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Elastic properties and freezing of argon confined in mesoporous glass
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We study the elastic properties of argon confined in mesoporous Vycor glass with a mean pore diameter of
8 nm. For this purpose volumetric adsorption and desorption measurements are combined with simultaneous
ultrasonic measurements. Therewith we obtain the effective shear modulus as a function of the pore filling
reflecting both the spatial arrangement and the freezing process of confined argon. Below the freezing point of
argon the adsorption process proceeds in three steps. (I) The first adsorbed layers of argon do not contribute to
the measured shear modulus, i.e., they do not behave like a solid. (IT) In an intermediate range of pore filling
the shear modulus increases linearly with increasing amount of adsorbate, i.e., the process of freezing starts,
probably with the formation of capillary sublimate. (IIT) At a certain filling fraction an abrupt rise of the shear
modulus up to a plateau value is observed. This step indicates either a change in the spatial distribution of the
capillary condensate or a change in its intrinsic properties. The lower the temperature, the smaller the charac-
teristic filling fractions at which these transitions occur. During desorption a hysteresis of the shear modulus,

of the attenuation, and hence of the state of the adsorbate is observed.
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I. INTRODUCTION

Geometrical confinement of substances on the nanometer
scale often results in altered physical properties compared to
those of bulk material. For example, it is well known that the
freezing point of many simple liquids adsorbed by mesopo-
rous samples is lower than in the bulk state and that the pore
condensate melts at a higher temperature than it freezes.'=®
Numerous studies were performed to elucidate the behavior
of confined liquids and their phase transition to the solid
state. The techniques used are very diversified ranging from
calorimetry, neutron diffraction and scattering, x-ray tech-
niques, optical transmission, dielectric measurements, and
acoustic techniques to theoretical studies.’!” One of the
standard systems for such investigations is mesoporous Vy-
cor glass having a typical mean pore diameter between 7 and
10 nm. Volumetric sorption isotherms were used to record
phase diagrams of argon adsorbed in Vycor glass,’ the char-
acteristic quantities being temperature 7, chemical potential
Ap, and the volume filling fraction f of the pores. Freezing
and melting reflect in an abrupt change in slope of Au(7),
and both the freezing and the melting point increase with the
filling fraction of the mesopores. But at low filling fractions,
when only a few layers of argon are adsorbed on the pore
walls, no liquid-solid phase transition was observed. A cer-
tain ambiguity remains since it is not easy to distinguish
between small continuous or small discontinuous changes of
slope Au(T). But also additional calorimetric and x-ray stud-
ies gave no indications for a phase transition, i.e., the first
few layers seem to remain in an amorphous liquidlike
state.>® However, an absolute clarification of how freezing
proceeds in confinement has not yet been found. On the other
hand molecular-dynamics simulations suggest that argon
cannot crystallize at all in pores with a diameter of less than
3.4-5.1 nm."

Ultrasonic measurements, i.e., the measurement of veloc-
ity and attenuation of propagating waves, are well suited to
elucidate the behavior of confined liquids, especially with
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respect to possible differences between layers adsorbed at the
pore walls and capillary condensate in the pore volume. On
the one hand, Page et al. (see Refs. 20 and 21) have used
longitudinal waves to investigate the isothermal process of
adsorption and desorption of liquid hexane in Vycor glass.
On the other hand, Molz and co-workers (see Refs. 3, 4, and
16) used shear waves to study freezing and melting of argon
and of helium in Vycor (at f=1, i.e., for completely filled
pores). The latter method is very sensitive to changes in the
aggregation state: liquids cannot sustain shear stress, i.e., the
shear modulus is altered appreciably when the pore conden-
sate freezes or melts.

We have decided to combine the advantages of both meth-
ods; i.e., in order to distinguish between wall layers and pore
condensate, we study the behavior of the shear modulus dur-
ing an isothermal change in pore filling (both for adsorption
and desorption, and for different temperatures). The velocity
of propagation, c,, is a function of the shear modulus G of
the studied medium and its density p, i.e., ¢,=VG/p. In order
to separate changes in density from changes in G, we have
determined the actual density during filling and draining by
means of simultaneous volumetric measurements of the
amount of pore condensate. This allows us to evaluate G as a
function of the pore filling and for various temperatures. As
already mentioned, the effective shear modulus increases as
soon as frozen pore condensate is present. As we shall show,
this gives us some information on the process of freezing in
mesopores.

