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Spectroscopic Detection of Molecular Hydrogen
Frozen in Interstellar Ices

Scott A. Sandford,* Louis J. Allamandola, Thomas R. Geballe
A weak infrared absorption feature near 4141 wavenumbers (2.415 micrometers) in the
spectrum of WL5, an infrared source in the p Ophiuchus cloud complex, has been
detected. It is attributed to molecular hydrogen created by irradiation and frozen in situ
into water-rich ices. A second, broader absorption at 4125 wavenumbers centimeters
(2.424 micrometers) is probably due to methanol in the ices. The column densities of
frozen molecular hydrogen and methanol are inferred to be about 2.5 x 1018 and 3.0
x 1019, respectively. There is about three times more frozen molecular hydrogen than
frozen carbon monoxide along this line of sight.

Hydrogen in the form of H2, the most
abundant molecule in the universe, is of
fundamental astrophysical importance, in
part because it is the central species in all
interstellar chemistry models and because it
dominates the mass of clouds, thereby play-
ing a key role in their dynamics. Most
interstellar H2 is assumed to form by H-at-
om recombination on dust grains in dense
molecular clouds (1). Although gaseous H2
is not expected to condense onto ice grains
in appreciable quantities (2), we have re-
cently demonstrated that it can be made
and trapped within the solid state through
ultraviolet photolysis of ices containing
H20 and CH30H (3), molecules known to
be abundant in interstellar ices (4, 5). This
process has an efficiency of about 10% (one
H2 produced per 10 incident photons) and
can quickly saturate H20-rich ices with H2
at about the 30% abundance level. [A
similar production process involving cosmic
rays is also possible (6)]. As a result, it is
expected that many interstellar ices become
saturated with H2 on time scales that are
less than or comparable to the lifetimes of
typical dense molecular clouds.

Because H2 is a homonuclear, diatomic
molecule, its vibrations and rotations do
not produce a change in dipole moment,
making it infrared-inactive and radio-quiet.
Thus, in the gas phase most H2 is not
observable by the usual astronomical tech-
niques (7). Although thought to be wide-
spread throughout space, H2 is usually only
detected in slightly reddened molecular
clouds, shocked portions of clouds, or re-
gions exposed to intense radiation (7, 8).
However, when H2 is frozen in a solid, its
vibrational mode is perturbed by interac-
tions with neighboring molecules. These
interactions break the symmetry of the vi-
bration, and the mode becomes weakly
infrared-active (2, 9). The band strengths,
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positions, and widths produced by frozen H2
are strongly dependent on matrix composi-
tion. In the case of the interstellar medium,
H2 in the solid state would most likely be
found in H20-rich matrices.

There are three main ways in which
frozen H2 could be present in H20-rich
interstellar ices: (i) it could condense out of
the gas phase as a pure surface layer sur-
rounding the other ice components; (ii) it
could be mixed into the ice by simultaneous
codeposition with other ice-mantle compo-
nents; or (iii) it could be created in situ by
the energetic processing of other molecules
(such as H20 and CH3OH) in the ices. We
can rule out the first possibility because the
H2-H2 surface binding energy is very low
and pure H2 ices are only stable in a vacuum
at temperatures below about 3 K (2), colder
than those typical of dense molecular
clouds (10 to 40 K). The second possibility
is also unlikely because the time scales for
deposition of H20 are considerably longer
than the residence time of an H2 molecule
on the surface of an H20-rich ice mantle
(3). Thus, H2 molecules should leave the
surface of interstellar ices long before they
can be trapped by the deposition of succes-
sive layers of less volatile ice components.
The third possibility is physically plausible,
however, because it only requires that typ-
ical interstellar ices be exposed to ultravio-
let or other energetic radiation, a process
that is thought to occur in most dense
molecular clouds.

