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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 transitions 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 sam-

ple 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 first part of the review, we introduce ther-

moporometry and review related results of the confinement

effects on materials and their solid–liquid phase transition.
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Introduction

Nanostructured materials have attracted substantial interest

in many fields of science. Among the most interesting

nanostructured materials are mesoporous materials which

consist of voids, i.e. pores, ranging from 2 to 50 nm in

diameter [1]. The number of publications related to mes-

oporous materials has been steadily rising since 1990’s and

currently there are thousands of research articles being

published yearly (Fig. 1).

These materials have potential applications in various fields

such as catalysis [2, 3], separation [2], electronics [4] and

sensing [5, 6]. In recent years, emerging applications of

mesoporous materials in the fields of drug delivery and med-

ical diagnostics have been studied [7, 8]. It has been shown, for

example, that mesoporous materials can be used in the

delivery of peptides and poorly soluble drugs [9–11]. These

applications utilise the unique properties of these materials

such as large specific surface areas (up to 1,000 m2/g),

controllable pore size and homogenous structure [1, 12].

Ordered mesoporous silica and porous silicon (PSi) are

one of the most studied mesoporous materials. Ordered

mesoporous silica materials, such as MCM-41, SBA-15

and KIT-5, are bottom-up materials that exhibit well-

ordered structures which can be controlled during synthesis

[13–15]. Mesoporous silicon, on the other hand, is a top-

down material, which is produced by electrochemical

etching of a surface of silicon wafer, and exhibits various

controllable structures [12].

Due to increasing use of mesoporous materials there is

an increasing need for characterisation of mesoporous

materials. There are few methods available which are being

considered as standard methods of characterising the

properties of porous materials. Conventional methods, such

as mercury intrusion porosimetry (MIP) and gas sorption

(GS), are well established but have serious disadvantages.

MIP uses toxic mercury and GS is a low throughput

method, in which measurements can last for several hours.

Furthermore, GS cannot be applied for wet samples. Both

of these methods require specialised instruments and time

consuming sample preparation.
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During recent years there has been a significant devel-

opment in a method called thermoporometry (TPM) (or

thermoporosimetry). It is a calorimetric method of char-

acterising properties of mesoporous materials and it is

based on observation of solid–liquid phase transition in the

pores. These experiments can be performed in a short time

without extensive sample preparation. It is often the only

available method that can be used to characterise wet

samples. There is also no need for specialised instruments

since thermoporometry can be performed with a common

measurement instrument: differential scanning calorimeter

(DSC). In fact, there are numerous porosimeters in labo-

ratories around the world without their users realising it.

So far, thermoporometry is not being considered a

standard method of characterising porous materials. Per-

haps a great advantage of not needing any specialised

instrument for thermoporometry has actually hindered the

popularity of the method. Seemingly, commercial potential

of the method has not been recognised by the instrument

manufacturers and thus, it has lacked a serious promotion.

So far, it has been the user’s task to find the suitable

equations and build the code or spreadsheets for data

evaluation. We hope that this two-part review will make it

easier to understand and adapt the technique for those not

familiar with thermoporometry. Hopefully, we are also

able to bring new insights for those scientists who are

already familiar with the method.

Characterisation of mesoporous materials

Numerous methods have been developed to characterise

properties of mesoporous materials such as pore volume,

surface area and pore size. The most common character-

isation methods are GS, MIP and electron microscopy

(EM). TPM and nuclear magnetic cryoporometry (NMRC)

have experienced tremendous development in recent years,

making them an appealing alternative in characterisation of

mesoporous materials.

Imaging

Among the common characterisation methods, EM tech-

niques such as scanning electron microscopy (SEM) and

transmission electron microscopy (TEM), are the most

limited. It is impossible to calculate important parameters

such as pore volume and surface area using these tech-

niques. Although it is possible to obtain information about

the pore size, it is challenging to calculate a pore size

distribution (PSD) that would represent the whole sample.

However, EM methods are very useful in acquiring, usually

qualitative, knowledge of the pore morphology [16–18].

Mercury intrusion porosimetry

MIP is a well-established method which has been used for

70 years [19]. In these experiments, non wetting mercury is

forced into the pores by applying pressure and subse-

quently let out of the pores by decreasing the pressure.

Volume of mercury that has penetrated into the pores is

recorded as a function of the applied pressure and the pore

size distribution can be calculated using the Washburn

equation [19, 20]

p ¼ 2ccos hð Þ
rp

ð1Þ

where p is the pressure applied to mercury, c the surface

tension of mercury, rp the radius of the pore and h the

contact angle between mercury and the porous material.

