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’ INTRODUCTION

Among polyvinylazoles, polymers and copolymers based on
1-vinyl-1,2,4-triazole (VT) are of particular interest due to their
unique properties (i.e., nontoxicity, high hydrophilicity, chemical
stability, complexing power, heat resistance) and show promise
for the food industry as well as for engineering and energetic
materials.1 Poly(VT) can be synthesized in good yields by free
radical polymerization in polar solvents.2 VT has been copoly-
merized with various monomers such as styrene and methyl
methacrylate3 and, more recently, with 2-hydroxyethyl metha-
crylate.4 In each case, VT appeared to be less reactive than
its comonomer—a behavior that has been attributed to the pola-
rization of the vinyl group under the influence of the azolyl
substituent.

Concerning the complexing power of poly(VT) derivatives,
VT was copolymerized with acrylamide, and the obtained
copolymers were used for flocculation studies of kaolin suspen-
sions after azole ring quaternization.5 Poly(ethylene glycol
dimethacrylate)-co-VT beads were prepared by radical copolym-
erization of the corresponding monomers in suspension polym-
erization. The adsorption capacity of the obtained beads for
Cd(II), Hg(II), and Pb(II) in aqueous media was investigated.6

Finally, very recently, copolymers of VT cross-linked with divinyl
sulfide or divinyl diethylene glycol ether were prepared as mer-
cury sorbents,7 whereas energetic polymer salts were synthesized
by protonation of poly(VT) with inorganic or organic salts.8

Emulsion templating is a simple and versatile method for the
preparation of microcellular materials (cell size range 2�100
μm) by polymerizing the continuous phase of a high internal
phase emulsion (HIPE). The obtainedmaterials have been called
polyHIPEs by Unilever researchers.9 Theoretically, the final solid

polymer is expected to have an open-cell morphology only for a
sufficiently concentrated HIPE (dispersed phase volume fraction
>74% of the total emulsion).10 Nevertheless, such a structure has
been observed for lower values.11 The historical polyHIPE
preparation involves the formation of a stable, water-in-oil con-
centrated emulsion using hydrophobic monomers as part of the
continuous phase (most generally a mixture of styrene and
divinylbenzene with, optionally, the addition of a functionalized
styrene such as 4-vinylbenzyl chloride) and an aqueous phase as
the dispersed phase.

A great deal of work by a continuously increasing number of
researchers has been devoted to the study of this particular
system.12�18 The main topics studied have been the control of
the porous morphology (size dispersion of cells and intercon-
necting windows)19�24 and attempts to increase the mechanical
strength of the material, which in its native formulation is
generally considered insufficient for practical applications.25�28

Several efforts have also been devoted to the use of hydrophobic
(meth)acrylate derivatives.29,30

Much less work has been published on the synthesis of poly-
HIPEs based on hydrophilic (i.e., water-soluble) monomers
emulsified by a hydrocarbon. Krajnc and co-workers reported
on the preparation of a so-called “reverse” polyHIPE by poly-
merization of an oil-in-water HIPE consisting of an aque-
ous mixture of acrylic acid and N,N0-methylenebis(acrylamide)
(MBA) as the continuous phase and toluene as the dispersed
phase.31 Superabsorbents have been prepared using a similar
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ABSTRACT: Interconnectedmicrocellular polymericmonoliths
have been prepared from oil-in-water concentrated emulsions of
aqueous 1-vinyl-1,2,4-triazole using the high internal phase
emulsion methodology. The polyHIPE materials thus obtained
present a typical polyHIPE morphology having unexpectedly
high mechanical strengths considering their low cross-linking
level (3 mol % ofN,N0-methylenebis(acrylamide)). 13C, 15N, and
1H solid-state NMR analyses confirm the expected polymer
structure and evidenced the presence of polymer chain associa-
tion by strong hydrogen bonding with water.
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approach.32 Concomitantly, Barbetta and co-workers prepared
gelatin� and dextran�methacrylate polyHIPE scaffolds through
a direct concentrated emulsion.33,34

