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ABSTRACT
Thiourea (TU) and its N-methylated derivative, N-methyl thiourea (NMTU), were exposed to H atoms generated in cryogenic para-H2
matrices. The reactions were followed online by FT-IR spectroscopy. The freshly deposited matrices exclusively contained the more stable
thione tautomeric forms. However, upon exposure to H atoms, the peaks belonging to the precursor molecules clearly decreased along with
the simultaneous appearance of new signals. These new bands could be attributed to the corresponding higher-energy thiol forms (in the
case of TU) and, tentatively, to an intermediate radical (in both the TU and NMTU experiments). The radicals are suggested to be the H-
atom-addition products of the TU and NMTU thione precursors, with the addition occurring on the S atom. These intermediates may then
react with another free H atom, leading to the formation of the more energetic thiol tautomers, following an H-atom-abstraction process.
As such, these radicals act as the centerpiece of the reaction scheme, enabling the thione–thiol tautomerization. This H-atom-assisted pro-
cess is similar to that observed for the related molecule, thioacetamide. The interpretation of the experimental results was supplemented by
quantum-chemical computations, which predicted all the above-mentioned reactions to be barrierless. The presence of H atoms opens a
barrierless pathway; thus, the process does not necessarily require activation through irradiation (e.g., broadband UV). These findings point
to the ubiquitous nature of the facile hydrogenation/dehydrogenation of the S atom, implying that thione–thiol tautomerization may occur
easily.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0265542

I. INTRODUCTION

The tautomerization processes of sulfurous compounds have
been the focus of researchers’ interest for a long time (e.g.,
Refs. 1–4). The matrix-isolation (MI) technique offers a conve-
nient method to study chemical reactions that otherwise could not
be followed. It has a vast literature in many different scientific
fields, including the in situ isolation of radicals, conformational
analysis and shifting of the conformational equilibrium, and obser-
vation of (photo)decomposition or tunneling reactions.5 The sample

molecules are dispersed in a host material in a low concentration
(generally 1:1000, but it depends on the matrix host); the high dilu-
tion and the inert environment result in negligible intermolecular
interactions and smaller bandwidths (better spectral resolution).
Traditionally, noble or other inert gases are used as matrix hosts (Ne,
Ar, Kr, Xe, N2), but more reactive (e.g., CO) and more exotic (e.g.,
para-H2) matrices are also used. The MI technique is mostly coupled
with an optical spectroscopic method (such as FT-IR spectroscopy)
to exploit the better spectral resolution. The “quantum-solid” para-
H2 environment provides unique features, which make it superior
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to other matrix hosts in some applications.6 The interactions are
even weaker, resulting in even narrower spectral bands. Further-
more, the matrix is considered to be soft compared to a noble gas
host, allowing for the rapid diffusion of the in situ formed products,
such as radicals. This so-called diminished cage effect reduces the
likelihood of radical recombination, thus allowing for the observa-
tion of such molecules, which do not form in traditional matrices.
The most interesting property of the para-H2 matrix is that H atoms
can be efficiently generated, which can effectively diffuse in this
environment through the repetition of the H + H2 → H2 + H tun-
neling reaction in solid para-H2.7 Studies done in a para-H2 matrix,
involving the reactions with H atoms, have become routinely carried
out by the groups of Anderson and Lee as well as in our labora-
tory, as evidenced by numerous studies in the past several years
(e.g., Refs. 8–11).

Focusing on thioureas, it has long been known that thiourea
(TU), exclusively existing in its more stable thione tautomeric
form when deposited in an inert matrix, undergoes a thione to
thiol tautomerization when exposed to radiation [e.g., broadband
UV; Figs. 1(a) and 1(b)].12,13 The photogenerated thiols had been
observed to spontaneously convert back, due to H atom tunneling,
to the lower-energy thione forms. The results were later confirmed
by theoretical computations.14 Recently, the N-methylated deriva-
tive, N-methyl thiourea [NMTU; Figs. 1(c)–1(h)], has also been
investigated in the same manner, yielding similar results.15 The tau-
tomerization of the related thioamide (thioacetamide, TA) was also
shown in cryogenic media upon UV irradiation.16 More impor-
tantly, a later study pointed to the possibility of the occurrence of
the thione–thiol tautomerization, without having to irradiate the
matrix-isolated sample containing TA, by simply exposing it to H

atoms generated in situ in a para-H2 matrix.17 This experiment was
also repeated in the low-temperature bulk (ice) phase by bombard-
ing the TA sample with H atoms generated by an H atom beam
source (HABS).18 Our aim is to further examine the effect of H
atoms on TU and NMTU samples, exploiting the unique feature of
the para-H2 matrix, in order to understand their tautomerization
processes. The present study also reveals that the H-atom-assisted
tautomerization appears to be ubiquitous for sulfurous compounds
and not a unique feature of TA.