One of the advantages of the method is that the relationship

between pore size and pressure is simple and the only

factor causing uncertainty in Eq. 1 is the value of the

contact angle which is not always known. Another

advantage is that a wide range of pores can be measured

ranging from mesopores to macropores (4 nm–300 lm)

[21]. It is especially used for samples exhibiting macrop-

orosity, such as paper [22], tablets [23] and cement [24]

that are difficult to measure using other methods.

Despite the evident benefits, MIP has several draw-

backs, making it less appealing for routine use, especially

due to toxicity of mercury. It is also susceptible to pore

network effects since mercury is intruded or extruded as a

continuous phase in and out of the pore network. There-

fore, all pores in the pore network cannot be independently

accessed by mercury. In addition, it is a destructive method

since part of the mercury is easily trapped in the pores after

Fig. 1 The number of published papers per year (search result of a

search phrase ‘mesoporous or nanoporous’ in ISI Web of Science)
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the experiment and the sample cannot be reused [25].

Furthermore, it is not suitable to characterise ‘soft’ or

fragile materials as the high pressure applied on the

materials might affect their pore structure [20].

Gas sorption

Gas sorption as a method to characterise porous solids

dates back to early twentieth century, when it was used for

surface area measurements [26]. Since mid-twentieth cen-

tury it has been also used for pore size analysis [26]. It has

become a standard method, and the early theories by

Brunauer, Emmett and Teller (BET theory) and Barrett,

Joyner and Halenda (BJH theory) are still widely used [27,

28]. In the BET theory, determination of the surface area is

based on multilayer adsorption of gas on surfaces. In the

BJH theory, the PSD calculation is based on the pressure

dependent capillary condensation.

During a typical gas adsorption measurement the

amount of adsorbed gas is recorded as function of relative

pressure p/p0 (the pressure of the gas divided by its satu-

ration pressure) at constant temperature, yielding adsorp-

tion and desorption isotherms. Gas inside a pore

experiences capillary condensation at relative pressure

given by Kelvin equation. For hemispherical liquid–gas

interface the Kelvin equation becomes:

ln
p

p0

� �
¼ �

2clgvl

RTrl
ð2Þ

where clg is the liquid–gas surface tension, v molar volume

of the condensate, R the gas constant, T the temperature

and rl the radius of the curvature of the liquid–gas inter-

face. The values of these constants are well known for

gases typically used in the experiments, such as argon,

krypton or the most commonly used nitrogen [26, 29, 30].

In addition to the conventional methods, also newer

methods have been developed in order to extract porous

parameters from the isotherms, such as density functional

theory (DFT) which is based on theoretical calculations

utilising reference adsorption isotherms [31, 32]. Not only

pore size, volume and area can be deduced from the iso-

therms but also information about the pore morphology can

be obtained. This is based on an analysis of the adsorption–

desorption hysteresis [33, 34].

GS is well established method and is well suitable for

characterisation of various kinds of materials often without

prior knowledge of the properties of the sample. It is also a

non destructive method. Even though it has been used for

decades, there is still a lot of discussion about the theo-

retical basis of GS such as the nature of the hysteresis

phenomena [35–37].

GS can be used to measure the pore sizes between 0.5

and 200 nm [37]. It is a widely used method and, therefore,

its results can often be compared to those in literature. A

unique feature of the GS is the possibility to independently

determine the surface area of the sample without making

assumptions of the pore geometry utilising the multilayer

adsorption [27]. However, the main disadvantages of the

method is the sample preparation requiring extensive

degassing and long measurement times (hours) making it a

low throughput method. GS also requires a specialised

instrument for the measurements.

Methods based on solid–liquid phase transition

Characterisation methods based on solid–liquid phase

transition of a confined fluid have received considerable

attention during last decades. This method was pioneered

by Brun et al. [38] who established the thermodynamic

basis for calorimetric determination of PSD from freezing

of liquid inside the pores. It is based on observation of

freezing/melting of material confined in the pores as a

function of temperature. The confinement of material into

small pores is known to cause a depression of the melting

point which is described by Gibbs–Thomson equation

DT ¼ T � T0 ¼ �
cs1T0

qDh

dA

dV
¼ �K

dA

dV
ð3Þ

where DT is the melting point depression, T0 the bulk

melting temperature, csl the surface tension of solid–liquid

interface, q the density, Dh the specific enthalpy of melting

and dA/dV 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 = csl T0/qDh.

