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Abstract

This dissertation addresses in particular the phase behaviour and the elastic properties
of adsorbate in nanoporous glass. Ultrasonic measurements permit the determination of
the effective elastic moduli of the heterogeneous system consisting of matrix and pore
filling. These effective moduli and notably the moduli of the adsorbate that are deduced
via an effective medium analysis yield information on the state of the adsorbate. Both
isothermal measurements and temperature cycles with different constant fillings of argon
evidence a broad continuous liquid-solid phase transition of the adsorbate. The interaction
between argon atoms in the pore centre and in the surface layers influences the freezing
behaviour of these layers. The elastic moduli of adsorbed argon are basically the same
as for bulk argon. The curvature of menisci of the adsorbate and the related Laplace
pressure causes only a small change of the elastic properties of argon. The replacement of
the spherical argon by the diatomic nitrogen reveals the importance of interactions: The
stronger binding between nitrogen and pore wall results in a strong enhancement of the
shear modulus of adsorbed nitrogen layers.
The curvature of adsorbate and changes of the surface free energy during sorption of
argon result in a deformation of the porous matrix. An analysis shows that from the
deformation behaviour conclusions on the geometrical arrangement of the adsorbate can
be drawn.

Kurzzusammenfassung

Diese Dissertation befasst sich insbesondere mit dem Phasenverhalten und der Elasti-
zität von Adsorbat in nanoporösem Glas. Ultraschallmessungen erlauben die Bestimmung
der effektiven Elastizitätsmodule des heterogenen Systems aus Matrix und Porenfüllung.
Diese effektiven Module und vor allem die daraus abgeleiteten Module des Adsorbates
liefern Informationen über den Zustand des Adsorbates. Isotherme Messungen und Tem-
peraturgänge mit verschiedenen konstanten Argon-Füllungen zeigen einen breiten flüssig-
fest Phasenübergang des Adsorbates. Die Wechselwirkung zwischen Argon-Atomen im
Porenzentrum und in den Wandlagen beeinflussen das Gefrierverhalten dieser Argon-
Lagen. Die Elastizitätsmodule von adsorbiertem Argon entsprechen im Wesentlichen den
Modulen für “normales” Argon. Die Krümmung von Menisken des Adsorbates und der
damit verbundene Laplace-Druck verursacht nur eine kleine Änderung der elastischen
Eigenschaften von Argon. Bei Verwendung von diatomarem Stickstoff als Adsorbat
(anstelle von sphärischem Argon) zeigt sich die Bedeutung von Wechselwirkungen: Die
stärkere Bindung zwischen Stickstoff und Porenwänden verursacht eine starke Erhöhung
des Schermoduls der adsorbierten Wandlagen.
Die Krümmung des Adsorbates und Änderungen der freien Oberflächenenergie während
der Sorption von Argon führen zu einer Deformation der porösen Matrix. Eine Analyse
zeigt, dass aus dem Deformationsverhalten Rückschlüsse auf die geometrische Anordnung
des Adsorbates gezogen werden können.
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Frequently used symbols

β effective longitudinal modulus of the heterogeneous system
of porous sample and pore filling

β0 longitudinal modulus of the empty porous sample
βAr,ads longitudinal modulus of the adsorbed argon pore filling
βpore longitudinal modulus of the pores
βQ longitudinal modulus of quartz glass (i.e. the material

of the porous sample)

c ultrasonic velocity

E effective Young modulus of the heterogeneous system of
porous sample and pore filling

ES Young’s modulus of the material of the porous sample
ε scaled volume change (ε = ∆V/V0)

f volume filling fraction (f = n/n0 = Vads/Vpores)
f̃ filling fraction of frozen argon (f̃ = f − f1)
f1 filling fraction for the onset of freezing during

isothermal adsorption
f2 filling fraction for the onset of the formation of

capillary sublimate during isothermal adsorption
fc filling fraction above which capillary bridges exist

G effective shear modulus of the heterogeneous system of
porous sample and pore filling

G0 shear modulus of the empty porous sample
GAr,ads shear modulus of adsorbed argon
GAr,bulk shear modulus of bulk argon
GAr,SL shear modulus of adsorbed argon surface layers
Gfilling shear modulus of the adsorbed pore filling
Gpore shear modulus of the pores
GQ shear modulus of quartz glass (i.e. the material of the

porous sample)



Symbols

γ surface tension
γlv liquid-vapour surface tension
γsl solid-liquid surface tension
γwl pore wall-liquid surface tension

K effective bulk modulus of the heterogeneous system of
porous matrix and pore filling

K0 bulk modulus of the empty porous sample (i.e. the material of the
porous sample)

Kpore bulk modulus of the pores
KQ bulk modulus of quartz glass
KS bulk modulus of the material of the porous sample

l length of the porous sample
l0 initial length of the sample at f = 0 and p/p0 = 0
∆l length change of the sample (∆l = l − l0)
∆lmax maximum length change at p/p0 = 1
λ ultrasonic wavelength

mM molar mass of the adsorbate
m0 mass of the empty sample
M effective modulus
M0 modulus of the empty porous sample
Mpore modulus of the pores
MQ modulus of the material of the porous sample

n molar amount of adsorbate
n0 molar amount of adsorbate necessary for complete filling of

the pores
NA Avogadro constant
ν Poisson’s ratio

p (external) pressure
p0 bulk vapour pressure
pL Laplace pressure
ps solvation pressure (causing a deformation of the porous

sample)
pcs solvation pressure for pores filled with capillary bridges
pfs solvation pressure for pores filled with adsorbed layers
pf+c
s solvation pressure for pores filled with both adsorbed

layers and capillary bridges
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Symbols

φ porosity [φ = n0mM/ (ρadsVsample)]
Π disjoining pressure

rK Kelvin radius or
radius of curvature (negative for concave menisci)

rP pore radius
r1,r2 radii of curvature
R gas constant
ρ0 density of the empty porous sample
ρads density of the adsorbate
ρS density of the material of the porous sample

t thickness of an adsorbed layer (t = zu)
t0 thickness of the adsorbed surface layer above fc
T (absolute) temperature
Tfr,Ar,bulk freezing temperature of bulk argon
Tfr,Ar,pore freezing temperature of confined argon
Tm melting temperature
θ contact angle

u thickness of one adsorbed monolayer

V0 volume of the empty sample
Vads volume of the adsorbate
VAr,ads volume of the adsorbed argon
Vm molar volume of the adsorbate
Vpores volume of the pores
Vsample volume of the sample
∆V volume change of the sample during sorption

x fraction of solid adsorbate (x = f̃/f)
ξ fraction of pores with capillary bridges

z number of adsorbed monolayers/surface layers

xiii





Introduction

The possibility to build nanostructures has resulted in a continuing research of the physical
properties on the nanoscale. Confinement on the nanoscale can also be achieved with
objects of macroscopic dimensions like filled nanoporous samples. With such porous
materials it is possible to prepare nanoconfined substances and to study nanoeffects.
Nanomaterials and nanoconfined substances may exhibit physical properties that differ
substantially from the properties of “normal” bulk materials; e.g. viscosity, stiffness,
strength, mechanical toughness, elastic moduli, crystalline structure, the order of adsor-
bate and also its density can be influenced [7–27].
Elasticity is a fundamental and important property of a substance. There is no gen-
eral rule that nanoobjects are elastically stronger or weaker than the corresponding bulk
counterparts, but nanoeffects can lead to interestingly different elastic properties. The
knowledge of the elastic properties of nanoconfined material, the possibility to calculate
the effective properties from the intrinsic properties of the components of a composite,
and the understanding of deviations from bulk are essential; amongst others for the de-
velopment of nanoscale materials, and in geophysics.
The investigation of the temperature-dependence of the elastic properties of a filled porous
material can in turn shed light on the phase transition of a substance. The study of the
freezing and melting behaviour is an important field of reasearch also because liquid-solid
phase transitions are ubiquitous in nature, both in macroscopic geometries and in con-
fined geometries like porous stone. The restriction of a substance to nanopores changes
the phase behaviour considerably [25, 28–41]. In general, the freezing and melting tem-
peratures are reduced in pores in consequence of the curvature of the pore wall [28]. This
phenomenon and possible further factors influencing freezing and melting in confinement
are a topic of ongoing research. Amongst others the degree of curvature, the structure of
the pore surface, impurities, nucleation rates, and the adsorbate itself change in different
ways the freezing and melting [7, 25, 28–43].
The elastic properties are related to an effect that is well-known for porous materials:
Adsorption of a substance in pores results in a deformation of the porous matrix because
of changes of the surface free energy and of the Laplace pressure due to the curvature of the
adsorbate [44]. The understanding of the adsorption-induced deformation is important for
the description of any porous system. This swelling of porous materials has a particular
relevance because of its influence on the geological storage of CO2 and the methane
production [45–47]. Deformation measurements during isothermal sorption have often
been used to estimate the elastic moduli of porous samples [48–55]. Recently, it has been
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suggested that differences between theoretical calculations of the deformation of porous
samples and the measured deformation behaviour might be related to changes of the
elastic properties during sorption [56].
To achieve an understanding of the fundamental influences of the confinement of a sub-
stance on the nanometre-scale, it is necessary to study a simple system. Therefore, the
use of the noble gas argon as the filling in a porous sample seems a suitable model sys-
tem to study phase transitions and elastic properties in nanoconfinement. Already the
substitution of argon (with its spherical structure that simplifies the interactions between
adsorbate and pore wall) by nitrogen shows strong differences of the confinement effects.
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Chapter 1

Fundamental knowledge

1.1 Porous matrix and adsorbates

Figure 1.1 – Schematic sketch of the structure of the porous Vycor® glass sample. It possesses
a spongy three-dimensional structure of interconnected pores. The average pore radius rp of the
Vycor® glass samples used for this dissertation is typically ≈ 3.8 − 4.0 nm and the porosity φ is
≈ 25− 28%. Figure from [2] (Copyright © 2011 by the American Physical Society).

For the research of the phase behaviour and the elastic properties on the nanometre scale
the well-known nanoporous Vycor® glass (Corning, Inc.) is used in this dissertation. The
pores of this matrix are for that purpose (partly) filled, which also influences the porous
matrix itself (cp. section 1.4). The porous glass consists of a three-dimensional spongy
network of almost pure silicon dioxide (cp. figure 1.1) [57,58]. The pores possess a certain
pore size distribution around the average pore radius rP ≈ 3.8−4.0 nm. A typical example
of such a size distribution for a sample with an average pore radius of ≈ 3.8 nm is shown
in figure 1.2.1 With such an average pore radius, the nanoporous Vycor® glass belongs to

1The standard method for the calculation of the pore size distribution from the desorption branch of
a sorption isotherm may give a distorted impression of the actual size distribution. The fraction of
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the subcategory of mesoporous materials [59, 60]. The porosity φ of the samples used in
this dissertation differs slightly for different samples in a range of φ ≈ 25− 28%.
For most of the experiments in this dissertation, the pores of the samples were filled with
the adsorbate argon. Because of the simple, globular structure of the noble gas argon, van
der Waals interactions predominate. Therefore the system of porous matrix and adsorbate
can be regarded as a sort of model system to study influences of nanoconfinement on liquid-
solid phase transitions. In chapter 9 nitrogen was used as an adsorbate. In contrast to
argon, this diatomic molecule possesses a quadrupole moment. With those measurements
it will be shown which change this quadrupole moment provokes for the binding of the
adsorbate and its elastic properties.

Figure 1.2 – The porous Vycor® glass exhibits a certain pore size distribution. The average pore
radius of the sample with the shown size distribution amounts to rP ≈ 3.8 nm.

1.2 Sorption isotherms

If a porous sample is exposed to an external vapour pressure, atoms or molecules from
the vapour will be adsorbed in the pores [59]. The amount of the adsorbed substance

bigger pores is possibly underestimated and the fraction of smaller pores overestimated because of
the pore-blocking effect (see section 1.2 and reference [59]).

4



1.2 Sorption isotherms

Figure 1.3 – The nanoporous glass sample is gradually filled with liquid argon (at 86 K) by
the successive increase of the external pressure p up to the vapour pressure p0 of bulk argon at
the corresponding temperature. At lower values for the reduced pressure p/p0 the adsorbate forms
surface layers on the pore walls. The thickness of these layers increases at a further rise of the
pressure until the formation of capillary bridges (capillary condensate) becomes energetically more
favourable. In this pressure range the filling fraction f = n/n0 depends strongly on p/p0. During the
desorption porocess (as usually) a hysteresis, caused by the draining mechanism, is observed until all
capillary bridges have disappeared (for details see text).

depends decisively on the external pressure p (see figure 1.3). A complete filling of the
pores of the sample (with the maximum molar amount of adsorbate, n0) is achieved at
the vapour pressure p0 of the adsorbate in the normal bulk state. For reduced pressures
p/p0 < 1 the sample is only partly filled (with a molar amount n < n0). Starting at low
values for p/p0, only a film is adsorbed on the pore walls [59]. The thickness of this surface
layer increases when the reduced pressure rises to higher values [61]. During the further
course of the adsorption process at a higher reduced pressure, a critical film thickness is
reached and the adsorbate forms capillary bridges because this becomes energetically more
favourable [60]. This capillary condensation occurs in the steep range of the adsorption
branch (cp. figure 1.3) [61]. A further increase of p/p0 results in a filling of all pores with
capillary condensate and finally the remaining concave menisci at the pore ends flatten
and the pores of the sample are completely filled [61].
During the desorption process the reduction of the pressure leads initially to a reversible

5
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Figure 1.4 – During the desorption process smaller pores can block the emptying of bigger pores
(schematic sketch, blue: adsorbate, grey: quartz glass matrix).

formation of concave menisci at the pore ends and no appreciable change of the filling
fraction of the sample, f = n/n0 ≈ 1 (cp. reference [61]). At a critical pressure pc the
pores start to empty. According to the Kelvin equation [61] capillary bridges with a radius

rK = −2 γlv Vm cos (θ)
R T ln(p/p0) (1.1)

are removed at a pressure p. Here γlv denotes the liquid-vapour surface tension of the
adsorbate, Vm the molar volume of the adsorbate, θ the contact angle, R the gas constant,
and T the absolute temperature.2 Generally, it is presumed that a thin adsorbed film
(typically with a thickness of about two surface layers) remains on the pore walls during
the removal of the capillary bridges [59] (see also section A.2).
The hysteretic range of the sorption isotherm ends when all capillary bridges have dis-
appeared and then the course of the desorption branch is identic with the adsorption
branch [61].
The observation that the pressure at which the capillary bridges are removed is lower
than the pressure at which they are formed has been much discussed in previous stud-
ies [60]. Sometimes, the pore size distribution was given as the origin of the hysteretic
behaviour [60]. As mentioned above, the nanoporous Vycor® glass possesses pores of dif-
ferent radii (see figure 1.2). During the desorption process smaller pores can block the
emptying of bigger pores that are further inside (see equation 1.1: the smaller rK the lower
the pressure p/p0 at which the pore filling is removed) [59]. Figure 1.4 shows a schematic
sketch of this pore-blocking effect for a small part of a sample. The pore blocking effect
can be connected to the formation of inhomogeneities (empty and filled regions in the
sample) on a length scale considerably bigger than the pores [e.g. inhomogeneities in the
range of the wavelength of light (see references [62–66]) or the ultrasonic wavelength (see
reference [1])].
The existance of a hysteresis in pores with a constant pore diameter, puts this explanation
in question at least as the sole reason for the hysteresis. The possibility of the occurance

2For the calculation of rK usually a complete wetting is assumed, i.e. a contact angle of θ = 0◦ [59]. In
this dissertation that assumption was adopted.
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1.3 Influences of confinement on phase transitions

of a hysteresis during sorption in such pores was shown by Saam and Cole [67]. Here the
formation of a metastable state (a metastable film) during adsorption forms the reason for
the hysteresis [67]. Hence the desorption branch corresponds in this model by Saam and
Cole to the state in thermodynamic equilibrium [67]. A possible coppling between pores as
a result of the deformation of the pore walls was also given as a mechanism that can explain
the filling and emptying behaviour during sorption [68]. This explanation supposes that
the filling or emptying of a pore depends decisively on the filling of neighbouring pores,
independently from a direct connection of the pores [68]. This work by Grosman and
Ortega contrasts to the model by Saam and Cole, especially in the assumption, that the
adsorption branch corresponds to the stable state of the adsorbate [68]. During desorption
certainly also the possibility of cavitation, i.e. the formation of vapour bubbles in the
pores, when the stability of the adsorbate is exceeded during the reduction of the external
pressure p, plays a decisive role [69–71].
For a simple porous system without any pore size distribution it is possible to construct
the sorption isotherm approximately [44, 67] (for more details see also section 8.2). The
influence of the pore size distribution can also be included (if it is known) in the theoretical
model by Saam and Cole [67].

1.3 Influences of confinement on phase transitions

If a substance is spatially confined to a few nanometres, its phase behaviour will be
changed. Such a confinement of a substance is given by its adsorption in pores with a
diameter of a few nanometres. The influence of the confinement on phase transitions is
known for a multitude of systems [25,28–42,64,65,72–89].
A main part of this dissertation deals with the liquid-solid phase transition in nanopores.
Because of the high ratio of pore surface to pore volume in comparison to bulk, the
phase transition is in particular influenced and complicated by the curvature and by the
structure of the pore walls (see below).
A thermodynamic approach of the phase transition from the solid to the liquid state
demonstrates that the melting point is given by the intersection of the Gibbs free energy
GE of the solid state with the one of the liquid state [90], i.e. by the temperature Tm
for which the difference between the Gibbs free energy of the solid and the liquid state
vanishs: ∆GE = 0. Figure 1.5 schematically illustrates that above the melting point the
temperature dependence of the Gibbs free energy is higher than in the solid state because
of the higher entropy S (dGE/dT |p = −S) [90].
In a nanopore with capillary condensate (capillary bridges) the melting point is shifted
in comparison to the bulk substance [28] and therefore also the intersection between the
Gibbs free energy of the solid adsorbate and the liquid adsorbate is shifted. Usually,
for capillary condensate in nanopores the shift is towards lower temperatures (cp. refer-
ence [28]).
From the validity of

7



Chapter 1 Fundamental knowledge

Figure 1.5 – The melting point is located at the intersection of the Gibbs free energy of the solid
state with the one of the liquid state. (Figure after [90]).

∆GE = 0 = A (γli − γsi) + V
∆T∆Hf

VmTm
(1.2)

at the melting temperature (with A: total surface of the pore; γli: substrate-liquid inter-
facial energy; γsi: substrate-solid interfacial energy; V : total volume of the adsorbate; Vm:
molar volume; ∆Hf : heat of fusion)3 [28], an equation for the reduction of the melting
temperature in cylindrical pores with radius rP can be deduced [28]:

∆T = 2TmVmγsl
rP∆Hf

∝ 1/rP (1.3)

In this equation ∆T denotes the reduction of the melting temperature Tm and γsl the
solid-liquid surface tension. The deviation of the above equation requires the existance
of a thin liquid layer between the solid crystal in the pore centre and the pore wall [28].
From experiments it is known that at least a few Kelvin below the melting point such
a liquid (non-freezing) interfacial layer is often present on the pore wall, i.e. the solid
phase is wetted by its own melt [25, 28, 29, 40, 41]. The analysis in section 3.1 shows,
however, that at temperatures considerably lower than the melting point the assumption

3Differences of molar volume and heat capacity between liquid and solid are neglegted [28].

8



1.4 Deformation of porous samples during sorption

is wrong for argon in porous glass. For example for argon in nanoporous glass, it is known
that the thickness of such a liquid layer increases with increasing temperature because
of changes of the free energy of the filled pore [29]. This phenomenon is related to the
so-called premelting and interfacial melting, which is also known for flat surfaces and
especially for water [30, 35, 37, 43, 80, 91–96]. The model of reference [29] considers the
first two adsorbed surface layers as so-called “dead” layers that do not at all participate in
a liquid-solid phase transtion. The phase behaviour of these layers is throughly discussed
in chapter 3.
Equation 1.3 is identic with the Gibbs-Thomson equation that can be derived from the
Clausius-Clapeyron equation and the Kelvin equation [28]. According to equation 1.3,
the melting point depression is inversely proportional to the pore radius for a certain
adsorbate, i.e. in small pores the shift of Tm should be especially distinct.
Between melting and freezing mostly a hysteresis is observed; its origin is much dis-
cussed [28]. A homogeneous nucleation in the pore centre can explain a reduction of the
freezing point that is by a factor of 3/2 bigger than the melting point reduction in equa-
tion 1.3 (freezing of a minimum-size stable spherical nucleus vs. melting of a cylindrical
pore filling) [28]. Effects because of the pore geometry and the pore size distribution are
also possible [28].
Due to the simplifying approach the Gibbs-Thomson equation (equation 1.3) can only
by regarded as a first explanation of the melting and freezing behaviour of adsorbates in
nanoporous systems. A great number of experiments with different adsorbates and porous
systems showed nevertheless an agreement with this equation [28, 30, 38, 39, 83]. In some
cases, however, the pore radius rP in equation 1.3 had to be reduced by the thickness t of a
non-freezing surface layer [28,30,38,83]. Other measurements revealed that equation 1.3 is
not always observed. This was for example shown for krypton in crystalline carbon pores,
which does not adhere to the Gibbs-Thomson equation [32]. As a possible reason for the
differences, the crystalline surface of the pore walls of that carbon sample and differences
in the interaction energy between krypton and such a crystalline surface respectively an
amorphous pore wall were given [32]. Also not always a reduction of the melting point is
observed. The properties of the pore surface can even induce a shift of the melting point
to higher temperatures than in bulk [76].

