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Abstract. We report results of a study of the phenomena associated with mekting of nane-phases confined
within narrow pores. The study was performed by ditferential scanning calorimetry, diclectric spectroscopy,
nonlinear dietectric effect measurements and electron paramagnetic resonance. Resulls of theoretical
calculations concerning the phenomena are also presented. It has been proved, by experimental and theoretical
methods, that the phenomena of melting in nano-phases are accempanied by the appearance of new phases
(vuntact layer phascs, hexatic phase), the nuture of which depends on the structure of the walls and the pore
size. The melting temperatures also depend strongly on these factors.

1. Introduction

The aim of this paper is o present phenomena associated with freezing and melting
of nano-phases confined within narrow pores, using calorimetric, dielectric and
spectroscopic (EPR) mcthods. Questions of interest in this field include the following:
Is there a first order phase trapsition? What is the elfect of confinement on the freezing
temperature and how docs this vary with the porc size, pore shape, the nature of the
material and confined substance? What new phases, if any, occur that are not observed
in bulk systems? What is the elfect on the enthalpy change on transition? These
questions arc of fundamental scientific interest. In addition, an understanding of
freezing in confined systems is of practical importance in lubrication, adhesion, and
nanotribology. Freczing in narrow pores is important in understanding frost heaving and
the distribution of pollutants in soils. Freezing in porous media has also been widely
employed in the characterization of porous materials using the method of
thermoporometry {1]. In this method the ¢hange in the freezing temperature is related to
the pore size through the Gibbs-Thomson equation.
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Prior to our work, relatively few experimental studies had been carried out, primarity
for freezing of fluids in silica-based materials with pores of roughly cylindrical
geometry . These experiments showed a lowering of the freezing temperature relative to

the bulk value, AT, = (Tfipm

large pores, the Gibbs-Thomson equation (the freezing analogue of the Kelvin equation
lor condensation), relates the shift in the [reezing temperature to the surface tensions (y)
involved and pore width (/) by the equation:
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where subscripts w, s and / indicate wall, (confined) solid and (confined) liquid,
respectively, and v and A are the molar volume and latent heat of fusion lor the bulk
liquid. This equation, which predicts & linear relation between the shift in freezing
temperature and fF !, is based on classical thermodynamic arguments, and neglects
effects due to the inhomogencity of the vonlined phase and to intermolecular
interactions with the wall. It will break down for small porcs.

2. Experimental Studies

The cxperimental methods used were: differential scanning calerimetry (DSC),
dielectric relaxation spectroscopy (DRS), nonlinear dielectric effect (NDE)
measurcments and electron paramagnetic resonance (EPR). In DSC phase transitions
appear as sharp peaks at the transition temperature, and the area under the peak gives
the enthalpy release (or adsorption)} for the transition. DSC is a relatively simple and
quick measurement to perform. However, it does not give information about the nature
of the phases involved beyond the latent heat of transition, and subtle transitions, such
as conlacl layer phases are difficult to detect. In DRS the complex relative permittivity
of the system, x*=k’-ix", is measured by applying an alternating clcetrical potential (o
the syslem, whose frequency can be varied over a wide range. llere k' is the dielectric
constant, and the imaginary part «” measures energy dissipation in the systemn, including
that due to viscous damping of the rotational motion of the molecules in the alternating
field. Measurcments of k¥’ were used to locate the phase transition in the confined phase,
since il exhibits large and sharp changes on freezing. Measurements of k" yield the
dielectric relaxation time, 1. This characteristic time is very sensitive to the nature and
structure of the phase. For example, t~107 s for liquids, 107 s for crystalline phases.
Intermediate between these lwo phases are glassy phases (z~107"s) and hexatic phases
(7107 5. Thus the diclectric relaxation timc is a sensilive measure of the nature of the
phase, changing by orders of magnitude and giving important information about the
nature of the phases observed. Evidence for the character of the phase transitions
observed has been obtained using NDE measurements [10].

The NDE is defined as a change in the cleetric susceptibility induced by a strong
electric field K:
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where " and k' are the electric susceptibility under an additional strong clectric field
E. and in its absence, respectively, The sign and magnitude of NDE of a liquid depends
on the kind of inter- and intramolecular intcractions and their energies [15]. The NDE
vs, T divergence is typical of continuous phase transitions and its finite value is
characteristic of NDE in confined systems [23,24]. The temperature dependence ol the
NDE near a phase transition temperature is described by a scaling law, and the value of
the associated critical exponent ¢an give information about the character of the phasc
transition that is observed.