The methods based on the observation of solid–liquid

phase transition are closely related to GS methods. Both

methods are based on observation of a phase transition

property; capillary condensation pressure or solid–liquid

phase transition temperature, which is dependent on the

confinement dimensions. In both methods, liquid-like layer

covers the pore walls before the phase transition. In cap-

illary condensation, this is the adsorbed layer of molecules

on the pore surface, whereas in melting it is the non-

freezing d-layer (see ‘Solid state’ section). The interfaces

between the solid–liquid phases and liquid–gas phases are

similar in both methods. For example, in a cylindrical pore

the solid–liquid interface is considered to be cylindrical

during melting and hemispherical during freezing. In GS

the liquid–gas interface is considered to be cylindrical and

hemispherical during adsorption and desorption, respec-

tively. The main difference, in addition to the observed

phase transition, is that a GS experiment is conducted

isothermally as a function of pressure, whereas solid–liquid

transitions are observed isobarically as a function of tem-

perature. GS also involves mass transfer during adsorption

and desorption which does not occur during freezing and
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melting. Results obtained from these experiments are often

consistent [39–41], although differences have also been

reported [42, 43].

The use of solid–liquid transition in characterisation of

porous materials is especially beneficial when studying

materials whose pores are filled with liquid and whose pore

structure will be affected by drying. These materials

include cellulose, skin, hydrogels and mortar [44–48].

There are several methods that can be used to observe

the solid–liquid phase transition in the pores as a function

of temperature. The most commonly used are differential

scanning calorimetry (DSC), nuclear magnetic resonance

(NMR) [49–51], X-ray diffraction (XRD) [52, 53], neutron

diffraction/scattering (ND) [54, 55] and dielectric spec-

troscopy (DS) [56, 57].

NMR cryoporometry

The technique in which NMR is utilised to probe freezing

and melting of liquids in the pores to evaluate the prop-

erties of porous materials is called NMR cryoporometry

(NMRC). The theory of NMR measurements in this con-

text is beyond the scope of this review, but it is presented in

other reviews [49–51]. In a typical NMRC measurement,

signal intensity proportional to the total liquid volume in

the sample is recorded as a function of temperature.

Temperature scans are usually performed stepwise with

increasing temperatures but also decreasing temperatures

have been used [51, 58]. In addition to observing solid–

liquid phase transition, NMR can be used in other ways to

measure pore size distribution. Such methods utilise the

diffusion, spin relaxation and chemical shift properties of

liquids confined in pores or chemical shift of Xenon gas

trapped between the frozen domains in the pores [50, 59–

61].

NMRC offers several undeniable advantages; it provides

information not only about melting and freezing of the

confined liquid but also about the mobility of the confined

molecules. This can reveal, for instance, liquid-surface

interactions and diffusion of the liquid molecules [62–65].

The fact that it measures the signal from the absolute

amount of liquid is advantageous since it makes it possible

to increase the signal to noise ratio by simply increasing the

measurement time and allows equilibrating the sample in

each temperature step. It also enables good temperature

resolutions and measures relatively large pores (up to 1 lm

or even 10 lm) [50, 51]. Furthermore, in combination with

NMR imaging, it can be used for spatial imaging of porous

properties [66]. Due to these advantages, it is a valuable

tool in characterising mesoporous materials, materials

confined in them and their phase transitions. However, the

interpretation of NMR data is not always simple. It has

been reported that observed transition temperature may be

strongly dependent on the delay time [67]. Also, the

observed transition range in NMR does not always repre-

sent strictly pore size distribution since the possible chan-

ges of mobility in the non-freezing layer adjacent to the

pore wall contribute to the signal [67]. Due to rather

complicated usage of NMR and the high cost of the

equipment, NMRC is unlikely to become a routine method

in analysis of mesoporous materials.

Thermoporometry

In TPM, the porous properties are determined by measur-

ing calorimetrically the solid–liquid transition in the pores.

Since the pore size depends on the phase transition tem-

perature (according to Eq. 3) and the pore volume is pro-

portional to the melting enthalpy of the phase transition, a

pore size distribution can be calculated from the DSC

thermogram.