II. EXPERIMENAL

The material used to confine argon is mesoporous Vycor
glass 7930 (Corning, Inc.).3* Our sample has a cross section
of 20X 20 mm? and a height of d=5.0 mm. We have deter-
mined the average pore diameter from a desorption isotherm
of argon at 86 K using the Kelvin equation.?>?* Its value is
about 8 nm. In addition, the sorption isotherm yields a po-
rosity of about 25%-26%. Before the measurements the
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sample was cleaned according to the standard procedure rec-
ommended by the manufacturer.*’

We used the pulse echo method for the ultrasonic
measurements.”* Voltage pulses with a carrier frequency of
about 12.5 MHz are generated by a Matec Pulse Modulator
and Receiver (Model 6600) and converted into ultrasonic
shear waves via a piezoelectric transducer that is bonded to
the top surface of the sample. These propagate in the sample,
are reflected at its bottom, and return to the transducer after a
transit time Ar=2d/c,. Subsequent reflections corresponding
to multiple round trips through the sample lead to a series of
equidistant echoes with decreasing amplitudes. The trans-
ducer converts them back into electrical pulses and after
passing the Matec Pulse Receiver they are displayed and
recorded on a digital oscilloscope (LeCroy WaveSurfer™
64Xs). The transit time through the sample, A¢, is determined
from the time difference of two successive echoes, the
attenuation « from the respective amplitudes, «
=20 log o(A;/Aj1)/ (2d).

As shear transducer, a LiINbO; crystal (41° X-cut) with
chrome-gold electrodes on both sides has been bonded to the
sample using an epoxy silver composite (E-Solder 3021, Von
Roll USA, Inc.). This bond provides both good adhesive
properties and high electrical conductivity over a broad tem-
perature range. The incommensurability of the geometries,
i.e., a cylindrical transducer with a diameter of 5)=10 mm on
top of a rectangular sample of cross section a” and thickness
d (where b, d=a/?2) helps to reduce sidewall effects that can
considerably distort shape and height of the ultrasonic
echoes.?” Nevertheless, not only intrinsic sound absorption
but also losses resulting from bonding, diffraction, as well as
other effects contribute to the apparent attenuation. There-
fore, the attenuation data we present in the following can
only be regarded as a relative measure allowing us to moni-
tor changes in the material properties. The particular carrier
frequency of 12.5 MHz was selected because it provided the
best ultrasonic signals and the lowest apparent attenuation.”
The pulse width was approximately 2 us. In general, transit
times with an absolute value between 4.5-5.5 us could be
determined with an accuracy better than 1 ns.

Sample and bonded transducer are placed in a closed me-
tallic container that is located on the cold head of a cryostat
(Leybold Model RGD 510 closed cycle refrigerator) allow-
ing us to stabilize its temperature 7 to better than =10 mK.
Absolute values of 7 are measured with a precision of
*0.25 K. The electric signal line is connected via a
vacuum-sealed feedthrough. The whole cell is connected to a
gas distribution system via a capillary. In this way it is pos-
sible to add or to remove a defined quantity of argon. The
amount of liquid or solid argon adsorbed in the pores can be
evaluated with the known volume of the gas distribution sys-
tem, the temperature, the pressure before and after each fill-
ing step, and using the ideal-gas equation. So volumetric
sorption isotherms are recorded, i.e., the volume filling frac-
tion of the pores, f=V; adsorbed/ Vporess @8 @ function of the
vapor pressure p.>>?3 Details of the setup are described in
Ref. 26.

