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Abstract

The determination of porous structure of fragile materials from classical methods such as mercury porosimetry and nitrogen adsorption–
desorption methods is often delicate and can be source of false structure interpretation. The thermoporometry is an alternative method,
sometimes the unique method, allowing a better characterization of porous fragile and soft materials and hydrogels.

In this paper we report on the use of thermoporometry as a technique allowing the determination of pore size distribution in mesoporous
materials. First, the reliability of the technique was tested on rigid mesoporous silica with known pore size distribution. The expected pore
radius distribution curve was obtained. Thereafter, the technique was applied to characterize the mesoporous structure of poly(N-(2-
hydroxypropyl) methacrylamide) (PHPMA) gels swollen in aqueous medium. The pore size distributions determined were compared to
those obtained from nitrogen physisorption isotherms.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polymeric porous materials are systems of great interest
in many industrial applications including biomedical, phar-
maceutical, super-absorbents and membranes. Their use is
in constant progress as demonstrated by numerous
published papers in this field.

The performances and the capacity of these systems to
absorb a liquid are directly related to their mesoporous
structure and their high specific surface area. These proper-
ties are usually suited for medical applications. Hydrogels
are polymer networks that can swell in hydrophilic solvents
or biological fluids. Their beneficial properties such as
biocompatibility and low mechanical irritation [1] make
them good candidates for applications such as controlled-
release pharmaceuticals and surgical implants [2].

Various techniques were used to characterize the porous
structure of these materials. Some of the widely used meth-
ods are mercury porosimetry and the nitrogen adsorption–
desorption equilibrium using the Barrett–Joyner–Halenda
method (BJH). However, these techniques require a dry
sample and thus are inadequate for hydrogels. Desiccation
of the hydrogels that are fragile and soft may, indeed, induce

dramatic modifications on the material morphology and its
pore size distribution. The determination of porosity by
means of these techniques may be, in these cases, inap-
propriate and the obtained results do not reflect the actual
structure of the gel under its use conditions. An alternative
method was suggested by Kuhn et al. [3]. The authors
reported that the dependence of the freezing point on the
size of microcrystals could provide a method for the deter-
mination of the ultrastructure of porous systems. Using this
concept, Defay et al. [4] established a theoretical back-
ground for the phase behavior (thermodynamic equilibrium
between gas, liquid and solid phases) of a liquid held inside
a porous material taking into account the effect of the curva-
ture of the interfaces between the three phases. In the clas-
sical treatment of thermodynamic equilibrium between two
phases such as liquid–gas or solid–liquid it is implicitly
supposed that the interface is infinitely flat (a mathematical
plane) and all the molecules have the same probability to
cross the interface from one phase to another. However, if
the interface is curved, the topological environment and the
ability of the molecules to diffuse from one phase to another
(to increase their entropy) is directly related to the local
curvature of the interface. The interfacial tension and the
difference in pressure across the interface have to be consid-
ered. This introduces a supplementary equation (Laplace
equation) on the classical Gibbs–Duhem equations for the
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phase equilibrium. Laplace equation involves the principal
radii of the interface curvature and thus the knowledge of
the other thermodynamic parameters allows the determina-
tion of the curvature radius and the size of the pores in a
porous material. The principle of the method is based on the
lowering of the triple point temperature of a liquid filling a
porous material. The triple point temperature of these
systems depends on the solid–liquid and the liquid–gas
interfaces. Thus, the shift in equilibrium temperature of
the liquid–solid transformation allows the determination
of the pore size distribution, porous volume and the total
surface area of the structured material. Additionally, the
shape of the mesopores can be estimated from this technique
by comparing the corresponding crystallization and fusion
thermograms [5].

Since the studies of Brun et al. [6], this technique has
been successfully applied to a large number of porous mate-
rials: alumina [6], silica gel [7], resins [8,9], butyl rubber
[10], titania gels [11] and rubber grade carbon blacks [12].
However, despite the success obtained by thermoporometry,
to the best of our knowledge this technique has never been
applied to polymeric hydrogels. Technical consideration of
this method especially the freezing process has been
recently reviewed by Scherer [13].

