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Abstract

Fluids in porous media provide a testing ground for the effects of disorder and
confinement on phase transitions and critical phenomena. Specifically, highly porous
silica aerogel with its tenuous solid structure has allowed low temperature physicists
to probe the effect of dilute fixed impurities on both the ‘He superfluid transition
and the 3He superfluid transition. Both systems have yielded exciting results and
work is ongoing, especially on SHe in aerogel.

This thesis explores the effect of aerogel on another transition ~ the liquid-vapor
transition near the liquid-vapor critical point. In dense porous media, the liquid-
vapor transition is usually described as capillary condensation — a process which
assigns surface tension a primary role in determining the thermodynamic state of
the system. However, aerogels are often so diffuse (less than 5% silica by volume —
the rest is open space) that it becomes difficult to speak of pore size and meniscus
shape as one would in a denser porous medium. As one approaches the liquid-
vapor critical point, thermal fluctuations within the fluid grow until they exceed
the scale of the aerogel strands and pores themselves. In this regime one cannot
expect surface tension to control the thermodynamics of the system — it is instead
in a regime where thermal fluctuations may govern its behavior. In the past there
were even suggestions that the addition of aerogel might shift the character of the
transition into another universality class.

The following chapters present data collected on helium and neon in aerogel
near their respective liquid-vapor critical points. While the behavior of the fluid at
low temperatures is consistent with the pictures provided by capillary condensation,
closer to the critical point they are incompatible and remain somewhat unexplained.
Evidence for a shift in universality class was not found — in fact there was very little

evidence for a macroscopic equilibrium transition of any type.
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Chapter 1

Introduction

This thesis summarizes our work on fluids near the liquid-vapour critical point in
extremely porous silica glasses, known as aerogels. The motivation for this work was
to search for novel critical behavior in fluids near their liquid-vapor critical points
with fixed impurities, as suggested by theoretical predictions of the analogous system
of binary fluids separating in a dilute polymer gel[l]. There have been dramatic
changes elucidated for other fluid tramsitions in aerogel, including 3He and “He
superfluidity and 3He-*He phase separation. However, the behavior of fluids near
their liquid-vapor critical points in aerogel was still a very open question when
this thesis work began. There was a possibility that the liquid-vapor transition
would show a dramatic qualitative change brought on by the inclusion of a dilute
solid matrix, and early experimental work on helium in aerogel showed some truly
bizarre behavior which needed further examination.

The superfluid transition in “He is in a different universality class than the
liquid-vapor transition, belonging to the XY class rather than the Ising class. How-
ever, superfluidity of helium in aerogel is germane to our studies because it showed
surprising behavior, different than seen in most dense porous glasses. In torsional
resonator experiments on helium in Vycor, xerogel, and aerogel Chan et al. saw
distinctly different critical exponents for the superfluid density, ¢ [2]. While helium
confined in Vycor has the same critical exponent as bulk helium, interestingly the
exponent in aerogel was much larger[2, 3]. Heat capacity cusps at the superfluid
transition also appeared fundamentally altered by the presence of aerogel{4]. The
shape was incompatible with the bulk critical exponent for heat capacity — in fact a
study of varying density aerogels showed that the critical exponent tended smoothly

towards the bulk value as the aerogel density was decreased.
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Superfluidity in bulk 3He is very different from that in “He — while *He superflu-
idity occurs with incredibly small coherence lengths (close to atomic dimensions), in
3He superfluidity arises from the pairing of 3He atoms in a manner similar to Cooper
pairing in superconductors. The resulting pair of *He atoms form a p-wave superfiuid
with a non-critical phase transition and having a coherence length which is highly
dependent on pressure. The phase diagram for 3He actually includes a number of
superfluid phases which are stable under a variety of pressure-temperature-magnetic
field conditions; for an introduction to bulk superfluidity in 3He see reference [5].
In low density aerogel, the coherence length of superfiuid 3He is comparable to the
spacing between aerogel strands, so aerogel can act as a homogenous or inhomoge-
neous impurity[6]. This also means that the exact structure of an aerogel sample has
a large impact on the superfluid transition in 3He. The effect of very porous aerogels
on 3He is currently a very large field of interest in low temperature physics, but its
behavior is well enough understood now that phase diagrams can be described(7].
The effect on the superfluid transition is just as dramatic as in “He, and is another
piece of evidence that one might expect interesting behavior at the liquid-vapor
critical point in aerogels where coherence lengths approach the scale of the aerogel
pores.

The two stable isotopes of helium (®He and *He) separate into two partially
miscible liquids below 1K. In bulk, this results in a characteristic phase diagram
in which the phase separation and “He superfluid transition lines intersect in a
tricritical point. When 3He-4He mixtures are confined to porous glasses, a thin film
of “He forms along the wall of the pores, but beyond that shift the phase diagram
remains unchanged by dense porous media such as Vycor[8]. On the other hand,
helium mixtures in 98% aerogel show a fundamentally different phase diagram —
the line of superfluid transitions is completely detached from the phase separation
line[9]. In that case there is no longer a tricritical point.

With three examples of the dramatic effects of aerogel on fluid critical behavior,
it seems reasonable to expect interesting behavior near the liquid-vapor critical point

_ in such a dilute medium. Previous experimental work had been done on the liquid-
vapor critical point in aerogels[10, 11] and binary fluid separation in wet gels[12, 13];
our study was designed to allow high resolution measurements of the coexistence
curve that could complement some of the previous results while probing the conden-

sation of helium in aerogel more deeply than previous studies. While earlier studies
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often interpreted results in terms of equilibrium macroscopic coexistence like that
seen in bulk fluids, recent work on helium adsorption in aerogels performed in France
do not seem to show the straightforward liquid-vapor transition necessary for crit-
ical behavior. Their results point toward a more classical capillary condensation
behavior[14, 15] controlled by the energetics of the liquid-vapor interface.

In order to place the work in this thesis within context, I begin the thesis with
a review of critical phenomena, with an emphasis on fluid systems. Following this
I introduce the random field Ising model, which has been suggested as a model for
fluid separation in porous media. However, it is not obvious that the condensation
of fluids in aerogels is best described within the framework of liquid-vapor critical
phenomena at all. There is strong evidence that even quite close to the critical point
of the fluid the condensation behavior is better described by capillary condensation
— a phenomenon governed solely by surface tension. Therefore a section on capillary
condensation follows the description of critical phenomena.

After this review of basic concepts, I review pertinent results from other re-
searchers, both experimental and theoretical. As mentioned above, there have been
a few studies of the liquid-vapor transition in aerogel, but there have also been in-
vestigations of fluids near their critical points in denser porous media and some of
the most important of these will be addressed. Simulation is also starting to play
a much larger role in soft condensed matter physics and physical chemistry than it
used to play — as computing resources grow, simulations of large volumes of fluid are
becoming possible. Simulation studies of fluid condensation in a variety of porous
media have been published, and I will review the techniques and results of some
applicable studies. Direct simulation of fluids in aerogel is difficult because the scale
is so large — just a few years ago a single pore in an aerogel might have exceeded the
size of an entire simulation volume. For this reason there have been relatively few
studies of fluids in aerogel published. While this is not work that I have actively
participated in, it is highly relevant to understanding fluids in aerogel.

In the next chapter I describe aerogels and how they are prepared. Unless
otherwise indicated, all the samples used in my work were synthesized in house by
me. We have performed our measurements on base catalyzed gels, similar to those
used by most members of the low temperature community. However, gel structure
depends on synthesis conditions and there remain questions about how important an

effect the gel synthesis and drying conditions are to the behavior of adsorbed fluid.
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Thus, this chapter includes some information about possible structural differences
created during synthesis.

I will then discuss my experiments and results. Foremost will be a set of ca-
pacitively measured adsorption isotherms for helium in aerogel. We have a large
set of data covering condensation of helium in 95% and 98% porous aerogels over
temperatures ranging from 4.400K to above the liquid-vapor critical point. These
isotherms show hysteretic behavior until close to the critical point, and shapes con-
sistent with classical capillary condensation behavior. Next, the results of a series
of low frequency acoustic experiments designed to measure the liquid-vapor coexis-
tence curve in aerogel will be described. These studies included the condensation
of neon in 95% porous aerogel and helium in both 95% and 98% porous aerogel.
While not as straightforward to interpret as first hoped, these results allow us to
make some interesting inferences about the transition.

Finally, on a somewhat unrelated note, I will discuss some recent results on the
deformation of aerogel during filling with fluids at low temperatures. While the
low surface tension of helium is usually not considered when designing experiments,
aerogels turn out to be compressible enough that neglecting the helium surface
tension can be damaging to high porosity aerogels if they contain any liquid-vapor
interfaces. This study is interesting in its own right, but is equally important as a
cautionary note to researchers using aerogel as a matrix for the study of disorder in
fluids.

From all these studies we can finally conclude that the true behavior of near-
critical helium in aerogel is not very well explained by approaching it as an example
of critical behavior. However, neither is it well treated by the classical tools used in
capillary condensation studies because the interface thickness can approach the scale
of the aerogel strands and there is no well defined interface shape. Instead, helium
in aerogel exhibits an interesting and complex melange of characteristics from these

two models and depends sensitively on aerogel structure.
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Chapter 2

Phase Transitions in Porous
Media

This section introduces phase transitions with an emphasis on the behavior of fluids
near the liquid-vapor critical point. The behavior of bulk fluids will be reviewed,
and the possible implications of including “fixed” (or “quenched”) disorder will
be introduced. The second section of the chapter will address the phenomenon
of capillary condensation of fluids in porous media. Finally some implications of

capillary condensation of near-critical fluids will be explored.

2.1 Phase Transitions and Critical Phenomena
2.1.1 The Liquid-Vapor Phase Transition

The liquid-vapor transition is familiar to all of us — we transform liquid to vapor
when we boil water on the stove-top, and we depend on water condensing to form
clouds above us. The transition is characterized by a discontinuous change in density
(from that of the liquid to that of the vapor or vice versa). As the temperature and
pressure of the fluid are increased, the difference between the liquid and vapor
densities shrinks continuously until there is no difference between liquid and vapor
at all. That is the liquid-vapor critical point (LVCP).

A generic liquid-vapor phase diagram is shown in Fig. 2.1, with each panel
showing the liquid-vapor transition in terms of different thermodynamic variables.
The most familiar plot is in terms of Pressure and Temperature, with a “coexistence
curve” separating the liquid and vapor regions of the phase diagram; this curve
represents the values of pressure and temperature at which both liquid and vapor

are stable phases. It can also be illuminating to display the coexistence curve in
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Figure 2.1: These are three representations of fluid phase equilibrium. Each axis is
labelled with Pressure(P), Temperature(T), Volume(V), or density(p). The values of
these parameters at the critical point are denoted by the subscript “c.” Furthermore,
each region of the phase diagrams is labelled by with the phase, or phases, present
in that region: Solid(S), Liquid(L), Vapor(G, for “Gas”).

terms of Pressure and Volume, Pressure and Density, or Temperature and Density.
Examples of some of these curves are also included in Fig. 2.1 and, rather than as
a line, each of these plots shows the coexistence curve as a region where liquid and
vapor can coexist as a mixture.

To describe the form of a phase transition mathematically, an “order parameter”
can be chosen to express the difference between the phases. In the case of the liquid-
vapor transition the difference between the liquid and vapor densities (p; — p,) acts
as the order parameter. The order parameter can be generalized to deal with many

different fluids, with widely varying densities, using a reduced form such as:

i Pl Py
(p(e)) = ’2(P1 + pu)

Other phase transitions can be investigated using different order parameters such
as magnetization (M) for ferromagnetic transitions, ¢ for superconductivity, or

superfluid density and phase (ps) for superfluid 4He.

2.1.2 Critical Points and Universality

As a sample approaches its critical point, thermal fluctuations in the order parameter
become important. They grow as the sample approaches the critical point until, at
the critical point, these fluctuations are macroscopic in size and may span the entire
sample. In the case of fluids, these fluctuations manifest themselves as local density

changes (i.e. regions of liquid appearing in the vapor phase and vice versa); as the
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system approaches the critical point the fluctuations grow until they are even large
enough to scatter light, leading to a characteristic known as critical opalescence.
As the scale of these fluctuations grows, other thermodynamic variables begin
to behave in interesting ways as well — often tending towards zero or infinity at
the critical point. This behavior is usually expressed in terms of power laws in

temperature:
a

ToTel _ g (2.1)

c

X=A4

Here ‘X’ represents a thermodynamic variable such as susceptibility, heat capacity,
or the size of density fluctuations (the “correlation length”), ‘A’ is‘ a non-universal
amplitude which depends on the system under investigation, ‘T.’ is the critical
temperature which also depends on the system and ‘a’ is referred to as the “critical
exponent” which should be universal for all transitions in the Ising class. Note that
the temperature here is scaled by the critical temperature and often expressed in
reduced form e to highlight the universality of the critical behavior.

There is a set of critical exponents for each phase transition which characterizes
how each static thermodynamic variable behaves near the critical point. Scaling the-
ory has gone on to show that in fact only two of these exponents are independent[16].
An early review of static phenomena in critical systems[17] gives a good summary
and discussion of critical exponents and their interrelations. Table 2.1 defines some
critical exponents for fluids and includes their up to date values as calculated by
renormalization theory[18].

One of the amazing things about critical phenomena is that there are so few crit-
ical exponents. While different fluids may have vastly different critical temperatures
and densities, they share the same critical exponents (see Table 2.2 which compares
some experimental values for three different fluids). In fact, critical exponents turn

out to be even more general. Not only do all fluids share the same exponents, all

Thermodynamic Variable Exponent Value
Isochoric Heat Capacity oY 0.109 £ 0.004
Density difference between phases B8 0.3258 £ 0.0014
Isothermal compressibility v 1.2396 + 0.0013
Correlation length v 0.6304 £ 0.0013

Table 2.1: Critical exponents for the Ising universality class in three dimensions
from [18]. The Ising universality class includes liquid-vapor critical behavior as well
as that of uniaxial ferromagnets.
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Fluid | pc(g/ C'm'S) B Y
Ne (a) | 0.484 0.327+0.002 1.250+0.015
N, (a) | 0.314 0.3270.002 1.23340.010
SHe 0.0414 (b) | 0.3200.002 (c) | 1.1920.01 (c)

Table 2.2: Critical exponents for selected fluids. Modern experiments on critical
fluids now tend to fix the critical exponents at their theoretical values and use
their data to probe critical amplitudes and corrections to scaling. Earlier results
(such as those shown here for 3He) neglected some terms in their analysis which
led to systematic deviations in their apparent critical parameters; when that data
is replotted with more recent results it is completely consistent with the exponent
values shown in Table 2.1. (a) from reference [19],(b) from reference [20], and
(c) from reference [21].

three dimensional transitions with scalar order parameters show exactly the same
behavior near the critical point (referred to as Ising behavior). Critical behavior
turns out to depend exclusively on the form of the order parameter and the di-
mension of the system, allowing us to place all critical phenomena within a limited
number of “universality classes.” By analyzing a single system in a universality class
we can make generalizations about the entire class of related transitions, including
all the critical exponents.

The power law behavior of thermodynamic variables shown in Eq. 2.1 is only
truly seen asymptotically close to the critical point; in real systems there are sys-
tematic deviations from Eq. 2.1 which must be accounted for as the distance from
the critical point increases. For instance, asymptotically close to the critical point,
the liquid-vapor coexistence curve should have the form:

T-T.|°

— B.B
Tc Boe

’m—m _ B,

2(pl =+ Pu)

where By is a non-universal amplitude which must be measured for each fluid. In re-

ality, small corrections must be included so that the effective form of the coexistence

curve becomes:
PL— Py B A 24
———————| = Byge” (1 + Bye~ + Bae 2.2
12(Pl + Pv) 0 ( ! ? ) ( )

where (3 is the critical exponent, By, B, and By are non-universal amplitudes and

A = 0.5 is the first correction to scaling exponent. If these corrections are not
included, analysis of experimental data on fluids yields spuriously high values for
B. Experimental measurements of critical exponents are challenging because, even

using corrections to scaling, they must approach exceptionally close to the critical
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point. When fitting the power law behavior, data must be collected over a few
orders of magnitude in reduced temperature to achieve reasonably precise values for
the critical exponents.

Theoretical determinations of the critical exponents are also highly challenging
— the framework to compute them systematically was only developed in the late
1960’s and early 1970’s. Earlier calculations were limited to a few simple models
and required a lot of work and ingenuity to produce what were fairly imprecise
estimates of a few critical exponents. The sudden increase in the precision of the
theoretical estimates was due to the development of renormalization group theory
calculations of critical exponents by Kenneth Wilson[16]. This approach opened
the possibility of calculating exponents to a high degree of precision fairly easily.
Coupled with studies using other computational approaches, the values of the Ising
critical exponents were well established by the 1980’s and agree completely with

experiments.
2.1.3 Ising Model and Random Field Ising Model

The liquid vapor phase transition falls into the Ising model universality class. The
Ising model is most familiar in the context of ferromagnetic transitions - it represents
the ordering of a uniaxial ferromagnet in a vanishing external field. The Hamiltonian
of this system is:

H=~J) 8; (2.3)

(1.9

where J is the coupling constant between neighboring spins and S; is a spin which
can only have the values of %1.

The liquid-vapor transition becomes analogous to the Ising model at the critical
point. Here the values of S; can be 1 (liquid) or 0 (vapor). The separation of two
immiscible liquids (sometimes referred to as liquid-liquid demixing) also belongs
to the Ising class — in that case the “spins” represent the two liquid components
(S; = +1 if liquid A is present, S; = —1 if liquid B is present). The system will tend
to align all spins in one direction (for magnetic systems) or separate into two distinct
phases (fluid systems) for all temperatures below T.. The critical behavior of this
type of system was addressed in the last section, including the critical exponents
found for liquid-vapor and magnetic transitions.

The Ising model Hamiltonian can be slightly modified to include disorder in the

form of random fields. The resulting Hamiltonian describes the random-field Ising
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model (RFIM):

=-JY 88— hS; (2.4)

(i.9) i

This expression is identical to Eq. 2.3 with the addition of a small field, k;, which
takes on a random value for each site . For an introduction to the effects of random-
ness on magnetic transitions see reference [22]. The possibility of finding an analog
in fluid systems was first explored by de Gennes|[23, 1] in the context of binary fluid
separation in a porous medium or gel.

When two immiscible liquids are imbibed in a dilute porous medium, one phase
will preferentially adsorb onto the walls or strands of that medium. The medium acts
as a “fixed” or “quenched” impurity because it is fixed in space and non-mobile.
Very dilute silica gels could therefore act as “random fields” with respect to the
composition of the liquid in their vicinity. If the interface between the two liquids is
well defined on a length scale less than the characteristic pore size of the gel, then
one may see behaviors similar to those seen in random magnets. The separation
of binary fluids in gels can be further generalized to the liquid-vapor transition
in aerogels. In such a system the strands may act as a small random field which
preferentially adsorbs liquid.

Part of the motivation for the studies in this thesis was to search for random
field behavior of fluids in aerogels. To that end we mapped out coexistence curves so
that the critical exponent 8 could be determined. A value far from that of the pure
fluid (B8 = 0.327) would indicate a change in universality class, perhaps from that of
the Ising model to that of the random-field Ising model. Calculations of the critical
exponents for the random-field Ising model are nowhere near as well developed as
those for the Ising model, but I have summarized some values Table 2.3. Note that
B differs greatly from that of the Ising model — the shape of the coexistence curve

should be a powerful indicator of any change in universality class.

2.2 Capillary Condensation

Far from the critical point, where pore size (R) is much larger than the correlation
length of the fluid (&), much of the behavior of fluids in porous media is governed
by the energetics of the liquid-solid, solid-vapor, and liquid-vapor interfaces, usually
described as surface tension. This section will explore the role of surface tension in

fluid-filled porous media and the effect that surface tension has on the liquid-vapor

10
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| Technique Exponent Value |

Monte Carlo v 1.1+£0.2
[24] 7 0.50 £ 0.05
B8 0.00 & 0.05
Migdal-Kadanoff v 2.25
renormalization group o -1.37
[25] B 0.02

Table 2.3: Critical exponents for the random-field Ising model calculated by two
different methods.

transition.

2.2.1 Surface Tension

Surface tension is another familiar phenomenon of everyday life — we take advantage
of it every time we use a towel to dry ourselves off after a shower, we depend on it
to hold paint to walls while it dries, and we manipulate it with chemicals to help
wash greasy dishes.

It is an effect due wholly to the energetic cost of maintaining a boundary between
two immiscible substances. If one imagines two materials in contact (during this
discussion we will assume one is a vapor and the other a liquid, but they do not need
to be) there exists a plane of molecules at each phase’s surface in an unfavorable
state. While molecules within the liquid are surrounded by identical molecules and
are held in place with binding energy U, those at a liquid-vapor interface are only in
contact with half the number of molecules and, hence, are held in place with binding
energy U/2. Thus the interface has an energetic cost of U/2 per molecule, expressed
as v, (in units of J/m? or equivalently N/m ) -y is referred to as surface tension and
the subscripts indicate that this particular interface exists between liquid and vapor
phases. The interface will experience a force in whatever direction will minimize
the energy of the system, so the liquid-vapor interface above will form the liquid
into a spherical drop in order to minimize the surface area. Some implications of
surface tension are explored in the next few sections ~ much of this discussion is
adapted from the ideas in a wonderful book on the subject written by de Gennes,
Brochard-Wyart, and Quéré[26].

11
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Laplace Pressure

If one did work to change the size of the droplet described above by an infinitesimal

amount, R, then the energy involved would look like:
oW = —pidVi — pydVy + Mvd A

where §W is the work done to change the radius of the drop by dR, —p; and —p,
are the pressures of the liquid and vapor, and dV; = —dV,, are the changes in the
volumes of the liquid and vapor. For a sphere we know that dV = 47R%dR and
dA = 87 RdR; in equilibrium we must have W = 0 which leads us to the relation:

2v
Ap=p—py = =

which is known as the Laplace Pressure and represents a pressure difference across
the interface. For a more general curved interface this pressure is related to the

curvature of the surface as:
Ap=~C= l + L (2.5
P=TY=TM\R" R )

where R and R’ are the radii of curvature of the surface. In the simple spherical
example above R = R' which leads to the simpler expression.

A few very important points should be made about Laplace pressure. First, it
should be noted that the Laplace pressure can be positive or negative depending on
the shape of the interface. Two examples are shown in Fig. 2.2. In the case of the
droplet (Fig. 2.2a) discussed above we have an overpressure. In the case of liquid
in a pore or a crack in a solid (Fig. 2.2b) the curvature is negative which leads to
a lower pressure within the liquid. In such a situation liquid forms preferentially in
the smallest cracks, corresponding to the least negative radii of curvature, and can
be drawn out of a bulk reservoir to fill the porous medium. This type of behavior

leads to capillary condensation, a topic addressed later in this chapter.

Three Phase Systems

In the case of liquid on a solid substrate the situation is not quite as simple as a free
floating droplet, but it is much more interesting. The systems investigated in this
thesis all involve a solid (silica aerogel) and a liquid (helium or neon) in coexistence
with its vapor. Generally, to describe the behavior of such a system one needs to

characterize three surface tensions:

12
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Figure 2.2: The two situations shown above illustrate conditions under which you
can have positive (a) or negative (b) curvature of the liquid-vapor interface. In the
case of the droplet (a) the liquid experiences an overpressure while in the case of
liquid in a crack (b) the liquid is under-pressured.

Figure 2.3: The triple line, where solid, liquid and vapor meet, experiences surface
tension from each of the interfaces. If it is stable (i.e. not moving) these must
balance. Note that while the horizontal component of 4, is balanced by the other
two surface tensions, the vertical component is usually balanced by elastic stress on
the solid.

vsv Surface tension along solid-vapor interface
~vs1  Surface tension along solid-liquid interface
Y Surface tension along liquid-vapor interface

When a small area of the solid is covered with liquid there must exist a line
along the edge where all three phases come into contact, known as the “triple line.”
If that line is stable, by Newton’s second law, we must have TF=0 or, referring to
Fig. 2.3:

Ysv = Vsl = Yiw €08(6) (2.6)

13
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In this equation 6 represents the wetting angle, the angle that the surface of the
liquid forms with the solid. In the systems within this thesis the solid is totally wet-
ted by the liquid; in other words € = 0 and there is no triple line — any liquid present
spreads out to cover the solid completely. This means that it is always energetically
favorable to replace the single solid-vapor interface with two new interfaces with the
same area: the solid-liquid and liquid-vapor interfaces. This simplifies analysis — all

further discussion on behaviors due to surface tension assumes total wetting.

Thin Films

So far in this section we have treated everything macroscopically, but we must also
consider microscopic liquid films if we are to apply any interpretation to fluids in
aerogels. The characteristic scales of aerogel structure vary from about 2nm-200nm
which is not large compared to the range of the van der Waals forces holding the
liquid film to the aerogel surface. For films significantly thinner than 100nm on a flat
substrate, the solid substrate can in some ways “sense” the vapor phase above the
film[26], so we must include an additional energy term. The energy of the interface
(per m2) then becomes:
E =g+ + P(e)

for a film of thickness e. This extra energy term, P(e), leads to another source of
effective pressure within the film, the disjoining pressure (II(e)), defined as:

dP(e)
de

Ii(e) = —
In a planar system governed solely by van der Waals forces these take on the values:
P(e) = ﬁ% II(e) = EWA_el’
where “A,” known as the Hamaker constant, varies from system to system and
quantifies the strength of the interaction.

The most important question for us to ask is how such a thin film behaves on a
rough surface, where there are competing forces: surface tension favors a film with a
smooth surface that does not depend on the form of the substrate surface, while P(e)
favors a film of equal thickness covering the surface regardless of substrate profile.
If the surface profile is changing slowly (Fig. 2.4a) then P(e) wins out, resulting in
a film of constant thickness. However, if the characteristic length of the variation is

short (Fig. 2.4b), then the surface energy cost of creating a modulated film is too
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Figure 2.4: The behavior of thin films on rough surfaces. For modulations in the
surface that occur on a scale greater than the healing length (&) the disjoining
pressure (II(e)), forces the film to follow the contours of the surface. For modula-
tions that occur on scales shorter than the healing length, surface tension (and the
associated Laplace Pressure) forces the film to adopt a flat profile.

great and the film has a flat profile. The length at which behavior crosses over from
one picture to the other is given by the “healing length”:

3
«- ()
de
While these derivations have been made assuming a planar substrate, it is in-
teresting to use them to make an order of magnitude estimate for film behavior in
aerogels. Aerogel consists of strands of silica which have roughness with a wave-
length of about 5nm and relief of about Inm (for more specifics on aerogel structure,

see chapter 4). For a helium film on silica only van der Waals forces contribute to

P(e) so the healing length can be expressed as:

£, = Y 2mre? 2
e A

Using the fact that at 4K v, ~ 1074N/m [27] and A(He — SiOs) ~ 6 x 10721 J[28]
we can calculate & =~ 2 * 10%?. Setting £, = 5nm to simulate the roughness of
aerogel, there is a crossover in film structure at e & 1.6nm. For thinner films, the
helium film tends to conform to the surface, covering all the areas equally. Thicker
films will start to “fill in” irregularities in the strands and accumulate in joints

where strands meet. While this is a very thin film, keep in mind that even at 1.6nm
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thick, the surface area of aerogels is so large that this film occupies about 8% of the
open volume in 95% porous aerogel. Thus, during adsorption a significant quantity
of helium must be adsorbed before it will start to form three dimensional “blobs”
anywhere. Since this behavior depends on the surface tension, which is temperature
dependent, the “crossover” thickness of the film increases as temperature rises, albeit

-1
slowly (e o« y,,*)-
Instability of a Film on a Fibre

In the previous sections we’ve discussed the role of surface tension in smoothing out
interfaces, but there exist situations in which surface tension can lead to instability
of a smooth surface. For instance, a steady stream of water from a faucet will
break up from a smooth cylinder to a stream of droplets (if given sufficient time) in
an effort to minimize surface energy. An analogous process (the Plateau-Rayleigh
instability) occurs along a fiber coated with a thin sheath of liquid. While the liquid
sheath may begin as a cylindrical shell about the fiber, it will gradually destabilize
into a wavy profile, and eventually separate into a chain of unconnected droplets.
One could conceive of such a situation occurring along aerogel strands which are
about 5nm thick and up to 100nm long — it behooves us to perform a few basic
calculations to see if it does. All of these calculations have been performed using
formulae from de Gennes et al.[26].

For a weakly modulated film surface the energy change of forming a2 modulation
of wavelength A and magnitude de on a strand of radius b in Joules/meter is:

1 (562 219

where R is the outer radius of the film (i.e. ep + b), and ¢ is the wavevector corre-
sponding to A (g = %\’l). From this relation it can be seen that any modulation with
A > 27 R is energetically favorable; this is shown pictorially in Figure 2.5.

For a very thin film, such as we might have on an aerogel strand, the energy gain
of the modulation is going to be opposed by the energy loss of further thinning an
already thin film. Assuming only van der Waals forces between helium and a planar

substrate there will exist a film between droplets with thickness:

e_( bA )
671y

For helium at about 4K on silica strands of diameter ~ 5nm we can estimate

e = 2nm, which, reassuringly, is slightly larger than the minimum film thickness
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Figure 2.5: Under the right circumstances surface tension can lead to the instability
of a smooth surface. Shown here is a cross-sectional view of a liquid film on a thin
strand; the energetically favorable state is one which shows a modulating surface
profile despite the smoothness of the underlying strand.

calculated earlier. If we take this as a lower bound on film thickness required to
show the Plateau-Rayleigh instability, we find that the minimum unstable wave-

length is about 30nm:
Amin = 2R = 27(b + emin) = 27(2.5nm + 2nm) = 30nm

This is not much less than the average spacing between aerogel strand junctions;
in fact, by the time a film thick enough to show significant modulation has formed
the minimum wavelength has increased to about 50nm. In such a situation this
instability is likely to be washed out by the inhomogeneity of the aerogel structure
present on similar scales. In other words, droplets forming at the intersections of
aerogel strands will dominate over any spontaneous formation along the strands

themselves.

2.2.2 The Kelvin Equation and Capillary Condensation

We can combine knowledge of the thermodynamics of the liquid-vapor phase tran-
sition and the energetics of interfaces to derive the Kelvin equation, which gives us
a relation between the surface tension of the adsorbed fluid and the depression of

the condensation pressure during adsorption and desorption. To do so we need to
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assume a certain shape for the interface (a hemisphere in this case) and a uniform
size and shape for the pores. We will also assume that the liquid completely wets
the pore walls. The details are contained in Appendix A, and the resulting relation
is:

201

~RTInZ2 = 290 4 (o — po) 2.7)
T

Here R is the gas constant, T is temperature, v; is the molar volume of the liquid,
1y is the surface tension along the liquid-vapor interface, p, is the vapor pressure,
po is the bulk condensation pressure and r is the radius of the hemisphere. Thus
the pressure at which the fluid condenses into the pore is reduced from the bulk
condensation pressure in a way that depends sensitively on both surface tension
and pore size.

In the case of isolated droplets (i.e. not within a porous medium) one has an
overpressure within the droplet. Since this overpressure increases as droplet size
decreases, liquid tends to evaporate from small drops and condense onto larger

drops in a process known as Ostwald ripening.

2.2.3 Adsorption Isotherms

Capillary condensation in a porous medium is usually probed using adsorption
isotherms of fluids (often liquid nitrogen) in that medium — an adsorption isotherm
showing the capillary condensation of helium in aerogel is included as Fig. 2.6. The
plot shows the quantity of helium adsorbed into a slice of aerogel as vapor pressure
is increased from zero to the bulk saturated vapor pressure (po) and then cycled
back well below py. The onset of capillary condensation is fairly abrupt, with the
gel filling quickly with liquid over a small pressure range. The emptying of the gel
is even more abrupt and usually occurs at a lower pressure than filling, leading to
hysteresis.

The general prediction of the Kelvin equation is true — porous media with smaller
pores show capillary condensation at lower pressures. However, capillary conden-
sation does not occur in all pores at the same pressure. Instead, any real porous
medium has a range of pore sizes and the adsorption and desorption branches both
have a finite slope (whereas an ideal medium with uniform pores would exhibit an
infinite slope). In fact, one can use the precise shape of the isotherm to estimate both

the specific surface area of the sample and the range of pore sizes in the sample[29).

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110
100 - —e— Filling at 4.880K
- —o— Emptying at 4.880K
E 90
2
> 80 -
2
g 70
o
E 60 -
©
L 50 -
40 =T T T T T —
0970 0975 0980 0985 0930 0995 1.000

Pressure (P/R)

Figure 2.6: An adsorption isotherm for helium in 95% porous aerogel at 4.880K.

The fact that the adsorption and desorption branches of the isotherm occur
at different pressures seems, at first, to contradict the simple history independent
form of the Kelvin equation. However, a number of explanations for the origin of
hysteresis have been advanced. One explanation asserts that there are two distinct
sizes which govern capillary condensation in a porous medium - the (relatively
larger) pore size and the (relatively smaller) neck size connecting the pores. During
adsorption capillary condensation can occur in both the pores and necks, desorption
is governed solely by the more restrictive necks. Thus adsorption and desorption
probe two different size scales and the adsorption and desorption pressures differ.

Another explanation asserts that the shape of the menisci on the adsorption and
desorption branches differ, affecting the Laplace pressure. If one envisions an ideal
cylindrical pore, as the fluid is adsorbed onto the surface it forms a film over the
walls of the cylinder. This film has a curvature with components parallel to the pore
wall and perpendicular to it of:

1 1 1 1 1

C=st+pm=—+p5—=
R” R 1 o -Rpore Rpore

rather than the value C = 2/R,,r that a hemisphere exhibits. As fluid is adsorbed
the film thickens, but the shape remains cylindrical until the pore is almost full

(when liquid bridges will form across the pore, completing the condensation). The
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retreating meniscus (i.e. on the desorption branch), however, does have a hemi-
spherical shape since the pore will empty from the end. As fluid is removed the
meniscus retreats, keeping its hemispherical form. Since the curvature of the re-
treating meniscus is twice that of the film formed along the adsorption branch, the

Kelvin equation states that for cylindrical pores:

(@)-()
Do Do

While aerogels do not contain perfect cylindrical pores, this general argument for
hysteresis remains valid — the shape of the meniscus during adsorption and desorp-
tion can be different, leading to a different capillary condensation pressure.

Later in this thesis I will show some of our extensive data on adsorption isotherms
for helium in silica aerogel, but most of the techniques for analyzing the shape of
the adsorption isotherm quantitatively involve assumptions about pore shape that
do not in any way reflect the structure of aerogel. The interested reader can track
down further details on how adsorption isotherms can be used to determine pore

size, shape and connectivity in the relevant references[29, 30, 31, 32].

2.2.4 Freezing in Real Pores

Freezing of liquids in small pores is affected in the same way that condensation
is. The framework used to calculate the freezing point depression is included in

Appendix A and gives:
_ 2vqusTh
AT = r AH

where the volume used is now the volume of the solid, v is the surface tension
between solid and liquid, and AH is the heat of fusion. Studies show a convincing
correlation between freezing point depression and 1/R, even for pores with radii of
2nm[33]. Freezing of helium in small pores also shows a large depression of freezing
temperature, or elevation of freezing pressure[34, 35] consistent with the Kelvin
Equation.

If the interaction between the pore walls and the solid forming within the pores
is strong enough, small pores can lead to higher freezing temperatures. This is
because the interfacial energy favors the formation of the solid phase whereas usually
an unfavorable interaction between solid and wall is assumed. Such elevations were
seen in the freezing of carbon tetrachloride in the micropores of activated carbon

fibers[38].
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Solid helium in aerogel may provide an interesting model system for disorder in
a solid, but its slow equilibration times and the fragility of the aerogel may make
experiments prohibitively difficult.

2.2.5 Capillary Behavior in Near Critical Fluids

At the outset of the chapter I introduced critical phenomena in fluids with attention
paid to the possible realization of the random-field Ising model by introducing aero-
gel (as a fixed impurity) into a fluid near its critical point. However, the last few
sections have dealt solely with surface tension and adsorption of liquid films while
completely neglecting the presence of fluctuations such as those that characterize
the critical point. Indeed, far from T, the picture provided by capillary condensation
is powerfully predictive. However as the correlation length, £, approaches the strand
thickness we may see something of a crossover from capillary condensation to fluid
critical behavior as a system approaches the liquid-vapor critical point.

When ¢ is small, fluctuations are not significant and we see behavior governed
solely by capillary condensation. When & grows to the size of an average pore we
would not expect capillary condensation to provide an adequate picture of fluid
behavior in aerogel — capillary condensation requires that we define an interface
between liquid and vapor but if £ > Rpore then we can’t define any interface smaller
than the size of the pore.

Correlation length follows the power law:
E=6&e ™ [L+&e2 +...] (2.8)

where v = 0.63. To make a rough estimate of correlation length we can neglect
the correction to scaling terms, although this means our estimates will not be very
precise. For neon, & = 0.13nm[37] while for “He & = 0.18nm[38]. We are in-
terested in the correlation lengths below T, so using & /&5 = 2 [39] we arrive at
the correlation lengths shown in Table 2.2.5. From this table we can see that for
€ > 1072 the correlation length is less than the thickness of the silica strands and
comparable to the healing length discussed earlier. For e < 107 the correlation
length exceeds the size of the pores and closer to the critical temperature the fluid
can not sense the pores directly. If we see a crossover in behavior it should be in
this region (10™* < € < 1072). This is shown pictorially for helium in Figure 2.7,

where the correlation length, and the associated liquid-vapor interface thickness,
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€ | EMNe) T-T,(Ne) & (*He) T—T, (‘He)
1072 | 1.2nm  445mK 1.6nm 52mK
1073 | 5.0nm = 44.5mk 7.0nm 5.2mK
10~4 | 22nm 4.5mK 30nm 0.5mK

Table 2.4: The correlation lengths in neon and helium near the critical point. As
the temperature nears the critical temperature the correlation length grows to the
size of the silica strands, and eventually to the size of the aerogel pores themselves.

are plotted as a function of temperature. The aerogel strand size (5nm diameter)
and maximum pore size (50nm radius) are included so that one can easily see when
the characteristic scales of the aerogel and the fluid fluctuations become compara-
ble. Also included are the temperature regions explored by earlier work on helium
liquid-vapor coexistence in 95% porous aerogel at Grenoble (shown as vertical lines
at 4.88K and 5.14K) and at Penn State (shown as a shaded region from about 5.14K
to 5.17K. These earlier studies are discussed in the next chapter; our work spans

temperatures from 4.400K to above the critical point (T, = 5.195K).
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Figure 2.7: The average strand diameter of the aerogel, and an estimate of its
maximum pore radius are plotted here and compared to characteristic lengths in the
fluid. As the critical temperature is approached, the correlation length (and hence
the liquid-vapor interface thickness) diverges — eventually exceeding the strand size
and then even the maximum pore size. The temperature regions probed by earlier
work in other groups are highlighted here — 4.88K and 5.14 by the Grenoble group[14]
and about 5.14K to 5.165K by Wong and Chan[10].
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Chapter 3

Relevant Results from the
Literature

Experiments directly relevant to this thesis fall into two broad categories: those
exploring capillary condensation in porous media and those exploring binary fluid
separation (“liquid-liquid demixing”) in dilute solid networks. In bulk systems,
both the liquid-vapor transition and binary fluid separation belong to the Ising
universality class, and ought to be affected in similar ways by the introduction of
a dilute solid network. The solid might act as a random field, but for this to be
the case the system under investigation must be in an equilibrium configuration,
the strength of the fluid-solid interaction must be right and the scale of the solid
network becomes very important. Researchers have been searching for a system in
which all these factors cooperate to make a realization of the random-field Ising
model for two decades.

The largest, and virtually universal, effect of a porous medium on the liquid-
vapor transition or on liquid-liquid demixing is to slow the dynamics by orders of
magnitude; in fact, the binary liquid in porous medium experiments can take months
to equilibrate after a temperature step within the two-phase coexistence region of
the phase diagram. In such situations it is very difficult to distinguish between
equilibrium behavior and long lived metastable states. The following sections will
review the attempts to elucidate the behavior of fluids near a critical point in porous
media — a region whose interpretation requires a mix of capillary condensation and
critical behavior.

Experimental work on near critical fluids in porous media has been comple-
mented by some excellent theoretical and modelling work. A couple of powerful

frameworks for the study of fluids in porous media have been developed in the last
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two decades, and produce the depressed critical temperature and narrowed coexis-
tence curve which is seen in experiments. Aerogel presents some difficulties beyond
those experienced in modelling denser porous media, mainly because of the excep-
tionally large simulation volumes needed to give a realistic picture of the aerogel
structure. However, in the last few years some exciting and intriguing simulations
of adsorption of near critical fluids in aerogel provide a beautiful counterpoint to
our experiments.

This chapter will try to touch on the most important published studies relevant
to our work on neon and helium in aerogel. Some of the studies involve denser media
than aerogel and provide a general picture of capillary condensation of near critical
fluids, but whenever possible I have concentrated on studies involving aerogel. There
is not room to discuss in detail the methods used (especially in the theoretical and
simulation work) in most of these works but where possible I have tried to provide

illuminating references which explain things much better than I could.

3.1 Capillary Condensation of Near Critical Single Com-
ponent Fluids

The coexistence curve of a bulk fluid is well defined and easy to map out by locating
the liquid-vapor transition along isotherms, isobars or isochores. However, when
trying to define an analogue of the bulk coexistence curve in a porous medium
there are some difficulties. First, one can sensibly ask if there even are direct
analogues of the bulk liquid and vapor phases in porous media. As it turns out,
there are reasonably distinct low and high density fluid phases (“pore vapor” and
“pore liquid”), although the phase diagram can also include the complications of
films, liquid bridges, and capsules forming in the pores [40]. However, even if there
are two distinct pore-fluid phases, there is still difficulty defining a precise transition
between the two.

In bulk the liquid-vapor transition appears as a sudden change in fluid density
with no change in pressure or temperature — a region of zero slope on a density-
pressure isotherm. Such an isotherm is shown in Figure 3.1 along with an isotherm
for helium confined within 95% aerogel; both isotherms were taken at 5.194K, just
below the bulk critical temperature. During capillary condensation there is no region
with zero slope on a density-pressure isotherm, even at T=0. There is, however, a

plateau-like region that is sometimes assigned the same significance as the actual
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Figure 3.1: Bulk helium and helium in 95% aerogel (referred to as sample B110 later
in this thesis) adsorption isotherms at 5.194K, just below the liquid-vapor critical
point of helium. Note that helium is preferentially adsorbed in the aerogel shifting
the isotherm to higher densities, especially on the lower density side where we can
see the effect of a film of adsorbed helium on the strands of the aerogel. The bulk
isotherm also exhibits a much wider and flatter plateau than the adsorption isotherm
in aerogel and is more symmetric.

plateau seen in bulk fluids. The finite slope of adsorption and desorption isotherms is
usually associated with the variety of adsorption environments — real porous media
exhibit a range of pore sizes, with each pore exhibiting a phase transition at a
slightly different point. In such a case the system is controlled by microscopic
factors, precluding a true macroscopic transition. The largest barrier to interpreting
capillary condensation in terms of liquid-vapor coexistence, however, is the existence
of hysteresis in adsorption and desorption isotherms — hysteresis in isotherms tends
to indicate a system out of equilibrium. The closure points of the hysteresis loop are
sometimes used to mark liquid-vapor coexistence in pores, but that interpretation
presents some difficulties.