As the wavelength of the ultrasonic signals, about
150-180 wm, is much larger than the average pore diameter
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(8 nm), the porous sample can be regarded as homogeneous
on this length scale. Consequently, the well-known relation

= \/E’ (D
p

correlating the ultrasonic velocity ¢, of shear waves with the
(effective) density p of the sample and the shear modulus G,
is also valid for a mesoporous sample. This velocity is given
by the transit time of the signal in the sample of thickness d,
¢,;=2d/At. The effective density,

nm
p=po| 1+ ) (2)
is a function of the density of the empty sample, p, its mass
M as well as of the mass of the filled sample, M +nm (here n
denotes the amount of pore condensate and m
=39.948 g/mol its molar mass). With Egs. (1) and (2) we
obtain the ratio of the effective shear modulus G of the
(partly) filled sample to the shear modulus of the empty

sample G,
G Ato)z( n0m>
—=—\1+f—], 3

G() ( At +f M ( )

where n, denotes the maximum amount of pore condensate
and f=n/ng is the volume filling fraction. Thus the shear
modulus ratio is a function of the quantities we measure: the
ultrasonic transit times of the partially filled and the empty
sample, Az and At,, and the filling fraction f.

After adding or removing a defined amount of pore con-
densate during a sorption measurement some time is needed
to reach a stationary state (constant pressure in sample cell
and gas distribution system, no changes in measured transit
time and attenuation). At low filling of the sample, i.e., in the
range of a few adsorbed layers, this already requires a few
hours. At high f, when capillary condensate or sublimate is
present, much more time is needed, in the solid regime some
days, in fact. Consequently, completing an adsorption-
desorption cycle is a tedious effort. At 72 K it took us about
eight weeks. The reason for these long waiting times is the
spatial rearrangement of pore condensate in the large sample
having a complex network structure. Obviously any change
in f in an adsorption or desorption step leads to a rearrange-
ment of the condensate in the highly disordered pore net-
work.

III. RESULTS
A. Liquid argon confined to mesopores

Bulk argon freezes at 7,=83.8 K and confined argon at
even lower temperatures,'>>¢ e.g., at Ty g,=75.55 K in
Vycor.? Before studying the freezing process, we have per-
formed some measurements at 80 K, i.e., in the liquid regime
of the pore filling. The uptake of argon becomes noticeable
via a linear increase*' in the transit time with increasing
amount of pore condensate [see Fig. 1(a)]. The shear modu-
lus is displayed in Fig. 1(b). The value of G/G, is close to
unity, the deviations being smaller than 0.5%. That is what
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FIG. 1. (a) Ultrasonic transit time (scaled with the transit time of
the unfilled sample), and (b) ratio of the effective shear modulus to
the shear modulus of the empty sample upon adsorption at 80 K,
i.e., above the freezing point of confined argon.

we can expect since liquids cannot sustain shear stress. Thus
adsorbed argon in its liquid state does not contribute to the
effective shear modulus and the data in Fig. 1(b) reflect the
accuracy of the method we use.

Above the freezing point of argon, ultrasonic measure-
ments can thus be used to evaluate sorption isotherms:>” set-
ting G/ Gy=1 and rearranging Eq. (3) one gets the amount of
the pore condensate n as a function of the ultrasonic transit
times. In Fig. 2(a) we compare volumetric and ultrasonic
isotherms. Once again, the good agreement reflects the accu-
racy of the method.

In addition, ultrasonic measurements provide some indi-
rect information on the spatial distribution of the pore con-
densate. In Fig. 2(b) we display the attenuation as a function
of the reduced vapor pressure p/p,, where p, denotes the
vapor pressure of bulk argon. During adsorption the attenu-
ation remains constant at about 7.5+ 1 dB/cm, even in the
range of capillary condensation (above p/p,=0.7), where
not only the pore walls are covered by adsorbate but the
filling of the core volume starts.”?>?* By contrast, during de-
sorption large variations in echo amplitudes arise in the
range of the desorption pressure (p/p,=0.74), where the
filling fraction decreases precipitously from f=1.0 to f
~(.4.*? These variations go along with a deformation of the
pulse shape. They probably originate from inhomogeneities
in the sample that are in the range of the ultrasonic wave-
length (\=150-180 wm at the carrier frequency of 12.5
MHz) causing multiple reflections and interference effects.
Spatial inhomogeneities upon desorption have already been
detected by optical transmission measurements at a wave-
length of A=632.8 nm.'3 Our results show that their dimen-
sions extend at least up to length scales of the order of the
acoustic wavelength.