II. MATERIALS AND METHODS
The MI experiments were conducted using the VIZSLA setup,

comprising an ultrahigh-vacuum (UHV) compatible stainless steel
simulation chamber with a base pressure of ≈10−9 mbar when
cooled.19 Para-H2 served as a matrix host, which was produced by
converting normal-H2 (Messer, 99.999%) on porous Fe(III) oxide
[Sigma-Aldrich (St. Louis, MI, USA), hydrated, catalyst grade, 30–50
mesh] catalyst. The catalyst was filled into a stainless steel capil-
lary wrapped around the “10 K” cryostat (CH202, Sumitomo Heavy
Industries Inc.) of the setup, kept at 13.9 K. The para-H2 was col-
lected in a 0.5 L glass flask on a gas mixing line directly connected to
the simulation chamber through a high-purity copper tube 6 mm in
diameter.

The matrix was deposited by co-freezing TU (Sigma-Aldrich,
≥99.0%) or NMTU (Sigma-Aldrich, 97%) and para-H2 on a gold-
plated silver wafer with an approximate surface area of 1 cm2, used
as the substrate and attached to the cold finger of the “3 K” cryo-
stat of the setup (RDK-415D, Sumitomo Heavy Industries Inc.). The

FIG. 1. Schematic representation of
the tautomeric forms of the studied
molecules: (a) TU amino-thione, (b) TU
imino-thiol, (c) syn-NMTU amino-thione,
(d) syn-NMTU imino-thiol, (e) cis-NMTU
methylimino-thiol, (f) anti-NMTU amino-
thione, (g) anti-NMTU imino-thiol, and (h)
trans-NMTU methylimino-thiol.
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precursors had been put into the heatable sample container of the
setup before evacuating the chamber, and they were heated up to
353 and 345 K, maintained by a Lake Shore 336 temperature con-
troller during deposition. The distance between the substrate and
the tip of the sample container was ≈3 cm. The para-H2 was let
into the main chamber via a stainless steel capillary array through
a leak valve; the distance between the substrate and the end of the
capillaries was roughly 3 cm as well. The inlet rate was kept at
≈0.8 mbar L min−1. The matrix has to be doped with molecular Cl2
for H atom generation, which was introduced using another leak
valve and capillary array; the Cl2 to para-H2 ratio in the gas phase
was roughly 1:400.

The H atoms were produced by applying the two-step pro-
cess originally developed by Raston et al.8,9,20–22 First, the deposited
matrix was exposed to a 365 nm LED irradiation (M365L3 LED
source, ThorLabs, fwhm ≈ 9 nm, supplied with an SM1U collima-
tion adapter and a LEDD1B driver) for 30 + 15 minutes using a
current of I = 0.25 A to generate Cl atoms through Cl2 dissocia-
tion. The exposure time was 30 + 30 minutes using a current of
I = 0.25 A in the case of NMTU. Owing to the diminished cage effect
that can be experienced in para-H2, the Cl atoms may rapidly dif-
fuse in the matrix, reducing the probability of recombination. This
was followed by the 2217 nm (4510 cm−1) near-IR (NIR) laser excita-
tion of the Q1(1) + S0(0) and Q1(0) + S0(0) combination bands of the
para-H2 molecules, enabling the Cl + para-H2 reaction producing H
and HCl. The 2217 nm irradiation was done with the help of an opti-
cal parametric oscillator (OPO, GWU/Spectra-Physics VersaScan
MB 240, fwhm ≈ 5 cm−1) equipped with a frequency-doubling
unit (Spectra-Physics uvScan) pumped by a pulsed Nd:YAG laser
(Spectra-Physics Quanta Ray Lab 150, P ≈ 1.9–2.0 W, λ = 355 nm,
f = 10 Hz, pulse duration = 2–3 ns). The 2217 nm irradiation lasted
91 (TU) and 113 minutes (NMTU), respectively; the output power
measured at the aperture of the OPO was P = 0.85–0.91 mJ (TU)

