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Adsorption and desorption studies of He on Nuclepore by capacitance techniques
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Measurements of the adsorption and desorption of He on the porous polycarbonate substrate
Nuclepore are reported for nominal pore diameters of 30, 50, 80, and 200 nm. The isotherms are
measured directly by a newly developed capacitance technique. The theory of Saam and Cole,
relevant to capillary condensation in cylindrical pores, is examined and confirmed by the data.
Pore distributions for the several Nuclepore samples are determined by two techniques.

I. INTRODUCTION capillary condensation and contains an analysis in terms
of the SC theory.

There has been much interest lately in the properties
of He adsorbed in disordered or porous materials. '

We report here studies of helium films adsorbed on the
porous polycarbonate substrate Nuclepore. ' This work
is motivated by a desire to further our understanding of
capillary condensation in cylindrical pores and to better
characterize the Nuclepore substrate.

We have measured the adsorption isotherms of He
adsorbed on Nuclepore with nominal pore diameters 30,
50, 80, and 200 nm. The amount of helium adsorbed in
the pores is measured directly by a capacitive tech-
nique. An analysis of the adsorption isotherms in the
low-pressure region (05 P/Po 50.4) using the Langmuir
and Brunauer-Emmett-Teller (BET) (Ref. 11) theories
yields the change in capacitance corresponding to mono-
layer and second-layer coverages, respectively. A simple
model of the capacitance is used to deduce the pore ra-
dius from the change in capacitance at monolayer and
second-layer completion.

Hysteretic capillary condensation is seen in the high-
pressure region (0.4SP/Po 51), corresponding to heli-
um film thicknesses (on glass) of 3.2 5 h 14 atomic lay-
ers. Saam and Cole' (SC) have developed a theory
based on the thermodynamic and hydrodynamic proper-
ties of the adsorbed film, which predicts the observed
hysteresis. We have investigated this hysteresis for 80-
and 200-nm-pore-diam Nuclepore in an earlier work.
In the present work we have made extensive measure-
ments in the interior of the hysteresis loop, in addition to
measurements around the hysteresis loop itself. The
data taken in the interior of the hysteresis loop provide
information which can be used to calculate a pore-size
distribution for each Nuclepore sample. These distribu-
tions are compared to the distributions derived from fits
to the outer, overall, hysteresis loop. We find that the
two distributions agree very well; capillary condensation
in Nuclepore is consistent with the theory of Saam and
Cole. '

In the next section we describe the Nuclepore sub-
strate and details of the experiment. The low-pressure
region and the corresponding analysis of the data are
presented in Sec. III. Section IV describes the region of

II. EXPERIMENT
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The Nuclepore' substrates used here are polycar-
bonate filters manufactured by an irradiation and etch-
ing process. The pores produced are narrow, roughly
cylindrical, and oriented' at angles 0534' from the nor-
mal to the plane of the filter (Fig. 1). The
manufacturer's specifications for the filters used are
shown in Table I.

Our experiments were carried out at a temperature of
1.64 K in a conventional regulated pumped-bath Dewar.
The sample chamber is a cylindrical brass can which
contains the four Nuclepore samples, a glass slide, and a
film reservoir of 7 cm of nominal 0.05-pm-diam packed
alumina powder to stabilize the film thickness. The
capacitors are made by evaporating 500 A of Ag onto
the Nuclepore; the capacitor plates have an area of 1.53
cm, with the geometry shown in Fig. 2. Scanning-
electron-microscope (SEM) pictures show that the Ag
does not block the pores or measurably change the pore
diameter. The pore density /st measured from the
scanning-electron-microscope pictures differs from the
nominal manufacturer's value g; the measured values are
also given in Table I. The details of the apparatus, the
preparation of the samples, and the measurement tech-
niques have been described elsewhere and we will not
repeat them in detail here. For pressures below 6.3 torr
the pressure is measured using a differential pressure
gauge. We measured either the absolute pressure, by
pumping with a diffusion pump on the reference side of
the pressure gauge, or the pressure difference between
the sample cell and a small separate cell maintained at
the saturated vapor pressure and mounted 2 cm above
the sample cell. For pressures greater than 6.3 torr a
superfluid film is present so that third sound will propa-
gate. In this region we measure the third-sound velocity
on glass by means of pulsed techniques and derive the
pressure from the known properties of third sound on
glass. The third-sound velocity C3 is given by '

