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ABSTRACT

There is an ongoing debate on the apparent depletion of sulfur in the interstellar medium (ISM) compared to its universal abundance;
therefore, the investigation of sulfurous compounds at low temperatures is of utmost importance. This work aims to study thioacetamide,
H3C-C(=S)-NHa, in low-temperature inert Ar and para-H, matrices by IR spectroscopy. The samples have been exposed to various sources
of irradiation, such as Lyman-a or laser UV photons as well as energetic electrons. Using different host materials enabled assessing the matrix’s
impact on precursor decomposition. The response of the molecule to different types of irradiation has also been evaluated. The existence of
three main decomposition channels were deduced: formation of (i) CHs, CHy, and HNCS; (ii) H,S and H,C=C=NH; and (iii) NH3 and
H,C=C=S. The H3C-CN and H3C-NC isomers of H,C=C=NH could also be identified. Secondary products such as HNC and HCN were
also detected in the quantum solid para-H in contrast to the more rigid Ar matrix. The listed decomposition products have been observed in
the ISM, with the exception of H,C=C=NH and H3C-NC. The results point to the potential sensitivity of the precursor molecule to energetic
radiation in space environments. Finally, the findings of this work will serve as a foundation for future irradiation experiments using the
astrochemically more relevant pure thioacetamide ice.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0177587

I. INTRODUCTION laboratory studies focusing on sulfurous compounds.” ° Despite
this apparent scarcity of sulfur in such environments, there is
an ever-growing number of detected sulfur-containing species in

them.”

Sulfur is the tenth most abundant element by mass in
the universe, with an estimated mass fraction of 440 ppm.

LEYT:LL $20z Atenuer z)

Although space is a harsh environment with various ionizing
radiation sources, numerous sulfurous compounds have been
detected over the past decades. Yet, there is a huge discrep-
ancy of three orders of magnitude between the cosmic abun-
dance of sulfur and that observed in the interstellar medium
(ISM) or protoplanetary disks, ~ which may be eventually over-
come by improving the current chemical models and conducting

A candidate molecule, which can be important from this per-
spective, is thioacetamide (C;HsNS, see exact structures of its tau-
tomers in Fig. 1).” This sulfur-bearing compound has undergone
extensive investigation. Low-temperature IR spectra of thin films
have been studied in various instances.'”'* Additionally, matrix-
isolation studies were carried out, with a focus on thione-thiol
[H3C-C(=S)-NH; vs H;C-C(-SH)=NH] tautomerization induced
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FIG. 1. Schematic representation of the thione (left) and the thiol (right) tautomers
of thioacetamide.

by UV irradiation of samples in inert matrices."* The excited state
proton transfer dynamics of thioacetamide (thione-thiol phototau-
tomerization) in solution phase, accompanied by quantum mechan-
ical computations, has also been studied previously. The authors
found an absorption maximum at ~266 nm (depending on the sol-
vent) and proposed a mechanism via the Syrc — S'1min excited
state proton transfer (ESPT) reaction channel."* Other research
studies have explored the spontaneous conversion of thiols via H
atom tunneling’® and conformational switching. This switching
involved selective changes in the geometry of remote functional
groups achieved by exciting the NH, stretching vibrational overtone
of the thiol conformers with near-IR (NIR) laser irradiation.'® Dur-
ing our above-mentioned previous works involving UV irradiation,
the formation of a small fraction of photolysis products was always
observed but remained unidentified as it was beyond the scope of
those works.

The proper modeling of decomposition processes due to expo-
sure to high-energy radiation such as galactic cosmic rays (GCRs),
solar wind particles, or UV photons is extremely relevant, hav-
ing its own vast literature in the field of laboratory astrophysics.
Since the IR bands in condensed phase are usually poorly resolved
and overlap with each other,'” the interpretation can be facili-
tated if the preliminary photolytic experiments are conducted as
matrix-isolation studies, where the molecules are diluted and iso-
lated from each other in a low-temperature inert matrix, resulting
in the enhancement of the spectral resolution. Furthermore, due
to the inert media, the primary decay products, which are usually
reactive transient species such as radicals, can be trapped in the
matrix, allowing for their detection by means of, for instance, IR
spectroscopy, leading to a better understanding of molecular decom-
position mechanisms. Historically, solid Ar was the most frequently
used matrix besides other frozen noble and/or inert gases, such as
Kr, Xe, N, but more exotic molecules such as para-H, can also be
used. Low-temperature para-H, is also called quantum solid owing
to its unique physical and chemical properties and has been garner-
ing more attention recently as a matrix host material. One of the
main advantages of carrying out experiments in para-H, matrix is
that the molecular interactions are even weaker than in traditional
noble gas or inert gas matrices, resulting in even sharper spec-
tral bands. Another is the diminished cage effect, which allows for
the formation and detection of species that could not be observed
otherwise.'

Still, apart from the most basic sulfur compounds, such as
sulfur dioxide (SO,),"" ' sulfur trioxide (SO3),> hydrogen sulfide
(H2S),”* hydrogen disulfide (H,S,),** the HSO, isomers,”” as well
as carbonyl sulfide (OCS) and carbon disulfide (CS;),”° no exten-
sive photolytic studies have been performed for more complex
molecules of astrophysical interest isolated in inert matrices, except
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for methanethiol (CH3SH),” ethanethiol (C;HsSH),”® and mercap-
toacetonitrile (HS-CH,-C=N).”” Accordingly, this work aims to
shed light on the photolytic behavior of thioacetamide in Ar and
para-H, matrices upon its exposure to various types of energetic
radiation. The use of different inert matrices ensures proper assess-
ment of the effect of the matrix surrounding sample molecules.
Lyman-a is an important radiation source that has been used for
decades to mimic interstellar UV radiation fields in laboratory astro-
chemistry.”’ Nevertheless, multiple laser UV spectral wavelengths
are also used, allowing for the evaluation of existing decomposi-
tion channels and the wavelength-dependence of their relative rates.
The third radiation source, the electron gun, aims to mimic the sec-
ondary electrons forming when galactic cosmic rays interact with
matter (see, e.g., Ref. 31).