and 1.03–1.26 mJ (NMTU) per pulse. Then, the samples were kept
in the dark overnight, and the H atom generation was repeated
the next day. In the case of TU, the 365 nm LED irradiation took
30 + 30 min, applying a current of 0.33 A, followed by a 62-
minute-long 2217 nm irradiation (P = 0.59–1.01 mJ per pulse). The
matrix did not survive the 365 nm irradiation part of the second
H atom generation in the NMTU experiment. The TU sample was
also exposed to 240 nm laser irradiation (exposure time 30 min),
P = 0.39–0.58 mJ per pulse.

Reflection–absorption mid-IR (MIR) spectra were collected
by means of a Bruker Invenio FT-IR spectrometer equipped with
a liquid N2-cooled mid-band Mercury Cadmium Telluride
(MCT) detector. The data were saved in the spectral region of
4000–600 cm−1 at a resolution of 0.5 cm−1, averaging 32 scans
each minute during deposition and during the 2217 nm as well
as the 240 nm laser irradiations. A low-pass filter with a cutoff
wavenumber of 3860 cm−1 was inserted after deposition to hinder
the interference between the 2217 nm laser photons with the MCT
detector. After the NIR irradiation, the changes in the sample
when it was kept in the dark were monitored by taking 128 scans
every 30 min. Long, 128-scan spectra were also collected right after
deposition, the 365 nm LED and the 240 nm laser UV irradiations,
as well as after waiting 2 h after finishing all the irradiation studies
in the case of the TU sample. MIR background spectra, averaging
256 scans, with and without the cutoff filter, were taken right before
the sample deposition at the same temperature and resolution as
during the experiment. A 32-scan NIR spectrum was collected after
preparing the matrix to calculate the ortho-H2 mixing ratio (i.e., the
purity) as well as the optical path length of the para-H2 matrix. The
optical path length is important for determining the mixing ratios
of the matrix-isolated species. NIR spectra averaging 32 scans were
also saved during and after the 365 nm irradiation, as well as after
the 2217 nm irradiation, to follow the formation or destruction

FIG. 2. MIR spectrum of TU deposited
in para-H2, whose vibrational modes are
marked with Qn (where n = 1–14; the
notation is taken from Ref. 12). The
symbols mark the following absorption
bands: ∗: Cl2 complexes with TU; #:
para-H2O;6 §: band assigned to TU by
Ref. 12, but no specific vibrational mode
was given; ?: band also seen in the
spectra of Ref. 12 but not listed in the
assignment table; and & : broad S0(0)
+ S0(0) band of para-H2.27
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of Cl atoms. The NIR background of 128 scans was also obtained
before the experiment.

Quantum-chemical DFT computations were also carried out
with the Gaussian 16 software (Rev. A03).23 The geometry optimiza-
tion of the precursor, as well as possible products and transition
states (TSs), took place at the B3LYP/cc-pV(T+d)Z level of the-
ory. The same level of theory was used to obtain the harmonic
and anharmonic vibrational frequencies and intensities, utilizing
the vibrational perturbation theory (VPT2) for the anharmonic
computations.24,25

III. EXPERIMENTAL RESULTS
A. H-atom reaction studies

The spectra of TU dispersed in a cryogenic para-H2 matrix
agree well with those obtained previously (Fig. 2).26 The only dif-
ference is the appearance of a few extra peaks due to the presence
of Cl2 in the matrix (used for H atom generation). It is important
to note that these signals are absent in the “blank” experiment when
the matrix does not contain any Cl2 molecules. The most straight-
forward explanation for these peaks is the formation of weakly
bound Cl2 complexes with the precursor molecule, perturbing its
vibrational band positions. Such bands can be found at 3507.0 (cor-
responding to the Q1 and Q2 bands of the TU thione precursor;
notation taken from Ref. 12), 3358.4 (Q3 and Q4), 1618.2 (Q5),
1606.1 (Q6), 1457.6 (Q7), 1395.7 (as shoulder, Q8), and 1069.5 cm−1

(Q9). An alternative assignment would be the direct reaction of Cl2
with the precursor molecule, leading to the formation of chlorinated
products. These bands almost completely disappear by the end of
the 365 nm irradiation, showing the photolability of the molecule
accounting for them.