The use of heterocyclic vinyl monomers for the preparation of
polyHIPEs materials has hardly been studied at all. Maleimide
and bismaleimide monomers have been copolymerized with
styrene in concentrated reverse emulsions to give polyHIPEs
with an increased thermal resistance.35 Poly(aryl ether sulfone)
polyHIPE materials have been synthesized by copolymerizing a
maleimide-terminated aryl ether sulfone macromonomer with
styrene and divinylbenzene in a nonaqueous HIPE.36

During the course of our research on the development of new
kind of porous polymers using the emulsion-templated app-
roach,37 we recently reported on the potential of 1-vinyl-5-
aminotetrazole to give a tough polyHIPE material from direct
emulsion using only low amounts of cross-linking agent.38

However, this material presented the drawback of requiring
the synthesis of the monomer. We thus now present the results
obtained when using the commercially available 1-vinyl-1,2,4-
triazole to give hydrophilic, self-standing monoliths for poten-
tially interesting applications such as supports for heterogeneous
catalysts or metal complexing devices.39

’EXPERIMENTAL SECTION

Materials. 1-Vinyl-1,2,4-triazole (VT) and benzoyl peroxide (BPO)
were purchased from Fluka; N,N0-methylenebis(acrylamide) (MBA)
and dodecane were obtained from Acros Organics. 2,20-Azobis(2-
methylpropionamidine) dihydrochloride (V50) was purchased from
Wako Chemicals, GmbH. Potassium persulfate K2S2O8 (99%þ, ACS
reagent), Igepal CO-890, Tween 20, and Tween 80 were obtained from
Aldrich. All these chemicals were used as received.
Bulk Polymerization. VT (600 mg, 6.3 mmol) and MBA (32.6 mg,

0.21 mmol) were mixed with potassium persulfate (6 mg) and heated at
60 �C for 24 h under a flow of nitrogen. The precipitate was filtered,
washed with ethanol, and dried under vacuum to constant weight (504
mg, yield = 76%).
HIPE Preparation. In a typical experiment, VT (6 g), Igepal CO-890

(1.5 g), Brij 98 (1.5 g), MBA (0.3 g), double-distilled water (6 g), and
potassium persulfate (0.3 g) were placed in a test tube. The mixture was
homogenized at room temperature through sonication. Emulsification
was performed using a laboratory-made system already described else-
where.40 Briefly, this device is composed of two polypropylene syringes
(50 mL, internal diameter (i.d.) = 28 mm) connected with a small-
section tube (i.d. = 4 mm, L = 20 mm). The aqueous components of the
emulsion (about 20mL)were put into one of the syringes, and dodecane
(10 g) was added. A second syringe was connected to the first one using
the small connecting tube. This system was then adjusted in the “two-
syringe” emulsification device, and the emulsion was formed by succes-
sive passages through the tube produced by the backward and forward
motion of the syringe plungers. The rate of passage of the emulsion
through the connecting tube was adjusted to 7 min�1. The emulsifica-
tion time was 25 min.
PolyHIPE Preparation. The obtained thick white emulsion was

placed in tightly closed PTFE cylindrical molds of varying sizes and was
polymerized for 24 h at 60 �C in an oven. The resultant polyHIPE
monoliths were extracted by successively refluxing with ethanol and
acetone (24 h each) in a Soxhlet apparatus. Drying was then performed
in a vacuum oven at room temperature to constant weight.
Characterization of the Monoliths. Solid-State NMR Mea-

surements. All experiments were carried out at room temperature on a
Bruker Avance 400 MHz spectrometer using broadband X-H CP/MAS
probes with sizes of 7 mm (for 13C) and 4 mm (for 15N and 1H) external

