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Abstract. A search for the s band of solid formaldehyde toward
the protostellar source GL 2136 has resulted in the detection of
absorption features near 3.47 and 3.54 um. A good match of
the 3.47 pm feature exists with solid H,CO features in labo-
ratory analogs of interstellar ice condensates. The abundance
of H,CO and the composition of the ice in which it is found
are constrained by the precise wavelength of the 3.47 pm ab-
sorption, the profile of the 3.54 pm absorption feature, and the
previously observed 9.75 (CH30H), 6.0, and 6.8 um features.
From comparison with laboratory spectra, we conclude that the
H,CO and CH3OH are intimately mixed and that both contribute
to the 3.54 um absorption, while the profiles of the 6.0 and 6.8
pm bands indicate a contribution of the solid H,CO v, and v
features at 5.8 and 6.7 um. We estimate that the abundance of
H,COis ~ 7 % of that of H,O seen along the same line of sight,
but that only a small fraction of the H,O is intimately mixed
with the H,CO. There appear to be at least two types of ice
mantles present along the line of sight, one consisting of almost
pure H,O (type I ice) and the other rich in, if not dominated by
H,>CO and CH30H (type II ice). The possible origin of solid
H,CO and the implication of our results for the physical and
chemical conditions in the cloud are discussed

Key words: ISM: clouds — ISM: dust, extinction — ISM:
molecules — stars: individual: GL 2136 — methods: laboratory —
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1. Introduction

One of the most salient aspects of dense cloud chemistry is the
accretion and subsequent processing of molecules on interstel-
lar grains. Inside clouds the time scale for a molecule to collide
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with a grain is of the order of 10° years at typical densities of nyg
= 10* cm~3 (e.g., Schutte & Greenberg 1991; Schutte 1996).
With grain temperatures of ~ 10 K (Greenberg 1971; Mathis et
al. 1983), all molecules and atoms more massive than He will
stick to the grain at nearly 100 % efficiency (e.g., Tielens & Al-
lamandola 1987a). Thus, grains collect an icy mantle consisting
of a mixture of species. Upon accretion, the molecules can be
modified by reactions with atoms and light radicals such as H,
O, C, N and their partially hydrogenated counterparts, which are
able to diffuse over the grain surface (Tielens & Hagen 1982;
Hasegawaetal. 1992, Hasegawa & Herbst 1993a). Furthermore,
the ices may be photochemically modified, leading to the pro-
duction of more complex and/or unstable species (Greenberg
1973; Greenberg 1979; d’Hendecourt et al. 1986; Allamandola
et al. 1988; Grim et al. 1989; Shalabiea & Greenberg 1994).

In view of the short accretion timescales, mantle desorption
mechanisms must exist for maintaining the observed gaseous
material inside dense clouds, for example heating by cosmic
rays or explosive release of stored chemical energy (Greenberg
1976; Greenberg 1979; Léger et al. 1985; d’Hendecourt et al.
1982; Schutte & Greenberg 1991). Thus, processes taking place
on the grains will influence the cloud chemistry in its entirety.
The chemical conditions in dense clouds can therefore only be
understood if solid and gas phase processes are considered as
parts of a complete chemical system synthesized by the inter-
action through accretion and desorption. The H,CO molecule
is a particularly sensitive tracer of this interaction, since, while
abundantly observed in the gas phase, it is believed to be pri-
marily formed on grains (Federman & Allen 1991; Shalabiea &
Greenberg 1994).

In the special case that a young stellar object is present
inside the dense cloud molecules can be returned to the gas
phase also by thermal evaporation or shock processes due to the
interaction of the stellar outflow and the dense core. Gas—phase
reactions will subsequently modify the chemical composition
through ion-molecule or neutral-neutral reactions. Therefore,
the molecular composition of the grain mantles and the gas
reflect the evolutionary state of the young stellar object (Blake
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et al. 1987; Charnley et al. 1992; Caselli et al. 1993; Helmich
etal. 1994).

The composition of ice mantles in interstellar clouds can
be studied by observing the infrared absorption features of ob-
scured sources, which can be either embedded young stellar ob-
jects or background field stars. Interpretation of these features
is achieved through comparison with laboratory simulations in
which interstellar ice analogs are prepared through slow deposi-
tion of gases on a cold (~ 10 K) substrate, and monitored in situ
by infrared spectroscopy. In this way a considerable number of
species have been identified in the icy mantles, i.e., H,O, CO,
CH30H, H;, OCS and possibly CO, and CHy (e.g.; reviews by
Whittet 1993; van Dishoeck et al. 1993; Schmitt 1994; Schutte
1996).

Theoretical models predict that formaldehyde (H,CO) is an
important constituent of the icy mantles, due to the grain surface
hydrogenation of the abundant gas constituent CO (Tielens &
Hagen 1982; Hasegawa et al. 1992; Hasegawa & Herbst 1993)
Furthermore, solid formaldehyde can be produced by ultravio-
let photolysis of H,O- and CO- containing ice mantles (Zhao
1990, Shalabiea & Greenberg 1994). Indirect evidence for the
presence of formaldehyde in the ice mantles can be derived from
observations of gas in the Orion compact ridge and hot core. In
these warm regions, associated with massive star formation, the
mantles evaporate. The observed high abundances of H,CO and
its reaction product HCOOCHj can only be explained in terms

-of injection from the grain mantles (Blake et al. 1987; Charnley

etal. 1992). Additionally, the very high deuterium fractionation
of the formaldehyde strongly suggests that the initial forma-
tion of this molecule took place on the grain mantles (Turner
1990). More generally, models of purely gas phase chemical
processes fall short in reproducing the observed quantity of
gaseous formaldehyde in translucent and dense clouds. It was
therefore proposed that formaldehyde production on grains in
combination with “non—-thermal” desorption events accounts for
the bulk of H,CO also in general molecular clouds (Greenberg
1979; Federman & Allen 1991; Shalabiea & Greenberg 1994).

Solid H,CO has a number of infrared absorption features.
Fig. 1 shows the spectrum of pure H,CO ice at 10 K. The po-
sitions and vibrational modes (from Pugh & Rao 1976) of the
most intense features are indicated. For a full listing of the po-
sitions and band strengths of solid HyCO we refer to Schutte
et al. (1993). The v, and v; vibrational modes give strong fea-
tures at 5.80 and 6.69 um, respectively, in a region accessible
only to space or airborne observations, leaving just the weaker
bands at 3.47 and 3.54 um, due to the vs and v} modes, re-
spectively, to ground—based observation. However, attempts to
observe these features toward the embedded massive protostars
W33 A, NGC7538 IRS9 and W3 IRSS failed (Grim et al. 1991;
Allamandola et al. 1992). Although a feature at 3.54 um was
observed toward the first two of these objects, there was no sign
of a band near 3.47 pum, thus excluding an assignment to H,CO.
Instead the 3.54 um feature was assigned to the 3 mode of solid
methanol (CH;OH).

The 5 to 8 um region, encompassing the strongest of the
formaldehyde bands, was observed at very low resolution by
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Fig. 1. Infrared spectrum of solid H,CO deposited on a 10 K substrate

the Kuiper Airborne Observatory (KAO; Tielens & Allaman-
dola 1987b; Tielens 1989). This region is generally dominated
by broad absorption features at 6.0 um and 6.8 ym. The former
is ascribed to solid H,O (e.g., Tielens & Allamandola 1987b),
while the latter feature has not yet been satisfactorily identified
(cf; overviews by Whittet 1993; Schutte 1996). Comparing the
6.0 and 6.8 um features of the embedded sources W33A and
NGC7538 IRS9 with those of GL 2136, it is found that both GL
2136 features are somewhat broadened and redshifted. It was
shown that this difference could be caused by the presence of
the formaldehyde bands near 5.8 and 6.7 um (Schutte 1988), in-
dicating that substantial amounts of solid H,CO may be present
toward this source. However, the low resolution of the airborne
observations precluded a secure identification.

This paper reports the results of a search for the v5 and
v absorption features of solid HyCO near 3.47 and 3.54 um
toward GL 2136 with the United Kingdom Infrared Telescope
(UKIRT) at Mauna Kea, Hawaii, and the New Technology Tele-
scope (NTT) of the European Southern Observatory at La Silla,
Chile. The UKIRT spectrum shows two absorption features cen-
tered near 3.47 and 3.54 um. Although the noise level as well as
telluric methane structure is much larger in the NTT spectrum,
these observations are also consistent with the presence of these
bands.

