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Abstract Thermoporometry is a relatively new method
of characterising porous properties of nanostructured
materials based on observation of solid-liquid phase tran-
sitions of materials confined in pores. It provides several
advantages over the conventional characterisation methods,
mercury porosimetry and gas sorption. The advantages
include possibility of using short measurement times, non-
toxic chemicals and wet samples. In addition, complicated
sample preparation and specialised instruments are not
required. Therefore, it has a great potential of becoming a
widely utilised characterisation method, although its
potential has not yet been widely realised. In recent years,
there has been a significant increase in research activities
regarding the method. In the second part of the review,
results and conclusions of the recent studies about ther-
moporometry are surveyed and discussed focusing on the
application of thermoporometry in extracting various
structural information from the porous materials.
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Introduction

Thermoporometry (TPM) is a calorimetric method of
characterising properties of mesoporous materials and it is
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based on observation of solid-liquid phase transition in the
pores. It has several advantages over the conventional
characterisation methods such as short measurement times,
non toxicity of the chemicals use, and usage of a common
measurement instrument: differential scanning calorimeter
(DSO).

In the first part of the review, thermoporometry was
introduced and related results on the confinement effects
on materials and solid-liquid phase transition were
reviewed [1]. In the second part, the application of ther-
moporometry to obtain pore size distribution (PSD) and
various information about the pore structure are reviewed
and discussed.

Calculations
Pore size dependency of melting point depression

Usually, in thermoporometry, AT is assumed to depend on
the pore size according to Gibbs—Thomson equation
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where AT is the melting point depression, T is the bulk
melting temperature, y;s is the surface tension of liquid
solid interface, p is the density, 4 is the specific enthalpy of
melting, and dA/dV is the curvature of the solid liquid
interface which is 1/r for cylinder and 2/r for sphere, where
r is the radius of the curvature. K is defined as K = y;; To/
pAh. This is slightly different approach from the method
originally used by Brun et al. [2] in their influential article
in which they derived their equations from Gibbs—Duhem
equation. Instead of proceeding to the form of Eq. 1 they
used equation
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where AS is the specific entropy change of solidification
and v is the specific volume. They calculated AS using
experimental values and were able to perform the inte-
gration in Eq. 2 without an assumption of temperature
independence of AS/v as in Eq. 1. Value of y); was deter-
mined using Eq. 2 and a set of samples whose pore size
was measured with GS and MIP. Their result for water was
rp = —64.67/AT + 0.57, (where r is in nm and 7 in K).
The method used by Brun et al. is discussed in more detail
by Sun and Scherer [3].

Alternative methods to establish a relation between
melting/freezing and pore size based on evaluation of the
free energy of the system as a function of radius of the solid
core in pores have been developed by several authors
[4-7]. According to these theories melting of solid inside
the pores cannot happen at the equilibrium temperature due
to the energy barrier caused by decrease in the radius of the
solid core. It should be noted that Wallacher and Knorr
considered melting to take place at equilibrium temperature
owing to different pore geometry consideration [7]. These
theories predict that the freezing-melting hysteresis will be
decreased with decreasing pore sizes due to lowering of the
energy-barrier for melting. They also predict the existence
of the non-freezing d-layer between the pore walls and the
solid core and that its thickness (J) decreases with
decreasing temperature. These two predictions are in
qualitative agreement with observations [8—10]. The theory
by Petrov and Fur6 [6] was developed to arbitrarily shaped
pores, although, as stated by the authors, it has limitations
for very complex pore shapes. They calculated approxi-
mative melting and freezing point depressions ATy =
—K(A/V) and AT, = —K(0A/0V) for relatively large pores,
where A is the pore area and V is the pore volume. The
results resemble the Gibbs—Thomson equation (Eq. 1). As
stated earlier, the quantitative prediction for the melting
temperature of these theories is not very accurate.

Recent article by Morishige et al. [11] provided some
interesting results. In their study, they fabricated inverse
carbon replicas of mesoporous SBA-15, SBA-16 and
KIT-6 materials. In these inverse replicas the walls of the
original materials are the pores in the inverse replica and
vice versa. They also fabricated SBA-15, SBA-16, KIT-6
and MCM-41 materials with carbon modified surfaces.
These samples exhibited different pore wall curvatures:
positive (SBA-15, SBA-16 and MCM-41), nearly zero
(KIT-6 and its inverse replica) and negative (SBA-15 and
SBA-16 inverse replicas). Melting point depression was
observed in all materials, although, the Gibbs—Thomson
equation predicts melting point elevation for negative
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solid-liquid curvature. Therefore, the authors concluded
that the curvature of the solid-liquid interface does not
appreciably affect the melting behaviour of the confined
phase. They proposed that the melting point depression is
controlled by the ratio of surface area to pore volume,
although, the experimental evidence was not convincing
due to challenging determining the ratio from nitrogen
sorption measurements.

