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Abstract

Typical polyHIPE (porous polymers from high internal phase emulsions) have a cellular structure with volume fractions from 0.2 to 0.04,

cell diameters from 15 to 25 mm and intercellular pore diameters from 0.5 to 10 mm. Unique interpenetrating polymer networks synthesized

within the polyHIPE exhibited enhanced mechanical properties and an extended temperature range for damping. Hybrid polyHIPE that

combine an inorganic polysilsesquioxane network with an organic polystyrene network exhibited superior high temperature mechanical

properties and enhanced thermal stability. A nanoscale porosity in the cell walls, produced through the addition of a porogen to the HIPE,

reduced the density and significantly enhanced the specific surface area. Porous silica monoliths with silica volume fractions of as low as 0.02

were produced through the pyrolysis of hybrid polyHIPE. PolyHIPE coated with an intrinsically conducting polymer exhibited reversible and

repeatable changes in conductivity on exposure to acetone vapor, demonstrating their potential as sensor materials.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Polymerized high internal phase emulsions

A high internal phase emulsion (HIPE) is an emulsion in

which the dispersed phase occupies from 74 to 96% of the

volume [1,2]. Of particular interest are HIPE in which the

major, dispersed phase consists of water containing a water-

soluble polymerization initiator and the minor, continuous

phase consists of monomers and an emulsifier. The

monomers in the continuous phase can then be polymerized

to yield a porous polymer, a polyHIPE, with a low polymer

volume fraction [3]. The cellular structure of a polyHIPE is

isotropic and quite different from the oriented structure of

commercial blown and extruded foams. The use of

polymers as absorbents for the removal of contaminants

from water is being investigated [4,5]. PolyHIPE, with their

porous structure, have demonstrated advantageous struc-

tural properties and absorbency for use as absorbents

[6–10]. PolyHIPE have also been used in ion exchange
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systems [11,12] and as heat resistant structural foams

[13–16]. PolyHIPE can be synthesized from a wide variety

of monomers and have a wide range of potential

applications. This paper will describe a variety of

polyHIPE-based material systems and polyHIPE appli-

cations including interpenetrating polymer networks (IPN),

hybrid polyHIPE, polyHIPE with nanoscale porosity, silica

monoliths, and sensors from polyHIPE coated with

intrinsically conducting polymers (ICP).
1.2. Interpenetrating polymer networks

Polymeric materials with a wide temperature range for

damping can be produced through the synthesis of IPN from

two incompatible polymers with widely separated glass

transition temperatures (Tgs) [17–22]. Sequential IPNs can

be synthesized by swelling a crosslinked polymer I with

monomer II that contains a crosslinking co-monomer and an

initiator, and then polymerizing and crosslinking monomer

II. PolyHIPE are crosslinked, porous polymers whose

damping capabilities can be enhanced by using them as

the basis for the synthesis of sequential IPN [23]. If

polymer II has a higher Tg than polymer I then the high

temperature mechanical properties of the polyHIPE will be

enhanced.
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1.3. Hybrids and silica monoliths

Several high temperature polyHIPE have been investi-

gated: the copolymerization of N-substituted maleimide and

bismaleimide [14–16] and the copolymerization of a

maleimide-terminated aryl ether sulfone macromonomer

using a non-aqueous HIPE [24]. Polysilsesquioxanes (SSQ)

have attracted much attention for their extraordinary heat

and fire resistance [25]. They are most broadly described by

an empirical formula (RSiO1.5)n, where R is an alkyl group

or hydrogen. SSQ can be prepared from the hydrolytic

condensation of organotrialkoxysilanes [26], RSi(OR 0)3 or

RSiX3, where R 0 is an organic group and X is a halogen.

Hybrid materials can be synthesized from the combination

of an organic polymer with an SSQ-like network [27,28].

A hybrid polyHIPE, a polyHIPE containing a polysilses-

quioxane network, can be produced through the addition of

an organotrialkoxysilane that contains vinyl groups for free

radical polymerization and/or copolymerization during

polyHIPE synthesis [29]. The polymer chains have an

organic backbone and are crosslinked by a polysilsesquiox-

ane network formed by the hydrolysis and condensation of

the pendent alkoxysilyl groups. It has been shown that

pyrolysis of a hybrid polyHIPE can yield a silica monolith

with a cellular structure similar to that of the original

polyHIPE [30].

1.4. Sensors and intrinsically conducting polymers

There is a pressing need to provide reliable detection of

gases and vapors that can exert an injurious and toxic effect

by leaking into the atmosphere during storage and use.

Moreover, there is an increasing demand to directly and

continuously monitor the concentrations of dangerous

materials in the atmosphere and in water. Sensors for

detecting and measuring the concentration of various

chemical species in the atmosphere or in water are

becoming a major area of interest in the electronics industry.

Impedance-type gas sensors are based on resistivity and/or

permittivity changes of conducting, semi-conducting and

insulating polymers [31]. Intrinsically conducting polymers

(ICP) can operate as sensors through the doping/dedoping of

the polymer or through the entrapment of specific

molecules.

