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Thermal conductance and wettability of xenon on resorcinol-formaldehyde aerogels
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We have performed thermal conductivity and adsorption isotherm measurements to investigate the system
formed by Xe adsorbed on resorcinol-formaldehy@E€) aerogel. Below 80 K, the thermal conductivity of the
Xel/RF-aerogel system is essentially identical to that of the bare RF aerogel; however, above this temperature
the thermal conductivity of the system increases significantly above that of the bare aerogel. Adsorption
isotherm measurements indicate that Xe incompletely wets the RF aerogel below Xe’s bulk triple point
temperature. The thickness of the Xe film that forms on the RF aerogel decreases with decreasing temperature.
By 80 K the total amount of Xe present on the aerogel in equilibrium with the saturated vapor pressure is less
than the amount needed to form about 1.5 atomic layers of Xe on the substrate. We attribute the observed
changes in the thermal conductivity of the Xe/aerogel system to changes in the wettability of the aerogel by the
Xe film.
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The study of aerogels is of interest from a fundamental asand bulk will form atP,. On a porous substrate, such as an
well as an applied perspectid]. Aerogels are materials aerogel, capillary condensation can occur. This term refers to
prepared by a sequence in which sol-gel processes are fake formation of the bulk dense phase at pressures bBlpw
lowed by a liquid-extraction stepl,2—4. The resulting in the crevices and pores within the substiatg].
product is an extremely porous, very low density solid that We report here on the combined results of adsorption iso-
can be described as a three-dimensional random network tiierm and thermal conductivity measurements for the Xe/
nanometer-sized particldd]. The ratio of liquid to solid aerogel system. These results show that the changes of the
prior to the extraction step is typically of order 9 to 1 or thermal conductivity of a gas/aerogel system are indeed cor-
higher; the resulting network of solid particles occupies onlyrelated with different wetting behaviors of the gas on the
a small fraction of the original gel volume, with voids sub- aerogel surface. Such a correlation can be understood in
stituting for the liquid that was present before the extractionterms of the different connectivities existing between the
[1,2—4]. One of the most remarkable features of aerogels iparticles in the Xe/aerogel system under the different wetting
their extraordinarily low thermal conductivif)yp—10. Ther- modes. The results demonstrate that thermal conductivity
mal conduction through the solid is intrinsically low due to measurements can be a very sensitive probe in the study of
limited number of solid paths and the nanometer-scale sizthe wetting properties of gases on aerogels and on other po-
of the particles that constitute the solid network, thereby lim-rous materials.
iting the mean free path of the excitatiofs-10]. Another We have used resorcinol-formaldehy@®F) aerogel both
salient characteristic of aerogels is their extremely large spen our thermal conductivity and in our adsorption isotherm
cific surface areas, which typically are in the range of hunimeasurements. RF aerogels are organic aerogels derived
dreds of Mg [1-4]. Because of these two unique features, itfrom base-catalyzed aqueous polycondensation of resorcinol
is intriguing to ask whether or not the thermal conductivity with formaldehydd 2]. Many of the properties of RF aero-
of an aerogel with adsorbed gases would be significantlgels are influenced by the initial ratio of resorcinol to catalyst
different from that of the bare aerogel. (R/C) [3,4]. As the initial amount of catalyst increases, the

Recently the low temperature thermal conductivity of thestructure of the aerogel goes from colloidlike to well-
system formed by Xe adsorbed on resorcinol-formaldehydeonnected polymerlikg3,4]. The RF aerogel we used had an
(RF) aerogel was investigatéd1]. The thermal conductivity R/C ratio of 200. Electron micrographs show that the struc-
of this system was observed to drop abruptly near §0K.  ture of the aerogel, at thiR/C ratio, consists of intercon-

It was speculated that this drop could be the result of anected strands formed mainly by colloidlike particles
change in the wetting behavior of the Xe/aerogel systeni4]. RF aerogels have specific surface areas comparable to
[11]. Wetting refers to the growth mode of a film as thetheir silica-based counterparts; they have lower radiative
saturated vapor pressure of the adsorbR@ge,is approached thermal conductivities and are more durafe-4]. Because
[12]. There are three different wetting modes: “Completeof this combination of characteristics, RF aerogels have been
wetting” refers to the situation where the adsorbate forms asuggested as alternatives to silica-based aerogels in insula-
uniform film on the substrate, with a thickness that growstion applicationd3].

