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In molecular clouds at temperatures as low as 10 K, all species except hydrogen
and helium should be locked in the heterogeneous ice on dust grain surfaces.
Nevertheless, astronomical observations have detected over 150 different species in
the gas phase in these clouds. The mechanism by which molecules are released
from the dust surface below thermal desorption temperatures to be detectable in
the gas phase is crucial for understanding the chemical evolution in such cold
clouds. Chemical desorption, caused by the excess energy of an exothermic
reaction, was first proposed as a key molecular release mechanism almost 50 years
ago’. Chemical desorption can, in principle, take place at any temperature, even
below the thermal desorption temperature. Therefore, astrochemical net- work
models commonly include this process**. Although there have been a few previous
experimental efforts*®, no infrared measurement of the surface (which has a
strong advantage to quantify chemical desorption) has been performed. Here, we
report the first infrared in situ measurement of chemical desorption during the
reactions H + H,S — HS + H; (reaction 1) and HS + H — H,S (reaction 2), which
are key to interstellar sulphur chemistry?®. The present study clearly demonstrates

that chemical desorption is a more efficient process for releasing H,S into the gas
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phase than was previously believed. The obtained effective cross-section for
chemical desorption indicates that the chemical desorption rate exceeds the

photodesorption rate in typical interstellar environments.

Astronomically abundant molecules, such as H,;, H,O and CH3OH, can be
synthesized on icy dust grains by hydrogen addition to H, O and CO, respectively’™,
and some of these molecules are released into the gas phase from low-temperature
grains. One of the non-thermal processes often proposed is photodesorption’, which has
been experimentally demonstrated to play an important role in photon-dominated

1012 However, photodesorption would be inefficient in dense regions where the

regions
ultraviolet field is very weak. Therefore, additional desorption processes need to be
invoked. The importance of chemical desorption has been recognized mainly in the
modelling community to explain the gas phase abundances of molecules that have
originated on a surface. Indeed, chemical desorption with varying efficiencies has been
incorporated into chemical models*®. It is certainly the least well understood of the
gas-grain processes that govern the results of astrochemical models to a large extent™.
One might simply assume that most of the reaction products desorb from the surface
after a reaction has taken place because, in general, the exothermicity (several eV) is
significantly larger than the hydrogen bonding and physisorption energies (<0.5 eV)
expected for adsorbates on dust grains. However, surprisingly, infrared in situ
measurements for surface hydrogenation reactions; for example, CO hydrogenation to
produce H,CO and CH3OH, have indicated that most of these products remain on the

surface'**®. Previous experiments focusing on quantifying the efficiency of chemical

desorption were performed by gas phase detection solely with the use of a quadrupole



mass spectrometer (QMS)*™®. In these experiments, the extent of desorption was derived
only from the gas phase measurements. In contrast, infrared measurements can detect
species on the substrate. Since chemical desorption is certainly a surface process, to
monitor surface species by infrared measurements is crucial for a complete
understanding of the chemical desorption phenomenon. In addition, time-resolved
infrared measurements are necessary for obtaining chemical desorption cross-sections,
which are highly desirable for chemical modelling studies. The present experiment,
which takes an ideal reaction system where the reactant and product are both H,S,
enables us to quantify desorption after a reaction by in situ infrared absorption
spectroscopy. In our reaction system, reaction 1 (R1) occurs between an H,S molecule
and an H atom. R1 is expected to proceed by quantum tunnelling through a moderate
activation barrier of about 1,560 K'°, while H atom addition to form HsS is unlikely to
occur'’. The reactions of HS with H, and H,O are both endothermic and are thus
inhibited at low temperatures. As a result, HS on the ice can only react again with an H
atom to produce H,S (reaction 2 (R2)). That is, we can eliminate the ambiguity arising
from the uncertainties in the absorption coefficients of different parent and product
molecules.