This work complements former studies carried out by
Woerly et al. [14]. The authors studied the structure of
poly[N-(2-hydroxypropyl) methacrylamide] hydrogels
(PHPMA) by mercury porosimetry and scanning electron
microscopy. It was found that the PHPMA gel presents a
macrophase-separated structure. The bulk of the gel consti-
tutes a colloidal-type structure forming a three-dimensional
network of microspheres of 3–5mm in a loosely packed
contact. The limit of the pore system was represented by
the contiguity of the surface of the spheres, while the effec-
tive surface area of the hydrogel was found to be a function
of the mesopores present at the surface of the spheres. The
mercury porosimetry revealed that the largest fraction of the
total pore volume of the gel is occupied by pores of dimen-
sions 10–50mm in diameter.

In this work, the mesoporous structure of a PHPMA
hydrogel was probed by differential scanning calorimetry
(DSC). DSC was used to determine the solidification ther-
mogram of PHPMA hydrogel saturated by water. The pore
radius distribution curve was determined and compared to
the pore radius distribution obtained from the BJH treatment
of nitrogen physisorption isotherms at 77 K.

2. Theoretical background

As discussed in Section 1, the triple point temperature of
a solvent saturating a porous material depends on the pore
size of this material. A basic form of this dependence
consists of extending the Kelvin equation for capillary
condensation to liquid–solid transformation by considering
that the crystal induces a thermodynamic perturbation on

the phase equilibrium in the same fashion, as does a drop
of the same dimensions [4]. Under this condition, Kelvin
equation for liquid–solid transformation writes

ln�T=T0� � 2vlgls

RpDH0
�1�

This equation is also known in the following approximated
form:

DT
T0
� 2gls

DH0

vl

Rp
�2�

g ls, vl, DH0 andRp are the liquid–solid interfacial tension,
liquid phase molar volume, molar heat of liquid–solid tran-
sition and radius of the drop, respectively. The above simple
equations are obtained by considering thatg ls, vl andDH0

are constant in theDT interval.
Defay and Prigogine [4] obtained a rigorous relation for

the lowering of the triple point temperature. The authors
have developed a thermodynamic description of the lower-
ing of the equilibrium temperature between liquid, gas and
solid phases in porous media with curved interfaces. They
found that the triple point temperature was determined by
the curvature of two of the three interfaces. However, in the
case of a thermodynamic equilibrium that is only governed
by the liquid–solid interface, the treatment of Defay and
Prigogine reduces to Kelvin equation.

It is also important to point out that in the theory of Defay
and Prigogine, it is assumed that the phase transition energy
of a substance held inside a porous material does not change
during the transformation and remains equal to the phase
transition energy of the undivided liquid.

Later, Brun et al. [6], used the results of Defay and Prigo-
gine to work out a relation between the phase curvature and
the shift in triple point temperature by taking into account
the variation of the condensate phase transition energy in the
porous material. The theoretical treatment allows a quanti-
tative textural characterization of a porous medium through
thermal analysis of the liquid–solid transformation occur-
ring inside the medium.

The thermodynamic equilibrium between the phases of a
given substance is described by the classical Gibbs–Duhem
equation

Si dT 2 Vi dPi 1 ni dmi � 0 �3�
Si ; Vi ; ni andmi are entropy, volume, number of moles and
chemical potential of phasei; i designates gas (g), liquid (l)
or solid (s), respectively.