However, the measurements by Morishige et al. [11] do
not prove that the solid—liquid interface has a negative
curvature in the pores with negative curvature. It is pos-
sible that the ice crystals in the pores do not take the form
of the pore structure but form crystals with positive surface
curvature and the remaining water coexists in liquid state.
Their XRD analysis of freezing and melting of the pore
water does not reveal to what extent the pore water is
frozen in the samples. Therefore, it would be interesting to
measure the amount of solid material in the pores with
negative curvature, for example with DSC, to observe if all
the water in the pores with negative curvature is in solid
form (except for d-layer).

So far the lack of well established equation relating the
melting point depression to the pore size has deterred
thermoporometry from becoming a standard method in
determining porous properties. When Gibbs—Thomson
equation is used, the temperature dependencies on the
parameters in Eq. 1 should be known in the temperature
range of the experiment for accurate results. The true
values of these parameters such as surface tension, density
and specific enthalpy of melting are challenging if not
impossible to determine independently. Some studies have
used the bulk values extrapolated to lower temperatures
[2]. However, the confinement can have unpredictable
effects, e.g., on the crystal structure, and, therefore, results
might be inaccurate.

Since the correct values for Gibbs—Thomson equation
are not known, it is a common procedure to calibrate the
value of K in Eq. 1 by measuring the melting/freezing
point depression of liquid confined in porous materials with
known pore size. Surprisingly, it was found that the value
of K = 26.2 Knm in Eq. 1, calculated using the values for
bulk water at Tj, can be applied with a good accuracy for a
large temperature range for water in MCM-41 and SBA-15
(note that the definition of K here and in the paper by
Schreiber et al. [8] differs by factor of 2). It seems that the
temperature dependencies of the individual parameters in
K largely cancel each other [12-14].

It has been suggested that an empirical equation
Ty = aTy + blry,, where a and b are calibration constants
can be used for calibration [12, 13]. According to these
studies with substituted benzenes and linear alkanes, the
same constants a and b could be used within the same
family of liquids. Various other calibration curves have



Utilising thermoporometry to obtain new insights

825

also been suggested in the literature [8, 15-20]. The cali-
bration equations can be applied with a good accuracy
within the same type of porous materials.

Determination of the thickness of J-layer

Thickness of d-layer is of large importance in the usage of
thermoporometry. The value of J is needed in order to
calculate the radius of the pore ry, since the Eq. 1 describes
only the radius of the solid core in the pore r;
(rp = ry + 6). This is important when pores with radius of
a few nanometres are being measured. Furthermore, since
the J-layer does not participate in the phase transition,
calculating pore volume from the measured melting
enthalpy requires the value of ¢ as well.

There are several ways to measure J. In calorimetric
determination the melting enthalpy of melting/freezing in
confined material (AH) is measured. When the pore radius,
the specific melting enthalpy of the crystalline part Ahg and
the mass of confined material m are known, J can be cal-
culated from the equation

(19 o

Tp

where cylindrical pore geometry is assumed. The mass of
the confined material can be determined when the liquid is
added to the sample or it can be determined by drying of
the sample. This value might include the mass of the bulk if
the pores are overfilled. The mass of the bulk phase can be
calculated from its melting enthalpy and the value of
m corrected accordingly.

Another possibility is to determine ¢ from the melting
point depression of confined material using Gibbs—Thom-
son equation. Assuming that the curvature of the solid
liquid interface is hemispherical, the curvature of the solid—
liquid interface in Eq. 1 is dA/dV = 2/ry = 2/(ry—9),
where rg is the radius of the solid core in the pore. Con-
sequently Gibbs—Thomson equation becomes

2K
rp — 0

AT=T-T, = 4)

Typically Eq. 4 is used by plotting AT against r,, and
fitting Eq. 4 to the data points in order to avoid prior
knowledge of K.

In NMRC measurements the value of J can be deter-
mined directly from the signal of the liquid, when the solid
core has been formed in the centre of the pores. Therefore,
0 can be measured at any temperature below the pore
freezing temperature, and not only at pore melting or
freezing temperature as in the previous two methods.

