-
tivity and a thin layer of gold was sputtered on the sample’s
surface prior the scanning analysis (see details in the ESI†).
The FT-IR spectra were recorded on a Perkin-Elmer Spectrum
One instrument (Perkin-Elmer, Inc., Waltham, MA, USA)
upgraded with a Universal ATR Accessory with a diamond Top-
plate-ZnSe. Spectra were recorded in a range of 650–4000 cm−1

at a resolution of 4 cm−1. Data acquisition and processing
were performed using a PE Software Spectrum. 1H NMR
spectra were recorded in DMSO-d6 with five drops of trifluoro-
acetic acid added, while 13C NMR, and 1H–13C gradient Hetero-
nuclear Single Quantum Coherence adiabatic version
(gHSQCad) spectra were recorded in DMSO-d6 on a Varian
Unity Inova 300 instrument (Oxford, UK) in the pulse Fourier-
transform mode. Tetramethylsilane (TMS, δ = 0) was used as
an internal chemical-shift standard. Nitrogen sorption
measurements were performed on an IMI-100 manometric gas
sorption analyzer (Hiden Isochema, Inc., Warrington, UK) at
77 K in a range of relative pressure values from 10−6 to 1. The
as-prepared samples were degassed at 150 °C for 16 h prior to
the measurements. The specific surface areas were determined
by the BET (Brunauer Emmett Teller) method based on the
obtained sorption isotherms. The densities of functionalized
GMA monomers were determined by a Gay-Lussac pycnometer
at 23 °C.

3. Results and discussion
3.1 Pre-polymerization functionalization of GMA monomer

The primary amine groups of TRIS and EDA react in three dis-
tinct reactions with GMA (cf. Scheme 1). The first reaction is
addition of the amine to the epoxide group, leading to the sec-
ondary amine functionalized methacrylate derivatives. This
reaction is typical of post-polymerization modification of the
GMA-based polyHIPEs. The second reaction involves amino-

lysis of the GMA ester group that leads to the methacrylamide
derivatives, which can be copolymerized with the amine func-
tionalized methacrylate derivatives formed in the first reaction.
The amine functionalized methacrylate derivatives exhibit
improved water-solubility as compared to the methacrylamide
derivatives and thus help in the preparation of the O/W type of
HIPE through improvement of emulsion stability. The third
reaction is the undesired aza-Michael reaction since by
addition of the amino monomer to the activated double bond,
a β-amino acid is formed which is not able to polymerize in
the next step. Since the multifunctional amine modifiers were
used for GMA modification and since the secondary amine
formed in the epoxide reaction or the aza-Michael reaction can
further react with any of the three functional groups of either
unreacted or reacted GMA, a mixture of multifunctional,
branched, water-soluble monomers was obtained. A ratio
between the extents of individual reactions depends on the
reaction conditions used, and was evaluated from the 1H NMR
spectra of the reaction products. Due to the complex mixtures
of reaction products formed and significant overlapping of the
signals for methylene groups of TRIS or EDA with the signals
of glycidyl derivatives we initially focused on the identification
of the products by 1H–13C 2D NMR (gHSQCad) (cf. Fig. 1).
First, a model reaction was performed where TRIS reacted with
GMA in an equimolar ratio of the amino and the epoxide
groups at 60 °C for 60 h. The signals of each characteristic
functional group were identified, i.e. the double bond in
methacrylate and methacrylamide moieties, which are impor-
tant for further (co)polymerization reactions, together with
their corresponding methyl groups, and the methyl group of
the products formed by the aza-Michael reaction. By changing
the reaction conditions we were able to change the ratio
between the different types of reactions as indicated by quanti-
fication of the extent of individual reaction from the integrals
of the signals belonging to the double bonds and the methyl

Scheme 1 Reaction scheme and products formed by GMA functionali-
zation together with corresponding HIPE formulation.
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groups of particular reaction products in the 1H NMR spectra
(cf. Fig. S1†). Optimal reaction conditions under which a
repeat composition of the final mixtures was obtained, con-
taining the least amount of the products formed by the aza-
Michael addition reaction, included three equivalents of glyci-
dyl methacrylate per EDA or TRIS amino groups, and conduct-
ing the reaction at 60 °C for 18 h (cf. Table 1).