The interfacial tension,gij ; between the phasesi and j is
given by Laplace equation

Pj 2 Pi � gij ·kij �4�
where kij refers to the interface curvature betweeni–j
phases. In the case of a planar solid–gas interface, the
solid–gas curvature is equal to zero and Eqs. (3) and (4)
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applied to solid and liquid phases take the following form:

sl dT 2 vl dPl 1 dml � 0 �5�

ss dT 1 dms � 0 �6�

Ps 2 Pl � gls·kls �7�
where si and vi stand for the molar entropy and molar
volume of the substance. At the triple point temperature,
the three phases of a pure substance are in equilibrium
and thus the three chemical potentials are equal. Combining
Eqs. (5)–(7) and taking into account the chemical potentials
equality, a relationT 2 kls allowing the description of the
effect of curvature on the triple point temperature is
obtained

DH dT 1 vlTd�glskls� � 0 �8�
where,DH � T�ss 2 sl� � TDs is the molar solidification
heat of the condensate. Eq. (8) shows that a unique relation
exists between temperature and the interface curvature
provided thatDH or Ds is known.

2.1. Relation between pore curvature radius and
temperature

Several mechanisms have been proposed to describe the
solidification process in a porous body. The most popular
ones include

(i) The nucleation by preexisting embryos: in this
mechanism, the solidification occurs from critical nuclei
that appear spontaneously and grow as the temperature
decreases.
(ii) The solidification by progressive penetration of the
solid phase: in this case, the solidification proceeds by
progressive penetration of the solid phase formed outside
the porous body.
(iii) The combination of the above two mechanisms.

Whichever the solidification process retained, the solid–
liquid interface is assumed spherical [6] and the interface
curvature,kij ; is given by�22=Rn�; Rn being the radius of the
solid phase. The pore radius,Rp, is then obtained by adding
to Rn a thickness,d, of the layer of the molecules that are not
affected by the solidification (molecules which are in inti-
mate contact with the pore walls). The thickness,d, evalu-
ated by Brun et al. [6] for alumina porous plugs–water
systems, was found to be of about 8 A˚ . Substituting the
value of the interface curvature into Eq. (8) and takingT0

as the normal triple point temperature, we obtainZT

T0

Ds
2vl

� �
dT � gls

�Rp 2 d� �9�

Eq. (9) allows the determination of the radius of pores for
each temperatureT provided that the variation ofDs, vl and
gls with temperature is known. It is worth noting that ifDs
and vl are not depending upon temperature, Eq. (9) is

equivalent to Eq. (1). This point will be discussed in more
details later.

2.2. Evaluation of the entropy of solidification

The solidification entropy of a solvent held in a porous
medium differs from the solidification entropy of the undi-
vided pure solvent. In fact, during solidification, the capil-
lary condensate temperature and the liquid phase pressure
differ from those of the bulk condensate and the phase trans-
formation involves rather a liquid–solid interface forma-
tion. Moreover, an additional contribution to the
solidification entropy is brought by the layerd.

The apparent solidification entropy is then given by [6]

Ds� �Ds�0 1
ZT

T0

Cs 2 Cl

T
dT 1 �P0 2 Ps�

× 2vs

2T

� �
P
2

2vl

2T

� �
P

� �
1

2vl

2T

� �
P
�Pl 2 Ps�2

2vl

Rn

dgls

dT
�10�

where,Cs andCl denote the molar heat capacity at constant
pressure of the solid and liquid phases, respectively.P0 is
the normal triple point pressure andPs the vapor pressure of
the undivided solid at temperatureT.

Brun et al. [6] have determined the value ofg ls from Eqs.
(9) and (10) applied to some porous materials with known
pore size distribution. The authors assumed thatg ls is a pore
size-independent function that varies linearly with tempera-
ture. The following numerical equation was found for water

gls �N=m� � �40:9 1 0:39DT�1023 �11�
Finally, inserting Eqs. (10) and (11) into Eq. (9), we obtain
the numerical expression of the variation of pore radius with
triple point temperature in a porous material saturated with
water

Rp �nm� � 2
64:67
DT

1 0:57 �12�

whereDT � T 2 T0 is the shift in the triple point tempera-
ture.

