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Abstract

‘PolyHIPE’ are porous polymers from the polymerization of monomers and crosslinking co-monomers in the continuous phase of high in-
ternal phase emulsions (HIPE). Elastomeric polyHIPE have been reinforced through the synthesis of nanocomposites using several different
routes including the addition of co-monomers such as vinyltrialkoxysilane, polyhedral oligomeric silsesquioxane (POSS) bearing vinyl groups,
or vinyl silsesquioxane (VSQ). This paper describes the synthesis, structure, and properties of hybrid polyHIPE with interpenetrating polymer—
inorganic networks synthesized by adding tetraethylorthosilicate (TEOS) to the monomers. The HIPE becomes unstable on addition of 14 mol%
TEOS and the resulting polyHIPE contains voids hundreds of micrometers in diameter. On addition of 25 mol% TEOS the large voids become
coated with a brittle Si—O shell as the TEOS migrates to the interface between the organic and aqueous phases. In general, the increases in tan 6
peak temperature, tan ¢ peak breadth, and room temperature modulus with increasing TEOS content are similar to those observed with POSS
and VSQ. Unlike the polyHIPE containing vinyltrialkoxysilane, POSS, or VSQ, pyrolysis of these hybrid polyHIPE did not yield porous inor-

ganic monoliths.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

An emulsion in which the internal phase occupies more
than 74% of the volume has been termed a high internal phase
emulsion (HIPE) [1,2]. ‘PolyHIPE’ are porous polymers that
result from the polymerization of monomers and crosslinking
co-monomers in a HIPE’s continuous phase. During polymer-
ization, holes develop in the continuous monomer envelope
surrounding the discrete droplets owing to changes in surface
tension and density [3]. The internal phase can then be re-
moved, leaving a highly porous, open-pore, polymer monolith.
Many different monomers and crosslinking co-monomers have
been investigated for polyHIPE synthesis and many different
polyHIPE-based systems have been developed [1,2,4—15].
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PolyHIPE typically have high porosities, high degrees of inter-
connectivity, and unique micrometer- to nanometer-scale
open-pore structures. Such structures are of interest for filtra-
tion media, catalysis, chromatography, separation, absorbents,
and ion exchange applications [1,2,16—23]. The thermal
and mechanical properties for such applications could be en-
hanced through the synthesis of organic—inorganic hybrids
or nanocomposites.

Elastomeric materials are often compounded with reinforc-
ing fillers to improve their mechanical properties. The effec-
tiveness of a filler depends on filler characteristics such as
the size and shape of the particles and, more significantly,
on the strength of polymer—filler interactions [24]. In systems
with strong polymer—filler interactions the extent of reinforce-
ment for a given volume fraction increases as the particle size
decreases and the polymer—filler interfacial area increases.
Such reinforcing fillers usually have particle diameters in the
range of 10—100 nm [25]. The introduction of a molecular-
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scale reinforcement, a reinforcing molecular network that is
intertwined or even interlocked with the polymer should prove
even more effective.

Several different approaches have been used to reinforce
polyHIPE with inorganic silsesquioxane (SSQ) networks or
cages. These include using a vinyltrialkoxysilane co-monomer
so that the silsesquioxane network is grafted to the polymer
network [26,27]; using a polyhedral oligomeric silsesquioxane
(POSS) bearing one vinyl group and seven non-reactive cyclo-
hexyl groups as a co-monomer so that POSS cages are grafted
to the polymer network [28]; using a pre-formed vinyl silses-
quioxane (VSQ) network as a co-monomer so that the poly-
mer is crosslinked through reaction with the VSQ [29]; and
using a pre-formed methyl silsesquioxane (MSQ) network as
an non-reactive filler [30]. In general, the tan 6 peak temper-
atures, the tan 0 peak breadths, and the modulus in compres-
sion increased with increasing SSQ content [26—30]. It was
shown that a reactive SSQ was more effective at enhancing
the thermal and mechanical properties than a non-reactive
SSQ [30].

This paper describes the synthesis, structure, and proper-
ties of hybrid polyHIPE with interpenetrating polymer—
inorganic networks using the synthesis approach illustrated
schematically in Fig. 1. In Fig. 1, interpenetrating networks
are synthesized through the addition of a tetraalkoxysilane
(tetraethylorthosilicate, TEOS) to the monomer(s) and cross-
linking co-monomer(s) in the organic phase of a water-in-oil
(W/O) HIPE. An organic network is formed through the reac-
tion of the monomer(s) and crosslinking co-monomer(s). The
alkoxysilane groups undergo hydrolysis to silanol groups
followed by condensation with other silanol groups to form
Si—O networks and nanoparticles (a sol—gel reaction) [31—
36]. As opposed to most of the other hybrid and nanocompo-
site systems studied previously, in this case there are no
covalent bonds formed between the organic and inorganic
networks. Instead, the networks should become interlocked
by virtue of their simultaneous, but mutually exclusive,
synthesis reactions.