1.4 Deformation of porous samples during sorption

Porous samples deform during the sorption of an adsorbate [97]. Among the first obser-
vations of a macroscopic deformation during adsorption are measurements with porous
charcoal [98–105]. In these early studies always a continuous increase of the macroscopic
length l of the sample was observed (see e.g. references [98, 100]). The relative length
changes during those measurements are typically a few tenths of a per cent of the length
of the porous matrix.

9



Chapter 1 Fundamental knowledge

As the reason for the appearance, the pressure exerted by the adsorbed but mobile4

molecules on the pore walls was given [100–102]. The observed relative expansion χ =
∆l/l0 of a sample with the initial length l0 was found to be proportional to the so-called
surface pressure F [101]:

χ = ∆l

l0
= ΛF (1.4)

The constant Λ depends considerably on the sample and the adsorbate (cp. also refer-
ence [106]). Assuming that the adsorbate behaves like a two-dimensional gas, the surface
pressure F is equal to the reduction of the surface free energy as well as of the surface
tension [101, 103, 107].5 The surface free energy and the surface tension are equal for a
one-component liquid [108,109]. This signifies that the observed continuous expansion of
the sample during adsorption has to be ascribed to the reduction of the surface free energy
(see e.g. reference [108]). The reduction of the surface free energy can be determined with
the aid of Gibbs’s adsorption equation from the adsorption isotherm [105,107,110–112].
From the initial part of an adsorption isotherm which often shows a linear relation between
the length change of the sample and the surface pressure, elastic properties of the porous
sample were estimated. Bangham and Maggs [52] set up a formula for the correlation
between the Young modulus ES of the material of the matrix (not the effective modulus
of the porous matrix) and the deformation behaviour:

ES = ΣρS
Λ , (1.5)

here ρS denotes the density of the matrix material and Σ is the specific surface. The
derivation of the equation requires considerable simplifications of the actual conditions.6
For porous samples (like porous Vycor®) with a three-dimensional network of disordered
pores, Amberg and McIntosh considered the measured length change of a porous sample
to correspond to only one third of the expansion along the pore axis [50]. Accordingly,
the modulus determined with equation 1.5 would be to high by a factor of three [50].
Yates improved the above formula and established a connection between Λ and the bulk
modulus KS. The deformation for samples with an isotropic arrangement of the pores is
also isotropic [98]. For Young’s modulus ES, an expansion in one direction of the sample is
connected with a contraction in the other two directions, whereas for the bulk modulus the
length changes are all isotropic [108]. The model by Yates [53,54,108] is based on a system
of slightly sintered spheres. A reduction of the surface tension γ increases the radius r of
the spheres (and the sample expands) [53]. Therewith the following relation for the bulk
modulus of the matrix material (again not the effective modulus) was derived [53,108]:

4parallel to the pore surface
5Note that the units of the surface pressure N/m, surface tension N/m, and surface energy J/m2 are
equivalent.

6The sample was regarded as a thin cylinder with a surface equal to the specific surface of the porous
sample. The reduction of the surface free energy results in an increase of the length of the rod [52,108].
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1.4 Deformation of porous samples during sorption

Figure 1.6 – The adsorption of liquid argon (at 80 K) causes a marked expansion up to a filling
fraction of f ≈ 0.2−0.3. A further increase of the filling exhibits almost no influence on the length of
the nanoporous glass sample. Only when the pores are almost completely filled the flattening of the
concave menisci of capillary condensate (at the pores ends) results in an expansion. This measured
adsorption-induced deformation closely resembles the behaviour during adsorption of water observed
by Amberg and McIntosh [50]. The length change ∆l is scaled to the maxium length change
∆lmax = 1.2 µm at complete filling (initial sample length at f = 0: l0 = 2.4 mm).

KS = 2
9
ΣρS

Λ (1.6)

A comparison between the elastic moduli determined with those equations from defor-
mation measurements and the literature values of the corresponding material shows that
both equations yield values in the right order of magnitude [53]. Though the equation
by Yates results in better values, the determined moduli are still far to high [53]. From
energetical considerations Scherer [54] arrived at a similar result as Bangham and Maggs
(cp. equation 1.5). In his equation Young’s modulus differs only by a factor (1− ν), with
the Poisson ratio ν. The equations 1.5 and 1.6 relating the deformation with the Young
modulus ES or the bulk modulus KS, however, do not yield the correct relation between
ES and KS [54]. Scherer set up a model for a factor in equation 1.6 that depends on the
pore structure and the Poisson ratio [54]. With this additional factor a better agreement
with the experiments could be achieved [54].
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Chapter 1 Fundamental knowledge

The measurements of the deformation of porous Vycor® glass during sorption of water by
Amberg and McIntosh [50] showed that adsorption does not simply result in a continuous
expansion of the porous sample. Figure 1.6 shows the behaviour during adsorption of liq-
uid argon (own measurement), which is very similar to the observations for the adsorbate
water in reference [50]. The deformation of porous materials during sorption is not only
caused by changes of the surface free energy discussed above (see e.g. reference [44]). An
important contribution to the pressure exerted by the adsorbate on the pore walls is the
Laplace pressure due to curved interfaces of the adsorbate [44,113]. The Laplace pressure
is related to the radii of curvature, r1 and r2, and the surface tension γ [114]:

pL = γ(1/r1 + 1/r2) (1.7)

This equation simplifies for capillary bridges to pL = 2γ/rK (with r1 = r2 = rK). Thus
the formation of capillary bridges during adsorption results in a contracting effect because
of their hemispherical menisci at both sides (rK < 0) [44, 50]. Therefore, Amberg and
McIntosh hold the formation of capillary bridges responsible for the very small increase of
the length of the sample at higher fillings and f < 1 (cp. figure 1.6 for 0.3 . f < 1) [50].
The formation of capillary bridges can counteract the reduction of the surface free energy
and such a plateau value would be possible [50]. But for adsorbed surface layers in a
cylindrical pore the Laplace pressure also contributes to the pressure on the pore walls [44].
For thin surface layers its contribution is small compared to the pressure as a result of the
reduction of the surface free energy [44]. With increasing thickness of the surface layers
the contracting effect of the negative Laplace pressure grows and it can cause a relative
reduction of the length of the sample because the radius of curvature becomes smaller
(cp. equation 1.7 and reference [44]). Thus not only the formation of capillary bridges but
also the formation of thick surface layers tends to a contraction and the sort of plateau
observed for fillings above f ≈ 0.2 − 0.3 (cp. figure 1.6) does not (necessarily) indicate
the formation of capillary bridges (in contrast to the assumption in reference [50]).
When all pores are filled with capillary bridges, only concave menisci remain at the pore
ends. The flattening of these menisci induces a further expansion of the sample because
the absolute value of the contracting Laplace pressure decreases (cp. figure 1.6 for f ≈ 1).
The possibility to calculate the deformation for different reduced pressures was shown by
Gor and Neimark [44,113]. Because of the importance of their thermodynamic model for
the discussion in chapter 8, its fundamentals will be explained at the appropriate place
(see section 8.2).
During the initial desorption process a reduction of the reduced pressure is accompanied
by a virtual constant filling fraction f ≈ 1 (see figure 1.3). The corresponding part of the
sorption isotherm was also used in several studies to estimate the elastic properties of the
porous sample from the measured deformation [48–50, 115]. In that part a reduction of
the reduced pressure causes the formation of concave mensici at the interface of the pore
condensate at the pore ends. As discussed above, these concave menisci are related to
a negative Laplace pressure and cause a contraction. The determination of the Laplace
pressure forms the basis for these estimates of the elastic properties of the porous ma-
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1.4 Deformation of porous samples during sorption

trix [48–50, 115]. According to the Kelvin equation [61] the Laplace pressure pL in the
adsorbate amounts to [48,116]

pL = ln
(
p

p0

)
RT

Vm
(1.8)

A simple estimate of the Young modulus of the matrix material, ES, of SBA-15 (a porous
sample with a hexagonal arrangement of parallel pores) from the measured lattice defor-
mation ε = ∆V/V0 (∆V : volume change, V0: initial volume) was indicated by Zickler et
al. [55]. These authors presumed the validity of the mechanical behaviour of a honeycomb
structure [55]:

ε = pL (1− 2ν)
ES (1− φ)3 (1.9)

The deformation ε determined with this equation using the literature value for ES differs
by a factor of two from the measured deformation [55]. This might originate in the
simplifying assumptions for the structure of the porous sample [55].
Prass et al. [48] calculated from the ratio of this Laplace pressure pL to the measured
lattice deformation ε of two ordered nanoporous pulvers (MCM-41 and SBA-15) a so-
called pore-load modulus MPL [48, 51]:

MPL = pL
ε

= 1
ε

RT

Vm
ln
(
p

p0

)
(1.10)

It appears from this equation that no knowledge of the surface tension or the wetting
angle is necessary for the determination of this modulus [48]. The measurements and
calculations by Prass et al. showed that this modulus is independent of the used adsor-
bate (valid at least for three adsorbates with considerable different chemical and physical
properties) [48]. On the other hand it depends on the porous sample and the porosity and
it represents an elastic constant of the porous matrix [48]. A comparison of the pore-load
modulus with the Young modulus and the Poisson ratio was accomplished in reference [48]
via the stress σPL in the silica matrix (perpendicular to the cylindrical and parallel pores
of their samples). This stress σPL = εES/ (1 + ν) was approximated by “the hoop stress
in a thin-walled cylinder with internal pressure” pL [48]: σPL = pLrP/tw, with the pore
radius rP and the thickness 2tw of the wall. Thus an estimate of the Young modulus is
possible [48]:7

MPL = pL
ε
≈ t

rP

σPL
ε
≈
π/
(
2
√

3
)
− φ

2φ
ES

1 + ν
(1.11)

7For the hexagonal lattice of pores of their sample (with the lattice parameter al) the porosity φ is given
by φ = 2πr2

P /
(√

3a2
l

)
[48]. For the deduction of equation 1.11 this relation is necessary together with

the approximations a ≈ 2 (rP + tw) and tw � rP [48].
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Chapter 1 Fundamental knowledge

The values determined with this approximation from the elastic properties of fused silica
(the material of the matrix) show a good agreement with the experimentally determined
pore-load modulus MPL [48]. Consequently, equation 1.11 can be used to estimate the
Young modulus of the material of the porous matrix [48].
Balzer et al. [49] deduced a possibility to approximate the effective bulk modulus of their
porous carbon matrix by the following equation:

∆l
l0
≈ 1

3
∆V
V0
≈ ϕφmeso

3K
RT

Vm
ln
(
p

p0

)
, (1.12)

with the so-called mesoporosity φmeso and the filling fraction of the mesopores, ϕ, i.e. the
total filling fraction less the surface layers [49]. With this relation between the deformation
and the general correlation E = 3K(1 − 2ν) between the Young modulus and the bulk
modulus, Balzer et al. [49] achieved an estimate of the effective bulk modulus and Young’s
modulus of their porous carbons from the measured macroscopic deformation. Thus, it
is not only possible to approximate the elastic properties of the matrix material (e.g.
via the equation 1.5 by Bangham and Maggs). The estimates of the effective moduli
in reference [49] show an agreement with the elastic moduli determined from ultrasonic
measurements on the empty sample (deviations ≈ 20− 50%).
Depending on the system of porous sample and adsorbate, the deformation exhibits a
very complex behaviour during sorption. Measurements by Haines and McIntosh [110]
on activated carbon showed a marked contraction below the length of the empty sample
during the initial desorption of water (still before the steep part of the desorption branch is
reached). They considered this as an evidence that concave menisci form in the desorption
branch [110]. In contrast to measurements on charcoal or porous Vycor® (see above), for
the adsorption of surface layers no noticable deformation was measured for the activated
carbon [110]. In addition, a deviation from the Bangham equation (cp. equation 1.4) was
observed for low fillings [110].
As mentioned above, the effect of adsorption-induced deformation of porous samples was
not only observed for samples with an unordered arrangement of pores, but also for
samples with parallel pores [48, 88, 89, 117–120]. Thus Dolino et al. [117] detected the
deformation of the pores in porous silicon via x-ray diffraction. Especially for samples
with a small pore diameter (of about 3 nm) a marked contraction was observed during
adsorption of pentane at low pressure (i.e. at low filling) [117]. This effect was partly
attributed to the impact of attractive van der Waals forces in small nanometre-sized
cavities in accordance with considerations by Ash et al. [117, 121]. Prior to this, Ash
et al. [121] set up the thermodynamic energy for a liquid between two parallel walls
considering the influence of the distance on the attractive or repulsice forces. Günther
et al. [119, 120] also studied the pore deformation of SBA-15 and MCM-41 with small
angle x-ray diffraction and performed Monte Carlo simulations. Both methods provided
very similar results [119]. Because of a considerable difference between the measured
deformation and the deformation expected as a result of the Laplace pressure, Günther
et al. [119] concluded that the curved surface of the menisci and the Laplace pressure
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1.4 Deformation of porous samples during sorption

cannot be the sole explanation for the deformation. Also because of the simulations,
these authors consider dispersion forces as an essential reason for the deformation [119].
As mentioned above, dispersion forces were also used to explain a contraction of samples
at low fillings [117, 121]. For these samples with parallel pores (including SBA-15 [48],
MCM-41 [119], porous silicon [117], and another thin porous silica film [115]), the first
adsorbed surface layers cause a significantly smaller deformation than capillary bridges at
high filling (cp. e.g. figure 1 in reference [48]), similar to the behaviour mentioned above
for activated charcoal [110]. This contrast e.g. to the observations for porous Vycor® (cp.
figure 1.6).
The adsorbate and its properties directly influence the deformation behaviour. Yates
evidenced that polar adsorbate causes a contraction of a porous glass sample at the
beginning of the filling process, in contrast to non-polar gases [53, 122]. He assumed
that this behaviour is related to the electrical properties of the adsorbate and possibly
to the dipole and quadrupole moment of polar adsorbates [123]. The gases that cause
a contraction possess both a dipole and a quadrupole moment [123]. Also a hydrogen
bonding between the adsorbate and the porous sample (for the corresponding adsorbates,
e.g. ammonia) were named as a possible origin [123]. The observed contraction of the
sample is related to properties of the hydrogen bonding between adsorbed molecules and
pore surface [124], which in turn influences the effective Young modulus of the porous
sample [125].
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Chapter 2

Sorption of liquid and solid argon in nanopores

The previous knowledge of the physical behaviour of argon in the nanopores of porous
Vycor® glass, i.e. in particular the existance of both liquid and solid argon below the ac-
tual freezing point of confined argon, are sketched in the first part of section 2.1 (own work,
diploma thesis [126]). The second part (starting from page 21) as well as the results pre-
sented in section 2.2 are already part of this dissertation. Ultrasonic measurements supply
information on the phase state of the adsorbed argon on the basis of the effective shear
modulus of the porous matrix and the pore filling. Isothermal measurements between 50 K
and 75 K (freezing point of confined argon Tfr,Ar,pore ≈ 76 K [85]) reveal that the fraction
of liquid argon decreases with decreasing temperature. The ultrasonic measurements on
the heterogeneous system of pores and porous matrix do not directly supply the intrinsic
elastic properties of each constituent. For the determination of the intrinsic shear modulus
GAr,ads of adsorbed argon from the effective shear modulus G some efforts are necessary.
Possibilities and requirements for the extraction of the intrinsic shear modulus are pre-
sented. The development of an effective medium analysis permits the determination of the
intrinsic shear modulus of adsorbed surface layers (and for adsorbate in completely filled
pores). This analysis reveals the formation of solid argon layers on top of liquid-like sur-
face layers during isothermal filling at low temperatures (T < Tfr,Ar,pore ≈ 76 K). These
frozen and solid argon layers are bulk-like, i.e. their shear modulus GAr,SL is about equal
to the shear modulus GAr,bulk of crystalline bulk argon at the corresponding temperature.

2.1 Effective shear modulus during isothermal sorption of
liquid and solid argon

At the beginning of this dissertation some information of the influence of adsorbed argon
in the nanopores of porous Vycor® glass on the effective shear modulus G of the porous
sample were known from my previous studies [126]. Liquid adsorbed argon does not
contribute to the effective shear modulus of the porous sample independently from the
filling fraction f = n/n0 = VAr,ads/Vpores (see figure 2.1);1 The deviations are smaller than

1n: molar amount of pore filling; n0: molar amount of adsorbate necessary for complete filling of the
pores; VAr,ads: volume of the adsorbed argon; Vpores: volume of the pores



Chapter 2 Sorption of liquid and solid argon in nanopores

Figure 2.1 – Effective shear modulus of a porous glass sample (scaled with the shear modulus
G0 = 6.86 GPa of the empty sample) during adsorption of liquid argon at 80 K as a function of
the filling f = VAr,ads/Vpores. The effective shear modulus remains essentially unchanged by the
adsorbate and the deviations are smaller than 0.5%, which reflects the accuracy of the method.
Figure from [1] (Copyright © 2008 by the American Physical Society).

0.5%. This behaviour is not particularly astonishing, as (inviscid) liquids cannot sustain
shear stress.
During the successive isothermal filling of the porous glass sample with argon below
its freezing point (Tfr,Ar,pore ≈ 76 K for completely filled pores with a pore radius of
rP ≈ 3.9 nm [85]), the effective shear modulus features three characteristic ranges (see
figure 2.2) for a measurement at 72 K. Below a filling fraction f1 ≈ 0.53 the adsorbed
argon does not change the effective shear modulus. This shows directly that the adsorbate
behaves liquid-like though the measurement was performed below the freezing point of
confined argon. It appears clear that at such low filling fractions (region I up to f1) the
liquid-like argon consists of adsorbed surface layers (cp. section 1.2). The existance of
such liquid-like, non-freezing or amorphous surface layers below the actual freezing point
of argon is also known from other measurements [29]. The average number z of adsorbed
argon monolayers at f1 can be estimated with the relation

f = VAr,ads
Vpores

= r2
P − (rP − zu)2

r2
P

, (2.1)

with the average pore radius rP = 4.0 nm and the thickness u ≈ 0.34 nm of one adsorbed
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2.1 Effective shear modulus during isothermal sorption of liquid and solid argon

Figure 2.2 – At 72 K, i.e. below the freezing point of argon the scaled effective shear modulus
exhibits three characteristic ranges during filling (G0 = 6.88 GPa). The process of freezing starts only
at a filling fraction of f1 ≈ 0.53 and the effective shear modulus increases linearly with increasing
filling. Above a higher filling f2 ≈ 0.81 the effective shear modulus remains at a plateau value.
Figure from [1] (Copyright © 2008 by the American Physical Society).

layer.2 Thus, the filling fraction f1 ≈ 0.53 at a temperature of 72 K corresponds on average
to three or four adsorbed surface layers on the pore wall that do not freeze (z ≈ 3.7).
The (linear) increase of the shear modulus above f1 indicates the presence of frozen
adsorbate, since liquids cannot sustain shear stress or contribute to the shear modulus.
At this point the spatial arrangement of the pore filling above f1 cannot be determined.
The intuitive assumption that solid capillary bridges form in region II (which corresponds
to the steep part of the adsorption isotherm) will prove as erroneous (see section 2.2.2).
Above f2 a plateau values is observed for the effective shear modulus (region III). At f2
beside changes of the spatial arrangement also changes of the intrinsic properties of the
adsorbed argon (amorphous⇒ crystalline) would be possible. At this state of the research
interpretations regarding the different properties and spatial structures of the adsorbed
argon in these three ranges were somewhat speculative. The meaning and origin of the
special behaviour of the effective shear modulus will be elucidated in section 2.2.2.
My previous measurements at 70 K, 72 K, and 74 K also showed that the filling fractions
f1 and f2 are shifted to lower values when the temperature is reduced (see figure 2.3 for
72 K and 74 K). The reduction of f1 by ≈ 20% as a consequence of a temperature change
of 2 K evidenced that at lower temperatures the process of freezing starts already at lower

2The thickness u of one adsorbed argon layer can be estimated with the density of argon, ρAr ≈
1.66 g/cm3 (at 72 K) [127], the molar mass mM = 39.948 g/mol and the Avogadro constant NA:
u ≈ [mM/(ρNA)]1/3 = 0.34 nm.
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Chapter 2 Sorption of liquid and solid argon in nanopores

Figure 2.3 – Scaled effective shear modulus during adsorption of argon at 72 K and 74 K as a
function of the filling fraction f . A reduction of the temperature results in a shift of the curves for
the effective shear modulus to lower filling fractions. Consequently, the process of freezing starts at
lower filling fractions f1 when the temperature is reduced. Figure from [1] (Copyright © 2008 by the
American Physical Society).

filling fractions.
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2.1 Effective shear modulus during isothermal sorption of liquid and solid argon

Figure 2.4 – Effective shear modulus G (scaled) for two Vycor® samples (each rP ≈ 4.0 nm)
during filling with argon at 74 K. Both samples show three regions for the effective shear modulus,
however, only for one sample the transition from region II to III at f2 is connected with an abrupt
jump to a higher plateau value. This could be related to strains or distortions in the porous matrix
because of the formation of solid capillary bridges (cp. section 2.2.2). The inset shows the filling
fraction f as a function of the reduced vapour pressure for adsorption and desorption (sample 1).
Figure from [2] (Copyright © 2011 by the American Physical Society).