Let us now make some comments on the above derived
expressions. Eq. (9) combined with Eq. (10) removes the
assumption of the theory of Defay and Prigogine and allows,
in principle, the determination of pore size of a porous
material by taking into account the variation of enthalpy
(or entropy) with temperature and with the curvature of
the interface. The variation with temperature is given by
the integral and the partial derivative terms in Eq. (10).
The last term along with the relation between enthalpy
and entropy (see Eq. (8)) reduces in fact to the classical
Kelvin equation (Eqs. (1) and (2)). For water liquid–solid
transformation, Eqs. (1) and (2) take the following numer-
ical expressions:

Rp �nm� � 0:251 0:0023DT
ln�T0=T� �13�
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Rp �nm� � 2273:15
0:25
DT

1 0:0023
� �

�14�

obtained with the following standard values [4,6]:T0 �
273:15 K; DH0 � 26012 J=mol; and gls �N=m� �
�40:9 1 0:39DT�1023

:

The predictions of the above Kelvin equations for the
variation of pore radius with temperature are compared
with those of the general equation (Eq. (12)) in Fig. 1.
First note that the pore sizes calculated from Eqs. (13) and
(14) are almost identical. In fact, asDT is small, ln�T=T0� is
well approximated by�DT=T0�: The curves are however
different from that predicted by Eq. (12). Clearly, the
correction introduced by Eq. (12) is only pertinent for
uDTu higher than 208C. Up to uDTu < 208C; the predictions
of Kelvin equation differ only slightly from the general
equation predictions that take into account the variation of
entropy with temperature. For highDT, Kelvin equation
underestimates the pore radius. A 300% divergence could
be obtained atuDTu � 608C:

2.3. Equation of the pore radius distribution curve

To determine the pore radius curve distribution, an esti-
mate of the energy of solidification is needed. The theore-
tical energy of solidification is given by

Wth � TDs �15�
which can be written in the following approximated form
for slight variations ofDs with temperature [6]:

Wth < TDs 1 2
dgls

dT
DT
gls

� �
�16�

As mentioned before, a layer of thicknessd does not

undergo phase transition, so that in a pore with a volume
Vth, only the volumeVa solidifies and the apparent energyWa

of solidification in the pore is then given by

Wa �Wth
Va

Vth
� TDs 1 2

dgls

dT
DT
gls

� �
Va

Vth
�17�

Knowing the values ofDs andg ls (Eqs. (10) and (11)), and
applying Eq. (16) to a capillary front of any length gives the
following numerical expression for the apparent energy of
solidification of water

Wa �J=g� � 25:56× 1022DT2 2 7:43DT 2 332 �18�
In practice, the heat (Y) recorded by the calorimeter during
the experiment is proportional to the amount of energy
involved. Therefore, the volume dV of the pores where the
phase transition has occurred is given by

dV � k
Y

Wa
d�DT� �19�

wherek is a factor that depends on the rate of cooling and
the weight of the sample. Differentiating Eq. (12) and
combining with Eq. (19) gives the distribution curve

DV
DRp

� k
64:67

DT2

Wa
Y �20�

To sum up, Eqs. (12) and (20) allow the calculation of pore
size and pore size distribution of a porous material filled
with water from the DSC signal corresponding to solidifica-
tion of water. The use of other solvents is possible but this
would require preliminary experiments on materials with
known pore size to determine the correspondinggls:
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3. Experimental

Hydrogels were prepared fromN-(2-hydroxypropyl)-
methacrylamide (HPMA) by heterophase separation using
radical polymerization with a divinyl crosslinking agent.
The procedure of synthesis was described elsewhere [14].

The hydrogels used for this study are opaque and the
water fraction represents 96% of the swollen weight of the
hydrogel [14]. Rheological measurements conducted on a
swollen gel exhibited a solid-like behavior characterized by
a constant elastic modulus (,200 Pa at 378C) within the
frequency range studied.