3.2 Preparation of HIPEs and characterization of polyHIPEs
prepared from functionalized GMA monomers

Pre-polymerization functionalization of GMA as disclosed
herein is a method to enhance its hydrophilicity and expand
its suitability for the preparation of O/W HIPEs. A critical issue
in the preparation of hydrophilic or hydrogel polyHIPE poly-
mers is to find a sufficiently kinetically stable O/W HIPE until
the continuous phase is polymerized. Unfortunately, this is
not an easy task since the O/W HIPEs demand a high surfac-
tant concentration (between 20 and 30 wt%), and sometimes
even the use of a mixture of surfactants in order to strengthen

the oil/water interface, which ultimately make the system
unsustainable and, therefore, neglected as compared to the
W/O HIPEs. In this work, we used the continuous (aqueous)
phase, consisting of functionalized (GMA-TRIS)pre or
(GMA-EDA)pre monomer, MBAA crosslinker, and Triton™
X-705 non-ionic surfactant (19 vol% according to the continu-
ous phase). First, the APS was used as an initiator, however,
the polymerization in the (aqueous) continuous phase started
immediately after it had been dissolved at room temperature.
This is most probably a consequence of the tertiary amine
functional groups in the monomer structure (cf. Scheme 1)
that might act similarly as the TMEDA (reducing agent).23

Instead of APS, we therefore selected AIBN as an initiator and
dissolved it in the internal (toluene) phase (cf. Table S1†). The
(GMA-TRIS)pre and (GMA-EDA)pre O/W HIPEs turned out to be
very stable even without the addition of any electrolyte (visually
no phase separation after 48 h at 50° C was noticed). This was
ascribed to a low partitioning of functionalized monomers
between the phases (opposed to neat GMA in W/O HIPE),24

since (GMA-TRIS)pre and (GMA-EDA)pre monomers contain
several functional groups such as hydroxyl, amino and amide
groups (cf. Scheme 1). For comparison, we also synthesized a
conventional, non-functionalized p(GMA) polyHIPE from the
W/O HIPE according to the procedure reported elsewhere.21 All
synthesized polyHIPEs were white monoliths which were
Soxhlet washed and vacuum dried.

The polymerization yields (YPH) were 46, 48 and 79% for
the polyHIPEs synthesized from the (GMA-TRIS)pre,
(GMA-EDA)pre and original GMA, respectively. Low polymeriz-
ation yields of the polyHIPEs prepared from the functionalized
monomers, i.e. (GMA-TRIS)pre and (GMA-EDA)pre, are most
probably a consequence of a combination of the interface
initiation on the one hand (as schematically illustrated in
Fig. S2†), and the retarded polymerization on the other hand.
Previous studies have demonstrated that locus of initiation
greatly impacts the properties of polyHIPEs and provides
among others lower polymerization yields when the polymeriz-
ation is interfacially initiated.25 On the other hand, amines are
known to be effective chain-transfer agents in radical polymer-
ization.23,26 Due to an abundance of the amine groups present
in the structure of (GMA-TRIS)pre and (GMA-EDA)pre mono-
mers, polymerization of the continuous (monomer) phase is
most likely retarded as a result of the chain transfer reaction,
which further affects the low polymerization yields of poly-
HIPEs prepared from the (GMA-TRIS)pre and (GMA-EDA)pre
monomers.

The determined polyHIPEs densities (ρPH) were 0.16, 0.18
and 0.21 g cm−3 for the polyHIPEs prepared from the (GMA-
TRIS)pre, (GMA-EDA)pre and original GMA, respectively, and
were expected from a ratio of the overall porogen to the
monomer content. Densities of the corresponding reference
bulk hydrogels (ρbHG) and polymers (ρP) are listed in Table 2.
Representative porous microstructures for the polyHIPEs pre-
pared from the (GMA-TRIS)pre, (GMA-EDA)pre and GMA were
determined by SEM and are shown in Fig. 2 and S3–S5.† Poly-
HIPEs’ structure in general consists of “voids”, the volume

Fig. 1 Enlarged 1H–13C 2D NMR (gHSQCad) spectrum of TRIS modified
GMA.