Isotherms are not the only way to investigate the liquid-vapor transition in pores;
alternatively measuring heat capacity, sound speed or light scattering along an iso-
chore (i.e. constant density sample) can pinpoint transition temperatures which map

out the “coexistence curve.” However, the interpretation of such data has its own
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pitfalls — without an accurate microscopic picture of the structure of the pore lig-
uid and vapor phases, and in depth understanding of the transition, it is difficult
to assign features of the isochore to the liquid-vapor transition. This was also a
major problem with binary liquids in gels, where light scattering had an onset tem-
perature consistent with the bulk demixing curve but which decayed slowly as the
system equilibrated over weeks [41]. The true demixing curve of such systems can-
not be precisely mapped out by light scattering because collecting the data might
take decades.

The doubts about identifying a pore liquid-vapor transition expressed above
do not imply that we are completely in the dark about the process of capillary
condensation. In fact, condensation in simple, model, pores is well understood and
is well explained by the Kelvin equation. However, near to the critical point things
become fuzzier and the assumptions made in the derivation of the Kelvin equation
begin to dissolve. In this situation it behooves us to express what information
we hope to extract from a pore liquid-vapor coexistence curve, however we choose
to map out that curve. We may unambiguously define a temperature, 7,4, above
which hysteresis in the adsorption isotherms disappears. T¢; should be less than the
bulk critical temperature T, since above T, there should not be any liquid-vapor
transition at all. We may also try to define the “pore critical temperature” Tpp
which may or may not be equal to T, or ;. Tty is analogous to T¢ in bulk - it is
the temperature at which distinct liquid and vapor phases cease to exist.

Many people have assumed that T, = T¢p, but since there is no agreement on
the precise origin of hysteresis during adsorption and desorption it is somewhat dan-
gerous to use the presence or absence of hysteresis as a marker for the physical state
of the system. One possible approach is to define T, as the point at which the slope
of the adsorption isotherm (i.e. the isothermal compressibility) changes abruptly.
In bulk fluids the slope of the isotherm (measured at the critical density) changes
from zero for T < T, to a finite positive value which increases with temperature
for T > T; in capillary condensation the change would not appear quite so abrupt
but there are examples where a kink in the isotherm slope is seen at a temperature
far above the disappearance of hysteresis[42]; such a plot for argon in MCM-41 is

included as Figure 3.2.
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Figure 3.2: Determination of pore critical temperature of Argon in MCM-41. The
inverse slope of the adsorption isotherm is plotted versus temperature for a series of
isotherms of Argon condensing in MCM-41 with a pore diameter of 1.2nm. While
hysteresis disappears from isotherms above 62K, the pore critical temperature is
assigned to the kink in this graph at 98K which is still well below the bulk T, of
151K. Note that ‘inverse slope’ is plotted here because their adsorption isotherms
are plotted in a different manner than ours. From reference [42].

3.1.1 Capillary Condensation in Dense Porous Glasses

The general picture of capillary condensation during filling of porous media consists
of gradual adsorption of fluid as a thin film along the pore cavities followed by a
sudden filling of the pore bodies once the film reaches some critical thickness. Hu-
ber and Knorr have published a nice study of capillary condensation of Argon in
porous glass[43] using several techniques to provide complementary information on
the process. Although none of their data were taken in the critical region, they elu-
cidate the process of condensation as the growth of a film followed by condensation
of the film into a liquid which fills the pores. This picture is also consistent with
studies of condensation within aerogel, as discussed later in this chapter.

There have been a small number of studies of capillary condensation in dense
porous glasses near the critical point of the adsorbed liquid. Most studies assume
that there exists some pore critical temperature which is the analog of the bulk

liquid-vapor critical point, however not everyone accepts that such a point must
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exist. If it does, then such properties as surface tension must disappear as T ap-
proaches Ty, and there does not seem to be enough evidence one way or the other
to state unequivocally whether this is the case.

William Machin has performed studies of a number of fluids near their critical
points in controlled pore glasses[44], mapping out “coexistence curves” defined by
the size of the adsorption isotherm hysteresis loop. This coexistence curve shows
a fairly large depression of the critical point, but the “capillary critical point” is
no longer identified with the disappearance of well defined fluid phases; instead
Machin shows evidence that those well defined fluid phases exist to much higher
temperatures, and his capillary critical point, T¢p, is the temperature at which the
capillary condensation behavior of liquid in pores switches from being well described
by capillary condensation to being better described by homogenous nucleation. The
work supports a picture of capillary condensation in which the presence of the porous
medium has no effect on the intrinsic properties of the fluids, instead only shifting
the chemical potential of the fluid and affecting its ability to reach an equilibrium
state (and the path taken to that state).

At temperatures above the disappearance of hysteresis Machin’s adsorption
isotherms continued to exhibit the same general shape as those that exhibited hys-
teresis, with the porous medium filling with fluid at some pressure below saturated
vapor pressure (Pp). As an interesting side note, there is evidence for “critical de-
pletion” at temperatures just above Ty; this is a phenomenon in which the density
of fluid inside the porous medium actually drops as the temperature is lowered into
a narrow region just above the critical temperéture. This is in stark contrast to all
other temperature and density conditions in which the density within the pores is
enhanced over that in the bulk phase and increases as the temperature is lowered.
Some studies have shown some evidence of this effect, while others have not seen
such an effect.

Studies of capillary condensation within arrays of single cylindrical pores (MCM-41
and related structures) have the advantage of almost uniform pores[45, 42]. Again
there is some confusion about what constitutes the “pore critical point,” although
it certainly appears that T,p, > Tpp, (see Figure 3.2). These media have small pore
sizes so that the temperature depression of the critical point is much larger than
any seen in porous media like aerogels.

A series of papers by Findenegg et al. investigated the adsorption of SFg near
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Figure 3.3: Findenegg SFg dia-
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its critical point{47, 46, 48] in controlled pore glasses. They mapped out a coexis-
tence curve (Figure 3.3) by keeping the bulk fluid density in their cell constant and
monitoring the excess fluid adsorbed by the porous medium as the temperature is
lowered from T" > T,. At some temperature below T, fluid condenses within the
pores. They have shown a depression of the critical temperature and narrowing of
the coexistence curve, but a shape that is consistent with a bulk liquid-vapor tran-
sition (i.e. 8 = 0.35). Furthermore, they also found evidence for critical depletion in
the porous media — at temperatures and densities near the critical point some fluid
appeared to spontaneously leave the pores. Their computational work to explain
this occurrence was later shown to be flawed[49], and the precise origin, or even the
existence, of critical depletion is still an area of active interest.

On the topic of critical depletion, the adsorption of nitrous oxide in a dense
porous silica shows depletion of density within the pores for temperatures within
the range of T < T < 1.015T¢ [50]. This system differs from the two studies
mentioned above in both the porous medium and the adsorbed fluid, which lends a
note of generality to the phenomenon. However, there is still no simulation evidence
for such behavior in model pores (see, for example, reference [51]), and the analysis
used to quantify the critical depletion in the experiment is complex (which may lead
to errors). We have seen no evidence for critical depletion in our helium adsorption

isotherms in aerogel.
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3.1.2 Capillary Condensation in Aerogel

Little work has been done on the condensation of fluids in aerogel near the liquid-
vapor critical point other than our measurements — published work on condensation
in aerogels near the critical point has only come from the labs of Moses Chan at
Pennsylvania State University and Laurent Puech and Pierre-Etienne Wolf at the
Centre de Recherche sur les Trés Basses Températures in Grenoble. However, other
work has been performed on fluid adsorption and phase separation in aerogel. Most
applicable of these is a study of the structure of liquid films and droplets during
condensation of helium in aerogel at low temperatures which has been undertaken
at the Advanced Photon Source (APS) of Argonne National Laboratory (ANL).
Finally, a short study of carbon dioxide near its critical point in aerogel has been

made using neutron scattering.

X-ray scattering during helium adsorption in aerogel

A study of helium adsorption by Lurio et al. in 98% aerogel used X-ray scattering
to determine exactly how the helium is adsorbed at 3.5K[52]. A similar study is also
underway on the low temperature 3He-*He phase separation by Mulders, Paetkau,
and Lurio[53]. X-ray scattering can shed little light on the macroscopic distribution
of fluid within the sample, but is a powerful tool which can extract a length scale
characteristic of the thickness of the aerogel strands or the largest filled pores in the
sample. Below 3.5K helium has an appreciable surface tension, so critical density
fluctuations do not need to be considered. Not surprisingly the helium is at first
adsorbed as a thin film along the strands of the gel, up to a thickness of about
2.5nm. As more helium is added “blobs” form, draining fluid from the film, and
grow until their size exceeds the resolution of the instrument. Upon emptying, the
reverse process occurs with one main difference: during filling the characteristic
length scale remains small until the gel is about 80% full while upon emptying the
length scale remains unresolvably large until the gel is only about 40% full. This
implies that during filling there are many nucleation sites for condensation of liquid
within the aerogel, but during emptying the liquid remains in fewer, larger domains.
This is reinforced by the patchiness seen in Wolf’s optical experiments which will
be described in this section.

It is worth noting that in this paper the adsorption isotherm shown is assumed

to exhibit a vertical step in density during condensation, when in fact the isotherm
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shown clearly exhibits a large but finite slope. This is a common feature in papers
on capillary condensation in aerogels — the steepness of the isotherm is greater than

in most porous media but it is not infinite.
Heat capacity and light scattering data from the Penn State group

Apollo Wong and Moses Chan studied the condensation of pure helium and pure
nitrogen in 95% and 84% aerogel[10, 11, 54]. They published some isotherm data,
but the majority of the published data is based on heat capacity (for helium) or
light scattering (for nitrogen) along isochores. Each data set showed a narrowed co-
existence curve shifted to lower temperatures than bulk. Later some high precision
adsorption isotherms for helium in 98% aerogel were collected[55]. Their surpris-
ing results for helium in 95% aerogel spurred on research in both our lab and at
Grenoble.

The heat capacity data for helium in aerogel were taken along isochores as shown
in Figure 3.4. There were up to three significant features in each heat capacity scan:
at bulk T, there was a sharp peak assigned to the transition in any bulk fluid
present in the cell, just below bulk T, there was a peak assigned to the liquid-
vapor transition in aerogel if it was present, and at lower temperatures there was
a broad maximum in heat capacity which remains somewhat unexplained. Using
the position of the cusp (“A” in Figure 3.4), an extremely narrow coexistence curve '
was mapped out, shown in Figure 3.5. A similar treatment using the position of the
lower temperature broad maximum in heat capacity led to a wider phase diagram,
shown in Figure 3.6.

The precise origin of the two peaks in heat capacity is not entirely obvious, and
the whole picture is complicated by the presence of some bulk fluid surrounding the
aerogel. Since the sample used in this experiment was a thin disc machined from a
large block of aerogel, and aerogel is a difficult material to machine smoothly, there
was an estimated 8% of the total cell volume unoccupied by the aerogel sample.
While this volume is not large enough to completely overpower the signal from the
aerogel, it is large enough to significantly affect the density of helium in the aerogel.
Since helium near its critical point is incredibly compressible, it is entirely plausible
that the density of fluid in the gel is not really that close to the average density
of fluid in the cell, especially considering the fact that any bulk in the cell will be
phase separated. With no way of knowing exactly how the helium is distributed
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Figure 3.4: Wong and Chan’s helium heat capacity cusps in 95% aerogel. This
figure includes four constant density scans: I(e)=68.2, II(03)=76.8, III(A)=80.2,
and IV(¢)=81.8 kg/m?). The dashed curve shows the critical temperature of bulk
helium. The lowest density curves only exhibit a broad maximum at ~ 5.05K, but
as density is increased (curve III) a sharp smaller cusp appears below T, which
is assigned to the liquid-vapor transition within the aerogel (cusp labelled “A” in
curves III and IV). At the highest density shown here a third peak appears very close
to the bulk T, and is labelled “B”; this is interpreted as a signature of bulk helium
collecting in the space around the aerogel sample. Data extracted from reference
[54].
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Figure 3.5: Wong and Chan’s helium in 95% aerogel coexistence curve. The position
of the cusp (“A” in Figure 3.4 in heat capacity is plotted here as a function of average
density in the cell. The coexistence curve described by these transitions is extremely
narrow and somewhat shifted in both temperature and density — the coexistence
curve of bulk helium is included as a long dashed line for comparison. A magnified
view of the experimental data is provided as an inset — although the coexistence curve
is changed dramatically, its shape is consistent with a critical exponent identical to
bulk. The dotted line is an unrestricted best fit giving £ = 0.28 while the solid and
dashed lines are best fits when restricting 8 to 0.325 (Ising model) and 0.05 (random
field Ising model) respectively. From reference [10].

within the cell during the experiment, assignment of peaks “A” and “B” may be
a little ambiguous. Since the amplitude of the cusp assigned to the transition of
fluid within the aerogel is quite small, it is conceivable that the cusp is related
to some sort of redistribution of fluid. The origin of the lower temperature heat
capacity maximum is even more unclear, but may reflect the confinement within
individual pores, as opposed to the higher temperature peaks which could include
the pore connectivity. Since this data was all collected using an AC heat capacity
method, one must also consider the time constants for thermal equilibration within
the sample. Qur samples are of similar size and have thermal time constants much
slower than the AC heating frequency used in this study, so it seems implausible
that the sample used in this heat capacity study was actually in equilibrium.
While the results of their experiments on liquid-vapor critical behavior in 95%

aerogel are well known, little is mentioned about their results for helium in 84%
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Figure 3.6: Wong and Chan’s broad heat capacity anomaly for helium aerogel. If the
position of the broad maximum in heat capacity is plotted as a function of average
helium density in cell, a much wider curve results than from the small sharp peaks.
Data extracted from reference [54].

gel. In fact they saw the same sort of heat capacity signatures for the liquid-vapor
transition in the denser aerogel. Using the location of the sharp peaks to map out
the coexistence curve as they did in the 95% gel resulted in a coexistence curve for
helium in 84% porous aerogel about 50 times narrower than the bulk curve. It is
fairly well accepted that the behavior of fluids in aerogels with ¢ < 90% is analogous
to the behavior of fluids in dense porous glasses and such a narrow coexistence curve
has never been seen in those glasses. So that leads one to wonder exactly what the
sharp heat capacity features are, and if they exist in a system that is believed to
be governed by metastable states (i.e. helium in 84% aerogel), can the same peaks
truly be used to map out an equilibrium phase diagram in another system? For
easy comparison, the “coexistence curves” of helium in bulk, 95% aerogel, and 84%
aerogel are plotted together in Figure 3.7.

Despite these uncertainties the helium in aerogel work of Wong and Chan hints
at some very interesting behavior of fluids in aerogel, which was at the time a very
novel system. With a view to generalize their results they undertook a second set of

measurements, using optical scattering to investigate the critical behavior of nitrogen
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Figure 3.7: Wong and Chan’s helium in aerogel coexistence curves. The data for
helium in 95% aerogel is identical to that shown in Figure 3.5, but is included again
to highlight the differences in the 95% aerogel and 84% aerogel data sets. The bulk
helium coexistence curve is included for reference as a dashed line. Data extracted

from reference [54].

in aerogel[54]. Light should be strongly scattered in the two-phase region, so the
onset of scattering was used to map the coexistence curve. The universal nature
of critical points leads one to expect similar critical behavior in different fluids
confined in aerogels — thus the coexistence curve of nitrogen should be narrowed in
a manner similar to that of helium. The optical data also allowed them to monitor
the relaxation of the system after temperature changes.

The coexistence curve of nitrogen in 95% gel as mapped out by light scattering
is included as Figure 3.8. It is narrowed with respect to bulk nitrogen, and shifted
to slightly lower temperatures and to slightly higher densities. There is a large
difference between these results and the helium results, however. The degree of
narrowing is very different for nitrogen — the coexistence curve is about half as wide
as in bulk whereas the helium curve is much, much narrower. The narrowing of the
nitrogen coexistence curve is comparable to that seen in fluids in other porous media.
If one assumes that the coexistence curve as plotted represents a true equilibrium
phase transition then the exponent describing its shape, 8 = 0.35 & 0.05, agrees

roughly with that of the bulk transition. However, if the transition is more closely
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Figure 3.8: Wong and Chan’s nitrogen coexistence curve. The graph includes
points derived from scattering results along isochores (®) and from pressure-density
isotherms (OJ). Error bars and power law fits have been omitted so as not to obscure
the data. The bulk coexistence curve for nitrogen has been included for reference
as a dashed line. Data extracted from reference [54].

akin to capillary condensation it is not at all obvious what information can be
extracted from the curve shape or if a power law fit is appropriate.

The optical scattering data were backed up by a series of isotherms aimed at
approaching the transition by adjusting a different thermodynamic variable. Flat
sections in the adsorption isotherms were interpreted as coexistence regions for ni-
trogen within the aerogel and these points along the coexistence curve agreed with
the data from the scattering experiments. However, the precision of the isotherms
was not high and assigning endpoints to the “flat section” is difficult. The advan-
tage of including both isotherm data and scattering data is that one approaches the
coexistence curve from two directions — the scattering data was taken by setting
the density (i.e. an isochore) and adjusting the temperature while the isotherms
held temperature constant while adjusting the fluid density. Thus, in the density-
temperature plane the two methods approach the coexistence curve vertically and
horizontally, respectively. We have taken a similar approach in our work, studying
both density along helium adsorption isotherms and compressibility (which has a

critical divergence governed by heat capacity) along isochores.
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Figure 3.9: A low temperature (4.3K) adsorption isotherm for helium in 98% silica
aerogel. The inset is a blow-up of the capillary condensation region. Note that while
helium condenses over a very narrow pressure range, it does exhibit a finite slope.
From unpublished results provided by Moses Chan [55].

The bulk fluid volume in the scattering cell was less than that in the heat capacity
cell and appears to have been easier to estimate. In addition, the scattering signal
is large and not affected by small patches of bulk like the heat capacity data may
have been.

Adsorption of helium in aerogel was revisited in the Penn State laboratory later,
using a cell with a high precision in situ pressure gauge to take careful adsorption
isotherms in 98% aerogel[56]. These isotherms show that helium condenses in aerogel
OVer a Very narrow pressure range, but there is no unambiguous marker for a liquid-
vapor phase transition. An example of one of the low temperature isotherms is
included as Figure 3.9; it clearly shows that helium capillary condenses over a very
narrow pressure range, and that the condensation pressure is depressed slightly from
bulk saturation pressure. Only one branch of the isotherm is shown; it would appear
that only one branch was collected, perhaps because they saw no hysteresis in their
earlier isotherms. Hence we cannot evaluate the width of the hysteresis loop that
was probably present. At higher temperatures, data were only collected on the high
density portion of the isotherm since this is where the liquid-vapor coexistence region

was expected. Two of the higher temperature isotherms are shown in Figure 3.10.
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Figure 3.10: Two higher temperature (5.017K and 5.039K) adsorption isotherms
for helium in 98% silica aerogel. As seen in the 4.3K isotherm, neither of these
isotherms is flat. From unpublished results provided by Moses Chan [55].

They do not seem to show any distinct plateaus that would indicate an equilibrium
liquid-vapor coexistence region.

Furthermore, if the system did exhibit hysteretic behavior then the dosing method
used along these isotherms may not be the best choice; with each burst of helium
added the aerogel-fluid system is thrown well out of equilibrium. There is no guar-
antee that it relaxes to a state along the adsorption or desorption branches — it may

be stuck in a metastable state within the hysteresis loop.

Isothermal data from the Grenoble lab

More recently there was a creative experiment that searched for critical behavior
around the liquid-vapor critical point of helium in 95% aerogel using a very low
frequency resonance technique to measure the density of helium adsorbed into the
gel[15, 14]. Performed as part of the PhD project of C. Gabay, the experiment
monitored the period of a pendulum consisting of a cylinder of aerogel suspended on
thin wires, shown in Figure 3.11. The aerogel was a large cylindrical monolith that
included thin copper mesh throughout the sample to assist in thermal equilibration
across the sample. The large size of the samples (3.2cm by 1.5cm) required the

copper filaments to avoid ten hour equilibration times seen in their preliminary
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~——Copper wire Figure 3.11: The low frequency

pendulum for the Grenoble
i(w) Kapton lab’s helium in aerogel work.
Y A monolithic cylinder of aero-
gel was suspended by two wires
and its position monitored by
a photodiode. The period of
oscillation of the pendulum de-
pends on the mass of the pen-
dulum, its size, shape, and the
density of the fluid through
which it swings. From reference
[57].

experiments with pure silica aerogel. Even with the incorporation of these high
conductivity paths, the thermal equilibration of the sample limited the time scale of
the experiments. Since this method assumes that the pendulum is oscillating in a
single fluid phase, measurements cannot be performed when there is bulk two-phase
coexistence.

A series of isotherms were performed at temperatures close to, but below, the
critical temperature (some are shown in Figure 3.12). Below about 5.15K they
showed hysteresis loops, without any distinctly flat coexistence region. The onset
of condensation is characterized by a rounded corner in the adsorption isotherm,
matched by a similarly rounded feature at the low density end of the desorption
isotherm. Thus there is no easy feature that may be assigned to the transition on
the low density side. The features on the high density side of the coexistence curve
are much more distinct, but the finite slope of the isotherms does not support the
interpretation of the transition in terms of true liquid-vapor coexistence. Isotherms
at a lower temperature (4.88K) took so long to equilibrate that rate dependence
was obvious in runs taking two days or more. Equilibration nearer to the critical
point was somewhat faster; this slow equilibration is consistent with our experience
using aerogel samples in experiments. There was some difficulty with the density
calibration for helium in the pendulum, although this was corrected in later analysis.

The key results from Claude Gabay’s work on helium in aerogel near the liquid-
vapor critical point are that there is hysteresis present even close to the critical
temperature, and the isotherms do not show the sharp corners and vertical steps we

associate with liquid-vapor coexistence. In fact, all evidence from this study points
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Figure 3.12: Adsorption isotherms for helium in aerogel collected using the pendu-
Ium shown in Figure 3.11. These isotherms were taken at 4.88K and illustrate the
rate dependence of the hysteresis loop. Then isotherms have a finite slope during
condensation and exhibit a hysteresis loop which tends toward a small but finite
width as the filling and emptying time is increased to many days. From reference
(14].

toward a more traditional capillary condensation picture of adsorption in a porous
medium. The isotherms show much wider “coexistence” regions (as determined
from the closure points of the hysteresis loops) than the isotherms taken by Wong
and Chan, and they do not show evidence of any sharp transition.

The pendulum results were followed by a study of optical light scattering from
helium condensing in a slice of 95% porous aerogel|[58]. This study was designed to
allow visual inspection of the sample as well as quantitative measurement of light
scattering from the sample. During condensation within the aerogel, strong light
scattering was observed — consistent with the appearance of microscopic domains of
liquid and vapor within the gel. Furthermore, the sample appeared patchy to the
eye during filling and even patchier during emptying. This implies that the aerogel
sample may have large scale inhomogeneities favoring the retention of liquid in some
regions of the gel over others, and there is no reason to think that any other aerogel
samples used in studies of capillary condensation are more homogenous. It could
also be consistent with macroscopic coexistence.

More recently the Grenoble group has measured a series of adsorption isotherms

for helium in neutrally catalyzed aerogel; these exhibit a shape different from isotherms
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in the base catalyzed aerogel.

Neutron scattering from CO; in aerogel near its LVCP

Recently a study has been published in which small angle neutron scattering (SANS)
was used to directly measure the size of density fluctuations in COg near its criti-
cal point, and what effect the aerogel might have on those fluctuations[59]. While
fluctuations in the bulk fluid diverged near the critical point, as expected, there
was no such divergence in the confined fluid. It appears that the addition of aero-
gel quenched the density fluctuations, so that while there is a jump in size near
the liquid-vapor transition the fluctuations never exceed the approximate pore size.
While the data set is somewhat sparse, and has the appearance of a preliminary
investigation, it is precise enough to say that critical density fluctuations in a fluid-

aerogel system are unlikely to dominate its behavior.

3.2 Binary Fluid Separation in Silica gels

Extensive studies of binary fluid separation in dilute silica gels have been carried out
by Dr. Cannell’s group and by Dr. Frisken[12, 60, 61, 13, 62, 41]. These studies have
used neutron scattering and light scattering to detect phase separation within the
gel and monitor the rate at which domains of separated fluid grow or shrink. Much
of the work highlights the similarities between the slow equilibration and domain
dynamics of the binary fluids with those of random-field antiferromagnets. The
analysis developed by this group was also used by Lurio et al. to extract domain
sizes from the the X-ray scattering data on helium condensing in aerogel discussed
in the previous section.

Studies included 2,6-lutidine-water mixtures and isobutyric acid (IBA)-water
mixtures in silica gels with ¢ > 98%. Both systems were quenched from temper-
atures at which the fluid system was a single homogenous phase to temperatures
where phase separation produced strong light scattering. Even before the samples
entered the true two-phase region of the bulk mixtures, the samples exhibited scat-
tering consistent with the formation of domains rich in one of the components or the
other. These domains disappeared over a time scale orders of magnitude longer than
in binary mixtures without silica gel, and were reminiscent of the slow dynamics near

a transition in a magnet which includes small random fields.
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Figure 3.13: IBA-water phase diagram in a dilute silica gel. The solid line is the
liquid-liquid demixing curve for isobutyric acid and water with no impurities. Open
circles and crosses ((),X) are experimentally determined points along that line.
Closed diamonds () mark the onset of strong light scattering in the binary fluid-
gel system during cooling, while open diamonds({) mark the region of constant
chemical potential (i.e. two phase coexistence) along isotherms. From reference [41]

While these studies shed a great deal of light on the growth of domains and fluc-
tuations within silica gels, they raise the question of whether the onset of scattering
can be used to pinpoint the onset of coexistence as has been assumed for the optical
scattering work on single fluid coexistence in aerogel. In fact, in a study of IBA-
water mixtures it was shown that the onset of scattering occurred at temperatures
much higher than plateaus in the chemical potential of the system (i.e. the true
two-phase coexistence region within the gel), as shown in Figure 3.13. It is unlikely
that this impugns the interpretation of single-component fluids in aerogels, but it
means that scattering from binary fluids in silica gels can not practically be used to

probe the binary fluid demixing critical point, even if one exists.

3.3 Simulations of the Liquid-Vapor Transition in Pores

Theoretical and computational approaches to the liquid-vapor transition have a long
and illustrious history dating back to the van der Waals equation of state. Early ap-
proaches reproduced the basic thermodynamic behavior of fluids, but missed many

of the subtleties of true fluids. In particular they do not produce the correct behav-
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ior near the liquid-vapor critical point — the critical exponents often possess mean
field values rather than Ising values. Recently more accurate parametric models
produce sensible behavior in the criticgl region, but the easiest approach to study-
ing near critical fluids is through computer simulation rather than analytically. In
particular, several Monte Carlo approaches have proven very efficient in calculating
certain equilibrium fluid properties, such as density, near the critical point. For an
instructive introduction to some techniques used for pure fluids, see reference [63].
Our interest is in studies of fluids confined within porous media, specifically aero-
gels. This adds a significant complication, and the remainder of this chapter will be

devoted to how to circumvent this difficulty as well as results.

3.3.1 General Methods and Challenges for Calculating Fluid Prop-
erties in Porous Media

The presence of a solid matrix greatly complicates the simulations. First, one must
generate the matrix, deciding on the size and distribution of particles of which the
matrix is composed. Fluids are very sensitive to the structure of the matrix as well as
its density, so careful attention must be paid to what final matrix structure is chosen.
While pure fluids can be simulated using a relatively small number of particles except
very close to the critical point, the volume of the porous medium simulation must
be large to incorporate a wide enough range of adsorption environments. Small
simulation volumes can lead to spurious results arising from a single adsorption site
in disordered media. Aerogels are especially difficult to model since the density of
the matrix is so low that small simulation volumes may only contain a single strand;
far from representative of the true structure of the gel. To be reproducible, studies

may need to average over a large number of runs in different matrix realizations.

3.3.2 Simple Geometries and Model Pores

Simulations of fluids in model pores (e.g. cylindrical pores, slit pores, or ink-bottle
pores) have different challenges and very interesting results relevant to capillary
condensation far from the critical point. By their very construction they preclude
the effects of connectivity seen in real porous media so, while instructive in probing
fluid behavior far from the liquid-vapor critical point, papers directly relevant to the
liquid-vapor transition near the liquid-vapor critical point in aerogel all use some

form of disordered matrix.
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However, even in the simplest geometries some very rich phase behavior can
surface. In studies of adsorption in a simple array of cylinders Gatica et al. outlined a
phase diagram including film and necking states in addition to filling completely with
condensed liquid[64]. Studies of binary fluid separation in cylindrical pores show
similar phase behavior, with three distinct phases that depend on the temperature
and pore radius as seen in Figure 3.14 [65, 66]). A study of near critical (but mean
field) fluids in very dilute gels (modelled as a periodic array of cylinders) showed
a narrowed coexistence curve in their simplest calculations (Figure 3.15). When a
model which allowed for thermal fluctuations was used, the phase diagram showed
two transitions, terminating in two critical points, shown in Figure 3.16 [67]. While
the coexistence curve does not closely resemble experimental curves, it does share

some tantalizing details with the curves from the simulations outlined in the next

section.
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3.3.3 Techniques and Results for Simulations in Dense Porous Me-
dia

Important results for the adsorption of fluid in small pores up to about 1990 were
summarized in a review by Evans[68]. Advances in models, techniques, and com-
putational power since then make any additional review of early works unnecessary
with the exception of introducing the formalism of Madden and Glandt[69]. They
defined a set of Ornstein-Zernicke equations that treated the fluid-matrix system as
a two phase fluid system with one phase fixed in space. This method was extended
to arbitrary matrices by later work[70]; combined with a mean field approach to
the fluid interaction, coexistence curves for the confined fluids were mapped out[71].
The curves were slightly narrowed and depressed in temperature. Using a similar
approach Pitard et al. showed similarities between the model of fluid adsorbed in a
matrix and the random field Ising model[72].

As the 1990’s progressed, simulations grew in number and complexity. Monson
and coworkers performed a series of increasingly complex simulations of a system
first designed to mimic the adsorption of methane in silica xerogel[73, 74, 75]. The
coexistence curve was narrowed and shifted to lower températures. When a ran-
domly arranged matrix was used there appeared to be two separate transitions,
assigned tentatively to complications with liquid bridges forming. However, an or-
dered (fcc) lattice only showed evidence of a single transition[73]. Later, averaging
over a number of realizations of random matrices, the two distinct transitions disap-
peared, merging into a single coexistence curve[74]. The appearance of the “second

transition” in some realizations of the random matrix shows how sensitive these
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studies are to small changes in microscopic structure — if the simulation volume is
small, averaging may not be sufficient to smooth out small perturbations in fluid
behavior. It is interesting to note, however, that the model of dilute gels used by
Donley and Liu[67] mentioned in the previous section also produced a coexistence
curve with two transitions despite the lack of randomness in their model.

Later, Monson and Sarkisov developed a lattice model to increase the efficiency
of these simulations further[75], and this combined with mean-field density func-
tional theory calculations were used to explore the thermodynamic states present
inside the adsorption isotherm hysteresis loops. Their results supported an earlier
study by Kierlik et al. which studied the adsorption of fluid in a disordered porous
medium using mean-field density functional theory of a lattice-gas model[76]. The
most germane results from these papers were the conclusions about the relationship
between the hysteresis loops in adsorption isotherms and the underlying liquid-vapor
transition, or rather the lack of relationship. Their results show that for different
matrix-fluid interaction strengths there may or may not be an equilibrium transi-
tion, however the existence of hysteresis in the adsorption isotherms for the system
does not depend on the existence of an equilibrium transition.

As more clever tricks and techniques are applied to these simulations, the va-
riety of matrices and fluids grows. Adapting Gibbs-ensemble Monte Carlo to fluid
adsorption, Brennen and Dong were able to complete a large number of calculations
exploring the effects of porosity and the nature of the fluid-matrix interaction[77].
Their high porosity matrix was similar in density to 95% aerogel, although their
matrix model was not particularly aerogel like. Some of the resultant coexistence
curves showed the existence of a second transition, as seen above. All the simula-
tions showed narrowing of the coexistence curve and significant depression of the
critical temperature. Rzysko et al. measured the critical exponents of fluid in a 95%
porous matrix and showed that they did not agree with the bulk fluid values(78].

One final note on simulations in dense porous media concerns the effect of the
matrix structure on the fluid coexistence curve. It should surprise no one that a
matrix of random unconnected spheres should not affect fluid in the same manner
as a physically realistic model of interpenetrating networks of pore-space and solid.
To quantify the sort of differences one could see Zhang et al.[79] performed a series
of simulations using solid matrices that had identical porosity but whose structure

differed. As expected there were large differences, with the more physically realistic
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Figure 3.17: These are coexistence curves for fluid confined to 95% aerogel, calcu-
lated using the integral equation approach originated by Madden and Glandt. The
two panes show different matrix-fluid interaction strengths; the left hand pane, (a),
shows the phase diagram for a fluid which interacts more weakly with the matrix,
while the right-hand pane, (b), shows the phase diagram for a more strongly in-
teracting system. In each pane the solid line shows bulk fluid behavior, the dotted

line shows behavior in a random distribution of spherical matrix particles, while the

dashed line show the phase diagram in the presence of a correlated matrix structure
which resembles aerogel. The curves are narrowed and shifted to higher densities as

expected. From reference [81]

‘template directed’ matrices affecting the fluid less dramatically than completely

random matrices.

3.3.4 Techniques and Results for Simulations in Aerogel

Lopatnikova and Berker([80] studied He-*He phase separation in ~95% aerogel using
renormalization group theory and reproduced the detached phase diagram seen in
experiments. Adsorption of fluid in aerogel was also studied using the formalism
of Madden and Glandt while incorporating the aerogel structure factor into the
Ornstein-Zernicke equations[81]. This produced the expected narrowed coexistence
curve shifted to lower temperature, and showed the effect of the aerogel structure

by comparing results from calculations using matrices with the same porosity but

no correlated structure (see Figure 3.17).
Simulated adsorption isotherms in aerogel have been calculated using local mean

field theory by Tarjus and coworkers [83, 82]. The work used a model on a coarse

lattice to reduce the computational complexity to a manageable size, but for the high
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Figure 3.18: Isotherms for fluid adsorption in three porosities of aerogel calculated
using density functional theory on a coarse grained lattice model of aerogel. In each
pane, the isotherms move to higher temperatures as you move from left to right; that
is, as temperature is raised, the hysteresis loop shifts to higher chemical potential
(pressure) and shrinks in size. The temperatures (in this system, T.=2.0) shown
are: (a) T=1,14,1.7,1.9 (b) T=1,1.4,1.6,1.8 (c) T=1,1.2,1.4. From reference [82]

porosity aerogels even this approach requires significant computation resources. The
aerogel structure was produced using a diffusion limited cluster-cluster aggregation
algorithm which has been widely accepted as producing structure similar to real base
catalyzed aerogels. In order to avoid spurious effects from particular microstructure
present in any single realization of the aerogel matrix, all results were averaged over
a number of independent realizations of the matrix. The number of realizations
used depended on the size of the lattice, which in turn depended on the porosity of
the matrix. For aerogels with ¢ = 0.95 the lattice needed to be large in order to
include enough matrix to be representative of an aerogel, so only a couple hundred
different matrix realizations were used. For smaller lattice sizes, more realizations
could be calculated.

The main drawback of the method is its exclusion of thermal fluctuations, thus
invalidating any results near the liquid-vapor critical point (since they would reflect
mean-field behavior rather than the true fluid behavior). However, far below T,
the mean field results should reflect the true behavior of the system. The simu-

lations produce isotherms that closely resemble those seen in the experiments in
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X Figure 3.19: Isotherm for fill-
7] ing in a single realization of
1 95% aerogel at T=1. The
- smooth shape of the isotherms
1 in Figure 3.18 results from av-
- eraging over about 100 realiza-
. tions of each lattice, with ran-
- domly generated aerogel struc-
] ture. Each individual realiza-
tion exhibits a series of small
jumps in density corresponding
to avalanches of fluid into the
aerogel. From reference [82]

our lab and in Grenoble. Since the mean-field calculations neglect thermal fluctua-
tions, the isotherms calculated should correspond to the rate-independent hysteresis
loops seen in very slow experimental data collection — they cannot be compared to
dynamic hysteresis in samples which have not reached thermal equilibrium (rate in-
dependent loops are composed of states where all the thermally activated relaxation
processes have already occurred and remaining hysteresis will not disappear simply
by waiting).

The isotherms produced by averaging over all the realizations of the matrix are
smooth (Figure 3.18), but individual isotherms (i.e. for a single realization of the
matrix) are not at all smooth — Figure 3.19 shows an isotherm for a single realization
of a 95% porous aerogel. They are instead characterized by a series of jumps in
fluid density corresponding to avalanches into, or out of, the aerogel. For the lower
porosity aerogels, adsorption is characterized by a large number of relatively small
avalanche events, while the higher porosity aerogels are characterized by a number of
small avalanche events followed by a single large avalanche which fills the remaining
pore space with fluid.

In addition to isotherm shapes, snapshots of the system (for example Figure 3.20)
can provide insight into the structure of the adsorbed fluid. As expected fluid is first
adsorbed as a film covering all the matrix surfaces, followed by filling of the smallest
“pores” and finally by filling the large voids. At no point does there appear to be

a well defined interface with a constant curvature which could be used to interpret
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Figure 3.20: Distribution of fluid during capillary condensation in 95% porous aero-
gel at three different temperatures (T=1.9, 1.7, and 1 from left to right); in this
system T, = 2. Note that as the temperature falls the interface between phases
becomes more distinct. Each pane consists of a two dimensional slice through the
three dimensional model. From reference [82]

the condensation in terms of the Kelvin equation.

Information about the mechanisms of adsorption and desorption can be gleaned
from a careful study of the isotherms and maps of fluid distribution. In short,
adsorption can occur as a reversible process, a series of microscopic avalanches, or
as a single macroscopic avalanche depending on porosity and temperature. The
onset of desorption can appear as a macroscopic depletion or reversible process
as one can infer from the adsorption behavior, but in a region between these two
options one can see behavior governed by either cavitation of percolation depending

on conditions.
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Chapter 4

Aerogels

There are a huge variety of well characterized porous media (for an overview of
some of these media, see Appendix B), and their effect on phase transitions in fluids
has been an area of active interest in the Low Temperature and Statistical Physics
communities for thirty years or more. Aerogel has become a popular material for
such studies in the last fifteen years because it provides a pseudo-random arrange-
ment of pores and an unparalleled openness of structure. This means that fluids
within aerogel are only slightly perturbed by the silica matrix, and much of their
bulk behavior is preserved.

The key to producing high porosity aerogels is the use of a supercritical drying
process. While supercritical drying was used by S. Kistler[84] over seventy years ago
to create aerogels with very high porosities (and consequently very low densities),
it was not until decades later that aerogels received widespread interest. Kistler
focussed on synthesizing aerogels from a wide variety of materials to gain insight
into the structure of gels — still a very open question when he started his work. After
his work, aerogels faded from the scientific literature.

Interest in aerogels was renewed in the late 1960’s, with the advent of a fast
and efficient synthetic route[85]. High-energy physics experiments began to use it
as a radiator in Cherenkov counters[86] since aerogel’s tunable density results in a
tunable refractive index. In the 1980’s the use of sol-gel processing to obtain high
purity glasses sparked interest in the chemistry that underlies gelation of silica, and
since then aerogels have been synthesized in many laboratories for many different
reasons. They are even used as a sculpting material[87).

The synthesis of silica aerogels has been reviewed a number of times; more

recent aerogel research has focused on applications, and on simplifying the drying
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process[88, 89, 90, 91]. For instance, with their high surface areas aerogels are an
attractive material for catalyst support, but their development is hampered by their
low physical strength. Interest in aerogels has tended to focus on their very low
thermal conductivity, and consequently their value as thermal insulators. Other
uses are more esoteric, such as their use in low temperature physics studies of fiuids

and as cosmic dust collectors in NASA missions such as “Stardust”[92].

4.1 General Aerogel Synthesis
4.1.1 Wet Chemistry

Silica aerogels are the most easily synthesized, although similar synthetic routes can
be used to construct aerogels from a variety of oxides[93] and organic materials[94).
The process is a simple gelation of a silica source followed by careful drying. The
silica source is usually tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate
(TEOS), although sodium silicate (“water glass”) can also be used. Small amounts
of base or acid and water are added to encourage polymerization of the silicate. In
the acid catalyzed reaction, the silicate is completely hydrolyzed quite quickly and
then polymerizes in a slower reaction. In the base catalyzed reaction the hydrolysis
and polymerization occur on similar time scales[95]. Thus, much of the microscopic
structure of the gel is governed by the catalyst — acid catalysis leads to gels composed
of long thin interconnected strands of silica while base catalysis leads to agglomer-
ations of small silica spheres. The exact concentration of basic catalyst (i.e. the pH
of the gelling solution) is important in determining the final microscopic structure
of the aerogel{96]. A schematic of the silica condensation reaction is included as
Fig. 4.1.

The density of the aerogel, and therefore its porosity, can be controlled by di-
luting the reactant mixture. Even if the reaction is run without solvent, four moles
of alcohol are produced for each mole of silica in TMOS and TEOS, resulting in
a gel which is only about 14% silica by volume. This wet gel is referred to as an
“alcogel.” When dried, the “aerogel” retains the physical structure of the alcogel,
resulting in a porous monolith with a porosity (¢) of 86%.