Il. MATERIALS AND METHODS

The matrix-isolation experiments were performed with the
help of the VIZSLA setup consisting of an ultrahigh-vacuum (UHV)
compatible stainless steel chamber with a base pressure of 1 x 10~
mbar when cooled.”” For the experiments, Ar (Messer, 99.9999%)
and p-H, were used. p-H, was prepared by flowing n-H, (Messer,
99.999%) through porous Fe(IIT) oxide (Sigma-Aldrich, (St. Louis,
MI, USA), hydrated, catalyst grade, 30-50 mesh) cooled down to
13.9 K wrapped around the upper cold head of the setup (CH202,
Sumitomo Heavy Industries, Inc.). All gases were stored in a 0.5
1 glass flask connected to a separate gas mixing line. The thioac-
etamide sample was inserted into a small glass vial directly attached
to the vacuum chamber separated by a valve.

The matrix was prepared by co-depositing thioacetamide and
the carrier gas on a gold-coated silver wafer serving as the substrate
mounted on the cold finger of the lower cold head (RDK-415D,
Sumitomo Heavy Industries, Inc.). For this, the temperature of
thioacetamide was kept between 15 and 20 °C during deposition
and was introduced through a Teflon tube 6 mm in diameter end-
ing ~3 cm before the substrate. The matrix gases were introduced
to the vacuum chamber via a stainless steel capillary array through
a leak valve; the distance between the substrate and the end of the
capillaries was also roughly 3 cm. Inlet rates of the matrix gases were
0.3-0.5 mbar ] min™" when using Ar and 0.8-1.1 mbar I min™" when
using p-Hp, respectively.

Both the Ar and p-H, matrices underwent separate experi-
ments involving Lyman-a, selective UV laser irradiation, and ener-
getic electron bombardment. A microwave discharge H atom lamp
(P =100 W, p(H;) ~ 0.4 mbar) was used as Lyman-a source, whereas
a Specs EQ 22 electron gun served as the high-energy electron source
(electron kinetic energy was set to ~5 keV, nominal emission cur-
rent was kept at 100 nA). The Lyman-a irradiation was run for
~2 h on the already deposited matrices, whereas the electron irra-
diation was done during deposition, which lasted roughly 1.5 (Ar
matrix) and 3 h (p-H, matrix), respectively. The UV laser irradi-
ation studies were carried out by an optical parametric oscillator
(OPO, GWU/Spectra-Physics VersaScan MB 240, FWHM ~5cm™")
equipped with a frequency-doubling unit (Spectra-Physics uvScan)
pumped by a pulsed Nd:YAG laser (Spectra-Physics Quanta Ray Lab
150, P ~ 2.0 W, A = 355 nm, f = 10 Hz, pulse duration = 2-3 ns).
A lens is typically put between the aperture of the laser setup and
the substrate, making the laser beam profile more spread out, thus
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reducing the photon flux and the heatload on the sample. The irradi-
ation wavelengths were 300, 270, 240, and 216 nm, respectively; the
exposure times were typically 30 min. One exception was after the
216 nm irradiation in para-H, when the irradiation was repeated at
the same wavelength for another 70 min with the above-mentioned
lens removed, thus focusing all the laser beam on the sample. Blank
experiments were also conducted when the sample was not exposed
to any kind of radiation. All the deposition/irradiation cycles were
performed at 15 K in the case of Ar and at 3.1 K for the p-H;
experiments, respectively.

The mid-IR (MIR) spectra were taken by a Bruker Invenio
FT-IR spectrometer working in reflection-absorption mode and
equipped with aliquid N>-cooled mid-band Mercury Cadmium Tel-
luride (MCT) detector. Each spectrum was collected in the spectral
region of 4000-600 cm ™' at a resolution of 1 cm™" in the case of
Lyman-a photolysis and 5 keV electron bombardment. In every
phase of the experiment (deposition and irradiation), 32 scans were
averaged in each minute. The background spectra were collected just
before the deposition at the same temperature and resolution as dur-
ing the experiment, averaging 256 scans. The spectral resolution was
set to 0.5 cm™" for the laser irradiation experiments using the same
amount of averaged scans as detailed previously.

Assignment of the vibrational spectra of irradiation products
was mainly done based on the Ar-matrix and gas-phase data found
in the literature supported by the band kinetics upon irradiation,
i.e., with the assumption that IR absorption bands with identical
temporal evolution belong to the same species. In order to estimate
the mixing ratios, the computed anharmonic vibrational inten-
sities were used. For this, quantum-chemical DFT computations
were carried out with the Gaussian 09 software (Rev. D01).** The
geometry of the structure of thioacetamide and the possible photol-
ysis products at the minima on the potential energy surface were
determined by additional geometry optimization at the B3LYP/cc-
pV(T+d)Z level of theory. Then, harmonic and anharmonic vibra-
tional frequencies and intensities of the minima structures were
computed by vibrational perturbation theory (VPT2) at the same
level of theory.

I1l. RESULTS AND DISCUSSION
A. Irradiation experiments in Ar matrix

The band positions of vibrational transitions of the precur-
sor molecule thioacetamide agree well with the literature values.'®
Upon irradiating the matrix with Lyman-a photons, extensive spec-
tral changes occur, and besides the overall decrease of the precursor
IR bands, numerous new features also emerge. One of the most
prominent among these newly appearing signals is that of thiol
tautomers. These are well known to form via UV irradiation of
thioacetamide in low-temperature matrices, as was mentioned in
Sec. 1."”"° Nevertheless, peaks not belonging to any of the thioac-
etamide tautomers also appear, pointing to the possible formation
of photolysis products by destruction of the parent molecule when
exposed to UV photons. Most of these previously unidentified IR
bands can be assigned when comparing their frequencies with the
data found in the literature. For instance, signals with their maxima
at 3506.2 and 1980.9 cm™" can be assigned to the HNCS molecu-
lar vibrations [v(NH) and v(C=N) stretching modes], respectively.*
Interestingly, no HSCN and HSNC isomers could be observed after
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FIG. 2. Temporal evolution of the most prominent bands appearing during exposing
thioacetamide to Lyman-a photons isolated in solid Ar after 40 (black trace), 80
(red), and 120 (blue) minutes of photolysis. Negative signals represent bands of
the thione tautomer of thioacetamide.

