
film drained but the flows were confined 
between fixed walls, and so the drainage 
was slow. 

Our polymer films were "bare": There 
were no surfactants added and no oollution 
(such as proteins on water films or dust 
particles). The  trick was to use a liquid of 
very low surface tension (such as silicones 
or fluorinated chains): Pollutants do not 
adsorb easily on these surfaces. 

A final remark on the death of our 
films: The  detailed viscoelastic properties 
of our materials did not show up in our 
systems. However, the existence of a high- 
frequency regime where the material be- 
haves like an  elastic solid (of shear mod- 
ulus p) is crucial. It enables the propaga- 
tion of the Laplace stress up to a distance 
2cT,. One common and essential feature 
of our systems is that cT, was larger than 
the sample size. 

The  present experiments focused on 
two model systems: linear polymer melts 

and conventional glasses. However, our 
findings may be transposed to other vis- 
coelastic systems, for instance, physical 
gels with no  permanent cross-links and 
oossiblv the cvtoskeletons, such as the 
spectriA netwoik of red blood cells and 
other biological gels (9) .  
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Deuterium in Comet C/1995 0 1  (Hale-Bopp): 
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Deuterated hydrogen cyanide (DCN) was detected in a comet, C/1995 0 1  (Hale-Bopp), 
with the use of the James Clerk Maxwell Telescope on Mauna Kea, Hawaii. The inferred 
deuterium/hydrogen (D/H) ratio in hydrogen cyanide (HCN) is (D/H),,, = (2.3 t 0.4) x 
1 OW3. This ratio is higher than the D/H ratio found in cometary water and supports the 
interstellar origin of cometary ices. The observed values of D/H in water and HCN imply 
a kinetic temperature 230 i 10 K in the fragment of interstellar cloud that formed the 
solar system. 

W e  detected deuterated water (HDO) in 
Comet '211995 0 1  (Hale-Bopp) (1) .  This 
detection resulted in the third measurement 
of the D/H ratio in cometary water, which 
appears to be essentially the same in Com- 
ets P/Halley, (211996 B2 (Hyakutake), and 
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Hale-Bopp, D/H = (3.16 2 0.34) X 
(2). If comets have preserved unmodified 
interstellar material, we expect hydrogen- 
containing compounds other than H 2 0  to 
exhibit different values of DIH. a well- 
known result of ion-molecule reactions in 
interstellar clouds (3). We made several 
attempts to detect DCN in Hale-Bopp, to 
test this prediction, because HCN exhibits 
the most orominent emission lines of anv 
hydrogenated species detected in cometary 
millimeter and submillimeter spectra thus 
far. Our initial effort was made before ~ e r i -  
helion and did not succeed. Here, we report 
our detection of DCN from observations of 
Hale-Bopp using the James Clerk Maxwell 
Telescope (JCMT) on Mauna Kea, Hawaii: 
near the comet's peak activity and under 
more favorable atmospheric conditions. 

The J = 5-4 rotational transition of 
DCN at 362.0465 GHz was detected on a 
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spectrum (Fig. 1) recorded on 28.0 April 
1997 (UT).  A t  the time of these observa- 
tions, ~ a l e - ~ o ~ ~  was about 1 month past 
perihelion at a heliocentric distance of 
1.031 astronomical units (AU)  and 1.72 
A U  distant from Earth. 

We  obtained the observations with the 
JCMT using a dual-channel heterodyne re- 
ceiver ("B3") sensitive to submillimeter ra- 
diation, with subsequent signal processing 
effected with an autocorrelation spectrom- 
eter. Sky background emission was removed 
by frequency switching 28.1 MHz once 
every 30 s. Receiver B3 uses two low-noise 
niobium junctions that simultaneously de- 
tect orthogonally polarized radiation from 
the same ~ o i n t  on the skv. Radiation inci- 
dent on B3 is detected in two sidebands 
seoarated bv 8.0 GHz. Bv means of a dual- 
beim interflrometer in the beam path with- 
in the receiver, the "image" sideband was 
almost entirely suppressed, and the "signal" 
sideband was transmitted and the tempera- 
ture scale well established. We tuned the 
receiver such that the DCN 5-4 line, aris- 
ing in the signal sideband, appeared in the 
spectrum displaced from HCN 4-3, which, 
at a frequency of 354.5055 GHz, arose in 
the imaee sideband. Althoueh the HCN " " 

4-3 line was suppressed by a factor of about 
25 by the image sideband rejection, the 
emission from it allowed us to monitor 
the quality of the telescope pointing very 
effectivelv. 