DSC measurements:The shift in freezing and melting
temperature of water held in mesoporous material was
determined by DSC measurements. The DSC apparatus
was a Perkin–Elmer DSC7 differential scanning calorimeter
equipped with a liquid nitrogen-cooling accessory and cali-
brated with indium. The sample of about 10–20 mg was put
in a sealable aluminum pan and one drop of the solvent was
added to maintain the sample in an excess of solvent. Care
was taken to avoid the undercooling effect by using the
following procedure: the sample was first cooled below
the freezing temperature of the pure liquid to2608C and
then heated up and kept isothermally 0.38C below the
normal freezing temperature for 10 min. Thereafter, the
pan was cooled down to2608C at a rate of 0.28C/min,
which is slow enough to maintain the thermodynamic equi-
librium. From DSC thermograms and Eqs. (12) and (20), the
pore radius distribution curves were obtained.

N2 physisorption isotherms:Pore radius distribution of
the PHPMA hydrogel was calculated from N2

adsorption/desorptionisotherms at 77 K using a Quanta-
chrome Autosorb 1 instrument. The samples were freeze-
dried and powdered and then outgassed at 1508C overnight
prior to use. The gel at this temperature is thermally stable
as was verified by previous thermogravimetric studies. The
pore size distribution curve was determined from the deso-
rption isotherm using the model proposed by Barrett, Joyner
and Halenda (BJH). Using this technique, mesopore size
estimations are obtained from

Rp 2 e � �A� � 22gVm

RT ln�P0=P� �21�

where g (is the surface tension of nitrogen at its boiling
point,Vm, the molar volume of liquid nitrogen,T, the boiling
point of nitrogen and�P=P0� relative pressure of nitrogen.Rp

is the pore radius ande, the thickness of the adsorbed layer
remaining on the walls when desorption occurs. The thick-
ness,e, was estimated from a standard curve established by
De Boer [15] for silica.

4. Results and discussion

To evaluate the efficiency of the thermoporometry
method, experiments were first conducted on a mesoporous
silica molecular sieve saturated with water. This material
was synthesized in acidic medium using the templating
effect of the micellar association with a surfactant, to orga-
nize the polymerization of silicate species in acidic condi-
tions (pH 1–1.5) [16,17]. In this particular case a crown
ether derived surfactant was used [18]. Fig. 2 shows a typi-
cal example of the recorded thermograms. Both melting and
solidification thermograms are represented. Due to the
procedure described in Section 3, the observed temperature
peak was only due to crystallization of water inside the
silica mesopores. A temperature peak at258C was detected
for the kind of water used in this study. On the melting
curve, two peaks were detected. A temperature peak corre-
sponding to fusion of “bulk” water at about 48C and a peak
at218C for fusion of water inside mesopores. Graham et al.
[19] and Kloetstra et al. [20] reported similar phase transi-
tion temperatures.

The hysteresis observed between fusion and solidification
curves of water inside mesopores was attributed by Brun et
al. [6] to the shape of the pores. Indeed, they argued that the
solidification and melting thermograms superimpose only in
the case where the porous structure is of spherical symme-
try. From the difference in melting and freezing tempera-
tures it is then possible to define an empirical shape factor of
the pore that characterizes the deviation from sphericity [6].

The average pore radius of the mesoporous silica material
obtained from Eqs. (13) and (14) are 12.9 and 14.3 nm,
respectively. From Eq. (12), an average pore radius of
13 nm was obtained, value which is in good agreement
with the value obtained from Eqs. (13) and (14). The
obtained agreement could be explained by the slight
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variation of the solidification energy with temperature and
by the pore size range where the three equations yield simi-
lar results as shown in Fig. 1. In the case whereDs varies
slightly with temperature, Eq. (9) reduces to Eq. (1) (without
d) as previously discussed and as shown in Fig. 1. Generally,
a porous body with a monodisperse distribution of pore
radius and a slight variation with temperature of phase tran-
sition energy can be treated by a simple Kelvin equation to
estimate the average pore radius.