For this dissertation, initially, additional sorption isotherms at other temperatures and
with other porous Vycor® samples were performed. All these measurements show a be-
haviour similar to that described above. Always the effective shear modulus G starts to
increase at a certain filling fraction f1 > 0 and this increase of G is essentially propor-
tional to the filling fraction (f − f1) up to f2. The transition from the region of the linear
increase (f1 ≤ f ≤ f2) to the region with the plateau value for G is, however, not always
connected with an abrupt jump to higher values for the effective shear modulus G (see
figure 2.4).
Even at temperatures as low as 50 K still a small filling fraction of f1 ≈ 0.2 (corresponding
to a bit more than one monolayer) behaves liquid-like. The amount of liquid-like argon
during isothermal adsorption measurements, i.e. f1, is shown in figure 2.5 for different
temperatures. The dependence of f1 is particularly strong just below the freezing point
Tfr,Ar,pore ≈ 76 K [85]. A reduction of the temperature from 75 K by only 5 K reduces f1
by about 50%. But at lower temperatures the reduction of f1 with decreasing tempera-
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Figure 2.5 – Temperature dependence of the filling fraction f1 [and of the corresponding number of
surface layers (with the thickness u ≈ 0.35 nm for one monolayer)]. A reduction of the temperature
results in a shift of the filling fraction f1, i.e. of the onset of freezing during isothermal adsorption,
to lower values. At 50 K still a bit more than one surface layer remains liquid-like.

ture lessens considerably and the fraction of liquid-like argon seems to approach a final
minimum value of f1 ≈ 0.2. This would suggest that the first adsorbed surface layer does
not participate in a liquid-solid phase transition and remains even at low temperatures in
a liquid-like state corresponding to the model of “dead” surface layers near the pore wall
(see below). A close study of the phase transition behaviour of the first few surface layers
during temperature cycles in chapter 3 will show, however, that also these surface layers
crystallize completely at very low temperatures.
Wallacher and Knorr have proposed a simple model describing thermal equilibrium in
completely filled pores (see reference [29]), where the pore walls are at first covered by
“dead” layers (two monolayers) and then by a liquid shell. The latter one serves as a buffer
between the frozen capillary sublimate in the pore centre and the “dead” layers that do not
undergo a liquid-solid phase transition reducing the free energy of the system [29]. There
is an interplay between volume and interfacial energies and with decreasing temperature
the thickness of the liquid shell decreases [29]. Taking their model, the amount f1 of
liquid-like argon would correspond to the sum of “dead” layers and liquid shell, which are
indistinguishable in the ultrasonic measurements. The first two “dead” layers represent
a filling fraction of fdl ≈ 0.31 [cf. equation 2.1]. Thus, for example at 72 K the liquid
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Figure 2.6 – (a) Idealized pore with constant radius rP . The pore wall is covered with an argon
layer of the thickness t. There are not yet any capillary bridges. (b) Because of a certain pore size
distribution possibly there are a few pore sections with capillary bridges already at low filling fractions
(see text). Figure (b) from [2] (Copyright © 2011 by the American Physical Society).

shell corresponds to f1 − fdl ≈ 0.22. This value is larger than the one predicted by the
model of Wallacher and Knorr (at 72 K they obtain f ≈ 0.05 − 0.10 for a pore radius
of 5 nm) [29], but it must be kept in mind that the total free energy they calculate
depends on interfacial energies and on a coherence length, the values of which have to be
estimated. Therefore, at least a qualitative agreement can be stated. In the above model,
the existence of liquid-like argon is an inherent thermodynamical feature of pore confined
argon, i.e., it is not related to the pore size distribution of the Vycor® glass.
Because of a certain pore size distribution of the porous Vycor® glass (see figure 1.2 in
section 1.1 and figure 2.6) possibly already at low fillings capillary bridges form in a
few very small pores or pore sections [(cp. figure 2.6(b)]. Assuming the validity of the
Gibbs-Thomson equation, adsorbed argon will only freeze in these pore sections during
sorption measurements at lower temperatures, as the reduction of the freezing point is
especially big in the smallest pores (∆Tfr ∝ 1/rp, cp. equation 1.3 in section 1.3). Thus,
it would be difficult to differentiate clearly between capillary bridges in these small pores
and liquid-like surface layers.
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2.2 Intrinsic shear modulus of adsorbate GAr,ads

2.2.1 Estimate of the intrinsic shear modulus GAr,ads for f = 1

According to the effective medium theory, the effective elastic moduli of a heteroge-
neous material depend on both the material parameters as well as on the spatial dis-
tribution, i. e. on the microstructure. This makes it difficult to evaluate precisely the
shear modulus of the confined frozen argon from the measured effective shear modu-
lus G. It is possible to get an estimate since there are lower and upper bounds for G
corresponding to the principles of least work and of minimum potential energy, respec-
tively [128]. For a two-phase system of arbitrary microstructure the upper bound is given
by G ≤ ∑i(Vi/V )Gi, i.e., each component i contributes at maximum with its volume frac-
tion [128]. For the lower bound the volume-weighted reciprocal values are to be taken, i.e.,
G ≥ 1/{∑i(Vi/V )/Gi} holds [128]. At complete filling (f = 1) only the shear modulus of
quartz glass, GQ = 27.95 GPa [129], and that of the pore filling has to be considered for
the lower bound. A rearrangement of the above equation for the lower bound results in
an upper bound for the shear modulus of the adsorbed argon:

GAr,ads|f=1≤
φ

1
G
− 1−φ

GQ

(2.2)

Here GAr,ads denotes the shear modulus of the whole pore filling, i. e. of pore condensate
and surface layers. For example for a measurement with sample 1 at 72 K (cp. figure 2.2),
equation 2.2 gives an upper bound of GAr,ads = 2.4 GPa.3 Equation 2.2 disregards that the
surface layers do not contribute at low filling fractions f ≤ f1 (see section 2.1), where they
have a free surface facing the empty core volume. But when pore sublimate forms they
become interfacial layers between two solids, i. e. between matrix and frozen argon, and
thus their properties could change (at least they are able to transmit elastic vibrations).
Therefore, equation 2.2 only yields an upper bound for the shear modulus of the pore filling
as a whole but it supplies no possibility to separate contributions from pore sublimate
and surface layers. The values for the shear modulus of (poly-)crystalline bulk argon are
at a temperature of 72 K in a range of ≈ 0.8 − 1.2 GPa (see also figure 2.8) [130–132].
Thus the effective medium analysis is in good agreement with this data showing that the
confined frozen argon can be in a crystalline or in a poly-crystalline state.

3There are small differences between different Vycor® samples (rP ≈ 4.0 nm) for the upper bound of
the shear modulus of the pore filling GAr,ads (changes in the first decimal place). Reasons for that
are slight differences for G0 and the appearance of an abrupt increase of G at f2 for one sample.
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2.2.2 Quantitative determination of the intrinsic shear modulus
GAr,ads and implications for the geometrical configuration of
the adsorbate

In the following the linear increase of the effective shear modulus in region II of the
sorption isotherms (i.e., a common feature of all samples studied, see e.g. figure 2.4)
is analyzed. This region II corresponds to a range where a considerable increment of
the pore filling barely alters the reduced vapour pressure p/p0 (see the steep increase of
the adsorption branch in the inset of figure 2.4). The onset of capillary condensation or
sublimation is expected somewhere in this range [60]. But its exact location is difficult
to predict: Geometrical instabilities and fluctuations may be less important on a solid
phase at low temperatures, so that capillary sublimation might occur only at rather high
fillings.
The scope of the following effective medium analysis is thus twofold: First the analysis will
show that the geometrical arrangement of the adsorbed frozen argon in region II mainly
corresponds to that of surface layers, i.e., that capillary sublimate only forms at higher
fillings. Second the analysis will permit the evaluation of the intrinsic shear modulus of
the adsorbed frozen argon.
The unfilled Vycor® glass has a complicated network-like microstructure consisting of
quartz glass and empty pores [see schematic sketch in figure 2.7]. For this reason its
shear modulus, G0, is smaller than that of bulk quartz glass, GQ. Up to a porosity of
φ ≈ 0.25 − 0.3 for many materials the elastic moduli depend approximately linearly on
the porosity [133,134]. Thus for a given porosity φ the shear modulus G0 can be written
as

G0 = GQ · (1− a·φ), (2.3)

where a is a factor that depends on the microstructure, i.e., on the spatial arrangement
of the pores (connectivity, shape, size distribution, etc.).
Supposing that one would start to refill the pores of a sample (at φ ≈ 0.25) by adding a
small amount of quartz glass, the material can be deposited at different places creating
various geometrical arrangements [compare figure 2.7(b)+(c)].
The corresponding increase of the shear modulus is given by

dG0

GQ

= −(a· dφ+ φ· da). (2.4)

Only when the microstructure of the existing porous network is preserved, da = 0 holds
and this change is solely proportional to dφ, i.e., to the amount of added material.
A preservation of the microstructure can for example be achieved by changing slightly
the local pore radius [adding surface layers, see figure 2.7(b)] and in the following this
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Chapter 2 Sorption of liquid and solid argon in nanopores

Figure 2.7 – Schematic sketch of the structure of porous Vycor® glass. (a) Unfilled sample.
Additional material can be deposited as surface layers preserving the microstructure of the empty
network (b) or in the centre of the pores as it is the case for capillary sublimate (c). In the latter
case the microstructure is changed. Figure from [2] (Copyright © 2011 by the American Physical
Society).

case will be considered in more detail. Let f be the filling fraction of the pores so that
dφ = −fφ holds. Adding surface layers of quartz would thus lead to a change,

dG0 = a·φ· f ·GQ. (2.5)

It is proportional to the known factors a and φ characterizing microstructure and porosity
of the unfilled sample as well as to the filling fraction f of the pores and to the surface
layers’ shear modulus. Analogously, adding adsorbed layers of frozen argon yields an
effective shear modulus of

G = G0 + a·φ· f̃ ·GAr,SL. (2.6)

Here, the total filling fraction f had to be replaced by the filling fraction of frozen argon
f̃ because only frozen and solid adsorbate leads to a change in G. Before proceeding with
the analysis of the data and a test of the above model, the assumptions that are connected
with equation 2.6 are now recapitulated. The constancy of the geometry of the frozen
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2.2 Intrinsic shear modulus of adsorbate GAr,ads

argon upon filling is required in order to explain the observed linear increase of the shear
modulus. But the validity of equation 2.6 requires even more: the preservation of the
porous microstructure of empty Vycor® upon filling with frozen argon. Only in this case
the geometrical factor a in equation 2.6 equals that in equation 2.3 and is experimentally
accessible via the characterization of the unfilled sample. Combining equations 2.3 and 2.6
yields

G = G0 + (1− G0

GQ

) · f̃ ·GAr,SL. (2.7)

First a test of the model will be performed by an application of equation 2.7 to the
experimental data. From the measurements both the filling fraction of frozen argon,
f̃ = f − f1, as well as G0 can be deduced. With the aid of the shear modulus of quartz
glass, GQ = 27.95 GPa [129], the shear modulus of the frozen argon, GAr,SL, is evaluated
from the measured slope in region II (see figure 2.4). These values for the shear modulus
of adsorbed argon (for several isothermal measurements with different samples at various
temperatures) show a good agreement with values for bulk argon, i.e.,

GAr,SL ≈ GAr,bulk (2.8)

holds (see figure 2.8).
This result assesses the validity of the above effective medium analysis, especially the
requisite that the microstructure is not altered. But is the associated geometrical pic-
ture sound for a network of rather uneven pores? In other words, is a simple polylayer
growth of a frozen argon film a realistic scenario and to what extend does it preserve
the microstructure of the porous Vycor® matrix? The situation is illustrated in figure 2.9
showing irregular pores of varying diameter (as a part of the network-like microstructure
having a certain pore size distribution; cp. figure 2.7).
At low pore fillings the adsorbed argon is liquid-like, so that it does not contribute to
the shear modulus (G = G0; region I in figure 2.4). The first atoms will adsorb in
surface layers, but pores or pore sections with small diameters may fill completely [see
figure 2.9(I)]. Such capillary condensed argon would not freeze during a sorption isotherm,
since the smallest pores exhibit the largest freezing point depression (∆T ∝ 1/rP ; cp.
equation 1.3 in section 1.3, section 2.1 and reference [28]). It is thus not distinguishable
from liquid-like surface layers.
The observed linear increase of the shear modulus in a large filling range (region II in
figure 2.4) and the fact that the quantitative effective medium analysis via equation 2.7
yields bulk-like mechanical properties for the frozen argon, GAr,SL ≈ GAr,bulk, are not
casual but distinct features reflecting that adsorbed layers of frozen argon form, probably
on top of the previously deposited liquid layers [see figure 2.9(II)]. The microstructure of
the frozen layers essentially reproduces the form of the pore walls (i.e., only a negligible
amount of argon is deposited in a different geometrical configuration, for example, as
capillary sublimate in the centre of pores). Otherwise, the factor a in equation 2.6 would

27



Chapter 2 Sorption of liquid and solid argon in nanopores

Figure 2.8 – The intrinsic shear modulus of frozen argon confined to nanopores as a function
of the temperature as well as values for bulk argon. The values for confined argon (solid symbols)
are calculated from isothermal measurements on three samples using equation 2.7 (sample 1, mea-
surements at four temperatures; sample 2, four measurements at two temperatures; sample 3, one
adsorption isotherm). The data for bulk argon are taken from literature: The open squares are values
for poly-crystalline argon [131], the open circles [130] and stars [132] for the shear modulus C44, and
the triangles [130] and crosses [132] for a different propagation direction ((C11 − C12)/2). Figure
from [2] (Copyright © 2011 by the American Physical Society).

change and the quantitative effective medium analysis would not yield the bulk properties
of argon. Liquid capillary condensate that already formed at lower fillings (region I)
remains in its state and does not affect the measured shear modulus. The characteristic
range [f1(T ), f2(T )] in which polylayer growth occurs (i.e., width and position of region
II) depends on temperature: the lower the temperature, the lower the characteristic filling
fractions f1 and f2 (see figure 2.3 showing data for T = 72 K and T = 74 K).
The deviation of the linear increase observed at higher fillings (region III above f2 ≈ 0.89
at 74 K in figure 2.4) reflects a change of microstructure of the frozen adsorbate [i.e., now
a considerable amount of capillary sublimate has formed; see figures 2.7(c) and 2.9(III)].
The measurements of a volume averaged quantity, the effective shear modulus, provide no
possibility to distinguish whether only the new adsorbate that is added in region III forms
capillary sublimate or whether also the previously deposited argon undergoes a structural
change, for example, a spatial redistribution via a partial delayering of the frozen argon
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2.2 Intrinsic shear modulus of adsorbate GAr,ads

Figure 2.9 – Schematic sketch of pore sections during isothermal filling for different regions. Due
to the pore size distribution of porous Vycor® glass there are bigger and smaller pores. In region
(I) smaller pores can possibly be filled with liquid pore condensate; in bigger pores there are only
liquid-like adsorbed layers. In region (II), i.e., at higher fillings, there are frozen layers formed on top
of the liquid-like layers. Finally, in region (III) a further filling of the sample leads to the formation
of solid capillary condensate. Figure from [2] (Copyright © 2011 by the American Physical Society).

film. (The delayering of surface layers will be discussed in section 3.2.) Although the real
microstructure is rather complex, the dimension of the surface layers can be estimated
(with equation 2.1): The thickness of an adsorbed layer is approximately 0.34 nm, so that
at maximum ≈ 12 layers would fit into a pore with a pore radius of 4 nm. At 74 K,
region III corresponds to fillings f > f2 ≈ 0.89, that is, on average there are more than
eight surface layers (the lower the temperature, the lower f2; cp. figure 2.3). Due to
the pore size distribution there are many bottlenecks where capillary sublimate can form.
Note that all samples exhibit a saturation of the effective shear modulus, i.e., a plateau in
region III (figure 2.4): sample 1 after a step-like increase of G, the other samples without
any discontinuity. The actual value for G in region III (plateau) might be caused by
internal mechanical tensions or distortions as a result of the abrupt formation of solid
capillary bridges during adsorption at f2. Also a possibly different microstructure of sam-
ple 1 may account for the peculiar behaviour at f2. The formation of a plateau in G can
be understood by a simple comparison: Capillary sublimate acts like rivets stabilizing a
mechanical construction. When a certain stability is achieved, new fixings have only a
small impact.
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Conclusions
The first few adsorbed layers do not freeze during isothermal sorption cycles, at least
not in the temperature range of the sorption measurements (50 − 74 K). The reason for
this behaviour might be seen in the difficulty of the argon atoms to accommodate to the
structure of the SiO2 pore surface. But lowering the temperature leads to a decrease in
the number of liquid-like layers: from ≈ 4.9 layers at T = 74 K (f1 ≈ 0.66) to ≈ 1 layer
at T = 50 K (f1 ≈ 0.2); cp. figure 2.5. This is an indication of a stronger increase of the
interaction between the argon atoms compared to the interaction of argon atoms with the
SiO2 wall.
The wetting of the solid phase by its own melt, i.e. the appearance of liquid-like interfacial
or surface layers below the bulk melting temperature (so-called interfacial premelting), is
known for many substances including solid rare gases [25,29,34,35,37,40,41,43,80,81,91–
96]. For example, ice on a planar SiO2 surface as well as in porous Vycor® glass exhibits
liquid-like interfacial layers, the thickness of which grows with increasing temperature [35,
96]. At a given temperature the layers’ thickness is given by the state of the minimal
interfacial free energy [29]. Likewise the existence of liquid interfacial layers of argon
in pores has been explained as a result of the interplay between volume and interfacial
energies; the liquid layers reduce the free energy of the system (see section 2.1) [29].
The effective medium analysis evidences a particular feature: Solid surface layers form on
top of the first liquid-like layers during isothermal filling below T ≈ 76 K. The derived
effective medium analysis provides the possibility to determine the shear modulus of these
adsorbed surface layers in the nanoporous glass sample. The frozen adsorbed argon layers
behave bulk-like and exhibit a shear modulus about equal to the shear modulus of bulk
argon, i.e., there are no size or surface effects that alter their shear modulus notably.
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Chapter 3

Behaviour of surface layers of argon

The observation that the shear modulus of confined solid argon is about equal to the shear
modulus of bulk argon (see section 2.2.2) forms the starting point for a thorough research
of the liquid-solid phase transition of argon in nanopores. This finding and the effective
medium analysis pave the way for the investigation of the phase behaviour of adsorbed
surface layers during temperature cycles via ultrasonic measurements. Adsorbed layers of
argon in nanoporous Vycor® glass exhibit a peculiar phase behaviour. In this chapter it will
be shown that both the first and the second layer undergo a continuous phase transition in
a broad temperature range of at least 40 K. The analysis of the ultrasonic measurements
reveals that the fraction of frozen argon increases with decreasing temperature. A complete
freezing is only achieved at very low temperatures of approximately 20 K (i.e., far below
the bulk freezing temperature Tfr,Ar,bulk = 84 K [85]). Whereas those two adsorbed layers
remain stable during cooling, the third one becomes unstable around 66 K, rearranges, and
solid capillary condensate is formed (delayering transition).