An optimization method was developed by Ishikiriyama
et al. [20] in order to determine the value of K and &

simultaneously. In this method the values of K and 0 were
optimized until the PSD determined by TPM and GS were
as similar as possible. In essence this method is a calori-
metric method for determining 6 combined with the
determination of K and ¢ from Eq. 4.

Pore size distribution

When the relationship between the pore size and phase
transition temperature has been established and 0 is known,
the heat flow curve of melting or freezing can be trans-
formed into pore size distribution with simple steps.
Firstly, the baseline should be removed. Due to a change in
heat capacity during melting or freezing, a sigmoidal
baseline should be employed such as applied by Sun and
Scherer [3]. Secondly, the temperature axis is transformed
into pore size by the equation chosen, such as Eq. 4. Third
step is to transform the heat flow signal into differential
pore volume. This is performed using the following
equation:

dV, |dg dr d(AT) 1 o\
dr, |dtd(AT) dr, mAhp\r, —§

(5)

where dg/dt is the heat flow recorded by DSC, d#/d(AT) is
the inverse heating rate, m is the mass of the dry porous
material, p is the density of ice inside the pores, the last
term in the brackets is the correction term to account for
the o-layer, and z is the shape factor, which is 1 for slit, 2
for cylindrical and 3 for spherical pore geometry. The
Eq. 5 is derived from the equations presented by Landry
[18] and Ishikiriyama et al. [20]. For example, if Eq. 4 is
used to describe the relation between pore size and melting
point depression and the pore geometry is expected to be
cylindrical, Eq. 5 becomes

dv, |dg dr 2Dr;
dry  |dtd(AT)mARp (rp— 5)4

(6)

The temperature dependent values of Ak and should be
used if possible. For information related to the practical
aspects of the measurements the excellent paper by Landry
[18] is recommended.

Applications

Pore structure determinations

Evaluation of the pore structure including shape and con-
nectivity of the pores, and pore blocking is based on the
observation of the freezing-melting hysteresis. It is not a

straightforward process because the nature of the hysteresis
has not been well established. It also requires prior
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knowledge of the sample and is, therefore, most applicable
when comparing samples that have the same type of
structure.

Pore connectivity

The effect of the pore blocking on freezing and melting of
confined water was reported by Morishige et al. [21]. They
measured melting and freezing of water in the pores of
KIT-5, which consists of spherical cavities connected
through narrow necks. They concluded that when the neck
size was below the critical size, the freezing in the spher-
ical cavities took place by homogenous nucleation and a
narrow exothermic peak was observed at low temperatures
(AT = —41 K) in the DSC heat flow curves. The freezing
point of water in the narrow necks (~4 nm) was depressed
below the homogenous nucleation temperature. Therefore,
there was no ice present in the openings of the cavities to
provide nucleation centres and the homogenous nucleation
occurred at the homogenous nucleation temperature. The
homogenous nucleation temperature in the spherical cavi-
ties was 232 K and was independent of the cavity size in
the cavities between 10 and 17 nm in diameter. In the
samples with the neck size large enough for the water to
freeze above the homogenous nucleation temperature, the
freezing behaviour was drastically changed. In these sam-
ples, freezing was initiated by nucleation at the bulk ice
phase and proceeded by penetration of the ice phase
through the pore network. Consequently, a broader exo-
thermic peak associated with freezing was observed at
higher temperatures and its peak temperature was depen-
dent on the neck size. The melting temperature of ice in the
samples was independent of the neck size but was found to
depend on the size of the cavity (AT from —13 to —7 K).

Similar study on the pore blocking effects was con-
ducted by Khokhlov et al. [22] in which they studied
freezing and melting of nitrobenzene in PSi using NMRC.
The PSi sample consisted of parallel cylindrical pores that
were composed of two alternating sections with different
pore sizes. In contrast to the results by Morishige et al.,
they reported size dependency of homogenous nucleation
inside the pores. Nucleation occurred at 230 and 240 K in
the pores with sizes 7.5 and 10.4 nm, respectively, with
similar neck sizes of the narrow pores (~6 nm). The
authors hypothesise that the reason for the apparently
strong pore size dependency to the homogenous nucleation
temperature is the strains in the PSi associated with
freezing. The sample in which the homogenous nucleation
occurred at 240 K contained already over 10% of frozen
nitrobenzene. This amount of frozen nitrobenzene was in
the large pores which had openings on the surface and
could, therefore, nucleate from the solid outside the pores.
No significant amount of frozen pore liquid was present in
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the sample where the homogenous nucleation took place at
230 K. Freezing of organic liquid in the pores is known to
cause compression of the PSi lattice [23]. It has been also
shown that nucleation temperature follows the pressure
trend of melting; if melting point is elevated by applying
pressure, also the nucleation temperature is elevated [24,
25]. Possibly, the pressure, applied to the pore liquid by the
freezing of the pores connected to the surface, increased
the homogenous nucleation temperature.