2
D TS ot/3(3@+ 4h )

h '(h +/3)'
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where x =P/Pz, P is the pressure, Po is the saturated
vapor pressure, V is the volume of gas adsorbed at pres-
sure P, VM is the volume necessary to cover the surface
with a complete monolayer, and b is a parameter related
to the heat of adsorption. An isotherm is said to obey
the Langmuir equation if b is a constant.

In multilayer adsorption, molecules of vapor may be
adsorbed on top of already adsorbed molecules; each
separate adsorbed layer is assumed to obey a Langmuir
equation. Multilayer adsorption obeys the BET equa-
tion"
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x/[V(1 —x)]=1/(V~B)+(B —1)x/(VMB), (3)

where VM is again the volume adsorbed at monolayer
completion, and B is a parameter related to the energy
and entropy of adsorption. For the pressure range
0.055x &0.35, B is approximately a constant for ad-
sorption isotherms which obey the BET equation.

In analyzing helium adsorption data, it is important to
realize that the helium-substrate interaction is much
stronger than the helium-helium interaction. This
causes the monolayer completion to occur at a much
lower pressure than for other, more typical situations.
Because of this, a BET analysis of the pressure region
0.055x 50.35 actually gives a result corresponding to
two adsorbed layers of helium. ' It is necessary to adjust
the theory to account for this fact.

To analyze the capacitance data, we have assumed
that the measured capacitance is proportional to the
mass of helium adsorbed. The adsorption of the first
layer is assumed to follow the Langmuir isotherm. The
second layer is assumed to be adsorbed according to the
BET equation, except that V must be replaced by
V —V~ to give the amount adsorbed after the first layer.
V~ in the BET equation [Eq. (3)] now becomes V2, the

FIG. 4. Langmuir and BET fits to the 80-nm data for
finding the capacitance at monolayer and second-layer corn-
pletion. (a) Langmuir plot: Y =(P/Po)/C' as a function of
P/Po. (b) BET plot: Y =P/Po/[(C' —6C, )(1 P/Po)] a—s a
function of P/Po. The parameters b, 6C, , B, and Cz are found
from the slope and intercept of these plots.

volume necessary to complete the second layer. Rewrit-
ing Eqs. (2) and (3) in terms of capacitance and with the
above modifications gives

L X 1

5C, b'6C, (4)

where 6C& and 6C2 are the fractional changes in capaci-
tance associated with the monolayer or second layer, re-
spectively. Here b' and B' are related to the b and B of
Eqs. (2) and (3).

The results of this analysis are shown in Fig. 4 for 80
nm; the other pore sizes give similar results. In all cases
the data near zero pressure are noisy; as a result the pa-
rameter 6C, has a 20% error. This error causes a 20%
error in 6C2 and B'. The fits to the data resulting from

TABLE II. Parameters associated with the analysis of the adsorption measurements. 6C;
represents the percent change in capacitance associated with the creation of the ith complete mono-
layer during adsorption. The parameters b' and B' are defined in Eqs. (4) and (5). A'(6C&) is a mea-
surement of the surface area (crn') inside the pores per cm' of the flat Nuclepore surface as deduced
from measurements of monolayer completion, 6C&. A'(m) is the geometric area per cm calculated
from the manufacturer's nominal specifications. A'(G) is the area inside the pore per cm' of flat sur-
face deduced from the nitrogen adsorption isotherm technique reported in Ref. 17. To determine
A '(6) the results in Ref. 17 have been corrected using the values of g and pore radius R in Ref. 17, so
that the flat surface area is not included. 8 (6C, ) is the pore radius deduced from the 6C; measure-
ments under the assumption that the pore are perfect nonintersecting cylinders as described in the
text. R(AC) is the pore radius deduced from the total change in capacitance from empty to full

pores, as described in Sec. IV A.