O TEOS
@ Crosslinking Comonomer(s) ==@= Polymer Network
—— Inorganic Network

& Monomer(s)

Fig. 1. Schematic illustration of the approach used to synthesize hybrid inter-
penetrating polymer—inorganic networks.

2. Experimental
2.1. Materials

The monomer used for polyHIPE synthesis was 2-ethyl-
hexyl acrylate (EHA, Aldrich) and the crosslinking co-mono-
mer was divinyl benzene (the term DVB describes the product
containing 60% divinyl benzene and 40% ethyl styrene,
Riedel-de-Haen). The monomers were washed to remove the
inhibitor (once with an aqueous solution of 5 wt% sodium
hydroxide (NaOH) and thrice with deionized water). The
emulsifier was sorbitan monooleate (SMO, Span 80, Fluka
Chemie). The water soluble initiator was potassium persulfate
(K5S,0s, Riedel-de-Haen). The stabilizer was potassium sul-
fate (K,SO,, Frutarom, Israel). TEOS (Aldrich) was used as
the sol—gel precursor.

2.2. PolyHIPE synthesis and sol—gel reaction

The organic phase of the HIPE contained EHA, DVB,
TEOS, and SMO. The EHA/DVB molar ratio was maintained
at 74/26. The aqueous phase of the HIPE contained deionized
water, initiator, and stabilizer. The mass ratio between the or-
ganic phase and the aqueous phase was around 14/86. A typ-
ical recipe is listed in Table 1. Various amounts of TEOS (0,
0.5, 1, and 2 g) were added, with the amounts of all the other
components held constant. The molar percentages of TEOS in
the HIPE, listed in Table 2 and ranging from 0 to 24.6%, are
based on the moles of the reactive components (EHA, DVB,
and TEOS). The polyHIPE are termed H-x where H stands
for ‘hybrid’ and x is the molar percentage of TEOS. The Si
contents, listed in Table 2 and ranging from 0 to 2.48%, are
based on the amounts of C, O, and Si from the EHA, DVB,
and TEOS in the feed. The Si content calculation assumes
that one molecule of TEOS becomes SiO,. A calculation
that assumes that one molecule of TEOS becomes SiOj 5
would increase the Si content by, at most, 0.1%.

The polyHIPE synthesis procedure was described in detail
elsewhere and is unchanged for the synthesis of these hybrid
polyHIPE [6]. The nanocomposite polyHIPE containing
POSS, VSQ, or MSQ were synthesized in a similar manner
[28—30]. Briefly, the aqueous phase was added slowly to the
organic phase with continuous stirring. The resulting HIPE

Table 1
Typical polyHIPE recipe (recipe for H-25)

Component Amount (g) Amount (wt%)
Organic phase EHA 4 7.50

DVB 1 1.87

TEOS 2 3.75

SMO 1 1.87

Total 8 15.0
Aqueous phase H,O 45 84.35

K5S,04 0.25 0.19

K,SO4 0.1 0.47

Total 45.35 85.0
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Table 2

HIPE compositions and polyHIPE densities

PolyHIPE TEOS? (mol%) Si*® (mol%) p (glce)
H-0 0 0 0.13
H-8 7.6 0.66 0.12
H-14 14.0 1.29 0.12
H-25 24.6 2.48 0.13

2 Based on the EHA, DVB, and TEOS in the feed.
" Based on the C, O, and Si content and assuming that TEOS becomes SiO,.

was placed in a convection oven at 65 °C for 24 h for polymeri-
zation. Following polymerization, the polyHIPE was placed
in a vacuum oven at 60 °C for about 48 h for drying. The
emulsifier, initiator, and stabilizer were removed by Soxhlet
extraction in deionized water for 24 h and in methanol for
24 h. The polyHIPE was then dried in a convection oven at
60 °C for 12 h.