A common characteristic of ICP such as polypyrrole

(PPy) and polyaniline (PAni) is a one-dimensional organic

backbone based on the alternation of single and double

bonds, which enables a superorbital to be formed for

electronic conduction. ICP are semiconducting in the

neutral, undoped, state. The electrical conductivity

increases significantly when electrons or holes are injected

into the superorbital by introducing counter-ions, dopants,

into the ICP [32]. Doping can change the conductivity by as

much as 15 orders of magnitude—and the electrical

properties can vary from insulator, to semiconductor to

metal-like. There is, therefore, a range of conductivities
from the dedoped state to the fully doped state. A reversible

reaction that causes the polymer to change from one state to

another, modifying the conductivity, can be used as an

electrical switch. Among the principal advantages of PPy

and PAni over other doped polymers are their excellent long

term stability and their thermal stability in air [33,34]. The

thin films of interest for sensor applications can be deposited

using electro-deposition, chemical reaction, vapor phase

reaction and even plasma polymerization [35]. Thin films

can also be produced by casting subtly designed ICP-filled

thermoplastic polymers which become conductive at very

low ICP contents through the formation of a percolation

network [36,37].

The sensor sensitivity can be enhanced by increasing the

sensing surface area. Systems with enhanced surface areas

include ICP-coatings on fabrics, cellular polymers and

porous membranes [38–42]. The porous structure of a

polyHIPE should allow the penetration of the ICP through-

out and produce a conductive polyHIPE. Additional

applications for such ICP-coated polyHIPE include anti-

static packaging for microelectronic components and novel

dielectric materials.
2. Experimental

2.1. Materials

The monomers used for the polyHIPE and the IPN

synthesis were styrene (S, Fluka) and 2-ethylhexyl acrylate

(EHA, Aldrich). The crosslinking comonomer was divinyl-

benzene (DVB, which includes 40% ethylstyrene isomers,

Riedel-de Haen). The silicon-containing monomers for

hybrid polyHIPE synthesis were organotrialkoxysilanes

containing vinyl groups, methacryloxypropyltrimethoxysi-

lane (MPS, Fluka) and vinyltrimethoxysilane (VS, Aldrich).

All monomers except styrene and DVB were used without

removing their inhibitors. The inhibitors in styrene and

DVB were removed through extraction with 1.25 M NaOH

(Carlo Erba). The initiators were potassium peroxodisulfate

(K2S2O8, water soluble, Riedel-de Haen) for HIPE polym-

erizations and benzoyl peroxide (BPO, monomer soluble,

Fluka) for IPN polymerizations. The emulsifiers used

(Sigma-Aldrich) had different hydrophilic lipoholic bal-

ances (HLB): sorbitan monooleate (SMO, Span 80, HLBZ
4.3, less viscous) and sorbitan monolaurate (SML, Span 20,

HLBZ8.6, more viscous). SML, with its higher HLB (8.6),

was used in HIPE containing EHA to enhance the stability.

SMO, with its lower HLB (4.3), was used for all the other

HIPE. Calcium chloride hydrate (CaCl2$2H2O, chemical

pure, ACS, Israel) and K2SO4 (Frutarom, Israel) were the

electrolytes used to stabilize the HIPE. The porogens used

were toluene (T, Bio Lab) and heptane (H, Aldrich).

Deionized water was used throughout.

The monomers used for the ICP were pyrrole (Py,

Aldrich) and aniline (Ani, Aldrich). The oxidizing agent for



Table 1

HIPE compositions and polyHIPE densities

Type Label Composition, % (mass) Density, g/cm3

HIPE S-a 90S/10DVB 0.11

EHA/S-a 48EHA/36S/16DVB 0.11

HIPE with porogen S-bCT 55(67S/33DVB):45T 0.05

IPN IPN-3/1 75(EHA/S-a)C25(90S/10DVB) 0.10

IPN-2/1 67(EHA/S-a)C33(90S/10DVB) 0.10

IPN-1/1 50(EHA/S-a)C50(90S/10DVB) 0.11

IPN-1/2 33(EHA/S-a)C67(90S/10DVB) 0.20

MPS hybrid with DVB MPS-a-20 70S/10DVB/20MPS 0.09

MPS-a-40 50S/10DVB/40MPS 0.10

MPS-a-60 30S/10DVB/60MPS 0.11

MPS-a-80 10S/10DVB/80MPS 0.12

MPS hybrid without DVB MPS-b-10 90S/10MPS 0.19

MPS-b-30 70S/30MPS 0.13

MPS-b-50 50S/50MPS 0.10

MPS-b-70 30S/70MPS 0.11

VS hybrid VS-30 60S/10DVB/30VS 0.07

VS-80 10S/10DVB/80VS 0.05

VS hybrid with porogen VS-43CT 70(43S/14DVB/43VS):30T 0.06

VS-43CH 70(43S/14DVB/43VS):30H 0.04
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the Py polymerization was FeCl3 (Riedel-de Haen) and the

oxidizing agent for the Ani polymerization was ammonium

persulfate (AP, Sigma). Dodecyl benzene sulfonic acid

(DBSA, Aldrich) was added as an ICP dopant in some cases.

The solvents used in the polyHIPE coating process were

tetrahydrofuran (THF, Frutarom, Israel), methanol (MeOH,

Bio Lab) and deionized water. Prior to coating, the

polyHIPE were immersed in 0.001 M H2SO4 (Aldrich).