the Lyman-a irradiation, which are well-documented photoisomer-
ization products of HNCS when using longer-wavelength photons.*”
It is also possible that even if they form, the utilized Lyman-a
photons destroy HSCN and HSNC more efficiently than HNCS.
The features at 2256.0 cm™" [v(C=N)] and 916.2 cm™! [v(CC)] are
due to acetonitrile (methyl cyanide, H;C-CN),’® whereas its iso-
mer methyl isocyanide (H3;C-NC) can be also detected owing to
its band at 2160.7 cm™! [v(N=C)].** The presence of ketenimine
(H,C=C=NH) and thioketene (H,C=C=S) can also be identified
through their IR absorption peaks at 2037.7 cm™' [antisymmetric
stretching, v,5(C=C=N)]** and 1750.7 cm™"' [v(C=C)],”® respec-
tively. An extremely weak absorption peak of carbon disulfide
(CS;) may be observed at 1526.3 cm™! [vas(S=C=S)],” whereas
that of the sulfanyl (or mercapto) radical (SH) at 2606.8 cm™'.>*
Lastly, methane can be found at 1304.9 cm™! as a broad feature
(antisymmetric bending, Pas).”

The spectral changes upon photolysis are visualized in Fig. 2;
note that they are difference spectra with respect to the spectrum
taken at the beginning of the irradiation serving as reference. The
assignments done based on the Lyman-a experiments are summa-
rized in Table I. Two extremely weak bands could not be assigned to
a vibrational mode of any reasonable molecule or radical; these are
features lying at 2229.7 and 2289.6 cm™".

Similar results were obtained when carrying out consecutive
laser UV irradiation (Fig. S1 in the supplementary material). At the
wavelengths of 300 and 270 nm, thiol isomers formed exclusively.
However, at 240 and 216 nm, the formation of decomposition prod-
ucts can already be monitored although less extensively than during
the broadband Lyman-a photolysis. As a result, many bands cannot
be observed since they are below the detection limit, such as that of
H;C-CN at 916.2 cm™! and those of CHa4, CS,, and H;C-NC. As
for the energetic electron bombardment experiments, the bands of
HNCS, H,C=C=NH, H,C=C=S, CS,, and CH4 can be undoubtedly
detected along with those of the thiol tautomers (Fig. S2).

J. Chem. Phys. 160, 024310 (2024); doi: 10.1063/5.0177587
Published under an exclusive license by AIP Publishing

160, 024310-3

LEYT:LL $20z Atenuer z)


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

ARTICLE pubs.aip.org/aipl/jcp

TABLE |. Comparison of the experimental vibrational frequencies and IR intensities of the Lyman-a irradiation products of
thioacetamide isolated in solid Ar and in solid para-H, matrices as well as values taken from literature.

Ar matrix para-H; matrix

Species 7 (Lit.) 7 7 (Lit.) 7 r

HNC e e 3628.6° 3628.6 0.529

HNCS 3508.5" 3506.2 [3537.9]° 3522.5 0.210

HCN e e 3302.9§ 3302.9 0.186

CH; e e 3170.6' 3170.8 0.095

CH4 s s 3025.2,3016.3, 3008.1°  3026.3,3017.5,3009.1 0.223

SH 2607" 2606.8 = = T

H;C-CN 2256.27 2256.0 [2266.5] 2262.3 0.039

H3;C-NC 2160.6' 2165.6, 2160.7 [2166.0]) 2163.7 0.028

H,C=C=NH 2037.6' 2039.7sh, 2037.7 [2043.58]k 2042.4sh, 2040.3 0.264

HNC e e 2025.5° 2025.6 0.100

HNCS 1981.8¢ 1980.9 [1989]° 1987.8 1.000

H,C=C=S  1754.6 1750.7 [1757]" 1756.7 0.111

CS, 1528.6" 1526.3 S e cee

CH3 v v 1401.7' 1402.3 0.035

CHy4 1306.0° 1304.9b 1308.3, 1302.9° 1308.4, 1303.5 0.167

NH3 e s 968.07" 968.4 0.276

H3;C-CN 916.8' 916.2 e e e

HCN e e 720.6(‘ 720.4 0.184

CH; e e 624.0' 623.9 0.412

“Incm™".

bIntegrated band areas normalized to that of HNCS at 1987.8 cm ™.

“Reference 39.

dReference 34.

“Gas-phase value, Ref. 40.

fReference 41.

SReference 42.

D Reference 23.

{Reference 36.

I Gas-phase value, Ref. 43.

l‘Gas-phase value, Ref. 44.

IReference 28.

™Gas-phase value, Ref. 45.

"Reference 37.

°Reference 38.

PReference 46.
B. Irradiation experiments in para-H, matrix phase literature data, which fundamentally help in their unam-

Interestingly, the features of the precursor molecule are broader biguous identification. It is also worth noting that al‘l peak‘s' are

than in Ar, somewhat contradicting what is anticipated, since shifted tqward larger ‘wavenumbers compared to th?lr positions
the spectral bandwidth in para-H, host is generally less than in observed in Ar and shifted to smaller wavenumbers with regard to
any other matrix."® However, it is well known that the molecu- the gas-phase values, i.e., the frequencies obtained in para-H, lie
lar rotation of small molecules or internal rotation around a single ~ between the values taken in Ar and in the gas phase in line with
bond in the soft para-H, matrix is less constrained than in other, the expectations.
more rigid matrices. This rotation, whether internal or molecular, The most pr;)minent features are those of HNCS again at 3522.5
may account for the overall broadening of thioacetamide spec- ~ and 1987.8 cm™, and H,C=C=NH also has a relatively intense
tral bands. The qualitative changes in IR spectra when the matrix ~ absorption at 2040.3 cm™". The other decay products that were also
containing thioacetamide is exposed to Lyman-a photons are sim-  detected in Ar show less strong signals, at 2262.3 (H;C-CN), 2163.7

ilar to those observed in an Ar matrix. It should be noted that (H3C-NC), and 1756.7 cm™" (H,C=C=S), respectively. The differ-
there is no literature value for most vibrational frequencies of  ent rotational transitions of the degenerate {3, vibration of CHy at
the decomposition products in low-temperature para-H,. Nonethe- 1308.4 and 1303.5 cm™" can also be detected. Furthermore, some
less, they can be compared with the Ar-matrix results and gas- features were observed at 3026.3, 3017.5, and 3009.1 cm™!, which
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FIG. 3. Temporal evolution of the most prominent bands appearing when exposing
thioacetamide to Lyman-a photons isolated in solid para-H, after 40 (black trace),
80 (red), and 120 (blue) minutes of photolysis. Negative signals represent bands
of the thione tautomer of thioacetamide.