2.3. Characterization

The densities of the polyHIPE were determined using gravi-
metric analysis. The molecular structures were characterized
using photoacoustic Fourier transform infrared spectroscopy
(PA-FTIR, Bruker) from 400 to 4000 cm ' at a resolution of
2 cm™! and X-ray photoelectron spectroscopy (XPS) (Thermo
Sigma Probe, VG Scientific). The porous structure was charac-
terized using high resolution scanning electron microscopy
with uncoated specimens and accelerating voltages of 2.5—
5kV (HRSEM, LEO 982, Zeiss). The thermal properties
were characterized using dynamic mechanical thermal analy-
sis (DMTA) temperature sweeps at 3 °C/min at a frequency
of 1Hz on 7 x7 x7mm® cubes in compression (MK III
DMTA, Rheometrics). The mechanical properties were char-
acterized using compressive stress—strain measurements on
5% 5 x 5 mm? cubes at 25 °C (MK III DMTA, Rheometrics).
The measurements were carried out until an equipment-related
force limitation was reached. The modulus, E, was calculated
from the slope of the stress—strain curve at low strains. Ther-
mogravimetric analysis (TGA) was conducted in air from 25
to 1000 °C at 20 °C/min (2050 TGA, TA Instruments). The
differential thermogravimetry (DTG) curves, derivatives of
the TGA thermograms, were calculated using the supplied
software.

3. Results and discussion
3.1. Molecular structure and porous structure

Si—O networks are generated as TEOS undergoes hydroly-
sis and condensation. The height of the FTIR band at
1060 cm™!, associated with the Si—O network, increases
with increasing TEOS concentration (Fig. 3). There is a small
band at 3440 cm ™' in the spectrum of H-0 that is associated
with residual emulsifier that is not removed by extraction
[5]. This small band appears in all the hybrid polyHIPE. There
is no evidence of bands associated with Si—OH at around

3200 and 860 cm™'. The other prominent bands in the FTIR
spectra are associated with EHA (C=O0 at 1730 cm !, CH,
at 1461 cm™', and C—O at 1164 Cmfl). The densities of
between 0.12 and 0.13 g/cc for the hybrid polyHIPE (Table
2) reflect the volume fractions of the organic phase as calcu-
lated from Table 1.

H-0 and H-8 have open-pore morphologies with spherical
voids from the evacuated water droplets. The voids are con-
nected by holes in the wall, as seen in Fig. 2(a and b) for
H-8. H-8 has voids about 5 pm in diameter and circular holes
about 2 pm in diameter. H-0 has a similar structure with larger
voids, which are about 15 um in diameter (not shown). H-14
(Fig. 2c and d) and H-25 (Fig. 2e—g) contain large voids,
200—300 pm in diameter. The thick walls between these large
voids have a typical polyHIPE porous structure (Fig. 2c and
e), as seen for H-O and H-8. The number of large voids
increases with increasing TEOS content. The HIPE becomes
destabilized at the higher TEOS contents resulting in Ostwald
ripening, merging of small droplets into larger ones [37]. Ost-
wald ripening has been observed in other polyHIPE systems
and has been related to the reduction in the interfacial tension
on addition of relatively hydrophilic moieties to the organic
phase [38,39]. In spite of the HIPE destabilization and the
associated changes in the porous structure, the HIPE do not
collapse and the polyHIPE density remains between 0.12
and 0.13 g/cc.

The inside surfaces of the large voids in H-14 have a nod-
ular structure (Fig. 2d). This nodular structure is similar to
the nanoporous structure seen in polyHIPE in which a poro-
gen is added to the co-monomers [26]. The porous structure
of H-25 (Fig. 2e) is quite similar to that of H-14 (Fig. 2c) ex-
cept for some shards of debris on the surface of H-25. As
seen for H-14, the areas between the large voids in H-25
have a typical polyHIPE structure. The large voids in H-25,
however, seem to be coated with a film that has broken
into pieces (Fig. 2f and g). The fracture surface is similar
to that observed when a brittle plasma polymerized organosi-
licon hybrid coating was deposited on a flexible porous or-
ganic substrate [40]. The pieces in Fig. 2f fit together to
form a shell that coats the inside of the large pores. Beneath
the brittle shell in H-25 (Fig. 2g) lies the same nodular struc-
ture seen on the surface of the large pores in H-14 (Fig. 2d).
These micrographs indicate that, at relatively high TEOS
contents, the TEOS migrates to the interface between the or-
ganic and aqueous phases. The TEOS at the interface
undergoes hydrolysis and condensation, forming a brittle
Si—O shell around the water droplets. The shards in Fig. 2e
are pieces of that brittle shell.