Pore connectivity effects on the freezing and melting of
nitrobenzene in Vycor were studied by Kondrashova et al.
[26]. They applied temperature programs in which the
cooling or freezing scan was reversed upon incomplete
melting or freezing. They observed the phase transition
with NMR but similar study would be possible to conduct
with DSC as well. By scanning the melting and freezing
curves, they were able to reveal the complexity of the pore
structure. Enlightening example was the comparison of the
freezing in two samples with different histories. The
freezing behaviour differed dramatically between the
samples, even though; at an early point of the freezing scan
the temperature and the amount of frozen phase were
similar in both experiments. The difference between the
histories of the samples was that the sample (i) was first
completely frozen and then partially melted before the
freezing scan, whereas the sample (ii) was first only par-
tially frozen and then heated to the temperature close to the
pore melting point before the freezing scan. Freezing in the
sample (i) took place continuously right after the reversal
of the temperature. In contrary, freezing in the sample (ii)
was hindered until pore freezing temperatures (in which the
liquid in the pores freezes when cooling was begun from
completely liquid state). This behaviour was explained by
the fact that in the sample (ii) solid state existed as a
continuous phase and during cooling freezing took place by
penetration of the solid front further in the pore network in
similar way than it occurred when starting from completely
liquid state. However, the partial melting of the sample
(i) had caused the smallest pores in the pore network to
melt, leaving a large number of crystals scattered in the
pore network. These crystals can readily act as nucleating
centres for freezing and the pore blocking effect is partially
bypassed. Similar results about the different configurations
of solid in partially frozen and partially molten states have
been shown by NMR cryodiffusometry, where the diffu-
sion of liquid molecules can be seen as a measure of the
size of the liquid domains in the pores [27-29].

Pore shape
Pore shape has been evaluated from thermoporometry data

by determining a shape factor for the pores from the hys-
teresis between melting and freezing [2, 3, 30, 31]. This
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approach is rather problematic owing to the fact that the
nature of the hysteresis is not well established and there are
also other factors, such as pore blocking, affecting the
hysteresis.

The determination of pore shape was already proposed
by Brun et al. [2]. Their method was based on different
shapes of solid-liquid interface during freezing and melt-
ing. For cylindrical pores, the shape of the interface is
hemispherical during freezing, when solid front penetrates
the pores and during melting the shape is cylindrical
adopting the cylindrical shape of the pore. Therefore, by
following the Eq. 1, the melting point depression would be
AT,, = K/r, and freezing point depression ATy = 2 K/r,.
For spherical pores, the interface is spherical in both cases
and there would be no hysteresis. Therefore, the value of
AT /ATy is 1/2 and 1 for cylindrical and spherical pores,
respectively. This formulation was used by Sun and
Scherer [3], who developed a method to evaluate the shape
of the pores as a function of frozen fraction in the pores
which can be interpreted as a measure of the pore size. This
kind of interpretation of hysteresis has been challenged in
several studies [6, 21, 32, 33]. It is clear that this kind of
pore shape analysis is not valid for small pores, since the
hysteresis width decreases when the pore size decreases
even in well defined cylindrical pores (see discussion in the
first part of the review [1]). In addition, it is not applicable
if pore blocking causes considerable effects on freezing.
Pore blocking effects are most likely causing the values of
AT, /AT; to be under 1/2 in mortar samples of Sun and
Scherer [3].

Petrov and Furd [30] have used different kind of for-
malism to evaluate the pore shape. Based on their free
energy theory, described earlier, freezing in the pores takes
place at AT; = —K(A/V) and melting at AT, = —K(0A/
O0V). Therefore, the ratio AT, /AT = (0A/OV)(V/IA) is
dependent on the pore shape. For the simple geometries;
cylindrical and spherical, the values of AT, /AT; are 1/2
and 2/3, respectively, which is different than the values
according to Brun et al. [2]. It was stated by the authors
that their model is not valid for small pores and in materials
exhibiting pore blocking.

