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lixperiments simulating the ccxdeposition of molecular hydrogen and water ice
on interstellar grains demonstrate that amorphous water ice at 12 K can incorporate a .
substantial amount of 112, up to a molar ratio c)f 112/1 120 = 0.53. We find that the
physical behavior of -80Y0 of the hycirogen can be explained satisfactorily in terms of
an equilibrium population, tk~errilodyllanlica]ly governed by a wide distribution of
binding site energies. Such a description predicts that gas phase accretion could lead
to fractional molar abundances of 112 in interstellar grain mantles of nearly 0.3; for
the probable conditions of WI,5 in the p ophiuchi cloud, fractional 112 abundances of
between 0.05 and 0.3 are predicted, in possib]e agreement with the observed
abundance reported by Sandford, Allamandola, & Geballe (1993). Accretion of gas
phase H2 onto grain mantles, rather than photochcmica] production of 112 within
the ice, could be a general explanation for froy,en I 12 in interstellar ices. We speculate
on the implications of such a composition fc)r grain mantle chemistry and physics.

1. IN’] ‘RC)l )LJCTJON

Although molecular hydrogen is produced catalytically on grain surfaces in the
interstellar medium, the amount c}f frozen 112 present in grain mantles is uncertain.
‘l’he extreme volatility of 112 qualitatively suggests that very low temperatures are
required for an appreciable amount of 112 to condense on a grain surface. lIowever, if
a significant fraction of an icy grain mantle at realistic interstellar cloud temperatures
were to consist of 112, it would have a Inajor impact on grain surface chemistry and
gas-grain interactions (see, for exam])lc, Allen & Robinson 1976, 1977). ~“hc present
paper is an extension of experimental work presented earlier (1 lissl y, Allen, &
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Anicich 1992), which reported that a ltirge fraction of molecular hydrogen could be
incorporated in interstellar water ice grain mantles under typical molecular cloud
conditions by codcpositional accretion of gas phase 112 with I12CJ. This is important
in light of the recent detection of frozen 112 in interstellar ice in the infrared
spectrum of WL5, a deeply embedded protostar in the p Clphiuchus molecular cloud
complex (Sandford et al. 1993).
Much speculation has been made in the past about the possibility of growing
I 12 mant]cs on interstellar grains. Early estimates of the likelihood of 112
condensation relied on vapor pressure studies (Wickramasinghe & Reddish 1968;
Solomon & Wickramasinghe, 1969; 1 cc, Gowland, & Reddish 1971). These results
suggested that a thick }12 mantle was possible only for temperatures S4 K.
Subsequent reports have been in terms of the binding energy, ]ib, of 112 to various
surface compositions. As grain surfaces are thought to be covered by an icy mantle
composed largely of amorphous water ice (see, for example, Tielerw & Allamandola
1987), most studies have specifically addressed the binding energy of 112 to solid 1120.
Ear]y predictions of ~b for the physisorption of 1 ]2 to] 120 range from a theoretical
estimate of 550 K (Hollenbach & Salpctcr 1970) to a higher experimental value of 860
K (1 cc 1972), where 1{1~ is given in units of temperature, i.e., energy divided by
Boltnnann’s constant. ~’he most recent experimental value of the 112-1120 bincling
energy is 555 ~. 35 K (Sandford & Allarnandola 1993).
l’he rate of growth of an adsorbed ] 12, layer on a grain surface can be predicted
by comparing the rate of collision between gas phase F12 and a grain, assuming a unit
sticking efficiency, with the residence time for the 112 to remain bound to a grain
surface. I ‘he residence time scale of an adsorbed rnolccLIle is described by the
Arrhcni us cxprc’ssion
(1)
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where “I’ is the gra n temperature and ~vil) is the vibrational period of the adsorbed
molecule in its bincling site on the surface (-10-13 s for 112-112C); Sanclford &
Alla mandcda 1993). I:or the 112-1120 binding energies given above, this expression
predicts that 112 would condense out On grain surfaces for typical interstellar cloud
temperatures and 112 gas number densities. I Iowever, the binding energy of 1-12 to an
112 surface. is known to be quite small, -100 K (I,ee 1972). For this low value of the
binding energy, the residence time scale fcw 11? is substantially shorter than the
collision time scale for conceivable interstellar conditions. Thus the growth of a pure
112 mantle is self limiting, as the binding ener~y of 112 to the grain surface will
decrease as the 112 coverage increases. The pc)int at which an equilibrium coverage
occurs for given interstellar conditions is quite sensitive to the 112 surface binding
energy to the water ice. Estimates of this equilibrium coverage range from an 1-12
layer a few rnonolayers thick (1.,ee 1972) to a single 112 monolayer covering only -20°/0
of the ~rain surface (Govers, Mat tera, & Scolcs 1980; Tielcms & 1 lagen 1982).
As a variation on the theme of ccmdensation, 11? may accumulate in the
mantle at a significant level as it coaccmtcs with other mantle species, such as 1120.
l’his is a more realistic model of mantle growth, as species will collide with grain
surfaces at rates proportional to their respective gas phase abundances. Previous
codepositiona] experiments of H2 with 1120 showed that the amount of hydrogen
incorporated in a water matrix could be substantial, with a molar ratio of }12/1 120 as
hi~h as 0.63 (I ,aufcr, Kochavi, & llar-Nun 1987). q’his result suggests that 112 may be a
significant component throughout the volume of an icy grain mantle, and not just
on the grain surface.
Accretion of 112 from the gas phase is not the only way to incorporate
molmu]ar hydrogen into an icy grain mantle. Recent experiments have shown that
molecular hydrogen can be chemically produced within the ice by the ultraviolet
photolysis of mantle species that arc rich in hydrogen, sL]ch as 1120 or Cl1s011
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(Sanclford & Allamandola 1993). “1’hcse experiments have shown that for l.abc)ratc)ry
ice mixtures thought to typify interstellar grain mantle compositions, the fractional
molar abundance of H2 relative to 112C) saturates at -0.35, limited by the availability
of hydrogen in the system. In addition, the prc]duct 112 is apparently either trapped or
bound strongly enough in the ice that it does not effectively sublimate below 30 K,
and can be detected in the ice mixture even at temperatures as high as 70 K.
A more detailed understanding of the relative importance of the different
physical processes that may result in the incorporation of IIz in amorphous water ice
is needed to properly model the composition of grain mantles in various interstellar
environments. To that end, this paper reports the results of an experimental
investigation of the composition and physics of ice samples prepared by codepositing
amorphous water ice with an excess amount of 112. We conclude that codepositional
accretion of 112 is a possible general mechanism for incorporating large amounts of
molecular hydrogen in interstellar icy grain mantles.