The experimental details are summarized in the Methods. Briefly, solid H,S is
produced on an ice dust analogue, amorphous solid water (ASW), by gaseous H,S
deposition at 10 K. This is subsequently exposed to H atoms, which were produced by
the dissociation of H, with an efficiency of >60%. Variations in the H,S abundance are
monitored in situ using a Fourier-transform infrared (FTIR) spectrometer in reflection
mode. Furthermore, to confirm the FTIR measurements for chemical desorption,

following atom exposure, a temperature programmed desorption (TPD) experiment is



performed to measure both the unreacted parent H,S and the reaction product (R2) that
are present on the surface. A ramping rate of 4 K min* is used until a final temperature
of 200 K is reached.

Figure 1 shows the FTIR spectrum of solid H,S (0.7 monolayer; 1 monolayer is
equivalent to 1 x 10'° molecules cm2) deposited on ASW at 10 K, as well as the
difference spectra after exposure to H atoms for up to 120 min. Since the surface area of
ASW under our experimental conditions is about ten times larger than that of a flat
crystalline surface’®, the H2S coverage on ASW should correspond to ~0.07. Figure 1
clearly shows a decrease in the peak intensity for the S—H stretching band of solid H,S
(2,570 cm 1)*®*° upon H atom exposure. No other sulphur-bearing species, such as H,S,
(~2,500 cm 1) or HS, (2,483 cm %)™ are observed besides H.S. In addition, disulphur
(S2), which is infrared inactive, was not detected during the TPD experiment.
Furthermore, we confirmed that no decrease in H,S is observed when solid H,S is
exposed only to H, molecules on ASW. This indicates that the impact of H, on H,S
induces neither a reaction nor desorption. The surface abundance of H,S gradually
decreased, levelling off at 60% of the initial amount of H,S (Fig. 2), while 40% of the
H.S remained on the surface after 120 min without desorbing. Figure 3 shows TPD
spectra of H,S (m/z = 34) after exposure to H atoms or H, molecules for 120 min. Both
spectra show three peaks at 95, 145 and 160 K, which are attributable to (1) the
desorption of H,S from the top of the ASW surface, (2) H,S emitted via a molecular
volcano process and (3) co-desorption with H,O, respectively?’. After 120 min, the total
TPD peak area for H atom exposure was about 55% of that for H, exposure only.

Both the FTIR spectra and TPD measurements thus clearly demonstrate that

chemical desorption is induced by reactions with H atoms. From the TPD measurement,



however, the amount of remaining H,S is 15% larger than that measured by FTIR
spectrometry because the TPD measurements detected H,S desorbed from not only the
sample surface exposed to H atoms but also non-exposed areas of the cold head. The
remnant undesorbed H,S may be related to the adsorption sites on the ASW surface, as
previously reported®®’. Porous ASW is known to have various adsorption sites with
different associated adsorption energies®. H,S molecules adsorbed in the potentially
shallow sites may preferentially react with H atoms, leading to desorption. In contrast,
the reaction of H atoms with H,S in the deeper sites may be significantly suppressed,
resulting in the presence of unreacted H,S even after long exposure. This interpretation
Is supported by the fact that a larger fraction of H,S (~80%) desorbed from the surface
of polycrystalline ice (Supplementary Fig. 1), which has fewer deep sites because of its
surface flatness®.

It is not a priori clear whether chemical desorption occurs during R1 or R2. The
heats of reaction for R1 and R2 are ~0.6 and 3.8 eV, respectively. In principle, both
reactions may cause desorption of products or intermediates because heats of reaction
are larger than typical energies for physisorption and hydrogen bonding with the ASW
surface. For the product of R1, the binding energy of HS to small water clusters is ~0.1
eV (see Methods), which is of the same order as the reaction heat. For R2, the binding
energy of the H,S product to the same water clusters, as mentioned above, is also ~0.1
eV. When comparing differences in the heats of reaction and binding energies of R1 and
R2, we deduce that desorption is more likely to be favourable in R2.