asymptotically asP, is approached. “Incomplete wetting” Thermal conductivity measurements on the Xe/aerogel
refers to the situation where the adsorbate forms a film ofystem were performed using a steady-state mefiddl

finite thickness afP,, at which point bulk particles of the The experimental details and the results can be found in Ref.
dense phase start to form. “Nonwetting” behavior refers to[11]. The thermal conductivity as a function of temperature,
the situation where no film will form on the substrate at all, for different amounts of Xe dosed into the cell, is presented
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FIG. 1. Thermal conductivitk of the Xe/RF-aerogel system, as tures: T=(V)140.5, (4) 119'8’(5).83’ (©) 80.6 K. The pres-
sures are scaled by the corresponding values of the saturated vapor

a function of temperature, measured for different amounts of Xepressure. The amount of Xe adsorbed on the RF aerdggl, is

admitted into the experimental ce(l®) no Xe admitted, i.e., bare . . - )
RE aerogel,(V) 17X 107 () 2.4x 107, (O) 7.7x 107, (A) given in et Torr (1 cn?® Torr=58.8 nanomoles). The lines are
Igundes to the eye.

1.04x 10°> Xe atoms. The monolayer capacity of the aeroge
sample ‘.Jsed in these measurements '967[21 Xe atoms. _The gressurePo is finite, i.e., all the isotherms in the temperature
dashed line represents the thermal conductivity of a bare silica aero- . oo ;
gel with density 0.235 g/chn interval studle_d_ exhibit _mcomplete wetting. _
The wettability of a film on a substrate is proportional to
the maximum thickness that a uniform film can reaclP gt
in Fig. 1. The data show that, as the temperature exceedshe maximum film thickness attained By is directly re-
approximately 80 K, the thermal conductivity of the |ated to the amount of gas adsorbed on the substrafg &s
Xe/aerogel system increases rapidly relative to that of theeached; the latter quantity also reflects the formation of a
bare aerogel. In the temperature range investigated here tie@pillary condensate. Figure 3 presents our results for the
pressure of the Xe vapor inside the cell is always below 11.&mount of gas adsorbeN.qy, atP,, for the Xe/aerogel sys-
torr, the saturated vapor pressure at 120 K. The adsorptioem, as a function of temperature. It is clear from the results
cell for the thermal conductivity measurements was designedisplayed in the figure that the maximum Xe film thickness
in such a manner as to eliminate the possibility of gaseousn the RF aerogeland, hence, the wettabilitydecreases as
convection[11]. Thermal conduction by the Xe vapor in the temperature decreases. The maximum amount of Xe that is
RF aerogel is not only limited by the low vapor pressure
present inside the cell, it is suppressed by the reduced meai AR AR R R A AR ARRE MR AR R
free path of gas atoms due to the small size of the voids in 8000 ]
the aeroge[9]. The contribution of Xe vapor is negligibly i
small below 100 K and is less than 5% of the thermal con- i /./
ductivity of bare RF aerogel at 120 K, estimated using an &
|._
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thermal conduction of a vapor in aerogé®d. Thus, the ob- & 4500 [ ]
served change in the thermal conductivity near 80 K corre- _? i ’ 1
sponds to a change in the thermal conductivity of the Xe/ i /
aerogel system. 2000

The same piece of RF aerogel utilized in the thermal con- _
ductivity determinations was used as a substrate in the ad- o
sorption isotherm measurements. The isotherms were mea 40 50 60 70 80 90 100 110 120 130 140 150
sured between 80 and 140 K. A computer-controlled,
automated apparatus, detailed in H4#], was used to per-
form these measurements. Figure 2 displays isotherms repre- FIG. 3. Maximum amount of Xe adsorbed on RF aerogel at the
sentative of the entire temperature interval explored. In alkaturation pressur®, plotted as a function of temperature. The
the cases shown, the amount of Xe adsorbed at the saturatidashed line is a guide to the eye.

Temperature (K)

011404-2



THERMAL CONDUCTANCE AND WETTABILITY OF. .. PHYSICAL REVIEW E 63 011404

Adsorbed film Figure 4a) describes the situation at the high end of the
temperature range investigated here. A uniform film, which
may grow to be several layers thick, forms on the aerogel
together with a capillary condensate forming in the spaces
where neighboring aerogel particles join together. The ther-
mal conductivity of the Xe/aerogel system is enhanced over
that of the bare aerogel by two mechanisms: the presence of
the uniform film coating all the particles present and the
presence of the condensate in the regions between neighbor-
ing aerogel particles, which increases their area of contact.
Since the volume of these regions is relatively srthk size

of the particles is on the order of nanomejetke filling of
these interparticle regions requires only modest amounts of
Xe. Thus, the maximum amount of Xe adsorbedPgtis
roughly proportional to the maximum film thicknegsr to

the wettability of Xe on the aerogel. This is the situation
present in the data of Fig. 3 at temperatures from 115 to 140
K. According to this scenario we expect that, at these rela-
tively high temperatures, the thermal conductivity of the
Xelaerogel system will increase significantly over that of the
bare aerogel.