During and after H atom generation, a whole set of new peaks
emerges (Fig. 3). The position of these signals is in great agreement
with those of the thiol tautomeric forms of TU and, thus, can be
safely assigned to them. The assignment can be done by compar-
ing the results with previous experimental data obtained in para-H2
when TU was irradiated by selective laser UV photons.26 As such, the
bands with the maxima at 3527.4, 1644.0, 1321.2, and 1071.8 cm−1

are ascribable to the s(yn),t(rans)-thiol, whereas the peaks at 3530.5,
1653.5, 1298.1, 1121.3, and 1080.2 cm−1 are caused by the absorp-
tion of the s,c(is)-thiol tautomer of TU (Fig. 4). Note that there
are four different rotamers; the other two are denoted as a(nti),c-
and a,t-thiol, based on the relative orientation of the H atoms of
the –SH (s- or a- along the H–S–C=N dihedral angle) as well as
the =NH (c or t position of the S–C=N–H dihedral angle) moi-
eties. However, similarly to the work of Rostkowska et al.,12 only
the s,c- and s,t-thiol rotamers are considered by this study, as the
computed vibrational frequencies of the a,c-thiol are indistinguish-
ably close to those of the s,c-thiol, and the same applies to the a,t
and s,t isomers. One more peak that apparently increases during the
whole H-atom reaction can be found at 968.3 cm−1 and is due to
the forming NH3 molecule.28 Even more interestingly, a triplet band
with maximum positions of 2323.7, 2321.7, and 2319.0 cm−1 shows
up during the first H atom generation (2217 nm irradiation, Fig.
S1 in the supplementary material). This feature stays stable in the
dark and becomes completely bleached during the second 365 nm
irradiation; however, it is regenerated during the repeated 2217 nm
irradiation. Even though this behavior is difficult to properly moni-
tor owing to the interference with the atmospheric CO2, it still shows
a resemblance to that of the 2378 cm−1 signal in a similar experiment
carried out with TA.17 In that work, the molecule accounting for the
2378 cm−1 band was tentatively identified as an important interme-
diate produced following the H-atom addition on the S atom of TA.

FIG. 3. Sections of the MIR difference
spectra of TU in para-H2 matrix after
the first H atom generation (dark gray
trace), the next day after keeping the
sample in the dark (red trace), after the
second 365 nm irradiation (blue trace),
and after the second 2217 nm irradia-
tion (green trace). The spectrum taken
right after deposition serves as the ref-
erence for the difference spectra. The
spectra are offset for clarity; labels “1”
and “2” denote the s,t- and the s,c-thiol
rotamers. The asterisk marks the forming
para-H2O band, whereas the “§” sym-
bols label the HOȮ radical; both species
are standard by-products upon H atom
generation. The question mark signals
an uncertain assignment. The position of
the NH3 absorption band is also shown.
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FIG. 4. Schematic representation of the different thiol rotamers of TU. For the
sake of comparison, the thione tautomeric form (Tn) is also shown. The energies
relative to that of Tn as obtained at the B3LYP/cc-pV(T+d)Z level of theory are also
provided (in kJ mol−1), which are zero-point vibrational energy (ZPVE) corrected.

The subsequent 240 nm secondary photolysis, which was meant
to support the identification process, induces further changes in the
spectrum. All TU bands (including both the thione and thiol forms)
start decreasing, pointing to their decomposition, whereas that of the
NH3 increases, and numerous new bands appear according to the
TU decomposition products. These are hydrogen isocyanide (HNC),
isothiocyanic acid (HNCS), cyanamide (H2N–CN), carbodiimide
(HN=C=NH), and hydrogen cyanide (HCN), whose formation is in
accordance with a previous photolytic study.26

When taking the MIR spectrum of NMTU in a para-H2 matrix,
one can deduce the same as in the case of TU; the spectrum agrees
well with the previously obtained one (Fig. S2 in the supplementary
material).26 The fact that both the s(yn) and a(nti) conformers
are present in the matrix is in complete accordance with previous
results.15,26 Similarly to the TU experiment, the presence of Cl2 ⋅ ⋅ ⋅
NMTU complexes (or, alternatively, chlorinated products) can also
be observed. However, unlike in the experiment done with TU, no
formation of NMTU thiols can be detected upon the generation of
H atoms in the matrix. It should be noted that the position of the
thiol absorption bands is also well known based on a recent UV
photolytic study carried out in a para-H2 matrix.26 The only new
band that appears has a maximum of 2329.9 cm−1 (Fig. S3 in the
supplementary material). This peak shares similar behavior to the
signal centered at 2378 cm−1 in the case of TA or to the triplet band
in the TU experiment. Thus, it is reasonable to assume that it is the
same type of reaction product as that of TA or TU; namely, the rad-
ical that is produced when an H-atom addition reaction occurs on
the S atom.