Thermoporometry has been found to be suitable for

characterising vast variety of porous materials such as

controlled pore glass (CPG) [68], silica gel [69], porous

silicon (PSi) [70], polymer gels [71, 72], mortar [44],

cellulose [47] and ordered mesoporous materials (MCM-

41, SBA-15, etc.) [73–75]. Also, several materials have

been used in thermoporometry to probe porous properties

including water [38, 73, 76], benzene [38], acetonitrile

[77], alkanes [70, 72, 78, 79], carbon tetrachloride [80–82],

acetone [83] and indium [84]. However, water is the most

commonly used. It is non-hazardous, readily available and

its properties have been well studied. Perhaps the most

important feature is the high melting enthalpy which

increases the sensitivity of the experiment or makes it

possible to use slower heating/cooling rates or smaller

sample masses. Another advantage in using water is that

water, readily adsorbed on the pore walls of hydrophilic

materials from ambient air, does not contaminate the

sample. However, water is known to exhibit anomalous

behaviour, and even after hundreds of years of research

some of its features are still controversial today [85–87].

The main advantage of thermoporometry is its sim-

plicity. Measurements are simple and quick to perform and

calculations are uncomplicated [68]. In addition, no labo-

rious sample preparations are needed and amounts of

sample used are in the order of milligrams. Despite, and

also because, its simplicity it can be a powerful method in

characterisation of porous materials.

A disadvantage in using DSC to measure the phase

transition is that it is measuring a dynamic process of

freezing or melting, and therefore, requires heating or

cooling of the sample, which reduces the temperature res-

olution. For the same reason the sample is never in equi-

librium state during a typical measurement. However, there

are also reports on stepwise heating in thermoporometry,
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which enables measuring the amount of frozen or melted

material between two equilibrium states [88].

There are also disadvantages common for all the

methods which are based on the observation of the solid–

liquid phase transition of confined liquids. The main dis-

advantage is a requirement of calibration to establish the

relation between the depression of the phase transition

temperature and the pore size using samples with known

pore size. The pore size of the calibration samples has to be

measured by a reference method, typically by gas adsorp-

tion. This limits the accuracy of TPM to the accuracy of the

reference method used in the calibration. The pore sizes

that can be measured with these methods are limited to the

range from few nanometres to few hundreds of nanometres.

The lower limit of the pore size arises from the temperature

limit where solid–liquid transition disappears and the upper

pore size limit arises from the temperature resolution that

enables to distinguish between the transitions that take

place in the pores and in the bulk [51, 68, 89].

Confinement effects

Liquid state

A liquid confined in mesopores exhibits several features

that distinguish it from the bulk. High curvature of the

solid–liquid interface at the surface of the pore wall or

liquid–gas interface at the pore openings causes a high

pressure difference across the interface described by

Young–Laplace equation

Dp ¼ c
dA

dV
ð4Þ

which is used in derivation of Kelvin equation and Gibbs–

Thomson equations.

Due to the confinement, the surface area to pore volume

ratio and, consequently, the fraction of molecules in con-

tact with the pore surface, is large compared to the bulk.

Therefore, interactions between the liquid molecules and

the solid surface become significant. Mobility of the con-

fined molecules has been studied using NMR, DS and

neutron scattering [56, 63, 90–94]. In these studies it has

been concluded that liquid in the pores exists in two or

three distinguishable forms [56, 90, 93]. Liquid in the

centre of the pores resembles the bulk liquid although its

mobility is reduced by the confinement. Molecules on the

pore walls experience interactions with the pore wall and

their mobilities are further decreased. Third layer located in

between the two layers has also been found with interme-

diate mobility [56, 93]. The mobility of the confined

molecules is seen to decrease with decreasing pore size

[63, 92, 95]. The temperature dependence of the mobility

of the confined molecules is reported to exhibit unusual

saddle-like behaviour, which was explained by the coun-

terbalance of two competing processes: orientational fluc-

tuations of the water molecules and the defect formation in

the vicinity of water molecules [94].

Solid state

d-layer

A striking feature of a pore filled with a solid substance is

that between the solid core and the pore wall remains a thin

non-freezing liquid layer, which we call d-layer. In small

pores, this layer can accommodate a large fraction of the

confined material. This layer is of critical importance in

thermoporometry as it affects both; the pore size and the

pore volume calculations (see ‘Calculations’ section in the

second part of the review [96]). In a thermoporometry

experiment, this layer does not experience solid–liquid

transition (as whole). However, it was estimated by Banys

et al. that the water in d-layer in the pores of MCM-41

would freeze at temperature between 21 and 26 K [56].