The 3.47 pum band is observed for the first time. Based on
comparison with spectra of astrophysical ice analogs, we pro-
pose an identification of this feature with solid formaldehyde.
The 3.54 ym band was observed previously toward other em-
bedded sources and has been identified as the 5 feature of solid
methanol (CH3;0H; Grim et al. 1991; Allamandola et al. 1992).
The v; H,CO mode would also contribute to this feature in GL
2136.

The paper is laid out as follows. In Sect. 2 we describe the
observational techniques and present the obtained spectroscopic
data. Sect. 3 presents the identification of the GL 2136 3.47 um
absorption with solid H,CO by comparing this band and the
3.54 pm feature to spectra of laboratory ices containing H,CO
and CH3OH. In Sect. 4 we summarize the spectroscopic data ob-
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Table 1. Summary of observations of GL 2136

Telescope Range Date tint
pm 8
UKIRT  3.38-3.58 1993 March 7 128
UKIRT  3.57-3.77 1993 March 14360
NTT 3.40-3.68 1994 March 28240

tained for a number of formaldehyde— and methanol-containing
laboratory ice samples prepared for comparison with these fea-
tures. A basic interpretation of the spectroscopic results in terms
of the physical-chemical properties of the ices is given. Sect. 5
explores the composition of the interstellar H,CO—containing
ice by studying the requirements for matching the observations.
Sect. 6 discusses the origins of solid H,CO in dense clouds,
and the implications of our results for the ambient chemical
conditions. Our conclusions are summarized in section 7.

2. Observations

Parameters for the various observing runs are given in Table
1. Spectroscopy between 3.38 and 3.77 um was obtained with
the United Kingdom Infrared Telescope (UKIRT) on Mauna
Kea, using CGS4, a cryostat containing a grating spectrometer
and a 58x62 pixel SBRC array. The plate scale was 1.54”/pixel
and the width entrance slit to the spectrometer corresponded to
1.54”. A 300 lines/mm grating was used in first order, producing
a resolving power (MAM) of approximately 1100 in the above
wavelength range. The observations were made in the chop/nod
mode, with the chopper throw equivalent to 10 rows of the array.
Wavelength calibration was achieved using an argon lamp in
second order; the accuracy of the wavelength scale is better
than 0.001 pm.

Additional 3.40 — 3.68 um spectroscopy was obtained with
the New Technology Telescope (NTT) at the European South-
ern Observatory using IRSPEC, a cryogenically cooled grating
spectrometer equipped with a 58 x 62 pixel SBRC InSb array.
Grating 1 having 300 lines mm ™! in first order was used, pro-
viding a spectroscopic resolving power of A = 1600. Sky
subtraction was readily obtained with the 2 dimensional detec-
tor array which allows simultaneous measurement of the object
and nearby sky. Nodding over a distance of 60” in declination
was performed every minute, producing sky observations on op-
posite sides of the object. Wavelength calibration was achieved
with a neon lamp at an accuracy better than 0.001 pm.

Both the UKIRT and NTT data were flux calibrated and
corrected for telluric absorption by ratioing with the standard
star BS 6378 (spectral type A2 V). The resulting spectrum was
flux—calibrated using L=2.31 for this star (Glass 1974) and a
spectral shape of a 9000 K black body. In the UKIRT data, a
small mismatch in air-mass between object and standard was
corrected by a small continuum subtraction and scale-up of
the standard star spectrum. For the NTT data, the difference in
airmass between object and standard was small and correcting
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Fig. 2. High resolution spectroscopy (MAMX = 1200) of GL 2136 ob-
tained by UKIRT and the NTT. For clarity, fluxes have been multiplied
by 1.4 for the NTT data. The baselines applied to obtain optical depth
plots (Fig. 3) are given by dashed lines

for this difference (for example, by using a second standard star
at different air mass; Schutte et al. 1991) did not improve the
results beyond the simple ratioing of the object with standard
measurements, due to the relatively great amount of the telluric
absorption at the telescope site.

Fig. 2 shows the UKIRT and NTT spectra of GL 2136. The
two spectra are generally consistent, apart from a set of narrow
absorptions in the 3.4 — 3.5 um region in the NTT spectrum,
which are due to incomplete cancellation of telluric CHy lines.
The spectra are characterized by a steep red slope, caused by the
strong 3 pm feature of H,O ice and its associated long wave-
length shoulder and the emission spectrum of the source (Will-
ner et al. 1982). Two relatively weak, narrow, features appear
to be superimposed on the slope. To highlight these features,
we subtracted a straight line in the log(F))-A plane which was
fitted through the regions 3.38 — 3.43 ym and 3.62 — 3.64 pm.
It should be emphasized that this procedure does not in any
way represent a “true” continuum subtraction, as residual struc-
ture associated with the red shoulder will still be present, and
should only be regarded as a cosmetic operation which enables
a clearer view of the weaker features. It is important to note that
any baseline definition should be performed in the log(Fy)-A
plane rather than in the F5—\ plane, since the latter procedure
introduces spurious structure in the resulting optical depth plots,
since straight lines in the F)—A plane may be strongly curved in
the log(F)-A plane.

The resulting “optical depth” plots give a more clear view of
the two narrow features (Fig. 3). Also shown are the spectra after
smoothing to a resolution of 0.008 xm. Only the smoothed ver-
sion of the NTT results is displayed because of the high noise
level of the original data. To obtain the intrinsic wavelength,
the spectra were corrected for a small Doppler shift by adding
2 x 10™* um to the original wavelength scale. This shift was
obtained from the Local Standard of Rest velocity of the gas
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Fig. 3. “Optical depth” plots obtained from the UKIRT and NTT spec-
troscopy (Fig. 2) by subtracting a straight baseline. Besides the un-
smoothed spectrum (resolution 0.003 pm; solid line), the spectra after
smoothing to 0.008 um resolution are also shown (dashed lines). Be-
cause of its high noise level, only the smoothed version is shown of the
NTT spectrum. For clarity, the NTT spectrum has been shifted down-
ward by 0.06 units. The displayed spectra have been corrected for the
Doppler shift by adding 2 x 10~* um to the original wavelength scale
(see text)

associated with GL 2136 of 27 km s~! which corresponds to a
heliocentric velocity of 12 km s~!, and the velocity component
due to the earth orbital motion of -28 km s~ at the time of the
UKIRT and NTT observations. The UKIRT spectrum shows two
narrow features at 3.4743 + 0.002 pm and 3.5358 4+ 0.0015 pm
(Henceforth the “3.47” and ““3.54”” um bands). Similar structure
appears to be present in the NTT spectra. Despite the longer in-
tegration time, the NTT data are of considerably less quality
than the UKIRT data. This is due to the less favorable site, i.e.,
lower altitude, which results in a higher sky background and
larger telluric absorption features. This is most evident in the
region of telluric methane below 3.46 um. The detection of the
3.47 pm band in the NTT spectrum by itself would hardly be
significant, in view of apparent spurious structure of almost sim-
ilar intensity near, for example, 3.62 um. However, considered
in combination with the UKIRT data, the NTT provides some
confirmation of the existence of this band. Because of its supe-
rior quality, we will base our analysis of the ice features toward
GL 2136 exclusively on the UKIRT spectrum.