30
Nominal pore diameter (nm)

50 80

6C,
b'
6C2
g I

A '(6C] )

A'(m)
A '(6)
8 (6C, ) (nm)
R (6C2 ) (nm)
8 (AC) (nm)

0.0149
15 479

0.0316
59.11
3.93
3.39

13.72
11.0
30.12
27.0

0.0130
74 553

0.0184
20.60
12.68
5.65

13.78
42.5
77.66
59.5

0.0181
60 098

0.0184
37.27
23.96
9.05

22.94
70.0
91.88
64.8

0.0080
58 130

0.0088
37.36
39.43
18.85
29.68

156.6
221.3
143.3
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this analysis are shown in Fig. 3 as solid lines. Table II
gives the parameters for each of the fits. To deduce the
surface area from the values of 6C, and 6C2 a simple
model for the capacitance is used. The model assumes
the pores are perfect, nonintersecting cylinders, that the
electric potential is uniform across the capacitor plate,
and that the adsorbed helium looks like dielectric added
in parallel with the Nuclepore. This gives

C —C, =(e —l)AF/r, (6)

where e is the dielectric constant of liquid He, AF is the
total exposed area of the adsorbed He film viewed per-
pendicular to the plane of the Nuclepore (Fig. 5), and t
is the thickness of the Nuclepore. The total surface area
A, inside the pores can be found by using AFt=A, d,
where d is the thickness of the adsorbed helium layer in
the pore. The value of e must be calculated for each lay-
er based on the density of liquid helium for that layer.
The areal density of the first layer is 0.110A, and the
areal density of the second layer is 0.0865 A . The
Clausius-Mossotti equation then gives dielectric con-
stants of 1.099 and 1.068 for the first and second layer,
respectively.

The results for the surface area using the above model
and 5C, are given in Table II as A '(5C, ), where
A '(5C, ) is the surface area inside the pore per unit area
of flat surface. These surface areas are larger than the
geometric surface area A '( m ) calculated using the
manufacturer's specifications. This is not unexpected,
since earlier nitrogen adsorption isotherms on Nu-
clepore' ' found similar results A'(G); for comparison
these results are given in Table II. The surface areas
found by the two different methods agree rather well, ex-
cept for the 30-nm Nuclepore. For the 30-nm case, it
was difficult to determine the parameters for the Lang-
muir fit, with the result that 2.74& A' (5C, ) &4. 11. The
capacitance model outlined above assumes that the sur-
faces of the Nuclepore are smooth; any surface rough-
ness' would increase the calculated surface area. The
pores may also be slightly barrel shaped, so that the in-
terior of the. pore is larger than the pore opening. Since
the manufacturer specifies the size of the pore openings,
the actual surface area is probably larger than that cal-
culated using the nominal value of the pore size.

To determine the pore radii, we assume the pores are

smooth, perfect cylinders. This gives A, =A„$2trRt,
where A„~ is the area of the capacitor plate, g is the
density of pores, R is the pore radius, and t is the filter
thickness. The radii determined here are generally
larger than the manufacturer's nominal radius, due to
the factors discussed above in relation to the surface
area. The pore radii calculated with this model are also
given in Table II. We have given the radii calculated us-
ing 6C& and 6C2, corresponding to the monolayer and
second-layer completion. These radii also have a 20%%uo

error due to difficulty in determining 6C, .