It is energetically favourable for the confined material to

exist as a liquid on the surface of the pore [97, 98]. The

formation of this layer does not require differences

between molecule–molecule and molecule–wall interac-

tions as demonstrated by Moore et al. [99]. In their simu-

lation water was confined in 3 nm pores made of water.

Despite an identical water–water and water–wall interac-

tion, d-layer existed between the solid core and pore wall

since the liquid can accommodate the structure of the wall

better than the crystal. However, when different molecule–

wall interactions exist they affect the thickness of the

d-layer (d) [100–102].

The value of d has been determined for several liquids.

For water in siliceous materials, values ranging between

0.3 and 2.6 nm have been reported, but most commonly, d
is found to be in the range from 0.5 to 0.8 nm which

corresponds to two or three monolayers. [38, 67, 69, 103,

104]. Other values include 0.4 nm (2 monolayers) for

argon in vycor [105], 2.1 nm (4 monolayers) for cyclo-

hexane in silica gel [106], and 2.4 nm for carbon tetra-

chloride in silica gel [81]. The thickness of the d-layer has

been reported to decrease with decreasing temperature and

with increasing pore curvature [54, 107].

Crystal structure

The crystal structure of the solid in pores can also be

affected by the confinement. Water is reported to form

cubic ice instead of the typical hexagonal ice in the mes-

opores [108–110]. Cubic ice is a polymorphic form of ice

which does not form under normal conditions and is
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metastable relative to the hexagonal form in bulk [111]. In

mesopores, however, cubic ice is found to be stable before

melting [112]. Structure of the cubic ice in mesopores as

well as in bulk is being debated [99, 108]. Bulk cubic ice

does not consist of pure cubic crystals, but there is always

hexagonal ice present [112, 113]. The cubic ice in the

mesopores has been suggested by Morishige and Uematsu

to consist of very small hexagonal ice crystallites with

disordered stacking sequence [108]. They also concluded

that the probability of stacking faults decreases with

increasing pore size and becomes negligible in pores with

diameters larger than 100 nm. The simulation study by

Moore et al. resulted in a highly defective structure

having both cubic and hexagonal layers (in ratio 2 to 1,

respectively) with more than three adjacent cubic or

hexagonal layers being extremely rare [99]. Morishige

et al. reported that the stability of the cubic ice is

dependent on pore structure [112]. They found that the

cubic ice was partially transformed to hexagonal ice in

the interconnected spherical cavities of KIT-5 during

melting, whereas cubic ice remained stable in the cylin-

drical, interconnected cylindrical and irregular pores of

SBA-15, KIT-6 and CPG, respectively. They suggested

that the difference in the stability of cubic ice is due to

easier sweeping of dislocations in single crystals in

spherical cavities than in the polycrystalline crystallites in

the cylindrical pores. Yet, this explanation remains

unclear since it has not been shown that the crystallite

size in the pores would be significantly different in the

different materials.

The stacking faults observed in the crystal structure of

solid induced by confinement are not unique phenomena

for water. Various other materials have been shown to

exhibit similar stacking faults, such as krypton, xenon,

argon and gallium [114–118]. Changes in the crystal form

induced by confinement have also been reported with other

materials than water. Previously unknown polymorphs

have been reported to form under confinement [118, 119].

In addition, a change in the stability order between poly-

morphs and transition from enantiotropic into monotropic

behaviour was found with organic molecules [119]. It has

also been reported that confinement can influence the

spatial ordering in the crystals of linear alkanes and that

tortuosity of the pores could suppress their lamellar

ordering [120, 121].

Solid–liquid phase transition

Melting and freezing

Melting of a confined solid can proceed in two ways. It can

be initiated from the surface of the pores and proceed

radially towards the centre of the pore. This kind of melting

was described already by Brun et al. and has been later

reformulated by several authors [84, 98, 105, 122]. Other

possibility is that melting is initiated at high energy loca-

tions or at closed end in the pore and propagates along the

pore axis [40].

There are also two ways freezing can occur. Crystalli-

sation in the pores can take place by heterogeneous

nucleation from macroscopic crystals outside the pores or

inside the adjacent pore that has already been frozen [38].

If no nucleation centres are present, the pore liquid will

freeze by homogenous nucleation [42]. It is important to

distinguish between the two situations where external solid

phase is or is not present outside the pores to act as

nucleation centres. It has been observed that if no solid

phase is present outside the pores, freezing temperature in

the pores is lowered and the freezing curve in thermopo-

rometry or NMR cryoporometry does not represent the

PSD of the sample [73].