3.1 First and second adsorbed surface layer

In order to find out whether all liquid layers (cp. figure 2.5) solidify at sufficiently low tem-
peratures or whether there is a minimum number of interfacial layers that always remain
liquid, measurements at lower temperatures are required. Since isothermal measurements
below 70 K or 60 K are too time-consuming (waiting for an equilibrium distribution after
each filling step; see note in section A.1), temperature cycles with nearly constant fillings
were conducted (see figure 3.1). Argon gas in the dead volume of the sample cell succes-
sively condensates into the sample when the temperature is lowered and thus increases
the filling fraction. But this change is negligible below ≈ 60 K, due to the low vapour
pressure of argon in that temperature range. Then the filling fraction is constant and the
quantity of adsorbed argon corresponds to 1, 2, or 3 surface layers (SL); see figure 3.1.
This specification is used to label the curves of the simultaneously measured effective
shear modulus displayed in figure 3.2. To be as near to equilibrium as possible, mostly
not more than two or three measurements were made a day for temperature steps of
1 K. The shear modulus of the empty porous glass sample increases almost linearly with
decreasing temperature. Adsorbed layers lead to a significant increase of the effective
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Figure 3.1 – Number of adsorbed layers, z, during cooling (solid symbols) and heating (open
symbols). The number was calculated from the measured filling fraction f using equation 2.1.
Argon gas in the dead volume of the sample cell successively condensates into the sample when the
temperature is lowered and thus increases the filling fraction. Due to the low vapour pressure of
argon below 60 K the change in the number of layers is negligible in that temperature range. Figure
from [2] (Copyright © 2011 by the American Physical Society).

shear modulus at low temperatures.
At first the results for fillings corresponding to one or two adsorbed layers will be discussed.
There is no hysteresis between cooling and heating and no abrupt freezing transition upon
cooling (i.e., the layers seem to undergo a continuous stiffening). But the picture described
in section 2.1 – a lowering of temperature yields to a continuous decrease in the number of
liquid-like layers – is no longer physically sound when all in all only one or two adsorbed
layers are present. But there are two possible hypotheses. One might assume that the
adsorbate makes some kind of glass transition, where the shear modulus of the surface
layers increases continuously with decreasing temperature. The other possibility is a
continuous freezing and melting of the adsorbate, i.e., depending on the local interaction
the adsorbed film consists of liquid-like and of crystalline parts: the lower the temperature,
the higher the fraction of frozen argon. The effective medium analysis can give more clues,
since it allows to perform a quantitative test of the second hypothesis by calculating the
fraction of frozen argon. Equation 2.7 (in section 2.2.2) is valid, presupposing that there
are only adsorbed layers that do not change the microstructure of the nanoporous system.
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3.1 First and second adsorbed surface layer

Figure 3.2 – Effective shear modulus of the porous sample for different fillings as a function of
the temperature during cooling (solid symbols) and heating (open symbols). The modulus increases
continuously for both one and two adsorbed layers and shows no hysteresis between cooling and
heating. For a filling that corresponds to three adsorbed layers the effective shear modulus increases
sharply upon cooling between 66 and 65 K and there is a hysteresis between freezing and melting
(see also figure 3.4). Figure from [2] (Copyright © 2011 by the American Physical Society).

From the sorption isotherms it is already know that for the shear modulus of frozen
adsorbed argon layers GAr,SL ≈ GAr,bulk holds (see section 2.2.2; figure 2.8). Therefore, at
low temperatures the literature values for crystalline bulk argon from reference [130]1 can
be used. For the determination of the fraction of frozen adsorbate x = f̃/f , equation 2.7
is solved for the amount of frozen argon, f̃ . With this relation and the values for the
measured shear modulus, the fraction x of frozen argon is calculated as a function of
temperature (see figure 3.3).
First the observed behaviour of x indicates that the percentage of frozen argon is almost
the same for one and for two adsorbed layers and that there is no thermal hysteresis
between melting and freezing. Upon cooling down to 20 K almost all argon freezes con-
tinuously (x→ 1). Thus the above picture – the assumption that there is only liquid and
frozen bulk-like argon, the percentage of which increases with decreasing temperature – is

1They measured the transversal ultrasonic velocity in crystalline bulk argon at various temperatures
between 3 K and 77 K and determined the shear modulus (C44). From a polynomial fit of those values
the shear modulus GAr,bulk ≈ GAr,SL was calculated.
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Figure 3.3 – Fraction of frozen adsorbed argon, x = f̃/f , as a function of the temperature for
both one adsorbed layer (circles) and two adsorbed layers (triangles) during cooling (solid symbols)
and heating (open symbols). The values are calculated with equation 2.7 using the experimental
data of the temperature cycles. By lowering the temperature successively to about 20 K almost all
argon freezes continuously and there is no hysteresis between freezing and melting. Figure from [2]
(Copyright © 2011 by the American Physical Society).

consistent. If one assumed instead of that a homogeneous layer undergoing a glass tran-
sition [i.e., a constant f̃ = f in equation 2.7 and a change of the layers’ shear modulus],
the modulus would increase from GAr,SL ≈ 0 at high temperatures to GAr,SL ≈ GAr,bulk

at 20 K. That means that by coincidence at the lowest temperature the adsorbed argon
would have the properties of crystalline argon. For this reason this scenario is less plau-
sible. The results of the effective medium analysis clearly favour the first picture, i.e., a
continuous freezing and melting of the first two surface layers (see figure 3.3).
Interfacial premelting that reflects in a gradual phase transition has also been observed
in other systems: for mesoporous and macroporous samples containing octamethylcylote-
trasiloxane, an only weakly polar molecule with a close to spherical shape [37], but also
for polar molecules such as water in controlled pore glass [35,80] or in siliceous MCM-41
with a pore radius of 1.2 nm [30]. In addition, computer simulations point to a continuous
phase transition of water in a nanopore slit [42] and in carbon nanotubes [135].
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3.2 Delayering of the third layer

The temperature cycle with a quantity of argon that corresponds to up to three layers fea-
tures a peculiar behaviour (see figures 3.2 and 3.4). Between 66 K and 65 K the measured
effective shear modulus increases markedly on cooling. In that temperature range the fill-
ing fraction increases only slightly: The average number of adsorbed layers is equivalent
to 2.58 at 66 K and to 2.66 at 65 K (see figure 3.4(b)). This small change can neither
explain the steep increase of the effective shear modulus between 66 K and 65 K nor the
observed hysteresis between cooling and heating. If the same effective medium analysis
as before were used – assuming bulk-like adsorbed layers and calculating the fraction of
frozen adsorbate, x = f̃/f , via equation 2.7 – this quantity would show a step at 66 K
and then an almost linear increase up to a value of 127% at the lowest temperature. This
contradiction shows that the specific assumptions of equation 2.7 are not correct for this
measurement. In order to maintain x ≤ 1 the artificial assumption of GAr,SL > GAr,bulk

would be necessary, which contradicts the previous results of the isothermal measurements
(see figure 2.8) as well as the observations for the first two surface layers (see section 3.1)
[and for completely filled pores (see chapter 4)]. In addition, the abrupt freezing step at
66 K would have to be explained. Therefore, it appears much more consistent to abandon
the basic assumption of equation 2.7, i.e., that of a constant microstructure consisting
solely of adsorbed layers: A spatial rearrangement of the adsorbate at the steep increase
of G around 66 K (e.g., as sketched in figure 3.4) would lead to a sudden change of the
effective shear modulus, even when the intrinsic shear modulus of the adsorbate remains
unchanged. This also explains the observed hysteresis, the formed solid capillary conden-
sate melts only at a higher temperature (completely filled nanopores as well as partial
fillings in the regime of capillary bridges usually show a freezing and melting hysteresis;
see e.g. references [28–30, 33, 38, 39, 64, 72, 74, 76, 85, 136–139]. In addition, a spatial re-
arrangement of a partial pore filling during cooling can be expected from the isothermal
measurements. At 74 K all fillings f ≤ 0.66 form liquid surface layers (see region I in
figure 2.4). But the maximum number of liquid-like layers decreases with temperature
and at 66 K the fractional filling of f ≈ 0.4 [see figure 3.4(b)] already lies in region II
[f > f1(66 K) ≈ 0.33, cp. figure 2.5], so that frozen layers exist on top of liquid-like layers
[see figure 2.9(II)]. But also the characteristic filling fraction f2 at which a transition from
region II to III occurs depends on the temperature (cp. figure 2.3). Thus a further cooling
can finally yield to f > f2, so that the geometrical configuration becomes that of region
III and capillary sublimate forms. Of course, the comparison of isothermal measurements
and of temperature cycles is only correct assuming equilibrium states, which are entirely
characterized by filling fraction and temperature (metastable states would depend, e.g.,
on thermal history). But it is obvious that a constant filling fraction does not necessarily
imply a constant microstructure during cooling. Such a change of the pore condensates’
geometrical arrangement has been previously assumed for argon in Vycor® [29, 64] and
for water in parallel arranged pores [76]. The calorimetric measurements in reference [29]
showed a freezing anomaly around 66 K that the authors interpreted as a delayering
transition: The third liquid argon layer becomes unstable during cooling and converts
into solid capillary condensate. The above analysis of the ultrasonic data supports this
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Figure 3.4 – (a) During the cooling (solid symbols) with a filling that corresponds to up to three
adsorbed layers the effective shear modulus increases sharply between 66 K and 65 K due to a change
of the adsorbates’ microstructure (surface layers → frozen capillary condensate). On heating (open
symbols) the formed solid capillary condensate melts only at a higher temperature and a hysteresis
is observed. (b) During cooling the number of pores or, respectively, of pore sections with a filling
that is equivalent to three adsorbed layers increases. The increase in the average number of adsorbed
layers on cooling (solid symbols) due to the vapour in the sample cell is, however, continuous and
gets smaller the lower the temperature. Open symbols are for heating. Figure from [2] (Copyright
© 2011 by the American Physical Society).

36



3.2 Delayering of the third layer

picture, giving a strong direct indication for such a geometric change.

Conclusion
The measurements of temperature cycles with (almost) constant fillings of the pores of
porous Vycor® glass reveal a pronounced confinement effect. The first two adsorbed
surface layers of argon freeze and melt continuously over a very broad temperature range
of about 40 K. But the elastic properties of bulk argon are preserved for solid parts of
the adsorbed argon. For a filling corresponding to three adsorbed layers, the analysis
clearly indicates during cooling a delayering process at a temperature of 65 − 66 K, i.e.
the formation of solid capillary bridges.
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Chapter 4

Continuous freezing of argon in completely
filled nanopores

The analysis of the ultrasonic measurements presented in section 3.1 revealed that both one
and two adsorbed surface layers of argon freeze and melt continuously over a broad tem-
perature range. For completely filled pores, on the other hand, the known Gibbs-Thomson
equation (see section 1.3) hypothesizes a reduction of the melting (and freezing) tempera-
ture but no continuous phase transition. From previous ultrasonic measurements, Molz et
al. [85] concluded that argon in nanopores freezes within a narrow temperature range of a
few Kelvin. They also interpreted their results as originating from differences between the
shear modulus of confined solid argon and bulk argon that are especially strong at tem-
peratures near Tfr,Ar,pore because of a thermally activated diffusion of vacancies [85]. The
results of section 2.2.2 disproved the latter assumption as the solid surface layers exhibit a
shear modulus about equal to the shear modulus of bulk argon (even just below the freezing
temperature). In this chapter it is furthermore shown that argon undergoes a continuous
liquid-solid phase transion over about 45 K also for completely filled pores. The fraction
of solid argon increases with decreasing temperature. The presence of solid argon in the
pore centre results in an increase of the freezing temperature of the first two surface layer
by about 10 K.

As a consequence of a decrease of the temperature, a continuous increase of the effective
shear modulus in comparison to the empty sample was observed for the first and the
second surface layer (see figure 4.1, for more details see section 3.1). This is a clear
evidence that these layers freeze. When the pores are completely filled the effective shear
modulus also exhibits an increase that is related to the process of freezing of the pore
condensate (see figure 4.1). Due to the greater amount of adsorbate the increase is of
course more pronounced than in the case of single surface layers.
From the increase of the effective shear modulus during temperature cycles with one
or two adsorbed surface layers (shown in figure 4.1) the fraction x = f̃/f of frozen
argon was calculated using equation 2.7 of the effective medium analysis discussed in
section 2.2.2.1 As noted in section 2.2.2, this equation is only valid if the microstructure

1For the shear modulus of crystalline bulk argon (GAr,SL) the literature values from reference [130] are
used (cp. chapter 3).
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Figure 4.1 – Effective shear modulus during temperature cycles for different fillings of the porous
sample. During cooling (closed symbols) the first two surface layers (1 SL or 2 SL) are stiffened and
the effective shear modulus is higher than for the empty sample. This indicates that the argon layers
solidify. Also the effective shear modulus of the completely filled sample (i.e. for f = 1) increases
markedly on cooling. In this case the value of the slope of the increase, however, is considerably
smaller for temperatures below about 30 K. Between cooling (closed symbols) and heating (open
symbols) only with complete filling a small hysteresis is observed (between ca. 76-80 K). Figure
from [3] (Copyright © 2013 by the American Physical Society).

of the existing porous network is maintained. When the microstructure of the porous
network [see figure 4.2(a)] is altered by capillary bridges [see figure 4.2(c)] this equation
no longer holds (cp. sections 2.2.2 and 3.2).
For completely filled pores the microstructure of the adsorbate is essentially the same
as for surface layers [see figures 4.2(b) and (d)]. In this case the microstructure is not
a composition of layers and capillary bridges [see Fig. 4.2(c)], but the adsorbate can be
regarded as being composed of single layers. So, the factor a in the effective medium
equation should be equal to the factor used for surface layers. Consequently, equation 2.7
can also be used to calculate the fraction of frozen argon during cooling and heating for
the case of complete filling.
This fraction of frozen argon is shown in figure 4.3. Below 75.8 K the process of freezing
starts and the fraction of frozen argon increases continuously over a rather broad tem-
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Figure 4.2 – (a) Schematic sketch of the spongy structure of the empty porous Vycor® glass.
(b) At low filling the pore walls are only covered with surface layers of argon. This structure maintains
the microstructure of the porous network. (c) At higher fillings capillary bridges are formed and lead
therewith to a change of microstructure. (d) In the case of complete filling the initial microstructure
of the network is restored. Figure from [3] (Copyright © 2013 by the American Physical Society).

perature range (about 45 K).2 At a temperature of about 30 K all argon is frozen. The
effective medium analysis yields at temperatures below 30 K a fraction of about 1. This
means that below this temperature no non-freezing surface layer of argon remains; then
the influence of the surface of the pore walls can no longer prevent a crystallization of
the complete adsorbate. The result also further confirms the correctness of the effective
medium analysis that was derived in section 2.2.2.
With the analysis only the fraction of frozen argon can be determined without resolving
the spatial distribution of solid and liquid parts. The first and second surface layers freeze
completely only at very low temperatures (T ≤ 20 K, see temperature cycles discussed
in section 3.1). So it seems reasonable to assume that the freezing starts in the centre
of the pores and with decreasing temperature the thickness of the liquid layer between
the solid core in the centre of the pores and the pore walls decreases. This picture

2The origin of the slight decrease of G and x during cooling for 76 K . f . 85 K (see figures 4.1
and 4.3) can be found in a slight error in the determined effective density of the sample. The density
is necessary to calculate the effective shear modulus G from the measured ultrasonic transit time
∆t, respective ultrasonic velocity c (G = c2 · ρ), and thereby also to calculate the fraction of frozen
argon x. In the liquid regime, a rearrangement of adsorbate is still well possible, and during cooling
additional argon can condense into the pores. In the solid regime, the time necessary for the system to
reach equilibrium increases considerably, and consequently, the density can increase only very little.
The effect of a minor change in the effective density was already noticed in reference [85] for the same
system.
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Figure 4.3 – The fraction of frozen argon during cooling (solid symbols) and heating (open
symbols) for completely filled pores. At temperatures below about 30 K the adsorbed argon is
completely frozen and no non-freezing layer remains at these temperatures. The values calculated
with equation 2.7 using the ultrasonic data result at low temperatures almost exactly in a fraction
of 1. [The slight observed decrease during cooling in the liquid regime (between 85 K and 75.8 K)
can be attributed to small density changes (see footnote 2).] Figure from [3] (Copyright © 2013 by
the American Physical Society).

essentially corresponds to the thermodynamic model used by Wallacher and Knorr in
reference [29]. The model mentioned in the previous sections is related to the well-known
effect of surface and interfacial melting [34, 35, 37, 43, 80, 81, 91, 93, 94, 96]. In interfacial
melting experiments with flat substrates the thickness t of the liquid layer usually follows
a power law (t ∝ (∆T )−1/3 with ∆T = Ttriple − T , [94]) or a logarithmic dependence
(t ∝ | ln (∆T )|, [94, 96]) corresponding to van der Waals forces, respectively, short-range
interactions. The peculiar, almost linear, increase of the volume fraction of solid argon
over the very broad temperature range (see figure 4.3) does not follow these relations; a
reason for this might be nanoconfinement and the related curvature of the substrate (pore
surface).3

Molz et al. [85] interpret the measured increase of the ultrasonic velocity c with decreasing
temperature as caused by “the diffusion of thermally activated vacancies” that result in

3On curved substrates for water and octamethylcyclotetrasiloxane, different deviations from these rela-
tions were observed [34,35,37,81].
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Figure 4.4 – A comparison between the temperature-dependent fraction of frozen argon for one
or two ardsorbed surface layers and completely filled pores. When the pores are completely filled
the first few layers freeze already at a higher temperature. The solid argon in the centre of the
pores obviously impresses its structure to the argon in the surface layers. Figure from [3] (Copyright
© 2013 by the American Physical Society).

a stress relaxation. But in the isothermal sorption measurements (T = const., increase
of the pore filling f) for all temperatures [T = 74 K − 50 K, cp. section 2.2.2] the shear
modulus of solid adsorbed argon layers corresponds to the values for bulk argon. This
clearly contradicts the argument forwarded in reference [85] that due to a stress relax-
ation the full modulus contribution can be observed only at very low temperatures. The
isothermal sorption measurements showed also that the amount of solid argon increases
with decreasing temperature (at least down to 50 K, see figure 2.5 in section 2.1). These
observations are very convincing evidence for a continuous phase transition of argon in
completely filled nanopores (cp. figure 4.3)
A comparison of the temperature dependence of the calculated fraction of frozen argon
for complete filling and for the first two surface layers further enligthens the complex
freezing behaviour in nanopores (see figure 4.4). The first and the second surface layers of
argon are completely frozen around a temperature of 20 K. In the case of completely filled
pores, however, already at a temperature of 30 K all argon is frozen. Thus, the crystalline
structure of solid argon in the pore centre influences the surface layers near the wall, and
this interaction of the argon atoms is stronger than the interaction of the argon atoms in
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the first layers with the amorphous pore walls.

Conclusion
The effective medium analysis of a temperature cycle with a completely filled sample shows
that the confined argon undergoes a continuous liquid-solid phase transition over a broad
range of 45 K. Below about 30 K all argon is frozen with a shear modulus that corresponds
to the bulk shear modulus of argon, i.e., below that temperature the adsorbed argon does
not perceive the confinement. The calculated continuous increase of the fraction of solid
adsorbate during cooling corresponds to a continuous liquid-solid phase transition of the
adsorbed argon.
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Chapter 5

Generalization of the effective medium analysis

Non-local measurements on heterogeneous systems do not yield directly the intrinsic prop-
erties of a component, i.e. in this study those of the adsorbate (here mostly argon) in
a nanoporous matrix (cp. section 2.2.2). An additional effort is required to obtain this
information. For the determination of the intrinsic shear modulus of the adsorbate during
sorption measurements in the solid regime an effective medium analysis was developed
in section 2.2.2. With this analysis also the fraction of liquid or solid adsorbate during
temperature cycles can be determined (when the pores are completely filled or only cov-
ered with surface layers; cp. section 3.1 and chapter 4). A more general derivation shows
amongst others that also the intrinsic longitudinal modulus of adsorbate can be determined
from ultrasonic measurements of the effective longitudinal modulus.