~ a l e - ~ o ~ ~  was a daytime object during 
these observations with a solar elongation 
of only 33". JCMT is protected by a Gore- 
Tex wind blind from direct solar radiation, 
which limits the deformation of the tele- 
scope surface due to heating. Pointing and 
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focus offsets were monitored with nearby 
sources of strong continuum emission. The  
observed offsets did not exceed 3.5 arc sec. 
At  362 GHz, the full width at half maxi- 
mum (FWHM) of the main beam was 
12.5 2 0.4 arc sec. Also, before the start of 
the DCN observations, we verified the 
ephemeris of Hale-Bopp by taking an image 
of the comet coma at 850 p m  with the 
bolometer camera SCUBA (4). 

All bright lines of HCN suffer from 
opacity effects. These problems can be 
avoided if corresponding lines in the rare 
isotopic species H13CN are used and if the 

'3C/1ZC ratio in HCN is known. The 5-4 
transition of H13CN at 431.660 GHz, the 
counterpart to DCN 5-4, is inaccessible to 
JCMT, and we used the next lowest transi- 
tion, HL3CN 4-3 at 345.340 GHz. The 
HCN 4-3 line is a composite of six hyper- 
fine components, of which F(3-3) and 
F(4-4) (5)  are resolved as extended wing- 
lets to the main line. Each of the two 
components carries 2.08% of the total line 
flux. These winglets can be used to deter- 
mine the optical depth of the HCN (4-3) 
line independent of the H13CN line (6, 7). 
T o  derive a (DIH),,, ratio in HCN, no 

Fig. 1. The J 5-4 line of DCN in 0 . 1 0 1 " " 4 , , " 1 ' , ' , 1 " ‘ ~ ~  

Comet C/1995 01 (Hale-Bopp). 
The dotted line shows scaled HCN C/Hale-Bopp 
4-3. the residual line obtained in DCN 5-4 
the "image" sideband, overlaid on 
the same velocity scale as DCN 
5-4 (solid line). Data were obtained 
in a single sideband mode at a * 

spectral resolution of AV = 0.1562 < 
MHz. The displayed spectrum is a 0.00 
composite of 19 I 0-min exposures 
and 1 2-min exposure (= 11,520 s 
total exposure t~me). Frequency 1 -  i( 1 
switching causes two ghost lines -0.051. . . . t . . . . L . . . . . . . . 1 
that are visible at around i 14 km -20 -10 0 10 20 
S-' . Velocity relative to nucleus (km s-') 

Fig. 2. She D/H ratlo In H 2 0  (sol~d Ilnes) and HCN 
(dashed Ilnes). The curves show calculated D/H ra- 
tlos as a funct~on of the temperature ~n dense ~nter- 0'2 

stellar clouds that have reached thermal equ~l~br~urn 
it - 10' vears) and are dom~nated bv sas -~hase  - 
chem~stry [after (I 7)] The calculat~ons is; d~ssocla- $ 10 ---_____----  
tlve recomb~nat~on branch~ng ratlos that are based 
on the Idea that the break~nq of bonds between 
heavy atoms is less favored-compared with the 10-4 
ejection of single and multiple hydrogen atoms (31). 
We do not show "early-time" models (t - 1 O5 years) 
because they lead to results inconsistent with the 0 20 40 60 80 

measured D/H ratio in cometary H 2 0 .  Horizontal Temperature (K) 

lines show the measured cometary D/H ratio in H 2 0  (solid line) and HCN (dashed line). For H,O, we used 
the value by Meier et a/. ( I ) ,  whereas for HCN we used the result derived in this paper. Dotted areas 
indicate I a errors. 

Table 1. Parameters relevant to the D/H ratio in HCN. Line frequencies v are from (29). JT,dv is the 
line-integrated antenna temperature. One day before the DCN observation, we measured [HCN 4-3/ 
Hq3CN 4-31 = 70.3 i 6.2. This ratio and the antenna temperature of the HCN 4-3 line during the DCN 
exposure (see below) were used to calculate the H13CN line intensity. Ratio r, = [X/DCN 5-41, with i = 
1 or 2 and X referring to the molecular transition listed in the first column of this table, is defined as the 
relative line intensity between transitionxand the 5-4 transition of DCN if we assume equal abundances 
for all isotopomers of HCN. Ratio r, was evaluated at a constant rotational temperature of 90 K with the 
assumption of thermal equilibrium. Ratio r, is based on a model that includes fluorescence pumping of 
the strongest IR bands and a more realistic temperature profile with a beam-averaged rotational 
temperature of -90 K. For HCN, we adopted the "g factors" of the perpendicular (g,) and two parallel 
( g )  IR bands from (10). The g factors for Hi3CN are guesses. The DCN values were derived from 
spectroscopic laboratory data by Kim and King (30). 

