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Abstract
The phase behaviour of Ar and Kr adsorbed in Vycor glass at pressures and
temperatures above the bulk triple point and below the bulk critical point
has been investigated. Ar is found to condense in the pores ∼2 K above
the bulk transition and freeze ∼10 K below the bulk transition. In contrast
the condensation transition for Kr is shifted up by 4 K and freezing shifted
down by 15 K. There is a pronounced hysteresis (4–6 K) at the liquid/solid
phase boundary and a lesser amount (∼2 K) at the gas/liquid boundary. We
find clear differences between the pore filling and emptying processes at the
gas/liquid phase boundary and evidence of pore blocking on desorption. In
addition microbubbles or large gas–liquid interfaces are thought to occur when
Kr condenses in the pores but this effect is absent in Ar. Finally, solid Ar in the
pores melts in a more continuous way than Kr.

1. Introduction

When fluids are adsorbed in narrow pores just a few nanometres wide, such as those found
in Vycor glass [1] and zeolite, there is often a dramatic change in the phase behaviour of the
fluid [2–5]. Capillary forces, the finite size and disorder associated with the medium often
result in shifted phase transitions and hysteresis. In general one observes a shift in the gas–
liquid transition toward higher temperatures and a more pronounced depression of the freezing
point to lower temperatures. Hysteresis at the liquid/solid phase boundary is often larger than
that seen at the gas–liquid boundary.

Although these general observations above are now relatively well established, there is
much to be learned about the nature of the transitions and of the fluid in the pore. There
have been a few experimental studies [6] of the phase behaviour of pure Ar and/or Kr gases
in Vycor and other porous media. In this paper we report on positron annihilation studies of
the phase behaviour of argon and krypton adsorbed in mesoporous Vycor glass at pressures
above the bulk triple point and below the bulk critical point. These gases were chosen for
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the comparatively simple nature of their interatomic forces and the easy accessibility of the
relevant phase boundaries. In addition to the Doppler broadening positron annihilation method
presented in this paper, many other techniques (including vapour pressure measurement, x-ray
diffraction analysis and small-angle neutron scattering investigation) have been employed by
researchers; see e.g. [7, 8]. The positron annihilation method is complementary to these other
techniques and benefits from the tendency of the positron to seek out and annihilate from less
dense regions such as the pores in Vycor glass.

2. Positrons and positronium in porous glass

When energetic (<0.5 MeV) positrons from a 22Na radioisotope enter a porous glass sample
they rapidly thermalize in the glass matrix. Thermalized positrons may then annihilate as free
positrons in the glass matrix or migrate to the pores and form a bound electron–positron state
known as positronium (Ps) [9]. Ps can exist in two forms. In vacuum, the relatively long-lived
(∼140 ns) ortho-positronium (oPs) (parallel electron–positron spins) decays via the emission
of 3γ photons. Para-positronium (pPs) (anti-parallel spins) has a considerably shorter lifetime
of ∼125 ps and annihilates via 2γ photons. In a mesopore (pore radius less than oPs mean free
path) a thermalized oPs will undergo a large number of collisions with the pore walls during
its long lifetime. This may result in the positron annihilating with an electron of opposite
spin from the pore wall. In this situation the oPs is said to be ‘quenched’ and two γ s are
produced instead of three. When the pores are filled with gas, the gas molecules contribute
to the quenching and the 2γ annihilation contribution is increased. A substantial increase in
quenching and consequent 2γ contribution will occur when the fluid condenses in the pores,
due to the increase in fluid density. Similar effects are to be expected at gas → solid and,
perhaps to a lesser extent, at liquid → solid transitions. In addition, when the fluid solidifies,
Ps formation may be ‘inhibited’ as it is less likely to form in a rigid solid structure compared to,
for example, the liquid state where it can exist inside a bubble [10]. In liquid Ar for example,
the balance between the zero-point pressure of the Ps atom and the surface tension of the liquid
leads to a bubble diameter of ∼15 Å [11]. Thus, by monitoring the 3γ /2γ annihilation ratio
we have a novel way of probing the phase behaviour under varying conditions of temperature
and pressure.

3. Experimental details

The experiments were performed in a small pressure cell with free access to an external
gas reservoir via a narrow stainless steel capillary tube. The temperature of the cell was
monitored via a thermocouple and a Pt sensor and the pressure controlled via an external gas
handling system. The porous samples were commercially available Vycor glass containing
interconnecting cylindrical pores, occupying ∼30% of the total volume of the glass [1]. AFM
measurements on the samples showed that they had pore diameters in the range ∼3–7 nm. Two
identical samples were sandwiched around a positron source of ∼20 µCi 22Na, deposited on
∼8 µm Kapton foil, and the whole assembly inserted in to the cell. A small gap (a few microns
wide) was created between the source and the samples, which, as has been shown in the case
of CO2 in Vycor [9], permits the simultaneous measurement of the bulk phase transitions. The
relative strength of the bulk and pore signals can be adjusted by altering the size of this gap,
but due to the geometry of the positron source, it is difficult to totally remove the bulk signal.
Nevertheless it provides a very useful check on the temperature calibration of the system. The
gases investigated were Ar (99.998% purity) and Kr (99.995% purity). Isobaric experiments
were performed to locate the phase boundaries and further scanning isothermal experiments
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Figure 1. Isobaric data for argon and krypton at a constant pressure of 3 bar. (a) Argon and
(b) krypton bulk isobars. The bulk gas/liquid and liquid/solid transitions are indicated by solid
arrows. (c) Argon and (d) krypton isobars absorbed in Vycor glass. Bulk transitions occur at the
same temperatures as in previous panels. The gas/liquid transitions in the pores (broken arrows) are
shifted to higher temperature compared to the case for the bulk and they show significant hysteresis.