The ICP-coated polyHIPE were used as sensors for the

detection of acetone (Bio Lab) vapor.
2.2. PolyHIPE synthesis

A typical HIPE contained an aqueous phase with a mass

fraction of approximately 0.883. The aqueous phase of the

HIPE consisted of approximately 2.2% initiator and 5.5%

electrolyte (by mass). A typical HIPE contained a monomer

mass fraction of approximately 0.097 and an emulsifier

mass fraction of approximately 0.020. The concentration of

emulsifier was increased in order to enhance stability in

HIPE containing VS and/or a porogen. The HIPE containing

a high concentration of VS had a monomer mass fraction of

approximately 0.096 and an emulsifier mass fraction of

approximately 0.038. The HIPE containing a porogen had a

monomer mass fraction of approximately 0.067, an

emulsifier mass fraction of approximately 0.038, and a

porogen mass fraction of 0.029. The HIPE compositions and

polyHIPE densities for various systems are listed in Table 1.

HIPE with relatively low monomer mass fractions produce

polyHIPE with relatively low densities.

The polyHIPE synthesis has been described in detail

elsewhere [9,10,23,29]. Briefly, the comonomers and

emulsifier were stirred in a beaker for 5 min with a magnetic

stirrer. Then, while stirring continued, the aqueous solution

containing initiator and electrolyte was added slowly. The
HIPE was placed in a convection oven at 60 8C overnight

for polymerization. The water-filled polyHIPE was dried in

a convection oven at 80 8C until a constant weight was

achieved (about 24 h). The residual monomer, emulsifier,

and porogen were removed from polyHIPE specimens using

Soxhlet extraction in order to calculate the yield and to

prepare the specimens for further processing and analysis.

The Soxhlet extraction procedure was 24 h in deionized

water followed by 24 h in methanol.

The overall polymerization yield for polyHIPE from

HIPE containing organic (non-hybrid) monomers, Yp,organic,

was calculated using Eq. (1). The situation is slightly more

complex when a hybrid monomer (silane) is included in the

HIPE. The silane is expected to undergo hydrolysis and

condensation reactions and, thus, the molecular weight of

the silane in the polymer is different from the molecular

weight of the silane monomer. It will be assumed that the

hydrolysis and condensation reactions proceed to com-

pletion. An accurate description of the extent of conden-

sation can be established using solid state NMR [27]. The

overall polymerization yield for polyHIPE from HIPE

containing a hybrid (silane) monomer, Yp,hybrid, was

calculated using Eq. (2).

Yp;organic Z
mdma

mmmb

� �
!100% (1)

Yp;hybrid Z
mdma

mb

mo Cmh

Mfull�HC

Mno�HC

� �� �K1

!100% (2)

where mm is the mass of the monomers in the HIPE, md is

the mass of the dried polyHIPE, mb is the mass of a sample

before extraction, ma is the mass of a sample after

extraction, mo is the mass of the organic (non-hybrid)

monomers in the HIPE, mh is the mass of the hybrid (silane)
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monomer in the HIPE,Mno-HC is the molecular weight of the

silane monomer and Mfull-HC is the molecular weight of the

silane following hydrolysis and condensation reactions that

proceed to completion.
2.3. IPN synthesis

The method used to synthesize an IPN within the

polyHIPE is described in detail elsewhere [23]. Briefly, the

IPN were prepared by taking the EHA/S-a polyHIPE

(48EHA/36S/16DVB), swelling it with a monomer solution

(88S/10DVB/2BPO) and, then, polymerizing and cross-

linking at 70 8C for 24 h. The increase in the mass of the

polyHIPE was approximately equal to the mass of the

monomer mixture used to swell the polyHIPE. The

compositions of the IPN based on EHA/S-a are listed in

Table 1.
2.4. Silica monoliths

Silica monoliths were produced by pyrolysing the hybrid

polyHIPE in nitrogen to a temperature of 600 8C and then

holding in air at 600 8C for 1 h. The mass loss was

determined by measuring the mass of the polyHIPE before

pyrolysis and the mass of the silica monolith after pyrolysis.

The shrinkage was determined by measuring the volume of

the polyHIPE before pyrolysis and the volume of the silica

monolith after pyrolysis.
2.5. ICP-coated polyHIPE

S-a (90S/10DVB) polyHIPE cubes, approximately 1!
1!1 cm3, were coated with various ICP. Prior to coating,

the polyHIPE surfaces were modified by immersion in an

etchant, a 0.001 M solution of H2SO4, and then dried. The

ICP coatings were based on the oxidative polymerization of

either pyrrole or aniline. There were two different coating

procedures used. In the first procedure, the polyHIPE was

placed in an oxidant solution. The polyHIPE was then

removed from the oxidant solution and dried, leaving

oxidant on the polyHIPE cell surfaces. The polyHIPE was

then immersed in a monomer solution under nitrogen for

polymerization. The monomer reacted with the oxidant on

the cell surfaces and polymerized, producing an ICP

coating. The polyHIPE was then removed from the solution

and dried. All the Py polymerizations were carried out in the

dark. The compositions of the solutions and the immersion

times in each solution were varied. In the second procedure,

the polyHIPE was immersed in a monomer solution. The

oxidant solution was then added to the monomer solution

under nitrogen for polymerization. The compositions of the

solutions and the immersion times in each solution were

varied. The results from three different coating procedures

will be described in this paper (Table 2).
2.6. Characterization

The densities of the polyHIPE were determined from

weight and volume measurements. The specific surface

areas of the polyHIPE were determined using the single-

point BET (Brunauer, Emmett, Teller) method with

nitrogen adsorption–desorption at 77 K (Flowsorb II,

Micromeritics). The cellular structures of the polyHIPE

were characterized from cryogenic fracture surfaces using

high resolution scanning electron microscopy (HRSEM,

LEO 982, Zeiss) with uncoated specimens and accelerating

voltages of 1–2 kV. A stereo optical microscope was used to

photograph the ICP-coated polyHIPE.