diameter rotors. The polyHIPE monolith was first ground into a thin
powder, packed down in the MAS rotors, and analyzed with the cross-
polarization procedure (CP) under magic angle spinning (MAS). 13C
spectra were recorded at a spinning frequency νr = 6 kHz using a
standard linear ramped amplitude (50�100%). An average nutation
frequency νH = 43 kHz was applied during the 1ms CP period on the 1H
channel at the first sideband in the matching Hartmann�Hahn profile
(n =�1). For the hard excitation pulse, νH was adjusted to 80 kHz. For
the 15N experiments, another optimized sequence was performed to
compensate for the MAS modulation of the Hartmann�Hahn CP
profile. νH was set to 65 kHz during the CP period and to 100 kHz
for the hard pulse. This sequence contained a tangential pulse applied on
the X channel during the CP which produces an adiabatic passage
through the Hartmann�Hahn condition n = �1.41 Details concerning
this experiment and its optimization for the 1H�15N CP transfer are
beyond the scope of the present article and will be provided elsewhere.
The shaped amplitude was here calculated assuming a 1H�15N dipolar
coupling of 5 kHz. Spectra were recorded with a contact time tCP = 2 ms
at a spinning frequency νr = 15 kHz. 1H spectra were acquired at the
same MAS frequency following two excitation schemes: (i) a simple 90�
flip angle pulse to detect the whole proton spectrum and (ii) a CPMG
(Carr�Purcell�Meiboom�Gill) pulse train applied prior to the acqui-
sition and synchronized with sample MAS rotation. The pulse train
corresponded to a succession of n cycles composed of a 180� refocusing
pulse flanked at both sides by a delay of 133 μs that corresponds to two
rotor periods. The sequence acted as aT2 relaxation filter eliminating the
large 1H components of the backbone from the spectrum. Only the
narrow lines remained, corresponding to the moremobile fraction of the
molecular system, i.e., small solvent molecules or flexible polymer
moieties. The benefit of this sequence, in comparison with a standard
Hahn echo, is the compensation of 180� pulse imperfections and a
reduction of the effect of diffusion that can affect the intensity measured
for small molecules.

For the sake of efficiency, the corresponding T2 relaxation time
needed to be large in comparison with the total relaxation delay. For the
purpose of quantitative analysis, T2 relaxation times were measured with
the two-dimensional version of the CPMG sequence using 128 relaxa-
tion delay increments between 133 μs and 17 ms. 1H, 13C, and 15N
chemical shifts were calibrated according to external secondary refer-
ences: water (4.8 ppm with respect to TMS, 0 ppm), adamantane
(upfield 13C transition at 38.46 ppm in regard to TMS, 0 ppm), and
NH4NO3 (downfield transition at �358.4 ppm with respect to
CH3NO2, 0 ppm).

Porosity Determination. The effective porosity and the connection
size distribution of each sample were determined by mercury intrusion
porosimetry using a Micromeritics Autopore IV 9500 porosimeter. The
reported average connection size corresponded to the median pore
diameter by volume.

Specific Surface Area and Mesoporosity Determination. The spe-
cific surface area was determined by N2 adsorption measurements
performed on a Micromeritics ASAP 2010. The collected data were
subjected to the Brunauer, Emmett, and Teller (BET) method.42

Electron Microscopy Investigations. The morphology of the mono-
liths was observed by scanning electron microscopy (SEM) in a Hitachi
TM-1000microscope. Micrographs were taken at several magnifications
between �1000 and �10 000. Pieces of the polyHIPEs (sections of
about 0.5 cm2) cut from the corresponding monoliths were mounted on
a carbon tab, which ensured a good conductivity. A thin layer of gold was
sputtered on the polyHIPE fragments prior to analysis. An average cell
diameter was estimated for some samples from the SEM micrographs
after image processing with Scion Image freeware (Scion Corp.,
Frederick, MA). The mean and the standard deviation were drawn by
manual measurements of diameters from a population of at least 50 cells.
To obtain a better estimation of the real cell diameter, a statistical
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correction was introduced by multiplying the observed average value by
a factor K = 2/(31/2).23

Mechanical Analysis.Compression tests were carried out by the Pôle
Europ�een de Plasturgie (Oyonnax, France) at room temperature on a
Zwick 1455 dynamometer with a loading cell of 200 N. Cylindrical
samples (diameter = 8 mm, thickness = 10 mm) were compressed at a
constant rate (1 mm min�1) on their flat surfaces. The mean value and
the standard deviation of the Young modulus Ewere calculated from the
data obtained for five samples of the same composition.
Thermogravimetric Analysis (TGA). Weight loss studies of the

monoliths were performed on a Netzsch STA 409 under N56 argon
atmosphere. The heating rate was 10 �C min�1, and the temperature
ranged from 25 to 1000 �C.
Elemental Analysis. Elemental analyses were performed by the

Service Central d’Analyses (Vernaison, France).