The comparison between BJH results and thermo-
porometry is shown in Fig. 3. The two techniques
give a maximum pore radius at about 10 and 13 nm,
respectively. The slight divergence can be attributed to
the different assumptions of the theories used for the
two techniques and to the different conditions of analy-
sis. In fact, the silica samples used for both methods are
in different states: the adsorption–desorption sample

was dried and pretreated at 5508C, whereas the thermo-
porometry sample was immersed in an excess of water
for 1 week. In order to verify if the prolonged contact
with water had changed the structure of the mesoporous
silica sample, adsorption–desorption measurements were
repeated on another sample from the same batch as the
one used for thermoporometry and hydrated in excess of
water for 1 week. The results did not show any appreci-
able difference between the two adsorption–desorption
distribution curves.

Taking into account the difference in the physical
processes involved and the different assumptions in theore-
tical backgrounds for the two techniques (BJH and thermo-
porometry) and the fact that BJH method is known to
underestimate the pore size [21], the 30% difference in
pore radius measured by the two techniques is considered
acceptable.

The two techniques were then applied to the PHPMA
hydrogel.
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4.1. Thermoporometry analysis

The solidification thermograms recorded for PHPMA
hydrogel saturated with water are given in Fig. 4. In this
figure we have represented two thermograms obtained on
two hydrogel samples (sample 1 and 2). The solidification
peaks at about 08C was attributed to the freezing of the
excess bulk water. Temperature peaks corresponding to
solidification of water inside the mesopores are detected
between215 and258C. The mesopore size calculations
were made from these latter exothermal peaks.

From the solidification thermogram, pore radius distribu-
tion curve was determined. The typical pore radius distribu-
tion curve for PHPMA hydrogel saturated by water is
illustrated in Fig. 5. Three peaks were obtained from the
thermogram of sample 1. The pore size ranges from 7 to
11 nm. Sample 2 gave another pore radius distribution
curve. Only one peak was observed and a very narrow distri-
bution was obtained. The average pore radius is of about
5.7 nm, lower than the values found on sample 1. Samples 1
and 2 originate from the same hydrogel (sample 1 from the
middle of the hydrogel slice and sample 2 from the edge).
The difference between the pore radius values could be

attributed to the relative fragility and the structural hetero-
geneity of this kind of materials. In fact some factors can
affect dramatically the network structure and thus can intro-
duce large errors in the experimental results. Some of them
are intrinsic to the material and others are experimental:

(i) Heterogeneity of structure: the heterogeneous struc-
ture of the hydrogel can lead to different behaviors
depending on the place from which the analyzed sample
originates.
(ii) The cutting of the sample: to run the thermoporometry
experiments a small piece of PHPMA hydrogel was cut
and then introduced in the DSC capsule. The procedure of
the sample cutting could disorganize the mesoporous
structure at least in the zone of cutting. This procedure
is done manually and it was not possible to cut the
samples in the same way from one experiment to another.
(iii) Compression effect: during sealing of the pan, the
cover slightly compresses the sample, and consequently,
relatively changes its structure. Previous studies have
shown, in fact, that these materials are very sensitive to
compression as demonstrated by rheological characteri-
zations performed on these samples with different gaps
(different amplitudes of compression) [14].

All these parameters should be responsible of the major
sources of variability between the studied samples. Never-
theless, the measured mesopore sizes of the PHPMA hydro-
gel vary in the interval 5–11 nm. The pore radius was also
determined by Kelvin equation (Table 1). As expected, the
results are in close agreement to those obtained from Eq.
(12).