Once trapped in an H20-rich ice, H2
produces a band near 4140 cm-' (2.416
,um) due to the Q1(1) pure vibrational
transition (3). The full width at half max-
imum (FWHM) of this band is ~10 cm-1.
When H2 is produced directly within the
bulk of the ice by ultraviolet photolysis at
10 K, the band falls at -4143 cm-' (2.414
,um). The position of this band shifts to
lower frequency as the ice is warmed, ulti-
mately ending up near 4135 cm-' (2.418
gm) at 70 K. Above 70 K the last of the H2
escapes from the ice. A lower limit to the
absorbance value (A) of this band is AH2 >
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(9.4 ± 0.9) x 10-20 cm per molecule.
Thus, if present at column densities above
about 1018 H2 molecules per square centi-
meter, solid-state H2 should be detectable
through a weak absorption band near 4140
cm-1 in the spectra of interstellar dense
molecular clouds.
We undertook the search for frozen H2

in space because of the potentially profound
effects that substantial amounts of solid-
phase H2 could have on the physical, chem-
ical, and dynamical properties of the ices in
interstellar clouds and comets. The most
promising lines of sight for its detection are
those toward objects deeply embedded in
cold, dense molecular clouds whose spectra
contain strong absorption bands due to
H20 and CO ices. A more complete dis-
cussion of our near-infrared search for fro-
zen H2 and other new interstellar ice com-
ponents in objects other than WL5 will be
presented elsewhere (10).

Here, we report the first detection of the
band shown in Fig. 1, which we attribute to
H2 frozen in H20-rich interstellar ices. This
absorption is produced along the line of
sight to WL5, an object embedded in the p
Oph dark cloud. This cloud is part of the p
Oph cloud complex, a region containing
significant amounts of dust, ice, and gas
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Fig. 1. The spectrum from 4210 to 4050 cm-'
(2.38 to 2.47 g±m) of (A) the unratioed spectrum
of the comparison star BS 5953, (B) the spec-
trum of WL5 after ratioing by BS 5953, and (C)
the optical depth plot of WL5 derived with the
continuum base line (dashed trace) shown in
(B). The spectrum in (C) has been smoothed
using a Gaussian with a FWHM of 1.5 data
points (1/2 resolution element) and results in a
resolution of -3 cm-1 (19).



that block the visible light from stars within
and behind the cloud. The object WL5,
discovered during a 2.2-pum survey of the p
Oph dark cloud (11), is thought to be a
protostar deeply embedded in the central
cluster of the cloud where the visible ex-
tinction, A,, is at its highest (A, > 50
magnitude) (12). The mid-infrared spec-
trum of WL5 contains an unusually strong
2138-cm- (4.677-pum) CO ice band with
an optical depth of ~2.4 (13), an H20 ice
band at -3300 cm` (3.0 pum) with a
reported optical depth between 2.0 and 3.5
(12, 14), and evidence for a weak band
near 2165 cm` (4.62 pum) (14). Both the
high visible extinction and the large optical
depth of the CO ice feature indicate that
there is an unusually large column density
of cold material between the Earth and the
central parts of the p Oph dark cloud.

The astronomical data presented here
were obtained at the United Kingdom Infra-
red Telescope (UKIRT) at the summit of
Mauna Kea in Hawaii on the night of 20
April 1993 UT. The spectra in Fig. 1, B and
C, contain two weak absorption features due
to materials in the molecular cloud. The
strongest (-4%) and narrowest band is cen-
tered at 4141 cm-1 (2.415 Kum; FWHM 7
cm 1). The other, broader absorption fea-
ture is weaker and is centered at -4125
cm-' (2.424 ,m; FWHM 35 cm-').
Other weak features in the spectra correlate
with the frequencies of telluric absorption
lines (Fig. 1A) and likely result from incom-
plete cancellation of these lines. However,
the 4141-cm-1 band is not due to incom-
plete cancellation, because there is no atmo-
spheric absorption feature at that wave-
length. Examination of the unratioed spec-
trum of BS 5953 (Fig. 1A) indicates that
neither the narrow nor the broad absorption
feature is due to emission features in the
comparison star. The absence of the Q(1)
quadrupole line of gaseous H2 at 4155 cm`
indicates that the Q(2) line at 4143 cm-1
and the Q(3) line at 4126 cm-' do not
contribute significantly to either of the ob-
served absorption features. Finally, these
features do not appear when BS 5953 is used
as the comparison star for spectra taken from
other astronomical objects observed during
the same night. Therefore, we conclude that
the 4141- and 4125-cm-1 absorption fea-
tures are real and associated with materials
in the p Oph dense molecular cloud.