are attributed to the v, vibrational mode of CH4 coupled with var-
ious rotational transitions.’” These features are absent in Ar matrix.
Moreover, new absorption peaks belonging to species not seen in
Ar also emerge; these are those of hydrogen cyanide (HCN) at
3302.9 and 720.4 cm™! [v(CH) and B(HCN)],” hydrogen isocyanide
(HNC) at 3628.6 and 2025.6 cm ™" [v(NH) and v(N=C)],”* methyl
radical (CH3) at 3170.8, 1402.3, and 623.9 cm™! [V(CH), Bas(CH3),
and the out-of-plane bending Bop(CH3)],*' and ammonia (NH3) at
968.4 cm™ (the symmetric bending mode, Bs),*° respectively. The
appearance of these small molecules, and especially the reactive CHj
radical, is likely caused by the host material; it is well known that
the soft para-H, matrix allows for facile diffusion of small molecules
or molecular fragments; thus, when the parent molecule dissociates,
they can swiftly move apart from each other before recombining.'®
This is in contrast with what happens in the more rigid Ar matrix,
where the stronger cage effect enhances the possibility of recom-
bination or complex formation and therefore reduces the overall
efficiency of photodissociation. The lack of CS; in para-H, matrix
after irradiation may be explained by the fact that para-H, matrices
are generally more dilute than the traditional ones, as the formation
of CS; requires two neighboring precursor molecules; thus, dimers
must have been present in Ar matrix after deposition. Similar to
Ar matrix, several bands could not be assigned in para-Hj; never-
theless, their kinetics show similarities with those of the products
listed above. The changes upon Lyman-a photolysis are plotted in
Fig. 3, note that they are difference spectra with the spectrum taken
at the beginning of the irradiation used as reference. The obtained
vibrational frequencies of the irradiation products are summarized
in Table I as well.

The laser UV photolysis experiments yield similar results with
very similar peak heights (Fig. S3). HNCS is an exception, however,
for which the absorption strength is found to be significantly higher

ARTICLE pubs.aip.org/aipl/jcp

than after the Lyman-a irradiation is finished, pointing to a relatively
more efficient formation.

In contrast, the optical quality of the matrix deteriorated to a
great extent upon the 5 keV electron irradiation and started scat-
tering, resulting in an increase in the baseline and more difficult
interpretation of the spectra (Fig. S4). This worsening of optical
quality of the matrix may be attributed to the formation of “hot
species” due to the simultaneous deposition/irradiation and their
deposition on the substrate, resulting in annealing of the matrix.
Still, the presence of HNCS, H,C=C=NH, CHy, and likely H,C=C=§
can be proven.

C. Kinetics of the Lyman-a photolysis in para-H,
matrix

As already discussed in Sec. I1I B, when the sample is exposed to
Lyman-a photons, fundamental changes can be observed through-
out the MIR spectrum of the sample. Briefly, in parallel to the
decomposition of the precursor thioacetamide, numerous bands of
the photolytic products emerge. In this section, we aim to determine
their mixing ratios as well as their kinetic behavior upon irradia-
tion. The kinetic curves can be simply obtained by integrating the
band areas of the peaks of a respective species and plotting them
against the irradiation time. However, these curves do not consider
the differing absorption coefficients of bands belonging to differ-
ent vibrational modes. Therefore, the integrated band areas must
be normalized first. One frequently used approach is to calculate
the mixing ratios of the molecules with respect to the host matrix,
which can be done for a para-H, host'® and has been utilized by
our group on many occasions, e.g., Ref. 21. Basically, the integrated
band areas of the vibrational bands of each species were normalized
by their corresponding computed anharmonic IR intensities and the
optical path length of the spectrometer IR beam in the sample. The
optical path length (in cm™) can be determined by integrating the
band areas of the Q1(0) + S0(0) and the S1(0) + S0(0) transitions
of para-H, in the 4520-4495 and 4855-4825 cm ™' regions using the
coefficients 90 + 2 and 7.0 + 0.2 cm ™2, respectively.'® The matrix
thickness can also be estimated from the optical path lengths by
taking into account the incidence angle of the spectrometer beam
(»60° to the surface normal of the substrate), yielding ~0.03 mm as
aresult. As for the measurements done in Ar, the optical paths could
not be calculated since the He-Ne laser interferometry system had
not been installed; however, the column density of each species (in
cm™?) can be calculated based on a modified Lambert-Beer formula
introduced in the work of Bennett et al.”” It should be noted that the
column densities acquired in the two different matrix environments
can be directly compared: The mixing ratios obtained for para-H,
matrices can be converted to column densities. For this, the values
in ppm have to be divided by 10° (because of the ppm scale), by 23.16
(molar volume of para-H, in cm® mol™), and by 2 (accounting for
the fact that the beam travels twice through the sample before and
after the reflection on the substrate surface), and then they must be
multiplied by 0.0168 or 0.0186 (optical lengths in cm obtained in the
Lyman-a and the laser UV photolysis experiments, respectively), by
Avogadro’s number, and by the cosine of 60° (incident angle of the
IR beam with regard to the surface normal of the substrate). This
yields a conversion factor in the order of 1 x 10** cm™.
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When it was possible, multiple peaks were considered for a
given species and the calculated mixing ratios were averaged. It is
worth noting that the values obtained from the different vibrational
modes of the same molecule also give an estimate on the quality of
the computed intensities. In the case of the precursor thioacetamide,
the bands at 1599.9 and 1350.7 cm™" were used, which are due to
the PNH; and vCN modes being the two bands of the molecule with
the strongest absorption; the used computed anharmonic intensities
were 127 and 200 km mol ™. For the HNCS molecule, both observed
bands were utilized (i.e., at 3522.5 and 1987.8 cmfl), taking 206
and 658 km mol ™', respectively, as their IR absorption coefficients.
The same applies to CHy (79.7 and 37.2 km mol ™! for its v,sCH
and the P.sCH4 modes, respectively), HNC (229 and 58.1 km mol™!
for the bands at 3628.6 and 2025.6 cm™!, respectively), and HCN
(62.2 and 38.2 km mol~! for the bands at 3302.9 and 720.4 cm™’,
respectively). Two of the three observed bands of CH3 radical were
considered (15.8 and 6.4 km mol™! for the 3170.8 and 1402.3 cm™"
bands, respectively). The rest of the photolysis products had only
one band, which could be used for determining the kinetic curves;
these are 323 km mol™! (2040.3 cm”}, H,C=C=NH), 9.3 km mol ™!
(2262.3 cm™', H3C-CN), 127 km mol ™" (2163.7 cm™', H3C-NC),
385 km mol ™! (1756.7 cm™!, H,C=C=S), and 145 km mol™! (968.4
cm ™, NH3). The mixing ratio of the tautomers was also calculated
using three bands of the aC thiol at 1038.2 cm! (77 km mol_l),
992.3 cm™! (38 km mol™!), and 819.5 cm™! (83 km mol™}!), one
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band of the aT thiol at 1625.3 cm™" (145 km mol™!), two bands of
the sC thiol at 1240.2 cm™" (74 km mol™') and 1257.5 cm™" (107
km mol™!), and one of the sT thiol at 1270.1 cm™! (244 km mol™),
respectively. The IR absorption coefficients of the thiol isomers are
theoretical values corrected based on experimental results and were
taken from our earlier work along with the notations aC, aT, sC, and
sT.'® In order to obtain the column densities for the experiments
carried out in Ar matrices, the same bands were used as detailed
above.