Transition X v S TAdv 
r 1 r2 

g1 
(GHz) (K km-l s-l) (s-l) 

DCN 5-4 362.0464842 0.103 i 0,010 1 .OO 1 .OO 1.6 X 1.5 X 
H13CN 4-3 345.3397599 0.528 i 0.047 1.02 1.05 6.2 X 3.3 X 
HCN 4-3 354.5054759 37.1 i 0.7 1 .07 1 . l o  7.9 x I O - ~  3.7 x lo-4 

absolute calibration was necessary because 
we are only interested in ratios of lines that 
were obtained with the same antenna and 
the same receiver at about the same fre- 
quencies. Nevertheless, we still needed to 
use a lnodel and make a few assumptions. 
First, we assumed a solar system ratio of 89.9 
for 1ZC/13C in HCN (8) in agreement with 
a recent study of H13CN, HCL5N, and C34S 
in Hale-Bopp (7). Second, we assumed that 
the hyperfine components F(3-3) and 
F(4-4) and the lines of HL3CN and DCN 
were optically thin. A t  the time of our 
observations, the total line strength of 
HCN was reduced by about 30% because of 
optical depth. This reduction indicates 
modest optical depth in HCN and implies 
that the faint hyperfine components F(3-3) 
and F(4-4) are optically thin. The fact that 
the rare isotopomers of HCN are about two 
or three orders of magnitude less abundant 
than HCN suggests that HL3CN and DCN 
are also optically thin. Third, we used two 
different models to assess the relative line 
strengths of HCN and its isotopes (Table 
1). Our main beam probed the innermost 
+-8000 km of the coma where the high gas 
density resulted in a distribution of the level 
population controlled largely by collisions. 
Therefore, our first model, which assumed 
thermal equilibrium at a uniform rotational 
temperature of 90 K (9) (Table 1, r , ) ,  was 
already very accurate. It turned out that any 
rotational temperature between 70 and 120 
K yields the same line ratio for the relevant 
lines within a few percent. Our second 
lnodel was more detailed and closely fol- 
lowed a concept of Crovisier (10). This 
time, fluorescence excitation of the stron- 
gest parallel and perpendicular infrared (IR) 
bands was included. We  adopted a temper- 
ature profile that mimics expansion cooling 
and photolytic heating at a beam-averaged 
rotational temperature of -90 K. This sec- 
ond model confirmed that fluorescence did 
not substantially affect relative line 
strengths (Table 1, r,). 

The complete (DCN, H13CN, and 
HCN) data set was obtained in two observ- 
ing shifts of 8 hours each. O n  the day before 
the DCN observations and over the course 
of several months, we measured the 
H13CN/HCN ratio as a function of the 
HCN line intensity. During the DCN ex- 
posure, we obtained observations of HCN. 
We  chose to observe HCN rather than 
H13CN for a reference because the rare 
isotopomer would have required a mechan- 
ical retuning of the receiver and a much 
longer integration time. The  HCN observa- 
tions were then converted to H13CN 
brightnesses with the appropriate H13CN/ 
HCN ratio from the previous day. If we 
ratio the DCN line with the H13CN line 
and apply the relative line strengths (Table 
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1), we derive a D/H ratio in HCN of 
(D/H)H C N = (23 ± 0.4) X 10"3. The 
uncertainty of the D/H ratio is a l a error 
that includes statistical errors of all mea­
sured quantities and a 10% model uncer­
tainty in the ratio rt. If we use the hyperfine 
lines instead, we obtain a D/H ratio 
( D / H ) H C N = (2-3 ± 0-5) X 10"3. The two 

methods yield the same result, and we will 
use (D/H)H C N = (2.3 ± 0.4) X 1(T3 in the 
following discussion (11, 12). 