Dynamic mechanical thermal analysis (DMTA) tem-

perature sweeps were performed in compression using a

Rheometrics, MK III DMTA at a frequency of 1 Hz at

3 8C/min. The compressive stress–strain measurements

were performed at 25 8C using the Rheometrics, MK III

DMTA. The measurements were carried out until equip-

ment-related force or displacement limitations were

reached. The modulus of the polyHIPE was calculated

from the stress–strain curve using the highest slope at low

strains. The modulus for the bulk polymer, Epolymer, both for

DMTA and static stress–strain, is related to the modulus of

the polyHIPE, EpolyHIPE, using Eq. (3) [43].

Epolymer ZEpolyHIPE

rpolymer

rpolyHIPE

� �2

(3)

where rpolyHIPE and rpolymer are the polyHIPE and polymer

densities, respectively. The exact bulk densities of the

copolymers in the polyHIPE are unknown, but are assumed

to be quite similar and approximately 1 g/cm3.

The thermal stability was characterized using thermo-

gravimetric analysis (TGA) and differential thermal analysis

(DTA) (TGA–DTA simultaneous analyzer, SDT2960, a

module of TA INST 2000, TA-Instruments Company).

PolyHIPE were run at 20 8C/min to 650 8C and beyond in a

nitrogen environment (50 cm3/min).
2.7. ICP-coated polyHIPE as a vapor sensor

The electrical properties (IV curves) were determined

using a parallel plate current/voltage (IV) measurement

apparatus in which the current is measured using an

ammeter (Keithley 2000) as a function of the supplied

voltage for a sample of area, A, and thickness, t. The

resistance, R, is the inverse of the slope of the IV curve and

the conductivity, s, is t/(RA). The surfaces of the coated

polyHIPE cubes were covered with a relatively thick ICP

layer. The surface layers were, therefore, removed prior to

IV characterization. The sensing capabilities of the ICP-

coated polyHIPE were determined by placing the cube with

the skin removed on a wire mesh clamped to a retort stand.

Pins were embedded into the opposite sides of the cube to a

depth of 2 mm. The resistance between the pins was



Table 2

ICP coating procedures and the resulting conductivities

PPy-a PPy-b PAni-a

Step 1 6 g FeCl3; add THF to 25 ml; 12 h 0.687 ml Py; 8.03 g DBSA; add

MeOH to 50 ml; 30 min

0.6 g Ani; 2.16 g DBSA; add H2O to

60 ml; 48 h

Step 2 20 ml Py; 5 ml THF; 3 h 0.487 g FeCl3; 50 ml H2O; 3 h 1.5 AP; 5 g H2O; 5 h

Color Black Brown Green

f2 0.376 0.091 0.061

fK3=2
2

4.3 36.6 66.6

spolyHIPE, S/m 20!10K4 1!10K4 –

sPPy, S/m 87!10K4 37!10K4 –
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measured using clips attached to a multimeter (TES 2730,

TES Electrical). The changes in resistance were measured

as a beaker of acetone was placed under the retort stand and

then removed. The exposure to acetone followed by the

removal of acetone was repeated several times.
3. Results and discussion

3.1. PolyHIPE density and yield

The densities and compositions for the various polyHIPE

investigated are listed in Table 1. Most of the HIPE that did

not contain a porogen produced polyHIPE with densities of

about 0.1 g/cm3, as expected from the monomer mass

fractions in the HIPE. Most of the IPN also had densities of

about 0.1 g/cm3, indicating that there was both an increase

in volume (from swelling in S/DVB) and an increase in

mass (from polymerization of S/DVB, which made the

increase in volume permanent). The notable exceptions to

densities of about 0.1 g/cm3 are IPN-1/2 (0.20 g/cm3 for

33(EHA/S-a)C67(90S/10DVB)), MPS-b-10 (0.19 g/cm3

for 90S/10MPS) and the HIPE containing VS and/or a

porogen (densities less than 0.07 g/cm3, Table 1). The IPN

synthesized using polyHIPE to monomer ratios that ranged

from 3/1 to 1/1 exhibited the cellular structure typical of

polyHIPE. IPN-1/2, however, exhibited fibrillar polystyrene

inclusions within the polyHIPE cells [23]. The presence of

these fibrillar polystyrene inclusions inside the normally

empty cells produced the increase in density.

During polymerization, the integrity of the cellular HIPE

structure is maintained against collapse through the

formation of a stiff crosslinked polymer network. PolyHIPE

without this stiff network can collapse during drying [23]. In

non-hybrid polyHIPE, the crosslinking comonomer, DVB,

forms a stiff organic network. In hybrid polyHIPE, an

inorganic silsesquioxane network is formed through the

hydrolysis and condensation of the methoxysilyl groups.

MPS-b-10 contains no DVB and only 10% MPS and,

therefore, the formation of a silsesquioxane network is

limited by the low concentration of methoxysilyl groups.

The relatively high density of MPS-b-10 reflects a partial

collapse of the polyHIPE structure due to the limited
development of a stiff network structure [29]. MPS-b-30

(70S/30MPS) and MPS-b-50 (50S/50MPS), contain signifi-

cantly higher concentrations of silsesquioxane network-

forming methoxysilyl groups and had densities of 0.13 and

0.10 g/cm3, respectively.