To complement the new data, Fig. 4 displays earlier lower
resolution data from 2.8 to 4.2 um pm encompassing the 3 um
feature of solid H,O. Segments of the 3-4 micron low resolu-
tion spectrum of GL 2136 were obtained at UKIRT on UT 1983
July 25 (3.18 — 3.53 um), 26 (2.83 — 3.23 pum), and 28 (3.53 -
4.18 pm) at UKIRT, utilizing CGS2, a seven-channel cold grat-
ing spectrometer, operating at a resolving power of ~400. The
aperture diameter was 5” and a 30 arcsecond east-west chop and
nod were employed. The spectral segments each were sampled
every 1/2 resolution element. The integration time per point was
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Fig. 4. Optical depth plot of the 3 pum solid water feature toward GL
2136. This plot was obtained from the original flux data by subtracting
a third order polynomial fit of the continuum (see text)

40 seconds for the shortest wavelength segment and 20 seconds
for the other two. Wavelength calibration was achieved using an
argon arc lamp observed in second order. Correction for telluric
features was obtained by ratioing the GL2136 spectra by spec-
tra of BS6638, BS6658, and BS6698, stars of spectral types G
and K. The spectra of these stars may contain weak molecular
absorption lines in the 3-4um region; therefore, the existence
of weak and narrow spectral structures in the reduced spectrum
of GL2136 should be regarded with caution. The three spectral
segments were scaled slightly in flux density over their com-
mon spectral intervals and then adjoined to produce the final
spectrum. The optical depth plot of the water feature in Fig. 4
was obtained by subtracting a third order polynomial represen-
tation of the continuum from the original data. The polynomial
was fitted through the spectral regions 2.2 — 2.7 ym and 3.8 —
4.2 pm. The shorter wavelength continuum region was adapted
from Willner et al. (1982), after normalizing our data set to that
of Willner et al. using the region of overlap between 3.8 — 4.2
pm. Alternatively a black—body fit through the continuum re-
gions was attempted which however resulted in a relatively poor
match. Indeed the continuum flux resulting from a superposition
of emission from grains at various temperatures along the line
of sight convolved with the wavelength dependent grain emis-
sion efficiency is not expected to necessarily resemble black
body emission, justifying the more general polynomial fitting
procedure.

3. Solid formaldehyde toward GL 2136

The 3.54 pm band has been previously observed toward other
protostellar objects and has been identified with solid methanol
(Grimetal. 1991; Allamandola et al. 1992). The presence of this
feature is no surprise, since solid methanol has previously been
detected toward GL 2136 by its vg feature at 9.75 pum (Skinner
et al. 1992). The 3.47 um band, on the other hand, has not
yet been seen toward other obscured sources. While very broad
absorption structure (FWHM =~ 0.15 um) associated with the
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red shoulder of the interstellar water ice band is generally found
in this spectral region (e.g., Allamandola et al. 1992 made a
tentative assignment of this structure to interstellar diamonds), it
must be emphasized that the new 3.47 pum band, having FWHM
< 0.03 um, is clearly distinct from this broad structure, and, up
to this time, has only been observed toward GL 2136.

In an initial assessment, the detection of the 3.47 pum fea-
ture toward GL 2136 seems consistent with the presence of
solid H,CO indicated by the KAO 5 — 8 um spectrum (Schutte
1988; see below). In this interpretation, the new feature should
be assigned to the H,CO vs band. For a 10 K deposit of pure
formaldehyde ice this feature peaks at 3.467 um (e.g, Schutte
et al. 1993), well shortward of the observed 3.47 um feature.
However, laboratory spectroscopy of formaldehyde in various
ice matrices has shown that the position of the vs feature varies
considerably, from 3.448 pm in a CO, matrix to 3.494 ym when
diluted in CO ice (van der Zwet et al. 1985). The v; mode falls
consistently ~ 0.076 um longward of the v5 band. Thus, if the
observed 3.474 pm feature is caused by formaldehyde ice, the
vy band is expected to fall at ~ 3.550 pm. Its width and intensity
should be comparable to that of the s band (van der Zwet et al.
1985). It therefore appears likely that this second H,CO feature
is blended with the solid methanol 3.54 um feature, preventing
a clear detection.

To test whether the 3.47 pm feature could be caused by
solid formaldehyde, we prepared a number of astrophysical ice
analogs in the laboratory, searching for a good match of the
GL 2136 data. A full report of our experimental results is pre-
sented in section 4. Here we restrict ourselves to those results
that specifically support the identification of solid H,CO. The
possible range of ice conditions that can be used in our search
of parameter space is constrained by earlier observations of the
infrared bands of various ice components toward GL 2136. The
deduced column densities and average composition of the ice
along the line of sight are listed in table 2. Furthermore, the
shape and position of the absorption features give important in-
formation on the physical and chemical conditions of the ices.
Fits to the solid CO band show that all CO toward GL 2136 is
embedded in polar ice, presumably H,O (Tielens et al. 1991).
Fits to the 9.75 pm methanol band show that the methanol ice
is mixed with at most ~ 1.5 times as much H,O, far less than
the ratio of the column densities (Skinner et al. 1992; Table 2).
It thus appears that CH3OH and the bulk of the H,O ice reside
in separate phases of the icy mantles.

To make a useful comparison with GL 2136, a reasonable
temperature average must be taken over the spectra of the in-
terstellar ice analogs. The H,O band toward GL 2136 falls at
3.103 pm (Fig. 4), indicating relatively high ice temperatures
(Smith et al. 1989; Hagen et al. 1981). Its position and shape is
similar to the water band of the BN object. The latter feature was
reproduced by a superposition of the feature of H,O ice at dif-
ferent temperatures, at a ratio of 23 K:77 K:150 K =3.1:1.2:1.0
(Smith et al. 1989). The GL 2136 feature is positioned slightly
longward of the BN band, i.e., 3.103 ym vs. 3.095 pm, indi-
cating that the average temperature of the ice along the line of
sight is some 20 — 30 K warmer than toward BN (Hagen et al.
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Table 2. Summary of ice components observed toward GL 2136

Species Feature Column Density Abundance Ref
-2

pm cm
H,0 3.1 5.0(18) 100 1
Cco 4.68 1.8(17)° 3.6 2
CH;0H 3.54 [2.0+£0.5](17) 4.0£10 1
9.7 [3.9+1.5](17) 3
H,CO 347 [3.1x13]17) 62427 1
5.8/6.7 9.6+2 1
CO, 152 < 5.0(16)° <1 4
XCN 4.62 < 2.7(16)° <05 5

“Using A = 2.1 x 107! c¢m, for water ice at 70 K (Gerakines et al.
1995). "Using A = 1.0 x 107" cm, for CO embedded in water ice at
70 K (Gerakines et al. 1995). “Using A = 1.1 x 10™!7 cm (Gerakines et
al. 1995). YUsing A = 7.0 x 10™'7 cm (Grim et al. 1989). References:
1. This paper 2. Tielens et al. 1991; 3. Skinner et al. 1992; 4. Whittet
& Walker 1991; 5. Geballe 1986.

1981). The absence of solids dominated by apolar species also
indicates Tyys 2 30 K along most of the line of sight (Sandford
et al. 1988). Unless diluted in an overabundance of refractory
water ice, i.e., H;0:H,CO 2 10:1, formaldehyde ice evaporates
above ~ 115 K (Schutte et al. 1993). Therefore the bulk of the
ices toward GL2136 that could contain H,CO should have tem-
peratures in the range 40 — 110 K, with an average perhaps near
70 K. For this reason, we used in all cases a temperature average
of the laboratory spectra at a ratio of S0K:70K:100K = 2:4:1 for
comparison with GL 2136.

Fig. 5 shows the best laboratory fit, corresponding to the
ice mixture H,O:CH3OH:H,CO =3.7:2.0:3.1 (Henceforth “the
standard mixture”). The composition of this sample is consis-
tent with the abundance ratio of [CH3OH]/[H,0] 2, 0.6 for the
methanol—containing ices as deduced from the 9.75 pm feature
(Skinner et al. 1992). It can be seen that the standard mixture
provides good fits to both the 3.47 and 3.54 um features. More-
over, it shows two relatively shallow features at 3.377 and 3.408
pm. Although the short wavelength end of the spectrum suffers
from interference of telluric methane, still some correspond-
ing structure seems distinguishable in the GL 2136 spectrum.
As will be discussed in Sect. 4, the appearance of these fea-
tures is a general property of ice mixtures of CH3;OH and H,O.
For comparison, Fig. 5 also shows the spectrum of the mix-
ture H,O:CH30H = 3.7:2.0. Comparing the laboratory spectra,
it can be seen that the presence of the v formaldehyde mode
underlying the 3 methanol band introduces a shallow red shoul-
der on the 3.54 pm feature. Although this seems to somewhat
decrease the quality of the fit to the GL 2136 band, the pres-
ence of very broad underlying structure associated with the red
shouder of the solid water 3 pm band may account for this ap-
parent discrepancy. This is illustrated by Fig. 6 which shows
the residual obtained by subtracting the spectrum of the stan-
dard mixture from GL 2136. The residual should represent the
underlying broad structure associated with the red shoulder. For
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comparison, the spectrum of the embedded protostellar object
W3 IRSS is also shown (from Allamandola et al. 1992). This
spectrum was obtained from the original data of Allamandola
et al. (1992) after the same baseline subtraction procedure was
applied as for GL 2136 (Sect. 2). W3 IRSS5 shows no sign of
the 3.54 and 3.47 pm absorption features, so that any struc-
ture in its spectrum should originate from the broad shoulder
absorption. It can be seen that similar structures are present in
the GL 2136 residual and the W3 IRSS spectrum; i.e., a steep
downward slope longwards of 3.56 pm, and a broad absorption
structure centered at ~ 3.48 um. These structures can be con-
sidered part of the red shoulder absorption, after its appearance
has been modified by the baseline subtraction procedure; i.e.,
no absorption features other than the well-known shoulder need
to be invoked to account for the W3 IRS5 spectrum and the GL
2136 residual in Fig. 6. Thus we conclude that, within the limits
set by the underlying structure of the shoulder, the standard ice
mixture gives an excellent fit to the 3.38 — 3.64 um spectrum of
GL 2136.