lior this report, we have utilized an experimental arrangement similar to that
described elsewhere (Allamandola, Sandford, & Valcro 1988). Rricf]y, the apparatus
consists of two differentially pumpecl chambers, which are each evacuated by a
turbomolecular pump (Balzers T1’lJ 170) 10 a background pressure of -3 x 10-8 torr.
Extending into the first chamber is a closed cycle helium refrigerator (Air l’roducts
Disp]ex DIi-202), which can be cooled clown to 12 K. Attached to the end of the
refrigerator is a sapphire window. The temperature of the window can be varied
from 12 K to room temperature, with an accuracy of 3: 0.2 K, by a resistive heater at
the base of the windc)w, monitored by a gold-chromcl thermocouple and maintained
by a temperature control system (Scientific instruments Series 5500). Ice samples
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were prepared by simultaneously spraying 112 and 1120 from separate gas lines slowly
cmto the cooled window. The gases were sprayed from pinholes 0.06 mm in
cliameter, set 4.0 cm away from the window. The composition of each ice sample was
characterized upon heating by a quadrupolc mass spectrometer (Extrel), housed in the
second, adjacent vacuum chamber. Transmittance spectra were taken of the ice
samples with a Yourier Transform infrared Spectrometer (Mattson Cygnus 25)
between 2000 and 5000 cn~-l at a resolution of up to 1 cm-l.
Recent experimental work on t}w structure of vapor-deposited amorphous
water ice indicates that the surface area of the ice is highly dependent on the
deposition conditions (Mayer & I’letzer 1986). Ckmsequently, we tried to ccmtrol our
deposition parameters to simulate the interstellar accretion of icy mantles as closely
as possible. The structure resulting from the slow growth of interstellar ice mantles
can effectively be reproduced in the laboratory using depositions with a Knudsen
number > 1 (Kll == ratio of mean free path of gas in reservoir to nozy,]e diameter). This
~ivcs depositional flow in the molecular rather than supersonic regime. ‘l’he
rmulting low growth rate yields an ice with a high surface area, due tc) a microporous
structure with pore sizes typically <20 ~ (Mayer & Pletzer 1986). Our experimental
nozzle backing pressures of between 0.05 torr and 1.2 torr were purposefully kept low,
such that Kll was between 1.2 and 12. The deposition rate of the water sample was
apprc)ximately 0.2 -0.5 jln~/hr, measured by monitoring the interference fringes from
a I IeNe laser reflected from the growin~ sample. Our ice samples were transparent,
indicating no structure within the ice larger than -1000 ~.
1 lepositicms were carried out for several window temperatures between 12 and
30 K. lleposition times ranged between 20 minutes and 2.5 hours. To assure that the
relative gas collision rate of 112 with the growing ice was greater t}lan that of 1120, as
is the situation in interstellar molecular clouds, ice samples were prepared with
relative Sascous 112:1120 inlet pressures of between 4:1 and 36:1. “]’hc slow depc)sition
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of water did not affect the ambient pressure in the chamber, indicating that most of
the input water molecules immediately condensed out on the window. This was not
the case with the input of lIz. Adlnissicm of 1 l? into the vacuum chamber raisecl the
chalnbcr pressure from the background of -3 x 10-8 torr to -1 x 10-5 torr. ‘1’he
deposition of an ice sample can then be viewed as the growth of 1 IzO in the presence
of a surrounding 10-5 torr atmosphere of 1 l?.
once the deposition was completed, the sample was allowed to sit -10 minutes,
until the pressure in the chamber had dropped. and re-equilibrated, l’he sample was
thcm heated, typically at a rate of 2 K/rein. ‘I’he evolved gases were monitored with
the mass spectrometer, calibrated to tile absolute partial pressures of both 112 and
1120. We derived the rate of gas release from the sample with the following formula,

IIesorption Rate [molec/nlin] =
Pumping speed [l/rein] * Number density [molec/1] ,

(2)

with the number density of each gas determined from the mass spectrometer reading,
and pumping speeds (100 1/s for I IzO, and 66 1/s for 1 lz) ~iVC’11 by the pump
lnanufact urcr.