4.2. Adsorption–desorption pore radius distribution

The BJH pore radius distribution curve of the hydrogel

M. Iza et al. / Polymer 41 (2000) 5885–5893 5891

Table 1
Pore radius (nm) obtained from thermoporometry and Eqs. (12)–(14) for
PHPMA hydrogel

Temperature peak (8C) Rp (thermoporometry)
corresponding to the
different peaks of Fig. 5
(Eq. (12))

Eq. (13) Eq. (14)

26.4 10.7 9.9 10
28.7 8.0 7.1 7.2
29.1 7.7 6.7 6.9
212.5 5.7 4.7 4.8
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Fig. 6. BJH pore radius distribution curve for PHPMA hydrogels sample 1.



sample 1 is given in Fig. 6. Several peaks are observed. The
corresponding average pore radii are between 1.5 and 5 nm.
The obtained results are different from those obtained by
thermoporometry. BJH experiments gave smaller porous
volume and pore radii.

Techniques based on nitrogen physisorption equilibrium
require that the sample be thoroughly dried before the
experiments. The severity of this pretreatment is likely to
be a source of structural damage when the sample is soft and
fragile. The freeze-drying process used in this work reduces
the specific surface area and may leave traces of adsorbed
water so that the surface area values obtained from BET
experiments are not representative of the surface in the
wet gel. The smaller values of the BJH pore radii suggest
that drying also reduces the pore size. It should be stressed
that in all samples tested, the values of pore radius obtained
by the BJH method are always smaller than those measured
by thermoporometry. This is in particular true for the meso-
porous silica sample (Fig. 3). Such a result is in line with the
conclusions of Ravikovitch et al. [21] who found that the
BJH model underestimates the average pore size in MCM-
41 mesoporous materials. In addition, the nitrogen physi-
sorption isotherms techniques are limited in the range of
pore size which can be measured and do not yield precise
estimates of pore radii higher than some tens of nanometers.
It is also significant that with the two types of methods used
in this work, the pore volume estimates were very different.
The significantly lower values obtained with N2 physisorp-
tion suggest that the drying pretreatment induces a collapse
of the pore structure, whereas in thermoporometry the
sample is swollen by the solvent during measurement and
all pores remain open.

Although the thermoporometry technique for hydrogels
presents some advantage in comparison to other methods,
some factors can affect its reliability. The mains ones are
summarized below.

The equation governing the thermoporometry was
obtained by using some approximations, which are only
valid for small enoughDT. Moreover, thermoporometry
concept does not take into account the effect of stresses
exerted on the pore wall by ice when it penetrates into the
network. These stresses may introduce a supplementary
pressure that can modify the thermodynamic equilibrium
and may also cause sample damage [13]. Indeed, the crystal
inside the mesopore can grow by pushing the neighboring
pores inducing thus a disorganization of porous structure.

The solidification process retained in thermoporometry is
either the progressive penetration of front crystal or the
heterogeneous nucleation. If the first mentioned process is
predominant, thermoporometry provides a measure of the
pore-neck size rather than pore radius, so that the pore size
is falsely interpreted. Moreover, the front is supposed to be
spherical, which is a rough approximation especially for
small pores. For these reasons, some precautions should
be taken in the interpretation of the results obtained from
this technique. Nevertheless and even if the results have to

be considered carefully, thermoporometry remains the most
reliable method for studying the mesoporous fragile struc-
tures, in their working conditions.

5. Concluding remarks

This study has revealed the big difficulty in analyzing the
structure of soft and fragile materials like hydrogels. The
original structure of this kind of materials may undergo a
structural modification if particular precautions are not
taken. Our studies have demonstrated the usefulness of ther-
moporometry in probing the structure of soft gels in aqueous
solvent. In contrast to the classical techniques (like BJH that
underestimates the pore size), thermoporometry allows the
determination of the porous dimensions in the presence of a
solvent that swells the material. As the mesoporous struc-
ture of these materials changes with the swelling, thermo-
porometry provides a unique method for the porous
characterization of the hydrogels.

It was also demonstrated that for small variations of
temperature (small shift in freezing point with curvature),
Kelvin equation for capillary condensation could be
extended to solid–liquid transformation to provide an
acceptable estimation for the pore radius of porous materi-
als. For large variations in temperature, correction terms
that take into account the variation of entropy and interfacial
tension with temperature should be considered.
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