The appearance of inhomogeneities during desorption can
be explained by the irregular pore structure of the porous
glass and the related formation of metastable states (e.g., by
pore blocking).!® Since the vapor pressure depends on the
local pore radius, at first larger pores are drained but only if
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FIG. 2. (a) Comparison of sorption isotherms for argon in po-
rous Vycor glass at 80 K determined volumetrically (closed circles)
and via ultrasonic measurements (open circles). f=n/n, denotes the
volume filling fraction of the pores, where n is the maximum
amount of pore condensate. p/p is the reduced vapor pressure, i.e.,
the pressure normalized to that of bulk argon at 80 K. (b) Attenua-
tion « of the ultrasonic signals as a function of the reduced vapor
pressure during adsorption (closed squares) and desorption (open
squares). « is measured via the amplitudes A; of the second and the
third echo, a=20 log;((A,/A3)/(2d). At the desorption pressure of
p/py=0.74, where strong variations in A,/A3 are observed, the
displayed values do not correspond to an intrinsic attenuation: the
pulse shapes of the echoes are distorted due to inhomogeneities in
the range of the ultrasonic wavelength.

they are not blocked by liquid remaining in smaller pores
(bottlenecks). Therefore an inhomogeneous spatial distribu-
tion of empty and filled regions can form.

B. Frozen argon confined to mesopores

In Fig. 3(a) we display a volumetric sorption isotherm at
T=72 K, i.e.,, more than 3 K below the freezing point of
argon in Vycor and 8 K below its melting point.® In contrast
to the liquid state (Fig. 2 for T=80 K) the range of pore
condensation upon adsorption is shifted to a higher reduced
pressure (reduced adsorption pressure p/p,=0.96). Below
this pressure, the absorbed argon does not contribute to the
effective shear modulus, i.e., G/Gy=1 as for a liquid [see
Fig. 3(b)]. At the adsorption pressure G/G, increases
abruptly by about 11%. Since only solids can sustain shear
stress, this latter feature indicates the presence of frozen pore
condensate. Likewise the attenuation increases abruptly. In
contrast to what we have observed in the liquid state (see
Fig. 2), the change in « does not go along with a distortion of
the pulse shapes so that this feature reflects an intrinsic prop-
erty of frozen argon [also temperature dependent measure-
ments on completely filled pores (f=1) show an increase in
a below the freezing point’]. On desorption a corresponding
decrease in shear modulus and attenuation is observed at a
desorption pressure of p/p,=0.74. This hysteresis shows
that frozen pore condensate remains in the pores in a range
of pressure considerably larger than the corresponding one of
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FIG. 3. (a) Filling fraction of the pores, (b) shear modulus ratio
G/G, with Gy=6.88 GPa, and (c) attenuation a on adsorption
(closed symbols) and desorption (open symbols) vs reduced vapor
pressure at 7=72 K. Up to the adsorption pressure of p/p,=0.96
the pore condensate behaves like a liquid. Then an abrupt increase
in both the shear modulus and the attenuation is observed. The
arrows labeled I — ITand I — III in (a) indicate the transition
points between characteristic regions (see text and Fig. 4).

the liquid state (cf. Figs. 2 and 3). We shall discuss this point
later on.

A plot of the ultrasonic transit times and of the effective
shear modulus against the volumetrically determined filling
fraction of the pores yields a more detailed view of the ad-
sorption process (see Fig. 4). There are three distinct regions:
at low pore fillings G/Gy=1 holds (region I: 0=f= ), then
a linear increase is observed (region II: f| =f=f,) followed
by a jump to a plateau value (region III: f,=<f=1). In the
following we are going to discuss this behavior in detail:

1. Region 1

Up to a filling fraction of about 0.53 the pore condensate
does not contribute to the effective shear modulus, i.e., it
does not freeze at 72 K. Using an average pore radius of
rp=4.0 nm and a thickness of u=~0.34 nm for an adsorbed
monolayer,*> we can estimate the average number z of ad-
sorbed monolayers, with the relation