The fact that D/H in Hale-Bopp's HCN 
is about seven to eight times the ratio in 
cometary Hz.O provides evidence in favor of 
the interstellar origin of cometary ices. The 
HCN and H 2 0 in this comet had no op­
portunity to exchange D with the much 
more abundant H2 in the nebula. In the H2, 
D/H was about 2 X 1(T5 to 4 X 1(T5 (13), 
so that such an exchange would have low­
ered the values of D/H in H 2 0 and HCN 
and brought them into closer agreement 
with each other. We can therefore con­
clude, for example, that H 2 0 from the inner 
nebula near the sun, whose D/H could have 
been lowered to less than 1 0 - 4 in this way 
(14), was not carried out to participate in 
the formation of these comets. We can also 
conclude that comets were not formed in 
the subnebulae of giant planets, as proposed 
by Fegley and Prinn (15), for the same 
reason. 

However; it is common to find differing 
values of D/H among different molecular 
species in a given interstellar cloud (16, 
17). For ion-molecule reactions, the 
amount of D enrichment compared with 
D/H in H2 is strongly dependent on tem­
perature (Fig. 2). Gas-grain surface reac­
tions in such clouds could produce similar 
enrichments to those illustrated in Fig. 2 at 
higher temperatures (18). Unfortunately, 
they are more difficult to predict quantita­
tively. What seems clear, however, is that 
the temperature in the cloud fragment from 
which the solar system formed could not 
have been colder than 30 ± 10 K (Fig. 2). 

This temperature is considerably higher 
than the cloud temperature of ~ 10 to 15 K 
assumed in some models for making comets 
from interstellar grains (19), with conse­
quences for the abundances and state of the 
molecules expected to be present in comet 
nuclei. These temperatures overlap with the 
range associated with the Uranus-Neptune 
region of the solar nebula (50 ± 20 K) (20), 
the commonly accepted source region of 
the majority of comets now in the Oort 
cloud. Thus, even if the icy mantles on 
interstellar grains sublime as the grains fall 
toward the midplane of the outer solar neb­
ula (21), recondensation will occur at about 
the same temperature at which the ice orig­
inally formed (22). One consequence of this 
coincidence will be the absence of neon in 

cometary ice, even if that ice never experi­
enced sublimation and recondensation dur­
ing the formation of the nebula. Unlike 
argon, krypton, and xenon, neon atoms are 
sufficiently small that they could not be 
trapped in ice unless the ambient tempera­
ture is below 20 K (23). The recent upper 
limit of Ne/O < 0.005 solar set by Krasnop-
olsky et al. (24) is consistent with this pre­
diction, as is the absence of detectable 
amounts of Ne on Titan, Triton, and Pluto, 
three icy bodies with nitrogen-dominated 
atmospheres. It appears that the Ne now 
found in the atmospheres of the inner plan­
ets must therefore have a noncometary 
source, as previously suggested (23). 

Another implication is that cometary 
ices will have to be diluted with some hy­
drogen reservoir having a low D/H ratio, in 
order to match Earth's oceans (I, 2) or to 
achieve the values of D/H found in the 
atmospheres of Uranus and Neptune (25). 
On the basis of observations of molecules in 
interstellar clouds, even higher D/H enrich­
ments than in HCN can be expected in 
many hydrocarbons, such as C3H2, C2Hn, or 
H2CO, with D/H ratios as high as 1% (26). 
Under solar ultraviolet irradiation, many of 
these hydrocarbons produce CH radicals, 
which fluoresce at ~4305 A (A2A - X2II 
band system). A recent study of Hyakutake 
demonstrated that for a bright comet cur­
rent, ground-based, high-resolution spec­
trometers could be able to detect CD down 
to the 1% level (27). 
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Hig h-Selectivi ty, Hig h-Flux Silica Membranes 
for Gas Separation 

Renate M. de Vos and Henk Verweij 

Process improvements in silica membrane fabrication, especially the use of clean-room 
techniques, resulted in silica membranes without detectable mesoscopic defects, re- 
sulting in significantly improved transport properties. Supported membranes calcined at 
400°C were 30 nanometers in thickness, showed a H, permeance at 200°C of 2 x 1 0-6 
moles per square meter per second per Pascal (mol rn-, s-I Pa-I), and had a CH, 
permeance more than 500 times smaller. Molecules larger than CH, were completely 
blocked. Silica membranes calcined at 600°C showed no detectable CH, flux, with a H, 
permeance of 5 x 1 0-7 (mol mp2sp1 Pap1) at 200°C. These results signify an important 
step toward the industrial application of these membranes such as purificat~on of H, and 
natural gas as well as the selective removal of CO,. 