So far, we have assumed that both R1 and R2 occur. To confirm this, we
performed additional experiments in which solid H,S was exposed to D atoms instead

of H atoms on ASW at 10 K. The formation of deuterated sulphides (HDS and D,S) was



then expected by successive H-D substitution reactions:
H,S +D — HS + HD (R3)
HS + D — HDS (R4)
HDS+D —-DS+HD (R5)
DS +D — D,S (R6)

The infrared measurements and subsequent TPD experiments certainly confirm
the formation of deuterated species (Fig. 4; see also Supplementary Fig. 2). This
observation of HDS and/or D,S is clear evidence for the occurrence of not only R3-R6,
but also R1 and R2. In this measurement, we did not quantify the chemical desorption
because of the lack of experimental data for the absorption coefficient of HDS on ASW.
In addition, we confirmed that when D,S was exposed to D atoms on the surface of
amorphous solid D,0 at 10 K, about 40% of the initial D,S was found to desorb after
120 min (Supplementary Fig. 3). The difference in the desorption fractions is not easy
to explain simply by the mass difference between H,S and D,S and thus might originate
in reaction dynamics.

In interstellar clouds, the main sulphur reservoir is commonly proposed to be
present in an undetected form on dust grains*>**?*. Grain surface or ice chemistry is
known to be of key importance in the interstellar formation of water and methanol and
may also lead to more complex species?®. H,S can be an important carrier of sulphur
atoms in ice?. Modelling and observational studies also seem to indicate this?®%’. So far,
to the best of our knowledge, the models for H,S chemistry in the early stages of star
formation either include chemical desorption with ~1% efficiency per reactive event or
do not include this at all**®. In the present experiment, we determine an effective

chemical desorption cross-section of 2.2 x 101" cm? by fitting the H,S attenuation to a



single-exponential curve (Fig. 2; see Methods for the meaning of ‘effective
cross-section’). This value is comparable with the ultraviolet absorption cross-section of
solid H,S?®. However, given that the photodesorption cross-section should be lower than
the absorption cross-section, the effective chemical desorption cross-section may be
larger than the photodesorption cross-section. In addition, assuming that the number
density of H atoms is 10 cm > at a temperature of 10 K in dense clouds, the H atom flux
is estimated to be ~10° cm ™ s}, which is about one to two orders of magnitude higher
than the ultraviolet photon flux***°. Under these conditions, the chemical desorption for
H.S is likely to exceed photodesorption. As described above (see also Fig. 2), 40% of
the initial deposited H,S remains on the surface while 60% of this is lost (desorbs) (see
Methods for more details and the experimental meaning of ‘efficiency’). When the
chemical desorption efficiency, which includes desorption of both H,S and HS, is
defined by the number of chemically desorbed molecules relative to the total number of
initial molecules, its value is 60%.

We have successfully determined the effective cross-sections for the chemical
desorption of H,S from ASW by in situ infrared measurements. We wish to stress,
however, that the chemical desorption process depends on the specific reaction system
at hand and, therefore, it will still be necessary to examine other molecules in the future.
To fully understand surface reactions, it is essential in chemistry to know how
exothermicity is used for desorption as well as dissipation into the bulk and/or in
internal and kinetic motions of the molecule. Therefore, the present report has a

significant impact on both astronomy and fundamental chemistry.

Methods



Apparatus. All experiments were performed using an ultra-high vacuum reaction
system that was mainly composed of a stainless steel ultra-high vacuum chamber with a
reflection-absorption-type FTIR spectrometer and a QMS. A gold-coated substrate was
located at the centre of the apparatus, which was connected to a He cryostat. The
substrate temperature could be controlled from 5 to 300 K. The base pressure inside the
reaction chamber was of the order of 10 ° Pa. Gaseous species were deposited through a

capillary plate at an angle of 45° to the surface normal.

Experimental. ASW was first produced on the substrate at 10 K by the vapour
deposition of gaseous H,O at a deposition rate of ~2 monolayers min*, where one
monolayer corresponds to 1 x 10" molecules cm 2. The thickness of the ASW was
adjusted to 30 monolayers based on the peak area and the band strength of the O-H
stretching band of H,O at 3,300 cm™ (ref. 31). Gaseous H,S was then deposited
on the ASW at 10 K at a deposition rate of 1 monolayer min*. The thickness of solid
H.S was adjusted to 0.7 monolayer, which was evaluated based on the peak area and the
band strength of the S—H stretching band at ~2,570 cm " (ref. 18). The formed H,S was
exposed to H atoms, which were produced by the dissociation of H, molecules in a
microwave-induced plasma. The dissociation fraction of H; in the plasma was more
than 60% under these experimental conditions®2. The H atoms were cooled to ~100 K
before leaching to the substrate through multiple collisions with the inner wall of an
aluminium pipe, which was cooled to the liquid N, temperature. As a blank experiment,
solid H,S was exposed to H, molecules only for 120 min to evaluate the effect of the
co-deposited H, on the desorption of H,S. This experiment is denoted as a H blank

experiment.