Integrating this rate over the time it took for the entire ice sample to

sublimate gave the total abundance of 112 and 1120 in the sample.
Care was taken to account for the cryopumping of water ice from our samples
on the cold refrigerator column above the window ciuring the sample heating. “l’his
was done by observing the ratio c)f chamber pressures due to the injection of water
with t}~e full system at room temperature, versus the systcm with the refrigerator
cold, but with a window temperature of 200 K, so that no ice would condense directly
on the window. This calibration procedure was repeated several times, giving a ratio
of warm/ colci of 6.4 4: 0.1, meaning that the large majority of water molccules
liberated during the sarnplc sublimation condensed out on the upper refrigerator
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COIUIIIII. “l’he amount of water seem by the mass spectrometer was thus
~ll~clcrrcl>rcsel~ted by a factor of 6.4 i. 0.1, so our water measurements were scaled by
this amount to give the total amount of water in the ice samples. The same
procedure indicated that the cryopurnping of 112 is negligible.

In our initial experiments, the sapphire window onto which the ice samples
were deposited was cooled to 12 K, a typical dark cloud grain temperature. I’hc ice
samples were prepared with relative gaseous 112:1120 inlet pressures of up to 36:1, as
described in the experimental section. 1 ]ifferent sample thicknesses of ice were
grown by varying the deposition times. ‘he total abundances of 112 and 1120 for each
ice sample prepared, found by integrating unc]er the resorption prclfiles for each
species during sample heating, are summarized in l~igure 1. It is immediately
evident that amount of hydrogen in our samples correlates with the total amount of
water in the sample. A linear regression through the data yields a best fit for the ratio
F12/I-120 of 0.53. C;iven our uncertainties, this is in good agreement with the 112/1 120
value of 0.63 found in the codepositional experiments of 1.aufer et al. (1987), although
their deposition rates were significantly faster than ours. Although the ice samples
were prepared with relative I Iz:I 120 gas inlet rates of between 4:1 and 36:1, the
H2 /1 120 ratio in cmr ice samples did not depend on this ratio in any systematic way,
suggesting that the maximum amount of hydrogen that can be incorporated in the
ice is quickly reached for a small excess of 112 over H20.
1 )epositing only 1-12 onto the 12 K window for 1 hour yielded very little
hydrogen upon heating (Fig. 1, open diamond), confirming that 1120 ice is the
sut)stratc responsible for the } IZ bindin~. A similar 1 hour deposition of pure 1120

also produced negligible 112 whcm the ice was heated (I;ig. 1, open circle),
demonstrating that the 1 I? detected i] i our experiments is not a decompositicm
product of the 1120 in the ionizing region of the mass spcctrcnnctcr. Residual water
and hydrogen in the system over the course of the experiments made repeatability
difficult. This uncertainty in the mcasurerncnts is represented by the scatter of the
data.
Since the ice samples were grown on the coldest point of the refrigerator, we
were concerned about the possibility of EI@ cryopumping onto our sampk from
other parts of the chamber during the sample resorption, and perhaps affecting the
measured ratio in the process. We therefore ran two control experiments: letting the
ice sample sit in tlw chamber for several hours under vacuum at the end of the
deposition (Fig. 1, open triangle), and letting the sample sit for several hours after the
deposition under a 10-5 torr atmosphere of I It (Fig. 1, open square), I’his waiting
period was hopefully long enough so that the cyropumping of additional 1120 on our
sample would have bccorne negligib]c. “l’he former run represents the lowest
extreme of 112/112CJ in our codeposited samples, suggesting that some cryopurnping
of 1120 was occurring after the deposition had ended, The latter experiment
alternatively yielded the highest 112/1 lzO ratio of our codepositions, as even the
cryopurnped water was deposited under a large excess of 112. Consec]umtly, the brief

Waitjng p~rj~d between the end of deposition and the beginning of dmorption in all
our other experiments may have resulted in a final layer of deposited 1120 not
saturated with 11P. Therefore, our derived fit c)f 112/11?(1 = 0.53 may be a lower limit
to the true saturated value at 12 K.
“J’he typical temperature programmed ciesorption (TI’11) profiles for both 112
and 1120 arc shown in l;igure 2, for de}>ositions at window temperatures of 12, 20,
and 30 K, I/or each ice sample, the hydrogen and water mixtures were deposited at
the same rate (inlet noule backing pressures of 0.8 ancl 0.2 torr, respectively), and for
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the same duration (70 minutes), and in each case the heating progressed at a steady
rate of 2 K/n]in.