B. Kinetics of TU tautomerization
The kinetic curves were initially obtained by plotting the inte-

grated peak band areas (A(ν̃), in cm−1) vs time. It is important to
point out that the use of band areas has disadvantages, as they are
not normalized by the different absorption coefficients of the dif-
ferent vibrational modes or the thickness of the matrix. One often
applied solution for that is the use of the mixing ratio of the com-
ponents with regard to the matrix host (X, in ppm), for which the
following equation is used:6

X = 2.303∫
band

A(ν̃)dν
ϵ l

× Vmol × 106.

The method was successfully adopted by our group and has
been utilized in numerous works since then.29 The optical path of
the IR beam in the deposited para-H2 matrix (l, in cm), which is a
fundamental value to determine the mixing ratio of each species, is
calculated to be 0.0261 ± 0.008 cm using the updated coefficients
provided by Fajardo.30 To estimate the absorption coefficient (ϵ, in
cm mol−1), the computed IR intensities are used. It is important
to note that, based on previous results, the use of harmonic com-
puted IR intensities is preferred over the anharmonic ones. This
is due to the unreliable manner of the latter, especially in the case
of low-frequency vibrational modes of “floppy” functional groups
(such as the torsional mode of the methyl, i.e., the –CH3, group).26

FIG. 5. Kinetic curves of TU thione and thiol tautomers as well as that of NH3 during
H atom generation. The vertical lines mark the boundaries between the different
stages of the experiment.
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Finally, Vmol is the molar volume of solid para-H2, equaling
23.16 cm3 mol−1, and the factor of 106 ensures the mixing ratio is
obtained in ppm units.

To estimate the mixing ratio of the TU thione precursor,
two vibrational modes were considered: the NH2 in-phase bending
(βip[NH2], Q6), centered at 1590.3 cm−1 with a computed harmonic
IR intensity of 206 km mol−1, and the NH2 out-of-phase bending
(βop[NH2] or Q5, 1614.5 cm−1, 69 km mol−1). Due to the low con-
centration of the products resulting in weak absorptions, only one
vibrational mode could be considered for the thiols and NH3. These
were the C=N stretching (ν[C=N]) in the case of thiols: 1644.0 cm−1

(271 km mol−1) and 1653.5 cm−1 (253 km mol−1) for the s,t and s,c
conformers. The decomposition product NH3 has one strong band
at 968.3 cm−1 (147 km mol−1), which can be assigned to its wag-
ging mode (ω[NH3]). The kinetic profile of the triplet band at 2323.7,
2321.7, and 2319.0 cm−1 could not be determined due to the strong
interference with the absorption of the atmospheric CO2 residue that
can be found in the IR beam path.

As far as the kinetic behavior of the TU thione tautomeric
form is concerned, it can be seen from Fig. 5 that its mixing ratio
monotonously decreases during all stages of the H-atom reaction.
This conversion is more pronounced when the sample is exposed
to 2217 nm laser photons. The loss rate is lower when the sample
is kept in the dark, although still non-negligible. In contrast, the