An additional experiment was performed on polycrystalline H,O (c-H,O) ice,
which was prepared by the production of ASW at 10 K with a thickness of 30
monolayers, followed by increasing the substrate temperature to 150 K and
subsequently reducing it back to 10 K. Next, 0.7 monolayer H,S was deposited on the
c-H,0 and this was exposed to H atoms for up to 120 min. Solid H,S (0.7 monolayer)
was exposed to D atoms to confirm whether reactions R3-R6 occur on ASW (30
monolayers). D atoms were produced by a similar method to that for H atoms, where D,
molecules were dissociated in microwave-induced plasma and cooled to 100 K.

Chemical desorption of D,S was also studied in another experiment. Gaseous
D,S was deposited on pre-deposited deuterated water (D,0) at 10 K. The abundances of
D,0 and D,S were adjusted to those of H,O and H,S in the former experiments based
on the peak area of the O-D (2,570 cm %) and S-D stretching bands (1,860 cm %) and
their band strengths, respectively'®33. The prepared solid sample was exposed to cold D
atoms for up to 120 min. As a blank experiment, solid D,S was exposed to D,
molecules only, for which we confirmed no desorption of D,S even after D, exposure
for 120 min. The fluxes of H and D atoms were estimated as 1.3 x 10** and 2.6 x 10
atoms cm > s %, respectively, according to a procedure described previously**.

After the atom or molecule exposure experiments, we performed a TPD
experiment, in which each sample was heated to 200 K at a constant ramping rate of 4 K

min ' and the desorbed species from the substrate were recorded with the QMS.

Efficiency of chemical desorption. There can be several definitions for the chemical
desorption efficiency. In previous studies where a QMS was used as a tool for

estimating chemical desorption, the chemical desorption efficiencies were generally



derived from the fraction of the target molecule remaining after reactions on the
substrate*>>>3. For comparison with previous studies, here, we use a similar definition;
that is, the number of chemically desorbed molecules relative to the total number of
initial molecules at the termination of reactions. Due to some potential difficulties on
QMS, the derived chemical desorption efficiencies often have large errors>. In contrast,
owing to the visibility of the H,S decrease on the infrared spectrum (Fig. 1), the
desorption efficiency in the present study was—regardless of desorbed
species—determined to be exactly 60% under the present experimental conditions (Fig.
2). However, it should be noted that the value can change with the fluence of atoms.
There is difficulty when modellers take the value of efficiency from
experimental works because the definition of ‘per reactive event’ is generally used in
the models while experiments on the surface reaction never provide values per reactive
event. Unlike for the gas-phase beam experiment, the single collision condition cannot
be controlled in experiments on surface reactions. Instead, we propose the additional
chemical desorption efficiency under a different definition: a desorption yield per
incident H atoms. In the earlier stages of the reaction (<5 min), the column density of
H.S linearly decreased with H atom exposure time (Fig. 2). During this period, the
decrease of H.,S via chemical desorption was ~2.1 x 10** molecules cm . Since the H
atom fluence during 5 min is 3.9 x 10 atoms cm™, the chemical desorption yield per
incident H atom was calculated to be 5.4 x 10~°. However, since most of the H atoms
land on ASW and should recombine to yield H, when the flux of H atoms is very high®,
the actual number of H atoms that reacted with H,S should be much smaller than the
calculated H fluence (that is, 3.9 x 10 atoms cm™). Therefore, the above calculated

efficiency should be the lower limit under the present experimental conditions.



Moreover, in realistic interstellar environments where the H atom flux is much lower
than under laboratory conditions, each H atom landing on a dust grain has a greater
chance of encountering reactants besides other H atoms. As a result, the chemical
desorption efficiency defined by per incident H atom should be sufficiently enhanced
under realistic conditions. However, note again that the chemical desorption yield per

incident H atom is not equivalent to that per reactive event.