As long as the wavelength of an excitation A is large compared to the length scale of
the structural inhomogeneities, a material is characterized by so-called effective quanti-
ties M , relating volume averaged excitation and response, 〈B〉 = M · 〈A〉 (here 〈...〉 =
1/V ·

∫
...dV denotes the volume average). Examples for effective elastic properties are

the shear modulus G relating shear stress and strain, or the bulk modulus K relating
changes of volume and pressure, 〈−∆p〉 = K · 〈∆V/V 〉. In a porous system consisting
of a quartz matrix (index Q) and pores (index pore) the volume average is simply given
by the volume averages in the two components. Thus,

〈A〉 = φ〈A〉pore + (1− φ)〈A〉Q (5.1)

holds (with a porosity φ = Vpore/Vsample) as well as

〈B〉 = φMpore〈A〉pore + (1− φ)MQ〈A〉Q, (5.2)

with the modulus of the pores, Mpore, and the modulus of the material of the matrix, MQ.
By a combination of these two equations, the definition 〈B〉 = M · 〈A〉 can be rewritten
as

M = (1− aM ·φ) ·MQ + aM ·φ·Mpore, (5.3)
with aM = 〈A〉pore/〈A〉. The effective elastic properties are determined not only by
the moduli of matrix material and pores, but also by its respective volume fractions,
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as well as by a factor aM = 〈A〉pore/〈A〉. In general, the latter depends on φ, MQ,
Mpore as well as on the microstructure. For this reason a multitude of so-called mixing
rules describing different microstructures may exist. However, for many porous materials
the elastic moduli (inter alia G and K) show a linear dependence on φ for φ . 0.25 −
0.30 [133,134], i. e. the factor aM is independent of φ (and as a consequence independent
of the material properties). Hence the constant factor aM can be determined from the
measurement of the modulus of the empty sample, M0, and the known modulus of quartz
glass, MQ: for Mpore = 0 equation 5.3 reads M0 = (1− aM ·φ) ·MQ (with M = K or
G). The term aMφ = 1 −M0/MQ can thus be replaced in equation 5.3 and it can be
rewritten as

M = M0 +
(

1− M0

MQ

)
·Mpore. (5.4)

If the pores are filled with capillary bridges the microstructure and the factor aM is
changed. Therefore, equation 5.4 can be used at partial fillings without capillary bridges
(adsorbed surface layers) and for complete fillings: In section 2.2.2 the validity for the
shear modulus (M = G) was shown setting Gpore = f̃GAr,bulk, where f̃ is the volume
filling fraction of frozen argon.
The longitudinal modulus that can be determined from ultrasonic measurements is also
an effective quantity (relating longitudinal strain and stress). Combining equation 5.4
for the shear modulus M = G and the bulk modulus M = K = β − 4/3 ·G (valid for
isotropic materials, i.e. here for the properties of the heterogeneous sample as well as for
its components) and solving for the effective longitudinal modulus β yields

β = β0 +
(

1− K0

KQ

)
· βpore + 4

3Gpore ·
(
K0

KQ

− G0

GQ

)
. (5.5)

In general, both bulk modulus and shear modulus are required to determine the intrinsic
longitudinal modulus βpore. Equation 5.5 is simplified for liquid adsorbate (Gpore ≈ 0).
But the properties of nanoporous Vycor® glass facilitate the analysis also for the case
of liquid and solid adsorbate. For quartz glass βQ = 72.85 GPa, GQ = 27.95 GPa and
thus KQ = 35.58 GPa holds [129], while the measurements of the unfilled Vycor® sample
at 80 K yield β0 = 16.88 GPa, G0 = 6.75 GPa and thus K0 = 7.88 GPa (values for
the sample used in chapter 6). Thus, β0/βQ ≈ G0/GQ ≈ K0/KQ ≈ 0.22 − 0.24 and
equation 5.5 reduces to

β = β0 +
(

1− β0

βQ

)
· βpore. (5.6)
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Conclusions
All three effective moduli G, K, and β are linear functions of the elastic modulus of
the pore filling with identical microstructure factor aM , as long as the microstructure is
preserved (surface layers or complete pore filling). Consequently, equation 5.4 is valid for
M = K, G, and β. For completely filled pores the above effective medium analysis gives
a direct access to the intrinisic properties (Mpore). The remaining problem is to relate
Mpore to the properties of the adsorbate in the case of a partial filling. In the discussion
of the experimental data (see chapter 6) this will be done for the longitudinal modulus.
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Chapter 6

Longitudinal elastic modulus of liquid and solid
argon in nanopores

The analysis in chapter 5 revealed amongst others that it is possible to determine the
intrinsic longitudinal moduli of the filling (βpore) in nanporous glass. Ultrasonic measure-
ments during isothermal sorption of argon show that in the liquid regime the adsorbate
only contributes to the measured effective longitudinal modulus when the pores are com-
pletely filled and that it is bulk-like. At partial fillings its contribution is cancelled out by
the high compressibility of the vapour phase. In contrast, at lower temperatures frozen
argon as well as underlying liquid surface layers cause a linear increase of the effective
longitudinal modulus upon filling. During sorption the contribution of the liquid surface
layers near the pore wall βAr,SL increases with the thickness of the solid layers reaching
the bulk value βAr,liquid only in the limit of complete pore filling. This effect is due to the
gradual stiffening of the solid argon membrane.

In the liquid regime of the adsorbate the effective longitudinal modulus β remains un-
changed during isothermal adsorption until the pores are almost completely filled (see
figure 6.1). Only near this point the longitudinal modulus increases markedly and it re-
mains approximately constant. At a temperature of 74 K, i.e. below the onset of freezing
near 75.8 K1 (see figure 6.2), the behaviour of the effective longitudinal modulus differs on
first sight not significantly from the liquid regime [cp. figure 6.1(b)]. Due to the existence
of solid adsorbate the increase at high reduced pressure is considerably higher than in the
liquid regime.
The following discussion will show, however, that the liquid and solid regimes differ sig-
nificantly and how much information both about the intrinsic elastic properties of the
adsorbate and the physical processes happening during adsorption can be derived. First,
the simple case where only liquid adsorbate exists is studied. In a second step the treat-
ment of the more complicated situation at lower temperature, where solid and liquid argon
coexist, shows how the intrinsic longitudinal moduli of both phases of the adsorbate can
be determined.

1see section 4 and figure 4.1
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Figure 6.1 – (a) Filling of the nanoporous Vycor® glass sample during adsorption (closed squares)
and desorption (open squares) of argon in the liquid regime (at T = 80 K) as a function of the
reduced pressure. (b) The effective longitudinal modulus β (scaled to the modulus of the empty
sample, β0 = 16.88 GPa) measured during the filling and emptying of the pores. Only when the
pores are almost completely filled (f → 1 at p/p0 ≈ 0.9) the adsorbate leads to an increase of the
modulus. During desorption the modulus is again reduced to the initial value when the pores start
to empty. Figure from [4] (Copyright © 2013 IOP Publishing Ltd).

Figure 6.2 – Effective longitudinal modulus during adsorption and desorption at 74 K, i.e. in
the solid regime, as a function of the reduced vapour pressure (scaled to β0 = 16.96 GPa at
p/p0 = 0). The general form seems to be comparable to the measurements with liquid adsorbate
[cp. figure 6.1(b)]. The maximum increase of the modulus is considerably higher (due to the existence
of solid argon). Figure from [4] (Copyright © 2013 IOP Publishing Ltd).
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6.1 Liquid regime

6.1 Liquid regime

In the case of complete filling the longitudinal modulus of the pore filling is equal to the
modulus of the adsorbed argon: βpore = βAr,ads, i.e. the intrinsic longitudinal modulus of
the adsorbed argon can be estimated from the ultrasonic measurements [see figure 6.1 at
p/p0 = 1 or figure 6.3(a) at f = 1]. With the aid of equation 5.6 the moduli βAr,ads =
1.36 GPa at 80 K and βAr,ads = 1.1 GPa at 86 K are determined. A comparison with
the literature values for bulk argon shows a deviation of only ≈ 10− 20%, i. e. βAr,bulk =
1.12 GPa for 80 K and βAr,bulk = 1.0 GPa for 86 K; the first value is extrapolated [140,141].
This agreement is quite good and reveals that the whole adsorbate including the first
surface layers contributes at complete filling approximately with the longitudinal modulus
of bulk argon.2

At partial fillings in the solid regime the increase of the effective shear modulus G is
proportional to the fraction of adsorbed solid argon f̃ and its intrinsic shear modulus
GAr,ads (Gpore = f̃ ·GAr,ads; see section 2.2.2). A transfer to the longitudinal modulus
in the liquid regime is obviously not possible [see figure 6.3(a)]; there is no such lin-
ear relation between βpore and βAr,ads. At low fillings β = β0 holds, i.e. the effective
modulus simply equals that of the empty porous matrix. The fact that the adsorbate’s
longitudinal modulus contribution can only be observed when the sample is almost com-
pletely filled was also observed for liquid nitrogen and hexane in porous glass [62,63,142].
Page et al. [62, 63] explained, that vapour voids which exist in the pores until the pores
are filled prevent the increase of the effective longitudinal modulus due to their high
compressibilities (1/βvapour). Actually, the compressibility κ is defined as the reciprocal
value of the bulk modulus K (κ = 1/K = −1/V · ∂V/∂p), but for liquids and gases
K = β − 4/3G ≈ β, because G ≈ 0. For a two-component system it follows directly from
the definition of K (with pav = 〈p〉):

Vtotal
Keff

= −∂Vtotal
∂pav

= −∂(V1 + V2)
∂pav

= −∂V1

∂p1︸ ︷︷ ︸
=V1/K1

·
(
∂p1

∂pav

)
−∂V2

∂p2︸ ︷︷ ︸
=V2/K2

·
(
∂p2

∂pav

)
(6.1)

Usually, the pressure in component i can differ from the average pressure pav. For the
pore filling of liquid (component 1) and vapour (component 2), however, any change
of exerted pressure results in the same change for each constituent, i.e. ∂pi/∂pav = 1 in
equation 6.1. The fundamental requirement for that behaviour is the unrestricted mobility
of the components (this does not hold, e.g. in heterogeneous solid systems where the

2Page et al. [63] used Biot’s theory to get some information on the elastic properties of the adsorbate
hexane when the pores are completely filled. The values for βAr,ads determined using their equation
differ considerably from both the moduli determined with the above analysis as well as from the values
for bulk argon (though for hexane a very good agreement was observed in reference [63]).
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pressure distribution can be inhomogeneous). Dividing by Vtotal and using the definition
of the filling fraction, f = Vliquid/Vpore, the above equation results for the system of liquid
and vapour in a relation in the form of Wood’s equation [63,143]:

1
Kpore

= f

Kliquid

+ 1− f
Kvapour

(6.2)

The effective compressibility of a system of liquid and vapour is simply given by the
volume-weighted sum of the compressibilities of each component (see also [63,143]). Thus
the effective compressibility of the pore filling is dominated by the high compressibility of
the vapour (for an ideal gas 1/Kvapour = 1/p holds). Only when the voids disappear, which
happens when reaching f = 1 during adsorption, the effective modulus can increase.3

Thus vapour being the third phase in partially filled pores prevents in the liquid regime
the use of a linear relation between βpore and βAr,ads for the description of the behaviour
of the effective longitudinal modulus at f < 1. But equation 5.6 can easily be used to
determine the elastic properties of the confined adsorbate for completely filled pores, i.e.
for f = 1.

6.2 Solid regime

The analysis in chapters 3 and 4 showed that ultrasonic shear waves are well suited to
study the liquid-solid phase transition of argon in nanopores. The shear modulus of
adsorbed solid argon corresponds to its bulk shear modulus. Between ultrasonic shear
waves and longitudinal waves there is, however, one significant difference: Inviscid fluids
cannot sustain shear stress and therefore do not cause an increase of the effective shear
modulus during adsorption (see section 2.1). But usually adsorbed liquids are expected
to increase the effective longitudinal modulus, though empty pore regions can prevent an
increase (see section 6.1 and figure 6.1). Thus in the case of coexisting solid and liquid in
the pores the intrinsic longitudinal modulus of the adsorbate is more complicated to be
determined. The dependence of the modulus on the filling of the sample shows significant
differences between the two regimes (see figure 6.3). In the liquid regime the modulus
remains unchanged until the pores are almost completely filled. At a temperature of 74 K,
i.e. below the onset of freezing, the effective longitudinal modulus remains unchanged by
adsorbed argon up to a filling fraction f1 ≈ 0.66. Above this filling faction the modulus
starts to increase linearly with increasing filling. Above the filling f2 ≈ 0.89 there is
also a linear increase, but with a higher slope. The three regions observed during filling
are partly similar to what was observed for the effective shear modulus at the same
temperature (see inset in figure 6.3 and section 2.1). Analogously to the measurements
of the effective shear modulus, f1 corresponds to the onset of freezing. The value of f1

3Note that equation 6.2 can also be deduced directly from the definition of effective quantities
(cp. equation 5.3), choosing M = 1/K, A = ∆p (so that −∆V/V = M ·A), and setting
aM = 〈∆p〉pore/〈∆p〉 = 1 for the liquid/vapour system.
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6.2 Solid regime

Figure 6.3 – Effective longitudinal modulus during adsorption as a function of the filling of the
pores in (a) the liquid regime (at 80 K with β0 = 16.88 GPa) and (b) the solid regime (at 74 K
with β0 = 16.96 GPa). Here, a highly different behaviour is observed. In the solid regime there are
three regions: Up to a filling f1 the effective modulus remains unchanged by the adsorbate. At f1
the process of freezing starts and results in a linear increase of the modulus. Above f2 a different
slope of the increase is observed. At and above f2 solid capillary bridges are formed (see text). The
inset shows the behaviour of the shear modulus G during filling for a similar sample. Figure from [4]
(Copyright © 2013 IOP Publishing Ltd).
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Figure 6.4 – Contribution of the liquid adsorbate in region II of the sorption isotherm at 74 K as
a function of the filling. As soon as solid adsorbate is formed on top of the liquid-like surface layers,
these layers start to contribute to the effective longitudinal modulus. There is no abrupt increase in
the contribution, but the contribution of the liquid below the solid layers increases continuously and
linearly with the thickness of the solid layers. Only at complete filling (f = 1) all adsorbed liquid
(f1) contributes to the effective modulus with its intrinsic modulus βAr,bulk (theoretical value shown
for guidance). Figure from [4] (Copyright © 2013 IOP Publishing Ltd).

is equal for both methods. Up to f1 the adsorbate corresponds essentially to the liquid
regime. In section 6.1 was already discussed why the effective longitudinal modulus does
not increase below f1. The behaviour of the shear modulus G in region II originates in the
formation of frozen layers on top of liquid-like surface layers (see section 2.2.2). Therefore
also here the adsorbate added in region II must correspond to solid surface layers. The
effective shear modulus exhibits above f2 a plateau value and no further increase in G, in
contrast to the measurements of the effective longitudinal modulus.
As above f1 a linear increase of the effective longitudinal modulus is observed, one might
assume that equation 5.6 is valid in the solid regime with βpore = f̃ · βAr,solid (with
f̃ = f − f1), just as for the shear modulus. But the longitudinal modulus of solid argon
of 5.2 GPa calculated in that way from the slope of the increase above f1 is considerably
higher than the literature value for solid bulk argon (βAr,bulk ≈ 2.9 GPa [130]). This would
be very odd, also because the shear modulus of the adsorbed argon corresponds to the
bulk values for argon (cp. section 2.2.2) and the longitudinal modulus of liquid argon is
also about equal to the corresponding bulk values (see section 6.1). These observations
are clear hints that the calculated modulus has a different origin than a confinement
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effect on the elastic moduli of argon. In the solid regime, βpore in equation 5.6 has to be
extended to account for the liquid adsorbate. Assuming that βAr,solid ≈ βAr,bulk, the liquid
adsorbate’s contribution to the effective modulus can be calculated in region II (only
surface layers): ∆β = βpore − f̃ · βAr,solid. This contribution ∆β (see figure 6.4) does
not increase abruptly at the onset of freezing (f1) but continuously, almost linearly. The
liquid’s contribution is thus proportional to the amount of solid adsorbate f̃ = f −f1 and
can be well described by ∆β = f̃ · f1/(1−f1) · βAr,liquid, with the bulk value for βAr,liquid.
Thus it depends both on the fraction of solid and of liquid adsorbate (f̃ ,f1). Only in the
limit of complete filling (f = 1) the full contribution of the liquid to the modulus is
obtained (f1βAr,bulk, see figure 6.4). Thus during adsorption, the total contribution of the
pore to the modulus, βpore in equation 5.6, must be expressed as the sum of the solid’s
and the liquid’s contribution:

βpore = f̃

[
βAr,solid + βAr,liquid · f1

1− f1

]
for f̃ ≥ 0 (6.3)

How can the fact be interpreted that a constant volume fraction of liquid adsorbate
(f1) leads to a continuous increase of the effective modulus β? This can be explained
in terms of the processes happening in the pores during adsorption. In region II solid
surface layers are formed on top of liquid layers [see figure 6.5(b)]. The stiffness of this
layer influences the liquid surface layers below and the liquid becomes noticable in the
longitudinal modulus. The liquid layers have no longer a free surface in contact to the
vapour in the pore centre and their mobility is reduced. There is no step in β and the
range of the linear increase (region II) is very broad. Thus the solid layer in the pores
can be regarded as a membrane which is still flexible just above f1, but with increasing f
this flexibility is lost and the liquid layers below become more and more perceptible. The
increase in ∆β (see figure 6.4) is also a clear evidence that the liquid adsorbate consists
of surface layers near the pore wall. If solid adsorbate formed at the surface of the pore
walls and the liquid adsorbate were on top, these liquid layers would be unrestricted and
not contribute to the effective modulus in region II.
At and above f2 solid capillary bridges are formed in addition to solid surface layers (cp.
section 2.2.2) and these might additonally reduce the mobility of the liquid surface lay-
ers. The formation of solid capillary bridges at and above f2 can also distort the porous
framework and hence result in the higher slope above f2 [see figure 6.3(b)].

Conclusion
The determination of the longitudinal modulus of a (partially) filled nanoporous sample
via ultrasonic measurements is a good method to study liquid-solid phase transitions. In
contrast to shear waves, longitudinal ultrasonic waves offer the possibility to assess the
elastic properties of liquid adsorbate. The longitudinal modulus of both liquid and solid
adsorbed argon can be extracted from the measurement of the velocity of longitudinal
waves propagating through a nanoporous sample. As during sorption experiments below
the freezing point of the adsorbate usually some liquid remains in the form of surface layers
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Figure 6.5 – Schematic sketch of a partially filled pore. (a) Up to f1 there are only liquid surface
layers. (b) Above f1 solid argon layers are formed on top of these layers. (c) With increasing thickness
the solid layer becomes less flexible and the modulus contribution of the liquid layers is increased.
Figure from [4] (Copyright © 2013 IOP Publishing Ltd).

near the pore walls, it had to be regarded how this liquid contributes at different fillings
to the effective modulus. Liquid surface layers adsorbed on the pore walls contribute
to the longitudinal modulus only in consequence of the formation of solid argon layers
on top of these layers and the related loss of mobility. The degree of the liquid layers’
contribution increases with the thickness of the solid argon layer and thus depends on its
flexibility. Only near the complete filling of the pores the full contribution of the adsorbed
argon to the longitudinal modulus is observed. In the case of the adsorbate argon with
its simple globular structure, the determined properties correspond to the bulk state.
But nanoconfinement can lead to deviations in the properties of an adsorbed substance
from its bulk state (see chapter 9). The possiblity to determine the elastic properties of
liquid and solid adsorbate with this method might be of importance also in more complex
systems.
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Chapter 7

Influence of the Laplace pressure on the
elasticity of argon in nanopores

In chapter 6 it was shown that at complete filling of the pores (for p/p0 = 1) the lon-
gitudinal elastic modulus of liquid argon corresponds approximately to the value for bulk
argon. At the beginning of an isothermal desorption process, the nanopores of the porous
glass sample remain virtually completely filled over a certain pressure range. A reduction
of the external pressure p below the bulk vapour pressure of argon, p0, results, however, in
the formation of concave menisci at the pore ends. The related decrease of the radius of
curvature causes an increase of the negative Laplace pressure. This occurance is known
to provoke a contraction of porous samples (cp. sections 1.4 and 8.1). In this chapter
it is evidenced that the Laplace pressure also influences the elastic properties of the filled
porous sample. A decrease of the radius of curvature at the pore ends becomes noticeable
in a decrease of the effective longitudinal modulus. The analysis of the ultrasonic mea-
surements reveals that this decrease originates in a reduction of the longitudinal modulus
of the adsorbate. The proof of the influence of the Laplace pressure on the elastic proper-
ties is essential for the clarification of the correlation between the elastic moduli and the
deformation behaviour.

For pressures below the steep part of the adsorption branch [see figure 7.1(a)] the ad-
sorbate forms surface layers on the pore walls. The effective longitudinal modulus β of
the porous Vycor® glass sample remains basically unaffected by the adsorption of these
liquid argon layers on the pore walls (see figure 7.1(b) and section 6.1). In section 6.1 it
was discussed that in the liquid regime the existance of argon vapour in the pore centre
and the unrestricted mobility of the adsorbed atoms prevent an increase of the effective
longitudinal modulus before a complete filling of the sample. Only just before the com-
plete filling of the pores (p/p0 ≈ 0.9), when all pores are filled with capillary bridges, the
effective longitudinal modulus is increased in comparison to the empty sample.
For high reduced pressures (p/p0 ≥ 0.9 during adsorption and p/p0 ≥ 0.74 during des-
orption) the pores are completely filled and an increased value for β/β0 is observed. In
those pressure ranges a decrease of the external pressure results in a decreasing radius
of curvature rK (cp. figure 7.2) at practically constant filling f ≈ 1. The increasing
curvature of these concave hemispherical menisci yields to an increase of the negative
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Figure 7.1 – (a) Filling f of the sample with liquid argon as a function of the reduced pressure
p/p0 at a temperature of 80 K. (b) The effective longitudinal modulus β increases above the value for
the empty sample β0 = 16.88 GPa only when the pores are almost completely filled near p/p0 ≈ 0.9.
During desorption the modulus is reduced to the initial value β0 as soon as the pores start to empty
and vapour voids appear (cp. section 6.1). (c) The effective shear modulus G is practically equal
to the shear modulus of the empty sample G0 = 6.86 GPa showing that the adsorbed liquid argon
does not appreciably affect the solid Vycor® matrix.
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Figure 7.2 – Schematic sketch of the influence of a reduction of the external pressure p below the
bulk vapour pressure p0 on the radius of curvature rK of the hemispherical menisci at the pore ends.
A decrease of the radius of curvature [from (a) to (c)] results in an increase of the negative Laplace
pressure pL = 2γlv/rK .

