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Positron Annihilation Study of Capillary Condensation of Nitrogen Gas in a Mesoporous Solid
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Positronium annihilation spectroscopy has been used to study capillary condensation of nitrogen ad-
sorbed in mesoporous VYCOR glass. The temperature and pressure dependences of the relative change
in the 3y:2y annihilation ratio are reported. Both isobars and isotherms exhibit features which are asso-
ciated with a shifted gas-liquid transition. The isotherm data suggest that pore filling occurs via progres-
sive layer formation at the pore surface followed by an abrupt gas-liquid phase transition at some pres-
sure below the bulk saturated vapor pressure. Such a picture is consistent with the theoretical treatment
of adsorption in individual pores.

PACS numbers: 64.70.Fx, 36.10.Dr, 78.70.Bj

Although the adsorption of gases on porous substrates
has been the subject of investigation [1] since the begin-

ning of this century, it is only in recent years that any
fundamental understanding of the underlying physical
processes has emerged. One striking phenomenon that is

observed for a wide variety of substrates is the capillary
condensation of the adsorbed gas to a dense liquidlike
state filling the pores at a pressure which is less than the
bulk saturated vapor pressure (P„t). Theory suggests
that this phenomenon corresponds to a shift of the bulk
condensation transition arising from finite-size effects.
Adsorption isotherm measurements [1,2] (adsorbed mass
versus pressure) register the transition as a rapid increase
in the mass adsorbed, with accompanying pronounced
hysteresis. Neutron scattering studies of water vapor in

porous VYCQR glass [3] exhibit hysteresis which has
also been associated with a shifted gas-liquid phase tran-
sition. However, the precise nature of capillary conden-
sation and the interpretation of the associated hysteresis
in real porous materials remain rather controversial issues

[2]. Here we present the first data which demonstrate
definitively that positron and/or positronium annihilation

spectroscopy [41 can be used to study capillary condensa-
tion in mesoporous materials and provide direct informa-
tion about the pore environment.

Under favorable circumstances [4(a)], i.e., in nonme-

tallic materials such as glasses and polymers and many
liquids and gases, a positron will form positronium (Ps).
Statistically, three-quarters of the Ps will be ortho-Ps (o-
Ps) and one-quarter para-Ps (p-Ps). In a vacuum, the o
Ps decays via the emission of 3y photons and has a life-
time of = 140 ns. p-Ps has a lifetime of 125 ps and an-
nihilates into 2y photons. In anything other than vacuum
(~ 1 X10 Pa) o-Ps has, because of its relatively long
lifetime, a finite probability of interacting [4(b),4(c)]
with the surrounding medium. The consequence of such
an interaction is to facilitate 2y-photon decay, a process
called quenching [4(b),4(c)], and to shorten the o-Ps life-
time. The extent to which a surrounding medium facili-
tates o-Ps quenching will obviously depend on the density
of the medium. The probability of such quenching can be

monitored by measuring the relative changes in the 3y:2y
annihilation ratio.

A fraction of positrons entering a solid which contains
interconnecting pores would be expected to reach the
pores, form Ps within them, and subsequently annihilate.
In small (radius R (o-Ps mean free path) pores some
fraction of the o-Ps will undergo 2y annihilation via
quenching with the pore walls. The introduction of high-
density gas into the pores would, via o-Ps quenching in
the gas, increase the 2y component of the annihilation
spectrum. A further and substantial increase of the 2y
contribution would result if a gas-liquid transition oc-
curred within the pores since the average density of the
confined fluid is then much larger. Thus, measurement of
the 3y:2y ratio of the positron annihilation spectrum for
such a system provides a novel probe for phase behavior
of fluids in confined geometries and should make a
significant contribution in the further understanding of
the underlying physics and chemistry of "capillary con-
densation" and related adsorption phenomena.

For the purpose of the experiments a small pressure
cell of volume =110 mm was designed together with
associated specimen cooling, heating, and evacuation fa-
cilities. The samples were commercially available
VYCOR glass containing cylindrical interconnecting
pores of average radius R = 20 A occupying = 30/0 of
the total volume [5]. The experiments were performed
using 99.999% pure nitrogen. Once in the pressure
chamber, the specimens were subjected to evacuation (at
a chamber pressure of 10 torr) for = 24 h before ni-
trogen gas was introduced. Both isobars and isotherms
were measured. Most of the experiments performed were
measurements of the energy distribution of the annihila-
tion photons. The data were analyzed using a number of
parameters derived from these distributions. Here, we
present results for a parameter N(3y/2y) representing
the total counts in the region 340-490 keV divided by the
total counts in the region 491-541 keV. This parameter
provides a measure of the relative changes in the 3y:2y
annihilation ratio. The annihilation energy measure-
ments were supplemented by positron lifetime experi-
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ments.
In Fig. 1(a) we present the temperature dependence of

N(3y/2y) along an isobar (10 bars) for bulk nitrogen
and nitrogen gas confined in the pores of VYCOR glass
(henceforth referred to as capillary confined nitrogen).
Here a sharp step in lV(3y/2y) is apparent at = 107 and
= 112 K for bulk and capillary confined nitrogen, respec-
tively. For the bulk data this temperature corresponds,
within experimental error, to the gas-liquid phase transi-
tion at this pressure (104 K [6]). Thus, the step observed
for the capillary confined fluid is interpreted to be the re-
sult of a shifted gas-liquid phase transition, The smaller
step observed in N(3y/2y) for bulk condensation results
from the fact that without the VYCOR present in the
pressure cell a large fraction of the positrons reach and
subsequently annihilate from the cell walls. Thus the
fraction of positrons forming Ps (in the gas) is sig-
nificantly reduced, leading to a lower initial value of
N(3y/2y) for this source cell configuration.