2 2
VAr,adsorbed 'p— (rP - Zu)
f= = B . 4)
Vpores 'p

For f;=0.53 we obtain z=3.7, i.e., on average the first
three to four adsorbed layers, corresponding to a film thick-
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FIG. 4. (a) Ultrasonic transit time (scaled with the transit time of
the unfilled sample), and (b) ratio of the effective shear modulus G
to the shear modulus of the empty sample on adsorption at T
=72 K. The process of freezing starts above a filling fraction of
f1=0.53. The abrupt increase in the shear modulus between regions
IT and III indicates a collective change in the intrinsic properties of
the capillary condensate or in its spatial distribution.

ness zu of the order of 1.3 nm, do not freeze at 72 K. This
result recalls what is known about argon on graphite, where
the first layers remain liquid above 70 K (a single monolayer
melts at about 47.2 K; in multilayer systems, the respective
top layer melts at higher temperatures but still below 70
K).28-32

Now let us look at the temperature dependence of region
I. In Fig. 5 we display isothermal measurements of G at T
=70, 72, and 74 K. The lower the temperature, the smaller
the range of pore fillings, [0,f,], where G/Gy=1 holds. For
T=74 K it extends up to f,=0.66, for T=72 K up to f;

——h—a
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FIG. 5. Normalized effective shear modulus vs volume filling of
the pores at different temperatures (70, 72, and 74 K). The curves
shifts to lower filling fractions when the temperature is reduced
(regions II and III, see Fig. 4), i.e., the process of freezing (G/G,
> 1) starts at lower fillings f. The shear modulus of the isotherm at
70 K could be evaluated only up to a filling fraction of about 0.75
(due to a defect of the capillary heater the gas distribution system
was blocked by frozen argon).
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FIG. 6. Temperature dependence of the filling fraction at which
the transition from region I to region II (process of freezing starts)
and region II to region III was observed.

=0.53, and finally for T=70 K up to f;~0.4 (see also Fig.
6). According to Eq. (4) these filling fractions correspond on
average to 4.9, 3.7, and 2.7 absorbed wall layers. Summariz-
ing, with decreasing temperature less material remains in a
liquidlike state.

Wallacher and Knorr have proposed a simple model de-
scribing thermal equilibrium in completely filled pores (see
Ref. 6), 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 center and the dead layers reducing the free en-
ergy of the system. There is an interplay between volume and
interfacial energies and with decreasing temperature the
thickness of the liquid shell decreases. According to their
calculation (for a pore radius of 5 nm) at 72 K, only an
amount of f=0.05 remains liquid. Taking their model, the
amount f; of liquidlike argon we observe would correspond
to the sum of dead layers and liquid shell, which are indis-
tinguishable in our measurements. The first two dead layers
represent a filling fraction of f;=0.33 [cf. Eq. (4)]. Thus we
get for the liquid shell f,—f;=0.33 at 74 K and f|—f4=0.2
at 72 K. The latter value is larger than the one predicted by
the model of Wallacher and Knorr (f~0.05), but we have to
keep 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, we can state at
least a qualitative agreement. In the above model, the exis-
tence of liquidlike argon is an inherent thermodynamical fea-
ture of pore confined argon, i.e., it is not related to the pore
size distribution of the Vycor glass. Of course, a fraction of
smaller pores might contain capillary condensate that freezes
at lower temperatures (AT 1/rp, see Ref. 33). But on the
other hand it would be difficult to distinguish clearly be-
tween wall layers and pore condensate in the smallest pores.