IV. DISCUSSION

A. Capillary condensation and hysteresis
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In the region of reduced pressure 0.4~P//P~ 51.0,
corresponding to film thicknesses h on glass of
3.25h 5 14, we encounter capillary condensation. The
pressure in this region is derived from the measured
third-sound velocity on glass and Eq. (1). For the ad-
sorption isotherms, gas is added in discrete amounts
through a capillary by applying a pressure difference of
250 torr across the capillary described in the preceding
section. For the desorption measurements, gas was
pumped out with a roughing pump through a cold trap
by metering a valve. The measured isotherms for each
of the pore sizes are shown in Fig. 6. The isotherms are
given as C' =(C —C, )/(Cf —C, ) versus the reduced
pressure P/Po, where the values of C, and Cf have been
given in Sec. III. The total change in capacitance en-
countered when completely filling the pores,
AC=Cf —C„can be used with Eq. (6) to find a value of

50 nm 30 nm
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FIG. 5. Schematic diagram relevant to the definition of AF
and As discussed in the text, where AF =a~/A„~ and
A, =a, gA„~.

FIG. 6. 0 as a function of pressure in the hysteretic region,
where the squares denote adsorption and the triangles denote
desorption. The dashed and solid lines are fits to the data us-
ing the SC theory, as outlined in the text.
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the average pore radius. In this case AF ——mR

and the pore radius R may be found if one knows AC, e,
t, g, and 3„.Here 3„ is 1.53 cm . The results of
such a calculation are given in Table II with the designa-
tion R (AC).

The hysteretic capillary condensation of He adsorbed
in cylindrical pores has been examined by Saam and
Cole. ' Nuclepore has roughly cylindrical pores and rel-
atively uniform pore sizes, and is therefore a reasonably
good substrate for testing the theory. To model the ad-
sorbed film, SC assume van der Waals forces between the
substrate and the film. They calculate the van der Waals
potential U(A) for a cylindrical geometry by assuming
the potential is the sum of pair interactions of the form
—c/r . Saam and Cole use this model to calculate the
thermodynamic and hydrodynamic properties of He
film adsorbed in a cylindrical pore. They find the film
thickness at which it is energetically favorable for the
pore to capillary condense, and also find a region in
which the film configuration is metastable. The observed
hysteresis is due to the presence of this metastability.

At low pressures, or low film coverages, the film lines
the pore as shown in configuration I of Fig. 7. As the
pressure is increased to the metastable pressure PM, the
film radius 2 decreases to the radius AM, at which point
configuration I becomes metastable relative to
configuration II of Fig. 7. In the metastable region,
configuration II has a lower free energy than
configuration I but cannot be reached except by a mac-
roscopic deformation of configuration I. As the pressure
is further increased, the film radius eventually reaches
the critical radius A, for capillary condensation and the
pore will fill with liquid He. Any increase in pressure
beyond the critical pressure P, will on1y increase the film

thickness on the flat surface. If the pressure is then de-
creased from this point, the pore will remain condensed
as the pressure decreases below the critical pressure P, .
When the pressure is decreased to the metastable pres-
sure PM, the pore will begin to empty. At PM the pores
will empty at constant pressure until the film returns to
configuration I.

The metastable and critical film radii are given by

dU(A)
(7)

where I = 3 /R. The reduced pressure here is

Pp=
Po

R~R o=exp
R

RU(A) 1

3~~ R 2P (10)

where RT ——Po UI. The predicted adsorption isotherm for
a single pore radius, X(p,R), can be found numerically
from Eqs. (9) and (10). The adsorption isotherm X+(p)
for a distribution in pore sizes is found by summing the
contributions of the condensed and uncondensed pores
at the pressure p. The result is

R (p)j dR R S(R)+f dR R S(R)X(p,R)
X+(p) = R„(p)

dR R2S R
0

where S (R ) is the pore size distribution function and
R, (p) is the solution of P, [R,(p)]=p. R, (p) is a mono-
tonically increasing function of p, which gives the pore
radius R, (p) which is just becoming critical for a film in
equilibrium at pressure p. At pressure p, pores with ra-
dii smaller than R, (p) will be condensed. Similar argu-
ments apply to desorption in the presence of a distribu-
tion in pore sizes, and the desorption isotherm X (p) is
given by

dRR SR+ dRR SRXp, R
X (p)= RM(p]

dR R2S R

37TCX 2 AM
U(& )+ J ~U(~)d~,

Ro AM o

where U ( 2 ) is the van der Waals potential,
Ro ——(3m'a/o v&), u is the van der Waals constant for1/2