’RESULTS AND DISCUSSION

Since VT was much more soluble in water than in hydro-
carbons, the emulsion to be prepared was of the oil-in-water type.
Therefore, the cross-linking agent had to be soluble in water. The
commercially available N,N0-methylenebis(acrylamide) (MBA)
was selected as a suitable agent.

In order to facilitate the reading, a labeling code was estab-
lished for each sample prepared in this work: the first character of
a sample name indicates its status: E for HIPE and P for
polyHIPE. The following numbers indicate the nature of the sur-
factant used; VT is for 1-vinyl-1,2,4-triazole. Finally, the last digit
is for samples classification. For example, E34VT1 is the first
HIPE prepared with a mixture of T3 and T4 surfactants.
Study of the Bulk Copolymerization of VT with MBA. As a

first approach, it was necessary to verify the bulk radical copoly-
merization ability of VT and MBA. Radical copolymerization of
the mixture of VT withMBA (molar fraction 3%) was conducted
in the bulk at 60 �Cusing potassium persulfate as the initiator. An
insoluble polymer was obtained with a satisfactory yield (76%).
Formulation of a Stable VT-MBA Oil-in-Water HIPE and

PolyHIPE Preparation. Since both monomers were water-
soluble, the dispersed phase of the direct concentrated emulsion
had to be a hydrocarbon such as dodecane. The choice of the
surfactant was crucial for the formation and stability of the
emulsion. Several nonionic surfactants with aHLB value between
15 and 20 (generally employed for direct emulsion fabrication)
were tested in order to obtain stable VT-MBA emulsions.
The various surfactants used were polyoxyethylene (20) sorbitan
monolaurate (Tween 20, T1), polyoxyethylene (20) sorbitan
monooleate (Tween 80, T2), polyoxyethylene (20) oleyl ether
(Brij 98, T3), and polyoxyethylene (40) nonylphenyl ether

(Igepal CO-890, T4). Preliminary experiments showed that
VT could not be emulsified in the bulk with a hydrocarbon, re-
gardless of the surfactant (among the above) used. Therefore, for
the remainder of the work, the continuous phase was an aqueous
solution of the comonomers (mass fraction ∼50%). The results
of the different formulations tested are reported in Table 1.
The stability of the emulsions was appreciated by visually

observing whether any creaming took place after 24 h at room
temperature. The use of only one surfactant gave encouraging
but insufficient results in terms of emulsion stability only for Brij
98 (E3VT) and Igepal CO-890 (E4VT). Finally, a mixture of T3
and T4 (50:50 wt %) gave emulsions with a good stability and
without creaming over a week of storage at room temperature.
Therefore, this mixture of surfactants was selected for the work
that followed.
Sample E34VT1 was heated to 50 �C for 24 h in order to

achieve radical polymerization. The obtained monolith (P34VT1)
was washed with water and then ethanol and finally dried at 60 �C
under vacuum for several days (yield = 85%).
Microstructure. SEM analysis revealed that the P34VT1

sample possessed the characteristic interconnected macroporous
structure of polyHIPEmaterials, that is, microsized spherical voids
corresponding of the internal phase droplets imprint intercon-
nected by small circular pores (or interconnections) (Figure 1).12

The total porosity of the polyHIPE materials, φtotal, can be
identified with the expected porosity, assuming the complete
removal of all the nonpolymerizable components of the emulsion
(dispersed phase, water, and surfactant) and in the absence of any
shrinking of the monolith during washing and drying. φtotal was
calculated with the assumption that all the constituents of the
emulsion had a density equal to that of water. φexp represents the
experimental porosity of the material as estimated by mercury
intrusion analysis.
In the case of sample P34VT1, the expected porosity was