precursor is apparently not affected by the 365 nm irradiation. In
summary, some ≈20 ppm of TU thione is transformed in the first
2217 nm irradiation, followed by the conversion of 15 ppm more in
the dark, and eventually, another 10 ppm is converted when the sam-
ple is exposed to the NIR photons for the second time. In contrast,
the mixing ratio of the products increases monotonously, although
at different rates. For instance, the concentration of s,c-thiol is low
throughout the experiment: it is calculated to be a mere 0.7 ppm
after the first 2217 nm irradiation and is not much higher by the end
of the dark period (1.0 ppm). Then, it slightly increases during the
second 365 nm LED irradiation to ≈1.5 ppm and eventually remains
more or less stable during the second NIR laser irradiation. The mix-
ing ratio of the other rotamer, the s,t-thiol, has a somewhat higher
overall mixing ratio: 3.2 ppm at the end of the first H atom genera-
tion cycle and 3.8 ppm after waiting 1012 min in the dark. This value
almost doubles to 6.1 ppm after the second 365 nm LED irradiation
and increases further to 6.5 ppm during the second 2217 nm laser
irradiation. Even though the s,t-thiol rotamer is known for its back-
conversion to the TU thione tautomeric form via an intramolecular
H atom tunneling, its half-life was found to be 52 h in Ar, 76 h in
Ne, and 94 h in normal-H2,12,13 which can be offset by the reactions
of the TU thione with the remaining H atoms left in the dark. To
summarize, the kinetic behavior of TU thiols shows a great resem-
blance to that of the TA thiols upon H atom generation.17 Finally,

TABLE I. ZPVE-corrected relative energies (ΔEZPVE) and barrier heights [ΔE(TS)ZPVE; both in kJ mol−1] of all possible
reaction steps of the TU thione and thiol tautomers as well as those of the H2N–Ċ(–SH)NH2 intermediate.

Process Expected product ΔEZPVE TS found? ΔE(TS)ZPVE

Compound: Thione

H addition on S H2N–Ċ(–SH)–NH2 −73.0 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
H addition on C H2N–CH(–Ṡ)–NH2 −61.3 ✓ 26.2
SH2 on NH2 H2N–Ċ(=S) + NH3 6.3 ✓ 43.4
H abstraction from NH2 #1 cis-H2N–C(=S)–ṄH +H2 −51.6 ✓ 13.4
H abstraction from NH2 #2 trans-H2N–C(=S)–ṄH +H2 −28.6 ✓ 28.6

Compound: H2N–Ċ(–SH)NH2

H addition on C H2N–CH(–SH)–NH2 −326.1 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
H abstraction from SH thione +H2 −361.3 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
H abstraction from NH2 a,t-thiol +H2 −299.4 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

Compound: a,t-thiol

SH2 substitution on SH H2N–Ċ=NH +H2S −93.4 ✓ 6.5
H addition on C H2N–CH(–SH)–ṄH2 −74.3 ✓ 40.8
SH2 substitution on NH2 HN=Ċ–SH + NH3 −86.1 ✓ 51.9
H addition on NH H2N–Ċ(–SH)–NH2 −134.9 ✓ 2.9
H abstraction from SH H2N–C(–Ṡ)=NH +H2 −90.5 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
H abstraction from NH2 #1 a,a-HṄ–C(–SH)=NH +H2 −34.9 ✓ 26.6
H abstraction from NH2 #2 s,a-HṄ–C(–SH)=NH +H2 −40.0 ✓ 33.3
H abstraction from NH H2N–C(–SH)=Ṅ +H2 −57.2 ✓ 1.5
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one should discuss the kinetic profile of NH3 as well: its mixing ratio
is 0.6, 1.3, 2.6, and 3.5 ppm after the first 2217 nm irradiation, after
waiting in the dark, after the second 365 nm irradiation, and at the
end of the H atom generation.

IV. COMPUTATIONAL RESULTS
A. H-atom reactions of TU

When an H atom approaches a molecule, it can participate
either in H-abstraction or H-addition reactions. In the case of the
former, the incoming H atom may grab another one from the
molecule and form an H2 molecule along with the remaining species
with one less H atom. The possible sites for the H abstraction are
the two amino (–NH2) groups, which are identical due to molecu-
lar symmetry. However, the H atoms on a particular –NH2 moiety
are not identical, leading to two different barriers for the two H-
abstraction reactions (13.4 and 28.6 kJ mol−1). The barrier heights of
the reaction steps of the most important species are listed in Table I,
whereas all considered H-abstraction as well as H-addition reactions
are discussed in the supplementary material and listed in Table S1 in
the supplementary material. The product of the H-atom-abstraction
reaction involving the TU thione form is formally the amino-
thioxomethyl amidogen [H2N–C(=S)–ṄH] radical, although it may
exist in another resonance structure, the aminoimino methylthio
[H2N–C(–Ṡ)=NH] radical. In contrast, the addition of the generated
H atoms can occur on three possible targets on the TU thione form,
namely, on the S as well as the C atoms and on one of the –NH2
moieties. In the last case, a bimolecular homolytic substitution (SH2)
reaction takes place, resulting in the elimination of ammonia (NH3)
and the aminothioxo methyl (H2N–Ċ=S) radical. This reaction
channel and the one involving the H-atom addition on the C atom

have considerable barriers (43.4 and 26.2 kJ mol−1). On the other
hand, the addition of H atoms on the S atom is a barrierless process,
yielding the diaminomercapto methyl [H2N–Ċ(–SH)–NH2] radi-
cal. Briefly, only the last reaction is expected to take place since all
other ones have considerable barrier heights. These findings are in
line with those of earlier studies focusing on the related molecule,
TA.17,31