A similar Ps annihilation parameter was used by Rice-
Evans et al. [7] in studies of adsorption of nitrogen on

Grafoil. They observed a peak in the 3y annihilation at
half-monolayer coverage during monolayer formation. In

VYCOR specimens, we also observe a peak in N(3y/2y)
At = 1 bar the peak occurs at = 150 K, the same as re-
ported by Rice-Evans et al. [7] for nitrogen at I bar in

Grafoil. It is clear that the sharp steps in N(3y/2y) re-

ported in this Letter are not due to monolayer formation
but must be due to another mechanism which we identify
as capillary condensation. It is also important to note
that in experiments with the VYCOR in vacuum no
significant changes in N(3y/2y) were observed over the
same temperature range, discounting the possibility that
the observed changes are due to changes in the VYCOR
itself.

Complementary lifetime studies of capillary confined

N2, at P =10 bars and T = 105 K, give further support to
the contention that the step in N(3y/2y) observed for
capillary confined fluid results from a (shifted) gas-liquid
transition. Here a long lifetime component of =12 ns,
which is similar to that reported [8] for o-Ps in bulk
liquid N2 at «77 K, was observed. At room tempera-
ture and 1 bar, capillary confined nitrogen gas was found

to have an o-Ps lifetime of =75~5 ns. The observed
o-Ps lifetime for bulk nitrogen gas [9] is = 70 ns.

Figure 1(a) suggests that at 10 bars pressure, the gas-

liquid transition temperature in the pores is about 4-5 K

higher than the corresponding bulk transition tempera-
ture. This shift in temperature can be estimated from the

Kelvin equation [10] hT/T«=2crl/RLpl, where hT is

the shift from the bulk gas-liquid coexistence temperature

T„, al is the liquid-gas surface tension, R the average

pore radius, L the latent heat of evaporation, and pi the

liquid density at bulk coexistence. The Kelvin equation is

derived by balancing the surface and bulk contributions
to the total free energy of the confined fluid and is strictly
valid in the limit of large radius R. Using this relation
one obtains a value of h, T = 3.5 K at 10 bars which is not

too difl'erent from our observed value.

Figure 1(b) shows N(3y/2y) as a function of tempera-
ture for capillary confined nitrogen in VYCOR for two
diA'erent pressures. We observe the expected decrease in

the transition temperature as a function of decreasing
pressure. The shift in temperature is compatible with the

expected phase diagram for the capillary confined gas. In

Fig. 2 we present a few experimental points derived from
measured isobars to illustrate the shift of the condensa-
tion line (vapor pressure curve) when nitrogen is capillary
confined.
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FIG. 1. Temperature dependence of the Ps annihilation pa-
rameter N(3y/2y) (a) for capillary confined and bulk nitrogen
at 10 bars and (b) for capillary confined nitrogen at 5 and 10
bars.
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FIG. 2. Partial phase diagram for bulk (vapor pressure data
taken from Ref. [6]) and capillary confined nitrogen [deduced
from the step in N(3y/2y)l.
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FIG. 3. Ps annihilation parameter N(3y/2y) normalized to
the value for filled pores (see Fig. I) vs reduced pressure for
capillary confined nitrogen at l00, l03, and 110 K (opcn and
solid symbols indicate increasing and decreasing pressure, re-
spectively).

The measured isotherms for capillary confined nitrogen
exhibit striking behavior. In Fig. 3 we present a set of
isotherms measured at 100, 103, and 110 K. In each case
the measurements were carried out in the pressure range
between 0.1P„& and 1.2P„&. Experiments were repeated
through several cycles of increasing and decreasing pres-
sures. Here, again, we observe the sharp drop in

N(3y/2y) which is interpreted as the "gas-liquid" transi-
tion for capillary confined nitrogen. On the gas side of
the transition, N(3y/2y) exhibits a linear decrease as a
function of increasing pressure. In addition, we observe
the following features: (i) At each temperature, the tran-
sition occurs at pressures significantly less than P„t. (ii)
The value of P/P„& at which the transition is observed de-
creases with decreasing temperature. (iii) A significant
hysteresis is observed in the isotherms during increasing
and decreasing pressure cycles. During the decreasing
pressure cycle the liquid-gas transition occurs at a consid-
erably lower pressure and the step in N(3y/2y) is some-
what steeper. (iv) Although not shown in the figure, a
gradual decrease and eventual disappearance in the hys-
teresis was noted as the bulk critical temperature was ap-
proached.