Table 1 Proportion of functional groups formed in the reaction of GMA
with TRIS or EDA under optimal reaction conditions. Results are given as
average values of four reaction products for each system together with
standard deviations

Functionality% (GMA-TRIS)pre (GMA-EDA)pre

Methacrylatea 52.5 ± 1.2 49.6 ± 1.9
Methacrylamideb 36.0 ± 1.2 46.0 ± 2.1
β-Amino acidc 11.5 ± 0.6 4.4 ± 0.3

aOriginating from ring-opening of epoxide. bOriginating from amino-
lysis. cOriginating from aza-Michael reaction.
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vacated by the droplets of the dispersed phase, and
“windows”, the openings through the walls surrounding the
voids. The structures in Fig. 2 resemble the polyHIPE structure
since they consist of voids with a diameter from 2 to 6.5 μm
(Table 1). The walls of these voids further contain the open-
ings, which look like porous nodular structures rather than
spherical windows, but they still form interconnections in-
between the voids. On the other hand, the hydrogel walls in
themselves have a nanoscale porous structure with smaller
macropores between 70 and 150 nm (cf. Fig. 2). A similar struc-
tural hierarchy was disclosed in our previous study on polyace-
tylene based polyHIPE foam.27

The total porosities of polyHIPEs (PPH-T) and the reference
bulk hydrogels (PbHGT) were calculated from the polyHIPEs’ or
bulk hydrogel densities and densities of the fully dense poly-
mers (cf. ESI†). The total polyHIPEs’ porosities (PPH-T) were
found to be similar for the pre-polymerization functionalized
polyHIPEs and the non-functionalized p(GMA) polyHIPE, i.e.
86, 84 and 82% for the (GMA-TRIS)pre, (GMA-EDA)pre and GMA
polyHIPEs, respectively. On the other hand, significant differ-
ences were observed for their total bulk hydrogel porosities
(PbHG-T), which were found to be 44, 47 and only 10% for the

polyHIPEs prepared from (GMA-TRIS)pre, (GMA-EDA)pre and
GMA, respectively (cf. Table 2).

Recently, Silverstein et al. disclosed that the total porosity
of hydrogel polyHIPEs consists of two types of porosities, i.e.
the porosity from the polyHIPE voids (PPH-V) and the porosity
within the polyHIPE hydrogel walls (PPH-HG).

28 The PPH-T,
PPH-V and PPH-HG for the p(GMA-TRIS)pre, p(GMA-EDA)pre and
p(GMA) polyHIPEs were calculated using eqn (S1)–(S3)
published elsewhere (cf. ESI†).28 As expected, for the
p(GMA-TRIS)pre polyHIPE the PPH-T and the PPH-V values were
determined to be 86 and 75%, respectively, indicating pre-
dominant contribution of the voids to the overall porosity.
Similar was observed for the p(GMA-EDA)pre polyHIPE with the
PPH-T and PPH-V values of 84 and 70%, respectively. The remain-
der of porosity, PPH-HG, originated from the porous hydrogel
walls and was calculated to be 11 and 14% for p(GMA-TRIS)pre
and p(GMA-EDA)pre polyHIPEs, respectively (cf. Table 2). In the
case of p(GMA) polyHIPE, the PPH-T, PPH-V and PPH-HG values
were 82, 80 and 2%, respectively. While there is no significant
deviation in terms of PPH-T between the polyHIPEs prepared
from the (GMA-TRIS)pre, (GMA-EDA)pre and GMA, there are
differences in the PPH-V and PPH-HG. In the p(GMA) polyHIPE,
the PPH-V dominates overall porosity whereas the PPH-HG is only
2%, which is reflected in the relatively low specific surface area
of 9 m2 g−1. On the other hand, the PPH-HG increases to 11%
for the p(GMA-EDA)pre polyHIPE and up to 14% for the
p(GMA-TRIS)pre polyHIPE, reflecting an increase in the specific
surface area up to 37 and 55 m2 g−1, respectively (cf. Table 2
and Fig. S6†).