For characterization of the nature of the liquid-walls interaction and also cstimation of
the pore size of ACF, we applicd the electron paramagnetic resonance (EPR) method.
PR is a phenomenon in which particles with a non-zero magnetic momen{
(paramagnelic centres, i.e. unpaired electrons) are subjected to a constant and high-
frequency alternate magnetic ficld adjusted to cause resonance absorption of energy.
The transitions between the neiphbouring cnergy levels of a particle {in a given energy
state and in a given surroundings| are the sources of EPR signals, The resonance
condition is:

hv = gpH 3)

where v is the frequency of the alternating ficld, (most often microwavce), g is the
spectroscopic splitting factor, B the Bohr magneton, and H is the intensity of the
external magnetic field used to tune the system to resonance conditions . The
surroundings of a paramagnctic centre can be the source of an additional local field,
which permits churacterisation of the encrgy state of the particle and its cnvironment.
We delermine the spectroscopic splitting factor g ( for a free electron equal to 2.0023).
For a given substance it takes different values, and is a proportionality factor between
the spin energy state and the magnetic field value . 1t can be treated as a parameter
characterising the close cnvironment of the particle studied. Additional information on
the interaction of the paramagnetic centres and their interactions with the environment
can be inferred from the fine or hyperfine structure of the spectrum.

The nano-porous materials that have been studied include controlied pore glasses (CPG)
and Vycor, MCM-41 (a templated mesoporous material), and activated carbon fibers
{ACF). The first three maletials are silica-bascd, with pores that are roughly cylindrical.
Vycor has pores of about 4.5 nm diameter, while CPG can have pore widths ranging
from 7.5 nm to hundreds ol nanometers. MCM-41 can have pore widths ranging from
aboul 1.5 to 10 nm. The activated carbon (ibers used were pitch bused and had porc
widths from 1.0 to aboul 1.6 nm. In the ACF the pores were roughly slit-shaped. All of
these materials are relatively regular in their pore structure, and the pores are uniform in
size, with little spread in pore width about the mean value, Comparison of results from
these various materials provides information on the effects of pore shape (slit versus
cylinder), size and naturc of the surface. The ACF’s have strongly adsorbing surfaces
due to the close packing of the carbon atoms on the surface, while the silica-based
materials have much more weakly allracting surfaces.
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3. Molecular Simulation Studies

The conventional thermodynamic integration methods used to study freezing in
bulk liquids fail for phases confined within pores, due to the presence of contact laycr
and other phascs that arise due to the walls. To overcome the failure ol the integration
method, Radhakrishnan and Gubbins [14] used a method based on calculation of the
Landau free encrgy, A(@), as a [unction of an effective bond order parameter, @ The
Landau free energy is given by [15]:

Al®@]= 4T In{P{@])+C (4)

where C is a constant, £ is Boltzmann's constant and £[®] is the probability density of
observing the system with an order parameter value between @ and $+dd. The
probability distribution function P[®] is calculated in a Grand Canonical Monte Carlo
(GCMC) simulation using a histogram with umbrella sampling {17]. In-plane pair
spatial and orientationat correlation functions help identify the nature of the phases that
correspond to thc minima in the Landau free encrgy. The grand free energy, €, is
calculated from the landau free cnergy by:

exp(—Q/kT') = [d®exp(-A[®@]/4T) (5)

This approach is not affected by phase changes in the contact layer, and can be used for
repulsive, weakly attractive and strongly attractive walls.

Vurther Landau free energy studies, together with application of the law of
Corresponding States, show that for small adsorbate molecules the freczing behavior is

largely controlled by a parameler & :c.ﬁ‘fw/ Egs which measures the ratio of the

strength of the fluid-wall attraction to the fluid-fluid attraction [3,11]. Here g, and g
are the intermolccular potential well-depths for the fluid-wall and fluid-fluid
interactions, and ¢ is a paramcter that accounts for the density and arrangement of the
wall atoms. This cnables global freezing phase diagrams to be construcled, showing the
reduced freezing temperature vs. o, with regions corresponding to the various phases
present (fluid, hexatic, contact layer, crystal, etc.). Comparisons with experimental data
show good agreement in general. For small a, typically a<~0.8 to 1.0, 7is lower in the
pore than in the bulk material, while for &2>-0.8 to 1.0 Ty is higher in the pore than in the
bulk phase. For larger pores, wherc the number of adsorbed layers is greater than 2,
vontact layers aiso occur 1],