The laboratory fit shown in Fig. 5 corresponds to column
densities of 3.1 x 107 cm~2 for solid H,CO and 2.0 x 107
cm™2 for solid CH30H. With an H,O column density of 5.0 x
10'® cm~2 (Table 2) we then find average abundances relative
to solid H,O of 6.2 % and 4.0 % for H,CO and CH30H, re-
spectively. The feature depths were constrained by the shape of
the residual obtained after subtraction from the GL 2136 spec-
trum. The criteria used were that, first, the slope of the spec-
trum longward of 3.56 pm should decrease monotonically with
wavelength, and, second, that the 3.54 and 3.47 pm features are
properly subtracted out. Thus we find uncertainties in the col-
umn densities of 25 % for CH3;OH and 35 % for H,CO. Due to
the uncertain band intensity, the total error in the H,CO column
density as quoted in table 2 amounts to 43 % (see Sect. 4).

The methanol column density deduced from the 3.54 pum
feature is about 2 times smaller than that found from the 9.75 ym
band (Skinner et al. 1992; Table 2). Similar discrepancies were
earlier found for the solid water column densities deduced from
the 3 and 6.0 um features in various sources (Allamandola et al.
1992). This effect may be related to differences in the lines of
sight traced at different wavelengths related to scattering effects
(Pendleton et al. 1990; Skinner et al. 1992).

Generally, fitting just one absorption feature can only pro-
vide a tentative identification due to the possibility of a chance
coincidence. In particular, the observed 3.47 um feature falls
close to the position of the symmetric stretching modes of the or-
ganic —CH,;— and —CH3; groups, either in aliphatic molecules
or as sidegroups on aromatic structures (d’Hendecourt & Al-
lamandola 1986; Schutte et al. 1990; Sandford et al. 1991). In
this view, the depressions near 3.38 and 3.41 ym in the GL 2136
spectrum could be interpreted as indications of the —CHj3 and
—CH, — asymmetric stretching modes, further adding to the am-
biguity of an identification based on the 3.36 — 3.66 um region
only. However, additional support for the proposed identifica-
tion of the 3.47 pm feature with solid H,CO may be obtained
from previous low-resolution KAO spectroscopy in the 5 -8 ym
region (Tielens & Allamandola 1987b; Fig. 7). It has been no-
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Fig. 5. The GL 2136 optical depth plot compared to the laboratory spec-
tra of the ice mixtures H,O/CH3;OH/H,CO = 3.7:2.0:3.1 (the “standard
mixture”; solid curve) and 3.7:2.0:0 (dashed curve). The laboratory
spectra have been temperature averaged at a ratio S0K:70K:100K =
2:4:1. Part of the spectrum of the standard mixture is shown again
overlaying the observed 3.47 pm feature
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Fig. 6. Residual obtained after subtracting the spectrum of the stan-
dard ice mixture from the optical depth plot of GL 2136 (Fig. 5). For
comparison, the optical depth plot of W3 IRSS, obtained by the same
baseline subtraction procedure used for the optical depth plot of GL
2136 (Fig. 3), is also shown. The spectrum of this object shows no sign
of solid methanol or formaldehyde features. For clarity, the W3 IRS5
spectrum was multiplied by 0.5 and shifted 0.06 units downward. The
W3 IRS5 data were obtained from Allamandola et al. 1992

ticed that the position and shape of the 6.0 and 6.8 um absorption
bands toward GL 2136 could be indicative of the presence of the
v, 5.8 and 13 6.7 um features of solid H;CO (Schutte 1988). For
the solid formaldehyde column density inferred from the 3.47
pm band (Table 2), the 5.8 and 6.7 um features should have op-
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Fig.7. Low resolution 5 — 8 um KAO spectrum (MAM = 50) of GL
2136 (from Tielens and Allamandola 1987b). In the top figure, a com-
parison is made to a composite spectrum (solid line) of solid H>O (short
dashed line) and solid CH;OH (long dashed line). In the bottom figure
acomparison is made to a composite spectrum (solid line) of solid H,O
(short dashed line), solid CH3OH (long dashed line), and the standard
ice mixture (very short dashed line). The spectrum of the standard mix-
ture is dominated by the two strong H,CO features at 5.8 and 6.7 pm.
All spectra were temperature averaged at a ratio S0K:70K:100K=2:4:1,
except for CH30H, for which the spectrum obtained directly after de-
position at 10 K was used

tical depths of ~ 0.14 and 0.07, respectively. To test whether the
presence of features of such intensity is consistent with the KAO
spectrum, Fig. 7 presents two different laboratory fits. The first
fit was produced by adding the temperature-averaged 6.0 um
feature of pure H,O ice to the 6.8 um band of pure CH3OH ice
at 10 K. The 6.8 um band of pure amorphous methanol ice was
found to be a good template of the interstellar feature (Tielens
and Allamandola 1987b, Tielens 1989). We want to emphasize
however that it seems highly unlikely that methanol is the only
carrier of this feature, because it is found for various sources that
the amount required to produce this feature is much larger than
the quantities indicated by other methanol features (e.g.; Grim et
al. 1991, Skinner et al. 1992, Schutte et al. 1991). For example,
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in the case of GL 2136, the ratio of the 6.8 to 6.0 um features
would indicate [CH3;OH}/[H,0] =~ 0.8, an order of magnitude
larger than found from the 3.54 and 9.75 pm features (Table 2).
Since we consider the methanol band only as a template for the
interstellar 6.8 um absorption, we did not take a temperature av-
erage in this case. For the second fit we combined the methanol
and water spectra with the temperature averaged spectrum of the
standard mixture. This spectrum is dominated by the v, 5.8 and
3 6.7 um formaldehyde bands. For both the 2 component and 3
component fit, the relative magnitudes of the component spectra
were varied freely until an optimum match was achieved. Like
the interstellar data, all model spectra were normalized to O at
5.28 and 7.52 um and smoothed to a resolution of 0.13 pm. It
can be seen that adding the standard mixture significantly im-
proves the fit to the GL 2136 spectrum in both regions where
formaldehyde features are present. The successful fit of the 5 —
8 um spectra with the composite laboratory spectrum includ-
ing the H,CO features supports the assignment of the 3.47 ym
feature to solid formaldehyde. The fit as displayed in Fig. 7b
corresponds to a solid formaldehyde abundance of 9.6 & 2 % of
solid H,0, consistent with the amount deduced from the 3.47
wm feature.

In summary, the presence of solid formaldehyde toward GL
2136 is indicated both by the presence of the 3.47 pm band in
the new UKIRT data and by the previous low resolution KAO
spectroscopy in the 5 — 8 um region. The H,CO abundance
equals 6.2 + 2.7 % of solid H,O, comparable to the amount of
solid CO and CH;0H observed toward this source (Table 2).

4. Infrared spectroscopy of formaldehyde containing ices

Previous laboratory studies have shown that the position of the
vs band of solid formaldehyde depends sensitively on the com-
position of the ice matrix (van der Zwet et al. 1985). For this rea-
son, comparing the 3.47 pum interstellar feature to spectroscopy
of various ices could yield important information on the com-
position of the formaldehyde—containing ices toward GL 2136.
Further constraints are provided by the 3.54 and 9.75 pm fea-
tures.