Laplace pressure pL = 2γlv/rK during the initial desorption process and a considerable
contraction of the sample [see figure 7.3(a)]. There is a linear dependence of the length
change of the sample on the reduced pressure p/p0. But besides the known influence of
the concave menisci at the pore ends on the deformation of the sample, also an impact
on the effective longitudinal modulus can be observed: There is a linear decrease of the
effective longitudinal modulus for 0.74 . p/p0 ≤ 1 (see figure 7.3(b)).
The clear decrease of the effective modulus β during desorption is just as the deformation
provoked by the increase of the Laplace pressure as a result of the change of the curvature
rK of the concave menisci, pL = 2γlv/rK . With the aid of the Kelvin equation the
Laplace pressure can be expressed as a function of the change of the external pressure p:
pL = RT/Vm ln(p/p0) (see section 1.4) [114]. Thus, the Laplace pressure is increased from
pL = 0 at p/p0 = 1 to a value of pL ≈ −7.2 MPa at p/p0 ≈ 0.74, where the curvature
is approximately |rK | ≈ 4.0 nm (γlv ≈ 14.4 mN/m [144], Vm ≈ 27.75 cm3/mol [141];
extrapolated values). Such a high negative pressure must have an impact on the elasticity
of this argon. From bulk argon it is known that for pressures above the vapour pressure
the elastic moduli are considerably increased [145, 146]. Indeed, an extrapolation of the
behaviour of the elastic moduli for high pressures to negative pressures in the range
of pL ≈ −7 MPa can explain a reduction of the elastic properties of argon by about
5 − 10 %. The extraction of the longitudinal modulus of the adsorbed argon, βAr,ads,
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Figure 7.3 – (a) Scaled length change ∆l of the sample (∆lmax = 1.2 µm: maximum length
change at p/p0 = 1, l0 = 2.4 mm: length of the empty sample) and (b) scaled effective longitudinal
modulus as a function of the reduced pressure for complete filling. Both the length and the effective
longitudinal modulus decrease when the reduced pressure is decreased and consequently the negative
Laplace pressure is increased; cp. figure 7.2.
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Figure 7.4 – The increase of the Laplace pressure during the initial desorption process (at complete
filling) causes a decrease of the longitudinal modulus of the adsorbed argon βAr,ads. The modulus
βAr,ads is calculated from the measured effective longitudinal modulus using equation 5.6 (from
chapter 5).

from the measurements of the effective modulus β at complete filling is possible via the
effective medium analysis from chapter 5 (using equation 5.6 with βpore = βAr,ads).
The analysis for the measurement at 80 K (see figure 7.4) shows that the elastic modulus
of the adsorbed argon decreases when the pressure p/p0 is reduced, i.e. when the absolute
value of the Laplace pressure pL is increased. The total decrease of about 9% is in the
range that can be expected from the pressure behaviour known from bulk (see above).
Thus, the Laplace pressure causes a deformation of the porous sample as well as a variation
of the longitudinal modulus of the adsorbed argon.
The independence of the effective shear modulus G during the initial desorption process
[0.74 . p/p0 ≤ 1, see marked values in figure 7.1(c)] evidences that the decrease of the
effective longitudinal modulus in the same pressure range does not originate from a change
of the elastic properties of the porous matrix. The shear modulus of a liquid is virtually
zero and cannot really be reduced as a consequence of the Laplace pressure. If the effect
would be caused by a change of the elasticity of the porous matrix, the effective shear
modulus should also be influenced. Furthermore no influence on the effective longitudinal
modulus during adsorption at pressures below p/p0 ≈ 0.9 (for adsorption) is observed. But
it is known that also in this external pressure range a significant pressure is exerted on the
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Figure 7.5 – A reduction of the external pressure p at T = 74 K, i.e. a temperature below the
onset of freezing at 75.8 K (see section 4), results in a considerable decrease of the modulus of the
filling that consists of solid and liquid argon. This comparatively strong decrease might originate in
a reduction of the fraction of solid argon.

pore walls [44]. Therefore, and also because of the relative weakness of argon compared to
quartz glass or to the effective longitudinal modulus (βAr,ads ≈ 1.36 GPa, βQ ≈ 72.85 GPa,
β0 ≈ 16.88 GPa), the pressure-induced change of the effective longitudinal modulus at
complete filling is mainly due to a change of the longitudinal modulus of the adsorbed
argon.
The measurement of the effective longitudinal modulus at a temperature of 74 K, i.e. be-
low the onset of freezing [Tfr,Ar,pore ≈ 75.8 K (see chapter 4)] reveals a further influence of
the Laplace pressure. At 74 K only a fraction of the adsorbed argon is solid (see figure 2.4
in section 2.1). Thus, the longitudinal modulus (determined with the aid of equation 5.6)
represents an average value for the whole pore filling of liquid and solid argon. At 74 K
the influence of the Laplace pressure on the modulus of argon is much stronger; it changes
by about 20% (see figure 7.5). As is generally known, the pressure influences phase tran-
sition temperatures. The stronger decrease of the longitudinal modulus of the pore filling
in the solid regime might be related to a decrease of the fraction of solid argon in the
pore filling (βAr,liquid ≈ 1/3 βAr,solid [130]). Strains or distortions in the porous matrix
because of solid adsorbate (capillary bridges) could be an additional factor for the strong
dependence of βAr,ads on p/p0 (cp. section 6.2).
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Conclusions
The Laplace pressure of concave menisci at the pore ends causes not only a deformation
of the porous sample. The ultrasonic measurements show that the Laplace pressure also
influences the effective longitudinal modulus; but in the liquid regime the Laplace pressure
has no effect on the effective shear modulus. The analysis of the measurements proves that
the changes in the effective longitudinal modulus originate in changes of the longitudinal
modulus of the adsorbed argon as a consequence of the formation of concave menisci at
the pore ends and the related negative Laplace pressure.

63





Chapter 8

The influence of the geometrical arrangement
of adsorbate on the deformation of nanoporous
glass

Sorption of adsorbates in pores generally results in a deformation of the porous matrix
(see section 1.4). The measurements discussed in chapter 7 showed amongst others that
the Laplace pressure generated by the concave menisci of adsorbed argon causes a defor-
mation of the nanoporous glass sample at virtually complete filling. Here the macroscopic
deformation of nanoporous glass is studied during sorption of different amounts of argon.
The deformation behaviour differs significantly for adsorption and desorption. In the hys-
teretic region adsorbed surface layers and capillary bridges coexist. In particular, during
desorption the formation of vapour voids results in a strong contraction of the porous
sample. The investigation of the influence of different structures of the adsorbate on the
pressure exerted on the porous sample shows that the deformation behaviour reveals differ-
ences in the thickness of the adsorbed film in the hysteretic region and it allows statements
about the stability of these surface layers.

8.1 Deformation during sorption of argon and the
effective longitudinal modulus

Sorption of argon results in a complex deformation behaviour of the nanoporous Vycor®

glass sample. The change of the sample’s length ∆l depends significantly on whether the
sample is filled or emptied. Equal amounts of adsorbate can result in both an expan-
sion or contraction of the pores and the sample [cp. figures 8.1(a)+(b)]. The observed
deformation mainly resembles what is known from literature, except the observed very
pronounced contraction and re-expansion at a specific p/p0-value during desorption [see
figure 8.1(b) at p/p0 ≈ 0.72] that will be amongst others discussed in this chapter.
After adding some liquid argon at a temperature of 86 K, the sample considerably expands
up to a reduced pressure in the range of p/p0 ≈ 0.8 [see figure 8.1(b)]. This pressure
corresponds to the steep part of the adsorption branch [see figure 8.1(a)]. It can be
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Figure 8.1 – (a) Filling f of the porous glass with liquid argon (86 K) as a function of the reduced
vapour pressure p/p0. At low pressure (below p/p0 ≈ 0.8) the adsorbate forms surface layers on the
pore wall. At higher pressure in the region of the steep part of the isotherm (p/p0 ≈ 0.8) capillary
bridges are formed. (b) The adsorbed argon results in a deformation ∆l of the sample (scaled to
∆lmax ≈ 1.0 µm at p/p0 = 1). The circle marks an unusual contraction and re-expansion that has
not been predicted theoretically. (c) The effective longitudinal modulus increases stepwise when the
pores are completely filled. (d) The increase of the attenuation of the ultrasonic signal shows the
appearance of vapour voids in the range of the formation and vanishing of capillary bridges.
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assumed that roughly up to this value the adsorbate forms surface layers on the pore
walls. The measured expansion is mainly caused by the reduction of the surface free
energy and the related pressure [44, 113] that is exerted by the liquid layer on the pore
walls. The Laplace pressure −γlv/ (rP − t) of the adsorbed film of thickness t counteracts
this expansion [44]. Its contribution is, however, comparatively small for thin films [44].
At higher external pressure p additional filling forms capillary bridges in the pores. These
become energetically more favourable at first in smaller pores, while in bigger pores the
thickness of the surface layer still increases. Thus there are two coexistent configura-
tions of the adsorbate in the pores. Now the negative Laplace pressure in both capillary
bridges with concave hemispherical menisci and adsorbed surface layers seeks a reduc-
tion of the pore diameter and of the size of the sample. But the increasing thickness
of the surface layer in regions without capillary bridges leads to a further reduction in
the surface free energy (cp. reference [44]). Thus, there is once again an interplay be-
tween the two opposite deformation effects. But above p/p0 ≈ 0.8 the contracting effect
of the Laplace pressure predominates and a slight relative contraction is observed up to
p/p0 ≈ 0.85, where f ≈ 1 holds and the pores are completely filled with capillary bridges
[see figures 8.1(a+b)]. There only remain concave menisci at the pore ends. A subsequent
increase of the pressure [cp. figure 8.1(a)] leads to a flattening of those menisci and no
perceptible increase of the filling; thus the negative pressure in the adsorbate is reduced
and the sample expands.
During desorption mainly the described behaviour is reversed [see figure 8.1(b)]. A reduc-
tion of the pressure in the sample cell yields to an increasing curvature of the menisci at
the pore ends and hence a contraction of the sample is observed. In the steep desorption
branch of the isotherm [see figure 8.1(a)] the number of capillary bridges diminishs which
should lead to a continuous expansion of the sample until only surface layers exist. But,
initially a sharp contraction of the sample is observed at p/p0 ≈ 0.72. All measurements
with the globular argon show the contraction peak, however, it has not previously been
observed in other systems, e.g. for water in porous glass (see reference [50]).1 At this point
it can be stated that this contraction cannot simply be explained by the disappearance
of capillary bridges.
At lower values of the reduced pressure the disappearance of capillary bridges becomes
noticable by an expansion of the sample until only surface layers remain, just as it is
expected (p/p0 ≈ 0.65). When the thickness of the surface layer, respectivley the number
of adsorbed argon layers, is reduced in the further desorption process, the length reduces
continuously to the value for the empty sample because of the related change of the surface
free energy (cp. above). The measurements at 80 K and 74 K show essentially the same
deformation behaviour [see figure 8.2(a+c)].
The comparison of the measured deformation with the effective longitudinal modulus and

1Haines and McIntosh [110] observed for activated carbon a reduction of the length of the porous sample
below its initial length during desorption. A comparison with the sorption isotherm (filling fraction as
a function of the reduced pressure) shows, however, that the minimum of the contraction is observed
just before the steep part of the desorption branch.
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the attenuation of the ultrasonic pulses [see figure 8.1(c+d)] shows that local minima
of both deformation curves (adsorption and desorption) correspond to stepwise changes
of the effective longitudinal modulus. Above a reduced pressure of p/p0 ≈ 0.8 during
adsorption the attenuation of the ultrasonic signal increases because of the appearance of
capillary bridges and vapour voids, which has also been observed for hexane in Vycor® [62,
63]. Just before the complete filling of the pores, when all pores are filled with capillary
bridges, the effective modulus is increased in comparison to the empty sample. Adsorbed
liquid surface layers do not result in a change of the effective modulus due to existance of
argon vapour in the pore centre and the unrestricted mobility of the adsorbed atoms (cp.
section 6.1).
At high reduced pressures (p/p0 ≥ 0.85 during adsorption and p/p0 ≥ 0.72 during des-
orption) both the effective longitudinal modulus β and the length change ∆l are approx-
imately linear functions of the reduced pressure. The formation of concave menisci with
decreasing radius rP at the pore ends during desorption leads to an increase of the neg-
ative Laplace pressure pL = 2γlv/rP and thus both to a considerable contraction of the
sample and to a pressure-induced change of the adsorbate’s intrinsic elastic properties
(see chapter 7).
The relationship between the deformation behaviour and the effective longitudinal mod-
ulus is basically the same for all measured temperatures, i.e. in the liquid regime for
86 K and 80 K and in the solid regime for 74 K (see figure 8.2). The sharp contraction
peak during desorption is differently strong [cp. figure 8.1(b) at p/p0 ≈ 0.72, figure 8.2(a)
at p/p0 ≈ 0.74, and figure 8.2(c) at p/p0 ≈ 0.75]. The inset in figure 8.2(c) shows that
the extent of the sharp contraction can vary for measurements with different samples
at one and the same temperature. These differences are mainly related to differences
in the geometrical structure of the pore filling during desorption. A different geometric
arrangement of the adsorbate can first appear because of differences in the pore structure
of different samples and second because of differences in the size of individual desorption
steps i (with ∆pi, respectively ∆fi) for one and the same sample. The influence of the
geometrical structure of the filling will be thoroughly studied in section 8.3.
At a temperature of 74 K only a fraction of the filling is solid; the first layers near the
pore wall remain liquid-like and only at fillings above f ≈ 0.66, i.e. for p/p0 ≈ 0.95, solid
argon exists (see section 2.1). Therefore, the deformation behaviour up to p/p0 ≈ 0.95
should mainly not differ from the liquid regime. But also above p/p0 ≈ 0.95, when solid
adsorbate exists no major differences in the deformation behaviour are observed.
From the comparison of the sharp contraction of the sample during desorption at p/p0 ≈
0.72 (at 86 K) to the effective longitudinal modulus one might conclude that the sharp
contraction is related to the observed weakening of the effective longitudinal modulus [see
figure 8.1(c)] as a result of the appearance of vapour voids which becomes noticable in an
increase of the attenuation of the ultrasonic signal [see figure 8.1(d)]. In contrast, during
adsorption at the steep increase of the longitudinal modulus near p/p0 ≈ 0.85 no real
peak in the deformation is observed. At this higher reduced pressure the Laplace pressure
is of course lower, but only by a factor of two in comparison to desorption. Consequently,
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Figure 8.2 – Scaled length change of the nanoporous Vycor® glass as a function of the reduced
vapour pressure p/p0 during sorption of argon at (a) 80 K, i.e. in the liquid regime (with ∆lmax =
1.2 µm) and (c) 74 K, i.e. in the solid regime (with ∆lmax = 0.9 µm). The circles mark a contraction
peak that has not been predicted theoretically. The longitudinal modulus increases at complete filling
of the sample [(b) at 80 K (with β0 = 16.88 GPa) and (d) at 74 K (with β0 = 16.96 GPa)]. Because
of the higher longitudinal modulus of solid argon, the step is bigger at 74 K. As a result of the
increase of the Laplace pressure during the initial desorption process at complete filling, the modulus
decreases with decreasing external pressure p (cp. chapter 7). The inset in (c) shows a desorption
measurement for a different sample at 74 K.

the almost non-existance of a contraction peak during adsorption seems to contradict the
impression of the relation between the steep change of the longitudinal modulus and the
contraction peak; at least as the sole origin of the contraction peak.
For the further investigation of the origin of the strong contraction peak during desorption
the model by Gor and Neimark [44] for the theoretical description of the deformation be-
haviour is discussed. Finally, their idealized model is amended to include the coexistance
of adsorbed films and capillary bridges, a condition that is typically present in porous
samples over a certain pressure range. Thereby, the steep contraction peak can be related
to the geometric configuration of the adsorbate argon.
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8.2 Model by Gor and Neimark

Gor and Neimark [44] used a thermodynamical model to describe the deformation at
different reduced pressures for pores without any variation of the radius. In this model
the deformation behaviour is described as a result of the so-called solvation pressure ps
that consists of pressure contributions for different fillings. The extend of the deformation
ε = ∆V/V0 (with V0 being the volume of the empty sample and ∆V its change that is
equal to the change of the pore volume)2 depends on the difference between the mechanical
stress σs induced by the adsorbate and the external pressure p, the later being usually
negligible small [44]. Assuming the validity of the Hook law, the solvation pressure is
related to the deformation ε via an effective elastic modulus M of the pore system [44]:

ps = σs − p = M · ε+ σ0 (8.1)

Equation 8.1 also includes the existance of a prestress σ0 of the empty sample. The
modulus M is an “elastic modulus of the pore system” [56], but the meaning of the
modulus M in terms of the moduli of the heterogeneous system of porous sample and
pore filling is not obvious.
The models for the description of the deformation behaviour regard the elastic properties
of the sample usually as independent of the filling of the pores [56], which contrasts to
the experimental observations (see figure 8.1 and e.g. section 2.1). Discrepances between
the theoretical predictions and the measured deformation resulted in the assumption of
a possible influence of the effective elastic properties on the deformation behaviour [56].
But the independence of the modulus M in equation 8.1 on the pore filling corresponds
to observations for porous silicon [48] (see section 1.4).
For completely filled pores with only concave menisci at the pore ends, the solvation
pressure, i.e. the pressure exerted by the pore filling on the pore walls, is usually equalized
with the Laplace pressure [48]. The relation of the radius of curvature at different external
pressures p can be calculated with the Kelvin equation, thus that the solvation pressure
pcs for pores filled with capillary bridges is given by [44]

pcs(p) = −γwl
rP

+ (p0 − p) + RT

Vm
ln(p/p0), (8.2)

with the pore wall-liquid surface tension γwl. The first summand is a constant and the
changes in the second are comparatively small (∆p . 1 kPa).
If there is solely an adsorbed film on the pore walls the Laplace pressure of the adsorbed
film with the thickness t has to be considered as well as the altered surface energy and
the following relation holds for the solvation pressure pfs for adsorbed surface layers [44]:

pfs (t) = −γwl
rP
− p− γlv

rP − t
− t

rP
Π(t)− 1

rP

∫ ∞
t

Π(t′)dt′ (8.3)

2Note that in experiments the total volume change of the porous sample is measured.
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where γlv is the liquid-vapour surface tension and Π(t) is the disjoining pressure which is
for argon usually approximated with the Frenkel-Halsey-Hill (FHH) equation [44]:

Π(t) = RT

Vm

k

(t/t̃)m (8.4)

with the constants t̃ = 0.1 nm, k = 73.17 and m = 2.665 for argon (at T = 87.3 K) [113].
The first term on the right hand side of equation 8.3 is the same constant as in equation 8.2
and the contribution of the pressure p is again very small. The contracting Laplace
pressure −γlv/(rP − t) of the adsorbed film increases with increasing thickness t. The last
two terms with the disjoining pressure account for changes in the surface free energy in
consequence of the adorption of molecules on the pore walls. The absolute value of this
“free energy” contribution decreases with increasing film thickness (cp. reference [44]).
Thus there are mainly two competing deformation pressures for adsorbed films.
The model developed by Gor and Neimark [44] (on the basis of the Derjaguin-Broekhoff-
de Boer theory) allows to calculate the deformation behaviour during sorption with the
above equations.3 The model presumes that at a certain pressure the pores fill abruptly
and completely with capillary bridges, i.e. it does not describe the coexistance of both
adsorbate states, which is usually present in porous systems with a certain pore size
distribution. The calculated solvation pressure during adsorption and desorption of argon
in pores with a pore radius of rP = 4 nm is shown in figure 8.3 for reduced pressures above
p/p0 = 0.05 (for low pressures the FHH equation is not valid).4 Assuming a constant
modulus M during sorption (see equation 8.1), the form of the solvation pressure should
be identic with the deformation ε = ∆V/V0 ≈ 3∆l/l0 (the latter equality sign is valid for
typical volume changes with ∆V << V0).
Considering the presence of a certain pore size distribution of the porous Vycor® glass
sample, the measured deformation [see figure 8.1(b)] is in good agreement with the the-
oretical curve for the solvation pressure apart from the sharp dip during desorption at
p/p0 ≈ 0.72. The discussion in the next section will show that it is necessary to take the
coexistance of adsorbed surface layers and capillary bridges into account as well as certain
requirements regarding the thickness of the adsorbed surface layers, in order to explain
the observed sharp contraction and re-expansion peak.