T h e  ability of amorphous microporous silica 
membranes'with pore diameters ( 0 )  < 2 nm 
to pass small molecules while block- 
ing larger ones has been known for years (1 ). 
State-of-the-art microporous silica mem- 
branes consist of a thin silica layer on top of 
a supported mesoporous (2 nm < 0 < 50 
nm) y-A1203 membrane, which provides 
mechanical strength. The key problem lim- 
iting industrial application of silica mem- 
branes is the poor reproducibility of the fab- 
rication process, which results in large fluc- 
tuations in performance and often poor sep- 
aration properties. Improving the membrane 
properties by lowering the defect size and 
density is currently one of the greatest chal- 
lenges in inorganic membrane preparation. 

Coherent and strong porous cx-A1203 . . 
membrane supports were made from granu- 
lated alumina powder (2). The supports were 
uniaxially pressed at lo5 kPa to shape the 
disk, followed by isostatic pressing at 4000 
kPa to achieve a hieher and more uniform 

horizontallv through the liauid surface of the 
sol solutio; for aYfew secbnds. The whole 
process of dipping, drying, and calcining was 
re~eated once, to r e ~ a i r  anv defects in the 
fir& y-alumina layer.'These defects could be 
caused by particle contamination, aggre- 
gates, microscopic air bubbles in the sol, and 
irregularities in the a-A1203 support surface. 
The y-A1203 membranes, in turn, were used 
as a substrate for microporous silica mem- 
branes, prepared by dip-coating twice in a 
polymeric silica sol, followed by drying and 
calcining at 400" or 600°C (referred to as 
Si400 and Si600 membranes). The silica sol 
was prepared by acid-catalyzed hydrolysis 
and condensation of tetraethylorthosilicate 
(TEOS) (4) in ethanol as follows. A mixture 
of acid and water was carefully added to a 
mixture of TEOS and ethanol under vigor- 

ous stirring. During the addition of the acid- 
water mixture, the TEOS-ethanol mixture 
was placed in an ice bath to avoid premature 
(partial) hydrolysis. After the addition was 
complete, the reaction mixture was refluxed 
for exactlv 3 hours at 60°C in a water bath 
under corknuous stirring. The reaction mix- 
ture had a final molar TE0S:ethanol:water: 
acid ratio (based on unreacted components) 
of 1 : 3.8:6.4:0.085 (5). All processing steps 
were well controlled, all liquids were filtered 
with a 0.5-pm filter, and nanoscale-particle 
processing was done in a clean room with 
class 1000 conditions. The dipping process 
was carried out in a flow cupboard in a clean 
air stream (class 10 conditions). 

Well-controlled processing of every 
membrane fabrication step, clean process 
liquids, and the use of a clean room were 
important in membrane preparation. If the 
membrane preparation was done with ex- 
treme care but was not performed in a clean 
room, large defects and, hence, nonrepro- 
ducible membranes were essentially inevi- 
table. One defect with 0 > 100 nm Der 
square centimeter of membrane surface led 
to substantial deterioration of all selectivi- 
ties, especially those involving CH4 and 
C 0 2 .  The use of a clean room reduced the 
average concentration of particles of <0.5 
pm in our normal laboratory air from 18 
million Der cubic meter to less than 100 
mp3 in the flow cupboard where the mem- 
branes are prepared. Without clean-room 
conditions. the number of defects caused bv 
particles from the air was estimated to be at 
least five defects of 0 .= 0.5 p m  per square 
centimeter of membrane surface. This num- 

Table 1. Permselect~vity (F,) calculated from observed single-component permeances and selectivities 
(a) for 50/50 (V/V) gas mixtures for Si400 and Si600 at AP = 1 bar and a mean pressure of 1.5 bar. - 

"green" density. They were then sintered at 
1250°C to a final porosity of 40% with an Si400 Si600 

average 0 = 160 nm. Membranes of 
y-Al,03 with 0 = 2.5 nm and a thickness of Mixture 100°C 200°C 100°C 200°C 300°C 

- - - 
-4 p m  were prepared by dip-coating the 

F, 01 F, 01 F, F, F, supports in a boehmite sol followed by drying 
and calcining at 600°C (3). Dip-coating was H2/C02 4.0 3.9 7 .4  6.8 36 7 1 98 
performed by moving one side of the support 61 64 > 80 >I 35 >I70 

H,/CH, 770 533 561 32 1 >2500 >4000 >5000 
Laboratory for Inorganic Materials Sc~ence, Faculty of C02/CH, 194 118 75 >I 30 >I 00 >80 
Chemical Technology, Univers~ty of Twente, Post Office 02/N2 3.9 3.3 > 3 > 6 > 7 
Box 217, 7500 AE Enschede, Netherlands, 
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