Our general experimental procedures for preparing astro-
physical ice analogs have been outlined previously (Gerakines
et al. 1995, and references therein). As a consequence of spe-
cial storage requirements, the reactive formaldehyde must be
deposited separately from the other sample constituents through
an independent deposition system (Schutte et al. 1993). Due to
the independent deposition, the actual abundance of formalde-
hyde in the ice samples, deduced from the intensities of the IR
features, could vary by up to 20 % from the intended compo-
sition. Spectra of the ice samples were obtained with a BioRad
FTS 40A spectrometer equipped with globar source, KBr beam-
splitter and DTGS detector at a resolution of 1 cm™!. To monitor
the temperature dependence the ices were, after deposition at 10
K, subjected to gradual warm-up (~ 2 K min.~"), and spectra
were taken at regular intervals. Before scanning a spectrum, the
substrate temperature was kept constant for 5 minutes to allow
equilibration.
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Table 3. Summary of the experimental results

W.A. Schutte et al.: Discovery of solid formaldehyde toward the protostar GL 2136

vs H,CO (f.1) v, H,CO + 3 CH30H (£.2)
no. Mixture T v FWHM A v FWHM  A!
H,O CH;0HH,CO CO K cm~! cm™! cm/molec. cm™' e¢m™' cm/molec.
1 1 ave 2884.4 23 2.7(-18) 2822.1 28 3.7(-18)
10 2884.0 23 28218 28
70 2884.5 23 2822.0 28
1002884.8 22 2823.3 28
2 1 ave 2828.5 29 6.6(-18)
10 2828.2 31
70 28284 29
100 2829.3 28
3 1.8 3.0 ave 2881.0 21 2.0(-18) 2821.0 36  4.8(-18)
10 2880.7 22 2822.0 36
70 2881.0 21 2820.5 36
100 2881.0 21 2821.1 36
4 23 3.0 ave 2880.4 20 2825.0 38
10 2879.9 21 28253 38
70 2880.3 20 2824.8 38
100 2882.0 19 2828.5 35
5 3.6 3.0 ave 28869 34 2.3(-18) 28284 45  4.0(-18)
10 28889 35 2830.8 43
70 2886.8 35 2828.7 45
10028852 31 2824.3 45
6 66 3.0 ave 2889.2 27 2825.6 42
10 2890.9 25 2828.3 41
70 2889.3 26 2825.6 42
100 2887.6 40° 2823.0 482

Table 3 lists the positions and widths of the vs feature of
H,CO (henceforth feature 1) and the combined vy H,CO and
v3 CH3OH features (henceforth feature 2) in a number of ice
mixtures. The composition was obtained from the intensities
of the v, H,CO mode near 1720 cm~!, the v CH;0H mode
near 1030 cm ™!, the CO stretching mode near 2140 cm ™!, and
the H,O librational mode near 770 cm~!, with band strengths
of 9.6 x 107" cm, 1.8 x 1077 cm, 1.1 x 107! and 3.0 x
10717 cm, respectively (d’Hendecourt & Allamandola 1986;
Schutte et al. 1993; Gerakines et al. 1995). Fig. 8 displays the
(temperature averaged) 3000 to 2720 cm ™! (3.333 - 3.676 um)
spectra for most of these mixtures. It can be seen that when
H,CO is included feature 2 is generally broader and in some
cases displays a weak red shoulder, apparently caused by the v,
H,CO mode merging with the v3 CH3OH feature. Besides the
primary bands, the methanol-containing ices show additional
structure at the high frequency end of the spectrum. In particular
if H,O is present two shallow features appear at 2961 and 2934
cm™! (3.377 and 3.408 pum).

The position of feature 1 and 2 depends sensitively on
the overall ice composition. A casual inspection of Table 3
shows that the position of feature 1 is especially sensitive to
the H,CO/CH;3OH ratio (cf.; Mix. 3 and 4; 6, 9 and 10; 13 and
14), but is rather insensitive to the H,O abundance (cf.; Mix. 3,
10, and 13; 8, 9, and 14) unless an H,O overabundance is ap-
plied (Mixture 15). On the other hand the position and width of

feature 2 depends strongly on the CH3;OH/H,O ratio (cf.; Mix.
3,10, and 13; 8, 9, and 14), but also on the H,CO/CH3OH ratio
(cf.; Mix. 6,9, and 10; 3 and 4; 13 and 14).

In general, for pure and diluted solid formaldehyde the v,
and vs C-H stretching modes are strongly blue shifted from
their gas phase positions at 2766 and 2843 cm ™!, respectively
(Blau & Nielsen 1957; van der Zwet et al. 1985). The positively
charged part of polar or polarizable species can draw electrons
away from the formaldehyde CO bond, thus weakening the re-
pulsion between the CO and CH bond of the formaldehyde,
resulting in a stronger CH bond with a higher vibrational fre-
quency (Schneider & Bernstein 1956). For H;O-H,CO the blue
shift is quite large. The H,O molecules are able to form a hy-
drogen bond with the formaldehyde, resulting in a significant
transfer of charge to the H atoms of the water (Nelander 1980;
Fukunaga & Morokuma 1993). On the other hand, pure H,CO
ice does not form H-bonds. Instead neighboring molecules in-
teract through the positively charged C and negatively charged
O atom. Because this is a weaker interaction, the C-H stretching
modes are less blue shifted in this case (Schneider & Bernstein
1956). A similar situation occurs for the H,S.H,CO complex,
where the C...S interaction dominates (Nelander 1978). Like-
wise, the blue shift of the v and v5 features is relatively small
for H,CO mixed in CH;OH (Table 3), indicating that the inter-
action takes place between the formaldehyde O and methanol
C rather than through H-bonding. It is interesting to note that
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Table 3. (continued)
vs H,CO (f.1) v; H,CO + vs CH;0H (f.2)
no. Mixture T v FWHM A v FWHM A!
H,O CH;OHH,CO CO K cm™'  em™ cm/molec. cm™! cm™' cm/molec.
7 37 20 ave : 2829.9 25  8.3(-18)
10 2830.1 25
70 2829.9 25
100 2830.2 26
8 19 1.0 32 ave  2882.7 26 2826.2 36
10 2883.1 27 2828.1 37
70 28824 26 2826.0 36
100 2883.0 25 2825.1 35
9 38 1.0 3.0 ave 28824 33 2829.8 36
10 2884.2 34 2830.1 35
70  2882.2 33 2829.9 36
100 2882.3 29 2829.3 38
10 37 20 3.1 ave 2879.8 28  1.1(-18) 28294 35  4.0(-18)
10 2882.1 31 2829.9 35
70  2879.5 28 2829.4 35
100 2880.1 26 2829.4 37
11 37 20 3.5 ave 2880.8 27 2829.1 36
10 2882.0 29 2829.7 35
70  2880.3 27 2829.0 35
100 2880.8 23 2828.5 38
12 37 20 35 1.3 ave 28824 28 2830.3 35
10 2886.1 32 2830.8 35
70  2881.9 28 2830.4 34
100 2882.1 23 2829.0 36
13 7.6 1.0 3.1 ave 2883.5 39 2830.7 35
10 2889.8 36 2831.1 33
70  2887.1 39 2830.7 33
100 2878.9 37 2830.5 39
14 76 20 33 ave  2879.9 36 9.0(-19) 2830.3 33 3.6(-18)
10 2888.2 37 2831.0 32
70  2878.6 36 2830.3 33
100 2879.0 32 2830.2 36
15 11 2.0 2.9 ave 2871.0 20 2831.0 31
10 - - 2831.4 29
70  2869.7 - 2831.0 31
100 2872.0 19 2830.8 35
16> 37 22 1.5 0.34ave 2879.3 - 2830.4 32
10 2881.0 - 2830.2 33
70  2878.5 - 2830.5 32
100 2879.0 - 2830.5 33
GL 2136 2878.7+1.5 25 2828.6+1.0 35

'Band strength obtained by integrating the optical depth and deviding by the combined column density of methanol plus formaldehyde.
2Combined FWHM of the double peak. *Obtained by irradiation of HoO/CH3;OH/H,CO = 3.7:2.0:3.1 at dose R = 0.36.