Alcogels can not be synthesized with a lower porosity, although they can be dried
under subcritical conditions[97] or treated afterwards in such a way as to compress

them, lowering the final porosity of the aerogel through sintering[98] or isostatic
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Figure 4.1: Aerogel is synthesized by polymerizing a silica source, such as tetram-
ethyl orthosilicate (TMOS) shown here. The reaction also requires water and a
catalyst: either base, as shown here, or acid. The relative rates of hydrolysis and
polymerization depend on the catalyst — the oligomers produced can be linear or
highly branched depending on the pH of the reactant solution. These oligomers
continue to condense and cross-link ~ when the reaction is complete a continuous
skeleton of SiO2 has formed, liberating 4 moles of methanol for each mole of TMOS

used.

compression[99]. On the other hand, higher porosities are easily obtained. Since
an aerogel retains the macroscopic form of the alcogel, one needs only to dilute the
reactant mixture to obtain higher porosity aerogels(0.86 < ¢ < 0.98). Unfortunately
it is difficult to get the most dilute solutions to gel — in these dilute solutions the
silica moieties are re-hydrolyzed at a rate comparable to their condensation — to make
aerogels with ¢ > 0.98 a two-step process must be used[100]. In this process, the
silica is first hydrolyzed in an acidic solution with a sub-stoichiometric quantity of
water to form silica dimers, trimers, and other oligomers but not the large polymers
necessary for gelation. The solvent is then distilled off leaving the silica oligomers
as an oil. This oil is subsequently dissolved in a different, aprotic, solvent with a
stoichiometric quantity of water and a basic catalyst and set aside to gel. In this
manner aerogels with porosities up to 99.8% (¢ = 0.998) have been synthesized.
The alcogel forms as soon as polymers reach a size comparable to the macroscopic
size of the sample. However, this does not imply that the silica source is completely
exhausted. For this reason the alcogels are often allowed to age for a week once they
have gelled. Aging in a high pH solution can cause “ripening” of the gel — dissolution
of some silica and redeposition into the smallest pores or sharpest corners[95]. If an
alcogel is not left to age long enough, it has a greater chance of cracking during the

drying process[101]. Once aged for a week or so, the gels are ready to dry.
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4.1.2 Supercritical Drying of Aerogels

If the alcogels are removed from the sealed containers in which they were synthesized,
then as the solvent evaporates, the liquid meniscus retracts through the gel. The
surface tension along that meniscus is more than sufficient to collapse the tenuous
structure that makes up the alcogel. As the solvent is removed the larger pores
collapse and the sample will crack and fracture.

While this sort of collapse destroys much of the structure of the gel, the smaller
pores are unaffected by the surface tension of the solvent because they have much
more silica backbone than open space. In fact, if the rate of evaporation is carefully
controlled then the monolithic nature of the samples can be preserved, and the
resulting glass is referred to as a “xerogel”[93]. This drying process may take months,
whereas supercritical drying of aerogels takes only hours. Xerogels have a much
narrower distribution of pore sizes, since the small pores remain virtually unchanged
while all the larger pores shrink as the silica skeleton collapses.

To completely retain the structure of the alcogel, the solvent must be removed
without allowing a meniscus to form within the gel. This can be done be rais-
ing the temperature and pressure of the solvent above the liquid-vapor critical
point{102, 103]. The gel is sealed within an autoclave and heated slowly. Once
the temperature exceeds the critical point of the solvent, the pressure of the system
is gradually reduced until no alcohol remains in the gel. The aerogel is then cooled
and removed. Stress developed during the process can still break the aerogel, and
even with careful handling it is common to observe some shrinkage of the aerogel
upon drying.

High temperatures can be avoided during the drying process if one replaces the
alcohol with another solvent which has a lower critical point. The most convenient
substitution is with COg, which has a much lower critical point (T, = 31°C and
P, = 72.9atm)[27]. Once the alcohol has been exchanged for CO2 the gel can be
supercritically dried, as above, but at a much more reasonable temperature. This
can avoid the structural changes that may occur at higher temperatures because
of redistribution of silica[104], and also makes the drying environment much less
restrictive. Materials may be incorporated into the gel that would be destroyed,
or destroy the gel, under the conditions present during supercritical drying with

alcohol — this process allowed the inclusion of copper mesh in the Grenoble aerogel
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Porosity | Density | Gelation TMOS NH;OH (o) Methanol

¢ kg/ m2 | Time mL | moles | mL moles HoO | mL moles
97.5% 51 a few days | 3mL | 0.019 | 0.73mL* | 0.040 24mL | 0.60
95% 110 a few hours | 3mL | 0.019 | 0.73mL® | 0.040 7.3mL | 0.18

Table 4.1: Recipes for aerogels with densities/porosities used in this thesis. Gelation
time is highly variable ~ some of the batches meant for low density gels never gelled at
all. The number of moles listed under the aqueous solution of ammonium hydroxide
are for the water added. 0.030Molar NH,OH was used in order to speed gelation
in the higher porosity aerogel (marked “a”) while 0.015M NH4OH was used for all
denser aerogels, including the 95% porous gels used in this thesis (marked “b”) .

pendulum discussed in chapter 3. There are even processes that allow the gel to be
synthesized in CO; directly[105]. Systematic studies of the effect of supercritical
drying parameters (and of gel aging before drying) have shown that the structure of
the aerogel does change during the drying stage and have investigated the conditions
under which one is most likely to obtain a monolithic aerogel[106, 107]. To be
consistent with the aerogels studied in most low temperature experiments, all of our

gels have been dried in supercritical alcohol.

4.2 My Aerogels
4.2.1 Wet Chemistry

All the aerogels used in my studies were synthesized from TMOS using the one step,
base catalyzed, process. Thus my samples were restricted to porosities between 86%
and 98%. Some proportions for synthesizing aerogels are shown in Table 4.1. Once
combined, the reactants were mixed quickly with a Pasteur pipette and then poured
into molds. The molds were then placed in sealed Nalgene or glass bottles with
some additional methanol added to the bottom of the bottle to maintain saturated
vapor pressure. After gelation, the gels were completely covered in methanol and

left to age at least a day, usually 1-4 weeks.
4.2.2 Supercritical Drying of Aerogels
Equipment/Setup

The drying system is shown schematically in Figure 4.2; it was built to allow for the
high temperatures (270°C) and pressures (1600psi ~ 120atm) necessary to extract
methanol as a supercritical fluid (T, = 240°C and P, = 78.5atm)[27]. The aerogel
is sealed within a drying cell and heated inside a tube furnace. The gas handling
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Figure 4.2: This is a schematic of the system used to dry the alcogels into aerogels.
The alcogel is sealed in the drying cell and placed in an autoclave or tube furnace.
Helium is admitted into the system until the pressure reaches about 1600psi and kept
constant by the pressure regulation ballast during heating. As the cell temperature
rises, the solvent expands into the gas handling system — the solvent trap is required
to keep the solvent safely away from the pressure regulation ballast where it might
cause a plug. Once the final cell temperature has been reached, the bleed valve
and pressure regulation ballast are used to slowly depressurize the system. Finally,
at low pressures the pressure regulation ballast is closed and the roughing pump is
used to remove any remaining solvent in the system.

system is equipped with a Setra capacitive pressure gauge (0-5000psi), a helium
cylinder with high pressure regulator, a belt-drive roughing pump, a solvent trap
and a pressure regulation ballast; all connections in the gas handling system are
made by 0.060” OD (0.025” ID) stainless steel Hi-P tubing. This system allows
for the pressurization and depressurization of the cell under carefully controlled

conditions.

Drying Cell The alcogel is sealed within a stainless steel cell equipped with a
1.33” CF flange. A thermocouple temperature gauge is attached directly to the
stainless steel cell, and they are further encased within an aluminum cylinder. The
aluminum cylinder acts as a thermal mass to help smooth out local variations in
temperature since thermal gradients in the gel may result in damage to the structure

during warming. This entire assembly is placed within a Thermolyne tube furnace
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and temperature is controlled by an Omega CN6081 Ramp and Soak Temperature
Controller connected to the thermocouple bolted to the cell.

The stainless steel cell is welded together — solder is avoided for two reasons.
First, any accidental overheating of the cell while pressurized could lead to a dis-
astrous explosion; if the solder was to weaken enough to allow the methanol vapor
to escape then the heat of the autoclave might ignite it. In 1984 the only commer-
cial producer of aerogel (a Swedish company by the name of Airglass) suffered a
methanol explosion[108]. A gasket used to seal the pressure vessel failed, causing
the supercritical methanol to escape, then ignite. The entire building was destroyed
and three employees injured - this cautionary tale underscores the need to be safety
conscious when drying aerogels. The second reason solder is avoided is that impuri-
ties must be kept to a minimum; supercritical methanol is a very good solvent and
impurities in the solder may dissolve in the methanol and then react with the silica
gel. This can result is significant damage to the final aerogel.

Some later aerogel samples were too large for the drying cell above, so those

samples were dried in a larger cell sealed with 2.125” CF flanges.

Pressure Regulation Ballast” The pressure in the gas handling system can be
controlled by the pressure regulation ballast. This consists of a power resistor en-
cased in a sealed stainless steel reservoir (V~ 50cm?®) which is immersed in a liquid
nitrogen bath. Pressure is regulated by a LakeShore Cryotronics DRC 82C Temper-
ature Controller with the voltage output from the Setra capacitive pressure gauge
used as the input for the controller and the heater output routed through the power
resistor within the pressure regulation ballast. Power supplied to the heater creates
a local warming within the pressure regulation ballast, resulting in an increase in
pressure in the gas handling system. While the pressure can only be changed by
about 10% using the controller, it ably performs its main purpose which is to smooth

out any abrupt changes in pressure and maintain a steady rate of depressurization

during the degassing stage.

Solvent Trap Since methanol is being removed from the alcogel, it enters the gas
handling system and makes it difficult to control the rate of flow through valves. It
can also form blocks by freezing in the inlet tubing of the pressure regulation ballast.

To counteract these problems a simple solvent trap was installed between the drying
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cell and the bleed valve. The trap consists of a vertical steel tube (V~5cm3) — the
helium/methanol mixture in the GHS enters through an inlet in the bottom of the
cylinder and an outlet from the top of the cylinder leads to the bleed valve and
pressure regulation ballast. Gravity retains the methanol in the bottom of the trap

and it can be removed by evacuating the gas handling system.

Bleed Valve The bleed valve is a standard Hi-P valve, but the gas is vented
through a piece of 0.020” O.D. capillary tubing which is immersed in a beaker of

deionized water. This allows for visual estimation of the degassing rate.

Drying Procedure

The mold containing the alcogel is immersed in methanol within the drying cell and
the cell sealed with a copper gasket. The cell and gas handling system are pressurized
with helium gas to about 1550psi, above the critical pressure of methanol (1100psi).
The pressure regulation ballast is then used to ramp the pressure up to about 1600psi
while the gel is still at room temperature. The pressure is maintained at 1600psi as
the gel is heated according to the temperature program shown in Figure 4.3.

Once the gel has equilibrated at 270°C, gas is slowly released through the bleed
valve into the beaker of water while the pressure is ramped down at a rate of
20-25psi/min. By careful adjustment of the bleed valve and use of the pressure
regulation ballast it is possible to maintain a constant rate of degassing even though
it is difficult to maintain a constant rate by adjusting the bleed valve alone. However,
even with the pressure regulation ballast it is still common to have small dips in

pressure as the bleed valve is adjusted. These may be only a couple of psi in most

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cases, but it is common for a run to have a 5-10psi dip in just a couple of seconds.

Once the pressure has been reduced to 15psi, the system is evacuated with a
roughing pump until all liquid in the gas handling system has evaporated. The gel
is then flushed with air two to three times and left under vacuum while it cools to
room temperature. Once cooled, the cell can be vented, opened and the aerogel and

vial removed.

Condition of dried aerogels

All gels prepared in the above manner retained most of their volume, and most were
monolithic. However, slight shrinkage of the gels, a rounding of the top and cracks
through the sample were common. About half of all gels prepared were free of cracks
and not subject to much shrinkage. The curvature of the top could be minimized
by filling the alcogel molds just to the top edge with the gelling solution — there
was no meniscus, positive or negative. James Day discovered that placing the vials
containing the alcogels into the drying cell upside-down led to reduced curvature of
the aerogel as well.

The presence of cracks indicates that too much stress developed at some point
during the drying process. This may be due to improper aging[107], quick heating,
quick degassing, or sudden changes in pressure while degassing. Despite careful
record keeping, it is not obvious which factors are playing the largest role in the
damage. Recently, careful work has been done in other labs on the development of
stress during aerogel drying[109]; using these results it may be possible to design a
more reliable drying program.

‘We find that a slight shrinkage is actually desirable since it pulls the the aerogel
away from the walls of the mould. On occasions when the gel did not shrink radially
it was very difficult to remove from its mould. To assist in removing these aerogels
one can use “vacuum tweezers,” shown schematically in Fig. 4.4, which consist of a
metal tube terminating in a perforated disc and backed by a roughing pump. The
perforations are small enough that the pump does not damage the gel, so a stubborn

aerogel can be moved without handling it directly with your fingers.
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Figure 4.4: Vacuum Tweezers —-
made by soldering a perforated

To N\, metal disc into a copper tube,
Vacuum > which in turn can be connected
Pump 7 toa roughing pump through

plastic tubing. The resultant
gentle suction can safely manip-
ulate aerogels without cracking
or contaminating them. These

Perforated tweezers were used to extract
BI:aSS aerogels from moulds without
Dlsc handling them directly.

4.3 Aerogel Structure and Properties
4.3.1 Microscopic Structure

The microscopic structure of aerogels depends on the silica source, the catalyst used
and on the drying conditions. Gelation can be catalyzed by acid or base: acid
catalyzed gels have a wide distribution of pore sizes from micropores (< 2nm) to
macropores (> 50nm) while base catalyzed gels do not exhibit microporosity — they
appear as agglomerations of small silica particles. I have stuck to the techniques and
silica source used to make most of the silica aerogels in the low temperature physics
community — base catalyzed condensation of TMOS followed by supercritical drying

in methanol.

Microscopy Most aerogel features are smaller than 100nm. As such, they ére not
well suited to scanning electron microscopy (SEM), although it is possible to distin-
guish basic textural differences between different aerogels. To obtain high quality
images of aerogels one must employ transmission electron microscopy (TEM). Base
catalyzed aerogels appear as a network of strands and clumps composed of small
(5-10nm diameter) roughly spherical silica particles. The particles appear smooth
and that supposition is supported by the lack of micropores indicated by adsorption
isotherms, and by scattering data addressed below. A TEM micrograph of one of
my aerogels is included as Fig 4.5.

Careful preparation is needed for systematic investigations of aerogel by elec-
tron microscopy due to sample charging — a simple thin film of carbon is not always
enough to protect the aerogel. A study of very high porosity aerogels using stereo-

scopic images from TEM[110] used aerogels which were coated with platinum and
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Figure 4.5: TEM micrograph (JEOL-2010) of a 95% aerogel (B110) synthesized
in-house.
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carbon followed by removal of the silica. The images were then used to tabulate the

distribution of pore sizes and strand sizes.

SAXS and SANS Small angle X-ray scattering (SAXS) and small angle neutron
scattering (SANS) data can provide detailed information about the mass correla-
tions within a solid. When a beam of incoming X-rays (SAXS) or neutrons (SANS)
interacts with a porous solid, it is scattered by the solid matrix in a way that
depends sensitively on the structural correlations within the media. For instance,
scattering intensity from a flat interface will have a certain dependence on scattering
wave-vector, while scattering from a mass fractal will show a completely different
dependence. By careful analysis of scattering results, especially when interpreted
through the use of models and simulated scattering curves, a great deal of informa-
tion can be inferred about the microscopic structure of aerogels.

SAXS and SANS studies of aerogels show how aerogel structure changes over dif-
ferent length scales. In base catalyzed gels, short range correlations appear surface-
like. This implies that the constituent particles of silica have smooth surfaces. But

at longer scales this behavior changes to become that of a mass fractal with di-
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mension close to 2. At longer distances the scattering intensity reaches a maximum
and then decreases[112]. The region with fractal characteristics is no larger than
an order of magnitude, and corresponds roughly to the dimensions of the pores
(~ 5 —50nm). An example is included as Figure 4.6, along with results from a
set of acid catalyzed gels which exhibit a slightly different structure. In Figure 4.7
scattering data from two base catalyzed gels are compared — a one-step synthesis
gel and a two-step synthesis gel. The two gels show some similarities, but there are
differences as well; the slopes of the scattering curves are different in the region of
“g” which represents the most important size scales (lnm to 50nm).

Studies on aerogels prepared under neutral conditions and gels prepared from
colloidal aggregations of silica particles show similar results[113, 111]; studies of
acid catalyzed gels show no crossover from fractal to smooth surface behavior —
they exhibit fractal structure down to the atomic scale[111] but with a larger fractal
dimension than base catalyzed gels. As an interesting side note, NMR can also be
used to probe the fractal structure of aerogels; Devreux et al. used NMR to measure
the fractal dimension of acid catalyzed aerogels{114] and found that the dimensions
agreed, roughly, with those from SAXS. Finally, light scattering from a series of
very dilute wet silica gels by Ferri et al.[115] shows a similar crossover from fractal
structure to a homogenous structure above some crossover distance {. They saw

no crossover to surface structure at small scales, but their technique did not allow

them to probe such small scales.

Adsorption Isotherms Interpretation of N2 adsorption isotherms can give a

quantitative measure of the specific surface area and pore size distribution within
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the sample[32] but this is not appropriate for aerogels. The compliant nature of
the gels leads to structural changes during adsorption that bias all the results and
can permanently damage the sample. While many studies of aerogels include these
results, they should be taken with a grain of salt — I have not performed these

measurements on my samples because of the unreliability of these techniques.

4.3.2 Macroscopic Properties

Elastic Properties

The elastic properties of aerogels are unlike those of denser silica glasses. The
reason for this is quite simple — since aerogels are such tenuous structures, their
behavior is governed more by the connectivity of the constituent silica than by the
elastic properties of the silica itself. One of the most successful models of aerogel
elastic properties[116] relies completely on describing the structure of aerogels as
interconnecting strands of silica with sharp bends, or “knees,” responsible for the
compression and re-expansion of the aerogel. Studies have looked at sound speed in
aerogels with a wide range of densities at various frequencies[117, 116, 118]. Other
studies have looked at static compression, using a flexural technique[119], a mercury
“porosimetry” technique[120, 121], and using micro-indentation[122].

All these methods allow one to analyze the effect of aerogel density on elasticity
parameters such as the bulk modulus or Young’s modulus. Young’s modulus for

aerogels follows a power law dependence on density as:
E = Egp™

with m = 3 — 3.6[122, 120].

Sound velocity and attenuation Sound speeds within aerogel are among the
lowest in any solid - high porosity gels exhibit sound speeds of 100m/s or less[116].
High porosity aerogels are also very sensitive to the presence of gas in their pores be-
cause the density of gas becomes comparable to the density of the aerogel. Gels with
¢ > 98% (i.e. p < 50kg/m3) exhibit lower sound speeds when evacuated than when
measured in air, with differences of up to a factor of five for the most porous gels.
Because of aerogels’ diffuse structure, along with these low sound speeds come very
high attenuations — especially at ultrasonic frequencies[118]. A study by Daughton

et al.[123] used a resonance technique to measure sound speed in aerogels over a wide
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temperature range; they found that the shear modulus increased linearly at high
temperatures (above 100K). This type of behavior is associated with systems such
as rubber, whose elastic moduli include a large entropic contribution. High porosity
aerogels (or alcogels) have a low enough bulk modulus that the compressibility of
any fluid (even air) in their pores greatly affects sound propagation in the gel. The
theoretical framework developed by Biot[124, 125] to deal with sound propagation
in fluid filled porous media has been adapted to aerogels by Forest et al.[126].

Thermal Properties

High porosity aerogel has one of the lowest thermal conductivities measured. The
low conductivities (A < 0.1Wm™1K—1) are due to the form of the silica strands.
Since the individual strands are only a few nanometers in diameter and a path across
the aerogel sample must be extremely tortuous, heat conduction along the strands is
very limited. Any air in the aerogel pores can conduct heat, but the individual pores
are small and any path across the aerogel will be just as tortuous for air as it is along
the silica strands. Finally, radiative heat transfer is restricted by the large number of
absorbing and emitting surfaces in the aerogel. The major contribution to thermal
conductivity comes from the air in its pores, so evacuated high porosity aerogels
show the lowest thermal conductivities. The behavior of the thermal conductivity
at low temperatures can also give information on the elementary excitations in the
aerogel which carry heat along the silica strands[127, 128].

Aerogel’s low thermal conductivity has led to speculations about using it com-
mercially as an insulator[88]; however, its high cost and fragility make it unlikely to
have many applications. In our experiments, however, this low thermal conductivity
makes life miserable. It can lead to exceptionally long equilibration times, some-
times requiring more than a day to equilibrate for a single data point. We work
around this by using the smallest possible samples, but experiments still require

many minutes to hours to equilibrate.
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Chapter 5

Capacitive Measurements of
Helium Condensation in Aerogel

We have performed a series of high precision measurements of helium density in
silica aerogels along adsorption isotherms near the liquid-vapor critical point of he-
lium. To achieve high precision we made several refinements of our sample cell
and measurement technique over the course of this investigation. All measurements
were taken capacitively except for temperature, which was measured resistively —
the precision of our final results was in fact set by the uncertainty in cell tem-
perature (+50uK) and by a comparable drift in the stability of our temperature
controller. Adsorption isotherms were collected for helium condensation in three
aerogel samples, with porosities between 95% and 98%. These isotherms show that
for temperatures much below the bulk liquid-vapor critical temperature, helium con-
densation in aerogel exhibits hysteresis, and that adsorption isotherms have finite
slopes — not the zero slope one would expect from a true liquid-vapor coexistence.
Closer to T, the shape of the isotherms gradually changes and hysteresis disappears.
There is no single obvious “pore critical” temperature.

This chapter describes the experimental systems used to measure adsorption
isotherms in aerogel and our results. It also includes results from very simple model
calculations used to design the cells and interpret our capacitive results. The samples
used in this study are described here, but for details of their synthesis one should

consult Chapter 4.
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5.1 Experiment Design
5.1.1 Aerogel samples

Our final results were collected for three different aerogels. Two of them were
synthesized in our lab using the standard one-step base catalyzed method described
in Chapter 4. These two aerogels had densities of 1107%% and 51%’5 corresponding to
porosities of about 95% and 98% respectively; they are referred to as aerogels “B110”
and “B51.” The third sample described in this chapter was not synthesized in our
lab, and we therefore do not know as much about its structure and composition;
its provenance has been lost, due to incorrect labelling at some point years before I
began my degree, so it is referred to as “Aerogel X.”

Our original concept for measuring the density of fluid in aerogel called for a
coaxial capacitor which would measure the dielectric constant of the fluid between
the inner and outer electrodes. The aerogel sample was grown in situ between
coaxial sections of stainless steel tubing with Macor (machinable ceramic) spacers
separating the tubes. The gel was grown normally in a 0.5” diameter glass vial with
the coaxial capacitor immersed in the gelling solution; it was dried supercritically
in methanol without any apparent cracks or shrinkage. The final capacitor is shown
in Figure 5.1. However, while this capacitor was very sensitive to helium density,
the equilibration times during data collection proved to be prohibitively long (many
hours for any point within the coexistence region). The long equilibration times
were due to the exceptional thermal insulating qualities of the aerogel coupled with
the release of latent heat as fluid condensed within the aerogel. The large aerogel
volume (~ 2cm3 inside and surrounding the capacitor) needed to be eliminated.
The size of the sample was dramatically reduced by moving to a capacitor which
consisted of a thin disc of aerogel with parallel plate electrodes deposited directly
onto the sample (Figure 5.2). Both of these arrangements eliminate possible bulk
regions in the gap between electrodes and aerogel.

The aerogel discs were cross sections cut from aerogel cylinders about 0.490”
in diameter and ~1” long (the general size and shape used in the resonator ex-
periments) using a Foredom high speed grinder (Micro Motor handpiece Model
#MH-135) fit with a Horico SuperDiaflex diamond coated saw blade. Cutting the
aerogel is a painstaking process which requires a great deal of patience - cutting

too fast will destroy the fragile solid. It takes about forty-five minutes to cut a
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Figure 5.1: This is a photo
of a sample of aerogel B110
grown between coaxial capac-
itor plates. The inner and
outer electrodes are lengths of
stainless steel thin-wall tubing
held apart by ceramic spacers.
The aerogel fills the capacitor,
and is visible coating the out-
side as well (although some has
chipped off).

Figure 5.2: This is a photo of a sample of aerogel B51 with and without capacitor
plates evaporated onto the two faces. The unplated sample on the left shows some
chipping caused during cutting, probably when the disc separated from the cylinder
and fell into the collecting tray. The copper electrode was electrically continuous,
confirmed by measuring resistance across the face of the sample. The poor contrast
in the image is due in part to the transparent nature of aerogel and the thinness of

the samples.
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0.020” (0.5mm) thick disc from the 0.5” diameter cylinder of aerogel and, once cut,
that disc is difficult to catch or to find if it is dropped. About half of the discs are
destroyed or lost during cutting.

The capacitor plates were copper thick films deposited directly on the aerogel
disc by thermal evaporation (deposited at ~ 3-4 A/sec to a thickness of 200i20ﬁm,
as monitored by quartz crystal microbalance). Empirically, metal does not seem to
penetrate significantly into the aerogel and the copper film does not plug the pores
as is would for a denser porous medium. This is consistent with the open structure
of the aerogel surface and with mean free paths of 80nm and 200nm calculated for
95% and 98% porous aerogels by a group at Northwestern [129]. The metal film
acts as a continuous electrode, confirmed by electrical conductivity measurements;
modelling it as a flat plate in capacitance calculations gives values consistent with
experimental results.

While it would be nice if the samples actually acted as infinite parallel plate
capacitors, unfortunately the real geometry of the samples leads to some significant
effects from fringe fields (electric field lines which project from the edges of the
capacitor). Some of these field lines go through the aerogel slice, but others exist
past the edges of the aerogel slice and go through the bulk volume in the cell. The
fields that might be present in a real parallel plate capacitor are shown schematically
in Figure 5.3. Since the measured capacitance depends on the details of all the
electric field lines, it is sensitive to the environment outside the aerogel as well as
the environment inside the aerogel. This effect can be seen in the experiment and
in the model, with good agreement between the two described later in this chapter.
For a free floating slice of aerogel of the dimensions shown in Figure 5.2 fringe fields
cause the capacitance to deviate from the ideal parallel plate capacitance by about
10%.

Early results from Grenoble[15] showed a significant difference between the den-
sity of liquid helium in aerogel and that of bulk liquid helium at Psyp. After our
initial run had proven to us the effectiveness of our technique, and with that uncer-
tainty in absolute helium density in mind, we wanted to move to a geometry that
allowed a more absolute determination of helium density in the aerogel. In order to
reduce fringe effects a slightly different electrode geometry was designed, incorporat-
ing a “guard ring” while leaving the aerogel dimensions unchanged. A guard ring is

an electrode which is held at ground, so that field lines originating at one electrode
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Figure 5.3: A finite sized parallel plate capacitor does not exhibit uniform electric
field between the plates as an infinite capacitor would. As shown schematically in
this cross-sectional view, fringe fields protrude out the side of a finite parallel plate
capacitor. This causes its actual capacitance to deviate from the ideal value and
the final value depends on the dielectric surrounding the capacitor as well as the
dielectric directly between the plates.

cannot stray off to the side. This technique has historically been used to study sur-
face potentials, and a number of designs have been created for electrodes guarded
by a grounded electrode (see for example reference [130]). Modelling showed that
in our case the guard ring should reduce the effects of the fringing fields to a few
percent. Results from calculations on both the original and guard ring geometries
are discussed in Section 5.4.

For samples incorporating the guard ring, the guard ring and electrode are de-
posited simultaneously by masking the sample with a thin ring of steel. The ring
was about 0.300” in diameter, with a radial width of about 0.015” and was held
in place during deposition by a magnet behind the sample. The setup is shown
schematically in Figure 5.4. We have made samples with guard rings, but have not

yet used any in our studies.

5.1.2 Cell Construction

These measurements were performed in two cells. As mentioned, the original concept
for this experiment involved a coaxial capacitor with aerogel as the dielectric between
the plates, but did not produce usable data. This cell was then refitted to measure
a disc of aerogel with capacitor plates on the two flat faces. This first cell was a
simple design which incorporated an in situ Straty-Adams pressure gauge, a coaxial
capacitor to measure bulk fluid density, and a clamp arrangement to hold a thin
slice of aerogel. This cell is shown in Figure 5.5 with a disc of aerogel as the sample.
Whenever possible, components were machined from oxygen-free high conductivity
copper. All epoxy used was BIPAX Tra-Bond BA-2151, which has proven to provide
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Figure 5.4: This is a schematic of how the aerogel slices were held during the
deposition of the copper electrodes. The aluminum sample holder was mounted in
a thermal evaporation system, and about 200nm of copper were deposited at a rate
of about 0.2nm/sec. In order to deposit the central electrode and the guard ring
simultaneously, a ring of ferromagnetic steel was held onto the face of the aerogel
as a mask. This ring was held in place by a magnet mounted behind the sample;
in order to remove the magnet without holding onto the aerogel, the magnet was
glued to the back of a glass microscope slide. To deposit an electrode with no guard
ring, the aerogel sample was allowed to rest on the rim at the bottom of the holder,
with no magnet behind it.

reliable contact even upon repeated thermal cycling between room temperature and
4K; furthermore it is an aesthetically pleasing shade of blue.

The in situ pressure gauge was necessary to obtain the degree of precision and
reproducibility seen in our experiments. The gauges were constructed after the de-
sign of Straty and Adams[131], and consisted of a thin beryllium-copper diaphragm
whose deflection influences the separation of two parallel brass plates. Thus, the
deflection can be measured to very high precision by monitoring the capacitance
between the parallel plates — well assembled gauges have resolutions of 10~°bar or
better.

The second experimental cell was designed so that we could reduce stress on
the aerogel and limit the effect of fringe fields on the capacitance measurement, but
retain the good properties of the previous cell. The new cell reduces the compressive
force on the aerogel by holding it in place by thin flexible mesh soldered to a thin
flexible wire instead of the relatively stiff beryllium-copper arms. This feature is
required for working with weaker, high porosity, aerogels. The cell also allows us

to reduce the fringe fields by incorporating a guard ring into the electrode design
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Figure 5.5: This is the first capacitance cell used to investigate adsorption isotherms
of helium in 95% silica aerogel (B110). The aerogel is a ~ 0.025” thick disc ~ %”

in diameter with copper electrodes deposited on the two parallel faces. It is held
in place with two beryllium-copper arms which also provide electrical contact. The
bulk density capacitor is coaxial, consisting of two concentric stainless steel tubes
with outer diameters of 0.250” and 0.375” held apart by small dabs of epoxy. The
pressure is monitored in situ by a Straty-Adams type capacitive pressure gauge.

(discussed below), although that feature has not yet been used.

The complete layout of the unassembled cell is shown in Figure 5.6. There are
three distinct modules to the cell (parts 1,3 and 4 in Figure 5.6), each with a single
measurement function — a central piece and two endcaps. The center includes an
inlet capillary through which fluid can be admitted and the Straty-Adams pressure
gauge. One endcap measures bulk fluid density using a coaxial cylindrical capacitor
where the bulk fluid acts as a dielectric between the plates. The second endcap is
used to hold the aerogel sample for measurements of fluid density within the gel.
Cross-sectional views of the two endcaps are included in Figure 5.7.

The aerogel lies in a shallow copper cup which makes contact with the bottom
electrode on the aerogel slice and is electrically connected with one isolated feed-
through soldered into the cell. Contact to the top electrode is made by a patch of
fine metal mesh — the patch acts as a very weak spring, holding the slice in place

while ensuring good contact. The mesh is in turn soldered to a coiled length of
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1 - Center Piece with Pressure Gauge 4 - Aerogel Density Capacitor Endcap

and Fluid Inlet
3 - Bulk Density Capacitor Endcap 2,6,7 - Exterior Pieces to Support
5 - Inner Electrode for Bulk Nuts and Coaxial Connectors
Capacitor

Figure 5.6: This is the second capacitance cell used to investigate adsorption
isotherms of helium in various porosities of silica aerogel. The cell was designed
to be modular and versatile; the two endcaps were designed to measure helium den-
sity in the bulk phase and in an aerogel slice respectively. These could be used for
any fluid, at a wide range of pressures and temperatures. The center piece included
the fluid inlet capillary and the in situ pressure gauge; this portion of the cell could
be constructed to suit the pressure range of the fluid under investigation. Our exper-
iments used a center which held a Straty-Adams gauge with a 0.008” thick flexible
diaphragm calibrated to work well near the critical pressure of helium, but if one
wished to repeat these experiments with neon it would be a simple matter to swap
this center piece for another which held a thicker diaphragm Straty-Adams gauge.
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Figure 5.7: These are schematics of the endcaps from the second generation cell used
to investigate adsorption isotherms of helium in various porosities of silica aerogel.
The aerogel capacitor uses a copper cup to support the aerogel slice. Contact to the
top electrode on the aerogel is made with a thin patch of metal mesh soldered to
the end of a thin piece of coiled wire. This arrangement minimizes the local stress
on the aerogel while assuring good electrical contact. A second pin, not shown here,
is soldered directly into the cell and can be used to make contact to the guard ring
in the same manner as contact is made to the top electrode. The bulk capacitor
consists of a copper cylinder as the inner electrode and a piece of coaxial thin wall
stainless steel tubing as the outer electrode. The plates are separated by small dabs

of epoxy.

fine wire which acts as a slightly stronger spring. Finally that wire is soldered to
a female pin which may be slipped over the other isolated electrical feed-through
soldered into the cell. A male pin is also soldered directly into the cell body so that
a second female pin/wire/mesh connector can be used to anchor a guard ring to
electrical ground. A typical aerogel sample has a capacitance of Cge; ~ 2pF. The
bulk density capacitor, with a plate separation of about 0.003”, has a capacitance

of Cbulk ~ 35pF.

5.2 Measurement Technique and Resolution
5.2.1 Temperature Control

Temperature was controlled by a Neocera LTC21 temperature controller, using a
Germanium resistive thermometer and 2000 thick film resistive heater mounted
directly on the cell body. Cooling power was provided by a small quantity of helium
exchange gas in the vacuum can of a liquid helium cryostat. The cell was mounted

inside a radiation shield which also acted to reduce the heat link between the cell
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and the helium bath. Thermometer resolution was 0.1mK, with very little noise,
implying that the cell temperature was probably controlled to +50x K. Temperature
controller drift over hours was also about £50uK. This was our resolution limiting

factor in the work on aerogel B51.

5.2.2 Electronics

The capacitances were all read using a bridge technique. The early data sets were
obtained using a manually balanced capacitance bridge (General Radio model 1615~
A) with a 1kHz excitation frequency. This provided high quality data but was very
labor intensive — it required the full attention of a person for over a day to finish any
significant portion of an isotherm. Additionally, the bridge’s resolution and drift,
while not bad, limited the experimental resolution to about 1 part in 10°. The data
collection process was greatly facilitated by the acquisition of an automated, high
resolution, Andeen-Hagerling capacitance bridge (model AH2550A), also operating
at 1kHz excitation frequency. This bridge, coupled with in-house LabVIEW data
acquisition software, allowed almost complete automation of the data collection
process. This, in turn, allowed a higher density of data points along an isotherm,
with higher precision, without increasing the time required to acquire a complete

isotherm. A schematic of the measurement electronics is included as Figure 5.8.

5.2.3 Gas Handling

Helium was admitted to the cell using two very different methods. Originally helium
was directly admitted to the cell from a room temperature gas handling system.
The rate at which helium was added was controlled by a mass flow controller (MKS
Instruments PR4000); the entire gas handling system is shown in Figure 5.9. The
flow controller ensured a continuous flow into the cell at a well controlled rate,
but even the slowest rate of flow was too fast to allow for relaxation within the
aerogel. Thus to allow enough time for the helium and aerogel to relax to whatever
metastable, or equilibrium, state they were going to reach, the flow controller had to
be shut off and the cell allowed to equilibrate at each point without any additional
mass input.

Later a second method was used by mounting a low temperature ballast volume
just above the éell; the setup is shown schematically in Fig 5.10. The ballast temper-

ature was controlled independently of the cell temperature. It could be maintained
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Figure 5.8: A schematic of the electronics used to measure aerogel capacitance
during adsorption isotherms of helium in silica aerogel. Temperature of ballast
and cell were controlled independently by a Neocera LTC21 temperature controller
to about +£50uK. Coaxial cables ran from each of the three capacitors in the
cell to a Keithley 705 Scanner, which passed on the selected signal to an Andeen-
Hagerling 2500A capacitance bridge for measurement. The two temperatures and
three capacitances were monitored using custom software programmed within the
LabVIEW 5.0 environment. For data taken on aerogel B110 before the automated
AH2500A bridge was available, capacitance was measured with a General Radio
1615-A Capacitance bridge using a 1kHz excitation frequency.

Room Temperature
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Figure 5.9: A schematic of the room temperature gas handling system used for
admitting helium for the adsorption isotherms in silica aerogel. The flow controller
allowed control of filling and emptying rate, with the flow path used for filling
illustrated by a dashed line and the emptying path shown by the dotted line. (Note
that each “@)” represents a valve.)
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at a temperature above the cell temperature so that it only contained vapor and
helium could be added or removed using the room temperature gas handling system
as before, or it could be held at a temperature below the cell temperature so that
liquid and gaseous helium coexisted within the ballast. When the ballast held co-
existing liquid and vapor a smali step in the ballast temperature would change the
equilibrium vapor pressure of the helium in the ballast, and consequently change
the pressure in the sample cell without affecting the temperature of the sample
cell. Thus, small pressure steps along the adsorption isotherm could be automated
and required no additional helium input from the gas handling system outside the
cryostat. This technique has an advantage over adding measured doses of helium
into the cell because it ensures that the temperature of the system remains very
stable — when helium is added as shots there is no guarantee that the temperature
throughout the sample will remain unchanged. Unfortunately, while our technique
works well for isotherms which exhibit finite slopes, it only produces a few points
along very flat isotherms whereas the dosing technique allows a higher density of
points. For the denser samples we measured there was no problem obtaining enough
points along the hysteresis loop of the isotherm, but for the less dense sample the
isotherms were so flat that they would fill or empty completely over a pressure range

spanned by only two or three data points.

5.2.4 Resolution

The resolution and drift of the manual capacitance bridge was the limiting factor in
the first data runs, but the resolution of the AH2500A capacitance bridge is about
10~7pF, at least an order of magnitude better than the noise seen in our setup.
Much more attention would need to be paid to the construction and mounting of
the cell if one was to try to reduce this noise — for instance, some of the coaxial
cables used to measure signals end in small lengths of unshielded wire. However,
for all signals involved the inherent noise of the signal is small to insignificant when
compared to the absolute uncertainty and temperature drift of the signals - for
example, there is little need to increase density resolution to 0.00lﬁ% when data
points are separated by density jumps of 10% and when two data runs may return
density values that differ by 1;—’:1% (as shown later in this chapter).

Pressure resolution is set by the temperature control on the ballast rather than

the pressure gauge itself and is about 0.02mbar but with a strong temperature de-
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Figure 5.10: A schematic of the
low temperature portion of the
[ setup used to measure aero-
]Heater gel capacitance during adsorp-
tion isotherms of helium in sil-

ica aerogel. The pressure of
the system was set by clos-
ing off the room temperature
gas handling system and con-
trolling the temperature of a
Thermometer ballast volume containing co-
Heater Y existing helium liquid and va-
Y= [ por. The ballast and cell
Eejl / were connected by a length of
~ 0.015” CuNi capillary and

Capacitor ——|| - Capacitor their temperatures controlled

('olsegzgg) _ (Bulk Density) independently.

Ballast D Thermometer

E\/ Capacitor

(Pressure)

pendence; the pressure gauge has a resolution of about #0.01mbar but this could
easily be increased by a factor of two or three with longer averaging times. The
resolution of the bulk density capacitor is about £3 - 10‘3;’“1%. The aerogel density
resolution is sample dependent, but always much better than :I:lr—lfl% and sometimes
as good as :th‘zr—ﬁ%. Both the bulk and aerogel density capacitances show greater
shifts with temperature or thermal cycling than their inherent noise, and the simplis-
tic method for extracting density from capacitance also shows errors on the order of
those seen from electrical noise. Also, note that the pressure head across the sample
as it was mounted was on the order of 0.05mbar; to greatly improve the resolution
of this experiment the sample must be mounted horizontally, and should be much
thinner (on the order of 50um).

Temperature could be controlled in increments of 0.1mK or greater and this
limitation affects our ability to control pressure, since cell pressure is equal to the
saturated vapor pressure of the helium in the ballast. To improve the resolution
of the adsorption isotherms, temperature control for the ballast must be drastically

improved. It is the temperature controller which limits the precision of the tem-

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



perature control, but even with resolution of only 0.1mK smaller jumps should be
possible by having the set point oscillate (e.g. to attain a temperature of about
5.09995K one could have the temperature set point oscillate between 5.0999K and
5.1000K). Alternatively one could control using the raw resistance measured from
the thermometer. However, any increase in ballast temperature resolution must
be accompanied by a comparable improvement in cell temperature control and the
temperature controller environment must be carefully controlled to prevent drift.
In most data collected there are regular dips in pressure about every eighty
minutes. These correspond to dips in the pressure in our helium recovery system,
which result in cooling of the helium bath in our cryostat. Because our cooling
power comes from exchange gas in the vacuum can, this slight cooling of the helium
bath causes a ~ 0.2mK dip in ballast temperature which is then passed on to the
cell as a dip in pressure. The least noisy data were collected by taking the cryostat
off of helium recovery, but even then it pays to remember that by using exchange
gas we are coupling out cell thermally to the outside world and this puts a limit on

our stability.

5.3 Interpretation of Capacitance

Interpretation of our capacitance results requires that we assume a linear relation-
ship between capacitance and fluid density. Since capacitance depends linearly on
dielectric constant, this assumption reduces to an assumption that e¢ depends lin-
early on fluid density. While in uniform bulk fluids this is an excellent assumption
(certainly to the level of precision used in our experiments), there may be geometric
effects which add a non-linear component to the response of fluids in aerogel.
Since aerogel is a dilute impurity, it turns out that it has very little effect on the
linear relationship between density and capacitance. The details of the calculations
are included in Appendix C. The calculations are done for a uniform fluid in aerogel
and for a phase separated fluid in aerogel. The calculations for the uniform fluid
show that there is a nonlinear term proportional to (1 — @) x (ege — 1). Since we
are using 95% and 98% porous gels, and the dielectric constant of helium does not
get above 1.05 in our experiments, we remain in a regime where we can assume a
linear dependence on density. The calculations involving phase separated liquid and
vapor inside aerogel are more involved and require a few more assumptions, but in

the end they show that there is likely no more than a 3% deviation from linearity in
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the relationship between average helium density and capacitance. This is not worse
than the experimental variations between runs, or errors introduced by incomplete
equilibration of the system between data points.

In the capacitance modelling done in the following chapter, dielectric constants
were calculated by taking a simple volume weighted average of silica dielectric con-
stant and helium dielectric constant. In turn, the dielectric constant of helium was

calculated from its density.

5.4 Computational Modelling

While our helium adsorption isotherms were relatively straightforward to interpret,
there was a large jump in capacitance (after the gel appeared to be completely filled
with liquid helium) as the bulk liquid level rose to cover the sample. We ascribe this
jump to the capacitor fringe fields sensing the formation of bulk liquid helium in the
space surrounding the aerogel sample. With a view to justifying the magnitude of
this jump we undertook an extensive series of capacitance calculations. Furthermore,
those calculations were used to aid in the design of the second experimental cell.
When interpreting the modelling data it is important to remember that precise
measurement of the physical dimensions of the experimental samples are difficult,
and absolute values from the modelling results should not be compared directly
to experimental results. For this reason, when not necessary, I have not included
the precise dimensions used in the calculations — it is the trends that are important.
Every result involving fringe fields has been converted to a percentage of total signal
so that results can be compared between models and runs without worrying about

absolute magnitudes.