The polymerization yields, Yp,hybrid, were relatively low

for some of the HIPE that contained VS (Table 3). The low

yields reflect the low reactivity of VS [44]. In an MPS/S

monomer mixture, both monomers tend to copolymerize

[44]. In a VS/S monomer mixture, the VS is unlikely to

homopolymerize, while the S tends to homopolymerize. As

MPS is more reactive than VS, the yields from the MPS-

containing HIPE are higher than those from the VS-

containing HIPE [29,44]. Unreacted VS acts as a porogen

and lowers the polyHIPE density.

In general the higher the VS concentration, the lower the

yield, and the density. VS-30 (60S/10DVB/30VS) and VS-

80 (10S/10DVB/80VS) have yields of 82 and 48%,

respectively, and densities of 0.07 and 0.05 g/cm3, respect-

ively. The yield was significantly higher from HIPE that

contained both VS and toluene (Table 3). The increase in

yield most likely results from an enhanced molecular

mobility in the toluene-swollen polymer that allows the free

radical and condensation reactions to proceed to

completion.

Porogens were added to some HIPE in order to increase

the surface area and reduce the density. The density of

S-bCT (0.05 g/cm3, for 55(67S/33DVB):45T) reflects the

mass fraction of monomer in the HIPE (0.06). The addition

of a porogen also yielded a significant increase in surface

area, from 29 m2/g for S-a to 132 m2/g for S-bCT [10]. The

addition of a porogen to the HIPE containing VS enhanced

the yield producing polyHIPE whose composition more

closely resembled the monomer composition in the HIPE.

The slight decrease in density on the addition of a porogen

to a VS-containing HIPE (Table 3) reflects the combination

of a reduction in density from the addition of a porogen and

an increase in density from the increase in yield. A mass

balance shows that the density of VS-43CT (0.06 g/cm3, for

70(43S/14DVB/43VS):30T) is higher than that of VS-43C
H (0.04 g/cm3, for 70(43S/14DVB/43VS):30H) primarily

because the yield is higher for VS-43CT (Table 3). Another

factor influencing the polyHIPE density is the volume of



Table 3

VS-containing polyHIPE and silica monoliths

Label mVS100, %

(mass)

Yp,hybrid, %

(mass)

Density, g/cm3 Mass loss, %

(mass)

Shrinkage, %

(volume)

mVS, % (mass)

PolyHIPE Silica

S-a – 92 0.11 – 100 – –

VS-30 18 82 0.07 0.07 87 88 17

VS-80 68 48 0.05 0.05 60 62 53

VS-43CT 29 100 0.06 0.06 79 80 28

VS-43CH 29 83 0.04 0.05 84 85 21
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porogen added. Since equal masses of porogen were added,

the volume of toluene added was less than the volume of

heptane added.
3.2. Mechanical properties and thermal stability

Two methods have been used to enhance the high

temperature mechanical properties of polyHIPE, the

formation of IPN based on polyHIPE and the synthesis of

hybrid polyHIPE. The variation of tan d with temperature

for S-a, EHA/S-a and IPN-1/1 (50EHA/S-aC
50(90S/10DVB)) are seen in Fig. 1. The tan d peaks are

48 8C for EHA/S-a, 130 8C for IPN-1/1and 148 8C for S-a. It

is not surprising that the tan d peak for IPN-1/1 lies close to

that of S-a, since IPN-1/1 contains a significant amount of

crosslinked polystyrene. The tan d peak temperatures for the

polyHIPE are significantly higher than the literature values

for Tg. This discrepancy reflects the extensive crosslinking

in the polyHIPE as well as the polyHIPE’s relatively low

thermal conductivity which might produce a significant

temperature difference between the sample and the

thermocouple.

The different shapes of the tan d curves are also of

interest. S-a exhibits a high, narrow and relatively

symmetric tan d peak. Previous work has shown that for

EHA/S copolymers, the height of the tan d peak decreased

and the breadth of the tan d peak increased with increasing
Fig. 1. Tan d temperature sweep in compression for S-a, EHA/S-a, IPN-1/1

and MPS-a-80.
EHA content [23]. The relatively symmetric EHA/S-a tan d

peak in Fig. 1 is lower and broader than the tan d peak for

S-a. The synthesis of an IPN, however, yields a non-

symmetric tan d peak. Tan d for IPN-1/1 begins to increase

at about 40 8C, reaches a shoulder at about 74 8C, and

remains at a relatively high tan d over a relatively large

temperature range. A comparison of the full width at half

maximum (FWHM) of the tan d peaks yields FWHM of 29,

59 and 92 8C for S-a, EHA/S-a and IPN-1/1, respectively.

The relatively large FWHM of IPN-1/1 is typical of IPN.

The phase-separated domains in the IPN can have a wide

spectrum of compositions since phase separation is limited

by the structure of intertwined networks. The IPN within a

polyHIPE thus has a broader tan d peak, extending the

temperature range available for mechanical damping.

The bulk polymer E 0 were calculated from the polyHIPE

E 0 using Eq. (3). The variations of bulk polymer E 0 with

temperature for S-a, EHA/S-a and IPN-1/1 are seen in

Fig. 2. At lower temperatures, the E 0 of the polymers are on

the order of 1 GPa, as expected for polymers below their

Tgs. Both S-a and EHA/S-a exhibit sharp reductions of two

orders of magnitude in E 0 near their respective Tgs. The

decrease in E 0 is more gradual for IPN-1/1, reflecting the

wider damping temperature range of the IPN.