Effective cross-section. By simply assuming that the chemical desorption of H,S
proceeds through a single process such as photodesorption, the relative abundance of
H,S can be represented as a single exponential decay curve as follows:

A[HS]t/[H2S]o = A(1—exp(—o9p?)) 1)

where A[H,S];, A, o and ¢ represent the variation in the abundance of H,S at time t, a
saturation value for the desorption fraction of H,S, the effective cross-section of
chemical desorption in cm? and the flux of H atoms (~1.3 x 10* atoms cm™? s™),
respectively. By fitting the plots in Fig. 2 into equation (1), we obtain ¢ = 2.2 x 10
cm? for the chemical desorption of H,S from ASW, as described in the main text.
Likewise, the effective cross-sections for the chemical desorption of H,S from c-H,O
and D,S from amorphous solid D,O were calculated to be 5.3 x 10 and 3.5 x 107
cm?, respectively. This assumption may be optimistic; nevertheless, we believe that the
obtained order of magnitude of the effective cross-section is sufficient to conclude that
chemical desorption of H,S would be very effective even in dense clouds where the H
atom number density is much lower than that in the experiment, and thus the ratio of the
collision frequency between H atoms and H,S to that between two H atoms,

frequency(H-H,S)/frequency(H-H), is enhanced.



Binding energy of HS and H,S. To estimate the binding energies of HS and H,S on a
water surface, we optimized two clusters consisting of seven water molecules, both with
and without the adsorbates. The binding energy is defined as the energy difference
between the gas phase adsorbate separated from the relaxed water cluster and the total
energy of the relaxed adsorbate-cluster system. The MPWBI1K functional® and
def2-TZVP basis set*® were used in the implementation of Gaussian 09 (ref. 40) based
on the benchmark performed by Lamberts and Kastner'®. All density functional theory
calculations comprise full geometry optimizations and all stationary points were
verified by Hessian calculations; that is, by having zero imaginary frequencies.

In Supplementary Table 1, the structures of the adsorbate-cluster systems for
the two water clusters and both adsorbates are displayed with their corresponding
binding energies and zero-point energy corrections. The total binding energies are all of
the same order of magnitude, ~10 kJ mol™; that is, ~0.1 eV. The interaction energy
between a dimer of H,S and H.0 is roughly 6 kJ mol ™ (ref. 16). Note that the binding

energy also contains a contribution related to the restructuring of the water cluster.
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Fig. 1 FTIR spectra of samples. a. Solid H,S (=0.7 monolayer) deposited on ASW (~30 monolayers).
The inset shows an enlarged spectrom focusing on the S-H stretching band of H,S (2,570 cm™)™&,
Difference spectra after exposure to H atoms for 20 (top), 60 (middle) and 120 min (bottom).

b. The spectral change at around 2,300 cm™ is due to the temperal variation of atmospheric CO,

concentration in the infrared beam line outside the vacuum chamber.



0.0 4 -

&
N
|
|

Relative abundance
S
~
|
|

o
(o))
1
——
i
u
[
HEH
1

-0.8 T v T v T v T v T v T
0 20 40 60 80 100

Atom exposure time (min)

Fig. 2 Variations in the relative abundance of solid H,S on ASW with relevance to H atom exposure
times. The solid line is a single exponential fit to equation (1) (see MEthods). Each data point is an
average of three measurements, with the s.d. of the mean values indicated by the error bars.
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Fig. 3 TPD spectra. Solid H,S (m/z = 34) from ASW obtained after exposure to H atoms (solid red
line) and H2 molecules without H atoms (H-blank experiment; dashed black line).
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Fig. 4 Difference spectra of solid H,S after exposure to D atoms for varying lengths of time on ASW.
Top: 5 min. Middle: 10 min. Bottom: 30 min. The S-D stretching band of deuterated sulphi8des was
observed at ~!,860 cm'. The spectral change at around 2,300 cm™ is due to the temporal variation

of the atmospheric CO, concentration in the infrared beam line outside the cacuum chamber.
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