3.2. Mechanical properties and thermal properties

The variations of E' and tan ¢ with temperature for H-0, H-
14, and H-25 are seen in Figs. 4 and 5, respectively. The glass
transition temperature, T,, of PEHA is relatively low and E'
begins to decrease with temperature from about —60 °C. E’
continues to decrease until a rubbery plateau is reached at
around 100 °C. From H-0 to H-14, the tan 6 peak temperature
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Fig. 2. SEM micrographs of: (a, b) H-8; (c, d) H-14; (e—g) H-25.
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Fig. 3. FTIR spectra for H-0, H-8, H-14, and H-25.

increases by 37 °C. The tan 0 peak becomes broader and
smaller with increasing TEOS content. Such changes have
typically been seen for interpenetrating polymer networks
containing one rigid network (a polymer below its T,;) and
one flexible network (a polymer above its Ty) [41—45].
Here, the Si—O network becomes enmeshed within the poly-
mer network and restricts segmental mobility, raising the
tan ¢ peak temperature and broadening the tan ¢ peak. The rel-
atively small increase in the tan ¢ peak temperature for
a TEOS content of 25 mol% reflects the segregation of
TEOS to the interface between the organic and aqueous phases
and the formation of a Si—O coating on the void surfaces, as
seen in Fig. 2. The migration of TEOS to the organic/aqueous
interface prevents the formation of a more extensive interpene-
trating network structure which would have produced a larger

107
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Fig. 4. Variation of £’ with temperature for H-0, H-14, and H-25.
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Fig. 5. Variation of tan § with temperature for H-0, H-14, and H-25.

increase in the tan ¢ peak temperature through the limitations
on segmental mobility.

The variation of the tan 6 peak temperature as a function of
Si content is seen in Fig. 6. Fig. 6 also includes the variation of
the tan ¢ peak temperature with the Si content for the various
nanocomposite polyHIPE studied previously [28—30]. All the
nanocomposite polyHIPE have EHA/DVB molar ratios of 74/
26 and contain POSS, VSQ, or MSQ. The polyHIPE contain-
ing MSQ exhibited the smallest increase in the tan ¢ peak tem-
perature, in spite of its relatively high Si content. This increase
is relatively small since MSQ does not covalently bond to the
polymer network and, therefore, has a smaller effect on seg-
mental mobility. Both VSQ and POSS are covalently bound

30

20

-
o

Tan & Peak, °C
o

Si, mol %

Fig. 6. Variation of the tan § peak temperature with Si content for polyHIPE
containing EHA/DVB in a 74/26 molar ratio. (1) TEOS; (O) POSS; (<)
VSQ and (A) MSQ.



J. Normatov, M.S. Silverstein | Polymer 48 (2007) 6648—6655 6653

0.8

0.7

0.6

0.5

0.4

Stress,MPa

0.3

0.2

0.1

Strain, %

Fig. 7. Compressive stress—strain curves for H-0, H-14, and H-25.

to the polymer network and both produce significant increases
in the tan 0 peak temperature, 40 °C and greater, for Si con-
tents of 4.1 mol%. This increase in the tan ¢ peak temperature
reflects the more significant effect that covalent bonding has
on the segmental mobility. Interestingly, the initial increase
in the tan 6 peak temperature is largest for the polyHIPE con-
taining TEOS. This relatively large increase indicates that the
formation of an interpenetrating network structure is more ef-
fective in restricting segmental mobility than grafting POSS
cages or crosslinking through a VSQ network. At 25%
TEOS, the tan 6 peak temperature is similar to that of the
polyHIPE containing MSQ, reflecting the lack of interaction
between the Si—O and the polymer network due to the migra-
tion of TEOS to the interface between the organic and aqueous
phases.

2.0
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15—
o L
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20 <&
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05 __D : MSQ
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Fig. 8. Variation of the compressive modulus with Si content for polyHIPE
containing EHA/DVB in a 74/26 molar ratio. (1) TEOS; (O) POSS; (<)
VSQ and (A) MSQ.
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Fig. 9. TGA curves for H-0, H-14, and H-25.

The room temperature compressive stress—strain curves for
various hybrid polyHIPE are shown in Fig. 7. All materials ex-
hibit behavior that is typical of polyHIPE: a linear region at
low strains, a stress plateau region, and a densification region
with a rapid increase in stress. The modulus and the plateau
stress increase with increasing TEOS content. These changes
in the mechanical properties are consistent with the addition
of a relatively stiff filler. The variation of the modulus with
Si content in polyHIPE that all have EHA/DVB molar ratios
of 74/26 and that contain TEOS, POSS, VSQ, or MSQ is
seen in Fig. 8. Interestingly, the increase in modulus as a func-
tion of Si content is similar for TEOS, VSQ, MSQ, and all but
the highest POSS content. The reinforcement provided by the
inorganic component is of similar scales whether the Si—O
structure is that of interpenetrating networks, grafted cages,
crosslinking filler, or chemically inert filler. The chemically
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Fig. 10. DTG curves for H-0, H-14, and H-25.
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Table 3
Summary of the thermal degradation results
H-0 H-14 H-25
DTG Peaks (°C) 285 238 242
344 (360) 365 363
- 485 480
T4 (°C) 282 237 243
mg (%) 5.1 7.0 9.1