2. Region 11

Now let us come back to the isothermal adsorption curve
at 72 K (Fig. 4). Above f,=0.53 a linear increase in the shear
modulus is observed, i.e., the process of freezing starts and
G=Gy+(f—f)const holds so that G/Gy> 1. Assuming that
the increase is proportional to the shear modulus of frozen
argon, G,,, as well as to its volume fraction, ¢(f—f;) [with
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d=Viores! Vyyeor=0.25 being the porosity of the sample] this
observation can be written as

G(f)=Go+ d(f—f1)aGy, for fi=f=f,. (5)

Here « is a dimensionless constant that depends on the spa-
tial matrix-condensate-vapor arrangement. We suppose that
the freezing takes place in regions where the core volume of
the pores is completely filled (formation of solid capillary
sublimate). Newly added argon leads to an enlargement of
these regions and thus to a linear increase in G(f).

At higher temperatures region II is shifted to higher pore
fillings (see Fig. 5). As already mentioned, the filling fraction
/1 that indicates the onset of the freezing process shifts from
f1=0.53 at 72 K to f,=0.66 at 74 K. The lower the tempera-
ture, the higher the fraction of frozen argon, f—f,(T), at a
given pore filling f.

In addition, the temperature dependent measurements dis-
played in Fig. 5 reveal another interesting feature of confined
argon. Although the onset f| changes dramatically, the slope
of the linear increase is independent of the temperature (at
least for 72 and 74 K). According to Eq. (5)

GIGy) _
af

holds for the slope. Hence the shear modulus of the confined
frozen argon is not changed in this temperature range.

GAr (6)

3. Region 111

At 72 K the effective shear modulus increases abruptly at
a filling fraction of f,=0.81 and it remains constant at further
filling [see Fig. 4(b)] although more pore condensate is taken
up [see the further increase in transit time in Fig. 4(a)]. The
latter observation indicates that already a solid network of
filled interconnected pores governs the elastic properties, so
that additional pore condensate does not lead to notable
changes (i.e., percolation has already taken place, either be-
low f, or at f,). Before discussing the main experimental
feature, i.e., the sudden step in G, we are going to check
whether the measured plateau values are reasonable and what
kind of information they reveal.

According to effective-medium theory, the measured
shear modulus G of a heterogeneous material depends on
both the material parameters as well as on the spatial distri-
bution, i.e., on the microstructure. This makes it difficult to
evaluate precisely the shear modulus of the confined frozen
argon. But at least we can get an estimate since there are
lower and upper bounds for G corresponding to the prin-
ciples of least work and of minimum potential energy,
respectively.’* For a two-phase system of arbitrary micro-
structure the upper bound is given by G=Z,(V,/V)G,, i.e.,
each component i contributes at maximum with its volume
fraction. For the lower bound the volume-weighted recipro-
cal values are to be taken, i.e., G=1/{Z,(V;/V)/G;} holds.
We use this lower bound at f=1, where we have to consider
only the shear modulus of quartz, G,=27.9 GPa,” and that
of the pore filling. With G(f=1)=1.11G,=7.64 GPa at 72 K
and a porosity ¢=0.25 we obtain
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(Gadyr = - "1’ =24 GPa. 7)

G Gy
Here G,, denotes the shear modulus of the whole pore fill-
ing, i.e., of pore condensate and wall layers. The wall layers
do not contribute at low filling fractions f= f;, 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 might change (at least they are able to trans-
mit elastic vibrations). Therefore, Eq. (7) only yields an up-
per bound for the shear modulus of the pore filling as a
whole but it does not allow us to separate contributions from
pore sublimate and wall layers. We can compare this result to
what is known from literature: depending on the direction of
wave propagation, single crystals of argon exhibit a shear
modulus between 0.4 and 1.2 GPa at temperatures from 80 to
82 K (see the values for (C};—C),)/2 and for C,4 in Table III
of Ref. 36 as well as the references cited therein). For poly-
crystalline argon a value of Gappoy=0.9 GPa has been
reported.’” Thus our effective-medium analysis is in good
agreement with this data showing that the confined frozen
argon can be in a crystalline or in a polycrystalline state.
Now let us come back to the main experimental feature,
i.e., the sudden increase in the effective shear modulus G at
f>. The value of f, shifts to lower fractions at reduced tem-
perature (see Figs. 5 and 6). Let & be an infinitesimal filling
fraction so that G(f,— &) denotes the shear modulus just be-
fore the step (in region II) and G jyeq, the plateau value of
the shear modulus at f>f, (in region III). Both quantities
increase with decreasing temperature (see Fig. 5) and so does
their difference, the height of the step Gyjyeau—G(f>—6) in-
creases when the temperature is lowered from 74 to 72 K.
We do not think that the step in G is due to a sudden freezing
of the wall layers we observe in region I: their filling fraction
f1 shows the opposite behavior, i.e., the lower the tempera-
ture, the lower f;. But there is another correlation to note. As
already discussed above [see Eq. (5)]