were performed to probe the fluid as it filled and emptied from the pores at the gas/liquid
phase boundary. The phase behaviour was monitored via the energy spectra of the annihilation
photons. The spectra were analysed using two parameters. The N-parameter, N(3γ /2γ ), is
defined as the total counts in the range 341–490 keV (3γ ) divided by the total counts in the
range 490–540 keV (2γ ). Although N(3γ /2γ ) does not give an exact balance of the 3γ (oPs)
to 2γ (pPs and free positron) annihilation, it is sensitive to variations in these annihilation
modes. The second parameter is the S-parameter or ‘shape’ parameter, which characterizes
the shape of the 511 keV annihilation peak. It is defined as the total counts in a narrow window
about the 511 keV peak (510.25–511.75keV) divided by a broader 2γ window (507–515 keV).
This normalized parameter largely focuses on the balance of pPs and free positron annihilation.
The two parameters are complementary and a joint analysis of them is usually sufficient to
monitor all the phase boundaries of interest.

4. Results and discussion

To show the essential features of the various phase transitions, in figure 1 we present two
bulk isobars for (a) argon and (b) krypton in terms of N(3γ /2γ ) as a function of decreasing
(•) and increasing (◦) temperature, at a constant pressure of 3 bar (lying above the bulk
triple point). In figure 1(a), starting at high temperature, we observe a step-wise decrease
in N(3γ /2γ ) at ∼100 and 84 K coinciding with the argon bulk condensation and freezing
transitions, respectively [12]. For krypton (figure 1(b)) the bulk condensation and freezing
transitions occur at 135 and 115 K respectively. These results are similar to those from earlier
positron work on bulk CO2 [13] and indicate an increase in oPs quenching on condensation
and an inhibition of Ps formation on freezing. It is interesting to note the higher level of oPs
(3γ ) in liquid and solid krypton compared to argon. Positron angular correlation experiments
find a much larger Ps fraction in liquid Kr (32.8%) compared to liquid Ar (26.4%) [11]. It was
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Figure 2. Isobaric data for (a) argon and (b) krypton adsorbed in Vycor and analysed via the
S-parameter. The pore freezing and melting transitions now become apparent. A peak (A) is seen
when krypton condenses in the pores but is absent for argon.

suggested that the increase in Ps formation for the heavier noble gas reflects an accompanying
reduction in electron binding energy. The Ps atom exists in a bubble state inside the liquid.
Smaller Ps fractions (∼3%) have been measured in solid Ar but there the Ps is not thought to
exist in bubbles, but rather is associated with large defects in the material [14].

If the fluids are now adsorbed in the narrow pores of Vycor glass we can see the broad,
shifted pore transitions (figures 1(c), (d)). Pore condensation occurs ∼2 K (argon) and ∼4 K
(krypton) above the bulk condensation transitions, and there is a hysteresis of ∼2 K in both
cases. The bulk transitions (solid arrows) are still seen because of the narrow gap between the
positron source and the samples. The Vycor data show some unusual features, which deserve
explanation. Condensation of the fluid in the gap leads to an increase in N(3γ /2γ ). This
rise is to be expected as more positrons stop in the gap and form Ps (probably in the form of
bubbles) when the vapour there condenses to a liquid [13, 15]. However, we also see a similar,
but smaller increase as the bulk fluid freezes, indicating some mechanism whereby the solid
argon or krypton in the gap supports a larger fraction of oPs than the liquid. The origins of
this are unclear but it most likely reflects the close proximity of this bulk frozen material to
the Vycor glass and the diffusion of material to and from this environment. The changes in
N(3γ /2γ ) as the fluid in the pore condenses or evaporates behave as expected, with increased
oPs quenching as the fluid liquefies.

We see no evidence of the fluid freezing or melting in the pores via the N(3γ /2γ )

parameter. However, if we take the same data and analyse the shape of the 511 keV peak
in terms of the ‘S’-parameter these transitions become apparent (figure 2). The fluid freezes
in the pores at 73 K (argon) and 101 K (krypton), approximately 10 and 15 K below the
respective bulk transitions. This difference indicates that the pore wall–fluid interactions are
more attractive in the case of argon although in both cases they are only weakly attractive [16].
The hysteresis between freezing and melting is ∼4–6 K and is larger than at the gas/liquid phase
boundary. Argon melts in a more continuous way than krypton with no well-defined sharp
transition. Similar effects have been seen in studies of pure argon and krypton monolayers
physisorbed onto graphite surfaces [17]. Krypton monolayers do not show such behaviour.