Figure 2 shows a comparison between the
spectrum of WL5 (Fig. 1C) and the spectra
of two laboratory ice analogs (3). Figure 2A
compares the WL5 spectrum to that of an
H2O:CH30H = 100:50 ice analog deposit-
ed at 10 K. The CH30H produces a broad
overtone-combination band that gives a
good fit to the 4125 cm-1 WL5 spectral
component and provides a base line for the
frozen H2 feature superposed on its high-

frequency wing. We compare the WL5 spec-
trum to that of an H20:CH3OH:H2 =
100:50:'10 ice analog deposited at 15 K
(Fig. 2B). The excellent match in positions,
profiles, and widths of the two spectra in Fig.
2B indicates that the absorption features
shown in Fig. 1C are due to H2 and CH30H
frozen into H20-rich ices in the p Oph dense
molecular cloud.

The position of the astronomical H2 fea-
ture can be used to estimate the temperature
of the interstellar ices containing the H2 (3).
The best fit is found for ices in which the H2
is formed in situ through ultraviolet photol-
ysis at low temperatures and warmed to --15
to 30 K. This temperature range is compat-
ible with the dust temperatures expected in
the denser parts of molecular clouds (10 to
40 K). In the optically thin case, the column
densities (Ni, in molecules per square centi-
meter) of the various ice components can be
derived from

Ni=fTi(U)d'v TimaxAV 1/2|T(>2UT ^D ~~(1)
Ai Ai

where ri(u) is the optical depth of an
absorption band due to component i as a
function of frequency, Timax is the optical
depth of the band at its deepest point, Ai is
the integrated absorbance of the band in
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Fig. 2. A comparison between the optical depth
spectra of WL5 (thick trace with points) and two
laboratory interstellar ice analogs (thin traces)
(3). (A) WL5 compared with an H20:CH3OH =
100:50 ice deposited at 10 K and (B) WL5
compared with an H20:CH3OH:H2 = 100:50:10
ice deposited at 15 K. The narrower absorption
near 4141 cm-1 (2.415 ,um) is due to H2 frozen
in interstellar H20-rich ices. The broader ab-
sorption feature near 4125 cm-1 (2.424 gm) is
due to CH30H in the ices.

centimeters per molecule, and Avl/2 is the
band's FWHM. From Fig. 2A we measure
TCH3OHmax = 0.02 and Al/2CH3OH = 30
cm- 1. Using the CH30H band in the
laboratory spectrum as a base line for the H2
feature, we measure TH2max = 0.032 and
AV1/2H2 = 7 cm 1. Using ACH0H(4125
cm-) = 2 x 1020 cm per molecule (15)
and the lower limit ofAH (4140 cm-1) > 9
x 10-20 cm per molecuie (3), we derive
solid-state column densities toward WL5 of
NCH3OH = 3.0 X 1019 cm-2 and NH ' 2.5
x 1018 cm-2, yielding H2/CH3OH < 0.08.
These values can be compared to those
associated with other ice components along
the same line of sight. For CO, a column
density of 7.6 x 1017 cm-2 is derived from
TCOmax = 2-4, Av1ico = 3.8 cm` (14),
and ACO(2138 cm-1) = 1.2 x 10-17 cm
per molecule (16). This value for NCO is
probably a lower limit because the CO band
is partially saturated. Thus, CH3OH:CO:
H2 100:3:8, values that fall within an-
ticipated ranges (3). The column density of
H20 ice is not considered here, as it is
much less certain (12, 13) because of the
extensive depth of the H20 band and the
unknown extent of saturation effects.
We have detected two new absorption

bands at 4141 and 4125 cm` in the spec-
trum of WL5 that indicate the presence of
H2 and CH30H frozen into H20-rich ices
in the p Oph dense molecular cloud. The
H2 band position suggests that the H2 was
produced in situ, probably as the result of
irradiation of 15- to 30-K interstellar ices by
ultraviolet photons, cosmic rays, or both.
While the abundance of solid-state H2 rel-
ative to H20 is uncertain, previous labora-
tory studies of H2-containing ices and the
detection reported here suggest that at grain
temperatures below 70 K, H2 produced by
ultraviolet or cosmic rays could represent an
important component of typical interstellar
ices. The presence of H2 in grain mantles
should have significant effects on the phys-
ical properties and chemistry of the ices in
dense molecular clouds and in comets. For
example, laboratory work indicates that
H20-rich interstellar ices saturate in H2 at
ratios near H2/H20 = 0.3 (3), a concen-
tration at which guest molecules begin to
interfere seriously with the ability ofH20 to
form a completely H-bonded lattice (17).
The total intermolecular binding energy
(AH,) of an H20:H2 = 100:30 ice should
be about 1.6 times less than that of a
comparable pure H20 ice (16). Because the
rate of sublimation varies as e-&HS, the
presence of large amounts of H2 in these
ices should significantly enhance the rate at
which condensed species are injected back
into the gas phase by grain sublimation (15)
and disruption processes (6, 18). Further-
more, because comets may contain relative-
ly unaltered interstellar dust and ices, the
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presence of H2 could contribute to
cometary activity at large heliocentric dis-
tances. Finally, the H2 may also have sig-
nificant effects on the chemistry associated
with the gas and solid phases in these
environments. Ultimately, the importance
of frozen H2 will depend on its ubiquity in
space. Although difficult, the detection of
the 4141-cm-l H2 feature along additional
lines of sight, especially those having more
normal, smaller column densities, is clearly
of importance.
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Closely Approaching the Silylium Ion (R3Si+)