φtotal = 82%, whereas the experimental value was φexp= 79%. The
difference observed may be due to the volume shrinkage of the
monolith during the washing and drying steps. The average
connection size estimated by mercury intrusion porosimetry was
2.6 μm, with a broad distribution.
Influence of the Emulsification Conditions. The previous

experiment was conducted using a vortex as the emulsification
system. This apparatus is limited tomilligram-scale emulsion pre-
paration. To prepare samples on amultigram scale, other types of
emulsifiers were required.
We have recently developed a laboratory-scale emulsifica-

tion system, called the “two-syringe” emulsification device, spe-
cially designed for the preparation of HIPEs.40 Two VT-MBA
concentrated emulsions with different internal phase ratio (φdisp)
were prepared using this technique (Table 2).

Table 1. Formulation of VT-MBA Emulsions Using Different
Surfactants

sample

surfactant

(HLB)

surfactant

(mg)

H2O

(mg)

dodecane

(g)

emulsion

stability

E1VT T1a (16.7) 80 200 1.6 þþ
E2VT T2b (15.0) 80 200 1.6 �
E3VT T3c (15.3) 80 200 1.6 þþ
E4VT T4d (17.8) 80 200 1.6 þþ
E34VT1 T3 þ T4 40 þ 40 200 1.6 þþþ

aT1 =Tween 20. bT2 =Tween 80. cT3 = Brij 98. dT4 = Igepal CO-890.
In all experiments, the VT (200 mg) and MBA (10 mg) amounts were
kept constant.

Figure 1. SEM micrographs of the P34VT1 monolith sample.
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The obtained corresponding HIPEs were put into PTFE
molds and heated at 60 �C for 24 h in order for them to poly-
merize. After solvent extraction and drying, the porosity of the
obtained monolith was estimated by mercury intrusion poro-
simetry (Table 3). In both cases, φexp was rather close to the
expected value φtotal.
SEM analysis revealed that samples possessed the character-

istic interconnected microcellular morphology of polyHIPE
materials (Figure 2 for P34VT3). The cell size distribution was
less broad than in the case of the vortex emulsification system.
Specific Surface Area. The specific surface area (BET) value

of sample P34VT3 was estimated to SBET = 3 m2 g�1. This value
was in accordance with those obtained for styrene/divinylben-
zene polyHIPE materials of similar structure.43

Thermal Analysis. The thermal degradation of the VT-MBA
polyHIPE monoliths was examined by TGA. Since these materi-
als were hygroscopic, the samples were dried under vacuum at
100 �C and stored in a desiccator before analysis. Figure 3 shows
the thermogram obtained for sample P34VT3 by heating under
argon from 40 to 600 �C. A mass fraction loss of 2%, attributed
to the removal of bound water, was observed around 100 �C,
followed by an important weight loss beginning around 340 �C.
The final weight loss at 600 �C corresponded to about 60%.
This behavior was in agreement with data reported for the poly
(1-vinyl-1,2,4-triazole) homopolymer.44,45

Preparation of Large-Size VT-MBA PolyHIPE Monoliths.
Large-size VT-MBA polyHIPE monoliths were prepared for CEA

specific applications. Sizes and characteristics of some of them are
reported in the following. Formulations of the employed HIPEs
are the same as used for previously. The amount of dispersed phase
(dodecane) and the corresponding expected internal phase ration
of the obtained emulsions are reported in Table 4.
Table 5 lists the shrinkage with regard to the diameter D,

length L, and total volume of the VT-MBA polyHIPEmonoliths.
According to this data, the shrinkage was rather limited and very
similar regardless of the amount of dodecane used for the emul-
sion preparation.
SEM analysis confirmed that the samples possessed the chara-

cteristic open microcellular structure of polyHIPE materials
(Figure 4 for sample P34VT4).
Porosity Analysis.Porosity characteristics and specific surface

area were determined for the different samples prepared. Data
are reported in Table 6.
Experimental porosities (φexp) of all samples were close to the

expected values (φtotal), confirming the low volume shrinkage of
the monoliths during the washing and drying steps. The average
voids and connections diameters are in the range of those of
already reported for “reverse” polyHIPEs materials31 and appear
to be independent of the total porosity of the sample. The
specific surface area values obtained are rather low and attest to
the nonporogenic behavior of water in that case.23,24