By having a look at the produced curves (Fig. 4), one can classify
the irradiation products into four groups based on their qualitative
kinetic behavior: The first group consists of thiol tautomers, unsur-
prisingly, they form at the earliest stage of the photolysis by the
well-known rapid H atom migration from the -NH;, moiety to the
sulfur atom upon energetic radiation.'* Their presence is obvious
throughout the irradiation, although their mixing ratio stops grow-
ing after reaching a certain point and becomes nearly constant or
even slightly decreasing, i.e., their formation and destruction rates
become more or less equal. The primary degradation products, such
as HNCS, H,C=C=NH, and H,C=C=S§, also appear swiftly; their ini-
tial formation rate is comparable to those of the first group and
apparently higher than those of the other product molecules. Among
them, the most abundant HNCS seemingly reaches a plateau after
some 100 min of sample exposure to Lyman-a photons. The next
group of three molecules, CHz, NH3, and H3C-CN have different,
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FIG. 4. Kinetic curves of the precursor and the products during Lyman-a photolysis in a para-H, matrix. See details in the main text.
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linear-like kinetic curves, suggesting their participation in a complex
formation/destruction mechanism, which may result in the apparent
lower initial formation rate than observed for the second molecular
group. The members of the fourth group show kinetic curves where
the formation only starts after a shorter or longer initial period
depending on the molecule, these are in order CHy, H3C-NC, HNC,
and HCN. This feature implies the necessity of the accumulation
of some other (primary) irradiation products first suggesting that
these species may be secondary products. Nevertheless, none of the
curves of the products show first-order kinetic behavior (i.e., they
cannot be fitted with simple single exponential functions), pointing
to a complex reaction mechanism involving the simultaneous for-
mation/degradation of all species, which would require the solution
of a set of coupled differential equations. In contrast, the abun-
dant precursor nicely follows a (pseudo-)first-order decay with an
approximate half-life of 58 min owing to the fact that it is in large

excess in comparison with the daughter species during the time of

irradiation. Similar phenomena can be observed when inspecting the
kinetic plots obtained in Ar matrix and the products may be divided
into three groups (Fig. S5): The thiol conformers comprise the first
group, reaching a saturation point after some 60 min of irradiation,
whereas the primary products HNCS, H,C=C=NH, and H,C=C=§
display a monotonic growth during the whole irradiation. The rest
of the molecules have kinetic curves with an initial phase, during
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which no formation can be observed, pointing to the necessity for
the accumulation of other species before their mixing ratio may start
growing. The required species may be CH3 in the case of CHy, but
unlike in para-H,, the former cannot be detected in Ar. The other
two species (H3C-CN and H3C-NC) are isomers of H,C=C=NH;
therefore, they may necessitate the accumulation of the latter before
they can start forming.

D. Kinetics of laser UV photolysis in para-H, matrix

Figure 5 shows the resulting kinetic curves of the precursor, the
thiol tautomers, and the products upon 216 nm laser UV photolysis.
This wavelength was selected to be visualized since its use resulted in
the highest consumption rate of the precursor and formation rate of
the product molecules. After ~30 min, the irradiation was stopped
to remove the collimating lens and after that, the laser beam became
fully focused on the sample, leading to an evident acceleration of
precursor degradation and the formation of product molecules. The
kinetics shows some similarities with the one obtained during the
Lyman-a irradiation study discussed in Sec. I1I C although there are
significant differences. The first group is made up of thiols, which
quickly form even in the first 30 min of the irradiation when the
collimating lens was used, meaning lower photon fluxes. Then, dur-
ing the second 30 min, aT and sC even start decaying whereas sT
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FIG. 5. Kinetic curves of the precursor and the products during the 216 nm UV laser photolysis in a para-H, matrix. The vertical dashed lines mark the time period when the