Freezing and melting in partially filled pores presents

interesting phenomena which have been reported by sev-

eral authors [73, 105, 123]. Wallacher and Knorr presented

a comprehensive study of freezing of argon in the pores of

Vycor glass using different degrees of pore filling. They

concluded that there are two monolayers of argon on the

surface of the pores (i.e. d-layer) that do not take part in the

phase transition. The layers above d-layer in the incom-

pletely filled pores can delayer and form crystals at the

centre of the pores. The delayering takes place at lower

temperatures compared to the freezing of liquid argon at

the centre of the pores. Melting, however, took place at the

same temperature weather the frozen argon was originally

from the adsorbed layer or pore centres, proving that the

delayered argon solidifies at the centre of the pores. Similar

data was published almost simultaneously by Schreiber

et al. describing freezing and melting of water in incom-

pletely filled pores of SBA-15 [73]. The concept of de-

layering was also adapted in this case with the difference

that two delayering temperatures were clearly observed

instead of one associated with the delayering of different

monolayers [39].

In some, rather rare, systems the confinement can result

in elevation of the solid–liquid phase transition [124–128].

This is attributed to very strong wall–liquid interactions,

which exceed liquid–liquid interactions [128].

Confinement also affects other transitions than the

solid–liquid and liquid–gas transitions. It has been stated

that confinement can increase or decrease the glass tran-

sition temperature or it can also remain unchanged [129]. It

has been also shown that solid–solid transitions tempera-

tures are depressed due to the confinement [80, 130, 131].

Baba et al. demonstrated that solid–solid transition tem-

perature of cyclohexane can be used in thermoporometry to

measure the pore size [79].
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Melting–freezing hysteresis

Melting and freezing of materials in mesopores is known to

exhibit hysteretic behaviour, i.e. freezing in the pores is

observed at lower temperatures compared to melting. The

reason behind the melting–freezing hysteresis has been

suggested to be, e.g. different shapes of solid–liquid

interface, pore blocking effect, free energy barrier in

melting, and nucleation during freezing [38, 40, 42, 98].

The nature of the capillary freezing and melting, and

consequently the reason for freezing–melting hysteresis, is

widely debated [38, 39, 67, 98, 105, 122, 132, 133]. It has

not been yet established weather the melting or freezing in

confinement (or neither of them) takes place at equilibrium

temperature. The equilibrium temperature is the tempera-

ture at which the free energies of the solid and liquid in the

pores are equal.

The theories, based on the evaluation of free energy of a

system as a function of radius of the solid core in the pores,

describe the melting to occur at metastable state [84, 98,

122]. According to these theories, metastability exists

because the shrinking of the solid core in the pore requires

surmounting an energy barrier. Therefore, melting takes

place at elevated temperatures at which the energy barrier

becomes lower. Freezing is treated as an equilibrium

transition due to the nucleation at the solid outside the

pores and subsequent penetration of the solid–liquid

interface which does not require a change of shape of the

interface.

However, as pointed out by Morishige et al. [40], there

is a discrepancy between the free energy model and the

experiments. The calculated melting temperature for solid

in cylindrical pores would be DTm = -K/rs according to

the free energy model [98]. This is in contradiction with the

experimental melting point depression of water in the

cylindrical pores of MCM-41 and SBA-15 which has been

found to follow closely Gibbs–Thomson equation (Eq. 3)

DTm = -2 K/rs, where the curvature of solid–liquid

interface is 2/rs, i.e. hemispherical surface [67, 73].

Wallacher and Knorr, who derived similar free energy

theory as the theories mentioned before, concluded that

superheating of pore solid is irrelevant. The conclusion was

based on adaption of varying pore geometries, such as

pores with one closed end, in which melting would take

place through axial propagation of the solid–liquid inter-

face in the pore network [105]. Therefore, they suggested

that the liquid is in a metastable state during freezing.

Kondrashova et al. performed NMRC measurements

using nitrobenzene in Vycor where the freezing and melt-

ing transitions were observed by reversing the heating or

cooling scan upon incomplete transition [133]. They con-

cluded that their study did not support equilibrium freezing,

since freezing was observed at higher temperatures if there

was solid phase present in the pores compared to the scan

started from completely liquid state.