adding modest quantities of H,O does not lead to an apprecia- 5. Composition of the formaldehyde—containing ices toward

ble blue shift of the vs feature. Apparently the presence of the GL 2136

CH;OH in some way prevents HyCO from forming hydrogen

bonds with H,O, but the mechanism involved in this process is The precise wavelength of the 3.47 um feature in GL 2136

unclear. appears best fitted by mixtures having [H,CO)/[CH30H] ~ 1.5.
With less methanol, feature 1 shifts too far to the blue (Table 3,
Fig. 8). Furthermore, to obtain a good fit of the 3.54 pm band,
the ice mixture needs to contain H,O, otherwise feature 2 lies
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too far to the blue and becomes too broad. The standard mixture
(Mixture 10 in Table 3), containing similar abundances of H,O
and H,CO, produces a good fit of the feature. The presence of
H,0 mixed in the H,CO and CH3OH ice is furthermore born out
by the shallow structure near the short wavelength end of the
GL 2136 spectrum (Fig. 5). Corresponding features at 3.377
and 3.408 um (2961 and 2934 cm™') only show up in ices
containing H,O (Fig. 5, Fig. 8). Mixture 13 in Table 3 with a
two times higher H,O abundance than standard, also matches
the position of the 3.47 um band, but the match of the 3.54 um
feature is somewhat less favorable in this case. Using an even
higher water abundance results in a very poor match for both
the 3.47 and 3.54 pym features of GL 2136 (Mixture 15).

An additional constraint on the ice composition is provided
by the 8.9 um and 9.75 um features of solid methanol which
were previously observed toward GL 2136 (Skinner et al. 1992).
Fig. 9 compares these bands to the v7/vy; and the g methanol
features, respectively, in the mixtures H,O/CH3;OH/H,CO =
0/2.0/3.4, 3.7/2.0/3.1 (the standard mixture), and 7.6/2.0/3.3.
The vy feature is especially sensitive to the H,O/CH3OH ratio
(Schutte et al. 1991; Skinner et al. 1992). An excellent fit to the
9.75 pm band is given by the mixture without water, but the fit
becomes less favorable with increasing H,O abundance. On the
other hand, the observed ratio of the 8.9 and 9.75 pm features is
better reproduced by the water—rich ices. It must be noted that
some error in the shape of the 9.75 um feature may have been
introduced by the data reduction which involved the subtraction
of the very strong silicate feature on which the methanol band
is superimposed (Skinner et al. 1992). It may therefore be tenta-
tively concluded that the standard mixture gives a good overall
fit to the 8.5 — 10.5 um as well as the 3.36 — 3.64 yum and 5 - 8
pmregions toward GL 2136, but that mixtures with significantly
higher or lower H,O content are less successful. Thus, for the
formaldehyde—containing ice we estimate @1(:—0{]%8]5@ ~0.7
-1.8.

Comparing experiments 11 and 12 it can be seen that adding
some CO to the standard mixture induces a significant blue—shift
for feature 1 as well as 2, away from the position of the GL. 2136
features. It appears that CO is probably not an important con-
stituent of the ices which contain the formaldehyde. The profile
of the CO band itself does not provide additional information
on its whereabouts, since the CO feature of mixture 12 falls at
2136.6 cm™!, and can provide a fit to the observed band of GL
2136 of similar quality as CO diluted in an otherwise pure H,O
ice (Tielens et al. 1991).

Table 3 lists the band strengths for the most relevant mix-
tures. These were calibrated relative to the measured inten-
sity of the v, formaldehyde feature near 5.8 pum and the vg
methanol feature near 9.75 pm, assuming mixture—independent
band strengths of 9.6 x 10~!8 cm molec™! and 1.8 x 1077 cm
molec™!, respectively. Due to the independent deposition of the
H,CO, the column density of the H,CO in the various ice sam-
ples could be held constant, allowing us to verify that the former
assumption is correct within 10 %. Examples of the baselines
used in deriving these band strengths are shown in Fig. 8 for
the spectrum of the standard mixture. A strong drop in the in-
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Fig.8. Summary of spectra of the laboratory ice samples. For each
curve, the corresponding H,O:CH3OH:H2CO ice ratio is indicated on
the right hand side. All spectra are temperature averages at a ratio
50K:70K:100K=2:4:1. The vertical dashed lines give the positions of
the observed GL 2136 features. As an example, short dashed lines
give for the standard mixture the baselines used in deriving the band
intensities of Table 3

tensity of the vs H,CO feature occurs when both CH3OH and
H,O are present in the ice mixture (cf., Mix. 3, 10, and 14).
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Fig. 9. Comparison of the 8 — 11 um spectrum of GL 2136 including
the narrow 8.9 and 9.75 um absorption features of solid methanol
(from Skinner et al. 1992) with the spectra of a number of laboratory
ices; H,O:CH30OH:H,CO = 0:1.8:3.0 (short dashed line), 3.7:2.0:3.1
(the standard mixture; solid line), and 7.6:2.0:3.3 (long dashed line).
The GL 2136 spectrum was obtained by subtracting the strong 9.7 um
interstellar silicate feature (Skinner et al. 1992)

This decrease may be related to the presence of some structure
near the position of this band in mixtures of H,O and CH30H,
which may cancel out part of this feature (Fig. 8). The variation
in the band intensity introduces ~ 20 % uncertainty in the H,CO
column density derived from the 3.47 pum band. The variation
of the strength of the combined v; H,CO/v; CH30H feature
is primarily related to the variation in the relative contribution
of the methanol and formaldehyde bands and does not produce
any significant uncertainty in the CH3;OH column density de-
termined from the 3.54 pm feature of GL 2136.

In summary comparison of the GL 2136 data to the labora-
tory spectra reveals a number of properties of the ice mantles.
An overview is given in Table 4. First, the position of the 3.47
pm feature requires [H,COJ/[CH3OH] = 1.5. Because this ratio
is equal to the ratio of the column densities (Table 2), it appears
that the solid formaldehyde and methanol toward GL 2136 are
intimately mixed. Second, a considerable amount of H,O has
to be mixed with the methanol and formaldehyde ice in order to
fit the 3.54 pm feature. However, fits of the 9.75 pm and 3.54
pm features are poor when the H,O abundance greatly exceeds
the abundance of H,CO plus CH;OH. Thus, the formaldehyde
containing ices seem to be dominated by the two hydrogenated
forms of CO, i.e., CH30H and H,CO. From the restriction on
the H,O quantity that can be mixed in this ice component it fol-
lows that most (i.e., 2 90 %) of the water resides in a separate
phase consisting of almost pure H,O ice with probably some
Co.

The total gas phase column density toward GL 2136 is esti-
mated to be N =~ 1.8 x 1023 cm~2 from the optical depth of the
10 pm silicate feature. Thus the overall abundances abundances
of solid H,CO and CH3;OH are of order ~ 107, significantly
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Table 4. Phases of the ice mantles toward GL 2136

Type Approximate composition Abundance by mass

I H,0:CO=100:4
II H,0:CH30H:H,CO=4:2:3

0.75
0.25

higher than found in the gas phase in general molecular clouds
(van Dishoeck et al. 1993).

6. Discussion
6.1. Origin of solid formaldehyde and methanol

Because production of formaldehyde and methanol by pure gas—
phase chemistry is an inefficient process (Millar et al. 1991;
Chiezeetal. 1991, Shalabiea & Greenberg 1994), the production
needs to take place on the grains themselves in order to account
for the high abundances toward GL 2136. Two mechanisms
have been proposed. First, solid formaldehyde may be produced
by grain surface hydrogenation upon CO accretion (Tielens &
Hagen 1982; Hasegawa et al. 1992; Caselli et al. 1993):

CO+H — HCO ¢))

HCO +H — H,CO )

Likewise the formation of methanol could proceed by hydro-
genation of CO, either with formaldehyde or the unstable isomer
HOCH as an intermediate (Hasegawa et al. 1992):

CO +2H — HCOH 3)
HCOH +2H — CH;0H “)
H,CO + 2H — CH30H Q)

Recent studies of the reaction of CO with impinging H atoms
question the viability of reactions 2 and 3 (Hiraoka et al. 1994).
Although H,CO and CH30H were produced, the conversion
was found to be quite low, indicating a low efficiency for reaction
2 and 3. Unfortunately, no quantitative information could be
derived from these experiments, so that any model results are
still uncertain. Still, the ability of surface chemistry to generate
considerable quantities of HyCO and CH3OH on interstellar
grain mantles appears questionable and further experiments are
warranted.