UV photolysis was paused. See details in the main text.
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reaches a (quasi-)stationary state. In group II, HNCS, H,C=C=NH,
and H,C=C=S also appear in the first 30 min of photolysis, however,
at a lower rate than thiols; in the second part of the photolysis, their
apparent formation rate gradually decreases to nearly zero. Finally,
the remaining photolysis products show various kinetic behavior,
and classification based on their apparent kinetic profiles is dubi-
ous. In Ar matrix, the thiols readily form during the 240 nm laser
irradiation and it is evident from the kinetic plots that the tem-
poral evolution of the mixing ratio of the thiol conformers shows
great variability (Fig. S6): The mixing ratios of the aT and aC con-
formers decrease, whereas those of sC and sT show an increasing
trend at 240 nm. In contrast to this, aT and sC start decomposing
at 216 nm but aC and sT show resistance against the UV photons at
this wavelength. The remaining molecules show monotonic growth
independent of the applied laser wavelength. Nevertheless, HNCS
should be highlighted as its formation rate becomes significantly
higher at the shorter wavelength used, which does not hold true
for the other three species, H,C=C=NH, H3;C-CN, and H,C=C=S,
respectively.

E. Molar balance of the photolysis studies in para-H,
matrices

Determination of the mixing ratios also allows for predicting
the molar balance of the radiolytic processes (Table II). The amount
of decomposed precursor is estimated to be 200 and 161 ppm for the
Lyman-a and the 216 nm laser UV photolysis experiments, respec-
tively. The most abundant products are the CHs, CHy4, H3C-CN,
and HCN upon exposure of the sample to Lyman-a photons, since
they all have a mixing ratio higher than 10 ppm. The same holds
true for HNCS when carrying out the 216 nm laser UV photolysis
study. The aggregated abundance of thiols also exceeds 10 ppm in
the former case. The other decay products are less abundant, with
most of them having a mixing ratio between 1 and 10 ppm; these are
(in decreasing order) NH3, HNC, HNCS, H,C=C=NH, H,C=C=S,
and finally, H3C-NC upon Lyman-a irradiation. The same order
when exposing the sample to 216 nm photons is H3C-CN, HNC,
CH4, H,C=C=NH, NH3, H3C-NC, and H,C=C=S. As far as the two
radiation sources are concerned, the abundance of each species is
more or less comparable to each other, i.e., they differ from each
other by no more than a factor of 2-5 by the end of irradiation.
The only significant difference, when the mixing ratios differ from
each other by more than an order of magnitude, can be found for
some thiols, namely, aC and aT; sC may also be listed in this cate-
gory even though the factor in its case is slightly less than 10. The
mixing ratio data also point to the somewhat more selective nature
of laser photolysis, most likely owing to its monochromatic nature
and the applied wavelength, with a preference toward HNCS for-
mation and suppression of the formation of other products. This is
in contrast to the findings of the broadband Lyman-a irradiation,
where all reaction channels may be open, simultaneously result-
ing in the lack of a preferred pathway. By having a look at the
element-specific balances, one can see that in the case of C and
N, the abundances of decomposition products account for roughly
30% of the decomposed precursor molecules in both cases, whereas
this value drops to ~10% for S atoms. The possible cause for the
balances being lower than 100% includes numerous factors involv-
ing the uncertainty of the computed IR intensities or errors in the
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TABLE II. Change in mixing ratios (in ppm) of the precursor and the products during
photolysis and the molar balance.

Amixing ratio

Species Lyman-a Laser UV
Thioacetamide -200 + 30 -161 +8
HNCS 4+1 157 £ 0.7
CH; 19+2 17 +£2
CH, 11+4 4.6+09
H,C=C=NH 25+09 13+04
H;C-CN 13+5 7+2
H3;C-NC 0.7+0.2 0.28 + 0.08
H,C=C=§ 09+0.3 0.15 + 0.04
NH3 6+2 0.8+0.2
HNC 6+1 6+2
HCN 12+ 4 24+5
aC 2+1 cee

aT 7+3 0.16 + 0.04
sC 3+1 0.43 +£0.01
sT 5+£2 4+1

C balance® (33+£12)% (29+8)%
S balance (11+£6)% (13+£2)%
N balance (31+16)% (37£9)%

*When calculating the C balance, it has to be taken into account that the precursor as
well as some photoproducts contain two C atoms.

integrated band areas (especially the weak ones). The apparent pref-
erential depletion of S is due to non-detection of the important
photoproduct HsS.

F. Decomposition mechanism

Using the experimentally obtained temporal profiles of the mix-
ing ratios, some suggestions can also be made for the decomposition
mechanism when thioacetamide is exposed to energetic radiation.
Three main primary decomposition pathways may be hypothesized
using chemical intuition as discussed below. The radical centers are
marked in each case and the structure of the thione and thiol tau-
tomers of thioacetamide are denoted in this section for the sake of
easier interpretation. We have

H;C - C(=S) - NH, (thione) - H,N-C=S + -CH;, (R1)
H,N-C=S — HNCS + -H, (R2)
-CH; + -H — CHy, (R3)

H;C - C(=S) — NH, (thione) — H;C— C(~SH) = NH (thiols),
(R4)

H3;C - C(-SH) = NH (thiols) - HN=C-SH + -CH3, (R5)
HN=C-SH — HNCS + -H. (R6)

Accordingly, HNCS may form through two reaction chan-
nels: elimination of the methyl group (-CH3) on the thione [reac-
tion (R1)] or the thiol [reaction (R5)] tautomers after the rapid
tautomerization of the thione precursor involving the H atom
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migration from the amino (-NH;) group to the sulfur atom [reac-
tion (R4)]. The -CHj radical may react with a neighboring H
atom, leading to the formation of a stable CH4 molecule [reaction
(R3)]. The other transient molecules H;N-C=S [reaction (R1)] and
HN=C-SH [reaction (R5)] may decompose into HNCS following
reactions (R2) and (R6), respectively. It is important to note that
neither H,N-C=$ nor HN=C-SH was directly observed in our irra-
diated samples. Moreover, according to the reactions listed above,
one would expect that the amount of HNCS should be approxi-
mately equal to the sum of the mixing ratios of -CHs and CHy,
which holds true for the 216 nm laser UV photolysis (Table II).
The apparent discrepancy upon Lyman-a irradiation may be due
to undetectable sulfurous species (e.g., H,N-C=S, HN=C-SH, or
even S atoms), further decomposition of HNCS, alternative forma-
tion pathways of -CH3 and CHj (for instance, -CHj3 from the decay
of H3C-CN or H3C-NC, see below), or because of uncertainty in
the computed IR intensities. Since there is no significant difference
between the mixing ratios of -CH3 and CHy after the Lyman-a and
the 216 nm laser UV photolysis but the amount of HNCS decreases
by a factor of four in the former case, the importance of an efficient
HNCS decomposition channel is suggested from the above-listed
possibilities. We have