inert filler, MSQ, yields one of the lowest moduli while the
crosslinking filler, VSQ, yields one of the highest moduli.
The tan § peak temperature is above room temperature for
the polyHIPE with the highest POSS content (Fig. 6). This
polyHIPE is, therefore, relatively glassy at room temperature
and has a significantly higher modulus.

H-0 exhibits two main degradation stages, the first at
285 °C and the second at 344 °C (TGA and DTG curves in
Figs. 9 and 10, respectively). A constant carbonaceous residual
mass of 5% is reached at about 370 °C (Table 3). The hybrid
polyHIPE exhibits three degradation stages (Figs. 9 and 10).
Unexpectedly, the degradation of the hybrid polyHIPE begins
at lower temperatures, at around 240 °C. The temperature at
which the mass loss reaches 10%, Ty, is around 40 °C lower
for the hybrid polyHIPE (Table 3). The temperature of the sec-
ond degradation stage for the hybrid polyHIPE, 365 °C, is
slightly higher than that for H-0. The hybrid polyHIPE ex-
hibits residual mass plateaus of about 25% at around
370 °C. There is an additional degradation stage for the hybrid
polyHIPE at around 483 °C. The residual mass increases with
the Si content in a linear fashion (Fig. 11) since the origin of
the additional residual mass is the Si added to the HIPE. Nano-
composite polyHIPE containing POSS or VSQ exhibit similar
increases in residual mass with Si content (Fig. 11).

25
B POSS
20 S
< L
g 15— YAN
2 I VsQ
s r O
-g -
& -
r %E)s
5H ]
0 B I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 1 2 3 4

Si, mol %

Fig. 11. Variation of the residual mass with Si content for polyHIPE containing
EHA/DVB in a 74/26 molar ratio. ((J) TEOS; (O) POSS; (<) VSQ and
(A) MSQ.

Ideally, if each Si atom undergoes four hydrolysis—conden-
sation reactions then an SiO, network structure is formed. In
reality, the reaction reaches various degrees of completion,
yielding a looser network. The residual mass following the py-
rolysis of H-25 consists of 36.7% Si and 62.2% O (from XPS),
yielding the formula SiO, ;. This result is not unusual and has
been seen for other hybrid and nanocomposite polyHIPE [26].
Pyrolysis of nanocomposite polyHIPE containing vinyltrial-
koxysilane, POSS, or VSQ produced porous inorganic mono-
liths with porous structures similar to those of the original
polyHIPE [26,28,29]. Unlike those polyHIPE, pyrolysis of
the polyHIPE containing TEOS did not produce a monolithic
structure but, instead, disintegrated into a powder.

4. Conclusions

A hybrid polyHIPE was successfully synthesized through
addition of TEOS, a tetraalkoxysilane, to the EHA and DVB
in the organic phase. The polyHIPE is unstable at 14 mol%
TEOS and Ostwald ripening produces large voids hundreds
of micrometers in diameter, as has been seen on addition of
hydrophilic moieties to the organic phase in other polyHIPE
systems. TEOS is more hydrophilic than the trialkoxysilanes,
silsesquioxanes, and POSS studied previously and, unlike
most of those materials studied, TEOS does not include a vinyl
group that undergoes copolymerization to become covalently
linked to the polymer network. The large voids are coated
with a brittle Si—O shell at 25 mol% TEOS since TEOS mi-
grates to the interface between the organic and aqueous phases.

The formation of interpenetrating polymer—inorganic net-
works yields increases in the tan ¢ peak temperature and in
the tan 6 peak breadth. The variation of the tan ¢ peak temper-
ature with the Si content is similar to those seen for nanocom-
posite polyHIPE containing POSS or VSQ. The Si—O network
reinforces the EHA/DVB copolymer, the modulus and the
stress plateau increase with increasing TEOS content. Here
again, the increase in modulus with Si content is similar to
those seen for nanocomposite polyHIPE containing POSS or
VSQ. Unlike the polyHIPE containing vinyltrialkoxysilane,
POSS, or VSQ, pyrolysis of these hybrid polyHIPE did not
yield porous inorganic monoliths.
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