Christopher A. Reed,* Zuowei Xie, Robert Bau, Alan Benesi
The crystal structure of the tri-isopropyl silyl species, I-Pr3Si(Br6-CB11H6), where the
brominated carborane Br6-CB11 H6- is perhaps the least nucleophilic anion presently
known, has revealed the highest degree of silylium cation character (R3Si+) yet observed.
The average C-Si-C angle is 1 170, only 30 short of the planarity expected of a pure silylium
ion (1200). This value compares to 1 140 recently reported for atoluene-solvated silyl cation,
[Et3Si(toluene)]+ by Lambert and co-workers. The greater silylium ion character of
P1Pr3Si(Br6-CB11H6) versus [i-Pr3Si(toluene)]+ is also reflected in the larger downfield shift
of the silicon-29 nuclear magnetic resonance, 109.8 versus s94.0 parts per million. The
unusual bonding of toluene to R3Si+ in Lambert's compound is reinterpreted as a signif-
icant covalent rr interaction.

There has been recent progress in the long
search for a three-coordinate silicon cation
(R3Si+, silylium ion) analogous to widely
known carbocations (R3C+). Lambert et al.
(1) have determined the crystal structure of
the triethylsilyl cation with no coordination
of the anion and weak coordination of the
solvent (toluene). Indeed, the coordination
of toluene with a long Si-C distance of 2.18
A is unprecedented in silicon chemistry. It is
not, however, unprecedented in silver chem-
istry. In a so-called ql-benzene complex of
silver(I), a similar ir-complexation ofan arene
solvent molecule has been observed and struc-
turally characterized (2). The silver ion in
Ag(benzene) (CB,1H12) sits almost directly
over one carbon atom of the benzene ring at
an Ag-C distance of 2.40 A. This ir-bonding
distance is -0.2 A longer than typical Ag-C
u bonds (2.13 to 2.25 A) (3). The 2.18 A
Si-C distance to toluene in [Et3Si(toluene)]+
(Et, ethyl) is -0.3 A longer than a typical
average Si-Cu bond, - 1.87 A (ranging from
1.80 to 2.03 A) (4). We therefore conclude
that the Si-C bond in [Et3Si(toluene)]+ is
close to what should be expected for ir-arene
coordination to silicon.

The reality and significance of this co-
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valent bonding is reflected in the pyrami-
dalization of the triethylsilyl moiety. The
average C-Si-C angle of the u bonds in
[Et3Si(toluene)l+ is 1140, well short of the
1200 expected of a discrete sp2 R3Si+ ion and
is, in fact, comparable to other solvent-coor-
dinated species such as [i-Pr3Si(acetonitrile)]+
(1150) (i-Pr, isopropyl) (5). Although there is
good reason to expect planar R3Si+ to be
readily deformable, particularly with bulky
ligands like wr-arenes, to suggest that covalent
bonding may be absent and that the silicon is
essentially three-coordinate (1, 6) overstates
the case. Nevertheless, the structure has im-
portant novelty as a model for intermediates
in electrophilic aromatic substitution, partic-
ularly since one might have expected a ur-type
structure (known as a "Wheland intermedi-
ate") like that observed in the heptamethyl-
benzenium ion (7). Of the two idealized
contributing resonance structures indicated
below, a ir-complex with sp2 carbon and a
u-complex with sp3 carbon, the best single
description is as a Tr-complex.
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