(sz—a— Go) = (f2=f1) (8)

holds before the step (region II). Interestingly, a similar re-
lation seems to hold at least approximately for the difference
between the effective (measured) plateau value at high f and
the matrix value at low f, when no frozen argon is present

(Gplateau - GO) * (fZ _fl)- (9)

When the temperature is lowered from 74 to 72 K, this dif-
ference in G increases by 22% from 0.09 to 0.11 (see Fig. 5).
The amount of frozen capillary sublimate before the step
changes from f,—f;=0.89-0.66=0.23 to f,—f;=0.81
—0.53=0.28, i.e., it also increases by 22% (see Fig. 6). So at
least in our restricted range of temperature, Eq. (9) is a good
approximation. Summarizing, the total increase in the shear
modulus G upon filling, Gpjyeau—Go» seems to be correlated
with the amount of frozen capillary sublimate before the
step: f,—f) increases with decreasing temperature and so
does Gpjaean—Go- The sudden increase at f, suggests a col-
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lective effect and in what follows we shall discuss some
possible mechanisms. It is clear that either the spatial distri-
bution of the pore condensate changes or its intrinsic prop-
erties.

On the one hand percolation, i.e., a collective cross link-
ing of existing regions of capillary sublimate might lead to a
change in the effective elastic properties. The observation
that the shear modulus is constant above f, indicates that
already a solid network of filled interconnected pores gov-
erns the elastic properties, so that additional pore condensate
does not lead to notable changes (i.e., percolation has already
taken place, either below f, or at f,). But the transition be-
tween region II and region III takes place rather late, at f,
=0.8-0.9, when the porous Vycor is nearly completely filled
(see also Fig. 3). Thus already below f, percolating pathes
may exist. In addition, f, would be a temperature dependent
percolation threshold.

On the other hand, not the spatial distribution of the cap-
illary condensate but a change in its intrinsic properties, i.e.,
of G,, might lead to the observed step of the measured ef-
fective G. One possibility would be a structural change. The
authors of Ref. 12 report on x-ray diffraction measurements
on mesoporous samples, where the onset of crystallization is
observed at similar high filling fractions. If this onset
coincides with f;, capillary sublimate is always (poly-)
crystalline; if it coincides with f,, there would be a transition
from an amorphous to a (poly-)crystalline state. In order to
check this, x-ray measurements on our samples are needed.
We conclude with a last possibility. The authors of Ref. 11
have observed an upward shift of the melting and freezing
temperatures at very high filling fractions (for argon in
SBA-15 mesoporous silica). They have explained this effect
by a tensile pressure release upon reaching bulk-vapor coex-
istence: the pore condensate exhibits concave menisci and is
thus under a negative hydrostatic pressure of the order of 100
bar. At high fillings, when it reaches the tapered pore mouths
the curvature radius and consequently the tensile pressure in
the pore condensate is reduced. Since our f, values corre-
spond to very high reduced vapor pressures (see Fig. 3 for
T=72 K), we can imagine a similar situation: the release of
tensile pressure might lead to a tightening of the pore con-
densate so that G, increases. But also another phenomenon
can give rise to a sudden change of pressure: Giinther et al.3
have recently observed an abrupt contraction of pore walls at
capillary condensation, probably due to attractive interac-
tions between condensate and walls.