These results for the shifted transition are in qualita-
tive agreement with those inferred from adsorption iso-
therms for Xe in similar VYCOR specimens [2j. In fact
the characteristic shape of the step in N(3y/2y) and the
associated hysteresis are very similar to the equivalent
features observed for adsorption isotherms.

To understand the temperature and pressure depen-
dence of N(3y/2y) it is necessary to identify the process-
es which influence Ps formation and o-Ps annihilation
characteristics in capillary confined fiuids. Here the total

positron scattering cross sections reported in the litera-
ture [11,12) are useful. The total e+ scattering cross sec-
tion for nitrogen gas varies from = 2 x 10 ' cm at 100
eV to a maximum of = 8 x 10 ' cm at = 25 eV with a
minimum of = 3 x 10 ' cm at 5 eV and a value of
=6X10 ' cm at 0.25 eV. Cross sections for lower en-

ergies have not been reported. Equivalent mean free
paths at standard temperature pressure (STP) are
=4&&103, =1&&10, =2.8X10, and =1.4x10 A, re-

spectively. Even at 130 K and 35 bars (assuming ideal

gas behavior) the mean free path at 25 eV will be = 14
A provided scattering cross sections are density indepen-
dent.

Since the average pore radius in the VYCOR used for
this study was 20 A it is evident that nearly all positrons
will be moderated in the VYCOR glass matrix. Thus,
the Ps which annihilates in the pores is either formed in

the glass matrix and migrates to pores or at the pore ma-

trix interface when positrons cross it. In either case the
Ps having entered the pore does not reenter the matrix.
There is ample evidence for both of these processes in the
literature [e.g. , [4(c)]).For our present purposes choosing
between them is unnecessary. Since monolayer formation
has already occurred above the temperature of the data
reported here the pore surface is composed of nitrogen.

Turning to the o-Ps annihilation characteristics, which
are determined by the quenching processes mentioned in

the introduction, we consider the mean free path of Ps in

nitrogen gas. A conservative estimate of the collision
cross section of Ps gives, at STP, a mean free path of
= 2000 A and, again assuming ideal gas behavior, mean

free paths in the range = 650 A to = 850 A for temper-
atures between 100 and 130 K. Now assuming the Ps en-

ergy is 0.025 eV results in a Ps speed of =6.6&10
ms '. Since the Ps mean free path is»40 A, the aver-

age empty pore diameter, it is evident that the o-Ps
pickoff rate will be completely dominated by o-
Ps-surface collisions. The collision rate will be of order
1 X10'3 s ' and will obviously depend on the effective
pore radius.

Now we have the foundation for a tentative explana-
tion of the shape of the isotherms presented in Fig. 3.
The low-pressure linear region results from increased o-
Ps pickoff at the pore walls as the effective pore radius

Rgff is reduced via consecutive layer formation at its sur-
face. Such a regime can easily be shown to predict
N(3y/2y) a: R,& and implies, as is borne out at low pres-
sures in Fig. 3, a temperature-independent value of
N(3y/2y). The step in the isotherms results from a gas-
liquid phase transition in already partially filled pores or
when the pore has been filled to such an extent that the
radius R,g is approximately equal to the radius of the
self-trapped Ps bubble state which occurs in liquid nitro-
gen [8]. The second hypothesis would most probably re-
sult in a common value of N(3y/2y) immediately prior to
the gas-liquid transition which is not borne out in Fig. 3.
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Thus, the data presented here suggest that capillary con-
densation of nitrogen in mesoporous VYCOR occurs via

a two-stage process. Initially pore filling occurs via pro-
gressive layer formation at the pore surface. This pore
filling process is followed by a gas-liquid phase transition
at some pressure which is less than the bulk saturated va-

por pressure. As the temperature increases the progres-
sive filling process proceeds to higher relative pressures
and the pores are more completely filled before condensa-
tion occurs. Assuming N (3y/2y) =1.1 for a pore covered

by a monolayer and 1.0 for full pores (see Fig. 3), the ex-
tent of the progressive pore filling process can be estimat-
ed from the current results. Prior to the gas-liquid phase
transition the pore filling process results in the formation
of approximately 2, 4, and 6 monolayers of nitrogen at
100, 103, and 110 K, respectively. This behavior is con-
sistent with the results of density functional calculations
and computer simulation studies of the adsorption iso-

therms for idealized models of fluids confined in individu-

al pores [2,10]. Finally, provided our hypothesis is

correct, the o-Ps decay spectrum will have the form
n =noexp[ —(kp+k, )t], where )j., and )tp are the intrinsic

(3y) o-Ps and 2y pickofl' annihilation rates, respectively,
and no is a normalization constant. The intrinsic 3y-
photon decay rate is constant. The pickofl' rate can be

written as X~ =eK where rc is the 0-Ps collision rate with

the pore surface and s is the probability of 2y-photon de-

cay during a collision. Obviously e will be a property of
the pore surface and K will be inversely proportional R,tr.

Thus a study of o-Ps lifetime spectra, which is currently
under way, should provide a direct measure of the varia-

tion of effective pore radii with pressure.
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