Voids are the solid imprint of the dispersed phase droplets of
the concentrated emulsion used as template. Therefore, their size
distribution reflects directly the droplets size distribution of the

Table 2. Preparation of VT-MBA HIPEs Using the “Two
Syringes” Emulsification Device

emulsiona dodecane (g) φdisp
b (%)

E34VT2 24 82.0

E34VT3 10 75.0
aContinuous phase composition: VT (6 g), MBA (0.3 g), K2S2O8 (0.3
g), T3 þ T4 (1.5 g þ 1.5 g), water (6 g). b Emulsion dispersed
phase ratio.

Table 3. Characteristics of VT-MBA PolyHIPEs Prepared
Using the “Two Syringes” Emulsification Device

polymer φtotal
a (%) φexp

b (%) av connection size (μm)

P34VT2 82 81 1.6

P34VT3 75 69 0.6
a Porosity expected from the volume fraction of dispersed phase in the
emulsion. b Experimental porosity estimated by mercury porosimetry.
c Estimated by mercury porosimetry.

Figure 2. SEM micrographs of the P34VT3 sample.

Figure 3. TGA analysis of sample P34VT3.

Table 4. Formulations of Large-Size VT-MBA HIPEs

emulsiona dodecane (g) φdisp
b (%)

P34VT4 40 84.1

P34VT5 60 87.7

P34VT6 80 90.0
aContinuous phase composition: VT (10 g), MBA (0.5 g), K2S2O8

(0.4 g), T3 þ T4 (2.4 g þ2.4 g), water (10 g). bEmulsion dispersed
phase ratio.



4883 dx.doi.org/10.1021/ma200861j |Macromolecules 2011, 44, 4879–4886

Macromolecules ARTICLE

original emulsion. Then, it is possible to calculated the uniformity
factor (U) using the following relations: d* = (∑nidi

4/∑nidi
3) and

U = (1/d*)� (∑|d*� di|� nidi
3/∑nidi

3), where ni is the number
of droplets of diameter di and d* is the median diameter (the
diameter for which the cumulative undersize volume fraction is
equal to 0.5).46 The U data reported in Table 6 indicate that the
voids distribution of VT-MBA polyHIPEs samples prepared are
close from the value generally accepted for a monodisperse
emulsion (U < 0.25).47

The ratio d/D provides information about the structure of the
emulsion before gelation.23 Results for large-size VT-MBA
samples are reported in Table 6, the relatively low values
obtained reflect the good stability of the emulsion and the rather
low porosity of the material prepared.
The interconnect distribution curves are similar for P34VT5

and P34VT6 samples and P34VT4 sample having a higher
average interconnect diameter (Figure 5). However, the average
connection sizes are quite similar (Table 6).
Compressive Strength Analysis. Stress�strain analysis in

compressionmode was conducted at room temperature for some
of the samples. In open-cell foams, the relative Young modulus
(foam modulus E*, divided by bulk material modulus Eb) can be
related to the square of the relative density (foam density d*,
divided by bulk density db) according to the relation E*/Eb =
C(d*/db)

2, C being a constant of proportionality. In the case of
open cell materials, the value of C is usually taken to 1.48 An
analysis of a nonporous bulk monolith of VT-MBA copolymer
gives values of around 1.34 g cm�3 for the bulk density (foam
wall density) and of 741 ( 23 MPa for the Young modulus. An
estimate of the foam density of the foams can therefore be
calculated for each monolith prepared. The corresponding values
are listed in Table 6 (foam density). These values can be
compared with those obtained frommercury intrusion/extrusion
data (apparent density) also reported in Table 6. A rather good
accordance between both approaches can be observed for all
samples.