Nuclepore, o. is the surface tension of He, and vI is the
volume of a liquid He atom. The filling fraction, or
fraction of the pore volume filled with He, for a collec-
tion of pores of radius R is

X=(R —A )/R =1—Y'

I

I

I I

[ Rl
[

I

1

I

I

FIG. 7. Film configurations in the pore. Configuration I
shows the film during adsorption, in which a film lines the
pore. 2 is the radius of the film surface as measured from the
center of the pore, and R is the pore radius. Configuration II
shows the probable film configuration during desorption, in
which a portion of the pore is condensed, as predicted by SC.

(12)

where RM(p) is defined by P~[RM(p)]=p.
Equations (11) and (12) predict the adsorption and

desorption isotherms in the presence of a pore-size dis-
tribution S (R ). Third-sound data taken on Nuclepore,
however, shows that the pores condense at lower pres-
sures than expected theoretically. This early condensa-
tion is apparently due to vibrations in the experimental
apparatus and fluctuations caused by the addition of
finite doses of He gas. Therefore, at a reduced pressure
p, pores with radii R &R, (p)+5 have condensed, where
6 is a parameter indicating the difference between the
theoretical and experimental condensation. Equation
(11) for the adsorption then becomes
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R (p)+5f dR R S(R )+ fg ( ( gdR R S(R )X(p R )

X+ (p) =
f dR Rzs(R)

0

(13)

as been measured with third-sound data for the 200-nm Nuclepore. The third-sound data gives 5 as a difference
in elm thickness on glass; this value is then converted into a pore radius difference. We found 5 to be 6.0, 9.6, 12.2,
and 23.6 nm for the 30-, 50-, 80-, and 200-nm nominal pore diameters, respectively. We used Eqs. (12) and (13) « fit
the hysteresis loops on Nuclepore, and thereby deduce pore-size distributions for Nuclepore. The resulting fits are
shown in Fig. 6 as solid and dashed lines; the pore-size distributions are shown in Fig 8 (without data points) as solid
and dashed lines, along with other distributions (with data points) to be discussed ne&t.

B. Interior of hysteresis loops

The above discussion refers to continuous adsorption and desorption to completion. Additional information can be
gained by filling the pores to some pressure Pd where X+ (pd ) & 1, and then decreasing the pressure. Studies of such
restricted hysteresis curves allow an alternate determination of the pore-size distributions. At Pd a certain fraction of
the pores have just reached their critical pressure, and pores with radii R &R, (pd)+5 have condensed. When the
pressure is now decreased, the pressure must be reduced to the metastable pressure for these pores before the regular
desorption curve is followed for all pores. The filling fraction Xd(p) for desorption from the pressure P„ is

(p~ )+5
dRR SR + ~( )+zdRR S RXp, R

Xd(p) =
f dR R S(R)

0

(14)

At the pressure P~[R, (pd )], Xd(p) will meet and follow the regular desorption curve given by X (p).
Measurements of this type provide information about the fraction of pores becoming critical at the pressure Pd, and

can be used to determine the distribution S+(R). The subscript + denotes a distribution determined by increasing
the pressure to the point Pd and then decreasing the pressure to measure Xd(p). Using Eqs. (13) and (14) one finds

[X+(p)—Xd(p)] =R'S+(R) dRc(p) 1 —X(p, R)
dp s =cd dp dR R S(R)

0

(15)

A similar situation occurs if one begins with all the pores condensed and decreases the pressure to P, [corresponding
to a point X (P, ) & 1 on the desorption curve] and then increases the pressure. In this situation, pores with radius
R & RM(p, ) have already begun to empty. When the pressure is now increased, those pores that have begun to empty
will begin to fill, while the pores with radii R &RM(p, ) will remain condensed. The filling fraction X, (p) in this case
1S