In conclusion, it seems that without challenging the

validity of the free energy model itself, the real porous

materials and the confined solids in them are not homog-

enous enough so that the metastable surface melting phe-

nomena would have considerable effect. Even solids in the

ordered mesoporous materials, such as MCM-41 and SBA-

15, which are considered to be the best models for cylin-

drical pores, seem to have sufficient amount of high energy

sections that can initiate melting. Melting then proceeds by

propagation of a solid–liquid front along the pore axis.

Therefore, the solid in the pores would melt at considerably

lower temperatures than predicted by the surface melting in

the free energy models.

Supercooling of liquid is known to occur in the pores if

there is no solid phase outside the pores to nucleate the

freezing due to the kinetics of nucleation [73]. It is also

well understood that the pore blocking will lead to super-

cooling in part of the pore network [42, 134]. In the pore

blocking, larger pores are isolated by smaller pores, and

therefore, the larger pore will freeze only when the tem-

perature is low enough for the solid phase to proceed

through the narrow pores and provide a nucleation centre to

the larger pore. It is possible that the homogenous nucle-

ation takes place in the larger pores isolated by smaller

pores, but at this stage the liquid in the larger pores is

already substantially undercooled [42].

However, it is unclear why liquid in the pores is

supercooled beyond the equilibrium temperature when

there is a solid phase outside the pores and the pores are

expected to consist of uniform cylindrical pores as in

MCM-41. It was suggested that the freezing temperature is

lowered due to incompatibility of hexagonal ice outside the

pores and cubic ice in the pores [73]. It has also been

suggested that even for the ordered mesoporous materials,

constrictions at the pores entrances occur limiting the size

of the penetrating crystallites [39, 67]. It is indeed possible

that the same kind of heterogeneity of the pores that initiate

melting in the pores is responsible for the hindering the

penetration of the solid front, and therefore, lowering the

freezing temperature.

Hysteresis width (the temperature difference between

melting and freezing) has been found to narrow, and

eventually disappear, as pore size is decreased [73, 132]. A

reason for this has been suggested to be the lowering of the

free energy barrier in the case of melting with decreasing

pore size [98, 122]. Another explanation was given by

Jähnert et al. [67], who suggested that below the critical

pore size 2.9 nm, the freezing of water does not occur as a

true first order phase transition due to similarity of the solid

and liquid phases. This was explained by the increasing

disorder of the ice with decreasing pore size and, on the
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other hand, by the increasing short-range ordering of the

liquid phase with decreasing temperature. Their conclusion

is supported by X-ray diffraction (XRD) and neutron dif-

fraction studies of the ice under confinement as well as

NMR and FTIR studies of confined water [53, 135–138].

Further support was provided by their observation that

melting enthalpy of confined water is also decreasing as

pore size decreases, even when the effect of d-layer is

taken into account. It was extrapolated that the melting

enthalpy would diminish in pores with diameter under

2.7 nm, close to the pore size in which the hysteresis

disappears.

Conclusions

Thermoporometry is a powerful method of characterising

mesoporous materials and it has many advantages over the

conventional methods. Measurements are possible to con-

duct in a short time without toxic chemicals and the sample

preparation is simple. Thermoporometry is one of the few

available methods to characterise wet samples and there is

no need for specialised instruments, since a DSC can be

used to perform the measurements.

The confinement effects on freezing and melting in

porous materials have been widely studied in recent dec-

ades and providing new information about this interesting

phenomenon. However, several questions remain unan-

swered about the nature of solid–liquid phase transition

under confinement.
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115. Schäfer B, Balszunat D, Langel W, Asmussen B. Contrast X-ray

powder diffraction of solid rare gas nanocrystals in silica gel

mesopores. Mol Phys. 1996;89:1057–70.

116. Huber P, Knorr K. Adsorption-desorption isotherms and X-ray

diffraction of ar condensed into a porous glass matrix. Phys Rev

B. 1999;60:12657–65.

117. Christenson HK. Confinement effects on freezing and melting.

J Phys. 2001;13:R95–133.

118. Lee MK, Tien C, Charnaya EV, Sheu H-S, Kumzerov YA.

Structural variations in nanosized confined gallium. Phys Lett A.

2010;374:1570–3.

119. Ha JM, Hamilton BD, Hillmyer MA, Ward MD. Phase behavior

and polymorphism of organic crystals confined within nanoscale

chambers. Cryst Growth Des. 2009;9:4766–77.