“l’he total amount of 112 and 1120 in our samples was found by

integrating under the clesorption CL1W2S. The relative ratios of the total 112 in each
sample for the different deposition te~nperaturcs are 12:20:30 K -100:37:4, showing a
significant decrease with increasing substrate temperature. Close inspection of the 112
clesorption profile for the 12 K deposition shows two distinct regions: a low
temperature component, represented by the large peak below -30 K in which the
majority (-80°/0) of the total hydrogen leaves t hc sample, and a high temperature
component, represented by the broad plateau of a lower hydrogen liberation rate
from -30-80 K. ~’he 20 K deposition has a similar structure, although less total 112.
our dmorption profiles are similar to results reported previously (I aufer et al. 1987;
Sandford & Allamandola 1993). We will contrast the explanations for the structure
in the profi]cs later in this paper.
TO investigate whether the high temperature component of the 12 K
deposition shown in Figure 2 was not simply due to the time-delayed diffusion of
unbound hydrogen from deeper layers in the ice, we performed the 1’1)1) experiment
shown in l~igurc 3. ‘l’he deposition conditions were identical to those given for the
depositions in Figure 2. The ice sarnlde was heated at the rate of 2 K/rein, except
~,]lcll the telllPeratL1res were 20, 30, al~d 40K, at which times the temperature was
held constant for approximately 10 minutes tc) allow for the complete release of any
labile 112 in the sample volume. I luring the 10 minute temperature holcls, the 112
release rate dropped quickly to the background level.

When we resumed increasing

the sample temperature, the 1-12 release rate immediately returned to the value when
the increase in temperature was halted. We conclude from this that time-delayed
solid-state diffusion of deeply bound I IZ is not significant. ]n fact, diffusion may not
be the factor controlling the release of 112 from the ice at all. Our results are
consistent with the 112 stable in the water ice at high temperatures. If this is true,
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then the respective areas under each temperature interval represent the amount c~f
112 stably bound within that interval. “l”he fraction of I IZ left in the water icc at each
temperature arc: ‘1’> 12 K, 1.0; 1’>20 K, 0.37; 3’>30 K, 0.19; and 3’>40 K, 0.15.
Final] y, we took transmittance spectra of the ice samples from 2000 to 5000 cm-l
at a nominal resolution of 1.0 cm-l. l’revious authors have reported an induced I IP
vibrational feature at 4137 cm-l (1 lixson et al. 1992; Sandford & Allarnandola 1993) for
frcw.en 112-1120 mixtures, but we did not detect anything in this spectral region. As
our samples were only -0.5 pm thick, such a feature would be quite weak. We assign
an upper limit to the integrated band absorbance A of < 1.8 x 10-19 cm/molecule for
any feature at or near 4137 cnl-l. ‘l’his is done by correlating the measured 112/1120
ratio in our samples with the integrated absorbance of the observed 3.1 pm water ice
peak. This is consistent with a previous estimate of the integrated absorbance for the
112 band of A > (9.4 3. 0.9)x 10-20 (Sandford & Allamandola 1993).

4. 1)1 lYSICAI , III; SCX<I1’TION OF 112 INCC)RPORA”J’1ON IN WAI’ER IC3i

The recent detection of molecular hydrogen in interstellar ices raises a
fundamental question: is the detected 112 a product of photochemical reactions
within an ice of hydrogen containing compounds such as water or methanol, as
suggested in the experiments of Sandford & Allarnandola (1993), or is the hydrogen
simply the result of incorporation of ambient ~as phase 112 during the growth of
grain mantles in the molecular C1OUC1? l’akcm at face value, our laboratory results
would suggest that codepositional adsorption alone could yield HP as a major
component in interstellar grain mantles. 1 Iowever, the experimental conditions and
time scales in our laboratory are quite different than those in the interstellar
medium. To properly assess how our results can bc applieci to intcrstcl]ar grain

mantles, we need a thorough undcrstandin~ of the physical processes that govern the
aclsorpt; on and growth of the ice samples in our experiments.
As shown previously in (l), the residence t;rne scale for 112 to rcvnajn in a
physisorption site is governed by the bincling energy, ~!b, Theoretical and
experimental values of the binding energy of 112 to 1120 ice, typically in the context of
surface adsorption, were givcm in the introduction. I lowever, these reports each
proviclc only a single value for the surface binding energy. In actuality, an
amorphous ice has an irregular surface with physisorption sites having a distribution
of binding energies. A recent computational study by I Iixson et al. (1992) predicts
what such a distribution might look like, determined by finding the ~otential
minima of an isolated 112 molecule on the model surface of an amorphous ice water
cluster. I“$he model provides a limited dcscripiion of our experimental ices, as the
surface potentials of a cluster can only approximate those of a macroscopic solid. In
addition, the model does not take into account either the effects of the adsorbed I IZ
on the structure of the water cluster or the adsorbed 1-12-112 interaction. Still, it does
yield values for the 132 surface binding energies that are reasonable in the context c)f
previous theoretical and experimental reports. l’or a cluster of 450 water molecules,
240 possible surface binding sites for 1 IZ were found, with binding energies ranging in
value from 320 K to 1399 K, with a peak in the population distribution at 650 K. in
this theoretical distribution, 650 K is the ~nost likely value for the binding energy.
This is what the previous list of reported single-valued surface binding energies
represents. I’he agreement between the peak of the thcoret~cal distribution and the
rc’ported experimental values of 555 ~. 35 K given by Sandford & AI Ian~andola (1993)
is good, given the limitations of the moclel calculation.
1 low might the concept of a distribution of binding site energies modify our
thinking about 112 incorporation in ices? l’he standard description of a single value
for the surface binding energy predicts a uniform residence time scale for a given
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adsorbed species. An ice surface that has a distribution of binding site erwrgies will
have a corresponding distribution of residence time scales. C;iven a collision rate of
an adsorbable species like H2, this distribution will dictate an equilibrium surface
population such that sites with ~res > ~c{}] will always be filled by 112, assuming that
the sticking probability of an H2 mo]ecule wit}~ a grain surface is unity. The collision
time scale for an 112 molecule to encounter a particular binding site is given by

~col - [MI 12)gas %i tc vgasl-l.