5.4.1 Modelling Technique

The aerogel capacitor was modelled using a variety of electrostatic modelling pro-
grams; the most complete results were obtained using the student version of the
package “Maxwell® 2D” produced by Ansoft Corporation [132]. This software uses
an iterative process to calculate the electric fields on a finite element mesh.
Models are constructed of a variety of materials with known conductivities and
permittivities, voltage sources are specified and the fields are solved self-consistently.
Once the estimated uncertainty in total system energy has reached a small enough

value the calculation is halted and the system capacitance can be calculated.
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5.4.2 Model Geometry

The modelling fell into two distinct categories: that done to check results for the
aerogel slices used in the early experiments, and that done to design a new cell to
reduce fringe effects. The models used in the computer program must be built on a
cartesian grid; the grid I used had increments of 0.001”. For instance, although the
capacitor plates are effectively two dimensional, they appear in the model as slabs
0.001” thick. The models are shown in Figure 5.11. Once a model geometry was
laid out the program solved for the electric fields self-consistently; it was allowed to
run through sufficient iterations for the capacitance to converge to a constant value

(within the resolution of the program).

Free Aerogel Slice

The first geometry modelled was that of the freely suspended aerogel slice, which
was the geometry of the first experiments. The model as input into Maxwell® 2D
is included as the top model in Figure 5.11. This is a cross-sectional view of the
rotationally symmetric cylindrical slice. The left-hand side of the figure is treated
as an axis of rotation for the computations, which allows us to model the three
dimensional behavior of the capacitor using the two dimensional computational
techniques of Maxwell©® 2D.

The thickness of the aerogel slices used in the experiment is difficult to determine
very precisely. Estimates can be made from how they were cut, and measurements
using a travelling microscope can also give approximate values for the thickness.
However, these values are only reliable to within a few percent. For this reason,
the thickness of the simulation was sometimes adjusted arbitrarily so that the val-
ues of capacitance in the simulation more closely match those of the experiment —
calculations were performed on slabs 0.020” to 0.024” thick.

Since the plates protrude from the surface of the aerogel in the first model shown
in Figure 5.11, a second set of calculations was run with the plates recessed into the
aerogel rather than sitting atop it (the second model shown in Figure 5.11). Within
this general model, the electrode diameter was also allowed to vary to see what, if
any, effect that would have on the fringing fields. If by varying the plate size, the
fringe effects changed significantly then it would be possible to minimize the fringe
effects by simply changing the copper deposition process rather than re-engineering

the entire experimental cell. This proved not to be the case — the effect of the fringe
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Exterior

Recessed

—

Cup

Exterior with
Guard Ring

Side
Guard Ring

Figure 5.11: These are examples of some of the geometries used in capacitance
calculations. All are rotationally symmetric about the left-hand side. There are
four examples which assume a free floating gel slice, while one imposes a geometry
that conforms closely to that actually present in the experimental cell (“Cup”).
There was no easy way to model the very thin copper electrodes — the geometries
“Exterior” and “Recessed” were used to gauge the seriousness of this law. The only
difference between these geometries is whether the 0.001” electrodes are sunken into
aerogel or floating on top of them.
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fields was almost independent of the diameter of the copper electrode relative to the

aerogel disc.

Aerogel in “Cup” Electrode

A second set of models was used to evaluate new geometries which would avoid
fringe field effects as seen in the first set of geometries. These all used a “cup”
shaped bottom electrode, not because of any inherent value of that shape as an
electrode, but because it provided an easy way to anchor the aerogel slice in the
experimental cell. The general geometry is shown in Figure 5.11 as “Cup”. This
geometry was varied to include a small or large guard ring, or no guard ring at all.
The cup was used as the bottom electrode while the top electrode and the guard
ring were modelled as 0.001” thick plates (the same as in the “free aerogel” model
described above).

The aerogel slice modelled in these cases would be held in the cup by spring
contacts to the top electrode and the guard ring. The results from the model
without the guard ring are important because subsequent measurements were all
made without guard rings. As it turns out, the experimental hassle of preparing
and mounting a sample with a guard ring outweighed the advantage of the increased
accuracy gained by using such a sample in the experiment. Note that while in the
model calculations the cup acted as the bottom electrode, in the experiment there
was still an electrode patterned directly onto the aerogel slice so that bulk fluid

could not penetrate between the electrode and the sample.'

5.4.3 Model Results

To evaluate the sensitivity of the capacitance technique and the effect of fringing
fields, capacitances were computed for a number of states of the aerogel-helium
system, which are summarized in Table 5.1. By computing the change in capacitance
between these states one gains knowledge about the sensitivity of the capacitor to
the density of helium within the aerogel, and its sensitivity to the helium surrounding
the capacitor.

In order to calculate these capacitances in the model, assumptions must be made
about the dielectric constant of the aerogel sample. For all these calculations the
density of liquid helium within the pores of the aerogel is assumed to be the same

as the density of bulk helium at that temperature, without the aerogel. There are
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State | Abbreviation | Aerogel Pores | Surrounding Space
1 C: Vacuum Vacuum
2 Cs Liquid Vacuum
3 Cs Liquid Vapor
4 Cq Liquid Liquid

Table 5.1: This table shows the states for which capacitances were calculated. The
difference between states 1 and 2 indicates how sensitive the measurement is to the
density of helium in the aerogel, while the difference between states 2 and 4 give a
measure of how significant the effects of fringing fields are in an experiment.

no calculations involving aerogel slices filled with helium vapor (i.e. the capacitance
of the sample near the low density side of the coexistence curve) because it is not
at all obvious what helium density would be appropriate to use in that case.

The results that follow include raw calculations, and a series of differences; the
abbreviations used in the results are contained in Table 5.1. The difference C; — C1
shows the effect of having helium present in and around the sample, and will vary
between states i=2, 3, and 4. The difference C; — C5 is a measure of how large an
effect the helium outside the aerogel will have on the measured capacitance and can
be thought of as the “fringe” effect. To represent the importance of the fringe effect
we can express it as a percentage of the capacitance difference when the gel and
the surrounding space are both filled with liquid, i.e. (C4 — C2)/(Cs — C1). Finally,
by comparing the fringe effect present when the surroundings are filled with vapor
with that present when the aerogel is surrounded by liquid helium (Cy — C3) we can
predict the apparent “jump” in density as the cell body fills with bulk liquid. This

number can be directly compared with experiment.

Free Aerogel Slice

A series of calculations were performed for a slab of aerogel in space. The geom-
etry differs from the experimental setup which had the gel suspended in a finite,
grounded, copper cavity much larger than the gel; this would affect the measured
capacitances systematically but should leave capacitance differences virtually un-
changed. The purpose of these calculations was two-fold. First of all, these were an
attempt to justify the jump in experimentally measured aerogel capacitance as the
cell filled with bulk liquid. Secondly, they provided a way to relate the effects of
fringe fields (presumably responsible for the jump in capacitance) to various sample

parameters such as electrode size and position. The next few paragraphs describe
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the more important calculations performed.

First of all we should rule out spurious effects due to the artificial sample geom-
etry in the model; it is possible that the position of the electrode may affect the
results if the field is exceptionally strong at their edges. To evaluate that possibility
calculations were made for two systems — one of which had 0.001” thick electrodes
atop either side of the gel sample and one of which had the same plate separation but
with the plates sunk into the gel sample (“Exterior” and “Recessed” in Figure 5.11).
Data for these two cases are shown in Table 5.2 and Table 5.3. For comparison, the
capacitance calculated assuming a perfect parallel plate capacitor of the same di-
mensions gives C=1.129pF. Thus fringe fields contribute an extra 11% to the total
capacitance calculated by the modelling program.

At this point it should be pointed out that all the data tables share the same
basic format. The left-hand column may be used to describe the geometry used in
the model, or left blank if the geometry remains unchanged for all the data. Next,
the temperature is listed; for each given temperature a series of calculations are
performed to calculate the capacitance (C) for each of the four states described in
Table 5.1. These states represent an incremental filling of the experimental volume
with fluid. From these calculations a change in capacitance due to the fluid is
calculated (C-Cjy); this also gives a measurement of how sensitive the experiment
is to changes in fluid density. Next the contribution of fluid outside the aerogel
is calculated by subtracting the contribution of the fluid inside the gel from the
total capacitance (C-C2). These numbers can be converted to percentages of the
total capacitance change seen (% Fringe), so that the effects of the fringe fields
can be compared between models with different geometries. Finally, the jump in
capacitance seen as the cell fills with bulk liquid can be calculated (% Jump) for
comparison to experiment.

There are two main points which should be taken from these data tables. The
first is that the slight change in electrode geometry had very little effect on the
results. The individual capacitances shifted only slightly due to the extra aerogel
present, and the effects of the fringe fields were changed by less than 1%. The
second point is that while the signal is dominated by the behavior of the fluid in
the aerogel, fringe effects do contribute significantly to the measured capacitance.

It is also worth discussing the agreement between simulation and experiment,

summarized in Table 5.4. As can be easily seen in the table, the predicted jump
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Free Aerogel Slice With Exterior Electrodes
T(K) | State | C(pF) | C-C1(pF) | C-C2(pF) | % Fringe | % Jump
4.4 1 1.2725
2 1.3159 | 0.0434
3 1.3166 | 0.0441 0.0007 1.5
4 1.3204 | 0.0479 0.0045 9.4 7.9
5.0 1 1.2725
2 1.3086 | 0.0361
3 1.3100 | 0.0375 0.0014 3.5
4 1.3124 | 0.0399 0.0038 9.5 6.0
5.1 1 1.2725
2 1.3059 | 0.0334
3 1.3076 | 0.0351 0.0017 4.6
4 1.3094 | 0.0369 0.0035 9.5 4.9

Table 5.2: This table gives a summary of the calculations for free aerogel with
exterior plates as shown in Figure 5.11. The “states” referred to in the second

column are defined above, in Table 5.1.

Free Aerogel Slice With Recessed Electrodes
T(K) | State | C(pF) | C-C1(pF) | C-C2(pF) | % Fringe | % Jump
4.4 1 1.2746
2 1.3185 | 0.0439
3 1.3191 | 0.0445 0.0006 1.3
4 1.3225 | 0.0479 0.0040 8.4 7.1
5.0 1 1.2746
2 1.3111 | 0.0365
3 1.3124 | 0.0378 0.0013 3.3
4 1.3145 | 0.0399 0.0034 8.5 5.3
5.1 1 1.2746
2 1.3084 | 0.0338
3 1.3099 | 0.0353 0.0015 4.1
4 1.3116 | 0.0370 0.0032 8.6 4.6

Table 5.3: This table gives a summary of the calculations for free aerogel with
recessed plates
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Free Aerogel Slice, Experimental Data
T(K) | State | C(pF) | C-C1(pF) | C-C3(pF) | % Fringe | % Jump
4.4 1 1.6602
3 1.7223 0.0621
4 1.72615 | 0.06595 0.00385 5.8
5.0 1 1.6602
3 1.7138 0.0536
4 1.7168 0.0566 0.0030 5.3
Free Aerogel Slice, Model Calculations
44 1 1.2746
2 1.3185 0.0439
3 1.3191 0.0445 1.3
4 1.3225 0.0479 0.0034 8.4 7.1
5.0 1 1.2746
2 1.3111 0.0365
3 1.3124 0.0378 3.3
4 1.3145 0.0399 0.0021 8.5 5.3

Table 5.4: This is a table comparing experimental data to calculations for free aero-
gel with recessed plates. Since “State 2” (where liquid in the pores coexists with
vacuum in the surrounding space) cannot physically exist, it is impossible to calcu-
late the percentage of the signal which comes from fringe fields in the experiment,
however the jump in capacitance as the cell fills with bulk liquid is still directly
comparable between experiment and calculation.

(e.g. 5.3% at 5.0K) in capacitance agrees with the observed jump (5.3% at 5.0K).
The degree of agreement is deceptively good at 5.0K — more than one should ask
for from such a primitive model with so many assumptions used in the calculations.
However, the very small temperature dependance of the jump in the experimental
capacitance is somewhat disconcerting. One would expect that if this jump was
due solely to fringe fields outside the aerogel then it should scale with the density
difference between the two bulk phases, p(i;5) — p(vap)- This difference increases by
60% from 5.0K and 4.4K, while the capacitance jump only increases from 0.0030pF
to 0.00385pF. The explanation for this is probably that taking data manually made
it difficult to tell exactly when the gel was full and how much bulk was in the
cell. Both the 4.4K and 5.0K data agree reasonably well with calculations, and the
discrepancies may be taken as an indication of the reproducibility of the data taking
technique.

Finally, while still discussing the freely suspended aerogel slice, effects of chang-

ing the patterned electrodes were explored. Two approaches were taken to try to
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Free Aerogel Slice With Exterior Electrodes
Geometry | T(K) | State | C(pF) | C-C1(pF) | C-C2(pF) | % Fringe | % Jump
Large 44 1 1.9319
Exterior 2 1.9981 0.0662
Electrodes 3 1.9991 0.0672 0.0010 14
4 2.0043 0.0724 0.0062 8.6 7.2
5.0 1 1.9319
2 1.9870 0.0551
3 1.9889 0.0570 0.0019 3.2
4 1.9921 0.0602 0.0051 8.5 5.3
Top 4.4 1 0.70911
Guard 2 0.73406 | 0.0250
Ring 3 0.73422 | 0.0251 0.0016 0.6
4 0.73503 | 0.0259 0.0097 3.9 3.2
5.0 1 0.70911
2 0.72987 { 0.0208
3 0.73018 | 0.0211 0.0031 1.5
4 0.73068 | 0.0216 0.0081 3.9 2.4
Side 44 1 1.1585
Guard 2 1.1996 0.0411
Ring 3 1.1997 0.0412 0.0001 0.2
4 1.2006 0.0421 0.0010 24 2.2
5.0 1 1.1585
2 1.1927 0.0342
3 1.1930 0.0345 0.0003 0.9
4 1.1935 0.0350 0.0008 23 1.5

Table 5.5: These calculations show examples of possible geometries to reduce the
effect of fringe fields on aerogel capacitance. The geometries are explained in the
text ~ the “top guard ring” geometry is what was settled on as the most easily
realized measure to reduce fringe effects.
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reduce the effects of fringe fields. The first was to expand the size of the electrodes
and the second was to add a grounded guard ring; the results are shown in Table 5.5.
As the diameter of the electrodes increases the capacitor should become more similar
to the infinite parallel plate capacitor (where fringe fields have a negligible effect).
Unfortunately, the size of the electrodes can not be increased significantly because
of the finite sample diameter, but calculations were made for the largest electrodes
that could be sensibly patterned onto the aerogel (0.440” diameter instead of the
0.375” diameter electrodes used in the experiment). The calculations show only a
slight change in the fringe effects. The second approach to reducing the effects of
fringe flelds (adding a guard ring near one of the electrodes on the aerogel) was
more successful. In one arrangement there was a single large electrode on the bot-
tom of the gel, and a smaller top electrode surrounded by a guard ring. In another
arrangement a grounded ring was added all around the outside of the gel, simulat-
ing a grounded conductive coating around the curved outside of the aerogel disc.
While this model produced promising results, it would be experimentally difficult

to realize.

Aerogel in “Cup” Electrode

Moving to an arrangement where the aerogel is supported in a cup which acts as the
bottom electrode has a few experimental advantages. It provides even support for
very fragile samples (such as the higher porosity aerogels), it allows for very gentle
handling while mounting the sample (compared to the spring clamps used to hold
the freely suspended aerogel slices), and it holds the sample in place while multiple
connections can be made to electrodes patterned on the top of the sample. The
aerogel sample itself must still have an electrode patterned on the bottom since any
surface unevenness could lead to significant bulk fluid existing between the cup and
the bottom of the aerogel sample. However, with the bottom electrode patterned
directly onto the aerogel slice, the cup merely acts as a large electrical contact for
that electrode.

The top of the aerogel slice may be patterned in a variety of ways. The calcula-
tions included here show the effect of patterning a simple circular electrode as used
in the previous experiments, or a smaller circular electrode surrounded by a concen-
tric guard ring, grounded to the cell body. The relative sizes of the electrode and
guard ring were varied and a check for the effect of the gap between the electrode
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Geometry Electrode | Gap | Guard Ring
Radius Width
No Guard Ring 0.177 N/A N/A
Narrow Guard Ring 0.145” 0.005” 0.080”
Larger Gap 0.140” 0.015” 0.075”
Wide Guard Ring 0.050” 0.005” 0.165”

Table 5.6: Geometries used in the calculations for aerogel samples in a copper cup
electrode. The results of the calculations are summarized in Table 5.7.

and the guard ring was performed. The geometries are defined in Table 5.6 and the
capacitance results are summarized in Table 5.7. They show that the use of the cup
shaped electrode leads to larger fringe effects; however, the addition of a guard ring
does greatly reduce those effects.

The relative sizes of the top electrode and guard ring proved not to be terribly
important, so the larger electrode is preferable (because of its higher sensitivity).
The widening of the gap between electrode and guard ring does lead to larger fringe
fields — the last section of the table shows the effect on widening the gap between
the electrode and a small guard ring from 0.005” to 0.015". While the fringe fields
are not much worse with a larger gap, when patterning the electrode it is worth
every effort to minimize the gap

Despite all these careful computations, by the time we were ready to prepare
samples for the new cell it was generally agreed that the discontinuous jump in pore
liquid density at Pgyp published earlier was spurious. Thus we did not feel the need
to reduce the magnitude of the fringe fields and have been satisfied using samples
without guard rings — the fringe effects have been manually subtracted. The simpler
geometry of the samples without guard rings makes it easier to mount the gels and
presents fewer opportunities for things to go wrong. At some point in the future, if
measurements with smaller fringe effects are necessary they will be easy to perform

in the cell we have built.

5.5 Bulk Helium Measurements

Since we collected data on the helium density in the bulk volume of our cell while
measuring the density of helium in our aerogel samples, we can use the bulk data to
illustrate how data in general was collected as well as to get a feeling for the accuracy

and precision of the techniques. From our simultaneous measurements of pressure,
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Aerogel Slice in Copper Cup Electrode
Geometry | T(K) | State | C(pF) C-Ci(pF) C-Co(pF) % Fringe % Jump
No 44 1 1.4797
Guard 2 1.5262 0.0465
Ring 3 1.5278 0.0481 0.0016 2.8
4 1.5362 0.0565 0.0100 17.7 14.9
5.0 1 1.4797
2 1.5184 0.0387
3 1.5215 0.0418 0.0031 6.6
4 1.5267 0.0470 0.0083 17.7 11.1
5.1 1 1.4797
2 1.5155 0.0358
3 1.5193 0.0396 0.0038 8.7
4 1.5232 0.0435 0.0077 17.7 9.0
Narrow 44 1 0.97585
Guard 2 1.0096  0.03375
Ring 3 1.0100  0.03415 0.0004 1.1
4 1.0118  0.03595 0.0022 6.1 5.0
5.0 1 0.97585
2 1.0040  0.02815
3 1.0046  0.02875 0.0006 2.0
4 1.0058  0.02995 0.0018 6.0 4.0
5.1 1 0.97585
2 1.0019  0.02605
3 1.0027  0.02685 0.0008 2.9
4 1.0036  0.02775 0.0017 6.1 3.2
Larger 4.4 1 0.96091
Gap 2 0.99399  0.03308
3 0.99438  0.03447 0.00039 1.1
4 0.99636  0.03545 0.00237 6.7 5.6
Wide 44 1 0.10259
Guard 2 0.10614  0.00355
Ring 3 0.10618  0.00359 0.00004 1.1
4 0.10638  0.00379 0.00024 6.3 5.3

Table 5.7: This table shows calculations for aerogel samples in the copper cup. It
includes calculations for the geometries described in Table 5.6.
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Figure 5.12: These are four isotherms for bulk helium taken just below and just
above the critical temperature of 5.1952K. Below T. there exists a region of two-
phase coexistence where the isotherm is completely flat. This region is indicated by
the arrows along the isotherms at 5.175K and 5.194K. Above T, this flat region is
replaced by an inflection point.

density and temperature we can map out the bulk helium coexistence curve and
also measure the compressibility. Both the width of the coexistence curve and the
isothermal compressibility exhibit power law behavior near the critical point, so our
data can be used to extract critical exponents.

Data on capillary condensation of helium in aerogel were taken along isotherms,
so it is illustrative to begin with examples of bulk isotherms taken just below and
just above the critical point (which was empirically determined to be 5.1952K on our
thermometer calibration). Four isotherms are shown in Figure 5.12, two below T,
and two above it. For the lower isotherms there are three distinct regions as the cell
fills with helium: at low density we have a vapor phase whose density increases with
pressure, then we have a coexistence region where liquid begins to condense and the
average density increases with no change in pressure, finally, at high density, the
cell is completely filled with liquid whose density increases with pressure once again.
The width of the two-phase coexistence region shrinks as the critical temperature
is approached; above T, there is no coexistence and isotherms are single smooth

curves with an inflection point near the critical density.
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Figure 5.13: Pressure-density data just above T, can be used to calculate compress-
ibility as a function of temperature. The data shown here were used to calculate
compressibilities for temperatures from 5.195K to 5.700K.

The slope of the isotherm is a measure of isothermal compressibility, and a series
of isotherms can be used to explore the temperature dependence of compressibility.
Data taken over the range from T, to 5.700K are shown in Figure 5.13; compress-
ibilities extracted from these data are plotted in Figure 5.14. The compressibility
data closely follow a power law in temperature with an exponent of Yezp = 1.26,
close to the Ising model value of ~rsing = 1.24.

Our direct measure of the helium density allows a very precise mapping of the
coexistence curve. Rather than taking a series of isotherms and using the onset of
the zero slope region to determine vapor and liquid densities, it is easier to fill the cell
completely with vapor or liquid and take a series of measurements as temperature
is changed. As long as there is a small amount of the coexisting phase we are
guaranteed to be measuring density at saturated vapor pressure. The densities were
calculated from measured capacitances using a conversion given in the next section.
The final coexistence curve is shown in Figure 5.15; notice that the data spans three

orders of magnitude in reduced temperature. The shape of the coexistence curve

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



@ Compressibility
— Y=126

To=5.1952K

10 -

0.1 4

Isothermal Compressibility (au)

0.01 0.1
T-Te (K)
Figure 5.14: Compressibilities calculated from Figure 5.13 can be used to extract
7, the critical exponent for compressibility. The straight line shows that our data
are consistent with an exponent of Yeqp = 1.26, very close to the accepted value

for the Ising model of yrsingy = 1.24; this degree of agreement is surprisingly good
considering how far from T, many of the data were collected.

near the critical point can be described, as mentioned in previous chapters, by the
exponent 3 where p; — p, o< €. Hence § can be extracted from the log-log plot
shown in Figure 5.16. The data support a value of § ~ 0.35 which is reasonable
since data taken further than a few millikelvin from T, tend to drive the value above
that expected from pure Ising behavior; these data are very similar to the data on
bulk neon that follows in chapter 6.

Finally, it is instructive to show one more plot, taken from the compressibility
data already shown in Figure 5.13. By plotting the slope of the isotherm against
temperature it is possible to get an (imprecise) estimate of T.. While this particular
plot is not of much use in analyzing bulk data, it is the analog of a plot shown later
for helium in aerogel. There is the possibility of identifying a pore critical point
which is independent of the disappearance of hysteresis but shows up as a kink in a
plot of the slope of the adsorption isotherms versus temperature[42]. In the case of
bulk helium this kink appears as a distinct transition from a zero slope below T¢ to
a finite slope above T.. This technique is only capable of providing a rough estimate
~ from the plot shown in Figure 5.17 we would estimate the T, of bulk helium to
be about 5.20K - 5mK too high.
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Figure 5.15: This is the experimentally determined bulk helium coexistence curve.
The critical point is indicated by the diamond at p. = 69.67%% and T, = 5.1952K,
determined empirically. The inset is a magnified view of data near T..

100 -
® Experimental Data
— B=0.35
_ T,=5.1952K
(o
a>
10 -

1e-5 1e-4 1e-3 1e-2 1e-1 1e+0
€= (TC-T)/T c

Figure 5.16: Plotting the density difference between coexisting fluid phases allows us
to extract the critical exponent 8 and determine T.. Note that Bers = 0.35, higher
than its true asymptotic value because our data include relatively large values of €.
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Figure 5.17: The slope of adsorption isotherms at the critical density decreases as
the temperature approaches T and is identically zero for T < T¢, as described in
Figure 5.12. A similar plot for isotherms in a porous medium would not show a
decrease to zero at T.(pore) but might show a kink similar to, but less dramatic
than, that shown here for bulk helium.
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5.6 Helium in Aerogel B110

The first data we collected on capillary condensation in silica aerogel were on a sam-
ple with a density of llOT—’fL% (sample “B110”). This sample had a porosity of about
¢ =~ 0.95 and was identical to the samples used in the first two resonator experiments
described in the next chapter. As well, this was close to the porosity used by Wong
and Chan in their work on the liquid-vapor critical point in aerogel[10]. The data
for sample B110 was taken in the first cell described in this chapter (Figure 5.5),
with the slice of aerogel held by two beryllium-copper spring arms. Most of the data
were collected manually, with only two capacitors measured simultaneously (i.e. [Cp
and Cget] or [Cp and Cpyx] but not all three at once) and with lower resolution than

provided by the AH2500 capacitance bridge (only five significant figures).

5.6.1 Density Calibrations
Bulk Helium Density

The bulk capacitor was calibrated by using literature values[133] for the density
of helium at 4.4K, and adding a small term to compensate for the background
temperature variance of the capacitor. The values for density at 4.400K were used
to fit the density to an expression of the form: p = A(C — Cgf f ). The capacitance
of the bulk capacitor has a slight temperature dependence, with or without fluid.
Therefore, an empirical temperature correction of the form D(T — 4.500K) was
added later to minimize deviations from literature values at higher temperatures.

The resulting expression for bulk density in terms of capacitance was:
Poutr = 962.6(Chur, — 4.0335pF) + 0.97(T — 4.500K) (5.1)

A comparison between densities calculated from experimental data and some lit-
erature values extracted from the NIST Chemistry WebBook([133] is shown in Fig-
ure 5.18.

Helium Density in Aerogel

The density of helium in the aerogel sample is computed as described in Section 5.3.
An isotherm taken at low temperature (4.400K) is shown in Figure 5.19. The capaci-
tance of the aerogel was measured when empty, when full with liquid but surrounded
by bulk vapor (point A in Figure 5.19), and when full with liquid and surrounded by
bulk liquid (point B in Figure 5.19). There are three contributions to the measured
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Figure 5.18: The bulk helium coexistence curve determined from experimental
points using Equation 5.1 compared with literature values from NIST[133].

capacitance: the geometric capacitance (in vacuum), the capacitance added by the
density of helium in the aerogel, and the capacitance added by the bulk helium
density in the fringe fields:

Ctotal = Co + Cgf + CbHu?k

Using the three points in Figure 5.19 (Cp, C4,Cg), and assuming that helium density
at 4.400K in aerogel is identical to bulk helium density at 4.400K, it is possible to

fit the density of the helium to an expression of the form:
k
,05{5 =D (Cgel - Cgel(o) - Pb}‘z;l )

where “D” represents the sensitivity of the capacitor to the density of helium in
the aerogel and “E” represents the effects of the fringe fields (i.e. the influence of
the environment surrounding the gel, which must be subtracted from the signal to

extract the actual density within the gel). For this sample we find

Pre = 1972.7 (Cgez — 1.6602pF — -2%%%) (June 2002) (5.2)
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for the initial data run (which included almost 2ll the data described in this section)

and

He __ _ _ Pbulk
ol = 1980 (Cge, 1.65933pF — 22 0) (February 2003)  (5.3)

for a second data run, which included the isotherm shown in Figure 5.19, as well
as isotherms at 5.100K (to show equilibration times) and at temperatures above
the disappearance of hysteresis. This second run used the newly arrived AH2500
capacitance bridge. When bulk capacitance and aerogel capacitance were measured
simultaneously it is easy to subtract the fringe effects, however when bulk data were
not available an approximate bulk density was used: for T < T the density for
helium vapor at SVP was used, for T' > T it was assumed that pge; & ppyir Which

causes Eq. 5.2 to reduce to:

pls = 1834.7(Cyer ~ 1.6602pF)  (June 2002, T > T)

5.6.2 Thermal Equilibration

As mentioned numerous times in earlier chapters, and also earlier in this very chap-
ter, aerogels are truly phenomenal thermal insulators. In their role as experimental
samples that means that waiting for thermal equilibration could try the patience of
a saint, and not too many of us physicists would qualify as saints. By moving to
samples which are only a few hundred micrometers thick we greatly increased the
speed of thermal equilibration, but even so there was a very large rate dependence
in our adsorption isotherms. To give an impression of how slowly the samples equili-
brated Figure 5.20 and Figure 5.21 show the response of sample B110 to a change of
1mK in ballast temperature. As described earlier, and shown schematically in Fig-
ure 5.10, our system is designed so that a small step in ballast temperature results
in a small step in the vapor pressure in the ballast and cell. The data in Figures 5.20
and 5.21 show that while the step in ballast temperature is effectively instantaneous
and the cell pressure and bulk helium respond completely within a few minutes, the
density of helium in the aerogel sample takes hours to equilibrate. This is probably
due to slow thermal equilibrium within the aerogel, although it may be related to

slow mass distribution within the helium film adsorbed on the aerogel strands.
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Figure 5.19: An adsorption isotherm for filling sample B110 with helium at 4.400K.
Point “A” corresponds to the aerogel being full of liquid coexisting with bulk vapor
outside the gel. Point “B” corresponds to a full gel surrounded by bulk liquid helium.
The spike of noise in pressure at point A is probably due to momentary temperature
control problems in the cell as bulk liquid begins to condense, suddenly starting to
dump significant latent heat into the cell. As the bulk liquid meniscus moves up over
the aerogel sample (i.e. between points “A” and “B”) Cge increases due to fringe
fields in the bulk helium, not due to any change in the helium density within the
sample. By quantifying these fringe effects it is possible to subtract them from all
the capacitance data and compare data from different isotherms without worrying
about spurious shifts in apparent helium density. These data were collected using
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the AH2500 bridge rather than the manual General Radio bridge.
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Figure 5.20: Equilibration during cell filling at 5.100K. Notice that while the ballast
temperature equilibrates at a new value within a minute, and the cell pressure and
the density of the bulk helium in the cell equilibrate within a few minutes, the
aerogel sample takes two hours to settle on its final value.
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Figure 5.21: Equilibration during cell emptying at 5.100K; this is identical to the
previous figure, but corresponding to a 1mK step down in ballast temperature rather
than a step up in ballast temperature. Under these circumstances the change in

density is almost twice as large as that in Figure 5.20 and it takes about five hours
for the value of Cge; to settle.
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5.6.3 Rate Dependence of Hysteresis

As one would expect, given the data on equilibration times shown in Figures 5.20
and 5.21, adsorption isotherms exhibited a significant dependence on filling rates.
Even at the slowest filling rates, continuous flow adsorption isotherms did not allow
for thermal equilibration at low cell temperatures; equilibrated points along these
isotherms were taken by admitting a set amount of helium, then stopping the flow
controller and waiting for equilibrium. Later data sets (for the other samples) were
collected by controlling the ballast temperature below the cell temperature, but that
technique had not been perfected while collecting this data. The effects of filling rate
are illustrated in Figures 5.22 and 5.23 for isotherms taken at 4.880K and 5.140K
respectively. The flow rates are given in “sccm” or “standard cubic centimeters per
minute,” a measure of mass flow rate used by the flow controller. However, the
controller is not calibrated for helium, nor is it designed for flow below 2sccm, so
the flow rates indicated in the figures should only be used as relative indicators of
flow rate.

The effect of filling rate is greater for the lower temperature isotherms, possibly
because of a greater degree of latent heat deposited into the sample, or possibly
because of how the helium is distributed within the gel at different temperatures.
Above bulk T, equilibration is faster and there is no problem with using continu-
ous flow measurements (which is fortunate since controlling the temperature of the

ballast only works below T, where there is a well defined Pgyp).

5.6.4 Adsorption Isotherms for B110

We have well resolved adsorption isotherms for helium in sample B110 for tem-
peratures from 4.88K to above 5.2K. At low temperatures these isotherms show a
large hysteresis loop, which gradually shrinks as the temperature is raised, until (at
about 5.155K) it finally disappears. The hysteresis loops cover a large density range
- much wider than the coexistence curve mapped out by Wong and Chan[10] ~ but
are narrower than the bulk helium coexistence curve. The loops all exhibit a finite
slope; there are no adsorption isotherms that exhibit the flat coexistence regions
seen in bulk helium.

Adsorption isotherms at fairly low temperature (Figure 5.24) have a somewhat
rectangular shape, with a very sharp and distinct high density kink. However, the

lower density closure of the loop is much less distinct and occurs in a gradual curve of
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Figure 5.22: Isotherms for helium adsorption in aerogel B110 at 4.880K showing
three continuous filling rates and also equilibrated points. The size of the hysteresis
loop decreases as the rate of filling is slowed. Filling at “0.5sccm” corresponds to
about two hours for each branch of the hysteresis loop (i.e. filling and emptying)
while the limiting hysteresis loop corresponds to a full day to fill and another full
day to empty.

the isotherm that makes it difficult to equate any particular point with a transition
from a pore-vapor phase to a two-phase coexistence region.

As the temperature is raised, the hysteresis loop gradually shrinks. The high
density end of the loop remains well defined, especially along the desorption branch,
but the hysteresis loop becomes less and less distinct at the low density end. The
loop transforms from a roughly rectangular shape to a squashed triangle with one
drawn-out corner (Figure 5.25). Finally, at higher temperatures the hysteresis loop
completely disappears (Figure 5.26). While the hysteresis loop is still distinct at
5.150K, by 5.155K the loop is too small to resolve. By 5.165K there is no hint of
hysteresis.

As the temperature is raised further, the shape of the isotherm begins to change;
at T 2 5.150K the adsorption isotherms still show a fairly distinct corner at a

density above p.. Figure 5.27 shows some isotherms for 5.150K < T' < T¢; at about
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Figure 5.23: Isotherms for helium adsorption in aerogel B110 at 5.140K showing
three continuous filling rates and also equilibrated points. Equilibration is faster
than at 4.880K (probably due to less latent heat), but the slowest continuous fill
rates are still too fast to allow for thermal equilibration within the sample.

5.180K the fairly distinct corner is replaced by a much more gradual curve. This
transformation is highlighted by an enlargement of that area of the isotherm in
Figure 5.28, with more isotherms included.

So far we have concentrated on the shape of the hysteresis loops and the dis-
appearance of those loops as the temperature is raised above 5.150K. However, as
mentioned in Chapter 2, the disappearance of a hysteresis loop need not imply the
disappearance of distinct pore liquid and pore vapor phases. Perhaps the disap-
pearance of the sharp corner in the high density region of the adsorption isotherm
may be an indication of the disappearance of a distinct “pore liquid” phase at some
temperature above the disappearance of hysteresis but below the bulk critical tem-
perature. The slope of the adsorption isotherms also contains information about the
phase(s) present in the aerogel sample, although exactly what sort of information

is not entirely clear. However, one would expect different behavior from aerogel
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Figure 5.24: Three adsorption isotherm for helium in sample B110. These three
isotherms correspond to the lowest temperatures for which we have equilibrium
data. Notice that although the high density side of the hysteresis loop is distinct,
the low density side is curved and closes gradually. Also, all these isotherms exhibit
finite slopes over the width of the hysteresis loop rather than the flat regions one
would expect from true liquid-vapor coexistence.

filled with two coexisting phases and aerogel filled with a single fluid phase. In a
two phase system the isotherm slope should be shallower since a small change in
pressure can cause a large shift in density by favoring one phase over another; any
density shift in a single phase system must come from the compressibility of that
phase. We have isotherms collected over a large range of temperatures both below
and above bulk T, a few are shown in Figure 5.29 and those close to T, are shown
in Figure 5.30.

By picking a single density and measuring the slope of these isotherms at that
density we can plot the isotherm slope as a function of temperature. The isotherm
slopes calculated at p = 845% are shown in Figure 5.31; that density was chosen
because it intersects all the hysteresis loops at lower temperatures and the inflection
point of the higher temperature isotherms. The figure includes two different temper-

ature scales, with straight lines as guides to the eye for both. If one concentrates on
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Figure 5.25: Three adsorption isotherm for helium in sample B110; these isotherms
show hysteresis loops at intermediate temperatures. The hysteresis loop is distinct
in each of these isotherms, but is gradually shrinking as the temperature is raised.

the data below bulk T, the guide lines intersect at T~ 5.155K, as shown in the inset:
below T~ 5.155K the isotherm slope is small and approximately constant and above
T= 5.155K the slope increases quickly. This is significant because 5.155K is the tem-
perature at which hysteresis disappears. Over a larger temperature scale however,
the two guide lines intersect at about 5.185K. Interéstingly, this is approximately
the temperature at which the “corner” in the adsorption isotherms disappears. The
ambiguity of this type analysis when there appear to be three distinct regions in the
graph (T<5.155K, 5.155K<T<5.195K and T>5.195K) makes it difficult to identify

a single temperature which may act as the pore critical temperature.
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Figure 5.26: Three adsorption isotherms for helium in sample B110; these isotherms
show the disappearance of the hysteresis loop at high temperatures. The isotherm
taken at 5.150K clearly shows hysteresis while that at 5.165K clearly shows no
hysteresis. The isotherm at 5.155K does not appear to show hysteresis, although
there may be a very small loop which we failed to resolve. We can therefore take
the temperature at which hysteresis disappears to be about 5.155K £ 0.005K
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Figure 5.27: Adsorption isotherms for helium in B110 during filling for tempera-
tures spanning the range from the disappearance of hysteresis to bulk T.. As the
temperature is raised the isotherms become steeper and the distinct corner at high
density gradually disappears.
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Figure 5.28: Adsorption isotherms for helium in B110 during filling for tempera-
tures spanning the range from the disappearance of hysteresis to bulk T.. This
figure contains the data in Figure 5.27 as well as additional data for intermediate
temperatures. By zooming in on the high density corner of the isotherm, we can see
that there is distinct kink below 5.170K but that it has smoothed out by 5.180K.
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Figure 5.29: The filling branches of adsorption isotherms for helium in B110 span-
ning all available temperatures. On this compressed scale, only isotherms above
bulk T, show any discernable slope, but in fact all of the isotherms shown exhibit
non-zero slopes.
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Figure 5.30: The filling branches of adsorption isotherms for helium in B110 near to
bulk T.. Our greatest concentration of data spans the range of 5.140K<T<5.225K,
all of which are included here. Data outside of the range shown in this figure are
more sparsely distributed in temperature and were all shown in Figure 5.29.
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Figure 5.31: The slope of adsorption isotherms for helium in B110 as a function of
temperature. These slopes were calculated at the p = 841—';% point of the isotherms.
The inset displays the same data shown in the larger figure, but displayed over
a more limited temperature range. Straight lines are included as guides to the
eye, and their intersection may indicate a pore critical point. However, since the
figures contains three distinct regions it is not entirely obvious which intersection

temperature is the significant one.
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5.7 Helium in Aerogel X

Having collected a data set for an aerogel with a porosity of about 95%, we wished
to compare to adsorption in a more porous aerogel. Adsorption isotherms at low
temperatures in more porous aerogels show much sharper capillary condensation
with very little rounding of the corners at low temperature[134]. With that in mind
James Day cut and plated a second sample which we believed to be approximately
98% porous aerogel, synthesized using a two-step process as described in Chapter 4.
Unfortunately, as we collected our results it began to look as if we had accidentally
remounted a sample of 95% aerogel. This turned out not to be the case, but the
sample was certainly not 98% porous. Because of the small size of the samples, a
direct measurement of density is difficult but it looks as if the sample is about 96%
porous (a density of ~ 867—’;% + 20%). While the gel was clearly labelled, the label
was incorrect and it has since proved impossible to track down its exact provenance.
Since we can not be sure of this sample’s density it is referred to as “Aerogel X.”

While we may not be able to use this data to comment on the effect of porosity
on helium adsorption, it is still possible to learn a great deal about our system from
this extra data set. A series of isotherms was taken over the same temperature
range as the previous sample, but the data was collected in the second generation
experimental cell (Figure 5.6). The sample was prepared without guard rings, so
fringe fields were still a large correction to the aerogel signal. Also, the sample was
warmed to room temperature between two short data runs, allowing us to evaluate
the consistency and repeatability of our setup. This sample happened to be slightly
thinner than the previous one (a fact reflected in its larger capacitance) which may

have allowed slightly quicker thermal equilibration.

5.7.1 Density Calibrations
Bulk Helium Density

During the first data run, in July 2003, the bulk density capacitor short circuited
during cool down, so the bulk density was not measured for the those isotherms.
During the second run, in August and September 2003, the bulk capacitor was
working however, and by assuming NIST values for helium density at 4.400K, bulk

density was calculated from the capacitance using:

Ovutke = 98.898 (Cpusr. — 35.165pF) (5.4)
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Figure 5.32: The filling branch of the helium adsorption isotherm for Aerogel X at
4.400K taken during the July 2003 data run. This isotherm is used to calculate
the effects of fringe fields and obtain a calibration for helium density within the
aerogel. Compared to Figure 5.19 fringe fields contribute more to the signal in
Aerogel X than in aerogel B110, reflected by the greater distance between points A
and B in this figure, because it is mounted in the cup shaped electrode of the second
experimental cell.

The new cell incorporated a bulk capacitor with a much smaller gap, and a corre-
spondingly larger capacitance. There is no temperature correction included in this
calibration because the magnitude of such a correction was always less than lﬁ%;
since the only role the bulk density played in this data set was as a fringe effect such

a small correction to the bulk density calibration was unnecessary.

Helium Density in Aerogel

The calibration for helium density in aerogel shifted slightly between data runs,
but by less than a percent. The two density calibrations are shown below, and

were calculated from the adsorption isotherms shown in Figure 5.32 and Figure 5.33

respectively.
pHe = 1136 (Ogel — 2.825302pF — ’7’—’5“5’:’;-) (July2003) (5.5)
pHe = 1141 (Cgel — 2.799407pF — %S) (August2003) (5.6)
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Figure 5.33: The filling branch of the helium adsorption isotherm for Aerogel X
at 4.400K taken during the August 2003 data run. The values for the aerogel
capacitance are slightly shifted from Figure 5.32, which is taken into account in the
helium density calibration. There is also a small offset in bulk condensation pressure,
which is an artifact of the pressure gauge calibration — while pressure changes can
be resolved very well, the absolute pressure calibration in this pressure range is not
perfect.