The authors have recently presented a report on the
specific use of freezing-melting hysteresis to evaluate pore
shape [34]. A unique freezing-melting hysteresis of water
confined in the pores of SBA-15 was found where freezing
produced a single narrow exothermic peak and melting
produced two endothermic peaks (Fig. 1). The peaks were
well reproducible when separate samples from the same
SBA-15 batch were measured, but proportional areas of the
peaks were found to be different for the different SBA-15
batches. However, similar hysteresis was not observed in
GS, in which the adsorption and desorption took place in
single steps. This kind of hysteresis had not been reported
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Fig. 1 Freezing and melting of water in the pores of Si-SBA-15
(solid line) and Al-SBA-15 (dashed line), showing bimodal melting
peaks associated with melting in u-shaped and straight pores [34]

Fig. 2 Schematic figure of a u-shaped pore and straight pore in
SBA-15

previously, but it was noted by Findenegg et al. [14] that
water in SBA-15 typically exhibits weak anomalous
broadening on the low temperature side of the melting peak
which cannot be explained by the PSD of the material.
Data acquired by Cides da Silva et al. [35] showed small
secondary peak which is noticeable on the high tempera-
ture side of the main peak.

The authors attributed this behaviour to two types of
pores in SBA-15, u-shaped and straight (Fig. 2) [36]. The
tortuosity of the u-shape is potentially causing defects in
the crystal structure of the water and, therefore, melting in
the u-shaped pores is initiated in the tortuous part at
slightly lower temperatures than in the straight parts. After
melting is initiated, it proceeds through the whole pore and,
therefore, the melting peak at lower temperature is not only
from the tortuous part but from all the pores including
u-shape. Freezing, on the other hand, is initiated at the bulk
ice outside the pores and takes place at the same temper-
ature in both types of pores. By measuring the melting
enthalpies associated with the two types of pores, the
fraction of pores containing the u-shapes can be calculated.
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SEM imaging supported the interpretation qualitatively.
The authors are not aware of any other method to perform
this kind of calculation.

Studies by Huber et al. and Henschel et al. showed that a
linear alkane (C19) exhibits reduced ordering in the tor-
tuous pores of Vycor compared with the straight pores of
PSi. Although, water is very different compared to a long
chain linear alkane, similar reducing of ordering can take
place also with water in the tortuous parts of SBA-15.

An additional implication of our interpretation of the
hysteresis in SBA-15 is that the melting of water in the
cylindrical, straight pores of SBA-15 does not take place at
equilibrium temperature. This is because melting in the
pores, including the tortuous parts, occurs at lower tem-
peratures than melting in the pores that do not include the
tortuous parts. Therefore, the equilibrium melting temper-
ature is closer to the temperature at which water in the
pores, including the tortuous parts, melts.

In conclusion of the pore structure determinations, the
authors can make the following observations. If a large
hysteresis between melting and freezing is observed (in the
presence of solid phase outside the pores), pore blocking
effects are evident. Moreover, if freezing occurs as a sharp
transition (~230 K for water) it is most likely due to
homogenous nucleation and the shape of the peak does not
represent PSD.

Pore shape analysis should be conducted only with rel-
atively large mesopores. In addition, the samples should
exhibit a considerable pore blocking effect. The pore
blocking effects should be suspected if the values of the
ratio AT,/AT; are smaller than 0.5.

It has been debated whether the freezing or melting
transition should be applied when determining the PSD [2,
12, 18, 37]. Similarly, the use of either adsorption or
desorption in GS has been argued [38]. Indeed, it has been
shown that melting-freezing hysteresis is very similar to
the adsorption—desorption hysteresis [39]. It is often con-
cluded that melting transition gives more realistic presen-
tation of the pore sizes in the sample because freezing is
prone to be delayed due to the pore blocking effects [14,
21, 26]. Therefore, in general, if the “neck size” of the
pores is of interest, then freezing should be employed but if
the size of the cavities inside the material is of interest, then
melting should be utilised. However, it should be noted that
neither freezing nor melting should be blindly used for
PSD calculations since melting can also exhibit anomalous
behaviour as was shown to occur with u-shaped pores of
SBA-15.