(3)

Equating (1) and (3) for a constant gas-phase collision rate and grain surface
temperature gives a critics] value of I{b such that a]] sites with ~~b > kb(Crit) wi]l
always be filled by H2 molecules.
This simple calculation actually provides an upper limit to the value of
Eb(crit), as it only takes into account impinging gas phase 112 as the source for
molecular hydrogen. An additional source of 112 is on the surface of the ice itself, as
an adsorbed 112 molecu]e is more likely to migrate over the surface than escape it
comp]ctely. “l’his is due to the fact that the kinetic barrier to migration to a
neighboring site is rcmghly half the value of lib, the barrier to escape from the surface
(Tielens & kIagen 1982). One can then imagine a sort of “musical chairs” c)f 112
amen?, surface binding sites, with stronger sites prcfcrcmtially occupied over weaker
sites. Migration from weaker sites to their stronger counterparts provides a flux of
1 l? to strong sites in addition to the gas phase flux, which will lower the level of the
critical binding energy from that found with ~as phase adsorption as the sole source
of 112.
“l’he results shown in Figure 3 provide a test of whether the incorporation of
1 lZ in our laboratory ices can be dcscribcd by such a equilibrium physical model. I}y
assuming that the I ]2 release in this “]’J>I I experiment is controlled only by
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thermodynamic equilibrium, an experimental distribution of II? ~~inding site
energies can be inferred. l’he value of ]{b(crit) for each of the temperature holds at 20,
30, and 40 K, and the initial temperature at 12 K, can be found as outlined above, by
equating the H2 collision rate with the residence time scale at that temperatL~re.
Since we are assuming that the ice sample is always in equilibrium, the collision rate
of 1-12 is dictated by the background pressure of 112 when the sample is being heated,
rather than the H2 pressure during deposition. As the background pressure was -3 x
I o-8 torr, the F12 number density was -1 x 10g cm-3. Thus, with a typical binding site
si~,e of 10-15 cm2, and with a gas temperature of 300 K, ZCOI -5 seconds for an 112
lllOICCLl]e to collide with an individual surface site under the background pressure. If
we then take this 5 seconds as the residence time scale, and an ice temperature of 12
K, solving for ~ib(crit) gives 380 K. Therefore, when our ice sample is sitting under a
background pressure of 112 at 12 K, all ] 12 in binding sites with ]\b >380 K will have a
longer residence time than it takes for a new l-l? molecule to find and occupy that
site, and will always be filled by H2. If the 112 population of our ice samples is truly
~ovcrned by this equilibrium model, then only hydrogen in those binding sites with
li~, < llt,(crit) will be labile at a given tempmatLlrc hold in the 3’1’1 ) experiment.
Repeating this simple procedure, the fraction c)f 112 left in the water ice at J 2, 20,30,
and 40 K then yields the relative number of sites in our sample with I{b > ]{b(Crit) for
each of these temperatures.
l’}~c experimentally inferred relative distribution of binding sites with ];b
greater than a given value from the Figure 3 TI’I ) experiment are compared in liigurc
4 with the results of the theoretically computed distribution by I Iixson et al. (1992).
Because the 12 K ice. sample was allowed to sit for several minutes under the
background pressure of 112 immediately after the deposition, hydrogen in sites with
li~, <380 K escaped the sample before the measurements were siartcd, so the
expcrirncmta] distribution is normalimd to the theoretical one at 380 K. “1’hc
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approximate agreement between the two clistributions supports the physical picture
of 112 incorporated in the ice by the equilibrium distribution outlined above.
This physical mode] is applicable to ices deposited at temperatures above 12 K
as well. This is shown by displaying in Figure 4 the relative amounts of ] 12 in the
samples deposited at 12, 20, and 30 K, discussed previously with reference to Figure 2.
This data curve is normalized to the theoretical curve as before. Again, the relative
abundances of the total H2 in ices de}~osited at different temperatures is consistent
with an equilibrium distribution of binding site energies.
liigure 4 shows additional interesting information. Although the overall fit of
the theoretical distribution to the data is fair, the TPD experimcmt from Figure 3
shows a definite high encr~y tail, sLlggestive of 112 from deeply buried sites not
predicted by the theoretical surface model. “1’hcse buried sites only appear to account
for -20Y0 of the total nLlmber of sites, when cc)mpared to the theoretical distribution.
As mentioned previously, the resorption profiles for the 12 K depositions, as shown
in Figure 2, consist of two distinct regions with relative sizes that appear to be
independent of the sample thickness: the main low energy peak, and a smaller,
higher energy plateaL1. q’he plateau region accounts for -2o% of the total liberated IQ
in our 12 K deposited. resorption profiles as well, sLlggesting that it is due to the
resorption from deeply buried sites. The desc]rption profiles of very thin (-100 ~) ice
samples (not shown) are a notable exception, as the plateau region appears to decrease
in relative si~,e as the samples decrease in thickness, althoL@~ the ~12 resorption
signal is very weak for samples this small. We therefore suggest that the primary
peak in the 112 resorption profile is due to the liberation of surface or near sLlrface
1-Iz, in equilibrium with the gas phase, controlled by a distribution of binding energy
sites similar to the theoretical one. lle plateau is apparently ciLle to deeply buried
112, either trapped in the water ice matrix or strongly bound by very energetic sites
not described in the theoretical surface clistribution by ] lixson et al. (199?). I’bus, in
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our experiments, -80Y0 of the ] 12 population is adequately described by the theoretical
surface binding energy distribution, while -20% is apparently due to 11? buried deeply
within the 112 matrix. This is consistent with the results of the photochemical
experiments by Sandford & Allamandola (1993). As the 112 in their experiments was
primarily produced deep within the volume of the ice rather than cm or near the
surface, this would explain their report that the total abundance of 112 in their ice
samples did not change significantly for temperatures less than 30 K. Our finding
that this non-equilibrium H2 is released from the ice at temperatLms as high as 70 K
is also consistent with their report.
The difference in the distribution between the two experimental curves in
Figure 4 suggests that the amount of 112 in the ice when it was deposited at 12 K and
then raised to a certain temperature is systematically higher than when the ice is
actually deposited at that sarnc temperature. This difference may also be due to the
burial of 112 into deeper, more strongly bound sites. “J’his is not surprising, as the 12
K deposition has a higher equilibrium surface abundance than a higher temperature
deposition, allowing proportionally more 11? to be buried into the non-equilibrium
population as the water ice is growing,
It is interesting that the resorption profiles for a given deposition temperature
appear to be independent of sample thickness, at least for samples > 100 ~ in
thickness. C)ne would expect that if the profile has distinct regions that are due to
separate surface and volume populations, the relative size of the volume
contribution would increase as the salnple thickness increased. The fact that it does
not susgests that the distribution of sites is in fact a characteristic of the entire ice
sample. “l’his is potentially consistent wit}~ an ice that is highly rnicroporous, like the
structure of a sponge, so that the “surface” does in fact dominate the population for
all our experimental thicknesses. If amorphous water ice has such an open structure,
adsorbed molecules in the volurnc’ of the ice would be in equilibrium with those in
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t}]c gaS phase. As such, ] 12 molecules would freely migrate between the gas phase
and the porous ice volume until finding a vacant binding site. We tried to test this
experimentally, with a sequenced deposition of 1120 and 1-12. l’he deposited 112Cl was
allowed to sit for several hours so that the cryopumping of H20 had effectively
stopped. The H2 was then deposited on this water substrate. C)ur results suggest that
to within a factor of two, this gives the same 112/1120 ratio as our codepositional
experiments. However, the results of this sequence experiment were not as clear or
reproducible as our other experiments. We hope to repeat this set of experiments in
the near future, to properly assess the nature of the amorphous ice surface.
A previous explanation for the temperature-dependent release of Hz from a
water ice matrix has been put forward by I.,aufer et al. (1987). They concluded that the
112 is physically trapped in the water ice during codeposition, As the water ice matrix
is heated, this opens the ice structure in a steady and repeatable way, which controls
the release of trapped 1-12. This would imply that the population of trapped H2 is
dictated by confirmational changes in the water only. I arge trapped abundances are
then probably an artifact of the fast laboratory cieposition rates. This would suggest
that accretional trapping is a minor effect under interstellar conditions. Our infenf is
to