5.7.2 Comparison between Runs

The density calibration is recalculated for each data run, so the two separate data
runs on this one sample allowed us to make a direct comparison between data
collected for exactly the same system on two different occasions. Isotherms for
adsorption at 5.165K are shown in Figure 5.34 for both data runs. They should be
identical — any difference indicates a deficiency in our calibration. Notice that the
shape of the isotherm remains virtually unchanged — the only noticeable difference
is a shift of about 17—’;% in density. This good agreement between data runs is despite
the complete lack of bulk density measurements for the July data (remember that
the aerogel density calibration includes subtracting out about 15% fringe field).
However, the shift in density means that we must be careful not to claim too much
accuracy when interpreting absolute density measurements for helium in our aerogel

samples.
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Figure 5.34: Adsorption isotherms for helium in Aerogel X at 5.165K taken during
two different data runs. The density of helium in the aerogel differs by about
11—’;% between the runs. The data from July did not include direct bulk density
measurements, which may have contributed to differences in calculated densities.

5.7.3 Rate Dependence of Hysteresis

Adsorption isotherms in this sample were almost all collected by controlling the
ballast temperature; continuous flow into the cell could not be controlled at a slow
enough rate to allow equilibration. A sample isotherm showing how sensitive the
system is to filling rate is included as Figure 5.35; this behavior is very similar to
sample B110.

5.7.4 Adsorption Isotherms for Aerogel X

The shape, and the temperature evolution of the shape, of adsorption isotherms in
this sample is very similar to those seen in sample B110. Included in Figure 5.36,
Figure 5.37, and Figure 5.38 are a series of isotherms spanning the temperature
range from 4.880K to the disappearance of hysteresis at 5.155K.

At higher temperatures (above 5.155K) we do not have precise enough saturated
vapor pressure values to plot all isotherms in terms of P/Pp so Figure 5.39 shows
higher temperature adsorption isotherms in terms of density and absolute pressure.

These three isotherms show that while hysteresis may be present at 5.155K, it is gone
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Figure 5.35: Adsorption isotherm for helium in Aerogel X at 4.400K. Equilibrated
points define an inner loop, while points taken during continuous filling and emp-
tying form a much wider loop. Notice that even at the slowest possible filling rate
(0.5sccm) the hysteresis loop deviates considerably from its equilibrium shape.
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Figure 5.36: Adsorption isotherms for helium in Aerogel X. All these low temper-

ature isotherms show distinct hysteresis loops very similar to those seen in sample
B110 (Figure 5.24).
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Figure 5.37: Adsorption isotherms for helium in Aerogel X. These slightly higher
temperature isotherms show the hysteresis loop shrinking and the low density side
of the loop becoming less distinct.
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Figure 5.38: Adsorption isotherms for helium in Aerogel X. These higher tempera-
ture isotherms show the gradual disappearance of the hysteresis loop — by 5.155K
it just barely resolvable.
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Figure 5.39: Adsorption isotherms for helium in Aerogel X. These isotherms show
that while a small hysteresis loop is visible in the 5.155K isotherm, above 5.155K
hysteresis has completely disappeared. These isotherms are plotted in terms of
absolute pressure because of unreliable bulk saturated vapor pressure data in this

temperature range.

by 5.157K. This is within a few millikelvin of the temperature at which hysteresis
disappeared in sample B110.

Figure 5.40 shows many adsorption isotherms over a range of temperatures from
the disappearance of hysteresis to the bulk critical temperature. While the high
density “corner” of the isotherm is not well highlighted in such a plot, one can see

that it smooths out near 5.175K or 5.180K as it did in sample B110.
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Figure 5.40: Adsorption isotherms for helium in Aerogel X, for temperatures from
the disappearance of hysteresis at 5.155K to bulk T.. For the lower temperature
isotherms only the filling branch is shown; for the higher temperature isotherms
there is no hysteresis and filling and emptying branches are equivalent.
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5.8 Helium in Aerogel B51

Our third sample in this study of capillary condensation of helium in silica aerogel
was a slice of ~ 98% aerogel with a density of 51;’2% referred to as “B51.” This
sample was synthesized in-house using the same one-step process used to synthesize
B110, so the microstructure of the gel should be very similar. The sample was cut

and plated in the same manner as the first two samples.

5.8.1 Density Calibrations
Bulk Helium Density

The bulk density calibration for this data run was again set by assuming literature
values for the density of helium vapor and liquid at 4.400K. The calibration is very
close to that seen from the August 2003 run, which is reassuring. A temperature

correction term is included, but again it is not very significant (never more than

0.42%).

Pouik = 98.712 (Chuie — 35.188676pF — 0.00183 (Teeyy — 4.400K)) (5.7)

Helium Density in Aerogel

The aerogel capacitor calibration is again computed from the adsorption isotherm

at 4.400K, including fringe effects (see Figure 5.41).

Pbulk
ofls = 2261 ((Cou — 1.44848pF — L2 ) (5.8)

5.8.2 Adsorption Isotherms for Aerogel B51

Adsorption isotherms in aerogel B51 differ from those in the previous two samples.
Capillary condensation does not occur until slightly higher relative pressures than in
the denser gels and when it does occur the gel fills (or empties) over an exceptionally
narrow pressure range. Two isotherms are shown in detail: one at low temperature
(Figure 5.42) and one closer to T. (Figure 5.44). In both figures any point which
has not quite equilibrated is marked by an asterisk. With so many points out of
equilibrium, it is hard to assign a width to the hysteresis loop, but for the 4.880K
isotherm the width must be in the range: 0.00045P/FPy < Width < 0.00125P/F,
about half the width of the same isotherm in B110.

Also of interest in the 4.880K isotherm is the decrease in apparent density of

helium after the gel has filled and the pressure is increased towards bulk saturation
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Figure 5.41: Adsorption isotherm for helium in sample B51 at 4.400K. Again, the
positions of points A and B are used to determine the helium density calibration

used throughout this data set (Equation 5.8)

pressure. In this regime the gel is full of liquid, but bulk liquid has not formed in
the cell yet. There is an interfacial energy associated with this liquid-vapor interface
which acts to deform the aerogel; the decrease in capacitance is probably not due
to an actual decrease in the helium density, but is in fact due to a geometric change
in the capacitor. If we assume an isotropic compression of the aerogel an increase

in capacitance is actually expected, since C m%. In fact, within about 30%,

we would expect:
AL _AC

L o
which means that capacitance should increase with pressure if the effect of aerogel is
isotropic. Figure 5.43 shows the desorption branch of the 4.880K isotherm in aerogel
B51, plotted in terms of raw capacitance. By extending the data near the closure of
the hysteresis loop along straight lines we can estimate the change in capacitance —
about —1.6fF. This corresponds to a change in capacitance of about 0.1%, much
less than the ~ 1% change in length expected from the results in chapter 7 in
addition to being of the wrong sign. Thus, the capacitance we are measuring must

be more complicated than we first assumed. Perhaps the deposition of the electrodes
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Figure 5.42: Adsorption isotherm for helium in B51 at 4.880K. While most points
are equilibrated, some have not completely settled and are indicated by an asterisk
(*) near the point. The minimum and maximum widths of the hysteresis loop are
indicated. The minimum is set by the highest pressure equilibrated filling point on
the low density side of the loop and the lowest pressure equilibrated emptying point
on the high density side of the loop. The maximum width is set by the difference
between the equilibrated filling point and the unequilibrated emptying point at the
same density. Also note the apparent decrease in helium density after the sample is
full — this is probably indicative of deformation of the sample caused by the helium’s
surface tension, the topic of another chapter in this thesis.
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alters the aerogel structure on the large faces of the slice, or the deformation of the
aerogel is affected in some way by the manner in which it is mounted in the cell. A
closer examination of the sample may be necessary to completely understand this
behavior; until then it is dangerous to try to extract information about the physical
deformation of the aerogel from any capacitive measurement involving electrodes
deposited directiy on the aerogel.

Hysteresis is still easily resolved in the 5.150K isotherm (Figure 5.44), which
also happens to be the best equilibrated hysteretic isotherm we have for sample
B51. This hysteresis loop extends over a large range of densities but drains almost
entirely in a single pressure step.

Figures 5.45 to 5.47 show the evolution of the adsorption isotherms with temper-
ature. Hysteresis is still resolvable in the isotherm at 5.170K, although the precision
of our pressure control is barely good enough (a few parts in 10°) to see the loop.
At 5.180K and above no hysteresis was seen; however, a number of points along the
higher temperature isotherms showed a slow random drift. This drift in density was
sometimes small, and sometimes a significant part of the density change seen during
that isotherm’s step. This is probably an indication that at such temperatures the
isotherms are very sensitive to cell temperature and pressure and we have reached

the limits of our ability to control the system well enough.

5.8.3 Thermal Equilibration

The thermal equilibration of aerogel B51 during fluid adsorption resembles that of
B110 in that is is slow and although cell pressure and bulk density equilibrate quickly
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Figure 5.44: Adsorption isotherm for helium in B51 at 5.150K. This isotherm is very
well equilibrated, and the hysteresis loop is very distinct. However, the (pressure)
width of the loop is only about two steps in ballast temperature. The loop is much
wider in terms of density and flatter than high temperature loops in the other two
samples. The only point in the plot which does not represent a fully relaxed state
is indicated by the asterisk(‘*’). Note that this loop is only a few times wider than
our resolution — in fact, within resolution, the emptying branch of this isotherm is
flat.

after a step in ballast temperature, the helium density in the aerogel slice lags far
behind. Figures 5.48 and 5.49 show the response of aerogel B51 to a small step in
ballast temperature within the hysteretic region of the 5.150K adsorption isotherm.
These are exactly the same form as those shown for aerogel B110 (Figures 5.20
and 5.21), except that the upper pane (Tpg) has been removed. This is because the
step in T used here was not resolvable within thermometer noise —~ each step along
this isotherm corresponded to a change in Tp of only 0.1mK, as opposed to the
1.0mK change shown for aerogel B110 in a previous section.

The relaxation of helium density in aerogel B51 seems slower than in aerogel
B110, which is probably related to the much smaller change in system pressure
along the step. A direct comparison of the two is shown in the next section. There
is also an important observation to make about system response from these figures

— there is long term drift in bulk density. This drift is probably caused by drift
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Figure 5.45: Adsorption isotherms for helium in B51. These three isotherms were
collected at lower temperatures, where the hysteresis loop is fairly wide and well

defined.
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Figure 5.46: Adsorption isotherms for helium in aerogel B51. Hysteresis disappeared
over this temperature range in aerogel B110 and Aerogel X, but in B51 the hysteresis
loops remain well defined, although over a very narrow pressure range.
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Figure 5.47: Adsorption isotherms for helium in B51. These higher temperature
adsorption isotherms show the disappearance of the hysteresis loop somewhere be-
tween 5.170K and 5.180K. The isotherm at 5.180K included points which appeared
to drift over time; these points have been removed from the figure and probably
indicate that we are operating at the limit of resolution for this system.

of the cell pressure, although the noise on the pressure signal makes that difficult
to distinguish. If the drift is also present in the cell pressure, then it is probably
related to temperature drift in the ballast (which, after all, controls cell pressure).
The temperature controller specifies an accuracy of 0.1%, which would correspond
to £5mK in this system. While the controller actually provides very stable and
reproducible readings down to fractions of a milliKelvin in this temperature range,
it must be expected to drift somewhat on the scale of 100uK since that is two orders
of magnitude beyond specifications. A drift in cell pressure will also turn up as a
drift in aerogel density. Since the drift in density is still a fraction of the total
step caused by stepping the ballast temperature we can still sensibly interpret the
adsorption isotherms, but there were times when the drift was too large and those
points needed to be removed from the data files.

Cell temperature is controlled in the same manner as ballast temperature, so a
drift in cell temperature could also account for drift in bulk density, although in this
case there will be no accompanying drift in cell pressure. In either case, we have

reached the limit of resolution for our present system — temperature control will
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Figure 5.48: Equilibration during cell filling at 5.150K. The ballast temperature is
not included because the step in Tp was only +0.1mK — not resolvable from noise.
There is a slight drift in bulk density and in cell pressure, probably due to drift in

ballast temperature.
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Figure 5.49: Equilibration during cell emptying at 5.150K. This figure is identical
to the previous one, but corresponds to a temperature step of ATg = —0.1mK
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need to be improved if anyone wants to investigate these isotherms more closely, or

work with less dense aerogels in this system.

5.8.4 Absence of Critical Depletion in Aerogel B51

Since our setup allowed simultaneous measurement of helium density in the bulk
cell space and in the aerogel sample, we could easily check for critical depletion. As
mentioned in chapter 3 there have been a few instances which would suggest that
close to the bulk critical point fluid leaves the pores of certain porous materials as
the temperature is lowered.

If such a process occurred in the aerogel sample, then a plot of helium den-
sity in the gel along a series of isotherms should show crossing of the isotherms
when the bulk helium density is near its critical value. All of these isotherms were
taken above the critical point, over a range of temperatures from 5.1952K to 5.600K
(e ~ 107! — 10™%). In an experiment on the adsorption of nitrous oxide in a dense
silica gel[50], researchers saw evidence for critical depletion for reduced tempera-
tures below about 10~2 — a range covered well in our data. Isotherms for helium
adsorbed in aerogel B51 are shown in Figure 5.50 and clearly show no evidence
for critical depletion. This figure can be directly compared to Figures 3 and 4 in
reference [50] — we see no crossing of isotherms in the range where they clearly see
crossing. It would be interesting to use our system to investigate critical depletion
in denser glasses since the data analysis allows for very quick interpretation of raw
data — although we saw nothing in the very porous aerogel sample, there might be

interesting behavior in the denser porous glasses such as Vycor.
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Figure 5.50: Isotherms in aerogel B51 at temperatures above the bulk critical tem-
perature. Critical depletion would show up as a crossing of these isotherms near the
bulk critical density. Clearly there is no such crossing in these data. The isotherms
span a wide range in reduced temperature, with the highest temperatures showing
little excess adsorbed helium as the bulk density is swept over a wide range and the
lowest temperatures showing a significant (i.e. ~ 20%) density enhancement. The
lowest and highest temperature isotherms are directly labelled on the plot, and the
bulk critical density is shown by a vertical grey line.
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5.9 Comparison Between Samples

5.9.1 B110 and Aerogel X

There is every indication that these two samples have very similar structures and
porosities. All the helium adsorption isotherms collected indicate that hysteresis
in these two samples occurs in the same temperature range and that the hysteresis
loops cover similar density and pressure ranges (Figures 5.51, 5.52, and 5.53). The
only differences are near the low density closure of the hysteresis loop — in Aerogel
X the closure is somewhat more gradual than in B110. This part of the isotherm
corresponds to the initial stages of capillary condensation, when small spaces within
the aerogel begin to fill with liquid. The differences between the two samples may
indicate a slightly different structure on the smallest length scales, consistent with
slightly different catalysis during synthesis or drying program. However, overall the
differences are quite minor, especially on the higher density side of hysteresis loop.

At 5.165K, after the hysteresis loop has disappeared, the isotherms in B110 and
Aerogel X are practically indistinguishable (Figure 5.53). In fact, the two isotherms

show better agreement than the two separate data runs on Aerogel X.

0.998 115.000K
0.997 - N
= | e
S
i A = e
e ..............
=3
@ ]
a 0.995
£ :
—&— B110 Filling
0.994 - ~—0— B110 Emptying
---&-- Aerogel X Filling
/ -+ Aerogel X Emptying
0.993 +X2 ' ' ' '
60 20 30 90 100

Helium Density (kg/ms)

Figure 5.51: Adsorption isotherms of helium at 5.000K in aerogel B110 and Aerogel
X. The two isotherms are remarkably similar, showing only slight differences in
slope, width, and curvature on the low density side of the hysteresis loop.
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Figure 5.52: Adsorption isotherms of helium at 5.140K in aerogel B110 and Aerogel
X. Again the isotherms are very similar, although the slight differences are high-
lighted because the hysteresis loops have become so narrow at this temperature.
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Figure 5.53: Adsorption isotherms of helium at 5.165K in aerogel B110 and Aerogel

X. The two samples are virtually indistinguishable at this temperature. In fact the

agreement is as good or better than the agreement between the two data runs with
Aerogel X shown in Figure 5.34.
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5.9.2 B110 and B51

There are much more significant differences between adsorption isotherms in the
95% and 98% porous aerogels (B110 and B51). In fact the shape of the adsorption
isotherms is fundamentally different, as emphasized in Figures 5.54 and 5.55 for
T=4.880K and T=5.150K respectively. In aerogel B51 the hysteresis loops occur
much closer to saturated vapor pressure and cover a larger range of densities. The
low density portion of the adsorption isotherms in B51 shows less density enhance-
ment before the onset of capillary condensation, consistent with a lower surface area
per volume — the less dense medium perturbs the density less from its bulk value.

Similarly, the density enhancement when the gel is full (at 5.150K) is smaller in

B51, as expected.
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Figure 5.54: Adsorption isotherms of helium at 4.880K in aerogels B110 and B51.
While the liquid density in the aerogel remains virtually unchanged, every other
characteristic of the adsorption isotherm has changed. Compared to B110, the low
pressure corner of the isotherm has been shifted to lower helium density for B51, the
capillary condensation pressure has shifted upwards, and the slope of the isotherm
during capillary condensation is much flatter. The hysteresis loop is about half-way
between the bulk density curve and the B110 loop, a fact consistent with the ratio
of sample densities — one would expect a gel that is half as dense to perturb the

condensation of helium much less.
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Figure 5.55: Adsorption isotherms of helium at 5.150K in aerogel B110 and B51. The
statements made in the caption of Figure 5.54 apply here as well, and the difference
in hysteresis loop shapes is more obvious here. By this temperature hysteresis has
almost disappeared in B110, and the remaining loop is just a small triangle; in B51
the loop remains distinct and much more rectangular.

The disappearance of the hysteresis loop with temperature is also very differ-
ent in these two samples. In B110 the loop disappears between 5.150K and 5.160K
(~40mK below T¢), while in B51 it disappears between 5.170K and 5.180K (~20mK
below T.). Thus, the hysteresis loop closes at a temperature below T, which is
roughly proportional to the aerogel density. However, perhaps more significant is
the manner in which the loop closes. The hysteresis loop in sample B51 covers
smaller and smaller pressure ranges as the temperature is raised, but its shape does
not change drastically as it shrinks. Sample B110, on the other hand, exhibits a
hysteresis loop that almost seems to “zip” closed as the temperature is raised; while
the high density side of the adsorption isotherm does not change drastically as the
temperature is raised, the closure of the loop on the low density side moves to
higher and higher densities until nothing is left but a small triangular loop nestled
up against the corner of the emptying branch of the isotherm. While at high tem-
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peratures the B51 loops do adopt a more triangular form than at low temperatures,

they never become as triangular as the B110 loops.

Equilibration of helium density in aerogels B110 and B51

It is interesting to compare the behavior of aerogels B51 and B110 in terms of
thermal equilibration during fluid adsorption, shown in Figures 5.56 and 5.57. The
relaxation of both these samples as they are filled and emptied has been discussed in
each sample’s respective section; here the time dependence of the adsorbed helium
density is directly compared for the two samples at T¢eyy = 5.100K. Equilibration ap-
pears to be somewhat slower in aerogel B51, but this may have something to do with
the lower ballast temperature step. A smaller temperature step creates a smaller
pressure change which in turn prevents much latent heat from being deposited into
the gel at once (since any latent heat would cause local heating, pushing the local
pressure above that of the rest of system). While in the denser gel, most of the
latent heat of condensation may be liberated as soon as the pressure is changed,
and the sample need only conduct the heat away, in B51 perhaps the slower re-
sponse indicates that in addition to the smaller gradient across the sample, there is
a longer process of condensation occurring. Also, aerogel B51 appears to not have
equilibrated by the end of the data shown here — this is in fact the case. Neither of
the points shown for B51 were given sufficient time for the adsorbed helium density

to reach its limiting value.
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Figure 5.56: A comparison between the equilibration of adsorbed helium density in
aerogels B110 and B51 during filling at Te;; = 5.100K. Both samples show very slow
relaxation, with the B51 sample appearing proportionally slower. Note the much
smaller pressure (i.e. Tg) step necessary to cause a large density change in aerogel
B51.
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Figure 5.57: A comparison between the equilibration of adsorbed helium density in
aerogels B110 and B51 during emptying at Teeyy = 5.100K.
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5.10 Density Calibrations for Resonator Experiments

The density calibrations for helium in the two aerogel resonators described in the
next chapter were constructed from capacitive measurements like those shown through-
out this chapter. Both helium resonators were filled at T,.; = 5.700K, so calibra-
tions were made by fitting the density determined capacitively from isotherms at
5.700K to a polynomial in pressure. Density calibration isotherms and polynomial
fits are shown in Figure 5.58 for gel B110 and Figure 5.59 for gel B51.

The density calibration used for the neon resonator results, on the other hand,
was constructed by dosing the cell with gas at a known pressure in a known volume.

This calibration is discussed in detail in chapter 6.

Density =-1.31835%10P% + 3.780511%103P° - 0.4486281 P*
+28.18813P3-988.7216 P2+ 18355.65P - 140895.9
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100 { [B110
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§ 70 -
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Figure 5.58: This is the density calibration for helium in aerogel B110 at 5.700K.
The polynomial fit is given at the top of the figure. This calibration was used in the
resonator experiments described in the next chapter.
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Figure 5.59: This is the density calibration for helium in aerogel B51 at 5.700K.
The polynomial fit is given at the top of the figure. This calibration was used in the
resonator experiments described in the next chapter.
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Chapter 6

Acoustic Investigation of Fluids
in Aerogel

I completed three experiments using a low frequency acoustic resonance technique to
sense the phase separation of fluids in aerogels by locating a sudden change in elastic
properties of the fluid-aerogel system. While this technique promised the possibility
of pinpointing precise temperatures for the liquid-vapor transition in aerogel, details
of the transition and of the mechanical behavior of aerogel complicated matters. In
the following sections I will give an overview of why we chose to try a resonance
measurement of the coexistence curve, what sort of acoustic response we saw, and

what can be inferred from that response.

6.1 Acoustic Resonance Experiments

The resonant frequencies of a body depend on its elastic properties, so that by
measuring those frequencies it is possible to reconstruct the elastic constants gov-
erning the body. This principle is used in techniques such as resonant ultrasound
spectroscopy([135] and, in simple systems, a single measurement can allow you to
extract elastic moduli, such as Daughton et al. obtained from monolithic pieces of
aerogel[123]. The use of acoustic resonators to detect fluid phase transitions goes
back decades (for example, see [136]), and is still used today. Even if absolute val-
ues for elastic constants (or, for fluids, compressibility) are not extracted, resonance
measurements can be used to locate phase transitions — simply locating the temper-
ature at which the elastic properties change suffices to pinpoint the location of the
transition.

Early work on the thermodynamics of critical fluids near the liquid-vapor critical
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point used the acoustic resonance in cylinders to map the sound speed in a fluid
along isochores (scans whose overall density remained constant while temperature
was varied)[136]. Sound speed dipped sharply as the critical point was approached,
and the location of the minimum could be used to map out a coexistence curve while
at the same time providing information on the critical behavior of the compressibil-
ity. Since sound is adiabatic, the sound speed is related to the adiabatic (ks) and

isothermal (k7) compressibilities by Equation 6.1:

2 aT /v
v°(0) = = + 6.1
©) prs  prr  p?Cy (6.1)

A disadvantage of this resonance technique is the large sample volume involved

— more precise measurements of the coexistence curve have been made using other
techniques (such as capacitive measurements of dielectric constants[19]) because
gravity-induced density gradients across the sample become significant near the
critical point. However, when a fluid is confined within a porous medium such as
aerogel the density stratification is not expected to be a problem since interactions

with the medium should dominate any gravitational force.

6.2 Cell Design and Cryostats

The cells were constructed to be simple cylindrical resonance chambers. When filled
with single phase fluid the resonance frequencies are simply those of a closed pipe
of length L:
o= (5z)

where v is the speed of sound in the fluid and » is any integer. The cells were con-
structed to fit a monolithic cylinder of aerogel snugly while minimizing the volume of
bulk fluid around the aerogel. Therefore, the resonant frequencies of the cylindrical
cavity depended on a mixture of the elastic properties of the aerogel backbone and
the compressibility of the fluid within the aerogel. To extract the actual fluid com-
pressibility from this data requires a more detailed analysis which takes into account
both the solid backbone of the porous medium and the fluid within the medium.
Analysis tools were pioneered by Biot for this type of calculation[124, 125, 126].
However my results showed rounded transitions; thus very little information about

the critical behavior of the compressibility was likely to be extracted. Hence, I have
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Figure 6.1: This is the cell used to investigate neon in aerogel B110 (95% porous).
The body of the cell incorporated a six-bolt circle of tapped 6-32 holes to hold 6-32
steel threaded rod; the caps were then fixed on with nuts. The aerogel cavity was
machined to fit the aerogel sample snugly, and had a very slight taper to match a
slight shrinkage in one end of that particular aerogel sample. Discs of 0.0105” thick
PZT were soldered directly onto the outside of the thin membrane in each cap. The
cap-body seal was provided by indium wire.

used the features of the resonant frequency along isochores solely to map out the

coexistence curve.

6.2.1 Cell Construction

The resonance cells were machined from copper rod stock and capped by two thin
membranes. The cavities were machined to fit the precise dimensions of the aerogels,
once dried — it was much easier to machine the resonators to fit individual gels than
to manufacture gels to fit the resonance cavities. Schematics of the sample cells are
included as Figures 6.1 and 6.2. A number of earlier data runs used similar cells,
but the data is not included due to poor signal quality (because of poor sensitivity),
the presence of too much bulk fluid, or the explosion of the sample cell (not caused
by me) before proper calibrations could be made.

The caps were sealed with indium for the neon resonator, and the membranes
could withstand pressures up to ~ 700psi before deforming enough to damage the
brittle PZT ceramic transducers. The caps on the helium resonators were sealed
and held in place using blue Bipax Tra-Bond (BA-2151) epoxy; the pressure was
kept below ~ 65psi to avoid cell damage.
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Figure 6.2: This is a schematic

Epoxy Seal  of the cells used to investigate
helium in silica aerogels B110

[ Aerogel and B51 (95% and 98% porous,
‘g\ respectively). These cells were
very similar to the neon cell de-

Copper scribed in Figure 6.1, but were

held together by epoxy, obviat-

% ‘ Membrane ing the bolts.

6.2.2 Signal Generation and Detection

A thin piezoelectric transducer (0.0105” thick PZT disc with silver electrodes) was
soldered onto the outside face of each acoustic membrane, electrical contact to the
top face of the transducer was made by directly soldering a thin copper wire to
the transducer. The intrinsic resonance of these transducers was in the MHz range,
far from interfering with the fluid resonances. One transducer was excited by a
sinusoidal signal from a digitized function generator (Stanford Research SR345)
while the signal from the other transducer was fed into aa lock-in amplifier (Stanford
Research SR530); a schematic is shown in Fig 6.3. The sinusoidal excitation signal
had an amplitude of 2 volts, peak-to-peak. The excitation frequency was swept
over a range that included the fundamental resonant frequency of the closed pipe
system and usually the second harmonic frequency of the cavity. Occasionally other
resonances interfered with the signal (e.g. mechanical resonances of the membranes
themselves), especially at higher frequencies. The absolute magnitude of the lock-in
response was not used in any analysis ~ the maximum in the response was used
solely to locate the resonant frequency of the cavity. Examples of output from the

resonators are included in Section 6.4, along with explanations of how they were

interpreted.

6.2.3 Cryostats and Temperature Control

The neon resonator was mounted on a “CTI Cryocooler 8” closed cycle refrigerator.
The cell was suspended on a braided copper cable to adsorb the vibrations caused
by the fridge’s piston; cooling was provided through another braided copper cable
connected to the baseplate of the cryostat. Temperature was controlled using a

Neocera LTC-21 temperature controller reading a 1002 Platinum resistance ther-
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Figure 6.3: This is a schematic of the electronics for measuring acoustic response. All
parts of data collection were performed by custom made LabVIEW data acquisition
software. The response from the lock-in amplifier was recorded as the excitation
frequency was swept over the frequency range of interest. The resultant spectrum
was also analyzed using our own LabVIEW data analysis programs.

mometer and controlling via a 20002 thick film resistor both mounted on the cell
body. The calibration of the thermometer proved to be in error by over 100mkK, an

issue addressed in section 6.2.4.

The helium resonators were mounted below the 1K pot of a dilution refriger-
ator, although the dilution fridge was not run during data collection. Again tem-
perature was controlled by the Neocera LTC-21 bridge using a resistive thermome-
ter and 20082 thick film heater; in this case a calibrated Germanium thermometer
(LakeShore Serial Number #21017) was used. The B110 resonator was cooled by
admitting a few mbar of exchange gas into the vacuum can, while the B51 resonator

was cooled through a brass mounting block acting as a weak thermal link to the

pot.

6.2.4 Thermometer Calibrations

All thermometers used in this work came with manufacturer’s calibrations. However,
the platinum resistance thermometer used for the neon experiments showed signs of a
large deviation (~ 0.2%) from that calibration. To address this, a short experiment

was performed to map out the bulk neon coexistence curve and use the critical
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Figure 6.4: The coexistence curve of neon, measured by the capacitance of a cylindri-
cal capacitor with neon as the dielectric between the plates. The inset is a blow-up
of the region near the critical temperature. The solid line is a fit to the form of
Eq. 6.2. The T, used in the fit indicates the offset in the thermometer calibration.

temperature as a fixed point to adjust the thermometer readings.

As we did in chapter 5, the bulk coexistence curve was mapped out using a
coaxial capacitor with fluid as the dielectric between capacitor plates. The results
are included as Figures 6.4 and 6.5. The capacitor was mounted in a large cavity
in a copper experimental cell, pressurized at temperatures above the critical point
of 44 48K, sealed, and slowly cooled along these isochores.

The filling pressure controlled the average density of the neon within the cell,
and consequently the position of the meniscus once the neon began to separate into
liquid and vapor. Four filling densities are shown in Figure 6.4, each with a different
range of temperature and density that could be probed before the meniscus reached
the level of the capacitor. Once the meniscus reaches the capacitor, the capacitance
depends on the position of the meniscus as well as the dielectric constant of both
the liquid and vapor phases, making this data more difficult to interpret.

To a first approximation capacitance is directly proportional to fluid density
(i-e. preon x C — Cp). The data have not been converted to absolute densities, since

the critical temperature and critical exponent 3 can be extracted without the task
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Figure 6.5: The data from Figure 6.4 plotted in terms of reduced variables. The
slope of the line of best fit gives an approximate value for 3, although the presence

of non-asymptotic correction terms (i.e. Bi, Bz) leads to a value (8 = 0.356) above
that seen asymptotically close to the critical point (8 = 0.327[19])

of calibrating density. The fit included in Figure 6.4 is of the form

Pc—p
Pec
where 3, By, B1,andB; are taken from the data of Pestak and Chan[19]. The only

parameters that were adjusted were the critical temperature, 7., and the reference

= Boe® (1+ Buef + Bye) (6.2)

capacitance, Cp. The fit is excellent and the log-log plot shows no marked devia-
tion from linearity, but it requires us to assume a critical temperature of 44.370K.
This deviates from the accepted value of 44.479K[19] by 109mK. This calibration
was performed soon after finishing the final resonator run and, if the thermometer
calibration drift is slow, this data should reflect the thermometer error in that run.

The bulk neon resonator results shown later and the capacitive measurements
shown in Figure 6.4 show that the thermometer calibration must be shifted by
between 80mK-145mK. Signs of the thermometer calibration being off are evident
in other work using this thermometer as well; in Hong Wee Tan’s work[137] in this
lab on neon in aerogel the thermometer already exhibited an offset. In Figure 3.11
of that work the apparent critical temperature of bulk neon is 44.400K, indicating

an error of about 80mK in the thermometer. All this variation indicates that the
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calibration of the platinum resistive thermometer is not stable (over years) to better
than 100mK. The capacitive measurement of the neon coexistence curve discussed
above was taken soon after the neon in 95% resonator data run, so it is reasonable
to use it to calculate a correction to the measured temperatures (+109mK), but

even this correction must be treated with some skepticism.

6.2.5 Density Calibration for Neon in B110

The density of neon in our experiment was calibrated by dosing the cell with neon
from a gas handling system of known volume. The resultant calibration curve relates

pressure at Ty = 47K to the density of neon in the cell and is shown in Figure 6.6.

6.3 Software and Data Collection

All data acquisition was performed with software written within the National In-
struments LabVIEW programming environment. The programs, also referred to as
“virtual instruments” (VI’s), were all written by me or adapted from VI’S written
by Dr. Beamish and have also been adapted to control other experiments in the lab.
The electronics used for acoustics and for temperature control were all controlled
through the VI’s, allowing for completely automated data collection.

The VI’s set the sample temperature, evaluated when the temperature had sta-
bilized and waited a prescribed “equilibration time” while the sample’s internal
temperature settled. They would then collect a full spectrum and proceed to the
next data point. The VIs also tracked and logged the resonant frequency as a func-
tion of time, although this method could not be completely trusted since it had
trouble dealing with the spurious resonances and odd peak shapes. The log files
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were valuable in showing how quickly the cell equilibrated, but the final data have
all been taken from the full spectrum data files.

The only factor that was not automated was the filling and emptying of the
sample. Filling and emptying were performed well above the critical point (at 47K
in neon and at 5.7K in helium) and had to be done manually, usually once per day.
There was no direct measure of sample density available, so the neon density was
calibrated by dosing the cell from a GHS of known volume (see Figure 6.6); the

helium densities were taken from capacitive isotherms described in Section 5.10.

6.4 Form of Results

The goal of these experiments was to precisely map out the liquid-vapor coexistence
curves of helium and of neon in their critical regions, when they are confined to highly
porous silica aerogel. This goal required hundreds of data points for each system
and, coupled to the very long equilibration times for the samples, this translated into
weeks of data collection for each sample. This short section is devoted to describing
the form of the data, illustrated with examples from a simpler bulk neon experiment
done to test the technique.

Each coexistence curve is constructed by locating the transition temperature
along each of a series of isochores. If one has observed true liquid-vapor coexistence,
plotting the transition temperatures against the fluid density should produce a curve

which is approximated by the equation:

—Tcﬁ

T;
The exponent 3 can then be determined from a fit to the data, and this will shed light

lo— pc| <

on which universality class contains the phase transition. Each isochore requires a
day or so to collect, and produces a single (T — p) point for the coexistence curve —
at least a dozen of these points are necessary for the complete curve.

Each isochore, in turn, is constructed from a series of a few dozen data acoustic
spectra taken as the temperature is varied. Thus, each isochore results in a graph
of resonant frequency against temperature. A phase change can be seen where
a sharp feature appears in the isochore — usually a dip or a kink. This is often
accompanied by a sharp feature in the resonance amplitude as well. Although the
form of the feature is well defined (and very obvious) in bulk fluid experiments, it is

not as straightforward in the aerogel results. In fact, the form of the feature changes
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Figure 6.7: This is a spectrum of bulk neon (p =~ 475;1’%%-) in a cylindrical resonator
at T=44.490K, just above its liquid-vapor critical point. Notice the harmonics of a
simple closed end cylinder become obscured at higher frequencies by the mechanical
resonances of the endcaps and membranes.

significantly as the density changes — isochores from the low and high density sides
of the coexistence curve look quite dissimilar. Whatever form the feature takes, its
location is recorded (i.e. T, p) and plotted on the coexistence curve.

The resonant frequency plotted for each temperature along the isochore is itself
determined from a plot of response against frequency for each temperature and
density point. These spectra are the actual raw data recorded in the experiment and

take two to five minutes to collect, after the cell has equilibrated at each temperature.

6.4.1 Bulk Neon

An example of a spectrum, taken with bulk neon (i.e. no aerogel) near the liquid-
vapor critical point is included as Figure 6.7. The fundamental and first three
harmonics are labelled, and the higher frequency signal is swamped by interference
from other modes. The frequency of the fundamental resonance is recorded and a
series of these spectra can be combined to form an isochore, the shape of which .
can vary depending on the density, as shown in Figure 6.8. At the critical density
the isothermal compressibility diverges at the transition, but this is not the case far
from the critical point. Thus, the phase transition appears as a very sharp dip when

p ~ pe but appears as a kink far from pc.
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Figure 6.8: These are three isochores for bulk neon, constructed by plotting the
position of the first peak in spectra such as Figure 6.7 as the temperature is varied.
Near the critical density, the phase transition appears as a sharp dip while farther
away it becomes more subtle (but still easily identifiable). Along each isochore the
transition temperature is indicated by a vertical arrow.

The position of the resonant peaks can be used to calculate the speed of sound
in neon as a function of temperature along an isochore. The fundamental and
first harmonic should give identical values for sound speed in a perfect cylindrical
resonator. In our case the two peaks give very similar values for sound speed in the
one phase region, but the apparent sound speeds differ in the two phase region. This
is because the existence of an inhomogeneous fluid distribution, with the appearance
of a liquid-vapor meniscus, wrecks the cylindrical symmetry of the resonator and
the second resonant frequency is no longer a simple harmonic of the fundamental
frequency. Sound speed along an isochore is plotted for ppeon = 670-;;‘% in Figure 6.9
— below 43.620K the sound speeds change dramatically, marking the entrance into
two-phase coexistence. Even when the resonant frequency does not show a large
change, sometimes comparing sound speeds calculated from the first two resonant
frequencies allows a more precise determination of the transition temperatures.

Combining the data from isochores, one can construct a coexistence curve, as
shown in Figure 6.10. Notice that the data must be shifted by 145mK to agree

with literature — this error in the thermometer calibration does not agree with that
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Figure 6.9: Sound speed in neon (p = 670%%) as a function of temperature. Above
43.620K the first and second resonance peaks track well and give very similar values
for the sound speed, but below 43.620K the two peaks behave differently. This more
complicated behavior is an indication of the appearance of a meniscus in the neon
which destroys the cylindrical symmetry of the resonance cavity.

determined in Section 6.2.4 and may indicate that the thermometer calibration is
not incredibly stable. These data were taken during summer 2002.

Data from the bulk neon resonator were only meant as a quick check and there-
fore the points are rather sparse and a bit scattered — they illustrate the general
shape of the coexistence curve but they do not make it possible to determine critical
parameters. The capacitive measurements in section 6.2.4 are much more suited for
that sort of analysis. These data also point out the limitations of our density cali-
bration — since density is determined by incremental filling of the cell, the absolute
error grows as density increases. This may be seen in the deviation of the high

density points from the literature curve.

6.4.2 Fluids in Aerogels

Resonator results for the aerogel cells are of the same form as the bulk neon results
discussed above, but with a few complications. The data points along an isochore
were necessarily sparse because of long equilibration times (which will be discussed
in Section 6.8). At temperatures above the two-phase region, equilibration times

of half an hour were usually sufficient to reach equilibrium, while on many runs it
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Figure 6.10: These points represent the coexistence curve for bulk neon as deter-
mined from acoustic resonance experiments. They have also been re-plotted, shifted
by +145mK to agree with the accepted bulk coexistence curve. The solid line is the
coexistence curve determined by Pestak and Chan(19].

was impossible to see equilibration within the two-phase region. This reality set the
limit on my resolution — with only one or two dozen points along an isochore, the
transition temperature could at best be determined within a 10mK window.

The addition of aerogel to the system also drastically affected the form of the
resonance spectra. Since the system became a more complex, fluid-porous medium,
acoustic resonator, the resonance frequencies were no longer simple harmonics. Also,
with the aerogel backbone to help support acoustic modes, the transition did not
appear as distinct as in the pure fluid system. In fact, at times it became downright
undetectable. This was most strongly manifested by the low density isochores — at
best, the transition appeared as a slight inflection of the curve instead of a sharp
kink.

Another major complication added by the aerogel was the appearance of peak
splitting in many of the spectra. There appeared to be frequency windows in which
the resonator did not support a fluid resonance even though one would be expected
there. In later experiments it was not uncommon to encounter many such windows,

and the windows shifted with density. These are discussed in more detail in the
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section on helium in aerogel B51, where they were the most obvious. Ironically,
this particular complication became worse as my skills in machining and assembling
resonators improved, implying that the complication is not due to poor cell assembly
or bulk fluid in the resonator. Indeed, this problem increased in severity as the
experimental setup became cleaner.

This behavior suggests that some fundamental mode is interfering with my sim-
ple longitudinal resonance. It is probably not an external resonance (such as a
membrane) since it shifts monotonically with density, but exactly what internal
mode is interfering is not clear. The most obvious candidate is a simple torsional

mode; the resonant torsional frequency of a cylinder with free ends[135] is:

n |G

V= — —

AT

However, plugging in some representative values from my cells shows that the funda-
mental torsional frequency is too high to account for the multiple windows as higher
torsional harmonics. While the mode that caused the problem is not quite that
simple to explain, it is most likely some sort of mode with a largely shear character
which will be addressed later. Similar peak splitting has been seen in resonance

experiments with superfluid “He in aerogel[53].

6.5 Neon in 95% Aerogel

There were two complete data runs completed for what was nominally neon in 95%
silica aerogel. Actually, the first data run used a cell that included a significant
volume that was not occupied by the aerogel (Volge; ~ 0.8%Voltosa1), and the gel was
about 94% porous. These results were used in preliminary reports, and I include
the final coexistence curve from that run here, but all of these data are superseded
by the second data set. The second set, neon in aerogel B110, represent my highest

precision resonator results.

6.5.1 Preliminary results

Our early resonator experiments were plagued by the presence of large quantities of
bulk fluid in the cell. This problem was remedied by changing the approach to cell
construction. Originally aerogels were grown to fit an experimental cell that had

already been constructed. Since aerogels usually shrink slightly during the aging
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or supercritical drying stages of production, it took many tries to find the correct
mould size in which to grow the gel. Even then only a small percentage of the dried
gels were in good enough shape to use in an experiment. The first data set was
taken when I finally managed to manufacture a gel that was monolithic and close
to the size of the resonator cavity, although even then it was a loose fit. After data
collection, when the aerogel was removed it had shrunk somewhat — when it was
first placed in the cell it filled over 80% of the volume, but when it was removed it
filled less than 80%.

The isochores resembled those of bulk neon, although the transition was rounded
instead of a sharp dip or kink. An isochore is included as Figure 6.11, for a neon
density of 527kg/m3. The isochore includes curves tracking the frequency of the
first and second resonant modes; the phase transition appears as a feature at exactly
the same position in both curves. A third curve has been overlaid, showing a much
denser data set taken near to the transition temperature in an effort to more precisely
fix the transition temperature.

From a series of these isochores a coexistence curve was constructed, Figure 6.12.
The error bars reflect the degree of difficulty in choosing a single transition temper-
ature from a smoothed feature in the isochore. The data on the high density side
of the curve are truncated because the high filling pressures necessary to achieve
higher densities endangered the resonator. The filling pressure was restricted by the
strength of the thin acoustic membranes at the ends of the resonator.

The coexistence curve is narrowed and shifted towards the high density side
of the bulk coexistence curve as expected. The curve appears to be shifted to
lower temperatures, but much of that shift may simply be an error in thermometer
calibration as discussed in the section 6.2.4. The temperatures have not been shifted
to account for this calibration error. The shape of the curve looks like it could be
described by a critical exponent higher than the bulk curve, but the behavior of the
fluid in the aerogel is no doubt obscured by the presence of so much fluid outside

the aerogel. For this reason, no detailed analysis of this curve was performed.