120. Huber P, Wallacher D, Albers J, Knorr K. Quenching of lamellar

ordering in an n-alkane embedded in nanopores. Europhys Lett.

2004;65:351–7.

121. Henschel A, Hofmann T, Huber P, Knorr K. Preferred orienta-

tions and stability of medium length n-alkanes solidified in

mesoporous silicon. Phys Rev E. 2007;75:021607.

122. Denoyel R, Pellenq RJM. Simple phenomenological models for

phase transitions in a confined geometry. 1. Melting and solid-

ification in a cylindrical pore. Langmuir. 2002;18:2710–6.

123. Tombari E, Ferrari C, Salvetti G, Johari GP. Dynamic and

apparent specific heats during transformation of water in partly

filled nanopores during slow cooling to 110 K and heating.

Thermochim Acta. 2009;492:37–44.

124. Radhakrishnan R, Gubbins KE, Watanabe A, Kaneko K.

Freezing of simple fluids in microporous activated carbon fibers:

comparison of simulation and experiment. J Chem Phys.

1999;111:9058–67.

125. Zhang D, Tian S, Xiao D. Experimental study on the phase

change behavior of phase change material confined in pores. Sol

Energy. 2007;81:653–60.

126. Radhakrishnan R, Gubbins KE. Free energy studies of freezing

in slit pores: an order-parameter approach using Monte Carlo

simulation. Mol Phys. 1999;96:1249–67.

127. Maheshwari P, Dutta D, Sharma SK, Sudarshan K, Pujari PK,

Majumder M, Pahari B, Bandyopadhyay B, Ghoshray K,

Ghoshray A. Effect of interfacial hydrogen bonding on the

freezing/melting behavior of nanoconfined liquids. J Phys Chem

C. 2010;114:4966–72.

128. Coasne B, Czwartos J, Sliwinska-Bartkowiak M, Gubbins KE.

Effect of pressure on the freezing of pure fluids and mixtures

confined in nanopores. J Phys Chem B. 2009;113:13874–81.

129. Alcoutlabi M, McKenna GB. Effects of confinement on material

behaviour at the nanometre size scale. J Phys. 2005;17:

R461–524.

130. Awschalom DD, Warnock J. Supercooled liquids and solids in

porous glass. Phys Rev B. 1987;35:6779–85.

131. Mu R, Malhotra VM. Effects of surface and physical confine-

ment on the phase transitions of cyclohexane in porous silica.

Phys Rev B. 1991;44:4296–303.

132. Morishige K, Kawano K. Freezing and melting of water in a

single cylindrical pore: the pore-size dependence of freezing and

melting behavior. J Chem Phys. 1999;110:4867–72.

133. Kondrashova D, Reichenbach C, Valiullin R. Probing pore

connectivity in random porous materials by scanning freezing

and melting experiments. Langmuir. 2010;26:6380–5.

134. Dvoyashkin M, Khokhlov A, Valiullin R, Kärger J. Freezing

of fluids in disordered mesopores. J Chem Phys 2008;129:

154702–6.

135. Dore J. Structural studies of water in confined geometry by

neutron diffraction. Chem Phys. 2000;258:327–47.

136. Tanaka H. A new scenario of the apparent fragile-to-strong

transition in tetrahedral liquids: water as an example. J Phys.

2003;15:L703–11.

137. Mallamace F, Broccio M, Corsaro C, Faraone A, Majolino D,

Venuti V, Liu L, Mou C-Y, Chen S-H. Evidence of the existence

of the low-density liquid phase in supercooled, confined water.

Proc Natl Acad Sci USA. 2007;104:424–8.

138. Mallamace F, Branca C, Broccio M, Corsaro C, Mou C-Y, Chen

S-H. The anomalous behavior of the density of water in the

range 30 K \ T \ 373 K. Proc Natl Acad Sci USA. 2007;

104:18387–91.

Utilising thermoporometry to obtain new insights into nanostructured materials 821

123


	Utilising thermoporometry to obtain new insights into nanostructured materials
	Review part 1
	Abstract
	Introduction
	Characterisation of mesoporous materials
	Imaging
	Mercury intrusion porosimetry
	Gas sorption
	Methods based on solid--liquid phase transition
	NMR cryoporometry
	Thermoporometry

	Confinement effects
	Liquid state
	Solid state
	 \updelta -layer
	Crystal structure

	Solid--liquid phase transition
	Melting and freezing
	Melting--freezing hysteresis


	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