3Equation 8.3 gives the solvation pressure as a function of the thickness t of the adsorbed film. For
the calculation of the solvation pressure at a specific external pressure the knowledge of the relation
between the film thickness t and the external pressure p is necessary. For this the Derjaguin equation
for the chemical potential µ has been used [44]:

µ = RT ln(p/p0) = −
(

Π(t) + γlv

rP − t

)
Vm (8.5)

With the aid of equation 8.5 also the external pressure p at which the pores fill abruptly with capillary
bridges can be determined (maximum of the chemical potential) [44].

4Calculated with the following values for bulk argon at T = 86 K: γlv = 12.9 mN/m [144] (interpolated)
and Vm = mM/ρads = 28.5 cm3/mol [141] (extrapolated)
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Figure 8.3 – Calculated solvation pressure ps (shifted by γwl/rP ) during adsorption and desorption
of liquid argon in pores with a radius of rP = 4 nm. In a small pressure range a hysteresis is observed;
otherwise both branches are identic. The behaviour of the solvation pressure closely resembles
the measured deformation behaviour ∆l/∆lmax. The main difference is the sharp contraction at
p/p0 ≈ 0.72 which is not present in the theoretical curve.

8.3 Modification of the Gor-Neimark model for the
coexistance of adsorbed layers and capillary bridges

For the explanation of the measured sharp contraction peak, the coexistance of adsorbed
surface layers and capillary bridges will be included in the model by Gor and Neimark.
Therefore the individual equations for the solvation pressure (equations 8.2 and 8.3) have
to be combined. The simplest assumption is an additive composition of the solvation
pressure of a fraction ξ of pores with capillary bridges and a fraction 1− ξ of pores with
only adsorbed surface layers:

pf+c
s = ξ· pcs + (1− ξ) · pfs (8.6)

At the onset of the formation of capillary bridges at fc the fraction ξ starts to increase
until it reachs ξ = 1 at complete filling (f = 1). The problem now consists in determining
the fraction ξ of pores with capillary bridges at a certain filling f of the pores, respectively
at a given external pressure p. Also the filling-dependent fraction ξ must be connected
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to a thickness t of the adsorbed film. Before the formation of capillary bridges at fc,
the thickness t of the adsorbed layers increases with increasing filling f according to (cp.
equation 2.1)

t = rP

(
1−

√
1− f

)
(8.7)

(assuming cylindrical pores).
The formation of capillary bridges changes this behaviour at high fillings. At the onset
of the formation of capillary bridges at fc it can be assumed that either the thickness
of the existing surface layer remains constant or that the top layers become instable,
form capillary bridges, and consequently the thickness of the surface layer is reduced [see
figures 8.4(a)+(c)]. In the latter case, the fraction ξ jumps at fc abruptly to a certain
value ξ > 0. If it is assumed that in both cases the thickness of the adsorbed layer remains
at a constant value t0 above fc [see figures 8.4(a)+(c)], this thickness t0 corresponds to a
filling f0 =

(
r2
P − (rP − t0)2

)
/r2

P . Then the pore filling is f = f0 · (1− ξ) + 1 · ξ and
thus

ξ = f − f0

1− f0
(for f ≥ fc). (8.8)

Equation 8.8 permits accordingly the determination of the fraction ξ of pores filled with
capillary bridges above fc. In figure 8.4(b)+(d) the fraction ξ of capillary bridges is shown
for the two thickness dependences from figure 8.4(a)+(c). Here, it is assumed that during
desorption almost all capillary bridges have disappeared at p/p0 ≈ 0.69 and fdesc ≈ 0.47
(corresponding to three surface layers). For the determination of the reduced pressure at
a certain filling f the isothermal sorption measurements can be used [see figure 8.1(a)].
Consequently, the solvation pressure pf+c

s of a porous sample filled with both surface layers
and capillary bridges can be calculated assuming certain configurations of the adsorbate,
e.g. those shown in figure 8.4(a)+(c) for the desorption branch.
The results of the calculations (according to equation 8.6) for three thickness dependences
[including those from figure 8.4(a)+(c)] are shown in figure 8.5. Assuming that t does
not change abruptly at fc [cp. figure 8.4(a)], the behaviour of the solvation pressure
pf+c
s is basically the same as in the simplified case without the coexistance of surface

layers and capillary bridges (cp. figures 8.3 and 8.5 for t0 = 1.08 nm, i.e. three surface
layers). The major difference being only a broadening around fdesc . But for a thickness
of the surface layers of t0 = 0.36 nm (one surface layer) above fdesc [cp. figure 8.4(c)], the
solvation pressure shows a relatively sharp contraction peak and thus closely resembles
the measured deformation during desorption [see figures 8.1(b) and 8.2(a)]. Thus, for
thickness dependences that are similar to those shown in figure 8.4(c), the theoretical
curve corresponds well to the measurements. The behaviour of the solvation pressure
in figure 8.5 evidences that a thickness of t0 = 0.72 nm (two monolayers) above fdesc is
impossible because this thickness does not result in a contraction peak. Theoretically it
is possible that there is no film on the pore walls above fdesc , i.e. t0 = 0 nm. This would
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Figure 8.4 – (a)+(c) Thickness t of an adsorbed surface layer and (b)+(d) appropriate fraction
ξ of capillary bridges as a function of the filling during desorption. It is assumed that above a
critical filling fc ≈ 0.47 (p/p0 ≈ 0.69) capillary bridges and surface layers coexist; below fc there
are (almost) no capillary bridges. In (a)+(b) it is presumed that the thickness of the layer does not
change abruptly at fc. The case of a rearrangement of the adsorbate and the sudden change of the
thickness of the layer is shown in (c)+(d) [capillary bridges become unstable and form surface layers
at fc]. Here the thickness of the surface layer above fc is taken to be approximately the thickness
of one surface layer u ≈ 0.36 nm.
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Figure 8.5 – The solvation pressure during desorption assuming the coexistance of adsorbed layers
and capillary bridges for three different thickness dependences. Only for a thickness of the adsorbed
layer corresponding to one surface layer (t0 = 0.36 nm) above fdesc , the theoretical curve shows a
sharp contraction peak similar to the measured deformation.

result in an even stronger peak than the one shown in figure 8.5 for t0 = 0.36 nm, however,
such a configuration appears not to be very likely.5

During adsorption the onset of capillary condensation can be at relatively high fillings
(above p/p0 ≈ 0.76) [cp. figure 8.1(b)]. Therefore, during adsorption a higher filling
fraction, e.g. fadsc ≈ 0.59 (four monolayers), must be used for the calculation of the
solvation pressure. The reduced pressure that corresponds to fadsc is consequently also
higher than during desorption. This shift of fc influences also the solvation pressure which
is shown in figure 8.6 for four different thicknesses t0 above fadsc .
In contrast to the desorption branch, the best agreement with the measurements is
achieved if there is no step in the thickness of the adsorbed layer (and the thickness
remains constant at the onset of capillary condensation) or if the thickness t jumps to
t0 = 1.08 nm (three monolayers) at fadsc [cp. figures 8.1(b) and 8.6]. Also t0 = 0.72 nm
still seems to be possible because this thickness results in only a very small contraction
near fadsc . But clearly at least the first two surface layers remain stable when capillary
bridges form.

5The solvation pressure for a film tickness of t0 = 0 nm cannot be calculated with equation 8.3, it tends
to negative infinity.
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Figure 8.6 – During adsorption the solvation pressure pf+c
s fits best to the measured deformation

curve if there is no step in the thickness of the adsorbed layer or if the thickness t jumps to t0 =
1.08 nm at fadsc [cp. figures 8.1(b) and 8.7]. At least the first two surface layers remain stable when
capillary bridges form.

With the expanded model (equation 8.6) it is thus possible to determine the geometri-
cal arrangement during sorption of the adsorbate using deformation measurements. The
comparison between the measured deformation and the theoretical behaviour during ad-
sorption reveals that both a rearrangement of the fourth and also the third adsorbed layer
in favour of the formation of capillary bridges as well as the stability of the film consisting
of four monolayers at fadsc are possible (cp. figure 8.7). From theoretical considerations
it is known that there is a “stability limit for the thickness of” adsorbed films and conse-
quently during adsorption the adsorbate forms capillary bridges above a metastable limit
for the film [67, 147]. This is also shown in the sketched behaviour for the film thickness
(cp. possible plateau values in figure 8.7). The calculations shown in figure 8.6 show
that the third and fourth layer can be in a metastable state, but clearly at least the first
two surface layers of argon are stable. In contrast, during desorption at maximum one
monolayer remains absorbed on the pore walls above fdesc .6 Apparently, it is easier to
remove argon atoms from the (second and higher) surface layers than from the concave

6The finding of such a small surface layer during the desorption process may lead to the necessity to
correct pore radii determined with the aid of the Halsey equation because the pore radius rP should
be calculated as the sum of the Kelvin radius and the thickness of this layer only (cp. section A.2).
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Figure 8.7 – (a) The thickness of the adsorbed film during sorption of argon as a function of the
filling fraction f . For the filling range with coexistent capillary bridges and adsorbed surface layers, the
thickness of these layers differs between adsorption and desorption. During adsorption the thickness
of the layers, tads0 , can correspond to values in the shaded area between 0.72 nm and 1.44 nm (two
to four monolayers). During desorption only a thinner layer of at maximum one monolayer is possible
above fdesc (shaded area 0 nm ≤ tads0 ≤ 0.36 nm). (b) Also the fraction of capillary bridges ξ differs
between adsorption and desorption. The lines are for a thickness tads0 = 1.08 nm (three monolayers)
during adsorption above fadsc and tdes0 = 0.36 nm (one monolayer) during desorption above fdesc .
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hemispherical menisci. The analysis of the measurements suggests that during desorption
capillary bridges vanish in favour of thicker surface layers at fdesc (see schematic sketch in
figure 8.7).

Conclusions
In this chapter the model by Gor and Neimark describing adsorption-induced deformation
was expanded to account for the coexistance of capillary bridges and adsorbed layers. This
makes it possible to explain the measured deformation behaviour of porous Vycor® glass
during sorption of argon. The comparison between theory and experiment shows that
during adsorption at least the first two layers are stable. During desorption only a thin
surface layer (at maximum one monolayer) is present as long as there are capillary bridges.
When these capillary bridges disappear, however, a thicker layer is formed, which indicates
that then surface layers are more stable up to a certain thickness (2-3 monolayers). An
inclusion of the actual pore size distribution of the porous sample can yield an even better
agreement between theory and experiment as it naturally leads to a smoothening of the
thickness dependence (in figures 8.4 and 8.7) and of the contraction peak (in figure 8.5).
The ultrasonic measurements show that the elastic properties change significantly during
filling [5− 10%, see figures 8.1(c) and 8.2(b)+(d)]. But the observed change of the elastic
properties during sorption is at least not the major reason for the strong contraction peak
during desorption.
The fact that the sharp contraction peak during desorption has not been observed for
other systems raises the question for the reason of this difference. Different interaction
between adsorbate and the porous sample (cp. section 9) as well as the very long times
spend to reach equilibrium after each filling step might account for this different behaviour.
The analysis method presented in this chapter can together with further measurements
help to resolve the correlations between the configuration of the adsorbate, the interaction
between adsorbate and porous sample, and the deformation behaviour.
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Chapter 9

Strongly enhanced elastic modulus of solid
nitrogen in nanopores

The chapters 2-7 addressed the phase behaviour of argon and the possibility to extract
the intrinsic elastic properties of adsorbate in nanoporous glass from ultrasonic measure-
ments of the effective elastic moduli. The confined argon exhibits a shear modulus that
corresponds to the modulus of bulk argon, however, this behaviour cannot necessarily be
generalized to substances other than argon. The noble gas argon has a spherical structure,
which limits the interactions of the adsorbate mainly to the van der Waals forces. For
diatomic molecules, even for such a simple one like nitrogen, the interations are compli-
cated due to the presence of electrical moments. In this chapter the previously developed
analysis method (see section 2.2.2 and chapter 5) is applied to ultrasonic measurements on
nitrogen in nanoporous glass. Solid nitrogen has considerably enhanced elastic properties
in the nanopores of the porous glass sample. Particularly, the first adsorbed molecular
layer near the pore wall possesses a shear modulus more than twice as high as the modulus
of bulk nitrogen. The interaction between pore surface and pore filling provides a mean
for the enhancement of elastic properties. This discovery shows that nanoconfinement in
porous samples can be used to influence the mechanical properties of substances.

During cooling of a sample filled with approximately one surface layer of nitrogen [virtually
constant volume filling fraction f ≈ 0.12,1 cp. figure 9.1(b)] or completely filled pores [cp.
figure 9.1(c)], the effective shear modulus of the (partially) filled sample starts to increase
below a temperature of T ≈ 55 K (see figure 9.2); bulk nitrogen freezes at 65 K [148].
This is a clear sign that the adsorbed nitrogen starts to freeze (and crystallize) on cooling.
As expected the increase is considerably higher for the completely filled sample as more
nitrogen can crystallize. A close look reveals, however, a peculiarity: One surface layer of
nitrogen, i.e only ≈ 12% of the amount necessary for complete filling, causes an increase
of the effective shear modulus that corresponds to about 20% of the increase observed
for complete filling. This contrasts with the observance for argon, where surface layers
contributed proportional to their filling fraction with the shear modulus of bulk argon

1The filling fraction f can be regarded as constant over the whole temperature range. The amount
of nitrogen vapour in the sample cell is negligible due to the low vapour pressure of nitrogen below
60 K and the small volume of the sample cell. A similar statement holds for argon (see figure 3.1 in
section 3.1).
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Figure 9.1 – Schematic sketch of nanoporous Vycor® glass for different fillings. (a) Structure of
the empty sample. (b) At low fillings with nitrogen the adsorbate forms a surface layer (red) with
enhanced elastic properties on the pore walls. (c) The completely filled sample. The influence of
the pore wall on the filling decreases gradually with increasing distance from the wall. The analysis
shows that in the pore centre bulk properties (marked in blue) are reached. Figure from [6] (Copyright
© 2013 by the American Physical Society).
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Figure 9.2 – Effective shear modulus of the sample scaled with the modulus of the empty sample
at two different fillings: During cooling the effective modulus starts to increase below a temperature
of about 55 K. The increase is considerably higher for complete filling (f = 1) than for one surface
layer (f ≈ 0.12). At the lowest temperature, however, the increase for the surface layer corresponds
to about 20% of the increase for the completely filled sample. Figure from [6] (Copyright © 2013 by
the American Physical Society).

(cp. section 3.1).
The unusual behaviour of the effective shear modulus at different fillings of nitrogen shown
in figure 9.2 signifies already different elastic properties of the pore filling. Obviously, the
first adsorbed surface layer near the pore wall possesses a higher shear modulus than the
rest of the adsorbate or the whole pore filling in the case of complete filling.
With the effective medium analysis for the determination of the intrinsic shear modulus
of pore fillings Gfilling (cp. equations 2.7 or 5.4 for M = G and Gpore = fGfilling) it is
possible to quantify the differences between the shear modulus of different fillings. The
average of the modulus of the pore filling for both measurements is shown in figure 9.3(a).
For both fillings the average shear modulus increases over a broad range with decreasing
temperature. This confirms that the adsorbed nitrogen in the nanopores freezes continu-
ously; a reduction of temperature increases the fraction of solid nitrogen. Below T ≈ 25 K
the shear modulus of one surface layer remains almost constant and the nitrogen layer
seems to be completely frozen.
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Figure 9.3 – Shear modulus of one surface layer, of the adsorbate for completely filled pores, and
of bulk nitrogen as a function of temperature. (a) Below ≈ 40 K the modulus of the surface layer
deviates considerably from the modulus of the complete pore filling, reaching a value of ≈ 1.7 GPa at
low temperatures. In comparison, the complete pore filling has a modulus of only ≈ 1.0 GPa. (b) At
low temperatures the shear modulus of bulk nitrogen (calculated from ultrasonic measurements [149])
corresponds to less than 50% of the value for one surface layer. Figure from [6] (Copyright © 2013
by the American Physical Society).
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The conclusions drawn from the increase of the effective shear modulus (see above and
figure 9.2) are further confirmed by the moduli of one surface layer and the complete pore
filling [see figure 9.3(a)]: Whereas the modulus of the complete filling is in the range of
1.0 GPa at low temperatures, the first layer exhibits an unusual high modulus around
1.7 GPa. For comparison the elastic properties known for bulk nitrogen are shown in
figure 9.3(b) [149]. Solid bulk nitrogen changes its crystalline structure from hexagonally
closed packed (β-phase) to face centred cubic (α-phase) during cooling (T ≈ 35 K) [149].
This structural transformation is accompanied by an increase of the shear modulus [cp.
figure 9.3(b)]. At low temperatures the shear modulus of bulk nitrogen is only 0.8 GPa
[see figure 9.3(b)].
There is no step in the average shear modulus that would hint to a structural transforma-
tion of the crystal structure of the adsorbate, which clearly suggests that the α-phase is
supressed in the nanopores. This is in accordance with x-ray measurements of two similar
types of completely filled porous glass samples: the confinement in nanopores prevents the
transition of the crystalline structure from the β-phase to the α-phase [150]. At low tem-
perature a quasi-hcp structure (with lattice defects) is maintained in the pore centre [150].
This absence of a reorientation during cooling shows an influence of nanoconfinement on
nitrogen. The impact of confinement in pores on the structure of the pore filling is known
for different porous systems and can result in strains, different crystalline structure or
induce disorder in the first few surface layers near the pore wall [24,150–152]. The struc-
ture of a thin nitrogen layer adsorbed on pore walls of porous glasses has sometimes been
described as amorphous or liquid-like [150, 152]. But the x-ray diffraction patterns can
also be interpreted as resulting from a two-dimensional triangular lattice [152].
The observance that the average shear modulus of the completely filled pore (Gfilling ≈
1.0 GPa at ≈ 12.5 K) is only ≈ 25 − 30% higher than the bulk modulus reveals that
the greatest part of the filling possesses the elastic modulus of bulk nitrogen. Indeed,
the deviation can be explained by a simple superposition of approximately two surface
layers (f2SL ≈ 0.25) with an enhanced modulus and the remaining pore filling with bulk
properties: Gfilling ≈ f2SLGsurface + (1 − f2SL)Gβ

bulk, where Gsurface ≈ 1.7 GPa and
Gβ
bulk ≈ 0.76 GPa [taken from a linear extrapolation of the shear modulus of the β-phase

of bulk nitrogen at ≈ 12.5 K, cp. figure 9.3(b)]. Of course, also a continuous transition
from the high surface values to bulk properties in the pore centre is possible.
The high shear modulus of the surface layer must be related to the pore wall, i.e. to
the structure of the surface, its chemical properties and possibly also the high curvature.
The influence of the pore wall is reduced with increasing distance to the wall and the
pore centre may exhibit “normal” (bulk) properties [cp. figure 9.1(c)]. The interaction
between the pore surface and the nitrogen molecules thus provides a mean for considerably
enhanced elastic properties of the adsorbed surface layer. But the observance of bulk
elastic properties for argon (cp. sections 2.2.2 and 3.1) confined in the same porous
sample poses a question: Why does nitrogen show enhanced elastic properties and argon
does not?
Both substances have bulk shear moduli of the same order. Argon has a spherical struc-
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ture, whereas nitrogen is a diatomic molecule with a quadrupole moment. It appears
important to consider how the electrical and chemical properties influence or even de-
termine the elastic properties of the surface layer. Previously, an infrared spectroscopy
study had shown that the pore wall influences the nitrogen molecules in the first two
surface layers; whereas pore condensate in the pore centre remains bulk-like, i.e. infrared
inactive [148]. The porous glass has a polar pore surface with silanol OH-groups [148].
It is known that the interaction of hydroxyl groups with nitrogen is much stronger than
for argon [153]. This stronger hydrogen bonding is certainly the crucial factor that gives
rise to the high elastic modulus of the adsorbed nitrogen layer. It is also well-known,
that the interaction of the quadrupole moment of nitrogen with hydroxyl groups results
in an orientation of the adsorbed nitrogen molecules and a higher density of molecules
per surface area [61]. Taking such a higher density into account would result in even
higher values for the shear modulus of the surface layer compared to those displayed in
figure 9.3(a).2 So in any case the surface layer exhibits a considerably enhanced modulus
compared to bulk nitrogen.
The above interaction and possibly also the influence of the amorphous (and heteroge-
neous) pore wall of the porous glass sample can impose a certain structure and a different
crystalline structure on the first few nitrogen layers. Therewith, the basis is formed for the
observed enhanced elastic properties of nitrogen near the wall. In addition, the diatomic
structure of nitrogen possibly causes more difficulties for the pore filling to accomodate
to the pore surface and higher strains are induced.