6.5.2 Final results

A much better data run was completed in aerogel B110 after a couple of years of
practice and some partially successful attempts. In fact, these data form the highest

quality set of resonator results collected for this thesis. Compared to the helium
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Figure 6.12: Coexistence curve of neon in 95% aerogel as we published in preliminary
reports, constructed from isochores like that shown in Figure 6.11. The solid line is
the accepted curve for bulk neon. The data plotted here have not been adjusted to
account for the thermometer calibration.
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Figure 6.13: This isochore shows the low density behavior (p = 472%) of the first
resonance peak of neon in aerogel B110. The horizontal arrows link the frequency

and amplitude data to their respective axes, while the vertical arrow denotes the
transition temperature.

data that follow, the neon data are denser and have smaller uncertainties.

The liquid-vapor transition still did not appear as a sharp kink in the isochore
for low densities — it appeared as a gentle inflection or as a slight jump. It is difficult
to discern a feature which represents a phase transition — even hysteresis between
cooling and warming runs falls below the resolution of the acoustic resonator. These
difficulties restrict the data to densities near the critical density (and, consequently,
to temperatures close to the critical temperature).

For the denser isochores the transition was more obvious, although exactly which
feature of the isochore corresponds to the transition is not immediately evident and
it changes with density. The highest density used in this experiment corresponded to
the highest filling pressure I was sure the cell could withstand before breaking. Some
representative isochores are included as Figures 6.13, 6.14 and 6.15. Each figure
includes information on the frequency and amplitude of the acoustic resonance as
read from a lock-in amplifier. As such, absolute values of the amplitude have little
meaning, but relative amplitudes along an isochore give information on attenuation
of the acoustic signal.

From these three representative curves one can see that there is no single feature

which marks the liquid-vapor transition, but that signs of the transition become
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Figure 6.15: This isochore shows the high density behavior (p = 641 ﬁ%) of neon in
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more distinct as the density increases. On the low density curve it is difficult to
discern any significant feature on the scale of the figure, although the slope does ob-
viously change at some point. By the density shown in the second figure the change
of slope is more obvious, and hysteresis becomes visible. Finally, at high densities
there is a significant, and sharp, change in resonant frequency at the transition.
Hysteresis in these isochores is usually a sign of non-equilibrium behavior — below
the liquid-vapor transition equilibration times stretched into hours. Each point was
taken after waiting a specified time so that before the appearance of two phases each
point had adequate time to equilibrate, but after the appearance of distinct liquid
and vapor phases equilibration within that time was not guaranteed.

For each sharp feature in the resonant frequency there should be a corresponding
feature in the peak amplitude. At the transition you expect to see a sharp increase
in attenuation, and consequently a sharp decrease in amplitude. In the lower density
curves (Figure 6.13 and Figure 6.14), no such sharp decrease is seen, although in
both cases a careful examination of the amplitude curves turns up slight indications
of a transition at the same temperature as seen in the frequency curves (i.e. change of
slope or appearance of hysteresis). In the high density curve (Figure 6.15) however,
there is a sharp decrease in amplitude at the same temperature as the sharp drop in
resonant frequency, although it is somewhat obscured since the resonant frequency
appears to remain virtually constant above 44.2K. In fact the resonance is split
between a peak near 3450Hz and another at 3600Hz. As the temperature was
lowered, weight shifted from the higher frequency peak to the lower frequency one
without a peak ever moving through the frequency space in between. This behavior
is reflected in the increase in amplitude as temperature decreases until 44.2K; then
the amplitude decreases again because of the condensation of neon. This type of
behavior was also obvious in the data for the helium resonators in the next sections
and is probably indicative of mode crossing behavior.

Both cooling and warming runs are included in the isochores, and both show
the liquid-vapor transition, but often at slightly different temperatures. Since the
warming runs start in the two phase region where latent heat may be released
or absorbed as the temperature is changed, thermal equilibrium is not established
as quickly as in the single phase system above the transition. This may result
in the warming runs showing an apparent transition temperature higher than the

true temperature. When choosing the transition temperature for each isochore, the
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Figure 6.16: The coexistence curve of neon in aerogel B110. This raw data does not
take into account the error in the thermometer calibration. The solid line in the
accepted coexistence curve of bulk neon.

warming data can be used as a guide, but the precise choice was always made using
the cooling data.

The final coexistence curve is shown in Figure 6.16. There are three important
differences between the bulk neon coexistence curve (shown by the solid line) and
the data for neon in aerogel. The first is that the curve has been narrowed, the
second is that the center of the curve has been shifted to higher density, and the
third is that the shape of the the coexistence region seems to include a plateau
in the center. There is also a shift in transition temperature, although with the
uncertainty about the calibration of the thermometer, it difficult to say much about
that shift.

If the adjusted temperatures are correct, then the coexistence curve has only
been depressed by 0.02K, or 0.05%. This very small shift is an order of magnitude
smaller than the shift seen for nitrogen (0.6%) in Apollo Wong’s experiments[54,
11]. Although without a fit to the coexistence curve a quantitative analysis of
its width is not possible, cursory examination of the curve indicates only slight
narrowing(~ 25%). This narrowing is significantly less than that reported in helium

but only slightly narrower than nitrogen[54, 11]. The odd plateau seen at the top of
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the curve is also a new feature. If we ignore the data along the plateau for now, and
focus on the low and high density sides of the coexistence curve for neon in aerogel,
we can evaluate the critical exponent 5. This should be equal to ~ 0.33 for a bulk

system close to the critical point, and can be easily extracted from a log-log plot of
reduced density versus reduced temperature as:

T.—T|
7= (o] =)

Such a plot is included as Fig 6.17. The figure includes two fits, in which the

Pc— P

Pc

log

effective critical temperature is allowed to vary. One curve is the best fit possible
assuming Ising behavior (i.e. setting 8 ~ 0.33); this is a poor quality fit which shows
two distinct regions with different slopes rather than simple linear behavior. A better
overall fit is obtained assuming the mean field exponent of 8 = 0.5; this also implies
a critical temperature near the bulk T, before the thermometer correction (which
would further increase it to T. = 44.54K). The apparent mean-field like behavior
of this “transition” may simply be a coincidence — it is certainly not behavior we
expected, nor is it obvious how we can explain it. In fact we need to remember that
there is some doubt about the validity of treating this transition as a regular liquid-

vapor transition, especially given the sometimes ambiguous transition markers.
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Figure 6.17: The coexistence curve of neon in aerogel plotted in log-log form, in
terms of reduced variables. Raw data were used for these plots, with points along
the plateau removed. The two fits show the best fits if T¢ is allowed to vary while
B is either set to an Ising-like value (0.33) or the mean field value (0.50). Note
that the Ising like fit is fairly poor — showing systematic variations throughout the
temperature range.
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6.6 Helium in Aerogel B110

There were two attempts at collecting data on helium in aerogel B110 which yielded
useful data. The first attempt ended when the cell was accidentally warmed during
a helium transfer (not by me) and broke the piezoelectric transducers before a
complete data set could be collected. This incomplete data set was started at high
density and ended, prematurely, just as the transition was becoming indistinct. The
second data set was more complete, but since there was less bulk fluid in the second
cell the spectra were plagued by the problems mentioned above; the data presented
here is from the second, more complete, data run.

As for the neon data, I have included three isochores from the helium resonator
(Figure 6.18, 6.19 and 6.20). Notice how difficult it is to discern an unambiguous
transition temperature. To pick a sensible transition temperature one must find a
relatively sharp feature that is present in both the first and second harmonic, and
preferably one that appears in both the frequency and amplitude of the resonance.
Figure 6.18 illustrates very well the effect of those regions where a resonant peak
cannot exist ~ the resonant peak changes positions in discrete jumps as well as
gradual shifts. The entire data set for the second peak has been eliminated from
Figure 6.20 since the transition is utterly obscured by shifting peak heights that
have little to do with the phase of the fluid in the aerogel pores. Most points within
this data set were collected after a 15 minute equilibration time — this was sufficient
time for points above the transition to equilibrate; points below the transition did
not always have time to equilibrate, leading to hysteresis at lower temperatures.

These isochores were used to construct the coexistence curve shown in Fig 6.21.
The error bars reflect both the uncertainty in picking a transition temperature from
a rounded feature and the uncertainty caused by slight differences in transition
temperature determined from the first and second peaks in the isochore.

There is simply not enough precision in the data to draw many conclusions from
this curve but some important observations may be made. The curve is narrowed by
a factor of two from bulk and it is shifted toward the higher density side of the bulk
helium coexistence curve. The data are not precise enough to make any meaningful
fits to determine effective critical exponents, but are not inconsistent with an Ising-
like fit. They are also not precise enough to state confidently that there is a plateau

at the center of the curve as seen in the neon curve, but the curve does seem to
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Figure 6.18: This isochore shows the low density behavior (p = 70.0%%) of helium
in aerogel B110. The two panels track the behavior of the first and second resonant
peaks respectively. The horizontal arrows link the frequency and amplitude data to
their respective axes, while the vertical arrow denotes the transition temperature.
The behavior of the first peak is a little unclear near the transition, denoted by a
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Figure 6.19: This isochore shows the behavior of helium near the critical density
in aerogel B110 (p = 88.67—1,“1%). The two panels track the behavior of the first
and second resonant peaks respectively. The horizontal arrows link the frequency
and amplitude data to their respective axes, while the vertical arrow denotes the
transition temperature.
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Figure 6.20: This isochore shows the high density behavior (p = 102.5;%%) of helium
in aerogel B110. The second resonant peak has been obscured in the vicinity of
the transition and has not been included in this figure. The horizontal arrows link
the frequency and amplitude data to their respective axes, while the vertical arrow
denotes the transition temperature.
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Figure 6.21: Coexistence curve for helium in aerogel B110. As expected it is nar-

rowed and shifted towards higher densities. The large error bars make it difficult to
state whether or not the shape of the curve is significant.
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share that qualitative feature with the neon curve from the previous section. The
high density side of the curve also looks steeper than the bulk coexistence curve,
which differs from the neon resonator where the curve for neon in aerogel B110 had
a high densify leg which had a shallower slope than bulk.

The thermometer used for these experiments is much more reliable than that
used in the neon experiments — it has been checked against the thermometer used
in the capacitive measurements of Chapter 5 and found to agree within a millikelvin
over the relevant temperature range. That thermometer in turn has been checked
by determining the critical temperature of “He. The density calibrations for this
experiment and the following one (helium in aerogel B51) are probably more reliable
than in the neon experiment; they were measured directly, while the neon calibration
was constructed from successive dosing, which may have led to a systematic error

that grew as the density increased.
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Figure 6.22: This is a single spectrum of the B51 aerogel-helium resonator cor-
responding to T=5.140K and p = 93.17—';%. There are a number of distinct peaks,
although this frequency range should only show a single peak because it corresponds
to the fundamental resonance of a cylindrical cavity filled with helium and aerogel.
As the temperature is changed, the positions of the peaks shift slightly, but mostly
the weight of the signal (i.e. the area under each peak) shifts from one peak to
another. For instance, at this density there is a distinct peak about 2500Hz when
the cell is at 5.700K; by 5.140K this peak has shrunk, but is still present at about
2400Hz if one looks carefully. The presence of these oddly behaving modes obfus-
cates any signature of the phase transition. For some isochores it was impossible to
locate a transition at all because of this behavior.

6.7 Helium in Aerogel B51

The results for the resonator experiments on helium in aerogel B51 resemble those
for helium in aerogel B110. However, the resonant peaks were even more difficult
to track, with more interference (see Figure 6.22 for an example). The resonant
frequencies were lower, because of the lower elastic constants of the more porous
aerogel, and any signal above about 5kHz was swamped by interference between
lower frequency resonances.

The overwhelming nature of the interference present in this data set provides
an excellent opportunity to analyze this behavior and its possible origin. As I
mentioned before, there were problems with interference in both the neon and helium
data sets in B110, however in neither case was the problem as severe. In all three
cases the origin of the multiple peaks is probably due to a phenomenon known

as “mode crossing.” In the most general of terms, this occurs when two different
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types of resonance occur at similar frequencies — it is possible for energy supplied to
one resonant mode to shift to the other, affecting the response amplitude of either
resonance. In the case of the aerogel resonators the two modes must be acoustic in
nature. In other resonance techniques, such as torsional oscillators used for precise
measurements of superfluid density in helium at low temperatures, the modes may
be much less similar — in the case of the torsional oscillator acoustic resonances may
interfere with the torsional resonance which the researchers are monitoring.

In Figure 6.23 an isochore of helium in aerogel B51 is shown to emphasize the
effects of these interfering resonances. In the plot of the resonant peak positions as
a function of temperature we can see four distinct regions; as the simple cylindrical
cavity acoustic resonance shifts to lower frequencies (because the compressibility of
the fluid is increasing as temperature falls) it encounters three frequency regions in
which no peak exists. These regions, near 1300Hz, 1600Hz, and 1925Hz respectively,
probably represent frequencies at which mode crossing occurs. If so, the dependence
of these frequencies on density should give a hint as to the form of the other resonance
present in the cell. The spacing between modes (~ 300Hz) implies that they are
governed by very low elastic constants; since we are already probing the lowest
longitudinal acoustic mode of the aerogel-filled cavity the obvious candidates are
shear modes. These modes involve oscillations of the entire aerogel-fluid systems,
but with only the shear modulus of the aerogel as the restoring force. A simple
torsional oscillation of a solid cylinder is likely not the culprit, since using values
of the shear modulus of aerogel[123] the resonance should be near 1000Hz, with
higher modes separated by more than the 300Hz we see. However, if the modes
responsible are more complicated modes which are mostly shear in nature, then the
restoring force is unaffected by the density of fluid in the cell and the frequency
should be inversely proportional to the root of the system density (f o \/—%— x p~2).
In Figure 6.24 the frequencies of mode crossings are plotted as a function of system
density (i.e. the sum of the densities of the fluid and the aerogel).

The density dependence of the interfering modes is consistent with them being
mostly shear in character, although with the current data set there is no way to
state with confidence what the form of these resonances actually was. The large
number of modes wreaks havoc with choosing transition temperatures from the
isochores; while in the isochores in aerogel B110 there were a couple of regions of

density where the transition was obscured, here every isochore shows at least some
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Figure 6.23: This isochore shows the low density behavior (p = 73.1;’“1%) of helium in
aerogel B51. Cooling data are shown by solid symbols (e.g. 4) while warming data
is indicated by open symbols (e.g. ). The two panes track the peak position and
amplitude for the fundamental longitudinal resonance. Each spectrum may contain
a number of distinct peaks, but they all correspond to the fundamental resonance

(affected by some sort of other resonance). Notice how there are distinct frequencies
at which peaks cannot occur, such as 1925Hz, 1600Hz and 1300Hz.
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Figure 6.24: Density dependence of the mode crossing frequencies in the helium
in aerogel B51 isochores. While this density range is too small to make definitive
statements about the form of density dependence seen here, the frequencies are

definitely decreasing as density increases, and are consistent with the inverse square
root relationship one expects from shear modes.

evidence of mode crossing near the transition. Representative isochores are included
as Figures 6.25 to 6.27; in all these figures closed symbols represent data taken along
a cooling run while open symbols indicate a warming run. Again, no single feature
presented itself as an obvious marker of a transition — as the density changes so does
the character of the transition. In isochores which show obvious hysteresis, there
was usually a problem with slow equilibration below the transition — in such a case
the cooling data should be taken as being closest to equilibrium near the transition.
Most isochores were collected with a 30 minute equilibration period at each point.
Combining the isochores, the coexistence curve for helium in aerogel B51 is
shown in Figure 6.28. The curve is only well defined on the high density side,
although the lowest density point seems to indicate that the transition temperature
is starting to move to lower values. This would imply that the low density branch
of the curve was shifted significantly from the bulk curve, but not as much as in
helium in aerogel B110; certainly the curve is wider than in B110. The lack of a
clear marker for the transition on the low density side is consistent with results from
the other resonators, and with the gradual transition seen on the low density side of
the capillary condensation curve of the adsorption isotherms in Chapter 5. The top

of the curve is consistent with a plateau, but it is too noisy to draw any conclusions.
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Figure 6.25: This isochore shows the low density behavior (p = 73.17%%) of helium
in aerogel B51. The two panes track the peak position and amplitude for the fun-
damental resonance, but are zoomed in from Figure 6.23 so that we can see the
transition more clearly; in this case at 5.190K =+ 0.005K. Cooling points are shown
as closed symbols while warming is indicated by open symbols.
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Figure 6.26: This isochore shows behavior for an intermediate density (p = 81.17—':1%)
of helium in aerogel B51. The upper panel shows the positions of resonance peaks
over the entire temperature range of the isochore, while the bottom two panes zoom
in on the transition, at 5.190K+0.005K. Cooling points are shown as closed symbols
while warming is indicated by open symbols.
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Figure 6.27: This isochore shows the high density behavior (p = 93.1%’;) of helium
in aerogel B51. The format is identical to Figure 6.26, with the transition in this
case occurring at 5.080K # 0.010K. Cooling points are shown as closed symbols
while warming is indicated by open symbols.
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Figure 6.28: Coexistence curve for helium in aerogel B51. Again we see that the
curve is close to the high density side of the bulk coexistence curve, however no
low density transitions could be located using the acoustic resonator. With no low
density points it is impossible to make conclusions about the shape or width of the
resultant curve, although the top of the curve is again consistent with the existence
of a plateau and the curve is obviously wider than the curve for helium in aerogel
B110.

The high density leg is steeper than the bulk curve, similar to the curve seen for
helium in aerogel B110. No attempts to fit the curve to critical exponents have
been made since the data do not cover a large enough range or have high enough

precision to draw any real conclusions.
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6.8 Equilibration of Fluids in Aerogel

As discussed in Chapter 4, aerogels are excellent insulators. The silica skeletons
of gels with ¢ > 0.95 are such poor heat conductors that virtually all heat must
pass through the fluid in the pores. When this fact is coupled to the small pores of
the aerogel, which prevents any significant convection in the fluid, it is easy to see
why aerogels work so well as insulators. In experiments, however, this is a major
drawback which necessitates very small samples or very slow data collection. Since
thermal conduction in aerogels is diffusive, it scales as the square of sample length;
thus while samples a millimeter thick may equilibrate in a few minutes, samples
a centimeter thick may take hours. While some experiments work well with very
thin samples, such as the capacitance measurements on the ~ %mm thick discs
described in the next chapter, the resonance experiments used large aerogels with
their associated long equilibration times.

While the resonant frequencies used to plot isochores were taken from full spectra
acquired at each temperature such as that shown in Figure 6.7, the data acquisition
software also tracked the position of the largest resonant peak as a function of time.
There were problems with the peak tracking method, since the program had no
intelligent way of dealing with mode crossing; however, it was a valuable tool for
monitoring how the cell relaxed towards equilibrium. The log file was used as a
check to ensure that the cell had reached equilibration, but it also sheds light on
when the cell has entered the two-phase region of the coexistence curve.

In general, for the aerogels used in these studies, an equilibration time of thirty
minutes sufficed for small temperature changes in the single phase region of the
phase diagram. Far from the transition the temperature was stepped by hundreds
of millikelvin between points, which was too large a step to allow complete equilibra-
tion, but this usually only corresponded to an error of a few Hertz for the resonant
frequency (this was insignificant when compared to the frequency differences be-
tween consecutive points in this region of the isochore). As the temperature was
lowered into the region of the transition temperature equilibration slowed. Below
the transition equilibration times of hours are the norm, probably because of the
release of the latent heat of condensation.

Figure 6.29 displays all the data collected in the log file of a single isochore
of neon in aerogel B110 during cooling, preon = 535;’“1% in this case. The figure
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Figure 6.29: The log file for resonance of neon (pneon = 535;’2%) in aerogel B110.
Both the resonant frequency and the peak amplitude are shown. Each segment
in the figure corresponds to a single temperature step followed by an equilibration
period during which the temperature within the aerogel relaxed toward the temper-
ature of the cell. The first few temperature steps were large (> 0.5K) so that the
sample had not quite equilibrated; the next few segments (for smaller temperature
steps) show that the sample has equilibrated within the time allowed, but by the
final few segments the signal is obviously still drifting after the equilibration period
has elapsed. The onset of this slow relaxation behavior corresponds to the same
temperature as the kink in the isochore resonance frequency used as a marker of the
transition.
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consists of about two dozen small curves for frequency and amplitude separated
by small gaps. Each gap corresponds to a single temperature step, followed by
relaxation towards an equilibrium value. For the first few temperatures, changes in
frequency and amplitude were large, as expected from large steps in temperature
(ATstep > 0.5K) early in the isochore. During those steps the system has not quite
come to equilibrium, although it is close to equilibrium relative to the change in
signal. For the data collected between t=10,000 to t=20,000 seconds, the system
can be seen to be in equilibrium by the end of each step. For the last half-dozen
curves, however, the system has not equilibrated — the amplitude is still drifting by
the time the experiment is ready to step onto the next temperature.

Figure 6.30 shows four of the curves from Figure 6.29, but plotted relative to
the time when each temperature step was taken. Each curve highlights the behavior
in one temperature region. The high temperature curve (T=45.4K) was taken after
a 0.6K drop in temperature, so it shows a large change in resonant frequency as
the aerogel’s internal temperature almost equilibrates in the twenty minute wait
time. The second curve (at T=44.4K) shows behavior just above the transition
temperature in the isochore — the frequency equilibrates quickly. The last two curves
are at lower temperatures, after liquid has begun to condense in the aerogel; neither
curve has equilibrated in its allotted time. One of the curves extends longer than the
other three — this is because during equilibration the temperature briefly drifted too
far from the set point and the program automatically waited for a longer period. By
examining the relaxation behavior in the curves it is possible to estimate a transition
temperature for this isochore of about 44.36K, which agrees well with the estimate

obtained from plotting resonant frequency against temperature (44.350K +£0.020K).
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Figure 6.30: These are four of the segments shown in Figure 6.29, shown relative to
the first data point collected after that temperature step. The top curve, at 45.400K,
shows behavior after a large (0.6K) temperature step — the sample has not quite
reached equilibrium by the time the resonance spectrum is taken, but it is close.
The second curve, at 44.400K, shows behavior above, but close to, the transition —
the temperature steps were smaller and the equilibration very quick. The third and
fourth curves show the behavior of the system below the transition; the temperature
steps were identical to that before the 44.400K curve above, but both the lower
temperature curves show slow relaxation and have not reached equilibrium values
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Deformation of Aerogels During
Fluid Adsorption and
Desorption

Aerogels are very compliant materials — even small stresses can lead to large physical
deformations. In chapter 4, I mentioned that the BET method of surface area
determination does not work well in porous aerogels because of this deformation;
in this chapter I present measurements of the actual deformation of high porosity
aerogels during fluid adsorption. Measurements of the linear deformation of aerogels
were performed using a Linear Variable Differential Transformer (LVDT) during
adsorption of helium in 95% aerogel (B110) and of neon in ~ 98% aerogel (B51).
The LVDT allowed a non-contact measurement of position with very high precision.
The measurements were all performed at temperatures where the liquid surface
tension was much smaller than that of liquid nitrogen at 77K.

While these experiments have produced some results, and promise to provide
very interesting data, the study is in its preliminary stages. I constructed a prototype
cell and measured the condensation of neon near its liquid vapor critical point,
but the thermal equilibration times were prohibitively long. A second cell was
constructed to measure smaller samples and incorporated an in situ pressure gauge,
but even this cell was very slow to equilibrate. Current results include a rough
“equilibrated” data set for neon in aerogel B51 and some slightly out-of-equilibrium
data sets for helium in aerogel B110. Experiments are currently underway to expand

the measurements in aerogel B110.
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Porosity | Density | Young’s Modulus
(¢) (%) - (Y) (bar)
Quartz 2200 700,000
87% 286 1000
95% 110 25
98% 4 2

Table 7.1: Young’s modulus of various silica aerogels. Note how quickly the moduli
decrease for higher porosities. From references [27] and [119].

7.1 Capillary Stresses in Aerogels and Adsorption Iso-
therms

In chapter 2 we discussed the forces present at the triple line (where liquid, vapor,
and solid meet). When a liquid-vapor interface is present in a dense porous medium
this force creates a curvature of the interface which is related to the depression of
the condensation pressure for the fluid. It is assumed that the solid matrix itself is
unaffected by the liquid, but for very compressible solids such as aerogel this may
not be the case.

The simplest way to quantify the linear compressibility of a solid is with the
Young’s Modulus, Y, defined by:

Pressure

Y=—2IT

i

where pressure has been applied to one face of an object, and L is the length of
the object perpendicular to the applied force. The Young’s moduli for some silica
aerogels are included in Table 7.1; they follow a power law dependence in aerogel
density of Y o< p37 [119].

The Laplace pressure exerted by liquid in a pore can be calculated (assuming
that the fluid wets the pore walls) as described much earlier by:

__27lv
P= R

where v, is the surface tension of the fluid and R is the radius of the pore. Since
this equation assumes a hemispherical form to the meniscus which is appropriate for
cylindrical pores but not appropriate for the diffuse strand-like structure of aerogel,
our choice of R is somewhat arbitrary. To get an “order of magnitude” estimate we
should choose a value for R which is about the separation between aerogel strands,

but must be sure not to read too much into any calculations using that value.
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Fluid Y  Peap ﬁc};}l .PCV“B Table 7.2: Predicted distortions
(mX)  (bar) | (95%) | (98%) | caused by surface tension in 95%

B0 (295K) 72 ) 23 ) and 98% porous aerogels. The
N. (77K) 8.9 71 0.28 3.6 data for water and Ny are in-
Ne (43K) 013 0.0 | 0.004 0.05 cluded for illustrative purposes
He (22K) 029 023 | 0009 | 012 | o0y - the calculations are not

He (4.9K) 0.089 0.07L | 0.003 | 004 | Jjustified for fluids with such

He (5.0K) 0015 0.012 | 0.0005 | 0.006 | ligh surface tensions. Surface
tensions were taken from refer-

ence [133].

Assuming R = 25nm allows us to calculate values shown in Table 7.2. The table
takes the ratio of calculated capillary pressures to Young’s modulus for 95% and 98%
aerogels — a rough estimate of the fractional length change of the aerogel sample.
Note that this calculation assumes linear elastic behavior, an assumption clearly
violated for changes in length of more than a few percent. Thus, the ratio of surface
tension to Young’s modulus for nitrogen or water in aerogel give nonsensically large
numbers. The three numbers shown in bold are estimates for the physical systems
measured.

Reichenauer and Scherer measured the shrinkage of some higher density aerogels
during nitrogen sorption[138] with a view to incorporating the distortion of the aero-
gel into existent methods of determining pore sizes from N2 adsorption isotherms.
Their aerogels had Young’s moduli of 38 and 214 bar, larger than the aerogels in
this study, and showed a 17% linear compression of the lower density aerogel during
emptying. These gels were permanently compressed by about 7% after the adsorp-
tion isotherm was completed, indicating severe damage to the structure. Shen and
Monson used a Monte Carlo study to model fluid adsorption in a flexible porous net-
work which resembled a high porosity aerogel[139]; they also saw a large volumetric

change in their matrix, especially during desorption.

7.2 Measurement Technique

LVDT’s provide a high precision, non-contact measure of position of a cylindrical
ferromagnetic core. They consist of that core and a set of three coils (a primary coil
and two secondary coils) with the axes of all coils aligned in parallel. The secondary
coils are actually connected in series in an antiparallel fashion, so that when excited

by the primary coil they produce no net voltage (i.e. the primary coil and secondary
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Figure 7.1: a)A cross-section of a LVDT. The dot on the core represents the center
of the core, and the graph below it shows how mutual inductance (M) depends on
the position of the center relative to the coils. b)A photograph of a commercial
LVDT similar to the one used in this experiment.
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coils have a mutual inductance of zero). The presence of a ferromagnetic slug along
the axis of the coils greatly perturbs the field generated by the primary coil, such
that the mutual inductance measured is highly dependent on the position of the core.
This arrangement is shown in Figure 7.1, while Figure 7.2 shows the electronics used
in the measurements.

Commercial LVDT’s are sold as matched pairs of coils and cores, optimized
for linear response to displacement. In reality inductance follows an “S” shaped
curve, but when the core is close to the center of the coils the response is effectively
linear. In order to accommodate our experimental cells, we required a larger gap
between the outer diameter of the core and the inner diameter of the coils than

the commercial LVDT’s used. This led to a larger non-linearity and smaller useful
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range. The output from LVDT’s are usually measured with much simpler electronics
than a mutual inductance bridge, but since we possessed a Linear Research bridge
(LR400), that is what was used to measure the inductance.

The gas handling systems (GHS) used in this experiment were borrowed from
the neon resonator experiment (for the first LVDT cell) and the helium capacitive
measurements of capillary condensation (for the second LVDT cell). Thus, the first
GHS had a known volume, and small bursts of neon of well known quantity could
be admitted to the cell. The second GHS incorporated a flow meter, so instead
of dosing the cell with gas we could flow gas continuously in or out. In the flow
isotherms, flow is measured in units of “standard cubic centimeters per minute”
or “sccm.” As mentioned in an earlier chapter, this is an arbitrary unit, since the
flow controller was not meant to regulate helium; it can be used to roughly compare

relative rates but is useless in determining the absolute quantity of helium admitted.

7.2.1 Cell Design and Construction

We constructed two experimental cells over the course of this experiment. The
first was a prototype used to prove that the experiment could produce useful and
interesting data. The second cell included improvements for more precise pressure
and displacement measurements, and faster thermal equilibration within the aerogel.
Both cells followed the same general layout, shown in Figure 7.3; both cells were
made of copper.

Our prototype was a large simple cell including only six mounting flats and a
capillary inlet. Pressure measurements were made with a room temperature Mensor
1000psi gauge (Model 4040). The Mensor gauge has an accuracy of 0.01% of full
scale (1000psi in this case) but, from experience, has proven to be reproducible and
stable to about 0.02psi. The LVDT consisted of hand wound copper coils (~ 1000
turns for the primary and ~ 2000 turns for each secondary, painstakingly wound by
Alex Ondrus), and a commercial core. James Day had originally machined a custom
core from soft iron, but the core did not behave linearly or reproducibly when used
in the LVDT. The entire assembly was mounted on the CTI mini-fridge used in the
neon resonator experiments. The cell is shown in Figure 7.4.

Once the first set of measurements was completed it was obvious that we could
resolve the deformation of aerogel during condensation of low surface tension fluids,

but that the cell we were using did not maximize our precision. The aerogel sample
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LVDT Coils

LVDT Core
N
N
Figure 7.3: Schematic of LVDT
cell — the cells were kept verti-
cal so that gravity held the core
Core Support assembly on top of the aerogel
\ sample. The coils could be ad-
justed relative to the core by
the use of set screws. Flats were
machined onto the side of the
N base for thermometers, heaters,
Copper and mounting brackets.
—5 A /Cell
y'd
. 7 / AY
Indium Seal Aerogel Sample

LVDT Core

Figure 7.4: Picture of cell #1 both open and closed. The aerogel sample is visible in
the open cell, as a lcm tall cylinder supporting the ferromagnetic LVDT core. The
top portion of the cell is slipped over this arrangement as shown to the right. The
LVDT coils are then slipped into place over the long copper tongue which encases
the core. -
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Figure 7.5: Picture of cell #2 mounted on a helium cryostat. This cell is similar to
the cell pictured in Figure 7.4, but in this case it is fully assembled.

used in the first experiment was also far too large — it took weeks to measure a single
isotherm. Thus, we used a new aerogel mold (4mm NMR tubes) and the new cell
was designed around this sample dimension.

Both aerogel samples were cut into cylinders about lcm (0.400” minus the thick-
ness of saw blade) in length using the same Foredom high speed grinder used to cut
the aerogel slices for our capacitive adsorption isotherms. The %” diameter gel used
in the first (neon) cell was cut from a standard ~ 1” long aerogel as used in the
resonator and capacitance experiments. The thinner aerogels were grown in NMR
tubes held within larger test tubes. The larger test tube was mounted in a lathe
and rotated slowly while the high speed grinder gradually cut though it and the
aerogels it contained.

The new cell included a second capillary inlet for a Straty-Adams type pressure
gauge which could be bolted onto the cell for low temperature in situ pressure
measurement during filling. It was also designed to fit within a set of commercial
LVDT coils (Schevitz HR050), increasing precision by almost an order of magnitude

over our custom wound coils.
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7.3 Neon in “One-Step” Aerogel B51

Three sets of data were collected for neon, progressively farther from the critical
point. The first data runs at 44.3K and 44.0K did not show any measurable com-
pression of the aerogel during filling, although there was one point during emptying
at 44K that may show some change in sample length. The third run, at 43K, showed
a large change in sample length however. Surface tension increases as one moves
further from the liquid-vapor critical point by a power law v = g €* where u = 1.26,
so liquid neon at 43K should have a surface tension about four times as large as at
44K.

When designing this experiment we did not foresee the order of magnitude
changes observed in LVDT sensitivity as it was cooled. Thus there was no direct
way to use our room temperature calibration to make any predictions about the
calibration at lower temperatures. It is also experimentally challenging to perform
such a calibration at 43K, so we were left with no way to convert changes in induc-
tance into length changes. However, as mentioned by Reichenauer and Scherer[138],
it is possible to extract information about the sample shrinkage from the adsorption
isotherm itself.

If we assume that the liquid is incompressible, and that the high density corner
of the adsorption isotherm corresponds to the aerogel matrix being full of liquid, but
compressed, then we can estimate the volume change of the aerogel at maximum
compression. Once this is is known, and assuming linear response from the LVDT,
we have our calibration. So, referring to the adsorption isotherm in Figures 7.6

and 7.7, we can determine the change in aerogel volume by:
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Figure 7.7: This is a blow-up of Figure 7.7. The linear portion of the emptying
branch (highlighted by the dashed line) represents compression of the aerogel with-
out the formation of liquid-vapor interfaces within it. By extrapolating this section
from the corner of the desorption isotherm (“A”) to saturated bulk vapor pressure
(“B”) we get a measure of the number of moles removed while compressing the gel.
By calculating “B-A” by can determine the amount of neon removed from the gel,
and thus how much it was compressed.

3
AV:V(l—%Ii) An

Pneon

“An” is labelled in the figures — it is difference between the amount of neon adsorbed
by the aerogel when at saturated vapor pressure and when it is still full but about
to start draining. Since there is a large volume of bulk neon vapor present in the
cell the absolute value of moles admitted is meaningless — one must only consider
relative changes in the quantity of neon in the cell. While this technique is not very
precise, it does give us an estimate of the aerogel shrinkage which should be correct
within about 20%. From Figure 7.7 we can see that An = 0.0065 moles; this also
corresponded to a change of about 7.7*10~7 H in mutual inductance, giving us a way
of relating M to length change. Incidentally, when the LVDT was properly centered
our inductance bridge could resolve about 10~8 Henrys, giving us an instrumental
resolution of ~ 10um.

Using the calibration just discussed, we can plot the aerogel length change as a
function of the amount of neon adsorbed, shown in Figure 7.8. Here we have set
zero to be the fully relaxed aerogel, and no deformation is obvious for the first 0.1 or

so moles of neon admitted to the cell. In this regime, a thin film is collecting on the
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Figure 7.8: Using the calibration calculated from Figure 7.6 we can determine how
much the gel has compressed at various points along the isotherm. The offset after
emptying might be due to drift, but is probably due to a slight permanent deforma-
tion of the aerogel sample.

aerogel strands, and the rest of the neon is present in the cell as vapor (remember
that close to the critical point the density of bulk neon vapor can be quite large).
Then, as neon begins to condense into the aerogel, the aerogel contracts, reaching a
maximum linear change of about 2.5%. Once the gel is full (at Nneon = 0.2moles),
there are no longer any liquid-vapor interfaces causing stress in the aerogel and it
re-expands to its original size. Upon removal of the neon, the same process occurs in
reverse. However, since the pressure difference across the interface is greater during
desorption the aerogel is compressed even more — almost 5%.

To highlight the behavior of aerogel along the isotherm, Figure 7.9 shows the
deformation of aerogel B51 along an isotherm next to the actual pressure-density
adsorption isotherm itself. In this figure points are labelled on both plots showing
how the compression of the aerogel relates to the position along the adsorption

isotherm. Perhaps most importantly, the much larger pressure depression during
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Figure 7.9: This figure shows the contraction of the aerogel during the adsorption
isotherm next to the adsorption isotherm itself. Solid symbols refer to data taken
during filling while empty symbols refer to data taken while emptying the cell. Points
“A” and “B” refer to the beginning and end of capillary condensation during filling.
Points “C” and “D” refer to the gel when completely full of liquid — at point “C”
the gel is completely relaxed while at point “D” the gel is still full but the skeleton
has been compressed.

emptying than during filling (i.e. |Pp — Po| > |Ps — Po| explains the much larger

compression of the aerogel seen at point “D.”

7.4 Helium in Aerogel B110
7.4.1 Cell Differences and Sensor Calibration

The cell used in the second set of measurements, made with helium as the condensing
fluid, had a number of improvements which were described above. It allowed us to
make much more precise measurements and was easier to control. It also allowed us
to make direct calibrations for the LVDT instead of using the adsorption isotherms
to calibrate the LVDT. However, because the sample used was thinner, the pressure
exerted by the weight of the ferromagnetic core is larger than the same core would
exert on the larger diameter gel used in the neon experiment. For this reason we
have used a 95% aerogel (B110) in this experiment rather than a 98% gel (B51) as
used in the neon work. If we wish to extend this work to 98% aerogel, a lighter core
(i.e. less than the 3 gram core used here) must be substituted, or a new method
must be used. The 95% gel is compressed only about 0.1% by the weight of the
core, but a 98% gel would be compressed by about 1.5%.

To show what the signal from this LVDT looks like as a function of core position,

I have included our room temperature calibration here as Figure 7.10. Note the slight
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Figure 7.10: This calibration curve of the LVDT was made at 295K. It includes a
large linear region near M=0, with slight deviations from linearity growing as the
core moves further from the center. Any deviation from reproducibility is probably
due to mechanical backlash in the micrometer.

“S” shape to the curve, with a very linear region near the M=0 point highlighted
in the inset. Resolution is set by the inductance bridge, so near M=0, displacement
can be resolved down to tens of nanometers. The scale for displacement in this
figure is simply the reading from a small manual micrometer.

At low temperatures several major changes occur, as one can see by compar-
ing the low temperature calibration shown in Figure 7.11 to the room temperature
calibration shown in Figure 7.10. First, the sensitivity plummets — by 4.2K our res-
olution has fallen to a few micrometers rather than nanometers, although this is still
plenty of resolution for our purposes. The second major change is in the polarity of
the response; as the LVDT is cooled, a positive signal will decrease through zero be-
fore settling on a negative number. Where a movement at room temperature might
have caused “M” to increase, at 4.2K it will cause “M” to decrease! However, while
unexpected, the behavior is reproducible, so a calibration can still be performed.
Also, since the signal has fallen by a couple of orders of magnitude from the room
temperature signal, the LVDT is much more sensitive to its environment. This can

be seen in the offset of its linear region (i.e. where M o position). Whereas the
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Figure 7.11: Calibrations of the LVDT at 4.2K were made using a micrometer. Note
that the small linear region at the center of the LVDT has been offset from zero
by remnant magnetization around the LVDT. The two calibration scans give slopes
that agree within a few percent - this sets the accuracy of the technique.

linear region at room temperature occurred around M=0, at 4.2K it occurs near to
M = —5x10~3 Henrys. This small offset was probably present but unresolvable at
room temperature.

However, despite these changes in the LVDT behavior, it is still a sensitive non-
contact probe of position and its response is very reproducible. The 4.2K calibration
(Figure 7.11) includes two data sets, with the LVDT warmed to room temperature
between them. Slopes of the best fit lines in the linear regions were 0.482 and

0.484% respectively, so the response is reproducible to within about 1%.

7.4.2 Isothermal Aerogel Deformation Data

In chapter 2 I mentioned that there is a solid-vapor interfacial energy in the same
sense that there is liquid-vapor interfacial energy — both result in surface tensions.
Since solids are much more difficult to distort than liquids we do not normally think
of deformations at the interface between solid and vapor, however they do occur.

In aerogel we have a very compressible solid which may show an easily resolvable
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deformation caused by the silica-vacuum interfacial energy. As a liquid film collects
on the aerogel strands, if the interfacial energy between silica and liquid helium is
less than that between silica and vacuum (which it is), the aerogel may relax and
expand. Indeed this is exactly what was seen; during filling at 4.2K the aerogel
expanded by about 0.08%. We do not have a comparable measurement at 5.0K
because the 4.2K isotherm was performed first and we could not completely remove
the helium film from the surface before starting the 5.0K isotherm.

Unfortunately I do not have good low pressure data along a 4.2K isotherm, but I
do have data along the 5.0K isotherm (except for the initial very thin film of helium
adsorbed at very low pressures) and have included it as Figure 7.12. The data shown
do not include the high pressure region where one sees capillary condensation — the
figure is only meant to show the aerogel dilation as a helium film is adsorbed on the
strands. The “zero” of length change is set equal to the maximum value of length;
this differs from the 4.2K isotherm where we have an actual reading for “zero” before
any helium is added.

Low temperature (4.200K) isotherms for helium adsorption in aerogel B110 are
shown in Figure 7.13. The plot differs somewhat from the neon data above; since
the helium was admitted through a flow controller I cannot state with confidence
exactly how much is present in the cell. Instead the isotherm is plotted as length
bhange as a function of cell pressure. The maximum change in length occurs during
emptying and is equal to about 0.4% of total length; this is close to the estimate of
0.3% made in Table 7.2.

Isotherms collected using four different filling rates are included on the figure.

The filling branch is indicated by solid circles, triangles, and squares while the emp-
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Figure 7.13: Deformation of aerogel B110 during adsorption of helium at 4.2K. The
isotherms were highly rate dependent, with even the slowest rates of filling too fast
for equilibration.

tying branch is indicated by the corresponding empty symbols. Two portions of
very slow scans are included as a thin solid line (filling) and large solid hexagons
(emptying). Looking first at the emptying branches, there are two important ob-
servations to make. First, the magnitude of the deformation does not depend on
the rate at which the cell is emptied although the pressure does depend on that
rate. Second, the 0.3sccm points agree roughly with the six equilibrated emptying
points, implying that the 0.3sccm isotherm shows the rate independent behavior of
the aerogel. The filling data do not show either of these characteristics: the degree
of compression depends on the rate of filling, and none of the filling isotherms agree
with the slowest data taken so we have not resolved the rate independent behavior
yet.

While we do not have information on the exact quantity of helium in the cell
using our setup, by examining the log files we can see evidence that the maximum

deformation of the aerogel corresponds to the end of capillary condensation or the
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beginning of capillary evaporation. The deformation of the aerogel along the high
pressure side of the isotherm occurs about twenty times faster than on the lower
pressure side — corresponding to a large deformation associated with relatively little
mass transfer. In addition, the cell seems to respond much more slowly to changes
during the low pressure portion of the deformation which is consistent with the
sample being within the hysteresis loop of the isotherm. Our assumption that
the maximum deformation along the helium isotherms corresponds to the complete
filling of the aerogel pore space seems reasonable from these observations; it is also
supported by the neon results where it we were able to verify that point of maximum
deformation did indeed correspond to the last point before the aerogel pores began
to empty.