To corroborate enhanced hydrophilicity of polyHIPEs pre-
pared from the (GMA-EDA)pre and (GMA-TRIS)pre monomers
an equilibrium water absorption capacity (WUPH-T) was further
evaluated and the values were compared with those obtained
for the post-polymerization functionalized polyHIPEs by EDA
or TRIS (samples designated by (GMA-EDA)post and (GMA-
TRIS)post polyHIPEs), and the non-functionalized GMA poly-
HIPE. The WUPH-T values were found to be 14.8 and 11.1 g g−1

for the p(GMA-TRIS)pre and p(GMA-EDA)pre polyHIPEs, respect-
ively, and 4.2, 5.3 and 5.8 g g−1 for the p(GMA),
p(GMA-TRIS)post and p(GMA-EDA)post polyHIPEs, respectively

Table 2 PolyHIPEs’ reaction yields, densities, and porosities

p(GMA-TRIS)pre p(GMA-EDA)pre p(GMA)

YPH
a, % 46 48 79

ρPH
b, g cm−3 0.16 0.18 0.21

ρHG
c, g cm−3 0.63 0.59 1.08

ρP
d, g cm−3 1.18 1.13 1.20

PPH-T
e, % 86 84 82

PbHG-T
f, % 44 47 10

PPH-V
g, % 75 70 80

PPH-HG
h, % 11 14 2

dv ± σi, μm 6.5 ± 2 4.5 ± 1 2 ± 1
SSA j, m2 g−1 55 37 9

a Yield of HIPE polymerization. bDry polyHIPE density. cDry (hydro)gel
density. d Bulk polymer density determined by a pycnometer. e Total
polyHIPE porosity. f Total bulk hydrogel porosity. g Porosity from poly-
HIPE void structure. h Porosity from porous polyHIPE hydrogel walls.
i Void diameter determined from SEM pictures of broken samples.
j Specific surface area.

Fig. 2 Scanning electron micrographs of (A) (GMA-TRIS)pre polyHIPE morphology, (B) (GMA-TRIS)pre polyHIPE porous walls and (C) (GMA-EDA)pre
polyHIPE morphology.
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(cf. Table 3). These values represent two to three times higher
water uptake for the p(GMA-EDA)pre and p(GMA-TRIS)pre poly-
HIPEs, which unequivocally show the improvement of the
polyHIPE hydrophilicity prepared by the pre-polymerization
functionalization approach. Since water absorption capabilities
of hydrogel polyHIPEs combine the water absorption through
swelling of the hydrophilic polymer and the capillary action in
the nanometre and micrometre-scale porous architecture, we
further evaluated other contributions to the WUPH-T of poly-
HIPEs prepared from the (GMA-TRIS)pre, (GMA-EDA)pre and
pure GMA. These include the water uptake within the original
void volume (WUPH-V, eqn (S5)), the water uptake by the porous
hydrogel wall structure (WUbHG-T, measured), and the water
uptake from the “void expansion” which is driven by swelling
of the porous hydrogel walls (WUPH-VE, eqn (S6)).28 The
WUPH-V, WUbHG-T and WUPH-VE values were 5.0, 7.3 and
2.8 g g−1 for the p(GMA-TRIS)pre polyHIPE, and 3.9, 3.0 and
4.2 g g−1 for the p(GMA-EDA)pre polyHIPE (cf. Table S3†). Due
to the hydrophobic nature of the polymethacrylate backbone in
the p(GMA) polyHIPE, the WUbHG-T was found to be less than
0.1 g g−1. Obviously in the case of p(GMA) polyHIPE only the
WUPH-V contributes to the WUPH-T, meaning that water absorp-
tion through the polymer swelling is negligible (cf. Table S3†).
Since the post-polymerization functionalization of polyHIPEs is
limited mostly to the void surface, the p(GMA-TRIS)post and
p(GMA-EDA)post polyHIPEs exhibit the same trend regarding
the WUPH-T as it was found for the p(GMA) polyHIPE. The con-
tribution to WUPH-T in the case of p(GMA-TRIS)post and
p(GMA-EDA)post polyHIPEs is mainly due to water absorption
in the highly interconnected, micrometer-scale voids since the
polymethacrylate backbone poorly swells in water (WUbHG-T of
p(GMA) < 0.1 g g−1). Therefore, a high water-uptake of the poly-
HIPEs prepared from the functionalized (GMA-TRIS)pre or
(GMA-EDA)pre monomers indicates successful conversion of
the primarily hydrophobic polymethacrylate structure into the
hydrophilic water-absorbing polyHIPEs.