of~er

fhe al fernntizw explmmfion t h a t fhe po])ulf7fion of 1-12 in fhe i c e sflmplw nmj

be ~n equilibrium sifuation, controlled primarily by the thermodynamic behavior of
a simpl~ disfribufion of b i n d i n g sife energies.

5. T] ]E 112 ABUNIJANC3i IN ) NTl{lWTliI /l., AI{ C;RAIN MANTI ,1;S

The amount of 112 incorporated in interstellar grain mantles dominated by
water ice can be derived from this physical rnociel of an equilibrium betwecm Sas
})lMSC 1 IZ and the grain binding site encrsy distribution. Utili7fing the concept of a
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critical binding energy, the respective gas-grain collision frequencies under laboratory
and interstellar conditions allow a direct comparison of the population of adsorbed
112 in these two environments. l~ollowing the procedure outlined above to
determine the critical binding energy of an ice surface at a given temperature and
under a given number density of 112, we can estimate this value for various
interstellar conditions, where molecular hydrogen also dominates the available gas
phase spcciation, typically by several orders of magnitude. Eb(crit) then fully
determines the equilibrium fractional abundance of bound 112 for the grain mantle.
For example, at reasonable molecular cloud values of T = 10 K and n(H2) = 104 cm-3,
Eb(crit) -450 K. I;or this value, the equilibrium population of 112 will fill over 90% of
the available surface sites in the theoretical surface distribution. As we postulate that
-80Y0 of the desorbed H2 in our experiments is due to a similar equilibrium
population, and that the total H2/H20 ratio in our samples is 0.53, we estimate that
intcrste]lar grains have an 112/1120 ratio as high as -(0.9)(0.8)(0.53) -0.4. The
equilibrium fractional abundance of 112 in a grain mantle dominated by H2 and I-120
would then be - 0.3. Adding any deeply buried, non-equilibrium 112 will only raise
this abundance, Figure 5 summarizes calcLdatcd values of Hb(crit) and the
corresponding predicted fractional abundance of I ?2 in grain mantles for different
val Lies of interstellar gas-grain temperature and gas phase 1-12 number density. For
comparison with the interstellar results, the derived values of lib(crit) and fractional
J 12 at> Llndances from our codeposition expcrirncnts with different substrate
temperatures are a]so shown in liig. 5. Note that at low temperatures, in particular,
the higher gas phase densities in the laboratory relative to typical interstellar
conditions do not lead to significant differences in the equilibrium fractional 112
abundances, as l{t~(crit) is not a sensitive function of gas phase number density. I’hus
in the context of the equilbriLlm model, our labc)ratory provides a reasonable
simLllation of the interstellar environment.