4. Desorption hysteresis

Finally, we want to discuss briefly the hysteresis upon
desorption (see the isotherm at 7=72 K in Fig. 3). An abrupt
decrease in the shear modulus is observed at the desorption
pressure of about p/py==0.74. Also the attenuation decreases
abruptly at this pressure. Again a plot against the filling frac-
tion yields more information (see Fig. 7). At the beginning of
the desorption process (0.9=f=1) the attenuation decreases
but the shear modulus remains constant, probably because
only a few pores are partially drained, a process that does not
affect the elastic properties of the whole frozen pore net-
work. Between f=0.9 and f=0.39 the shear modulus de-
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FIG. 7. (a) The ultrasonic transit time, (b) the effective shear
modulus, and (c) the attenuation show a hysteresis between adsorp-
tion and desorption (measurement at 7=72 K). From this behavior
one can infer that during desorption the pore condensate is solid

above a filling fraction of 0.33, whereas during adsorption solid
regions appear only at a higher filling fraction (>0.53).

creases linearly, indicating that little by little the number of
filled pores is reduced. Between a filling fraction of f=0.39
and f=0.29 both the attenuation and the shear modulus drop
precipitously and reach the respective values for Vycor glass.
In this range the remaining network of interconnected pores
finally breaks down. Below f=0.29 only liquidlike argon,
i.e., wall layers or capillary condensate in very small pores,
is present. There are two main differences between adsorp-
tion and desorption. During desorption frozen capillary con-
densate is present in a larger range of filling fractions (be-
tween f=0.29 and f=1) than in adsorption (between f
=0.53 and f=1). In addition, during desorption higher values
of shear modulus and attenuation are observed in the range
from f=0.29 to f=0.8.

Remember that the measured effective properties, shear
modulus, and attenuation reflect both the properties of argon
as well as its spatial distribution. Therefore, pore blocking,
where small bottlenecks filled with argon prevent the drain-
ing of bigger pores, can explain the above findings. In this
case at first freely accessible larger pores are drained. For
this reason, at a given filling fraction f€0.29,0.8] there is
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more frozen argon during desorption than during absorption
and the spatial distribution differs.

IV. CONCLUSIONS

The combination of volumetric and ultrasonic measure-
ments permits the determination of the effective elastic prop-
erties of a porous sample as a function of the filling fraction.
The measurements of adsorption isotherms below the freez-
ing point of argon yielded a systematic behavior, showing
three distinct ranges. The first few adsorbed layers do not
contribute to the effective shear modulus G, i.e., they remain
in a liquidlike state (region I). G increases linearly when
capillary sublimate forms (region II). Finally, the shear
modulus increases abruptly up to a plateau value (region III).
The lower the temperature, the lower the characteristic filling
fractions at which the transitions between these regions oc-
cur. In addition a hysteresis of the elastic properties of the
pore condensate was observed reflecting pore blocking ef-
fects. In particular, the adsorption isotherms revealed some
interesting features:

(i) The first liquidlike fraction of argon in the range [0, ;]
seems to remain liquid during an isotherm, i.e., there is no
indication that a further filling of the pores would lead to a
phase transition. The total increase in the shear modulus
upon a complete filling of the pores, Gpjyean—Go» 18 Ot cor-
related with the amount f; of liquidlike argon at lower fill-
ings, but is proportional to f,—f}, i.e., to the amount of fro-
zen argon in region II.

(ii) The amount of frozen argon in region II, f,—f), in-
creases markedly with decreasing temperature, although the
temperature variation is small, AT=2 K. But the slope
dG/df and thus G,, is approximately independent of tem-
perature [see Eq. (6)].

(iii) The total amount of liquidlike argon, f|, decreases
with decreasing temperature. In other words, the lower the
temperature, the more frozen argon is present at complete
pore fillings, f=1. The freezing of pore-confined argon over
a range of temperatures is the main reason for the increase in
G(f=1) with decreasing temperature, although we cannot ex-
clude an additional intrinsic temperature dependence of G,
due to stress relaxation (thermally activated motion of vacan-
cies) as proposed by Molz et al. (see Ref. 3).

The most prominent experimental feature in this work is
the observation of the sudden increase in G at the transition
from regions II to III. This seems to be a collective effect,
i.e., either the spatial distribution of the capillary condensate
or its intrinsic elastic properties change.
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