The effects of IPN formation on the compressive

mechanical properties can be seen in the stress–strain

curves in Fig. 3. EHA/S-a (Fig. 3(a)) exhibits a relatively

low bulk polymer modulus (0.14 GPa) and reaches a plateau
Fig. 2. E 0 of the bulk polymer from a temperature sweep in compression for

S-a, EHA/S-a, IPN-1/1 and MPS-a-80.
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stress at relatively low strains, reflecting a collapse of the

cellular structure. When the compressive strain reaches 60%

the collapse of the cellular structure reaches its limit and the

stress begins to increase rapidly with increasing strain. IPN-

1/1 has the EHA/S-a enmeshed within a polystyrene

network and this is reflected in its compressive stress–strain

curve in Fig. 3(b). The bulk polymer modulus (0.71 GPa) is

significantly higher than that of EHA/S-a and there is only a

trace of a shoulder, indicating that there is little collapse of

the cellular structure. The compressive stress–strain curve

of S-a (Fig. 3(c)) is somewhat similar to that of IPN-1/1. The

bulk polymer modulus of S-a (1.22 GPa) is slightly higher

than that of IPN-1/1 and there is no trace of a plateau or even

a shoulder, indicating that there is no collapse of the cellular

structure. The arrows indicate that the compressive stress–

strain test was stopped since an apparatus related limitation

was reached. Surprisingly, S-a did not fail in brittle fracture

at a strain of 14%.

MPS-a-80 (10S/10DVB/80MPS) does not exhibit a tan d

peak in Fig. 1 and there is no significant decrease in the bulk

polymer E 0 for MPS-a-80 in Fig. 2. There is little

polystyrene segmental motion possible given the low

styrene content and the severe restrictions on motion from

the combined organic and inorganic networks. The

extensively crosslinked silsesquioxane network is relatively

unaffected by temperatures below 350 8C. The high

temperature mechanical properties are, therefore, signifi-

cantly enhanced through the formation of a hybrid

polyHIPE.

S-a is glassy at 30 8C and exhibits a relatively high

polymer modulus. MPS-a-80, Fig. 3(d), also exhibits a

relatively high bulk polymer modulus (1.09 GPa). Unlike

S-a, however, MPS-a-80 undergoes brittle fracture at a

strain of 7%. The brittle fracture reflects the formation of a

brittle highly crosslinked silsesquioxane network. The

advantage of the silsesquioxane network can been seen in
Fig. 3. Uniaxial compressive stress–strain curves in compression: (a)

EHA/S-a, 30 8C; (b) IPN-1/1, 30 8C; (c) S-a, 30 8C; (d) MPS-a-80, 30 8C;

(e) S-a, 250 8C; (f) MPS-a-80, 250 8C.
the compressive stress–strain curves at 250 8C. At 250 8C,

S-a is rubbery (Fig. 3(e)). The bulk polymer modulus is

0.007 GPa and the cellular structure collapses at low

stresses. MPS-a-80, however, exhibits a relatively high

bulk polymer modulus at 250 8C (0.6 GPa), as indicated in

Fig. 2. The characteristic mechanical properties of MPS-a-

80 are relatively unchanged by exposure to 250 8C

(Fig. 3(f)). Brittle fracture of MPS-a-80 at 250 8C occurs

at a slightly higher strain and at a slightly lower stress than

the brittle fracture at 30 8C.

The variation of the bulk polymer modulus in uniaxial

compression with the MPS content for hybrid polyHIPE is

seen in Fig. 4. At 30 8C, the bulk polymer moduli (about

1 GPa) for the MPS-a series, the hybrids with DVB, are

relatively independent of the MPS content. At 250 8C,

however, the bulk polymer moduli for the MPS-a series are

strongly dependent on the MPS content (Fig. 4) since the

organic network is above its Tg. The bulk polymer modulus

increases from 0.007 GPa for S-a to 0.6 GPa for MPS-a-80.

The silsesquioxane network maintains its rigidity at 250 8C

and both its prevalence and its crosslink density increase

with increasing MPS content. At 30 8C, the bulk polymer

moduli for the MPS-b series, the hybrid polyHIPE without

DVB, range from 0.4 to 0.6 GPa are lower than those of the

hybrid polyHIPE with DVB and are dependent on the MPS

content (Fig. 4). The lower moduli result from the absence

of a stiff crosslinked organic network in the hybrid

polyHIPE without DVB. As the stiff crosslinked networks

in these materials are formed through the hydrolysis and

condensation of the methoxysilyl groups, the modulus is,

therefore, dependent on the MPS content.

The degradation of the polyHIPE is strongly affected by

its composition, as seen in the TGA and DTA curves in

Fig. 5 for the pyrolysis of S-a and MPS-a-80 in nitrogen.

The mass loss and the size of the DTA peak in Fig. 5 are

much greater for S-a than for MPS-a-80. The pyrolysis of an

MPS-containing polyHIPE is expected to yield SiO2. The

higher the MPS content, the smaller the mass loss and the
Fig. 4. Variation of the bulk polymer’s uniaxial compressive modulus with

MPS content for the MPS-a series (hybrids with DVB) at 30 and 250 8C and

for the MPS-b series (hybrids without DVB) at 30 8C.
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smaller the exothermic pyrolysis peak. The relatively linear

increase in residual mass with MPS content is seen in Fig. 6.