I
,,
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This equilibrium model may adecluately describe the observed interstellar
fromn 112 abundance along the line of sight of W1,5 in the p Oph molecular cloud
(Sandford et al. 1993). WIS is a deeply embedded infrared source (Av 2 50), with local
number densities thought to be in the range of 1($ -106 cm-3 (Wilking and 1,acta,
1983). ~’he. detection of pure CO ice along this line of sight (Kerr, Adamson, &
Whittet 1991) indicates that temperatures must be below 25 K, probably in the range
of 10-25 K. Plotting this range of conditions in Fig. 5, we predict that grain mantles

along this line of sight would have H2 fractional abundances from 0.05 to 0.30.
Unfortunately, an observational determination of the ratio of 112 to total ice
molecules toward W1.5 has not been made. The column abundance of water ice
along this line of sight is uncertain, as the observed water ice feature at 3.1pm is
saturated (Tanaka et a]. 1990). however, the ice phase H2/CY13C)I I ratio has been
determined to bes 0.08 (Sand ford et al. 1993). <~iven that the1120/C3130H ratio is --’2
-3 as it is for ices in other similar interstellar environments, and that these two
species likely dominate the composition of most grain mantles (Allamandola,
Sandford, & Tielens 1992), this would put the fractional abundance of 1-12 along this
line of sight at the few percent level, consistent with the lower end of our predicted
range.
If this equilibrium model is correct, molecular hydrogen in interstellar grains
would be a widespread phenomenon. lJltraviolet photoprocessing would not be a
requirement to explain the presence c)f frozen 112 in interstellar ices. We suggest,
then, that interstellar grains may have a significant fractional abundance of 1-12 (-30°/0
of the total number clensity) at 10 K temperatures even in unilluminated regions of
molecular clouds. The presence of I l? as a product of photolysis in the ice would be a
special case limited only to regions with a significant UV flux, More observations of
tile frozen 112 feature along other lines of sight with widely varying LJV radiation

I
.
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budgets are needed to adequately test the relative importance of LJV photoproccssing
versus gas phase accretion.
Significant quantities of molecular hydrogen incorporated in the icy mant]es of
interstellar grains will clearly affect grain chemistry and physics. Molecular hydrogen
would fill the most energetic sites on the grain surface, leaving only weak sites for
ihe physisorption of other molecules. FIeavy chemical species will be bound less
strongly to, and desorb more easily from, an 112 rich ice (Allen & Robinson 1977)
predicting less depletion of heavy species onto grains. Atomic and molecular
mobility over the surface of amorphous ice mantles will be very different if the ice
surface is saturated with F12 (Smoluchowski 1983). One would intuitively expect that
the surface mobility of other species would increase, as only the least energetic sites
would be available. This could possibly enhance chemical reaction rates on grain
surfaces, although surface abundances and the residence time scales for species
heavier than 112 would be lowered.
lf the volume of icy grain mantles are also rich in 112, this should provide a
more reclucing environment for energetic reactions in the mantle, such as those
occurring in ice irradiation experimental simulations (see, for example, Greenberg et
al. 1993; Pirronello 1993; and references therein). I’his is interesting in light of the
reported production c)f 112 in ultraviolet photolysis experiments on icy interstellar
mixtures (Sandford & Allarnandola 1993). The presence of large amounts of ] ]2 in
such an ice from adsorption may suppress such reactions, as the addition of product
molecules would shift the chcmica] ecluilibrium to favor larger abundances of the
reactant species. in addition, the overall increase in the ice mantle number density
due to the bound H2 should result in a higher heat capacity of the grain mantle than
in previous estimates, thereby changing our understanding of mantle heating
processes.

‘.
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As comets are t}mugllt to be ]arge]y aggregates of interstellar icy graillS, a tru]y
primitive, unprocessed cornet should reflect the composition of its interstellar origin.
A primitive comet composed of ices that had never experienced temperatures above
20 K might then have a large amount of hydrc)gen incorporated in its bulk. Ccm~ets
composed of icy material that had experienced higher temperatures would show a
diminished amount of hydrogen in accordance with the amounts shown in Figure 5.
The total amount of molecular hydrogen incorporated in a comet might then
provide a sensitive test of the degree of thermal processing that a ccnnet, or the much
smaller grains that accumulate to form comets, had experienced since the ice had
originally condensed.