The S-parameter also highlights a difference between the two gases at the pore
condensation transition. An enhanced signature of pPs (peak A) is seen during the latter
half of the krypton condensation transition. The peak has disappeared by the time the pore
condensation transition has finished (according to the N(3γ /2γ ) parameter). Such a signature
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Figure 3. Isothermal scans of argon and krypton absorbed in Vycor glass at a constant temperature
of 105 K (Ar) and 145 K (Kr). Adsorption scans for (a) argon and (b) krypton. Desorption scans
for (c) argon and (d) krypton.

has been seen before for CO2 in Vycor [9, 18] and has been attributed to the formation of
microbubbles or large gas–liquid interfaces as the pores fill with liquid. We do not see such
a feature in argon. Instead the S-parameter rises to a plateau at ∼101 K, indicating that the
filling mechanism is different there.

We now turn our attention to the gas/liquid phase boundary to explore the pore filling and
emptying mechanism in more detail. In this case we decided to probe the phase boundary
isothermally. Instead of simply traversing a given adsorption or desorption phase boundary,
the pressure was reversed part of the way though the broad pore transition. This ‘scanning’
process allows us monitor the partially filled and partially empty environment in the pores.
These data are summarized in figure 3. Due to the large number of data displayed on these
panels, smooth curves have been drawn through the various scans to guide the eye.

The closed symbols and solid curves relate to the full adsorption and desorption branches
of the gas/liquid phase boundary. The first thing to note is that the onset of the desorption
branch is in general sharper than the onset of the adsorption branch. Such behaviour is expected
for the porous network found in Vycor glass where narrow necks lead to a pore blocking effect.
Basically, the fluid in the necks evaporates at a lower pressure than the fluid in the larger main
pores. It is only once the fluid in the necks evaporates that we get a percolation effect and all
the fluid is free to drain quickly away. Now let us consider the adsorption scans ((a) and (b)).
Starting from high pressure where all the fluid is liquefied (in both pore and bulk), we reduce
the pressure and first cross the bulk liquid–gas transition where N(3γ /2γ ) drops sharply.
Reducing the pressure further, we partially cross the desorption branch before increasing the
pressure to give an adsorption scan loop. This process partially empties the pores of fluid.
As the pores refill it is clear that we must return almost to the main adsorption branch before
the fluid recondenses, hence the fluid must have free access to the external bulk fluid reservoir
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Figure 4. Phase diagrams for argon and krypton. Thick solid lines correspond to previously
determined phase boundaries separating the bulk solid (S), liquid (L) and gaseous (G) phases [10].
The thin solid lines trace the isothermal and isobaric range of temperatures and pressures used in
our experiment. ◦, �, � refer to our determination the bulk, adsorption and desorption phase
boundaries, respectively.

and adsorption proceeds according to the original main adsorption branch. This effect is seen
in both argon and krypton. At the point where the pressure is reversed it appears that the fluid
moves around inside the pores as manifested by the initial rise in N(3γ /2γ ). It is possible
that the liquid/vapour mixture diffuses through the pores as the pressure is increased, allowing
small vapour regions to coalesce into large bubbles within the porous medium. These larger
bubbles support more oPs (3γ ) annihilation.

The desorption scans ((c) and (d)) are quite different. Starting from low pressure in
the gaseous phase and increasing the pressure we partially cross the adsorption branch then
reduce the pressure. This is a partial filling process. When the pressure is reversed the
N(3γ /2γ ) parameter recovers much more quickly to the original high level in the gaseous
state. Essentially we have removed the pore blocking effect and the curves (especially those
where the turning point is at high pressure) most closely resemble the main desorption branch
that would be obtained in the absence of a pore blocking effect.

By taking the mid-point of each of the phase boundaries in figures 1–3 we can begin to
map out the experimental adsorption and desorption phase diagrams for argon and krypton.
This information is summarized in figure 4. Looking at these phase diagrams we can see that
the adsorption (dotted lines) and desorption (dashed lines) are shifted by several degrees with
respect to the bulk data (thick solid lines). All the shifts are more pronounced for krypton.

In conclusion, the phase behaviour of argon and krypton adsorbed in Vycor glass at
pressures somewhat above the bulk triple point display interesting features. We find that
the positron technique is sensitive to all the phase boundaries studied. The pore phase
boundaries are shifted with respect to bulk and show significant hysteresis. The effects are
more pronounced in krypton and probably reflect a less attractive interaction between the fluid
and pore walls for that material. The pore filling and emptying processes at the gas/liquid
boundary are quite different, with clear evidence of pore blocking on desorption. In addition,
microbubbles or large gas–liquid interfaces are postulated to arise during the filling process
in krypton and are absent in the case of argon. Finally, the melting process in argon is more
continuous than that in krypton.
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