H;C - C(-SH) = NH (thiols) » H,C=C=NH + H,S, (R7)

thiols - H3C-CN + H,S, (R8)
thiols - H3C-C=NH + -SH, (R9)
H;C-C=NH - H,C=C=NH + ‘H, (R10)
H;C-C=NH - H;C-CN + -H, (R11)
“SH + ‘H - H,S. (R12)

Another possibility is the elimination of H,S and direct for-
mation of either H,C=C=NH [reaction (R7)] or H3C-CN [reaction
(R8)]. Alternatively, after cleavage of the C-S bond in the thiol
molecule, -SH radical could also be formed [reaction (R9)], which
was observed in Ar matrices. The other product, H;C-C=NH rad-
ical, may lose an H atom, yielding either H;C=C=NH [reaction
(R10)] or H3C-CN [reaction (R11)], serving as an indirect route for
their formation. Finally, -SH can also react with an H atom further
to hydrogen sulfide [H»S, reaction (R12)]. Unfortunately, both -SH
and H, S have extremely weak absorption peaks, making their doubt-
less identification not possible in para-H, (the IR intensities of the
v(S-H) mode of both species are computed to be in the order of 1
km mol_l). Furthermore, H,S exhibits a complex, broad band with
multiple peaks in the Ar matrix (e.g., Ref. 23), rendering its observa-
tion even more difficult. Lastly, thiols also absorb in this region due
to their S-H moieties,'® possibly overlapping with the vibrational
bands of both H,S and SH. We have

H;C - C(=S) - NH, (thione) —» H,C=C=$ + NH;, (R13)

thione - H;C—-C=S + -NH,, (R14)
HiC-C=S - H,C=C=S$ + ‘H, (R15)
.NH, + ‘H —» NHa. (R16)
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The third possible pathway is the loss of amino group (-NH>)
from the thione tautomeric form, yielding H,C=C=S [reaction
(R13)]. The indirect pathway is also a viable one [reactions (R14)
and (R15)], where the other decay product amidogen radical
(‘NH3) was not detected in the matrix but its stable hydrogena-
tion product NHj was [reaction (R16)]. The lack of NH3 detection
in Ar implies the radical pathway proposed in reactions (R14)
and (R15).

Reactions (R1)-(R16) explain the presence of seven decay
products out of the ten listed in Table II. The remaining species
may form through secondary reactions, such as the already-known
photoisomerization of H,C=C=NH to its isomer H;C-CN and
eventually to H3C-NC, creating a photoequilibrium between them
[reaction (R17)],°° which may explain their similar relative quan-
tities after prolonged Lyman-a and laser UV photolysis (Table II).
We have

H,C=C=NH — H3;C-CN — H3C-NC, (R17)

whereas the other two species, HNC and HCN (treated together
as [H, C, NJ]), may result from multiple reactions, such as pho-
todegradation of HNCS or H,C=C=NH, respectively [reactions
(R18) and (Rl‘))].j’("18 It should be noted, however, that according
to the authors of the work of Krupa et al,"® only the formation
of HCN- - -S complex and not that of HNC: - -S or the monomeric
forms can be observed when photolyzing HNCS in Ar matrices, sug-
gesting that the HNC formation is preferred via reaction (R19).%° It
must be noted, however, that they used longer-wavelength photons
(from 289 to 225 nm) and the photolytic response upon Lyman-
a irradiation may be different: The formation of HNC- - -S may be
preferred over that of HCN- - -S. Nonetheless, should any of the
two complexes form, they are then expected not to be stable in
the soft para-H, matrix, allowing for their breakup and thus the
detection of monomeric [H, C, N]. Moreover, the interconversion
between the [H, C, N] isomers can also be anticipated upon ener-
getic VUV irradiation,” further complicating the possible reaction
mechanism. It is also worth noting that no evidence for the pres-
ence of the above-mentioned complexes was found in the Ar-matrix
experiments, either. We have

HNCS — [H, C, N] + S, (R18)
H,C=C=NH —:CH, + [H, C, N]. (R19)

The sulfur atoms, provided that they form via reaction (R18),
are IR inactive and thus cannot be observed but they are expected
to participate in an efficient hydrogenation reaction in an H-rich
environment, giving rise to -SH and eventually H,S. The methy-
lene radical (:CH,) forming in reaction (R19) is also likely to be
hydrogenated consecutively in a para-H, environment to -CHj3
and eventually to CH4. The constant depletion of H,C=C=NH
via reaction (R19) can also induce a shift in the equilibrium
described in reaction (R17) toward the left so that H3C-CN
(and eventually H3C-NC) converts back to H,C=C=NH. H3;C-NC