6. (ONCI,USIONS

Our experimental results show that codcposition of 1-32 with 1120 at ] 2 K can
incorporate a large fraction of hydro~cn in the water matrix, up to a molar H2/H20
ratio of 0.53. Nearly 80°/0 of this population of 112 sublimates at temperatures below
30 K, while the remainder appears stable well above 40 K. The more volatile
component is consistent with an equilibrium distribution of surface binding site
energies, described theoretically by 1 lixson et al. (1992). Such an explanation would
predict molar abundances of 112 in interstellar grain mantles of nearly 0.3 due only to
the accretion of gas phase molecular hydrogen.

For the probable conditions of W1.5

in the p Ophiuchi cloud, fractional 112 abundances of between 0.05 and 0.3 are
calculated from the equilibrium model, in possible agreement with the observed
abundance (Sandford et al. 1993).
To adccluately test if this process can explain the recent detection of frozen 112
in interstellar ices, more work is needed on laboratory, theoretical, and observational

I

2??
fronts. 1,aboratory work is required to cicfinitively establish w}wther oLlr resLllts are
either due to an equilibrium bound populaticm c)f 1 Iz, or mechanical matrix trapping
of 112 by the water deposition. Such work necc]s to be understood in detail if the
resLdts are to be extrapolated to interstellar conditions. lixperimental work is also
needed to determine if other common interstellar ices, such as CO or CHSOH, have
the same ability to adsorb a large fraction of } IZ as water ice. The modeling must also
substantially improve, to determine how the potential energy surface of a simulated
amorphous water cluster changes as lnor~ molecular hydrogen is added. Additional
work also is needed to predict the likelihood and relative energies of sites cicep
wj.thin an ice volume. Finally, the observational detection of solid phase ] 12 in
interstellar space demands more sLIch work alcmg many different lines of sight. The
generality of this feature is key to our understanding of the processes which may
yield 112 in interstellar grain mantles.
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l~igurc 1- l’hc total abundances of 1-12 and I IzC) in ice samples deposited on a sapphire
substrate .coolcd to 12 K. The filled squares represent codepositions of 112 and H20,
prepared with H2:H2CI gaseous inlet pressures between 4:1 and 36:1, with deposition
times between 20 minutes and 2.5 hours. Deposition of pure 1120 is indicated by the
open circle, and deposition of pure 112 is represented by the open diamond. The open
triangle represents an ice sample allowed to sit in the chamber for several hours after
deposition while 1-120 cryopumped fJ’Onl other parts of the vacuum chamber onto
the sample, and the open square represents an identically deposited sample allowed
to sit several hours, but now under an atmosphere of 10-5 torr of H2 maintained in
the chamber. The dashed line shows the best fit for the ratio 112/1 12C) of 0.53.

]“i~urc 2- Resorption profiles for 1-12 and 1120 during heating c)f ice samples at a
steady rate of 2 K/rein. Ice samples were prepared under identical conditions, but at
different window substrate temperatures. 1-]2 resorption profiles for window
teIllpCrFitLII’eS

of 12 K, 20 K, and 30 K arc indicated by open squares, diamonds, and

triangles, respectively. I’he desorpticm profile c)f 1120 from the 12 K deposition is
indicated by filled circles, Lines between markers serve only to aid visualization, and
do not represent actual data. The F12 resorption profiles for the 20 K and 30 K
depositions were norlnalized by setting the 1120 abundance from these samples equal
to that of the water abundance in the 12 K deposition.

IJigure 3-1-12 resorption profile (open circles) for a temperature programmed
resorption experiment. “l’he heating profile is indicated by the dashed line. The
112 /1 120 ice mixture was prepared urider the same conditions as the experiments

0,

“?

?6
shown in Ijigure 2, with a window temperature of 12 K. Again, the line between
Inarkers serves only as a visualization aid.

l~i,g. 4- Gxnparison of our experimental results with a theoretical distribution of
surface binding site energies, given by 1 lixson et al. (1992). Values are presented as
f(];b), the fraction of sites with ~;b greater than a given value. The filled squares
represent the theoretical distribution.

I’he open squares represent the distribution of

1-12 binding site energies derived from the ‘1’1)1) experiment (Fig. 3). The open circles
represent a similar distribution inferred from the results for depositions at 12, 20, and
30 K (Fjg. 2). Errors were determined relative tcl the normalized abundances at 380 K,
the minimum value of binding energy for 112 that we could feasibly detect (see text).
Again, lines between markers serves only as a visualization aid.

l;igure 5- Critical bincling energies and equilibrium fractional H2 abundances in
interstellar grain mantles for different 112 gas phase number demsities and gas-grain
temperatures. The solid lines show calculated Hb(crit) values at 10,20,30, and 40 K.
l’hc 112 fractional abundances of 0.01, ().1, 0.2, and 0.3 are indicated (dashed lines) for
the appropriate values of ~ib(crit). ‘JShe open circle represents the value of Eb(crit)
computed for the conditions in the cloud containing WI,5, as described in the text.
The filled circles show ]{b(crit) for laboratory conditions at a background pressure of
-3 x IO-8 torr and ice temperatures of 12, 20, 30, and 40 K. Their slight offset from the
isothermal lines is duc to l~b(crit) bcins determined for a 300 K gas phase
temperature.
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