The DTA peak temperature for MPS-a-80 in Fig. 5, is less

than the DTA peak temperature for S-a. An almost linear

decrease in DTA peak temperature with MPS content is

seen in Fig. 6. The TGA and DTA curves in Fig. 5 indicate

that the degradation of MPS-a-80 begins at a lower

temperature than the degradation of S-a. The reduction in

the onset of degradation and in the DTA peak temperature

on the addition of MPS results from the methacrylate group

that is less thermally stable than styrene [45]. Silanes that do

not contain a methacrylate group, such as VS, should not

cause a reduction in the thermal degradation onset

temperature.

Fig. 6. Variation of residual mass and DTA peak position with MPS

content.
3.3. VS-containing polyHIPE and silica monoliths

Silica monoliths were produced through the pyrolysis of

the VS-containing polyHIPE listed in Table 3. VS-30

exhibited a mass loss of approximately 87% and a shrinkage

of approximately 88% on pyrolysis. VS-80 had a signifi-

cantly greater VS content in the monomer and, therefore,

exhibited a smaller mass loss (60%) and a smaller shrinkage

(62%) than VS-30. The overall volume shrinkage was

similar to the mass loss for all the VS-containing polyHIPE

(Table 3). Since the volume loss and mass loss were similar,

the densities of the pyrolysed monoliths were similar to the

densities of the polyHIPE. However, the density of silica is

more than twice the density of the polymer, and this

indicates that the volume fraction of silica in the monolith is

less than half of the volume fraction of polymer in the

polyHIPE.

The mass percentage of VS that would be expected from

a polyHIPE reaction that reached 100% completion,mVS100,

is listed in Table 3. mVS100 was calculated from the

monomer composition by assuming that the free radical

reaction reached completion (100% yield) and by assuming

that the hydrolysis and condensation reactions reached

completion (yielding C2H3SiO1.5). mVS100 is less than the

mass percent in the monomer mixture, reflecting the change
Fig. 5. DTG and DTA temperature sweeps in N2 for S-a and MPS-a-80.
in molecular weight (148 g/mol before hydrolysis and

condensation, 79 g/mol following complete hydrolysis and

condensation). An estimate for the amount of VS incorpor-

ated into the polyHIPE, mVS, was calculated from the

pyrolysis residual mass (Table 3). mVS was calculated by

assuming that the pyrolysis yields SiO2 only, that the SiO2

includes all the silicon present in the polyHIPE, and that the

hydrolysis and condensation reactions reached completion

(yielding C2H3SiO1.5). A comparison of mVS and mVS100

indicates that for VS-30 and VS-43CT the percentage of

VS in the polymer is similar to that expected from the

monomer composition. ThemVS are relatively low for VS-80

and VS-43CH, indicating that there was a significant amount

of VS that acted as porogen and produced low densities. The

relatively low VS conversion for VS-80 (about 77%) most

likely reflects the low VS reactivity at high VS contents. The

relatively lowVS conversion for VS-43CH (about 73%)may

reflect the effects of heptane’s solubility parameter [46,47],

which is less than that of the polymer, limiting the swelling and

the enhancement ofmolecularmobility. The relatively lowVS

conversion may also reflect the effects of heptane’s chain

transfer constant [48], which is higher than that of toluene and

may impede polymerization.

The cellular structure of S-a is seen in Fig. 7(a). The cells

are 15–25 mm in diameter and are connected by intercellular

pores 0.5–10 mm in diameter. The struts in the cell walls

have smooth, uniform surfaces, as seen in Fig. 7(b). The

cells in VS-30 and VS-80 can be as large as 70 mm,

significantly larger than the cells in S-a. Although the

cellular structure of a particular area of VS-30 (Fig. 7(c))

may seem denser than that of S-a, the VS polyHIPE are less

dense than S-a owing to the presence of the very large cells

and the presence of unreacted VS. The cell walls of the VS

polyHIPE, Fig. 7(d), are not as smooth and uniform as those

in S-a, resulting from the unpolymerized VS which acted

like a porogen. The cellular structure of the silica monolith

from the pyrolysis of VS-30, Fig. 7(e) and (f), is similar to

that of VS-30 in Fig. 7(c) and (d).



Fig. 7. SEMmicrographs of polyHIPE and silica monoliths: (a) and (b) S-a; (c) and (d) VS-30; (e) and (f) silica monolith from VS-30; (g) and (h) VS-43CT; (i)

and (j) silica monolith from VS-43CT.
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The addition of a porogen to the HIPE has a significant

effect on the cellular structure. The cellular structures of

VS-30CT, Fig. 7(g), and of VS-30CH (not shown) are

reminiscent of foaming soap bubbles. The cells are more

circular in appearance and the struts contain relatively large

pores. The struts for VS-30CT, Fig. 7(h), have a highly

porous nanoscale structure. This cellular structure is
maintained in the silica monoliths from the pyrolysis of

VS-30CT (Fig. 7(i) and (j)) and VS-30CH (not shown).

3.4. PolyHIPE sensors

The centers of the polyHIPE cubes that were coated

using the procedures in Table 2 exhibited conductivity,



Fig. 7 (continued)
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unlike the original S-a. The monomer, solvent and

procedure (monomer first or oxidant first) used in the ICP

coating process made significant differences in the quality of

the coating and in the resulting conductivity. The color of

the S-a cube cross-section is white (Fig. 8(a)). The S-a cube

was coated throughout with a black PPy coating (Fig. 8(b))

when THF was the solvent and the pyrrole was used in the

second step (PPy-a, Table 2). S-a was swollen by THF using

the PPy-a procedure (Table 2). On drying, the cube was

warped, the cellular structure was warped (Fig. 9), and the

overall volume was slightly reduced. The S-a cube was

coated throughout with a brown, less conductive PPy

coating while the surface was coated with a black skin (Fig.