may also further isomerize to the zwitterionic HZC:ItI—CHf”
which latter could decompose into [H, C, N] and :CHy; how-
ever, no spectroscopic evidence could be found for its existence in
the matrix.
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The kinetics of the listed species qualitatively supports the reac-
tion mechanism detailed above (see Secs. III C and III D); based
on the appearance of the kinetic curves, HNCS, H,C=C=NH, and
H,C=C=S are all primary products forming at a somewhat lower
rate than the thiol tautomers. The decomposition of HNCS accord-
ing to reaction (R18) becomes gradually important once its mixing
ratio reaches levels sufficient enough to produce the secondary prod-
uct [H, C, NJ] isomers, similar to H,C=C=NH [reaction (R19)].
The latter also photoisomerizes into its isomers via reaction (R17),
which are secondary products based on their kinetic curves, and
their formation starts only after a transitional period. Reactions (R 1),
(R5), and (R13) yield -CH3 and NHs; respectively, however, they
can either transform into secondary products (e.g., reaction (R3)
for -CHs) or be formed indirectly [reaction (R16) for NHs], thus
complicating overall reaction scheme. Evidently, the lower forma-
tion rate of CH3-NC than CH3-CN can be explained by the fact
that the former forms from the latter [reaction (R17)]; the same
applies to the CH4—CHj; binary [reaction (R3)]. Similar conclu-
sions can be drawn from the kinetic curves of the 216 nm laser
UV photolysis as well, with one exception. Here, the formation of
HCN seems to be preferred to that of HNC. One explanation could
be that, in line with the findings presented in the work of Krupa
et al.,*® the formation of HCN- - -S (and eventually HCN in para-
H, matrix) is more efficient than that of HNC. - -S (eventually HNC)
when HNCS breaks apart and the HCN to HNC conversion becomes
important only upon Lyman-a photolysis. The scarcity and qual-
ity of data obtained upon energetic electron bombardment do not
allow us to draw any conclusion with regard to the decomposition
mechanism when this type of radiation source is used. Even so, it
is expected to be similar to those observable upon Lyman-« or laser
UV photolysis.

IV. CONCLUSION

The photolytic study of a sulfurous compound, thioacetamide,
was carried out in Ar and in the quantum solid para-H, matrices.
Three different types of radiation sources were utilized in sepa-
rate experiments: a microwave discharge H atom lamp providing
Lyman-a photons, a UV laser setup producing 300, 270, 240, and
216 nm photons, and an electron gun emitting 5 keV electrons.
These measurements generated results that enable us to draw con-
clusions about how the matrix environment and the type and energy
of radiation affect the outcome.

Upon energetic irradiation, the already well-described tau-
tomerization of the most stable thione form to the higher-energy
thiol isomers can be observed. In addition, decomposition of the pre-
cursor into numerous irradiation product species is evident in every
experiment, independent of the matrix environment or the type of
radiation. As far as influence of the matrix on decomposition path-
ways is concerned, the generally more rigid Ar matrix prevents the
migration of decay products from each other, enhancing the pos-
sibility of recombination of radicals and thus reducing the overall
efficiency of irradiation. In contrast, the diminished cage effect in
para-H, matrix allows for the diffusion of small species and thus
their detection also, resulting in increased decay rate of the precursor
molecule. As for the different radiation sources, all of them yielded
similar qualitative results with respect to the decay products, i.e.,
the reactions run on the same channels in all cases. Nevertheless,

ARTICLE pubs.aip.org/aipl/jcp

slight differences can be observed from the quantitative point of
view; the amount of species varies depending on the radiation, sug-
gesting the preference for different reaction pathways in each case.
Electron bombardment in parallel with deposition is a less ideal
choice compared to photolysis, as far as matrix isolation is con-
cerned, as it induces a significant worsening of the optical quality of
the matrix.

Based on the temporal evolution of species and chemical intu-
ition, some aspects of the reaction mechanism can be proposed.
Apparently, the HNCS formation is one of the two more important
ones along with the initial elimination of CHs. The other important
decomposition channel is that an H,S molecule leaves the thiol tau-
tomeric form, which comes along with the formation of one of the
two C,H3N isomers: H,C=C=NH or H3C-CN. The relative domi-
nance of these two channels depends on the radiation source used,
which may affect them either directly or indirectly (through influ-
encing the secondary reactions). The least important channel is the
one that involves the production of NH; and H,C=C=S. Several
secondary products could also be observed, especially, in the later
stages of photolysis. The third C;H3N isomer, H3 C-NC, likely forms
through the isomerization of H;C-CN, whereas the small molecules
HNC and HCN should originate from decomposition of HNCS or
H,C=C=NH. The importance of photoisomerization between the
[H, C, N] isomers cannot be ruled out either.

Some of the listed species have already been detected in the
ISM, making the findings of this work even more relevant from an
astrophysical point of view. HNCS is one of them, detected in Sgr B2
through its millimeter-wave spectral lines back in the late 1970s.”!
The other products of this decomposition channel have also been
observed already in Sgr A* by its Q branch at 16.5 ym and R(0) line
at 16.0 ym (CH3)*? and in NGC 7538 IRS 9 based on its absorption
at 7.6 yum (CH,4).>* Although there is no proof for the existence of
H,C=C=NH and H3C-NC in the ISM currently, there is for the third
isomer H3C-CN along with the respective elimination products SH
and H,S.”" *° The species forming via the third reaction pathway,
H,C=C=S as well as NH3, are also evident in space.‘;’»‘38 Lastly, the
presence of HNC and HCN in interstellar environments has been
known for decades.”” *

The decomposition channels revealed by this study will help
future irradiation experiments to be carried out with the astrophys-
ically more relevant thioacetamide ice, which is expected to be a
more complex environment with more ambiguous results due to the
general broadening of spectral bands as a consequence of extensive
interactions in the matter. In addition, the spectral information of all
the species provided by experiments will also be of help when identi-
fying them in para-H, matrices in future studies. Furthermore, these
degradation pathways may also be important in space environments,
suggesting that thioacetamide can only survive in the core of dense
molecular clouds shielded from energetic radiation and the observa-
tion of degradation products of this study may indirectly indicate its
presence in the ISM.

SUPPLEMENTARY MATERIAL

The supplementary material for this article includes the follow-
ing: (Figures S1 and S3) temporal evolution of the most prominent
bands appearing when exposing thioacetamide to 216 nm laser UV
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photons isolated in solid Ar and in para-Hj; (Figures S2 and S4)
difference spectrum of the most prominent bands appearing after
exposing thioacetamide to 5 keV electrons isolated in solid Ar and
in para-H, with respect to blank experiment; and (Figures S5 and
S6) Kinetic curves of the precursor as well as the products during
the Lyman-a photolysis and during the subsequent 240 and 216 nm
UV laser photolyses in Ar matrices.
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