The obtained compressive Young modulus values for VT-
MBA polyHIPEs are also reported in Table 6. These values
appears to be very high for polyHIPE materials, especially con-
sidering the expected cross-linking level which amounts to only
3.1%. As an example, a styrene/divinylbenzene (1:1 w/w)
polyHIPE prepared under similar conditions with 83% porosity
gave a compressive modulus of 25.0 MPa.40 However, these
values are very similar to those recently reported for polyHIPE
materials prepared using the closely related 1-vinyl-5-amino-
tetrazole.39

The unexpectedly high mechanical strength for the polyHIPE
materials prepared in this work with a rather low cross-linking

Table 5. Shrinking of Large-Size VT-MBA PolyHIPE Monoliths

polymer PT34VT4 PT34VT5 PT34VT6

PTFE mold’s internal dimensions (mm) D = 30, L = 50 D = 30, L = 50 D = 30, L = 50

monolith dimensions after washing and drying (mm) D = 26, L = 46 D = 26, L = 45 D = 26, L = 44

shrinkage of diameter (%) 13 13 13

shrinkage of length (%) 8 10 12

shrinkage of volume (%) 31 32 33

Figure 4. SEM micrographs of the P34VT4 sample.

Table 6. Porosity Characteristics and Stress�Strain Analysis
of VT-MBA PolyHIPE Monoliths

sample P34VT4 P34VT5 P34VT6

φtotal
a (%) 84.1 87.7 90.0

φexp
b (%) 78.2 ( 0.1 81.2 ( 0.1 86.9 ( 0.1

specific surface area (BET)

(m2 g�1)

3.10 ( 0.02 3.00 ( 0.03 2.90 ( 0.03

av connection sizec (μm): d 1.9 ( 0.1 1.8 ( 0.1 1.8 ( 0.1

av void sized (μm): D 6.2 ( 0.6 7.4 ( 0.6 7.5 ( 0.5

d/D 0.31 0.24 0.24

U factore 0.22 0.35 0.22

Young’s modulus (MPa) 54.8 ( 10.5 33.6 ( 6.6 20.9 ( 4.6

foam densitye (g mL�1) 0.36 0.28 0.22

apparent densityc (g mL�1) 0.29 0.22 0.14
a Porosity expected from the volume fraction of dispersed phase in the
emulsion. b Experimental porosity estimated by mercury porosimetry.
c Estimated by mercury porosimetry. d Estimated from SEM micro-
graphs. e See text for determination.

Figure 5. Interconnect pore size distribution of VT-MBA polyHIPE
materials.
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level could be explained by the specific properties of the principal
monomer used that formed high level hydrogen bonds with
water molecules. These bonds may generate strong interactions
between polymeric chains, increasing their mechanical strength.
In order to assess fully this hypothesis, we decided to conduct
an in-depth solid-state NMR analysis of a sample of VT-MBA
polyHIPE.
Structural Characterization by Solid-StateNMR. Solid-state

NMR is a powerful tool for structural determination of cross-
linked polymers. However, surprisingly, it appears to have been
scarcely used for polyHIPE analysis.24,49,50 We investigated the
chemical structure of the VT-MBA polyHIPEmonoliths byMAS
NMR spectroscopy (on sample P34VT4). In addition with the
more common 1H and 13C MAS NMR analysis, 15N MAS NMR
spectra were also recorded as previously reported for polyamide
and N-containing insoluble polymers.51�53 Experimental results
displayed in Figure 6 were in complete agreement with the
expected structure: (i) 13C NMR spectra displayed the two
signals assigned to the quaternary carbons belonging to the
triazole ring (150.7 and 143.1 ppm), two lines for methylene
(52.5 ppm) and methine (38.1 ppm) aliphatic carbons of the
main chain, and a well-defined small peak at 173 ppm attributed
to the carbonyl groups from MBA. The corresponding integra-
tion represented roughly 4% of the integration of triazole ring
carbons. Although it does not represent a quantitative measure of
the cross-linking level, this value reveals an efficient integration of
MBA in the structure. (ii) In the 15N NMR spectra, we observed
the three nitrogen atoms from the triazole ring (�94, �131,
and �159 ppm). The use of the adiabatic sequence for the CP
transfer enabled the detection of the small contribution from
MBA (�254 ppm). The entire MAS 1H NMR spectrum ac-
quired after a standard 90� (not shown) contained three con-
tributions: a background resulting from the probe signal, a MAS
modulated spectrum composed of wide lines (central band
and spinning sidebands), with narrower peaks only on the
central band.
The central part of the 1H NMR spectrum recorded by the