Second, formaldehyde and methanol could be formed by
ultraviolet photolysis. In this context, the reaction scheme
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H,0+hv — OH+H (6)
CO +2H — H,CO @)

was proposed (Shalabiea & Greenberg 1994). If CH30H is ini-
tially present in the grain mantles, another reaction path could
be (Allamandola et al. 1988; Gerakines et al. 1996):

CH3;0H + hvy — H,CO + H, ®)

Ultraviolet photolysis of formaldehyde may lead to the for-
mation of methanol through two independent pathways. First,
two formaldehyde molecules may photo—associate (Sodeau &
Lee 1978):

H,CO + H,CO — CH3;0H + CO &)

In the presence of a photochemical source of atomic hydrogen
methanol may form by hydrogen addition:

H,CO + 2H — CH;0H (10)

Ultraviolet radiation inside a dense cloud could originate
from internal sources such as cosmic ray induced photons and
the protostar itself and from the penetration of the diffuse galac-
tic field (e.g., Greenberg 1973; Sternberg et al. 1987; Rawlings
1993; Prasad & Tarafdar 1983; Schutte & Greenberg 1991, and
references therein). The cosmic ray produced internal ultravi-
olet flux amounts to ~10° photons cm™2 s™! (Eppoton > 6.2
eV) for a typical cosmic ray ionization rate of £ ~ 10717 57!
(Sternberg et al. 1987). The intensity of the penetrating ultra-
violet field depends on the position in the cloud as well as the
cloud morphology. With an ultraviolet intensity of ~ 8 x 107
photons cm2 s~! (Ephoton > 6 €V; Mathis et al. 1983) in the
diffuse medium it will be the dominant source in the outer cloud
regions. To facilitate comparison of the expected processing of
interstellar ices with the results of simulation experiments, we
adopt as a convenient measure of the dose the irradiation ra-
tio R, defined as the amount of ultraviolet photons absorbed
per solid H,O molecule, calculated with an average absorption
cross section of 2 x 107'8 cm? (Ephoton > 6 €V; Okabe 1978).
For illustration, with a cosmic ray induced ultraviolet flux of ~
1000 cm~2 s~!, the dose equals R = 0.06 after 10° years. Of
course, the dose could be much higher even with a relatively
short stay in a region where the interstellar field penetrates, or
in the neighbourhood of a protostellar object.

To assess the viability of formaldehyde production by ultra-
violet photolysis through reaction 6 and 7, we briefly summarize
the available experimental results. Zhao (1990) studied the pho-
tolysis of mixtures of CO in an overabundance of H,O. It was
found that after a dose of R x5, about 2.6 % of the originally
deposited CO was converted to HyCO, while the main product
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of the photolysis was CO,. Adding a limited quantity of CHy,
an efficient source of atomic H under ultraviolet irradiation, in-
creased the H,CO yield to 3.8 %. Schutte (1988) found in similar
H,0/CO mixtures a H,CO yield of 4.3 % of the deposited CO
after a dose of R ~ 0.9. These results indicate that reactions 6
and 7 maximally convert a few percent of the CO to H,CO. The
apparent saturation of the formaldehyde growth with dose for R
2 1 indicates that destruction and production reach a balance.
It follows that, adopting a maximum conversion of 5 %, a CO
quantity of ~ 1.4 times the solid water abundance should have
been present at the time when the photochemical production
took place in order to produce the ~ 7 % H,CO in the ice man-
tles toward GL 2136. The maximum observed CO abundance in
interstellar ices is 20 — 40 % of H,O (Tielens et al. 1991; Chiar
et al. 1994), it appears unlikely that such a quantity could have
been present during the evolution of the icy mantles, although
perhaps at some phase during the collapse phase of the pre—
stellar cloud CO may have been largely depleted on the grains.
Perhaps it is possible that under some conditions not yet covered
by experimental simulations the photochemical production of
H,CO from CO could be more efficient, e.g., at the relatively
high temperatures in the protostellar environment, or perhaps in
the presence of large quantities of Hj in the ice mantles (Sand-
ford & Allamandola 1993b; Buch & Devlin 1994; Dissly et al.
1994).

Alternatively, formaldehyde may be produced photochemi-
cally from solid CH3OH. However, for pure methanol ice, it is
found that at most ~ 8 % of the methanol in the original sample
converts to HyCO at any dose (Gerakines et al. 1996), far less
than necessary to account for the H,CO abundance relative to
CH;O0H toward GL 2136.

A comparison of the composition of the ices toward GL
2136 and toward W33 A and NGC7538 IRS9 also appears to
argue against a photochemical origin of solid formaldehyde.
Both W33 A and NGC7538 IRS9 show a feature at 4.62 um,
which has been associated with a -CN bearing species (“XCN”)
and which is probably produced by energetic processing (Lacy
et al. 1984; Tegler et al. 1995). In particular, ultraviolet photol-
ysis of ices containing H,O, CO, and NHj produces a feature
that matches the interstellar structure very well. This band has
been assigned to the OCN~ ion (Grim & Greenberg 1987). The
depth of the 4.62 um feature relative to the 3 um water band
equals Z&2240) = 0,13 and 0.05 for W33 A and NGC7538 IR,
respectively (using 7(3um) = 10 toward W33 A; Schutte 1996),
indicating a substantial amount of photoprocessing toward these
objects (i.e., R 2 1; Schutte 1988; 1996). NGC7538 IRS 9 and
W33 A furthermore show the 3.54 pm feature, indicating col-
umn densities of solid methanol close to 10 % of H,O (Grim
et al. 1991; Allamandola et al. 1992; Schutte 1996). Addition-
ally, while the solid CO abundance toward W33 A is somewhat
lower that toward GL 2136, the amount of solid CO toward
NGC 7538 IRS9 is as high as 10 % of H,O (Tielens 1991). In
spite of the presence of the potential H,CO precursors and the
high degree of energetic processing, no feature at 3.47 um or
any sign of the 5.8 and 6.7 um H,CO features are found toward
W33 A and NGC7538 IRS9 (Allamandola et al. 1992; Tielens
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& Allamandola 1987b; Tielens 1989). The absence of the latter
bands gives strict upper limits to the formaldehyde abundance
of less than ~ 1 % of H,O. In contrast, the 4.62 um feature
was not observed toward GL 2136, yielding an upper limit of
%‘;—’;‘) < 0.025 (Geballe 1986a; b). Thus the observations in-
dicate a negative rather than a positive correlation between the
degree of photoprocessing of the mantles and the occurrence
of solid H,CO; i.e., it appears that solid formaldehyde is de-
stroyed rather than formed by ultraviolet irradiation. Indeed, in
an experiment involving the irradiation of the standard mixture
(H,O/CH30H/H,CO = 3.7/2.0/3.1), half of the formaldehyde is
destroyed after a dose of R = 0.3. Thus for example toward W33
A, where the ices appear to have been ultraviolet processed at
a dose in excess of R = 1, it is expected that less than ~ 10 %
of any accreting formaldehyde could have survived. In contrast,
methanol was not significantly destroyed by the irradiation, i.e.,
more than 95 % survived at R = 0.3. Thus ultraviolet process-
ing of interstellar ices efficiently destroys H,CO that is initially
present.

To study the efficiency of the photochemical formation
of methanol from formaldehyde, we irradiated an ice mix-
ture HO:NH3:H,:H,>CO = 100:3:15:15. The 3 admixed species
produce atomic hydrogen under ultraviolet photolysis (e.g.,
d’Hendecourt et al. 1986) and thus should promote CH;0H
production through reaction (10). It was found that the pho-
tochemical conversion of formaldehyde to methanol was quite
inefficient, i.e., for each formaldehyde molecule lost as a result
of the photolysis only 0.06 molecule of methanol was formed.
Likewise, photolysis of pure formaldehyde, in which process
(7) should proceed with optimum efficiency, yields only minor
quantities of CH3OH (Gerakines et al. 1996). Thus, a photo-
chemical origin of the large quantities of solid methanol ob-
served toward GL 2136 and other embedded protostellar sources
appears to be excluded.