In two-dimensional systems, according to the Kosterlitz-Thouless-lalperin-Nelson-
Young (K'TTINY) theory [18,19], melling involves two separate transitions; the first is a
transition from a 2-d crystal (with positional and oricntational order) to a hexatic phase
(long-range orientational order, but posilional disorder); the second occurs at a higher
temperature and is from the hexatic to the liguid phase (positional and orientational
disorder). The hexatic phasc has been observed experimentally in thin films of liquid
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crystals, using electron diffraction [20-22]; the difTuse electron intensity pattern displays
a six-fold symmetry for hexatic phases. Hexatic phases have been clearly observed in
our simulation studies of LJ {luids in carbons having narrow slit pores [10,11,14]. In
these systems the strong adsorbatc-wall atiraction pives rise to pronounced layering of
the adsorbate molecules. Each of these layers comprises a quasi-two-dimensional
system. The crystal-hexatic and hexatic-liquid transitions are located by the Landau frec
energy method, and the hexatic phase shows the diffuse six fold symmetry in the
structure factor, and other features characteristic of this phase. Recent DSC
measurcments on CCly and aniline in activated carbon fibers show transitions that
appear to correspond to crystal-hexatic and hexatic-liquid transitions; moreover, the
transition lemperatures agree within 5°C with thosc predicled in the simulations

4. Results and Discussion

4.1 DSC, DRS and NDE

Experimental studies have been carried out for carbon tetrachloride using DSC and
for nittobenzene using DSC and DRS in CPG, Vycor, MCM-41 and ACF [2-8]. In
addition, aniline [8,10], benzenc [8], water and methanol [9] have been studied in ACF.
The studies in CPG, Vycor und MCM-41, all of which have roughly cylindrical, silica-
based, pores, all showed a decreasc in the freezing temperature, as predicted in the
simulations. For the larper porcs, of widths 7nm and greater, the depression of the
freezing temperature was inversely proportional to the pore width, as predicled by the
Gibbs-Thomson equation. For smaller pores, however, significant nonlinearity was
observed indicating the breakdown of the Gibbs-Thomson equation. In addition to the
freezing transition, evidence of a contact layer phase was oblained from the DRS
cxpetiments in many cases. The simulations predict such a phase, in which the adsorbed
layer next to the pore wall has a structure (fluid or solid) different from that of the inner
layers (solid or fluid). In these cases the experiments showed two relaxation times, one
intermediatc in magnitude between those of solids and liguids. For large cylindrical
pores, H>200, where o is the diameter of the adsorbed fluid moiecules, the adsorbate
appeared to freeze 10 a crystalline structure, but for somewhat smaller pores only partial
freezing oceurred yiclding a frustrated microcrystal structure together with amorphous
regions. For pore diameters below 156 only amorphous structures were observed.
In the case of activated carbon libers, which possess sirongly attractive walls, we
observed a substantial increase (by as much as 60K} in the freezing temperature lor both
benzene and carbon tetrachloride. Such an inercase had been previously observed by
Kaneko et al. [12], and had been predicted in the simulations [8,10-13]. In the ACI' the
adsorbate phase is strongly layered, due 1o the small pore width (about 1.0-1.5 nm) and
strong attractive forces from the carbon walls. We observe evidence of a stable hexatic
phase that occurs between the crystal and liquid phases in these adsorbed layers. Such a
hexatic phase had becn predicted in the simulations for carbons with slit-shaped pores
[10,11,14].
Recent NDFE measurcments on CCly and aniline in activated carbon fibers show
transitions that appear to correspond fo crystal-hexatic and hexatic-liguid transitions;
moreover, the transition temperatures agree within 5°C with those predicted in the
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simulations. The pretransitional NDE anomalics have been described in terms of the
phenomenological model of Landau — de Gennes [25,}, used for the description of
transitions from the liquid crystal phase to the isotropic phase, in which the presence of
small liquid crystal regions of size &T) and uncorrelated orientations is assumed, and
the size of the ordered regions are smalt when compared to the light wavclength. Then
the intensity of the scattered radiation is 1 ~ £ . Assuming the correlation range is in
agreement with the scaling theory of KTHNY, the temperature dependence of NDL in
the vicinity of the phase Iransitions in a quasi-two-dimensional system can be described
as:

E¥Ak ~ exp(-A/{T-Te) ()

where y = 0.50 for the transition liquid-hexatic phase, ¥ = 0.37 for the transition hexatic
phase-crystal, and A is the amplitude. Fig. | presents the temperature dependence of
NDE recorded for CCly confined in ACF, in the vicinity of the two phase transitions
noted. The solid lincs in Fig. 1 correspond to the relation (9) for the appropriate values
of the exponent v . This result provides experimental verification of the presence of a
stable hexatic phase in quasi-two-dimensional systems of small molccules.
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Figure 1. 'l'empet‘aturé dependence of NDE for CCl4 in ACF showing phase transitions: liquid Lo hexatic
phase (1./H) and hexatic phase to crystal (H/C) [10}.