The portion of the isotherms closest to Py should have identical slope for the
emptying and filling branches of the isotherm; in this region the gel is full of liquid
and the aerogel matrix is simply responding to the pressure difference across the
liquid-vapor interface present at the aerogel surface. The fact that the slope of
the two branches differ in Figure 7.13 as they approach saturated vapor pressure
indicates a system out of equilibrium. Hopefully with slower data collection the two
branches of the isotherm will overlap in this pressure range. The different behavior of
the filling and emptying branches at lower pressures indicates that the mechanisms
of capillary condensation and of capillary “evaporation” are probably very different.

Isotherms were also collected at two rates at 5.0K, shown in Figure 7.14. Here
the compression is much smaller (because surface tension is much smaller) but still
resolvable. This near to the critical point we are probably not liberating as much
latent heat during capillary condensation, so equilibration is faster - for this sample
the 0.3sccm data is probably very close to the rate independent behavior.

Finally, Figure 7.15 presents a comparison of the 0.3sccm data for isotherms
taken at 4.2K and 5.0K. This is simply to highlight the different degree of compres-

sion and the higher capillary condensation pressure at 5.0K.
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Figure 7.14: Deformation of aerogel B110 during adsorption of helium at 5.0K.
These isotherms are better equilibrated than those at 4.2K, with the slowest filling
rate almost equal to the limiting (i.e. rate independent) behavior.
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Figure 7.15: A comparison between the slowest filling rate (0.3sccm) scans at 5K and
4.2K, plotted relative to their fully expanded length. The two important differences
are the higher capillary condensation pressure and smaller deformation of the aerogel
at 5K, both related to the lower surface tension of helium at this temperature.
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Chapter 8

Discussion and Interpretation of
Results

This thesis began with an introduction to liquid-vapor critical behavior and capillary
condensation. Experimental data were then presented for condensation of helium
and of neon in highly porous silica aerogel at temperatures close to their respective
critical points. In this, the final chapter of my thesis, I will try to bring together

these concepts with the results of our experiments.

8.1 Summary of Background Material

In restricted geometries (e.g. pores or channels) fluids tend to condense more readily
than in bulk - liquid forming in pores or channels at pressures lower than condensa-
tion in bulk volumes. This behavior is usually well described by taking into account
the energetics of liquid-vapor and liquid-solid interfaces, known as surface tension.
The energy gained by adsorbing liquid onto the surface of pores outweighs the loss
in entropy in the fluid during condensation, and once a film has formed its curvature
can act to depress the adsorbate’s vapor pressure. In general this behavior is fairly
well understood — the depression of condensation pressure has been shown to follow
the Kelvin Equation down to very small sizes of pores. Capillary condensation in
real porous media still requires extensive modelling to interpret with any accuracy
because of the highly variable nature of pores, but there is general agreement that
the fundamental aspects of capillary condensation are well explained.

Near the liquid-vapor critical point of the adsorbed fluid, on the other hand,
there is no general agreement about what happens to fluids in pores. As the critical

temperature is approached thermal fluctuations in fluid density grow from atomic

198

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



scales to macroscopic scales; close to the critical point these fiuctuations may exceed
the size of the pores in which the fluid is confined. Along with the growth of
fluctuation size, other thermodynamic properties diverge (or tend to zero) as the
critical point is approached. How these variables respond to confinement near the
critical point is an open question.

Measurement of the critical behavior of confined fluids probes equilibrium ther-
modynamic properties such as density, compressibility or heat capacity. To speak
meaningfully of these quantities we must presuppose a system in equilibrium (i.e.
not one governed by metastable states and hysteresis). Furthermore, our interest
is in phase transitions of the system as a whole, not individual pores — while we
might meaningfully speak of transitions in a single pore, we are only interested in
transitions within the entire aerogel-fluid system. Thus, we are probing changes
in thermodynamic variables which occur throughout the macroscopic sample — if a
macroscopic equilibrium transition is indeed present, then close to the critical point
behavior should be governed by thermal fluctuations.

In essence that leaves us with two conflicting pictures of near critical fluids in
porous media ~ one governed by surface tension and the other by thermal fluctua-
tions. The two interpretations do not necessarily meet smoothly at some intermedi-
ate value of reduced temperature because each interpretation is too simple in some
way. Capillary condensation 'assumes a very simple form of surface tension which
may not be appropriate when the wavelength of capillary waves caused by thermal
fluctuations approaches the size of the pores. On the other hand, simply assuming
that thermal fluctuations in the pore-fluid follow the same relationships as those in
pure fluids may not be valid either.

Researchers have discussed the behavior of fluids in pores near the liquid-vapor
critical point in terms of a “capillary critical point” but definitions of this point are
as varied as the studies that have investigated it. It is treated as anything from
the temperature coinciding with the disappearance of hysteresis loops in adsorption
isotherms, to a more fundamental thermodynamic point which plays the same role
as the true liquid-vapor critical point does for bulk fluids. In the former case, all
properties of the fluid are assumed to remain bulk-like (e.g. the surface tension
will have bulk-like values for all temperatures) despite the perturbing effect of the
matrix. In the latter case, equilibrium thermodynamic properties such as surface

tension may exhibit power law behavior as they approach the capillary critical point.
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At low temperatures the differences between these interpretations are negligible, but
as one approaches the critical point they diverge.

A variety of work has been performed on fluids in dense porous glasses such as
CPG (controlled pore glass) where the question of fluid behavior near the critical
point has the complications explained above and there is no general agreement
about how to picture this behavior. Work on fluids in aerogels throws yet another
variable into this mix. In describing the capillary condensation of a fluid one needs
to assume a distinct liquid-vapor interface with some sort of well defined curvature.
This is usually assumed to be a hemispherical meniscus for cylindrical pores or hemi-
cylindrical for slit pores, but aerogels do not have a well defined pore shape. Instead,
aerogels with their diffuse network of silica strands show little evidence for favoring
a single curvature of the meniscus of adsorbed fluids. Thus, as temperatures and
filling fractions change so too does the pressure difference across the liquid-vapor
interfaces within the aerogel. In fact, with such a diffuse network of strands we
considered that it was possible that close to the critical point thermal fluctuations
dominate the fluid behavior just as they do in bulk.

Early experiments at Penn State[10, 11] saw no hysteresis in adsorption isotherms
in aerogel, and an apparent discontinuous jump in density at temperatures below
the critical point, just as one sees in the bulk liquid-vapor transition. Their work
used heat capacity and optical scattering methods to map out “coexistence curves”
for helium and nitrogen in 95% porous aerogel and they could fit those curves with
critical exponents consistent with bulk fluid behavior. In the late 1990’s we were be-
ginning our measurements using low frequency acoustic resonators, and the Grenoble
group were taking data using their very low frequency mechanical pendulum. The
Grenoble results[15] on helium in 95% aerogel were consistent with capillary conden-
sation like behavior, with little evidence of the macroscopic equilibrium transition
necessary to meaningfully discuss critical exponents. Recently computer models of
fluid condensation in aerogel have also reached a level of complexity which helps us
interpret our experimental data and they favor a picture without a macroscopic equi-
librium phase transition near the bulk critical point. Finally, direct measurement
of density fluctuations of near critical carbon dioxide in aerogel[59] showed little
evidence for a divergence in correlation length. The lack of this divergence, while
far from conclusive, supports a view of fluid behavior in aerogel being controlled by

factors other than critical fluctuations.
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8.2 “Equilibrium” of Fluids in Aerogels

When describing our experiments on condensation of fluids in aerogel, there are some
pitfalls in the language that are hard to avoid. Specifically the words “equilibrium”
and “equilibration” are used in a few different senses in this thesis. First, the most
common use is “thermal equilibrium”: the point where the temperature within the
system is uniform, and any spontaneous processes which liberate or adsorb heat have
already occurred. To reach thermal equilibrium we must wait minutes to hours after
stepping the sample temperature or the density of fluid in the aerogel, while heat
slowly flows into or out of the system. However, once thermal equilibrium has been
reached, that does not necessarily imply that the lowest energy state for the system
has been reached - it could be stuck in a metastable state.

In the adsorption isotherms “equilibrium” takes on its most confusing mix of
meanings. In the hysteretic region, the shape of adsorption isotherms in aerogel de-
pends sensitively on the rate at which the gel is filled or emptied. If the isotherm is
performed slowly enough the shape will eventually adopt a rate-independent shape
(any slower data collection will not change the shape of the hysteresis loop). In
our experiments we mapped out the rate-independent hysteresis loops of helium in
aerogel by stepping the pressure in the system and letting the gel come to ther-
mal equilibrium. This hysteresis loop is almost certainly composed of very deep
metastable states — somewhere within the hysteresis loop true “equilibrium” (i.e.
lowest energy) states exist but are not experimentally accessible. In this case “equi-
librium” refers to the microscopically defined lowest energy state of the system, not
just its temperature. When no hysteresis loop exists, we can assume that the system
is really in an equilibrium state.

Thirdly, we may speak of an “equilibrium (first order) phase transition.” Such
a liquid-vapor transition requires two things: first, the transition must be between
coexisting equilibrium states (i.e. not between two metastable states) and second,
the two states must have a chemical potential that does not depend on the presence
or proportions of the two phases. In other words we are searching for macroscopic
two-phase coexistence ~ not simply the existence of liquid and vapor phases, but for
phases whose chemical potential is not affected by average system density.

To clarify the idea of the equilibrium phase transition, we consider the basic

thermodynamic behavior of fluids. For a simple system at constant temperature,
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Figure 8.1: Two projections of the thermodynamic phase diagram for a simple fluid.
In the left-hand panel the chemical potential is shown as a function of pressure for
all three phases. The phase with the lowest potential is thermodynamically stable
— when two chemical potentials are equal these phases can coexist. The right-hand
panel displays the average density for the system as a function of pressure — when
two phases are in coexistence the system density can change dramatically with no
change in pressure (or, equivalently, chemical potential).

but variable pressure, there are at most three phases ~ solid, liquid, and vapor (if
one neglects crystallographic transitions and the like). Each of those phases has
a chemical potential that varies with pressure, and at every pressure one phase
will have the lowest chemical potential — that will be the stable phase for those
thermodynamic conditions. There can exist points where the chemical potentials of
two or three phases intersect and those points correspond to phase transitions; at
those points two phases can coexist without the chemical potential of the system
changing. This is shown schematically in Figure 8.1, where the left-hand panel
shows the chemical potentials of solid, liquid and vapor and the other panel plots
the average density of the system as the pressure is varied. The same concepts are
illustrated pictorially in Figure 8.2, along with corresponding states of the fluid-
aerogel system studied in this thesis. In bulk, as long as there are two phases
present the chemical potential is fixed at a constant value, which in turn fixes the
pressure at a constant value. If fluid in aerogel exhibits macroscopic coexistence
and an equilibrium phase transition there must exist a region where density changes
without any change in pressure — a plateau in the adsorption isotherm.

This will be discussed in more detail in the section on adsorption isotherms later

in this chapter, but there were no plateaus in any of the non-hysteretic isotherms.
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Figure 8.2: a)As the pressure (and hence the chemical potential u) of a fluid system
is increased, it transforms from vapor to liquid, and then to solid. When only a
single component is present, pressure and chemical potential can vary but during
coexistence they are set at constant values. For instance when vapor and liquid
are both present the system has a chemical potential of up, independent of the
proportions of the two phases. b)In aerogel, for there to exist an equilibrium phase
transition exhibiting macroscopic coexistence the chemical potential cannot depend
on the proportions of liquid and vapor in the sample; in terms of the figure, 41 must
equal po or there is no true coexistence.

This precludes the existence of macroscopic coexistence as described above. There
is the possibility of an underlying equilibrium transition existing inside some of
the hysteresis loops of the lower temperature isotherms, but if so it is difficult, or

impossible, to access experimentally.

8.3 Summary of Experimental Results

The three experiments described in this thesis offer three different views of fluid
condensation in aerogel. The overall picture that emerges from these views is one
in which capillary condensation of fluids in aerogel can be very well described by
surface tension until close to the critical point. Even quite close to the bulk critical
point we see no evidence for macroscopic coexistence. Both near to the critical point
and far from it there are indications that some very interesting behaviors may be

occuring during condensation.

8.3.1 Acoustic Resonator

Chronologically, the acoustic resonator experiments were started before our capaci-
tive measurements of fluid density in aerogel. The resonators were designed because
a low frequency signal would be attenuated less by the aerogel than the ultrasonic
signals previously used in Dr. Beamish’s laboratory[137], and the resonance tech-

nique would allow us to pinpoint a liquid-transition fairly precisely along an isochore.
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Indeed, for bulk fluids the resonator could reproducibly pinpoint the liquid-vapor
transition temperature to within a few millikelvin along any isochore. However,
the first few attempts at mapping out the neon-aerogel coexistence curve showed
rounded transitions and presented some experimental difficulties. Since each cell
had to be built to fit a specific sample, creating the the cells was a slow process. In
addition, once the cell was assembled, there were often problems with leaks or with
signal transducers coming off as the cell was cooled.

Our early resonators yielded incomplete or poor quality data sets; it was assumed
that as the quality of the cells improved, so too would the data. However, the final
resonators used, and described in this thesis, show that this was not to be the case.
Instead, as dead volume was eliminated and data collection became more efficient
the transition became more and more difficult to see — as if by cleaning up the
system we were eliminating the transition that we wanted to make clearer. Still,
all resonator data sets show some sort of feature that might be associated with
a liquid-vapor transition along isochores. The nature of this feature changes with
density, and disappears at lower densities. If the transition detected by the resonator
was true liquid-vapor coexistence, one would expect a signature that evolved in a
sensible way — perhaps evolving from a kink to a dip and back to a kink. However,
our data shows a spectrum of behaviors which does not resemble the bulk resonator
data at all. Perhaps the resonator is registering the appearance of inhomogeneous
density distribution within the aerogel, but not a true liquid-vapor coexistence. In
that case, as soon as the fluid began to exhibit regions of lower or higher density
the acoustic response would change, but there would be no restrictions on how the
signal would change — in fact one would expect it to change in a non-symmetric way
with density.

Since our original intention was to use the resonator to map out the liquid-
vapor coexistence curves inside aerogel, I have plotted the location of the “phase
transition” feature in each aerogel-fluid system as a function of temperature and
density. These plots may only be considered “coexistence curves” in the true sense
of the word if we are dealing with a macroscopic equilibrium transition, and the sense
one gets from these experiments is that we are not seeing this behavior. However,
it is common to produce such plots when discussing fluid condensation in porous
media so they do allow us to compare general features to other studies, even if the

precise meaning and origin of those features is a little nebulous.
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Qur coexistence curve for neon closely resembled the coexistence curve for nitro-
gen in aerogel found by Apollo Wong[11]. Perhaps Wong'’s light scattering results
probed the appearance of an inhomogeneous density distribution in the same way
as our resonator. OQur helium curve did not resemble Wong’s[10] helium coexistence
curve at all — in fact our helium results were much more similar to the neon and
nitrogen curves. Wong’s helium curve was mapped out using an AC heat capacity
technique — our experiences suggest that the frequency of the oscillating heat current
was probably not slow enough to allow the entire sample to come to equilibrium.
Our isotherms from chapter 5 clearly show thermal relaxation times on the order of
one hundred minutes for a sample 0.5mm thick. The Penn State sample was 0.25mm
thick, so one would expect a thermal time constant no more than four times faster.
Their AC heat capacity technique applied a sinusoidally varying heater current with
a frequency on the order of 0.1 - 1 Hertz — although the precise frequency is not
given in Wong’s thesis{54], the external time constant of the cell was about 100
seconds, which places a lower limit on the excitation frequency. Our results tend
to indicate that the internal time constant of the sample was then at least an order
of magnitude larger than their external time constant — not a desirable relationship
in AC calorimetry. If we assume that their sample was similar to ours except in
thickness, then we would expect a time constant of about 25 minutes. If a sinusoidal
heating current was applied at 0.1Hz, then it would probably have penetrated less
than 5% of the sample. Thus, they may have been probing the aerogel’s response to
local heating, rather than it’s equilibrium thermal properties, leading to confusion
about the meaning of their heat capacity signatures.

All of the resonator curves share characteristics of “coexistence curves” of fluids
in denser porous media — the curve is somewhat narrowed and displaced to higher
density and lower temperatures than the bulk fluid. It can not be stressed enough
that these results can only be interpreted as a coexistence curve if we are certain that
the transition in the aerogel is an equilibrium one which leads to macroscopic vari-
ations in fluid density. While we can not rule this out based solely on the resonator
experiments, our isothermal capacitive measurements of helium density during con-
densation in aerogel do not support such an interpretation in the temperature range

of the resonator coexistence curves.
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8.3.2 Capacitive Measurement of Helium Adsorption in Aerogel

In a set of measurements complementary to the resonators we monitored the density
of helium adsorbed in aerogel along a series of isotherms from 4.400K (well below
T,) to 5.700K (well above T.), with the highest concentration of data just below
T.. If helium condensation in aerogel were analogous to the condensation of liquid
helium in bulk, then the adsorption isotherms should have shown a flat region where
density changed discontinuously from that of the pore vapor to that of the pore liquid
without pressure changing at all. The corners of that plateau (where it met the
sloped sections of the isotherm corresponding to the compressible vapor and liquid
phases respectively) would mark the onset of coexistence and allow one to map out
the coexistence curve. These isotherms would then “cut” through the coexistence
curve horizontally, rather than the vertical “cuts” made by the resonator isochores
— the two independent measurements might have then coincided, giving us two
independent mappings of the coexistence curve.

While such a result would have been tidy, and a powerful argument for true
coexistence, that is simply not what we saw. Instead, adsorption isotherms below
5.155K (in aerogel B110) and below 5.180K (in aerogel B51) showed distinct hystere-
sis loops which showed a rate dependent behavior but appeared to reach a limiting
hysteresis that corresponded to metastable filling and emptying states. While the
hysteresis loops were flatter than those seen in most dense porous media (with the
possible exception of MCM-41 and similar materials, which are designed to have
incredibly narrow pore size distributions), they all have measurable slopes in aero-
gel B110. There are a few isotherms in aerogel B51 which have regions with slopes
below our resolution —~ they may in fact be flat in this region.

Furthermore, the “corner” of the isotherm marking the onset of capillary con-
densation is not distinct enough to unambiguously assign a value to the density of
the “pore vapor,” as one would assign a value to the density of the bulk vapor. The
completion of capillary condensation is more distinct, and easier to use in analy-
sis, but it is also not as sharp as one would expect in a straightforward transition.
Furthermore, the transition temperatures deduced from our resonator data occur
well above the disappearance of hysteresis loops in the adsorption isotherms, in
a temperature range where none of the isotherms exhibit a zero slope region (i.e.

the chemical potential of the fluid phases is changing as fluid accumulates in the

206

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



aerogel).

While we did not see evidence of the equilibrium transition for which we went
searching, there are some very interesting results that emerged form these isotherms.
We have good data on the thermal relaxation of the aerogel samples following a
pressure step, which suggests that all but the siowest experiments on non-superfiuid
filled aerogels will be out of thermal equilibrium. We also mapped out hysteresis
curves to temperatures within a hair’s breadth of the critical temperature; hysteresis
disappears from B110 40mK below T, and disappears from B51 20mK below T.. In
this region surface tension becomes small, and any liquid-vapor interface can support
significant distortion from thermal fluctuations. The isotherms become flatter as the
temperature is reduced, and the hysteresis loops change from roughly triangular at
high temperatures to more rectangular at low temperatures.

Most papers published on the liquid-vapor transition in porous media include
plots of “coexistence” curves, although these curves are not necessarily given great
weight in any analysis of the results. Exactly what features to plot, and even how
to define those features, is a somewhat arbitrary decision; however, once the plot is
constructed it does allow for quick comparison between experiments and between
the pore fluid and bulk fluid. To this end, plots of the “coexistence curves” for
helium in aerogels B110 and B51 are included here as Figures 8.3 and 8.4. When
hysteresis loops are present, the closure points of the loops, which are always within
the accompanying uncertainty of any “kink” in the adsorption isotherm, are used
to mark the onset and completion of condensation in the aerogel. When no loops
are present, there is no distinct low density feature in the adsorption isotherms,
but the existence of a sharp corner on the high density side of the isotherm is used
to mark the high density side of “coexistence” in aerogel B110 (Figure 8.3). For
easy comparison, the resonator data for these two samples are also included on the
curves.

In both figures, points from the resonator and capacitance measurements tend
to agree at higher densities. However, as the density falls, so does the quality of
agreement between the curves determined by these two methods. While they may
be probing the same thing at high average fluid densities in the aerogel, clearly
they are probing different things at lower densities. That said, they do show some
qualitative similarities — most importantly, that the width of the “coexistence curve”

determined by both methods is similar, and many times larger than seen by Wong
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Figure 8.3: Data from the resonator and isotherm experiments for aerogel B110
plotted together with the behavior of bulk helium. There are three sets of data
from the isotherms: the first two show the points at which the hysteresis loop closes
while the third set maps out the position of the kink in the isotherm that shows the
completion of capillary condensation.
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Figure 8.4: Data from the resonator and isotherm experiments for aerogel B51
plotted together with the behavior of bulk helium. This is similar to the previous
figure but only includes two sets of data since no high quality isotherms were taken
that exhibited a kink above the disappearance of hysteresis. The features of this
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and Chan in their study of helium in aerogel{10]. The differences between the two
data sets (resonance data and capacitance data) underscore the shortcomings of
interpreting our data in terms of an equilibrium transition — if we were probing a
simple liquid-vapor transition the data collected by these two methods should agree

within error.

8.3.3 Aerogel Compression by Fluid Surface Tension

Our last set of measurements is only peripherally related to the first two experiments.
Spurred on by the miniscule elastic constants of low density aerogels and the non-
zero magnitude of the surface tension of liquid helium, we measured significant
distortion during filling and emptying of the aerogel below the critical point of the
fluid. Primarily, this should be taken as a note of warning to anyone condensing
fluids into monolithic low density aerogel samples — while near the critical point
there may be small distortions which spring back once the gel is completely filled
or completely emptied, at low temperatures the strain may be great enough to
permanently compress the aerogel.

Some researchers have claimed to see a small region of anomalous slope at the
beginning of capillary evaporation in low density aerogel which may be explained by
distortion — the effective pore size will change with compression and re-expansion,
causing a change in the capillary pressure. We certainly see such a feature in our
capacitively measured isotherms, although it is difficult to interpret in our case since
distortion of the gel changes both the area of our electrodes and their separation.
We can predict the degree of compression during emptying with surprising accuracy
from an estimate of the aerogel Young’s modulus and the surface tension of the fluid.
While this does not give us insight into the mechanisms of capillary condensation
when the gel is partially filled, it is consistent with desorption occurring by the
penetration into the gel of vapor menisci with a characteristic radius, which does
not depend heavily on temperature. However, it is also possible that desorption

occurs by the homogeneous nucleation within the pore-space.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8.4 Interpretation of Fluid Condensation in Aerogel Re-
sults

8.4.1 Resonator Coexistence Curves

Since we began the resonator experiments assuming an equilibrium phase transi-
tion, and others before us have interpreted results in terms of the shape of their
“coexistence curves,” we will begin by trying to interpret the shape of the resultant
coexistence curve using power law critical behavior. This is difficult to do for the
helium curves where only the high density side can be easily distinguished, but is
possible for the neon in aerogel B110. Afterwards we will backtrack a little and,
without assuming that the final coexistence curve has any specific meaning, try to
gain insight into the character of the transition itself.

First let us discuss the shape of the “coexistence curve” assuming that it repre-
sents a sensible phase transition. Experimentally, the bulk liquid-vapor coexistence
curve is usually described by an effective critical exponent of 8 = 0.35, slightly larger
than the Ising model value of 8 = 0.33 because of corrections to that asymptotic
value. Our neon in aerogel coexistence curve (Figure 6.16) clearly has two distinct
regions: a curve at lower temperatures and a plateau at higher temperatures. One
critical exponent cannot describe this sort of behavior, so we must describe the two
regions separately. There are three values for the critical exponent which are worth
considering with respect to our curve: Ising model (8 = 0.33), random-field Ising
model (8 ~ 0), and mean field (8 = 0.5).

The signature of random-field behavior would be a very flat-topped coexistence
with steep sides. This is consistent with the plateau-like region of the neon-aerogel
coexistence curve, but not with the “legs” of the curve. Since random-field behavior
results in a near-zero critical exponent, the traditional log-log plot to extract a
critical exponent is of little use. However, a log-log plot of transition temperature
against density for points away from the plateau allows us to evaluate the shape of
the rest of the coexistence curve. Fixing the value of 8 and allowing the value for
the critical temperature to vary allows us to try to fit the data into either Ising or
mean-field behavior; the best fits for the data to each of those models were shown
in Figure 6.17. Clearly the Ising model does not describe the data well, although
naively fitting an Ising-like curve to the raw data intersects almost all the points

within error (only missing a couple near the plateau region).
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On the other hand, fitting the data to a mean-field exponent results in a much
better fit; the data are scattered, but fall roughly along a line in the log-log plot
rather than the kinked form seen in the Ising fit. If the critical exponent is allowed to
vary, the best looking fits occur near 8 = 0.55, but the data is noisy enough that this
fit is nearly indistinguishable from the mean field fit — to find a reliable and precise
exponent one really needs more data points than acquired in this experiment. This
sort of behavior seems somewhat odd though — in most other studies of near-critical
fluids in porous media (see Chapter 3) the shape of the coexistence curves resembled
the Ising model behavior. However, most of those studies used methods involving
measuring excess adsorption which are more akin to our isothermal studies than
to the resonator work; their indication of capillary condensation is the closure of
hysteresis loops or a kink in the excess adsorption rather than a direct probe of the
appearance of an inhomogeneous density distribution within the medium.

The most tempting inference to be made from the neon-aerogel coexistence curve
would be that plateau in the center of the curve reflects a cross-over to a near-zero
critical exponent, such as exhibited by the random field Ising model. While there is
nothing within the neon resonator experiment to gainsay this explanation, and the
helium resonator experiments also suggest a plateau at the top of the coexistence
curve, there are some doubts raised about this interpretation from the isothermal
data for helium in aerogel. Since any critical behavior seen in neon in aerogel
should be universal enough to show up in the helium experiments, any questions
raised by the helium isothermal results are applicable to the neon fxperiments as
well. Specifically, the isotherms close to the critical point of helium all exhibit finite
slopes and no hysteresis — the finite slope indicates that the system does not contain
macroscopic phases in equilibrium with each another. So, speaking of our curve in
terms of critical exponents is intriguing but probably not scientifically rigorous.

There is precedent for crossover to random field behavior in models, with behav-
ior away from the critical point described by the Ising model and a sharp crossover
to random field behavior near the critical point[25]. In a renormalization group
calculation on the random field Ising model Falicov et al. saw a magnetization curve
(analogous to the liquid-vapor coexistence curve) which exhibited a plateau which
depended on the strength of the random fields[140]. However, both these examples
presuppose a true equilibrium phase transition.

With all of the equivocation in the preceding paragraphs about the nature of
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the liquid-vapor transition in aerogel, I would like to address some of the reasons to
doubt that it is a true equilibrium in the sense of the bulk liquid-vapor transition.
In bulk fluid, the compressibility diverges near the critical point. This results in a
sharp dip in sound speed at the liquid-vapor transition when the fluid density is close
to critical. Further from the critical density the transition appears as a sharp kink
in sound speed, sometimes appearing as a dip (for lower densities) and sometimes
as a shoulder (for higher densities). In either case the feature smoothly evolves with
density and the transition remains distinct. This is not the case for fluid in aerogel:
the signature of the transition changes dramatically with density in a much larger
way than bulk fluid. If we were dealing with true macroscopic coexistence of liquid
and vapor within the aerogel, there is no reason to expect such dramatic changes
in the signature — to the contrary one might sensibly expect the signature of the
transition to remain roughly constant, with gradual changes as the density is altered.
The inclusion of aerogel will certainly wash out the changes in fluid compressibility
near the critical point, but it should not affect different densities in different ways
if the fluid response remains bulk-like in character.

The transition along the low density side of the coexistence curve is at best
difficult to see, and at worst completely indistinct. The transition appeared as a
smoothed out kink in the resonant frequency as a function of temperature. It was
not accompanied by hysteresis between cooling and warming along the isochores,
and the kink was gradual enough that the mode crossing present in most of the
experiments obscured the signal too much to unambiguously pick a sign of the tran-
sition in any of the helium runs, and even made it difficult to assign a transition
temperature in the neon resonator experiments. As density was increased the tran-
sition became more distinct, with the gradual change in slope eventually replaced
by a distinct kink, often followed by a sharp drop in resonant frequency. These iso-
chores usually exhibited hysteresis below the assigned transition temperature. The
hysteresis only appeared in higher density isochores, and at temperatures consistent
with the appearance of hysteresis in the capacitively measured isotherms.

The change in the transition marker indicates that the transition is changing,
suggesting a more complicated choice of phases (perhaps including such things as
films or bridges). This may fit in with the SAXS studies of *He condensation and
4He-5He phase separation [52, 53] which show that there are two distinct regions

towards the low density side of the adsorption isotherm. As helium condenses a film
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grows out to a significant distance and then collapses, as the fluid redistributes into

larger “blobs” distributed throughout the aerogel.

8.4.2 Capacitive Isotherms

While the resonator experiments were predicated on the assumption that there was
an underlying equilibrium macroscopic phase transition, and thus have less utility
for studying out-of-equilibrium transitions, one may more directly interpret the
adsorption isotherm results. Since there is evidence that there is not an equilibrium
phase transition at the transition temperatures determined from the resonator, we
can apply our knowledge of single-pore models of fluid condensation to studying
the capacitively collected isotherms. Remember that we incorporated the Laplace
pressure across a curved interface into a thermodynamic treatment of condensation
in pores and derived the Kelvin Equation.

Using the second form of the Kelvin equation derived in Appendix A, and as-

suming a hemispherical meniscus we have:

2y U
po—Dyv = - (vv"'ul>

Where the surface tension of the fluid and the the molar volumes of the liquid and

vapor are all temperature dependent.

While real porous media do not exhibit exactly the magnitude of response ex-
pected from the model pore, they are consistent with this picture — the capillary
condensation pressure gives a sensitive probe of pore size. Adsorption and desorp-
tion isotherms may occur at different pressures because of the different meniscus
shapes during the two processes. For dense porous media it makes sense to envision
archetypal meniscus shapes, but for capillary condensation in aerogel the picture is
not at all clear. There is no evidence that the condensing fluid forms any structure
any larger than a thin film on the aerogel strands. Attempts to describe the con-
densation of helium in terms of “constant curvature bubbles”[134], while explaining
the shape of the adsorption isotherms, have no direct evidence supporting them.
In fact, in the mean field calculations by Detcheverry et al. the condensed fluid is
distributed in a disordered manner with regions of fluid that exhibit a wide range
of interface curvatures(82].

If condensation in aerogel is well described by the Kelvin equation then it should

be possible to extract information on the dominant size scales involved in capillary
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Figure 8.5: Effective radii of curvature for the helium liquid-vapor interfaces during
adsorption and desorption in aerogels B110 and B51 from the Kelvin equation. We
can see that such an interpretation works relatively well for lower temperatures but
produces quickly changing values above 5.150K. The approximate thickness of the

aerogel strands and the liquid-vapor interface thickness are also included on the
plot.

condensation by calculating the curvature of the interface as described by the Kelvin
equation. This value should remain relatively insensitive to temperature, since the
temperature dependence of the adsorption isotherms should be accounted for by the
temperature dependence of surface tension and molar volume. If we assume that
helium in aerogel has a bulk-like surface tension, the density of adsorbed helium is
equal to bulk helium, and the sharp corner at the high density end of the adsorption
isotherm represents the pressure of capillary condensation, then we can extract a
value for the curvature C. This value can then be converted to a pore size if we
assume a well defined meniscus of a given shape. These calculations are shown in
Figure 8.5 assuming a hemispherical meniscus. Also included in the figure are lines
showing the size of the silica particles that make up the aerogel strands and the
liquid-vapor interface thickness.

The interface thickness is calculated assuming the fluid is bulk-like, and is given
by the equation[141]:

L = 3.64¢

where L is the interface thickness and £ is the fluid correlation length calculated from
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€ = &t ~0%3 where & is an amplitude which depends on the fluid (£ (4He) = (1.8 %
0.3) x 10~%%m [38]). The interface thickness is only an estimate, since the presence
of aerogel in the real system will certainly affect the density profile drastically at
the liquid-vapor interface. When discussing capillary condensation in dense porous
media the walls are assumed to be solid and uniform but in aerogel the “walls” are
actually strands and once the interface thickness exceeds the strand thickness it is
not sensible to treat the strands as uniform, smooth walls.

Above 5K the liquid-vapor interface is thicker than the aerogel strands, removing
any sensible version of a smooth uniform wall which is often pictured in model
pores. Similarly, as one approaches T, the interface thickness eventually becomes
comparable to the effective “r” calculated for B110 from the Kelvin equation. This
behavior is not usually of concern in denser media where the capillary condensation
pressure is displaced to lower partial pressure and disappears before one can get
too near to the bulk liquid-vapor critical point. It d'.f)es not make sense for the
radius of curvature of an interface to be less than the thickness of the interface since
that would preclude the existence of a distinct phase within that radius. In this
regime it is probably better to picture the aerogel as contributing to the system as
a perturbation affecting the fluid phases in some averaged way. In such a regime,
the use of the Kelvin equation to extract an effective radius of curvature becomes
tricky.

The low temperature values (i.e. less than 5.150K) for “r” extracted from the
Kelvin equation are roughly constant and, within a few percent, can be summarized
as:

Sample Branch r
B110 Filling 43nm
Emptying 28nm

B51 Filling 135nm
Emptying 85nm

So we can see that by assuming that the shape of the interface is identical
during filling and emptying we extract a radius of curvature for that interface which
is roughly 50% larger on filling than emptying. This could simply point to different
shapes of the liquid-vapor interface during adsorption and desorption.

Near and above 5.150K, the radii extracted for helium condensation in sample

B110 change rapidly. This may mean that the liquid-vapor interface has a shape
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that is highly temperature dependent, but could also be an indication that there
is an additional energetic concern affecting the system near the critical point (i.e.
other than bulk surface tension).

It is interesting to compare the length scale extracted from the Kelvin equa-
tion with the correlation length of the aerogels themselves. For a base catalyzed
aerogel with a density near 90:7%, just less than our sample B110, the correlation
length(€) was measured to be a little less than 10nm(113]. Furthermore, simulation
studies deduced a relation between the correlation length and the fractal dimension
of gels[112] which allows us to calculate the density dependence of the correlation
length. For base catalyzed gels, with a fractal dimension of about 1.9, we would

expect:

é- e p—0.9

From this relation we can estimate that £gs1/€B110 = 2. So, assuming that the
structure of our base catalyzed gel resembles that of the gels on which scattering
data has been collected, our two samples should have correlation lengths of just
under 10nm (B110) and just under 20nm (B51). This length is of the same order,
but much less than than radius of curvature extracted from the Kelvin equation
above. Furthermore, while correlation length increases by a factor of about two
between samples, the interface radius of curvature appears to change by about a
factor of three. So, while there may be a relation between 7 and £ one is not simply
proportional to the other.

Near the critical point, where surface tension does not dominate the energetics
of the system, one might expect to find equilibrium phase transitions resembling
the bulk liquid-vapor transition. However this does not appear to be the case -
the adsorption isotherms in this region all exhibit finite slopes (even in B51 - see
Figure 5.47). It is only at lower temperatures that the isotherms in B51 have
hysteresis loops which have vanishingly small slopes on both the adsorption and

desorption branches.

8.5 Possible extensions of projects

The results of these studies leave little room to interpret the behavior of near-critical
fluids in aerogels as a realization of the random-field Ising model, but there are some

possible extensions to the projects described here. The capacitive measurements of
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helium adsorption have proven to be precise and reproducible; the system can easily
be used for any porosity of aerogel and also for denser porous glasses. In fact it may
be interesting to repeat some of our measurements in aerogels with similar porosities
but different synthesis conditions (i.e. acid catalyzed or neutrally reacted).

It would certainly be interesting to extend our measurements of aerogel com-
pression during fluid adsorption to helium in 98% porous aerogel. To do this we will
need to eliminate the large weight of the ferromagnetic core used in the LVDT —
possibly the entire LVDT could be replaced with a different measurement technique.
If a coaxial capacitor was constructed with the inner and outer plates moveable with
respect to one another it would be possible to estimate relative linear displacement
by measuring capacitance of the system. The inner plate could then rest on top of
the aerogel cylinder, as the LVDT core does now, and would move as the aerogel
expanded or contracted. We would need to ensure that the capacitor plates could
not move laterally, only along the central axis, and would need to subtract any con-
tribution from changes in the dielectric between the plates (i.e. changes in helium
density). Such a system would allow us to reduce the weight on the aerogel sample
to a fraction of a gram, and with careful calibration should provide at least as much

sensitivity as the LVDT currently does.

8.6 Final Words

Fluid adsorption in aerogel is a process which exists in between the more classical
picture of capillary condensation and the equilibrium first order transition charac-
teristic of condensation in bulk fluids. The low elastic constants of aerogels restrict
study to fluids with low surface tensions in order to avoid permanent deformation
of the gel, which means that we are restricted to helium or other fluids near their
liquid-vapor critical points. This, in turn, leads to very small temperature and
pressure shifts for the liquid-vapor transition.

Furthermore, the open structure of aerogels does not seem to support the sim-
ple constant curvature menisci assumed by analyses such as the Kelvin equation.
Instead, from scattering[52] and simulation(82] studies, liquid seems to be adsorbed
along the strands and at intersections with no distinct shape to the liquid-vapor
interface.

As the temperature of the sample is raised towards the liquid-vapor critical

point the assumption that a distinct liquid-vapor interface exists begins to decay.
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In helium, above 5K the liquid-vapor interface already exceeds the diameter of the
aerogel silica strands so that the energy of the liquid-vapor interface may include
contributions from the underlying silica but may be governed by thermal fluctua-
tions. At temperatures close to the disappearance of hysteresis in the adsorption
isotherms the interface thickness exceeds the correlation length of the gel; at this
point the fluid cannot effectively sample small regions of the aerogel - it simply sees
a homogenous background.

Our work probed the regimes from a well defined liquid-vapor interface at tem-
peratures below 5K through to temperatures where thermal fluctuations probably
cause the fluid to sense the aerogel as an isotropic background. Nowhere in these
data did we see signs of an equilibrium first order transition. Isothermal pressure-
density scans and isochoric temperature-compressibility scans allowed us to map
out effective “coexistence curves,” but the two methods yielded different curves —
another sign of the lack of an equilibrium transition. Without strong evidence for a
true thermodynamic phase transition it is inappropriate to interpret the resultant
data in terms of critical behavior as we hoped to do at the outset of this work. Some
of the hysteresis loops in aerogel B51 were exceptionally flat, which may indicate
an underlying equilibrium phase transition in this system which we cannot access
experimentally because of metastable filling and emptying states. Even if such a
transition exists we simply cannot interpret our results in terms of an equilibrium
transition because we cannot access the equilibrium states.

Fluid adsorption in aerogel does allow us to investigate capillary condensation
as one approaches the liquid-vapor critical point. This is an interesting problem
in itself, and with better understanding of the microscopic structure of the liquid-
vapor interface in aerogel we may be able to resolve how thermal fluctuations near
the critical point affect adsorption. This microscopic information will have to come
from studies such as the SAXS work done at Argonne[52] and the simulations per-
formed at Université Pierre et Marie Curie[82]. Furthermore, the tunable density
and structure of aerogel provides researchers with control over exactly how much
they wish to perturb the adsorbed fluid, and with a tool to probe how slightly dif-
ferent microstructures can affect fluid adsorption. While we have a large quantity
of data, it is limited to two well understood samples; better understanding of this
system may have to wait until there is a wider range of data taken in a more varied

set of aerogels.
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While the critical behavior that helped to motivate this project was never found,
we have seen some behavior of helium near its liquid-vapor critical point in aerogel
that is not well described by a simple application of the Kelvin equation either. So,
although we have not gained another system which can be added to the random-
field universality class, these results open exciting possibilities for general studies of
capillary condensation in a regime where the liquid-vapor interface may not be the

most significant energetic concern.
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Appendix A

Derivation of the Kelvin
Eqguation

Rigorous derivations of the Kelvin equation can be found in the literature[142, 143,

144]. Here I will simply outline the derivation — for details one should consult the
above references.

Our starting points are the Laplace equation and chemical equilibrium. The
Laplace equation (equation 2.5) gives the pressure difference across a curved liquid
vapor interface as

P~py=7C

Meanwhile, the fact that the system is in chemical equilibrium means that the
two phases must have the same chemical potential: y; = p,. Actually the equality
of the chemical potentials must be true no matter what the shape of the interface, so

we may write out the chemical potentials above a flat interface and above a curved
interface respectively:

wm(T,po) = p(T,p0)

w(T,p) = po(T,po)

Notice that the existence of the curved liquid-vapor interfaces shifts the chemical
potentials of both phases. In order to derive the Kelvin equation in one of its forms,
assumptions can be made about the form of the chemical potential. Usually the

liquid is assumed to be incompressible, which means
(T po) — (T, p1) = vipo — p1)
while the vapor is assumed to behave like an ideal gas, giving

tio(T, p0) — (T, pv) = —RTIn z—’;
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Setting the liquid and vapor potentials equal gives us
Dy
—RTIn— = v(po — p1)
Po
which, when combined with the Laplace pressure, gives the Kelvin equation:

—RTIn ;‘;—z = —u,Cy + u(po — pv) (A1)

[1399% ]

If we are describing capillary condensation of a fluid in a pore of radius “r,
the walls of which it wets completely, then the curvature (“C”) can be replaced
by "71 for a cylindrical meniscus or ‘72 for a hemispherical one. In the latter case
equation A.l attains a more recognizable form

~RTI 2 = 2y~ )
Po r

Alternatively, if the changes in pressure are small (either because of a small
curvature, small surface tension, or both) we can treat both the liquid and vapor
phases as incompressible. This is an attractive approach when the assumption of

ideal gas behavior is not justified. Making the assumption of incompressibility we

find that

w(Typo) — m(T,p) = wlpo—mr)
to(Tsp0) = (T p0) = vu(po — pu)

Now, substituting in the Laplace pressure, we can derive a different form of the

Kelvin equation:

Uy — U

po—py=—7C < = ) (A.2)

which, for a hemispherical meniscus in a pore becomes:

2 Y
Po—Pv= 7 ( : )
Teap \ Vv — Ul

We also know that the coexistence curve has a shape described by the Clausius-

Clapeyron equation:

dnp AH
dT" = RT?

where AH can be the heat of vaporization or the heat of fusion depending on what
transition we are interested in. If we restrict ourselves to small temperature ranges

over which AH may be treated as a constant then this may be integrated to give:

m(PY__AH (1 1\ _AHAT
) R \T T  RI?
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where pg and T are the values for the bulk transition. Combining this relation with
the Kelvin equation we can estimate the temperature depression of the condensation

of fluid inside a pore of radius r:

_ 2%uTh

= A
AT = (A.3)
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1 D]

Appendix B

Porous Media for the Study of
Fluid Transitions in Confined
Geometries

This review describes the synthesis and structure of materials useful in investigations
of fluid phase transitions in confined geometries. Porous media have uses throughout
the physical sciences and industry, mostly due to their high surface area-to-volume
ratio and the confinement afforded by the small volume inside each pore. Any
review of porous media can only scratch the surface of this multifaceted topic; while
this paper mentions other applications of the porous materials described within, it
concentrates on utility in studies of fluid behavior. References are provided should
the reader wish to investigate applications or materials in more detail. This review
will begin with an introduction to the concept of a porous medium and briefly justify
interest in fluid phase transitions within porous media. Synthetic approaches to the
construction of various mesoporous materials will be covered and the review will

conclude with a brief overview of what sorts of phase transitions have been studied.