CPMG pulse train filter is presented in Figure 7. It contains two
very narrow peaks at 0.9, 1, and 3.5 ppm and two broader ones at
8.1 and 4.4 ppm. The corresponding T2 relaxation times mea-
sured with the 2D CPMG experiment are also given in Figure 7.

The broad component at 4.4 ppm was assigned to water and
most of the narrow lines to free ethanol, since this solvent was
utilized in the process. The assignment was confirmed by
recording spectra under the same experimental conditions
but after addition of a small quantity of water and ethanol to
the sample.
The CPMG experiment was performed two times for quanti-

tative analysis: with a number of cycles n = 2 (that corresponds to
a total relaxation delay of 0.53 ms) tomeasure the intensity of the
broad components and n = 4 for the narrower components
(twice the relaxation delay). The different components in the
proton spectrum were resolved by deconvolution, and the deter-
mined amplitudes were thus corrected according to their respec-
tive T2 relaxation time to account for signal loss during the total
relaxation delay.
Finally, these values together with the integrations of the entire

spectrum and of the probe signal contribution determined
independently were used for quantitative analysis. The calcula-
tion yielded a water mass fraction of 9% and only a small ethanol
mass contribution close to 0.2%. To ascertain this result, TGA
measurements were performed on the same sample without any
prior thermal treatment. A mass loss of 9% was also observed
around 100 �C on the thermogram, confirming the highly hygro-
scopic nature of the compound.
An examination of the NMR spectral line characteristics

provided information on the dynamics and localization of water.
First, the rather short T2 value was compatible with bonded
water. Second, it should be noticed that this line and the other
broad line at 8.1 ppm, corresponding to triazole protons, demo-
nstrated similar T2 relaxation times. This similarity suggests that
both molecular entities experienced the same dynamics. More-
over, the corrected integrations were almost identical indicating
that, on average, one water molecule was associated with one
triazole, with both groups bearing two protons. A comparison of
the entire spectrum integration demonstrated that about 50% of
the triazole groups were linked to water molecules. This result

Figure 6. 13C ramp- and 15N adiabatic-CP/MAS NMR spectra ob-
tained at MAS frequencies of 6 and 15 kHz, respectively. SB stands for
spinning sideband.

Figure 7. 1HMASNMR spectrum obtained at 15 kHz with the CPMG
sequence (with n = 2) and calculated spectrum. T2 relaxation times of
each line measured by the 2D CPMG sequence are also given in ms.
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is actually consistent with the substantial solubility of poly(1-
vinyl-1,2,4-triazole) in water,1 which has been attributed to
the hydrogen bond formation with the basic nitrogen atoms of
pyridine type.46

’CONCLUSIONS

This article describes the preparation of polyHIPE materials
based on 1-vinyl-1,2,4-triazole copolymerized with N,N0-meth-
ylenebis(acrylamide) as the cross-linker that are among the only
few heterocycle-containing polyHIPEs described. The obtained
monoliths presented the expected open-cell morphology and
exhibited an unusually high mechanical strength to compression
for nonreinforced polyHIPE materials. For example, a VT-MBA
polyHIPE with an experimental porosity of about 87%, an
average connection size of 1.8 μm, and an average cell size of
6.5( 0.5 μm possessed a compressive Young’s modulus of∼21
MPa. A comprehensive high-resolution solid-state NMR study
has been conducted on these materials that comfort the existence
of water association between polytriazole chains. This kind of
material is susceptible to being used in various applications such
as reactive hyperporous polymers in catalyst supports or in green
chemistry applications.
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