The molecular structure of the p(GMA-TRIS)pre and
p(GMA-EDA)pre polyHIPEs was further characterized by means
of elemental analysis (EA) and FT-IR spectroscopy. The results
were compared with those obtained for the post-polymeriz-
ation functionalized p(GMA-EDA)post and p(GMA-TRIS)post
polyHIPEs and the non-functionalized p(GMA) polyHIPE.
FT-IR spectra of all polyHIPE samples show a typical acrylate
ester band at 1725 cm−1 (cf. Fig. 3 or S7†). In the case of
p(GMA-TRIS)pre and p(GMA-EDA)pre polyHIPEs, the distinctive

epoxy bands at 908 and 845 cm−1, typical of the epoxy ring,
completely disappeared (cf. Fig. 3). Instead, a new intensive
band at 1612 cm−1 appeared in FTIR spectra, indicating
the presence of the methacrylamide product. In the case
of post-polymerization functionalized p(GMA-EDA)post and
p(GMA-TRIS)post polyHIPEs a weak band at 1575 cm−1 typical of
the N–H vibration appeared in their FT-IR spectra, indicating
almost complete absence of the aminolysis reaction (cf.
Fig. S7†). Examination of the elemental composition of the
p(GMA-TRIS)pre and the p(GMA-EDA)pre polyHIPEs revealed 7.41
and 6.43% of nitrogen, respectively, corresponding to the
nitrogen loadings of 5.3 and 4.6 mmol g−1, respectively (cf.
Table S4†). The nitrogen loading of polyHIPEs prepared by
post-polymerization functionalization of p(GMA) polyHIPE
with TRIS was found to be 4 or 2.5 mmol g−1, depending on
the reaction conditions used for their preparation.21,29

4. Conclusions

We have demonstrated a new synthetic approach for the prepa-
ration of p(GMA)-based hydrogel polyHIPEs through the O/W
HIPE templating. For this purpose we applied the pre-polymer-
ization functionalization approach by which we increased the
monomer water-solubility. GMA was thus functionalized by
TRIS or EDA, whereby the mixtures of different reaction pro-
ducts were obtained. Such prepared pre-polymerization func-
tionalized p(GMA)-based hydrogel polyHIPEs exhibit improved
chemical and morphological properties as compared to those
of conventional p(GMA)-based polyHIPEs synthesized from
W/O HIPEs. The water uptake of the pre-polymerization func-
tionalized p(GMA)-based hydrogel polyHIPEs is high, i.e. up to
15 g g−1 water, which represents a great improvement as com-
pared to that of the conventional p(GMA)-based polyHIPEs
with less than 4 g g−1. Moreover, the specific surface area of up
to 55 m2 g−1 is more than five-times larger than that of conven-
tional p(GMA)-based polyHIPEs.

Table 3 Values for total water-uptake of polyHIPEs

Sample WUPH-T
a, g g−1

p(GMA-TRIS)pre 14.8
p(GMA-EDA)pre 11.1
p(GMA) 4.2
p(GMA-TRIS)post 5.3
p(GMA-EDA)post 5.8

a Total polyHIPE water uptake (measured).

Fig. 3 FT-IR spectra of (A) p(GMA) polyHIPE, (B) p(GMA-TRIS)pre poly-
HIPE and (C) p(GMA-EDA)pre polyHIPE.
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