The maximum thickness of the Xe film will be severely
limited at a sufficiently low temperature since the wettability
W s;ﬁyé\ of Xe on RF aerogel decreases with decreasing temperature.

. X5/ Xe will still be able to form a capillary condensate in the
region between adjacent particles, as shown in Fig). 4n
this temperature range, most of the enhancement in the ther-
mal conductivity of the Xe/aerogel system over that of the
bare aerogel is the result of the capillary condensed Xe in-
creasing the contact area between adjacent particles. The
maximum amount of capillary condensed Xe that can form
in the pores, corners, and crevices of the aerogel substrate
depends on the geometry of these regions; it is not as sensi-
tive as the maximum film thickness to the wettability of the

FIG. 4. Scenario for the interpretation of the thermal evolutionxe/a_emgel system. We eXpeCt'_ therefore, that for these inter-
of the wettability of Xe(represented by the shaded regior(s) mediate tgmpera’[ures the maximum amount of XQ measured
High wettability: Xe forms both a uniform film on the aerogel &t Saturatioriwhich is due to the limited amount of film, plus
surface and capillary condensate in the contact regions betwedR€ slowly varying amount of capillary condensatell re-
neighboring particles(b) Intermediate wettability: film becomes Main essentially constant. This is exactly the behavior ob-
thin and perhaps discontinuous, but the capillary condensate sti#erved in the isotherms measured between 90 and 138«
exists in the contact region&) Low wettability: only bulk clusters ~ Fig. 3). Thus, the scenario accounts well for the slowing
can form on the RF aerogel. down in the rate at which the maximum amount of Xe ad-

sorbed at saturation decreases with decreasing temperature
adsorbed decreases at an approximately constant rate bmer this range.
tween 115 and 140 K; the rate slows down between 90 and The wettability of an adsorbate on a substrate can be char-
115 K and then rises sharply between 80 and 90 K. 80 Kacterized macroscopically by the contact angle between the
was the lowest temperature at which we were able to condustubstrate film and the adsorbate-vapor interfat@s Lower
the adsorption isotherm measurements. Below this temperavettabilities correspond to higher contact angles. The wet-
ture the pressures are too small to be reliably determineting property of Xe on mesoporous silica gel has been re-
with the manometers available in the apparatus used. At 8ported for temperatures between 139 and 168.K. It was
K the maximum amount of Xe adsorbed on the RF aerogel isound that Xe wets the silica gel above the bulk triple point.
equivalent to a film 1.5 atomic layers thick. Below the triple point, the contact angle of the Xe film in-

The manner in which changes in the thermal conductivitycreases smoothly from 0° at 165 K to 60° at 139 K, the
of the Xe/aerogel system are determined by changes of tHewest temperature studi¢d5]. Our adsorption isotherm re-
wettability of Xe on the aerogel can be understood in termsults show that the wetting properties of Xe on RF aerogel
of a simple qualitative model. The scenario we envisage isre qualitatively similar to those reported for Xe on silica
illustrated in Fig. 4, which shows a small segment of angel, and the contact angle between Xe film and RF aerogel
aerogel strand in the presence of Xe at three different temwill keep increasing as temperature decreases. When the
peratures. contact angle exceeds 90° the capillary condensate becomes
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unstable in the oblique corner regiofis,17. At and below  cent aerogel particles with different Xe concentrations admit-
the temperature where this condition occurs, Xe forms onlyted to the experimental cell agrees, roughly, with what has
bulk clusters on the surface of the aerogel partigimsd, been observed experimentally. Thus, this model, together
At the temperature where the capillary condensate becom ction of the enhancement in the thermal conductivity of
unstable, the maximum amount of Xe present at saturatiof|'¢ X&/@erogel system down to values comparable to that of
will decrease significantly. When the bulk crystallites that e bare aerogel.

form on the surface .of the aerogel .particles are sma_ll a_nd not \we would like to thank Dr. R. W. Pekala and Dr. L. W.
interconnected, their presence will not make a significantyrubesh, for providing us with the aerogel sample. We thank
contribution to the thermal conductivity of the Xe/aerogel Professor J. M. Phillips for his encouragement. This work
system. The results from a simple calculation described invas supported in part by a grafNo. 34436-AC9 from the
Ref.[11] show that the magnitude of the thermal conductiv-Petroleum Research Fund, administered by the American
ity increase caused by filling the neck regions between adja€hemical Society.
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