42 EPR

In order to explain the nature of interactions of molecules with the pore walls
we have undertaken a study by electron paramagnetic resonance. We wanted to
determine whether the interactions are those typical of physical adsorption (van der
Waals forces) and whether there are regions of specific interactions related to local
irregularities of the pore walls or charge exchange in the interface for different pore
materials. This paper presents results of the study on substances confined in graphite
ACF pores.
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EPR measurements of ACF (host) filled with various liquids: CCl,, CoH, and CsHsNO-
{(guests), were performed in order to get information about the hoste>guest interaction.
When guest molecules are adsorbed in ACY voids a broader component of EPR signal
appears for all studicd systems. There is no EPR signal from guest molecules: no charge
transfer from ACF to guest molecules — no hyperfine splitting arising from interaction
with nuclear spins of H or N was obscrved. The strongest modification of the EPR
spectrum of ACF was observed for ACF with CeHsNO,. The EPR signal of ACF with
CsHsNO; consists of three lines [26].The narow line — line width ABy; = 0.3 mT (line
(1)} — is characleristic for pristine ACF. Its g-value is cqual to g, of graphite (= 2.0031)
[27]. Its line width and g-factor are temperature-independent. Two broader components
of the signal are also connected with the graphite structure ol ACF. These are: line (2)
with AB,, = 1.7mT and g = 2.0029 (both temperature independent) , and line (3) with
strong AB,, and g-factor temperature dependency: AB (120K} = 13.2 mT; AB;(4.2K) =
4.3 m'F; gk = 2.0029 and g4ax = 1.9970 (Fig.2). The line (2) originates from graphite
particles (host) surrounded by guest molecuies captured in nanopores. Similarly to
component (1), the line width and g-factor are temperature independent. Broadening of
the line (2}, compared to (1), is caused by the shorter relaxation time of the more dense
system. The line width and g-factor of the component (3) of the observed EPR spectrum
strongly depends on temperaturc. Such behavior can be explained as a surface effect in
ACF.

Stronger instabilities of paramagnetic centers at the surface of ACF or in its larger pores
appear s a lemperatare cffoct. When temperature is lowered below 20 K, both line
width and g-factor reach values characteristic for graphite nanoparticles surrounded by
guest molevules captured in pores. No Dysonian shape of the EPR line is observed for
each component. This shows that the ACF crystallite size is lower than 3.2 pm - the
penetration depth of the microwave field in graphite. Each of the three lincs obeys the
Curie faw. No hyperfine splitting from intcraction with H or N nuclei, together with the
Curie law for all three compenents, confirm the localization of paramagnetic cenlers
within crystallites of ACF. According to the model of ACF proposed in [28] and the
theory of EPR of small particles [29] these two effects make il possible to treat ACF as
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Figure 2. EPR spectrum for ACF filled with nitrobencene;fit is a sum of lines (1),(2) and (3}

a system of nanographite particles in which quantum size effects can appear. Estimation
based on the theory of EPR of small particles gives an average ACF nanocrystallite
radius of 1.34 nm [26]. This value is in good agreement with the model of ACF
proposed in |30] where graphite platcs 1 — 3 layers thick and 2.5 nm in diameter are
separated with nanopores of size 1-2 nm. The LPR resuits cnable us to conclude that
only weak hosl<>guest interactions occur in these systems; these lead to a modified
LPR spectrum of pristinc ACF, where van der Waals forecs arc significant.

5. Conclusions

As follows from the results of a dielectric study of the melting/ freezing phenomena

of liquids confined in nanopores of different size and wall structurc, and from the
theoretical calculations, the qualitative behavior of these phenomena depends on a
competition between the fluid-wall and (uid-fluid interactions, described by
parameter. When a is large, melting temperature increases on conlinement. It has also
been shown that even lor simple fluids, scveral new phases appear: a few kinds of
contact layer phases and hexatic phases. In cylindrical pores confinement elfects are
greater, but for pore dizmeters below 206z we do nol observe crystallization, but cither
partial crystallization or glassy phuses.
Taking into rcgard the significance of the type of interactions hetween the pore walls
and the substance inside them, the strength of the interactions has been estimated for a
few substances confined in the ACF pores by the EPR method. Results of this study
have indicated the occurrence of van der Waals forces and the absence of strong local
charge-transfer interactions between ACF pores and the substances within them.
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