RM(p. )f dR R S(R)+ f~ (,dR R S(R)X(p,R)
X, (p) =

dR R2S R
0

(16)

and one finds for the distribution S (R),

[X (p) —X, (p) ]
d

dp p=p
2 dRm P 1 —X(p, R)

dp f dR R~S(R)
(17)
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FICi. 8. Distributions in pore size, in arbitrary units. The
solid line is the distribution from the adsorption part of the
hysteresis loop; the dashed line is the distribution from the
desorption part of the hysteresis loop. The squares are the dis-
tribution S+ determined from Eq. (15) and the triangles are the
distribution S determined from Eq. (17). A dotted line has
been drawn through the symbols as a guide to the eye.

30 nrn

If the pores are not perfectly cylindrical, the distribu-
tions S+(R) and S (R) deduced from Eqs. (15) and (17)
will not be identical. This is because the adsorption and
desorption isotherms are governed by different regions of
the pore.

We have taken measurements of such restricted hys-
teresis curves, and thus collected data in the interior of
each overall hysteresis loop in order to determine the
pore distribution as described above. A set of such mea-
surements is shown in Figs. 9(a) and 9(b) for the 200-
nm-nominal-diam pore. Each interior curve (X„or X, )

yields one point in the pore-size distribution. The value
of the distribution for that particular curve is found by
measuring the slope of the interior curve Xd (X, ) at the
pressure Pd (P, ) and the slope of the regular adsorption
(desorption) curve at the pressure Pd (P, ). These mea-
surements are used on the left-hand side of Eq. (15) [Eq.
(17)j. The value of the pore-size distribution S+ (S )

can then be found, since the other quantities in the equa-
tion are given theoretically. In determining the pore-size
distribution 5+ for adsorption, the parameter 6 dis-
cussed in the preceding section must be used. The distri-
bution calculated from Eq. (15) must be shifted by the
amount 6 to larger radii. The pore-size distributions cal-
culated from Eqs. (15) and (1?) are shown in Fig. 8, with
the solid symbols which have been connected by dotted
lines as a guide to the eye. The distributions calculated
using data from the interior of the hysteresis loops agree
remarkably well with the distributions derived from the
outer hysteresis loops and Eqs. (12) and (13) (shown with
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FIG. 9. Data taken in the interior of the hysteresis loop for
the 200 nm Nuclepore. The squares and triangles denote the
data taken around the hysteresis loop during a run separate
from that during which data in the interior of the hysteresis
loop were collected. In Fig. 9(a), the crosses denote Xd(p)—
data taken by adding to a pressure pd on the adsorption curve
and then subtracting gas. In Fig. 8(b), the )& 's denote
X, (p)—data taken by pumping out to a pressure p, on the
desorption curve and then adding gas.

solid and dashed lines in Fig. 8). This consistency is a
good confirmation of the theory of Saam and Cole. '

V. CONCLUSIONS

We have used a new capacitive technique to measure
the adsorption isotherms of He adsorbed on Nuclepore
of four different pore sizes. This technique is quite sensi-
tive, and we have used it to perform a Langmuir (Ref.
11) and BET (Ref. 11) analysis of the low-pressure data.
This analysis yielded values for the surface area inside
the pores of the Nuclepore filter. Capillary condensation
and hysteresis are seen in the high-pressure region of
each isotherm. This hysteresis is predicted by Saam and
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Cole, ' and the theory agrees very well with experiment.
Saam and Cole theory also provides two separate
methods for determining a distribution in pore sizes, and
the distributions determined from each method are con-
sistent with each other. We have thus seen that the
capacitive technique is very useful for measuring adsorp-
tion isotherms, and that the theory of Saam and Cole'

provides a very good explanation of capillary condensa-
tion of He in Nuclepore.
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