8(c)) when methanol was the solvent and pyrrole was used

in the first step (PPy-b, Table 2). The cube shape and

cellular structure were unaltered when using the PPy-b

procedure. The S-a cube exhibited a dark green PAni skin

on the outside tapering off to whitish at the center (Fig. 8(d))

using the PAni-a coating procedure (Table 2). The whitish

area at the center did, however, exhibit conductivity, in spite

of the lack of a visible green coating. Spectra from the

center (not shown), taken using photo-acoustic Fourier

transform infrared spectroscopy (FTIR, Bruker Equinox

55), exhibited the distinct peaks associated with PAni.
These results indicate the presence of a PAni coating

throughout the sample.

The polyHIPE coated with PPy-a and PPy-b exhibited

ohmic behavior. The PPy-a yielded superior polyHIPE

conductivity, as seen in the polyHIPE IV behavior (Fig. 10).

The conductivities of the polyHIPE, spolyHIPE, were 20!
10K4 S/m for the PPy-a coating and 1!10K4 S/m for the

PPy-b coating. This significant difference reflects not only

the differences in the PPy but also the differences in the

coating. The conductivity of a porous material is expected to

be significantly less than the conductivity of the bulk due to

both the reduction in contact area and the increase in

conducting path tortuousity. The conductivity of the PPy

that is coating the polyHIPE, sPPy, can be related to the

measured conductivity of the polyHIPE, spolyHIPE, using Eq.

(4), which is based on the relationship between metal foam

conductivity and bulk metal conductivity [43]:

sPPy Z spolyHIPEf
K3=2
2 (4)

where f2 is the volume fraction of the metal in the foam.

This can be applied to the polyHIPE if f2 is taken to be the

volume fraction of the ICP film which forms a conformal

coating on the polyHIPE. The ICP f2 can be calculated

using Eq. (5):



Fig. 8. OM micrographs of ICP-coated S-a cube (approximately 1!1!1 cm3) cross-sections: (a) uncoated, white; (b) PPy-a, black; (c) PPy-b, brown; (d)

PAni-a, green.
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f2 Z
mPPy=rPPy

V
(5)

where mPPy is the measured mass of the PPy coating, V, is

the measured volume of the cube, and, rPPy is the density of

PPy, 1.3 g/cm3. The PPy conductivities, sPPy, calculated

using Eqs. (4) and (5) are 87!10K4 and 40!10K4 S/m for

PPy-a and PPy-b, respectively. This difference is signifi-

cantly smaller than the difference between the spolyHIPE
Fig. 9. SEM micrograph of a cross-section of S-a coated with PPy-a.
since sPPy takes into account the significantly greater

volume fraction of PPy in PPy-a.

Exposure to an organic vapor affected the conductivity.
Fig. 10. I–V curves for S-a coated with either PPy-a or PPy-b.
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Within a few seconds of exposure to acetone vapor, the PPy-

b conductivity increased by a factor of five. When the

acetone source was removed, the conductivity decreased

and returned to its original value. These changes in

conductivity were reversible and repeatable and demon-

strated that using ICP-coated polyHIPE as sensors for

organic vapors is feasible.
4. Conclusions

Various polyHIPE systems were investigated: IPN from

polyHIPE, hybrid polyHIPE, silica monoliths from hybrid

polyHIPE, and ICP-coated polyHIPE. A typical polyHIPE

had a density of about 0.1 g/cm3 and a cellular structure with

cells 15–25 mm in diameter connected by intercellular pores

0.5–10 mm in diameter.
†
 IPN with densities of about 0.1 g/cm3 resulted when the

mass of the polyHIPE was greater or equal to the mass of

the monomer added. IPN-1/1 had superior mechanical

properties at higher temperatures and a relatively broad

tan d damping peak.
†
 The high temperature mechanical properties were

improved dramatically through the synthesis of hybrid

polyHIPE containing an inorganic silsesquioxane net-

work. The moduli of the polyHIPE at 250 8C were

dependent on the MPS content. The moduli at 30 8C were

independent of the MPS content in the presence of a stiff

organic network and dependent on the MPS content in

the absence of a stiff organic network.
†
 The use of a porogen and/or the relatively low yield from the

polymerization of VS yielded polyHIPE with lower

densities. The use of a porogen in S-bCT yielded a rela-

tively lowdensity (0.05 g/cm3), a nanoscale porous structure

in the cell walls and a relatively high specific surface area

(132 m2/g). The presence of toluene in the VS-containing

HIPE produced an increase in yield, a reduction in density,

and a cellular structure unlike those of the other polyHIPE.
†
 Silica monoliths from the pyrolysis of VS-containing

hybrid polyHIPE exhibited cellular structures similar to

those of the original polyHIPE. The densities of the silica

monoliths were similar to those of the polyHIPE,

indicating that the volume fractions of silica in the

monoliths could be as low as 0.02.
†
 The polyHIPE cubes were coated throughout with con-

ductive PPy or PAni. The conductivities of the polyHIPE

(1 to 20!10K4 S/m) were used to calculate the conduc-

tivities of the PPy coatings (37 to 87!10K4 S/m). The

PPy-coated polyHIPE exhibited reversible and repeatable

changes in conductivity when exposed to acetone vapor.
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