Conclusions
The discovery of considerably enhanced elastic properties of nitrogen confined in nanopores
shows that nanoporosity can be used to change elastic properties of substances. The sur-
face of pore walls is of particular importance and determines the degree of influence on the
elastic behaviour of adsorbed substances. Besides the amorphous or cyrstalline structure
of the pore walls, also the polarizability and existing electrical moments of pore surface
and adsorbed substances can have an effect on the elastic properties of adsorbed layers.
The differences between the strength of the binding of argon and nitrogen to OH-groups
can explain the observed differences in the elastic properties of both adsorbates. Thus the
increase of the shear modulus of adsorbed layers in comparison to the bulk shear modu-
lus should be particularly high for systems with a strong binding between the adsorbed
molecules and the pore surface. The further investigation of the fundamental correlations

2For the determination of the intrinsic shear modulus with the aid of equation 5.4 (for M = G and
Gpore = fGfilling) the volume filling fraction f must be known. The number of adsorbed molecules,
n, scaled to the number necessary for complete filling, n0, was determined experimentally. The density
of the adsorbed nitrogen was regarded as independent of the filling, i.e. f = Vads/Vpore = n/n0. If
the density of the first surface layer, ρSL, differed from the average density of the pore filling, ρavg,
the filling fraction f = 0.12 would have to be replaced by f ′ = ρavg/ρSL · f . According to Eq. 5.4
(for M = G and Gpore = fGfilling) a possibly higher density of the first nitrogen layer [61] would
thus correspond to a value of the shear modulus of this layer that is even higher than the calculated
modulus. For completely filled pores always f = f ′ = 1 holds, so that Gfilling is determined correctly
(even without knowing the exact density).
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between the mechanical and electrical properties of nanoporous systems and adsorbed
substances and its influence on the elastic properties in nanopores will help to provide
tools for the tuning of mechanical properties.
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Ultrasonic measurements have proven as a particular good method to study liquid-solid
phase transitions and the elastic properties in the nanopores of porous Vycor® glass.
Together with the simultaneous measurement of the filling fraction of the pores, the
effective elastic moduli (shear modulus and longitudinal modulus) can be determined.
These effective elastic moduli supply some first information on the phase state of the
adsorbate: The measurements of sorption isotherms at varying temperatures between
75 K and 50 K evidenced that some liquid argon (up to a filling fraction f1) remains
in the pores even ≈ 26 K below the onset of freezing (at ≈ 76 K). A reduction of the
temperature within this range results in a continuous decrease of f1, however, near 50 K no
appreciable change can be observed. From these isothermal measurements information on
the geometrical arrangement of the adsorbate during filling arise via an effective medium
analysis: Below a temperature T ≈ 76 K solid surface layers of argon form on top of
liquid-like layers above the temperature-dependent filling fraction f1 (corresponding to
the linear increase of G/G0 in region II, cp. figure 2.4). Only at a considerably higher
filling fraction f2 solid capillary bridges form.
The effective medium analysis offers further findings on grounds of its capability to de-
termine from the measured effective moduli the elastic properties of the adsorbate itself.
Both the shear modulus and the longitudinal modulus of nanoconfined solid argon are
about equal to the corresponding moduli of bulk argon, i.e the nanoconfinement has no
notable effect on the elasticity of the solid argon. For pores that are completely filled with
liquid argon, also the longitudinal modulus of this liquid is about equal to the longitudinal
modulus of liquid argon. The formation of concave menisci at the pore ends during the
initial desorption process at virtual complete filling of the pores results, however, in a
slight influence on the longitudinal modulus of the adsorbed argon: The decrease of the
radius of curvature of the concave hemispherical menisci is related to an increase of the
negative Laplace pressure and a decrease of the longitudinal modulus of the pore filling
by a few per cent. In addition, at partial fillings adsorbed liquid argon layers contribute
to the longitudinal modulus of the pore filling only in consequence of the formation of
solid layers on top of these layers and the related loss of the liquid layers’ mobility.
The confinement in the nanopores results in considerable changes of the phase behaviour of
argon as the above mentioned sorption isotherms at different temperatures foreshadowed.
Temperature cycles with one and two adsorbed surface layers of argon on the pores walls
reveal a continuous freezing and melting of these two layers over a very broad temperature
range of at least 40 K. Thus it could be shown that at very low temperatures (around 20 K)
also these layers solidify completely in contrast to previous assumptions [29]. Argon in
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completely filled pores shows also a pronounced confinement effect in terms of a continuous
phase transition over about 45 K. These observed phase transitions are related to the
effect of premelting and interfacial melting (on flat substrates) that is particular well-
known for ice [91, 94]. But for argon in nanopores there are significant deviations from
this known behaviour, notably the temperature-dependence differs. These differences
certainly originate in the strong curvature and the heterogeneous structure of the pore
walls (cp. e.g. also reference [35]). The presence of solid argon in the pore centre influences
the phase behaviour of the first two surface layers insofar as this solid argon impresses
its structure on the first two layers near the pore wall. This results in an increase of the
freezing temperature of the first layers by about 10 K in comparison to fillings with solely
one or two adsorbed layers.
The Laplace pressure of concave menisci at the pore ends causes both a change of the
longitudinal modulus of the pore filling as well as a deformation of the porous sample. The
latter behaviour is a phenomenon that is particularly known for liquids in porous systems
(see e.g. reference [97]). Not only the Laplace pressure but also changes of the surface
free energy as a consequence of adsorption lead to the so-called effect of sorption-induced
deformation [44]. The analysis of deformation measurements during sorption of argon
showed that for the explanation of the deformation behaviour the coexistance of capillary
bridges and adsorbed surface layers has to be considered. The comparison between theory
and experiment shows that at least the first two monolayers forming during adsorption
are stable when capillary bridges form. During desorption a thin surface layer with a
maximum thickness of one monolayer is present as long as there are capillary bridges.
When these capillary bridges disappear, however, a thicker layer is formed, indicating that
surface layers of argon are more stable up to a certain thickness (≈ 2− 3 monolayers).
All deformation measurements with the adsorbate argon exhibit the sharp contraction
peak during desorption that is associated with the stability of surface layers. This con-
trasts to other earlier measurements, e.g. for water in Vycor® glass [50]. The interaction
between the pore walls and the adsorbate argon differs from the interaction with water
and might constitute a factor influencing the stability of adsorbed surface layers. But
possibly also a deviation from the equilibrium state [if the system is not given enough
time after a filling (or emptying) step] may account for an absence of the contraction
peak.
The ultrasonic measurements with adsorbed nitrogen distinctively showed that the preser-
vation of the elastic bulk properties in confinement is not a general phenomenon. Indeed,
the discovery of a considerably enhanced shear modulus of nitrogen confined in nanopores
shows that nanoporosity can be used to change elastic properties of substances.
The discussed findings can have some impact on forthcoming studies of phase transi-
tions and elastic properties in nanopores as well as the adsorption-induced deformation.
Together with further measurements the methods will help to resolve the correlations be-
tween the configuration of the adsorbate, the interaction between adsorbate and porous
sample, the elastic properties, and the deformation behaviour. The analysis of ultrasonic
measurements allows to determine the state of the phase and the elastic properties of
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adsorbate in pores filled with surface layers and in completely filled pores, which is a very
common phenomenon in nature, e.g. also for water in porous rocks. The measurements
with the adsorbate nitrogen instead of argon evidenced already what a unusual elastic
behaviour can be found in nanopores. The transfer of the ultrasonic technique presented
in this dissertation from the model system to other more complex adsorbates and differ-
ent porous samples will contribute to a further enlightenment of the complex confinement
effects in nanopores. For this, in particular a variation of the structure of the pore walls
(e.g. crystallinity, polarizability) and of the adsorbate (with different electrical and me-
chanical properties in its bulk state) seems a promising direction for further studies and
for the research of possibilities to tune mechanical properties.
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Appendix A

Experimental setups and details

For the studies of the liquid-solid phase transition, the elastic properties and the adsorption-
induced deformation presented in this dissertation different sample cells were constructed.
In the following sections the measurement methods and the experimental setups are de-
scribed.
All sample cells are mounted on the cold head of a cryostat and are surrounded by
an insulation vacuum (p . 5 · 10−6 mbar) for the measurements at the required low
temperatures (cp. schematic sketch in figure A.1). For the regulation of the temperature
each sample cell includes a temperature sensor (silicon diode) and a heating resistor
that are connected to a temperature controller. This makes it possible to stabilize the
temperature to the required value (fluctuations smaller than ±10 mK). The absolute
accuracy of the measured temperature is ±0.25 K.
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Figure A.1 – Sketch of an experimental setup with cold head and gas distribution system.
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A.1 Filling of the samples

During the measurement of a sorption isotherm, the nanporous Vycor® glass sample (Corn-
ing, Inc.) must be filled with exactly determined quantities of argon. Also for the mea-
surements of temperature cycles with constant fillings, it is necessary to know the amount
of adsorbate in the porous sample. Therefore each sample cell is connected via a metallic
capillary (diameter ≈ 1 mm) to a gas distribution system with several valves, one or two
pressure gauges, and metallic containers (see schematic sketch in figure A.1). With the
gas distribution system defined quantities of argon (or also nitrogen) gas can be given
into the sample cell. The quantity can be calculated with the ideal gas equation from the
pressure before and after each filling step using the temperature of the sample cell, the
temperature of the gas distribution system and the volumina of the gas distribution sys-
tem (including capillary). Consequently, the molar amount of added adsorbate, ∆ni, and
the filling fraction of the sample after a series of filling steps, f = (∑i ∆ni) /n0 (with n0
being the molar amount of adsorbate necessary for complete filling), can be determined.1
For all measurements the density of the adsorbate, ρads, is considered to be independent
of the position of the adsorbate in the pores, thus that the filling fraction f is identic
with the volume of the adsorbed substance scaled to the total volume of the pores, i.e.
f = n/n0 = Vads/Vpore.
Small fluctuations of the temperature in the laboratory that are present in spite of an
air-conditioner influence to a minor degree the measured pressure in the gas distribution
system and hence the calculated filling fraction f . For a damping of the oscillations of
the room temperature with an interval of ≈ 40 minutes caused by the air-conditioner, the
gas distribution systems were isolated (amongst others with styrofoam). The remaining
fluctuations (typically ∆T . ±0.5 K) were insignificant (as they resulted in pressure

1Before a filling step the gas distribution system (with the volume VGDS at the temperature TGDS) is
filled with a certain pressure of gas, pi

GDS (the valve to the sample cell is closed). In addition, there
is some vapour (pressure pi−1′

SC ) in the sample cell (with the volume VSC at the temperature TSC) and
some adsorbate ∆ni−1 in the pores of the sample (if it is not the first filling step). Thus, for the total
molar amount of the molecules in the experimental setup before the opening of the valve the ideal
gas equation yields:

ntotal = pi
GDSVGDS

RTGDS
+ pi−1′

SC VSC

RTSC
+ ∆ni−1, (A.1)

with the gas constant R. After the opening of the valve a new equilibrium pressure pi′

GDS = pi′

SC is
reached and some additional adsorbate ∆ni has formed:

ntotal = pi′

GDSVGDS

RTGDS
+ pi′

SCVSC

RTSC
+ ∆ni−1 + ∆ni (A.2)

Consequently, the amount of adsorbate, ∆ni, added in one filling step can be calculated according to

∆ni = VGDS

RTGDS

(
pi

GDS − pi′

GDS

)
+ VSC

RTSC

(
pi−1′

SC − pi′

SC

)
. (A.3)

For the consideration of the molecules in the capillary (with the volume VC at the temperature TC)
the additional term VC/ (RTC)

(
pi−1′

SC − pi′

SC

)
has to be added on the right hand side of equation A.3.
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variations near the range of the resolution limit of the pressure gauges, see figure A.7 in
section A.4).
Sorption dynamics are rather complex [63, 154]. Because of a spatial rearrangement of
the adsorbate after each filling step very long waiting times were necessary to reach the
equilibrium pressure after each change of the filling during the measurement of a sorption
isotherm. Therefore the measurement of a complete sorption isotherm needs a long time:
Already in the liquid regime of the adsorbate typically about a month is necessary. The
lower the temperature, the longer the waiting times to reach a constant pressure after
a filling step. At a temperature of 50 K the measurement of an incomplete adsorption
isotherm required already 4 months. (At a filling of f ≈ 0.7 the measurement was stopped
because of a defect of the cold head.)

A.2 Characterization of the porous samples

For the characterization of the porous Vycor® glass samples, i.e. the determination of the
average pore radius, the pore size distribution and the porosity, sorption isotherms with
liquid argon (usually at T = 86 K) were used. The porosity φ of the sample is easily
calculated from the ratio of the volume Vads,0 of the molar amount of adsorbate necessary
for complete filling, n0, and the volume of the porous sample, Vsample:

φ = Vads,0
Vsample

= n0mM

ρadsVsample
, (A.4)

with the molar mass mM and the density of the adsorbate, ρads.
The pore size distribution was determined from the desorption branch of sorption isotherms.
Following the usual assumption of cylindrical pores [155], the radius of withdrawing
menisci in the steep part of the desorption branch (cp. figure 1.3) was determined with
the Kelvin equation [59,60] (assuming complete wetting):

rK = − 2 γlv Vm
R T ln (p/p0) (A.5)

Figure A.2 – The pore radius rP is estimated as the sum of the radius of curvature rK determined
from the Kelvin equation and the thickness t of the film remaining on the pore walls.
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The Halsey equation [61] was used to estimate the thickness t of the remaining surface
layer (see figure A.2):

t = u· 3
√
−5/ ln (p/p0), (A.6)

with the thickness u of one monolayer of the adsorbate.
The sum of both quantities forms the pore radius rP :

rP = rK + t (A.7)

The pore radius with the highest occurance (determined from the steepest point of the
desorption isotherm) is denoted the average pore radius. For most samples this average
pore radius is 4.0 nm. The pore size distributions determined from the desorption branch
of an isotherm are rather sharp (cp. figure 1.2), which corresponds to previous studies
(see e. g. reference [155]). But as mentioned in section 1.1 (see footnote 1 on page 3)
draining mechanisms, in particular the pore-blocking effect (cp. section 1.2), may result
in a distorted picture of the actual distribution.

A.3 Ultrasonic measurements

In order to investigate the liquid-solid phase transition during temperature cycles ultra-
sonic shear waves and longitudinal waves were used. Shear waves are a particular good
indicator for liquid-solid phase transitions [85–87] as liquids cannot sustain shear stress;
the shear modulus is only increased if there is solid adsorbate. But also longitudinal waves
can provide significant information on the elastic properties (see chapter 6).
The effective elastic moduli of the samples were determined via the pulse-echo-method.
Short ultrasonic pulses (∆tpulse ≈ 2− 2.5 µs) are generated by appling voltage pulses to
a piezo-crystal (both sides are coated with a thin gold film) that is glued with an silver
epoxy composite on the sample (see figure A.3 for a sketch of one of the two sample
cells for ultrasonic measurements). The used piezo-crystals are always LiNbO3: 36◦Y-cut
for the generation of longitudinal waves and 41◦X-cut for shear waves [142]. The carrier
frequency of the ultrasonic pulses varies for the different measurements between ≈ 6 MHz
and ≈ 13 MHz. The wavelength λ is in the range between one hundred and a few hundred
micrometres, i.e. it is much larger than the pore size (λ� rP ).
The generated ultrasonic pulse propagates through the sample with a length l, is reflected
at the end of the sample and returns to the piezo-crystal. Thus the transit time ∆t nec-
essary for the propagation of the ultrasonic pulse through the sample can be determined
using a (digital) oscilloscope. The accuracy of the measured transit time of typically
∆t ≈ 2 − 5 µs is better than 1 ns. Subsequent reflections of the ultrasonic pulse results
in a series of attenuated echos (see figure A.4). For the ultrasonic velocity c
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Figure A.3 – Schematic sketch of a sample cell for the ultrasonic measurements. The copper
sample cell is mounted on the cold head of a cryostat (cp. figure A.1).

c = 2l
∆t (A.8)

holds. The effective shear modulus G and the effective longitudinal modulus β was cal-
culated from the experimentally determined velocity of ultrasonic shear waves, cs, or of
longitudinal waves, cl, propagating through the sample:

G = c2
sρ (A.9)

β = c2
l ρ (A.10)

with the effective density of the sample [142],
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Figure A.4 – Exemplary series of attenuated ultrasonic echos. The ultrasonic velocity is determined
from the time difference ∆t between consecutive echos and the length l of the sample.

ρ = ρ0

(
1 + nmM

m0

)
, (A.11)

for a filling with n moles of an adsorbate with the molar mass mM , with the mass of the
empty sample,m0, and its density ρ0. The filling is determined volumetrically according to
the procedure described in section A.1 simultaneously with the ultrasonic measurements.
The adsorption-induced deformation can be neglegted for the determination of the ultra-
sonic velocity and the effective density because the maximum length changes ∆lmax are
very small compared to the length of the empty sample l0 (cp. section A.4):

∆lmax
l0

. 5 · 10−4 (A.12)

The samples for the ultrasonic measurements have a length l0 between ≈ 2.5 mm and
≈ 5 mm. The base of these samples is at maximum 20 x 20 mm2 and not smaller than
10 x 10 mm2. The piezo-crystals have a diameter of 4 mm or 10 mm.

97



Appendix A Experimental setups and details

Figure A.5 – Schematic sketch of the sample cell for the deformation measurements. The copper
sample cell is mounted on the cold head of a cryostat (cp. figure A.1).

A.4 Deformation measurements

The adsorption-induced deformation of the porous Vycor® glass sample is determined
with a capacitative distance sensor. The sensor forms one plate of a capacitor and is
mounted a few micrometres (typically 10− 20 µm) above the upper surface of the porous
sample (see schematic sketch in figure A.5). On the upper surface a thin gold film is
sputtered. Thus this surface of the sample can serve as the second plate of the capacitor.
A change of the length of the sample reflects directly in a change of the distance between
the two plates of the capacitor and its capacity C. The capacity must be converted into
the distance between the two plates. The evaluation unit of the sensor supplies for the
standard cable (between the sensor and the unit) a voltage signal between −10 V and
+10 V corresponding to 10 µm and 30 µm. The linear relation between the voltage and
the distance is, however, lost if another cable is used. The location of the sensor within a
closed metallic container on a cold head requires electrical feedthroughs and also a change
of the cable length. Therefore, the sensor was calibrated with spacers (e.g. Kapton) of
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A.4 Deformation measurements

Figure A.6 – Calibration curve for the distance sensor. The measured values are fitted with
equation A.14

different thicknesses before the start of the measurements.2

A typical calibration curve is shown in figure A.6. The measured values are fitted with
the theoretically expected curve. For this the total capacity Ctotal is regarded as the sum
of the capacity related to the distance d between the two plates with surface A and the
capacity of the triax-cable (including feedthroughs):

Ctotal = Ccable + ε0
A

d
, (A.13)

with the permittivity of vacuum ε0. Assuming an inverse proportionality between the
voltage supplied by the evaluation unit and the total capacity it follows:

U = U0 + αd/ (ε0A)
1 + Ccabled/ (ε0A) = U0 + acd

1 + d/k
, (A.14)

with the offset voltage U0 for a distance of d = 0, the proportionality constant α, ac :=
α/ (ε0A), and k := ε0A/Ccable.
The measurement of the length changes during isothermal sorption was a challenging

2After any reconstruction of the experimental setup a new calibration was necessary.
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task. In particular, the location of the sample cell with the sensor on a vibrating cold
head required a firm fixing of the sensor to prevent shifts of the sensor during the long
measurements. For the electrical vacuum feedthroughs special plug connectors were nec-
essary.
The laboratory with the experimental setup was air-conditioned, however, often a small
change of the room temperature was still present [with approximately a 40 minutes inter-
val, see figure A.7(a)]. This change of the room temperature resulted in changes of the
capacity of the cable and consequently in a small inaccuracy of the measured distance
between sensor and sample [see figure A.7(c) for the influence of the room temperature
on the distance signal]. It may also be possible that the adsorption or desorption of a
very small number of molecules because of the displayed change of the temperature partly
causes the fluctuations shown in figure A.7(c). These fluctuations limited the relative ac-
curacy of the measured length changes to ≈ ±5 nm. But with a maximum deformation
of typically several hundred nanometers (at p/p0 = 1) this resolution limit is far better
than necessary for the measured sorption isotherms and these fluctuations are not visible
on the graphs (cp. e.g. figure 1.6). The accuracy of the absolute values of the measured
length changes are, however, limited by the accuracy of the calibration of the sensor.
All samples for the deformation measurements have a base of 20 x 20 mm2 and a length of
typically 2.4− 2.7 mm. The filling of the sample is determind according to the procedure
described in section A.1 simultaneously with the deformation measurement.
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A.4 Deformation measurements

Figure A.7 – (a) Fluctuation of the room temperature caused by the air-conditioner. (b) The
measured pressure and (c) the determined distance between the distance sensor and the sample vary
in consequence of these temperature changes, even though the gas distribution system was isolated
(see section A.1). The time shift between the oscillations may be related to differences between the
measured temperature and the actual temperature of the gas distribution system and the cables of
the sensor.
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