B.1 Introduction

A porous medium is a solid which contains open spaces within its structure. For
instance, a sponge or a loaf of bread may be described as a porous medium. In these
cases, the pores are roughly spherical and embedded in a solid fibrous network. A
jar of marbles is also a porous medium, although this time the solid is a network
of spherical particles and the pores consist of the interstices between the spheres.
Pore systems can have many morphologies, from unconnected spheres embedded

in a solid matrix to an open volume with thin threads of solid forming a skeleton
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through mostly empty space.

Porous materials can be divided into the somewhat arbitrary categories of “mi-
croporous,” “mesoporous,” and “macroporous” on the basis of their average pore
size[145]. If most pores are 5-20A(large enough to accommodate a small molecule
but small enough to exclude large molecules) the material is classified as microp-
orous. Mesopores are larger than most single molecules (20-5004), while macropores
are large enough that the walls are effectively flat open surfaces (>5004). While
chemists have constructed microporous materials for many years, only in the last
twenty years or so have we used rational synthetic approaches to control structure
in mesoporous materials.

The porosity of the medium may be described as the volume of pore-space di-
vided by the total system volume (if the marbles described above were hexagonally
close packed they would leave 26% of the volume open, thus the porosity would be
26%). Alternatively it may be described as the volume of the pore-space divided by
the total system mass, a more experimentally accessible quantity (the glass marbles
above would have a pore volume of 0.16cm3/g). Porosity can vary from zero, in
the case of dense solid materials, to greater than 99%, as seen in some aerogels
(described in section IV .4).

The techniques used to characterize porous materials differ from those used to
characterize many other solid state compounds because the properties of interest are
so different. Whereas the structure of the unit cell and bulk electronic properties
are of paramount importance in a crystal, the size, shape and connectivity of the
pores are most important in a porous medium.

Some porous materials crystallize into very regular structures, but most contain
at least some disorder or are completely amorphous. For this reason X-ray diffraction
(XRD) is much less powerful in the ch.aracterization of porous media. It is still an
extremely important tool, but growing good quality single crystals is difficult to
impossible. Powder X-ray diffraction (PXRD) gives information about pore sizes in
ordered materials, but the important peaks can be located in the small angle region
(as low as 1°) which requires the use of a specialized small-angle diffractometer. For
amorphous samples such as porous glasses, small angle x-ray[113] or neutron{146]
scattering (SAXS or SANS) can be used. These techniques can probe for structural
correlations at various length scales and SANS can give information on phonon

dynamics in the glass.
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Figure B.1: The six types of
adsorption isotherms in the IU-
o v PAC classification. Type I cor-
responds to microporous materi-

E als, Types II, III and VI corre-

% spond to nonporous (or macrop-

E orous) materials, and Types IV

§ v VI and V correspond to mesoporous
materials.[145]

Relative pressure —————————»

Transmission electron microscopy (TEM) can provide important information
about structure, especially when dealing with mesoporous materials (whose char-
acteristic dimensions are within the resolution of even mediocre or outdated TEM
systems). Scanning electron microscopy is used to probe the morphology of the
material on a larger scale, but can rarely resolve features as small as the pores.
Unfortunately, both of these techniques are most effective on conducting samples,
while most of the porous materials described here are insulators.

The most important technique, without which no paper on porous materials
should be published, is the adsorption isotherm. In this technique a gas is slowly
admitted to a cell containing the porous material and pressure is monitored as a
function of the volume of gas admitted. There are six general types of adsorption
isotherm, as seen in Figure B.1. The shape of the isotherm is dependent on the shape
of the pores, their connectivity (how often the pores intersect and the structure of
the openings at each intersection), and the pore size.

The surface area of a material can be deduced from the adsorption isotherm
using the Brunauer-Emmett-Teller (BET) method[147], by assuming that at low
pressure all adsorbed molecules form a close packed monolayer on the pore surfaces.
The position and shape of any hysteresis in the adsorption isotherm gives informa-
tion about the pore structure and the amount of variation in pore size or “pore size

distribution” (PSD). Materials with disordered pores, a wide pore size distribution,
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or pores which contain narrow “necks” between them, will usually exhibit large
hysteresis. This non-equilibrium behavior is rooted in kinetic barriers and metasta-
bility. For instance liquid plugs formed in the smaller pores within the structure
may inhibit evaporation, or the nucleation of a denser phase may be difficult and
condensation does not occur. From the shape of the isotherm and an assumption
that all pores are cylindrical (the Barrett-Joiner-Halenda method) or slit shaped
(the Hovath-Kawazoe method), pore size distributions can be derived[147, 31, 148].

B.2 Fluids in Porous Media

Porous media have found widespread use in chemistry and in industry because of
their exceptional catalytic activity and their selective adsorption of fluids{145, 149,
150]. However, this review is focused on their utility for studying the effect of pore-
fluid interactions on fluid phase transitions. There are a variety of transitions which
may be studied, including condensation and freezing in most fluids, and superfluid
transitions in “He (a manifestation of Bose condensation) and in He (a condensa-
tion of weakly bound quasi-particles analogous to superconductivity in metals)[151].
Each transition gives slightly different information about the effect of the porous
medium on fluids, because each is affected in a different way by the medium.
Microporous materials have pore diameters comparable in size to atomic bonds,
so the adsorption of fluids is generally dominated by very strong substrate-fluid
interactions which cause molecules to be adsorbed into specific sites and remain
localized. Thus microporous materials change transitions quite drastically. Meso-
porous media have large enough pore radii (>20A) that the substrate-fluid and
fluid-fluid interactions can both contribute to the fluid behavior. Hence, the pore
walls will perturb the fluid in a manner that can be tuned by changing the size of
the pore and the constituents of the pore wall. While this perturbation is the most
important effect of confining fluids to porous ;Iledia, it is not the only effect. Since
phase transitions require the growth of domains in the fluid, the size and shape of
the individual pores will limit the size of the domains. The connectivity of the pores
is also important to the relation between separate domains within the medium. As
it turns out, a network of parallel and nonintersecting cylindrical pores affects tran-
sitions in a very different manner than a network of randomly connected pores even
though their average diameter can be quite similar. In fact the effect of confinement

in small nonintersecting spherical pores[152] is well explained by finite size effects,
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although this structure has little in common with most porous media.

To provide a good substrate for the study of fluid phase transitions, a material
must have a well characterized structure, with most pores having the same structure.
For this reason materials such as porous carbon and packed powders are not as
useful, and will not be covered in this review.

While studies of fluid phase transitions may seem dry, esoteric, or even boring
to those accustomed to the excitement and applicability of fields such as catalysis,
they are necessary to understand the fundamental behavior of matter in confined
spaces and the effect of impurities and disorder on fluid behavior. In fact, we will
need a better understanding of fluid behavior just to properly classify micro- and
mesoporous media. Currently, very basic theories of gas adsorption on surfaces
are used to classify porous materials and determine pore sizes. These theories are
inadequate for pores with diameters of only a few nanometers, but there are no

alternative methods except cumbersome density functional calculations.

B.3 Synthetic Approaches to Porosity

Most materials of interest for the study of fluid phase transitions are mesoporous,
but there are also some microporous materials that have been studied. Synthesis
of micropores is finicky, but has been successfully accomplished for many years.
Mesopores are more difficult to construct because they are too large to build out of
simple inter-linked coordination polyhedra, but are too small to manufacture using
physical techniques such as lithography. Most synthetic approaches to mesoporosity
require multiple steps and fall into two broad categories. In one approach large
building blocks are constructed and then assembled into a superstructure containing
mesoscopic pores. Thus, the structure is best thought of in terms of these “secondary
building units” rather than actual ions. Examples of this approach include pillared
layered clays and heteropolyanion salts. The second approach involves forming a
material from two or more phases, freezing in the structure, and then removing
all but one of the phases. Examples of this approach include sol-gel syntheses of
glasses and template-directed synthesis of ordered mesoporous silica. Both of these

approaches lead to structures with more disorder than in most solid state materials.
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B.4 Porous Materials

There is a plethora of porous media, but this review is restricted to a few types
of microporous and mesoporous materials. The categories covered include: zeolites,
pillared layered solids, organic templated materials, sol-gel derived glasses and a few

other materials included as “miscellaneous materials.”

B.4.1 Zeolites

Zeolites are microporous alumino-silicate crystals, made up of interconnected [AlO4]
and [SiOy4) tetrahedra. The largest zeolite channels and pores seldom exceed 104 in
diameter([153]; although larger pores have been synthesized, the channels between
pores remain quite restrictive. The tetrahedra form a negatively charged framework,
with regular pockets that hold a large number of water molecules solvating the
cations necessary to balance the electronegative skeleton. The water in zeolite pores
can be reversibly removed without altering their structure, leaving behind a network
of pores. In fact the name zeolite comes from the Greek roots zeo, boil, and lithos,
stone, because of the water produced upon heating the crystals. The dehydration
of zeolites tends to break large zeolites apart into powder because of the generation
of large internal steam pressure, but they can be carefully dehydrated to yield large
monolithic samples (~ 0.5¢cm long) while maintaining the open pore system[154].

There is a large variety of naturally occurring zeolites and the range of possible
synthetic zeolites is practically endless. Zeolites are usually formed in the laboratory
by crystallisation from a mixed silica-alumina gel under hydrothermal conditions;
details can be found in more specialised books[156, 155]. Examples of zeolites are
shown in Figure B.2 - the polyhedral representation highlights the structure of the
pore, while the connectivity of the pores is best visualised by smoothing out the walls
and representing the pores as balls and cylinders. The fact that zeolite crystals are
built up using [SiO4) and [AlO4] tetrahedra means that a large pore must consist
of an ordered arrangement of dozens of these relatively small building blocks. It is
not surprising that large pore structures are seldom encountered (a manifestation
of Pauling’s Parsimony Principle).

It is possible to introduce much larger pores into zeolites after synthesis, but
they do not have the same structure as the micropores described above. Mesopores

can be formed through dealumination of the zeolite skeleton using steam or SiCly;
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Figure B.2: Two examples of zeolite
structures, a)zeolite A and b)zeolite
ZSM-5. These two structures use differ-
ent representations to emphasise the pore
) ZSM-35 structure and pore-channel connectivity
respectively.[155]

26~ hedron
(a cage)

Figure B.3: Mesopores can be formed in
zeolites through dealumination. Steam
dissolves aluminium rich areas, leaving
relatively large open volumes (pores A and

[=]
;" B above) within the zeolite. Zeolite micro-
< pores line the walls and provide catalytic
20 40 60 sites, while the “large” mesopores provide
Pore da A easy access for large molecules.[150]

the resultant structure is shown schematically in Figure B.3. These pores (labed A
and B in Figure B.3) have a much broader size distribution than the micropores in
the zeolite framework. They allow increased accessibility of larger molecules to the
zeolite pores, which should increase catalytic properties of the zeolites. However,
this odd pore size distribution - a sharp peak in the micropore region and one or two
relatively sharp peaks in the mesopore region - makes this an unlikely substrate for
the study of phase transitions in fluids. Because of the many distinct size scales, any
observed fluid behavior in these mesoporous zeolites would be difficult to ascribe to

a particular type of substrate-fluid interaction.
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Figure B.4: The structure of a generic

smectite clay, one octahedral oxide layer

sandwiched between two tetrahedral ox-

ide layers. This composite layer is sepa-

Exchangeabie cations rated from the next by a layer of hydrated
nH0 cations.[157]
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O and @ Silicon, occasionally aluminum

B.4.2 Pillared Layered Solids

Layered clays have a history in chemistry as long and almost as illustrious as zeolites.
These naturally occurring compounds consist of two-dimensional layers of metal ox-
ide polyhedra separated by open layers containing hydrated cations (usually sodium
or calcium) to counter the electronegative oxide layers. The composition and struc-
ture of the oxide layers are used to classify layered clays into broad categories.
Many clays have a 2:1 layer structure, meaning one octahedrally coordinated oxide
layer (often aluminum or magnesium) is sandwiched between two tetrahedrally co-
ordinated oxide layers (silicon and aluminum), although 1:1 clays and fibrous clays
are also common[156]. The 2:1 clays are categorized by layer charge into: smec-
tites (electrostatic layer charge=0.2-0.6), vermiculites (layer charge=0.6-0.9), micas
(layer charge~ 1) and brittle micas (layer charge~ 2). The type of ions contained
in the coordination sites identifies the members of each class. A schematic of a
smectite clay is shown in Figure B.4. While these clays have “pores” in the sense
of open spaces between the layers filled with water, once dehydrated these pores
tend to collapse. If rehydrated, the layers will expand to adsorb multiple layers
of water between oxide layers. While this makes smectites powerful absorbents, it
means that there is no characteristic size to the pores and they are unsuitable for
applications that require stable structures and easy access to the surface. Layered

clays have been used as catalysts, but zeolites tend to perform the same job better
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Figure B.5: Schematic representation of
a pillared clay consisting of silicate lay-
ers (usually smectite layers as shown in
Figure B.4) and metal oxide pillars (see
Figure B.6 for an example). d; is referred
to as the “gallery height.” [157]

Figure B.6: [Al1304(0OH)24(HO)12]™, a
complex cation used as a pillar in layered
clays.[157]

because of their well defined structure and pore distribution.

It is possible to synthesize layered clays with a regular pore structure unaffected
by the quantity of water adsorbed if the interlayer structure is modified. Carefully
designed chemical structures can be used to bridge the interlayer gap. These “pil-
lars” balance the charge of the electronegative layers and by binding to the layers
they prop open the structure if it is dehydrated, and prevent it from swelling if it is
exposed to water. Pillars come in an assortment of shapes, sizes and charges that
allow control of the interlayer spacing. They can be incorporated into a variety
of clays, with the smectite group clays providing the most promising hosts due to

their low layer charge. Most articles on these “pillared interlayered clays” (PILCs)
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describe work on montmorillonite[158, 159, 160, 161], although work has been done
on other smectites[157].

The simplest way to visualize the PILC structure is as a stack of solid sheets
supported by arrays of pillars as shown in Figure B.5. Of course, these “solid
sheets” actually have a complex surface structure which has important effects on
the behavior of adsorbed fluids. Similarly, the pillars are not simply support sticks
but rather massive complexes that take up a significant portion of the interlayer
volume.

Powder X-ray diffraction (PXRD) results from PILCs show one or two broad
peaks indexable to (n00) planes characteristic of materials with long range order
along one axis only. The silicate layer in a smectite is about 10Athick and the in-
terlayer spacing, called the “gallery height,” is determined by the size of the pillar.
Although the spacing between silicate layers is quite regular in PILCs, the orien-
tation of the layers is random and there appears to be no long range order in the
position of the pillars. The spacing between pillars depends on the system details,
but is on the order of 35A(much larger than the 5Aspacing of available binding
sites on the layers). It is experimentally difficult to engineer structures with gallery
heights above about 15A. For gallery heights smaller than 15A, simple spacers such
as Keggin ions (an example is shown in Figure B.6) can be incorporated into the
structure as pillars. For larger separations an auxiliary swelling agent must be used
in the synthesis to hold the layers apart while pillars are constructed between them.
PILCs with gallery heights of 15A0r less tend to fall into the microporous category,
but there are promising results in the search for larger gallery heights. For instance
a structure with a spacing of about 60Ahas been synthesized[159], but characteri-
zation on this length scale is somewhat challenging.

One difficulty which is not often mentioned when discussing these substrates in
the lack of agreement between gallery spacing determined from interlayer separation
in PXRD results and pore size determined from adsorption isotherms using Barrett-
Joiner-Halenda or Horvath-Kawazoe models. Often the “average pore size” will be
larger than the gallery height, implying that the most important characteristic di-
mension for fluid adsorption is not the gallery height at all. Some interpret this
as a measure of the lateral distance between pillars within the layer, while others
attribute it to the small gaps between microscopic PILC particles. Unfortunately,

PILCs are difficult to image with transmission or scanning electron microscopy be-
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Figure B.7: Surfactant structure within the MCM family of materials before calcina-
tion: a)hexagonal (MCM-41); b)cubic bicontinuous, Ia3d (MCM-48); c)and lamellar
(MCM-50 or MCM-L).[171]

cause of their insulating character and small pore sizes. Scanning force microscopy
can be used on smectites[162], but the images do not have the resolution to solve
this problem. While this lack of agreement in the interpretation of pore size distri-
bution does not in any way hamper investigation of catalytic and molecular sieving
properties of PILCs, it needs to be resolved before PILCs can become important
substrates for the investigation of fluid phase transitions.

Pillared layered solids can be constructed from materials other than layered clays
as well. For instance layered titanate has been used to create very ordered pillared
structures which exhibit small angle PXRD peaks out to the (500) reflection[163].
These layered titanates have gallery heights of 10Aor larger[163, 164, 165]. The
actual pillaring technique is very similar to that used in PILCs.

B.4.3 Organic Templated Materials

As we move further and further from the traditional domain of solid state chemists,
we reach the burgeoning field of organically templated materials. These compounds
begin life in a solution state chemical reaction, but their isolation, work-up and
characterization is very much in the realm of the solid state chemist. This section
will concentrate on the preparation of mesoporous silicate materials, but if the
reader is interested there is currently an explosion of literature underway on template
mediated synthesis of mesostructured inorganic compounds for electronic and optical
applications[166, 167, 168, 169]. Mesoporous carbons can also be synthesized by
using polymer impregnated mesoporous silica as a starting point[170].

While zeolites and PLSs are microcrystalline, templated silicas are prepared

from a mixture of liquids which physically separate to form some sort of ordered
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large scale structure. This structure is solidified through condensation of a silica
backbone, and once this condensation is complete the other phases are removed
leaving an ordered array of open pores. The symmetry and scale of the resulting
material is sensitive to the structure of the directing template and to the relative
concentrations of the reactants.

This field is derived from the procedures developed at Mobil in the early 1990’s
for the synthesis of mesoscopically ordered silica[149]. The process of producing
amorphous high purity silica by the condensation of a pure silica source, such as
tetraethyl orthosilicate (TEOS), has been used for decades. However, by condensing
TEOS in a basic aqueous environment in the presence of a long chain surfactant, an
ordered hexagonal array of surfactant filled rods encased in silica was formed. By
varying the concentration of surfactanf it is also possible to obtain a cubic lattice
of micelle tubes or a layered phase (referred to as MCM-41, MCM-48 and MCM-50
respectively, shown in Figure B.7).

The formation of MCM-41 is shown schematically in Figure B.8; the small silicate
precursors gather around micelles and rods of the long chain, amphiphilic, template.
The formation of these encased micelles continues until the silica source is exhausted.
This structured gel is allowed to age for a few days as the silica polymerizes. It is then
calcined at a few hundred degrees centigrade to drive off the solvent and surfactant
and to reinforce the silica backbone. The resultant micrometer to millimeter sized
particles have a supra-molecular lattice of open cylindrical pores with long range
order, as seen from the PXRD results shown in Figure B.9. The evolution of these
phases from solution is well characterized in zirconia[172] as well as silica[173].

In recent years an enormous variety of materials have been synthesized using this
general approach. By varying the size of the surfactant, the pore size can be altered
from 20Ato 100A. Even larger pores can be created in acid catalyzed materials
(labeled SBA). These materials also have hexagonal phases like MCM-41 (e.g. SBA-
3 and SBA-15) and a number of other phases with different symmetries[150]. One
advantage of using SBA type materials is that neutral polymers can be used to form
the template for large pores, up to 300A[174].

* The best studied group of mesoporous silicas are hexagonal arrays of open cylin-
ders such as MCM-41. In calcined samples of MCM-41 PRXD often shows a few
peaks, although the first (100) peak is much better resolved than subsequent peaks.

The lack of many higher order peaks can be interpreted as moderate disorder in the
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superlattice; PXRD of SBA materials usually only shows one peak, indicating more
disorder. Although the pore superlattice is well ordered, the walls of individual
pores are composed of amorphous silica and the microscopic hexagonal structure is
not often reflected in the macroscopic structure of these materials. When allowed
to react under quiescent conditions MCM-41 forms a powder[175], but by stirring
the mixture as it reacts various morphologies are found. For some conditions, small
spheres[176] are the product, while under other conditions small gyroids (shapes
with cylindrical symmetry, which have points at the end, instead of flat surfaces)
are synthesized[177]. While the gyroids do not show hexagonal symmetry, they do
have a unique axis that is aligned with the axis of the silica cylinders. Films of or-
dered mesoporous silica have also been studied[178, 179, 180], but most experiments
on fluids in porous media require bulk samples so thin films will be of limited utility.

Mesoporous ordered silica has been prepared in large monoliths in a couple
of ways. Using a sol-gel technique similar to that describe in the next section a
disordered agglomeration of micrometer size spheres containing ~ 3nm pores was
prepared by Sato, et al.[181] Tolbert, et al., prepared a large (~ lcm) sample of
MCM-41 with pores throughout the sample oriented in the same direction by syn-
thesizing the sample in a high magnetic field[182].

There is another templating method that can be used to synthesize a hexagonal
array of cylindrical pores. Kanemite, a layered silicate, can be transformed to the
mesoporous silicate FSM-16 through the use of cationic surfactant molecules in a
basic solution. The surfactant is absorbed between the layers, and then the layers
begin to cross-link, giving a hexagonal lattice of one dimensional pores about 2nm
in diameter([183]. Similar substrates can be prepared from layered aluminosilicates
and gallosilicates[184].

Applications of mesoporous ordered silica particles are beginning to be ex-
plored. Walcarius and Bessire showed its electrochemical utility as a highly selective
electrode[185]. Small zeolitic areas can be incorporated into mesopore walls[186],
creating a promising catalyst which combines the huge surface area and easy access

of mesoporous materials with the acidic binding sites that make zeolites so useful.

B.4.4 Sol-Gel Derived Glasses

As mentioned above, very pure silica glass is best produced from a purified precursor
such as TEOS (Si(OCH2CHj3)s4). When combined with water and a basic or acidic
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catalyst TEOS will quickly polymerize to form a gel that yields a porous glass when
dried. If monolithic, nonporous, silica is needed this porous glass can be sintered at
higher temperatures to eliminate the empty volume. However, for our purposes the
dried gels are perfect as is. Sol-gel derived glasses are by no means restricted to silica
- they are easily synthesized from a variety of oxides (e.g. alumina, titania, zirconia,
and tungsten oxides) and from a number of interesting organic systems[187].

These structures are amorphous on small length scales, although longer range
correlations may be present[113]. They may be described in terms of pore size and
volume, or in terms of the thickness of the silica skeleton, but they do not have
the regular structure seen in the first three classes of materials. In the formation of
these gels the solvent acts as a template, encouraging the densification of the silica
skeleton while leaving large volumes with nothing but solvent. Since the solvent has
characteristic dimensions much smaller than any feature in the gel these voids have
random size and shape - the structure is a result of the kinetics of polymerization and
aggregation of silica particles in suspension. The condensation can be acid or base
catalyzed[188]. The acid catalyzed gels show a mixture of micropores and mesopores;
base catalyzed gels are usually used in studies of fluid confinement because they have
little microporosity - all voids are within the mesoporous range.

Since condensation of TEOS to SiO; releases four moles of ethanol for every
mole of silica formed, the silica gel is quite dilute - by adding more ethanol to the
reactant solution they can be further diluted. These wet gels (or “alcogels”) can vary
in porosity from ~ 85% to ~ 99.8% depending on the initial alcohol concentration.
If not dried slowly, these very dilute gels shrink and fall apart into powder. This
shrinkage is due to the surface tension of the alcohol. As ethanol evaporates, the
surface tension of the remaining solvent pulls on the walls of the pores in the glass
and collapses any large pores that do not have proper support. If an alcogel is dried
over a period of weeks it will retain its macroscopic shape while shrinking in size.
Larger pores collapse to become smaller pores, leaving a relatively narrow pore size
distribution. These are known as “xerogels.”

The large pores can be preserved if the solvent is removed without a liquid-
vapor interface ever passing through the gel; in order to accomplish this the gel is
pressurized and heated above the liquid-vapor critical point of the solvent. Once
the solvent has become a supercritical fluid it can be gradually released from the

gel without introducing any surface tension[103]. Gels dried in this manner retain
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Figure B.10: Transmission electron mi-
crograph of 95% porous silica aero-
gel taken with the JEOL-2010 TEM
in the University of Alberta Physics
Department.

the porosity and size of their alcogel precursor and have an incredibly broad pore
size distribution reaching into hundreds of angstroms. In fact, the structure of
these silica “aerogels” with porosity greater than 95% is so open that the concept
of a “pore” does not really apply; instead one should visualize these as structures
consisting of interconnected strands of silica of varying diameter and length. A

picture of an aerogel is included as Figure B.10.

B.4.5 Miscellaneous Materials

There are a variety of interesting mesoporous materials that do not fit neatly into
any of the previously mentioned categories - this section addresses a few of them.
Materials can be prepared from phase separated solids. An example is porous
Vycor glass, which has been available from Corning for decades. It is a Borosilicate
glass with about a 30:70 B:Si ratio which has been cooled below its spinodal de-
composition temperature (where it separates into regions of higher and lower boron
concentration). When leached by dilute acid, the boron rich regions dissolve leav-
ing a complex system of interconnected pores{146, 189]. The pore diameters are
determined by the degree of spinodal decomposition and the period that the glass
is exposed to the acid leaching solution - they are on the order of 50A. The silica
glass left retains the macroscopic shape and size of the original sample, but is about
30% porous. “Controlled pore glasses” are made in a similar manner. By varying

the initial concentration of boron, the development temperature (the temperature
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Figure B.11: Scanning electron mi-
crograph of porous gold annealed at
100°C.[191]

at which the glass separates) and the developing time, a wide range of pore sizes
are possible[190].

Porous gold has a structure similar to Vycor, but is prepared in a very different
manner. An alloy of about 70:30 Ag:Au is made from stoichiometric quantities of
the two metals. The sample is then immersed in acid for about twelve hours to
leach out the silver. The remaining gold is annealed, leaving a sample of gold that is
about 70% porous and retains the macroscopic shape and size of the original. The
pores in porous gold are disordered and worm-like with many interconnections (see
Figure B.11). Their pore size is determined by the annealing temperature - samples
annealed at 100°C have very fine (200A) interconnected voids while those annealed
above 500°C are macroporous with voids on the order of micrometers[191].

Porous heteropolyanion salts (HPSs) are crystalline, solid state compounds with
interesting chemistry that may develop in the near future. Currently there are few
salts approaching mesoporous scales, although a number of microporous salts have
been made. A HPS has multiple levels of structure and is best described by reference
to Figure B.12. The primary building block is a large anionic complex (similar to a
Keggin ion, as used to pillar the PLSs described above); these nonporous primary
blocks assemble to form a nonporous secondary building block. Finally, a number
of these secondary building blocks coalesce to form a final, tertiary, structure that

has large pores between secondary building blocks.
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Figure B.12: Structure of a porous heteropolyanion salt, showing the importance of
multiple levels of structure.[145]

A similar sort of “secondary building unit” approach with tetrahedral complexes
has been used to create “supertetrahedra” with open pores about 2nm in size[192] as
shown in Figure B.13. None of these materials have large pore sizes or macroscopic
particle sizes so they not likely to be used in studies of fluid phase transitions until
larger structures can be engineered.

One of the most important applications of mesoporous materials has traditionally
been as sieves and filters. One very creative filter, with holes from 150A to a few
micrometers in diameter[193], is called Nucleopore, produced by exposing a thin disc
of polycarbonate to a radioactive source. Where radioactive particles pass through
the polymer they create damaged tracks that can be etched out, leaving cylindrical
holes passing through the disc. The pores reflect the particle trajectories, so they
are relatively straight but not necessarily perpendicular to the surface. Depending
on the density of pores, they may intersect a few other pores on their way through
the filter[194].
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Figure B.13: Structure
of ASU-13, composed of
supertetrahedra.[192]
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B.5 Fluid Phase Transitions in Pores

While chemists have lost no time in investigating the catalytic and molecular sieving
possibilities of many novel mesoporous media, physicists and physical chemists have
done less work on fluid phase transitions within these structures. Part of this stems
from the quantity of substrate used in many physics experiments; while a chemist
may be happy to work with a few milligrams of sample or with a sample consisting
of very fine powder, physicists often use large monolithic samples of millimeter to
centimeter dimensions. Another valid reason to hold back use of these materials in
experiments is the lack of agreement on details of structure. In order to interpret the
results of phase transition investigations the structure needs to be very well char-
acterized - otherwise the experiment will shed no light on the effect of confinement,
fluid-wall interactions or pore connectivity on the transition.

Tronically, our lack of understanding of fluid-pore interactions makes it difficult
to interpret the structure of mesoporous media; our methods for evaluating pore size
distributions and surface areas are often based on naive theories of gas adsorption
developed in the first half of the twentieth century. The only exact way to investi-
gate fluid-wall interactions is with molecular simulation, a technique that is far too
computationally intense to use regularly. Density functional methods can be used
to evaluate adsorption isotherms and give information about pore size and shape,
but they are also computationally intense and are not as useful near critical points.
To characterize media and understand fluid-pore behavior we will need a suite of
well chosen experiments and simulations on a variety of substrates. Unfortunately,

the substrates available are not always as well understood and characterized as we
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need.

There is well developed literature on fluids in zeolites and Vycor but literature
is sparse to absent on transitions in the more recent materials derived from PILCs
and templated silica. Much of the literature on phase transitions concerns helium
and hydrogen because the low temperature of their transitions lead to low noise
measurements. In addition, the presence of the superfluid transition in helium pro-
vides an extra tool with which to probe the effect of substrates on phase transitions.
The details of fluid phase transitions in porous media are beyond the purview of the
present report and have been reviewed elsewhere[195], but a short list of what sorts
of systems have been studied is included.

Work on fluids in zeolites indicates that the micropores have a strong pertur-
bative effect on the adsorbed fluids. The freezing point of hydrogen is significantly
lowered by confinement in zeolites[196, 197]. For partially filled pores in Silica-Y
and Na-Y zeolites, a solid first layer of adsorbed helium will form on the surface
and a partly liquid second layer will form on top[198]. Pores full of helium freeze
before it reaches a superfluid transition (pure helium never freezes at atmospheric
pressure[199]). In ZSM-23 and ZSM-5 zeolites, helium appears to remain fluid but
there is no indication of superfluidity[200]. In fact, low temperature heat capacity of
helium[200] and neon[201] in ZSM-23 and ZSM-5 can be modelled as atoms confined
to individual pores with a certain activation energy - there is no fluid flow between
pores, just activated transport.

Work on helium in Vycor shows a slight depression of the superfluid transition
temperature by the pores, but otherwise the transition remains the same as seen in
bulk helium[202]. The freezing of fluids such as hydrogen, oxygen, and argon[203]

' in Vycor have been well studied. Vycor tends to lower the freezing temperature
and to induce disorder in the solid and may stabilize a different structure than
that of the bulk solid. Phase separations in binary fluids have also been studied in
Vycor[204, 8]. Capillary condensation and freezing in controlled pore glasses have
also been studied(205, 48, 48].

Transitions in aerogels are currently a topic of interest in the low temperature
physics community. While aerogels have a very open structure and do not seem
to shift fluid transition temperatures much, the very nature of the transitions can
change. Both the “He and 3He superfluid transitions[2, 6] in aerogels exhibit behav-

iors different than seen in bulk, as does binary fluid separation{206]. Some work on
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the liquid-vapor critical point in aerogels has also been done[10, 14] although there
is some disagreement about interpretation of the results. Work on fluids in xerogels
has also been done[207, 208].

There are some results on condensation in MCM-41 type templated silicas and
some work on freezing in the same substrate. Fluids used include water{209],
methanol[210], oxygen[211], Krypton[212, 213], and nitrobenzene[205]. “He seems
to undergo a transition to a 1-D Bose superfluid when confined to 184 cylindrical
pores in FSM-16[214]. MCM-41 like materials provide an especially important test
system since many models of fluid adsorption assume cylindrical nonintersecting
pores - a structure not exhibited by any other type of substrate. Behavior of fluids
in MCM-41 is fairly well explained and more work on this system will help nail down
important parameters and benchmark fluid behavior for other pore structures.

The “He superfluid transition in a PLS[215, 216] has been studied. All of the
interesting behavior seen is attributed to the two dimensional nature of the pores,
but the hectorite substrate, like other PLSs, is not completely characterized. More
work on these substrates is promising, especially if a series of PLSs with varying
gallery heights can be investigated.

Work on helium in porous gold[134, 217] and Nucleopore[218] shows essentially
bulk behavior; it seems that random porous media with pore sizes larger than

100Acan be well described using the models developed for bulk fluids and for wetting

of flat surfaces.

B.6 Conclusion

The field of mesoporous materials is rapidly growing as these materials are becom-
ing widely used in areas or research from optics to catalysis. They already enjoy
widespread use as molecular sieves and for sorption. Advances in material chemistry
have allowed the tailoring of structures an order of magnitude larger than possible
a decade ago, and they are reaching the scale where physical processes can assist in
the design and manufacture of intricate and versatile structures[219]. As a spin-off,
these novel materials provide us with a panoply of environments in which to watch
phase transitions. Subtle changes in the size, shape and connectivity of the fluid
domains within these substrates allow us to see how perturbations affect transitions,
which in turn helps to elucidate the fundamental physics behind fluid behavior. In

addition to its fundamental importance, elucidation of the effect of pores on fluid

257

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



behavior will lead to better characterization of substrates used in applied fields.
Chemistry has provided a wonderful variety of experimental possibilities, and once
these new structures have been well characterized there will be a great deal of physics

waiting to be discovered.
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Appendix C

Linearity of Aerogel Capacitor
Response to Helium Density

C.1 Aerogel with Single Phase Fluid

We need to justify using capacitance as a direct measure of fluid density in aerogel.
Although it is well accepted that a uniform fluid will have a dielectric constant that
is roughly proportional to fluid density, it is not necessarily true that the dielectric
constant of a fluid filled aerogel is linear in fluid density. We will use the assumption
of an effective dielectric constant which is a volume average over the entire sample,
using the machinery described by R. Pelster [220]. For our work I define the liquid
as the matrix with silica as a dilute inclusion. We will start with some definitions

and then move on to some approximations.

| Symbol | Definition | Restrictions |

o} Porosity >0.95

é 1—-¢ <0.05

€eff effective dielectric constant | unknown

€ fluid € of helium €ftuid < 1.05
=1l+z x<0.05

€gel ¢ of silica strands ~ 3.9 at l1kHz

(E) ftuia | Electric field in helium

(E)ger | Electric field in silica

€gel ((B)get) / ({E) fruia)

For dilute inclusions of phase 7 in a matrix we can assume a uniform field and
we only need worry about dipole moments. This allows as to use (Pelster[220], Eq.

5):

€matriz
e = C.1
A (57: - ematri:z:) + €matriz ( )
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The aerogel certainly is a dilute inclusion for porosities above 95%, so we can
certainly use Eq. C.1. Thus, for silica strands (where A = 1/3 for randomly oriented

cylinders), and expanding around z = 0:

€5luid 14z
€gel = = = 0.5085 + 0.336z C.2
9 L (eger — €ftuia) + €fmia 3(3:9) + 3(1 + ) (C-2)

Now we can start in earnest. From Pelster[220] Eq. 1, assuming that the wave-
length of the electric field is greater than any feature in our system, we can express
the dielectric constant of the system as a volume average. We are measuring capac-

itance at 1kHz, so we will certainly see a volume averaged dielectric constant.

_ (1 =)eftuid + S€geregel
Ceff = €= (1 —8) + deger (C.3)

Since we are dealing with very porous aerogels, we will expand around (6 = 0).

€ % €f1uid + 0 eger(€gel — €fiuia) + 6°€gel(1 — €ge1)(€gel — €ftuid) (C.4)

Substituting back in our values for €gel, €gel, and €fuig = (1 + ) we get:

e = (14+z)+de(ege—(1+x))+ 6%eger(1 — eger)(€ger — (1 + 7))
(1 +z) + 6(0.5085 +0.3362)(3.9 — (1 + z))
+ 62(0.5085 + 0.336)(1 — (0.5085 + 0.3362))(3.9 — (1 + z))

We are interested in how linear our capacitor response is with respect to a change
in helium density. We know that (epelium — 1) X Phelium SO T X Phelium, therefore
consider:

AC de

T & A€syig = EA:B x Aphelium (C.5)

We are assuming the relationship is linear (i.e. % has no dependence on x), so

we want to verify that any deviations from this are small enough to ignore.

de

o = 1t 0.4675 + 0.2264° (C.6)
— 2 {0.6726 + 0.6436%} + 2% 0.1146° (C.7)
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The terms shown above on line C.6 are independent of “x;” in other words they
reflect the linear behavior we would like to assume. Since § < 0.05, the magnitude
of the slope is close to 1. To judge how significant the nonlinearities are, we must
compare them to that magnitude. Since both § and z are small, we can neglect all

but the leading term of the non-linear terms shown in line C.7, which leaves us with:

Non ~ linearity =~ —0.6726z (C.8)

We can assume that z < 0.05 since that dielectric constant (¢ = 1.05) would
correspond to a helium density of ~ 1307—’;%, the liquid density at about 4K. Plugging

values into Equation C.8, that leaves us with:

¢ =0.95 | Non-linearity < 0.2%
¢ = 0.98 | Non-linearity = < 0.1%

Obviously, this deviation from linearity is small enough to ignore since it is

comparable to, or smaller than, experimental reproducibility.

C.2 Aerogel with Two Phase Fluid

To generalize the work of the previous section we must consider the case where the
helium in the gel exists in two phases separated by well defined interfaces. This three
phase system (liquid, vapor, and silica) will be treated as a liquid helium matrix
with vapor as an inclusion which might not be dilute and silica as an inclusion which

is dilute. To begin with we will define some terms again:

| Symbol | Definition | Restrictions |

f filling fraction 0<f<1

] Porosity > 0.95

€eff effective dielectric constant unknown

€liq ¢ of liquid helium 1.025 < ¢ <1.05
=14y y < 0.05

€Evap ¢ of helium vapor 1.000 < ey < 1.025
=1+z z < 0.025

€gel ¢ of silica strands ~39at lkHz

(E) Electric field in liquid helium
(E)v Electric field in helium vapor
(E)get | Electric field in silica

€vap ({E)2) / ({(EN)

€gel ((Elqel) / (<E>l)
z (1= 9J)egel z<0.05
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For dilute inclusions of a phase 7 in a matrix we can assume a uniform field
and we only need worry about dipole moments. This allows as to use (Pelster, Eq.
5)[220]:

€matriz
e = C.9
: A (Ei - Ematrix) + €matric ( )

From the previous chapter we have an expanded form of ege;:

eger ~ 0.5085 + 0.336y (C.10)

Inclusions of vapor are not necessarily dilute, bﬁt Eq. C.9 provides values close
to correct for filling fractions less than 0.3, and this may be improved by allowing A
to vary during filling (i.e. not making any assumptions about the geometric effect
of the vapor). When the majority phase is vapor rather than liquid, this whole
derivation can be flipped around so that vapor plays the role of the matrix with
liquid as the inclusions. So, with the caveat that this expression is not great right

at half filling we have, expanding around = = 0:

e €lig _ l+y
w» A (evap - fliq) + €lig T 1+ Az + (1-Ay
[ (1+y)  Az(l+y) A%z%(1 +y)
I+(1-4)y (1+(1-4y? (1+@Q-Apw?

Furthermore, each of those terms can be expanded around y = 0, dropping all

terms that are more than second order in x and y, to give:
evap = (L+9) [1 + Aly — z)] + A%(y — z)° (C.11)

Now we can start the messy stuff. From Pelster’s Eq. 1[220], assuming that
the wavelength of the electric field is greater than any feature in our system, we
can express the dielectric constant of the system as a volume average. We are
measuring capacitance at 1kHz, so we will certainly see a volume averaged dielectric
constant. In our case we have three components, so the form of the equation is

slightly different:
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Cesf=€ = f¢5liq + (1 - f) P€vapeyap + (1 - ¢) €gel€gel
fé+ (1= f)devap + (1 — @) eger
fol+y)+ (1 — F) (1 + z)evap + z€ger
fo+(1—f)devap + 2

(C.12)

We are interested in the change in dielectric constant with a change in density.
So let’s get all the filling dependent terms (i.e. f and A) out of the denominator by

expanding Equation C.12 around eyqp = 1.

¢(L+z+ fly—1))+ 260

€ =~

o+z
+ (y+(y+1)A(y—z)+A2(y_x)2)%}<1+x_¢(1+m+1;(i—z-x))+zegel>
201 _ £\2 )
¢ oo (S ()

At a given temperature (i.e. along an isotherm) that density change is essentially
a change in filling fraction, Af, during capillary condensation. So, with x and y
held constant (i.e. the densities of the phases are not changing, just their relative
quantities) how does the dielectric constant respond to filling? Taking the derivative

of Eq. C.13 and removing higher order terms we get:

it o (y—x)+y[—————z(6"el_l)]

df ¢+=z
+ (Aly—z) +y) ¢f(y — z) + Aly — 2)z(€ges — 1)
¢+z
Ofly—x)+z (g1 —1)] dA
- a-p-o | =D zla )| 28

Here, the first line presents the magnitude of the linear response to change in
filling. It has a magnitude of about (y-x), the difference in dielectric constants of
the two phases, as one would expect. The nonlinear terms are more complex, but
lets plug in some value we know. Because we can choose to use either the liquid or
vapor as the matrix, we know f < 0.5. We know that ez = 3.9. We can assume
z =~ 0 and y =~ 0.05, which are close to the values assumed by gaseous and liquid
helium in coexistence at 4K. Thus we can calculate ege; so that z = 0.525(1 — ¢).

The nonlinear terms then reduce to about:
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error < 0.08 [O.S% - A] (Ffor 95% aerogel)
7

df

If we assume that A does not change much with filling, which is reasonable

error < 0.05 [O.SQA— - A] (for 98% aerogel)

barring a sudden phase change to a new adsorbate geometry, and that A =~ 0.33,
which is the value used for both spheres and randomly oriented cylinders, then the

errors reduce to < 3% for 95% aerogel and to < 2% for 98% aerogel.
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