Studies on confined material

Thermoporometry is a method that can be used to probe the
properties of the porous material, however, similar
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measurements and methodology can also be used to
determine the properties of the material confined in the
pores. For example, it is possible to predict the bulk
melting points of polymorphs that are not formed under the
normal conditions [40]. This can be done by measuring the
melting point in various sizes of pores and extrapolating
the melting point to infinitely large pores.

In drug delivery applications, it is important to know the
amount of a crystalline drug in the sample. A crystalline
phase is in a low energy state which has a slow dissolution
rate compared to high energy disordered phase. Therefore,
by inducing amorphicity in the sample the dissolution rate
can be enhanced, which is desired for poorly soluble drugs.
Therefore, measuring the thickness of the disordered
o-layer provides significant information about the drug
loaded mesoporous material.

The authors used slightly modified version of the calo-
rimetric method to evaluate 0 [41]. The measured melting
enthalpy per mass of confined ibuprofen AH/m was plotted
versus pore radius for a series of ibuprofen loaded porous
silicon samples with various pore sizes. In order to deter-
mine the value of J, as well as Ahg for ibuprofen, the Eq. 3
was fitted to the data points (Fig. 3). The value of Ahg can
be used to give an implication if the crystal structure
remained unchanged due to the confinement. Moreover,
from the quality of the fit, the suitability of the model
geometry, crystalline core surrounded by oJ-layer, was
confirmed. Depending on the surface chemistry, the value
of & was between 1.2 and 2.0 nm and the value of Ahy was
found to be close to the bulk value.

1 Bulk ibuprofen
120
P
22 100
>
ke
= i
<
S 80
(o))
£ i
2 60 n AAPSi + ibuprofen
; o — — TOPSI + ibuprofen
1 % A - ---TCPSi+ ibuprofen
40 ’ I T I T I T I T I T I T I T I

5 10 15 20 25 30 35 40
Pore radius/nm

Fig. 3 Melting enthalpy of ibuprofen confined in the pores of porous
silicon with various pore sizes and surface chemistries. Lines are
fitted according to Eq. 3. The data points and fitted lines are grouped
according to the surface treatment: as-anodized PSi (squares and solid
line), thermally oxidised PSi (circles and dashed line), and thermally
carbonised PSi (triangles and dotted line) [41]
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It should be noted that in this method, the authors
assumed 0 to be independent of pore size and temperature,
which is not totally valid assumption [10]. Apparently, the
temperature dependency and the pore size dependency of §
partially cancelled each others. The melting enthalpy of the
ibuprofen in the samples was observed at different tem-
peratures in differently sized pores because of the pore size
dependent melting temperature. The value of § should be
larger in the samples with small pore size but melting in
these pores occurs at lower temperatures which decreases
the value of ¢. Therefore, the difference in 0 is not as large
at the pore melting points as it would be at a single
temperature.

Quality control

Thermoporometry is especially suitable for quality control.
When no detailed information on the PSD is required,
experiments can be conducted with relatively high heating
rates, reducing a measurement time. To demonstrate this,
the authors measured freezing and melting of water inside
two batches of SBA-15 with three samples from each batch
with cooling/heating rate of 5 K/min (Fig. 4). The pore
size was 0.26 nm larger in batch 2 than in batch 1
according to GS measurements. The differences in the
freezing and melting temperatures were easily observed
and the difference in the amount of the u-shaped pores was
visible as well. This kind of measurement can be per-
formed in approximately 10 min, which means a consid-
erable increase in the throughput of samples compared to
nitrogen sorption in which a measurement of one sample
takes hours. Moreover, modern DSC equipment often have

10+

Heat flow/Wg~! Endothermic
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T T
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Fig. 4 Freezing and melting of water in two different SBA-15
batches; batch 1 (solid lines) and batch 2 (dotted lines), with three
samples from each batch. The change in the freezing and melting
temperatures due to 0.26 nm difference in the pore diameter can be
observed

automatic sample changers which further increases the
throughput compared to other methods.

Conclusions

It has been shown that various information can be obtained
using thermoporometry. Information about pore size, pore
shape and pore structure can be obtained and with similar
measurements, it is possible to study properties of confined
materials themselves.

There are still many open questions in the theory of
thermoporometry such as in the nature of the melting-
freezing hysteresis, properties of the confined materials and
even the reason for the melting point depression of con-
fined fluids will certainly inspire numerous scientific pub-
lications. This should not, however, hinder researchers
from utilising the method routinely in their studies of
mesoporous materials. Similar lack in the knowledge exists
also in the theories behind gas sorption methods, yet they
are widely utilised.
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