In summary, both mechanisms that have been proposed
for the production of large quantities of solid methanol and
formaldehyde on icy grain mantles appear to face serious prob-
lems; i.e., experimental results indicate that both the surface
hydrogenation and mantle photoprocessing fall short of produc-
ing the high abundances of methanol and formaldehyde found
toward GL 2136. Further studies under a wider range of condi-
tions, e.g., in the presence of solid Hy, are necessary to explore
the possibility of photochemical production of formaldehyde.
Also, the temperature dependence of the CO hydrogenation is
still unexplored, especially the temperature of the atomic hy-
drogen gas. The inefficiency indicated by the experimental re-
sults contrasts with the observed high deuteration of interstellar
formaldehyde, which is thought to imply that grain surface hy-
drogenation plays an important role in the H,CO formation, at
least in Orion (Turner 1990). One may speculate that perhaps
H,CO and CH3;O0H formation took place during a period where
the icy mantles were exposed to a high flux of atomic hydrogen
and deuterium. In this scenario the high incidence of H-atoms
would compensate for the indicated low efficiency of reactions
2 and 3. In this context it must be noted that CO hydrogenation
is not necessary restricted to the grain surface, but may also
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take place inside the mantle, since it was found that hydrogen
atoms are able to penetrate and diffuse through molecular ice at
temperatures as low as 10 K (Hiraoka et al. 1995).

6.2. Implications for the chemical conditions in dense clouds

The discovery of solid formaldehyde toward GL 2136 confirms
earlier indications of the presence of formaldehyde in icy man-
tles deduced from the observed excess of gaseous formaldehyde
in hot core sources (Blake et al. 1987; Turner 1990). It strongly
supports models of dense cloud chemistry which use H,CO pro-
duction on and desorption from grains to reproduce the observed
gas abundances (Federman & Allen 1991, Shalabiea & Green-
berg 1994). Indeed, toward GL 2136, it is found that also gas
phase H,CO is enhanced relative to CH;OH, compared to W33
A and NGC 7538 IRS9 (van Dishoeck et al, in preperation).
From spectroscopic arguments it was derived that the ice
toward GL 2136 consists of two distinct phases; i.e., one dom-
inated by solid H,O (henceforth “type I” ice) and one with
solid H,CO, CH30H and H,O in similar abundances (hence-
forth “type II” ice). Earlier observations of solid CO at 4.68 um
have shown that ices dominated by apolar species (CO, O,, N,)
exist in dense clouds (Sandford et al. 1988; Tielens 1991; hence-
forth “type III” ice). Two explanations have been put forward
to account for the existence of these distinct phases. In the first
model, each phase may reflect the gas phase chemical conditions
at the time of accretion (Sandford et al. 1988; Tielens 1991). In
this model, type III ice is formed in the most dense and obscure
cloud regions where virtually no atomic H and O are present
in the gas phase and molecules like CO and O, condense with-
out further surface alteration. The HyO-rich ices are produced in
more tenuous and translucent outer cloud regions, where atomic
hydrogen and oxygen are abundant and accreting O and O, are
hydrogenated on the grain surfaces to produce H,O. In the sec-
ond model, an initially homogeneously condensed ice mixture is
differentiated by a selective desorption mechanism (Schutte &
Greenberg 1991). Desorption of ices in dense clouds are thought
to involve impulsive heating of the grain, for example by a cos-
mic ray particle or by the explosive release of stored chemical
energy (Greenberg 1979, d’Hendecourt et al. 1982, Léger et
al. 1985) and is probably highly selective with respect to the
volatility of the ice components (Schutte & Greenberg 1991,
Léger et al. 1985, Hasegawa & Herbst 1993a). Thus H,O can
probably be separated efficiently from highly volatile species
like CO, O, and N, by selective desorption. It seems unlikely
that methanol and formaldehyde are separated efficiently from
water ice in this way, because, in particular, methanol is prob-
ably too refractory to be desorbed efficiently by the impulsive
heating events (Schutte & Greenberg 1991, Hasegawa & Herbst
1993a). However, heating near the protostar may result in subli-
mation of formaldehyde and methanol while the water remains
solid (Sandford & Allamandola 1993a). At a later stage type
II ice may form when the formaldehyde and methanol recon-
dense on the grain mantles. Alternatively, the type I and Il ices
observed toward GL 2136 could arise from chemically distinct
cloud environments. In this case the ices could correspond to
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spatially separated regions along the line of sight, but could also
correspond to layers of different ices on individual grains (i.e.,
an “onion shell” structure). The latter situation would occur
when a grain encountered different chemical conditions while
in the dense cloud (e.g., Tielens et al. 1991, Schutte 1996).

Owing to the unknown formation mechanism of solid H,CO
and CH;0H (Sect. 6.1), it is at present far from clear which
physical and chemical properties characterized the cloud envi-
ronment that gave rise to their formation. Future observations
of solid formaldehyde and methanol in various cloud environ-
ments; i.e., toward background field stars as well as embedded
sources, are necessary to study whether such ices are found
throughout dense clouds or are restricted to circumstellar re-
gions. Especially, the strong H,CO 5.8 and 6.7 pum bands, ac-
cessible by the Infrared Space Observatory (ISO), could be sen-
sitive tracers of type Il ice.

7. Conclusions

We summarize the main conclusions of this paper:

1. Infrared spectroscopy of GL 2136 from 3.38 to 3.77 um
reveals narrow (FWHM = 0.04 um) absorption features at 3.47
pm and 3.54 pm.

2. The 3.54 um feature has been previously detected toward
other embedded protostars and can be assigned to solid CH;OH.
The narrow 3.47 um feature has not been previously detected.
Fits with spectra of laboratory ice analogs suggest an assignment
of the new feature to the 5 mode of solid H,CO. A fit of the very
low resolution air-borne KAO 5 — 8 um spectrum of GL 2136
involving the strong 5.8 and 6.7 um H,CO features supports
this assignment. The derived column densities of H,CO and
CH;OH are 6.2 + 2.7 % and 4.0 £ 1.0% relative to solid water,
respectively.

3. A detailed comparison with spectra of laboratory ice mix-
tures shows that the H,CO and CH3;0H ices are probably in-
timately mixed, together with a considerable amount of H,O.
However, the bulk of the solid H,O resides in a separate phase of
almost pure water ice. Thus we distinguish two different types
of ice mantles toward GL 2136: one dominated by solid H,O
(Type 1 ice), and one rich in solid CH3OH and H,CO (Type II
ice). :

4. Laboratory simulation indicates that the photochemical
production of formaldehyde in astrophysical ice analogs is in-
sufficient to produce the observed abundances. Indeed, the ap-
parent anti—correlation between the intensity of the 4.62 um
XCN feature and the abundance of solid H,CO toward GL 2136,
W33 A and NGC7538 IRS9 may indicate that UV processing
leads to destruction rather than formation of H,CO, consistent
with the experimental results, which show that solid H,CO is
highly susceptible to photochemical destruction. Also, the effi-
ciency of the reaction of solid CO and atomic H, which could
produce H,CO and CH3O0H on the grain surfaces, appears to
be low. The mechanism responsible for producing H,CO and
CH;OH in interstellar ices still remains unclear.

5. We note that the apparent separation of H,CO and CH;0H-

from water ice in the protostellar cloud toward GL 2136 could
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relate to the large variation in the abundances of these molecules
relative to H,O observed toward comets (Bockelée-Morvan et
al. 1995).

In the near future ISO will produce high quality observations
of ice features in spectral windows which are inaccessible from
the ground. These new data may be able to clarify some of the
issues raised above:

1. To confirm the presence of solid formaldehyde toward
GL 2136, high resolution observations of the v, and v3 modes
near 5.8 and 6.7 um are necessary. In general, observing these
bands toward obscured sources will probe solid formaldehyde
much more sensitively than the vs feature near 3.47 pm which,
in astrophysically relevant mixtures, has a ~ 10 times lower
peak depth than the v, mode. Therefore, such observations may
provide important information on the distribution of type Il ices
throughout dense clouds and in this way shed light on the phys-
ical and chemical conditions that gave rise to their origin.

2. Observing ice mantle components produced by energetic
processing, e.g., CO, (d’Hendecourt et al. 1986), will clarify
the possible anti-correlation between the H,CO abundance and
the amount of processing of interstellar ices.
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