Considering the further reactions of the only species that forms
after a barrierless process [H2N–Ċ(–SH)–NH2], it may also partici-
pate in H-addition or H-abstraction reactions. Among the possibili-
ties, only the addition of the H atom on the C atom with the radical
center is found to be barrierless in each case, yielding the fully hydro-
genated diamino methanethiol [H2N–CH(–SH)–NH2] molecule.
Speaking of the H-atom abstraction from the H2N–Ċ(–SH)–NH2
radical, the attacked H atoms can be either on the N atom of one
of the –NH2 groups or the S atom of the –SH group, respectively.
Both reactions are found to be barrierless by theory; the predicted
products are the thiol and the thione tautomeric forms of TU,
respectively.

The formation of thiols can be undoubtedly observed; there-
fore, it is imperative to assess their possible H-atom-reaction path-
ways. The addition on the S atom of the –SH group is found to
have negligible barriers for three out of the four thiol conform-
ers (ranging between 2.4 and 6.5 kJ mol−1; the only exception is
the a,c-thiol, for which a surprisingly high barrier of 39.1 kJ mol−1

is predicted). This SH2 reaction leads to H2S elimination. Simi-
larly, the H-addition on the =NH group also has low barriers of
1.4–2.9 kJ mol−1 (when found), which are lower than the uncertainty
of the applied level of theory. This pathway allows the formation
of the important H2N–Ċ(–SH)–NH2 intermediate. The addition on
the C atom [producing the H2N–CH(–SH)–ṄH radical] as well as

FIG. 6. Schematic representation of
the different thiol rotamers of NMTU:
(a) s,s,t-imino-thiol, (b) s,a,t-imino-thiol,
(c) s,s,c-imino-thiol, (d) s,a,c-imino-thiol,
(e) a,s,t-imino-thiol, (f) a,a,t-imino-thiol,
(g) a,s,c-imino-thiol, (h) a,a,c-imino-
thiol, (i) a,c-methylimino-thiol, (j) s,c-
methylimino-thiol, (k) a,t-methylimino-
thiol, and (l) s,t-methylimino-thiol. The
ZPVE-corrected relative energies as
obtained at the B3LYP/cc-pV(T+d)Z
level of theory are also provided (in kJ
mol−1); the reference is the anti-NMTU
thione tautomer.
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the addition on the N atom of the –NH2 moiety (involving the NH3
elimination following the SH2 mechanism) both have barriers higher
than 40 kJ mol−1. Out of the reactions involving H abstraction, only
that occurring on the S atom of the –SH group is found barrierless by
theory, formally resulting in the formation of the H2N–C(–Ṡ)=NH
radical (see the other resonance structure above). The abstraction of
an H atom from the –NH2 group has barriers of 25–40 kJ mol−1,
depending on the thiol conformer. The same values for the reaction
involving the =NH moiety are lower, around 10 kJ mol−1. The only
exception is the s,t-thiol, for which the same reaction has a negligi-
ble, 1.2 kJ mol−1 high barrier. The product of this reaction channel is
the H2N–C(–SH)=Ṅ radical, which, on the other hand, can quickly
react with an H atom, regenerating the thiol forms.

B. H-atom reactions of NMTU
When discussing the processes taking place when the NMTU

sample is exposed to H atoms, one should bear in mind that the
number of conformers is much higher than in the case of TU. As
such, the NMTU thione tautomeric form has two [syn and anti,
Figs. 1(c) and 1(f)], whereas the thiol forms have 12 enantiomeric
pairs (24 in all, Fig. 6) due to the fact that the –SH and = NH groups
are out of the molecular plane. The first letter in the notation always
describes the orientation of the –CH3 group, as discussed in Sec. I. In
the case of the imino-thiol conformers [Figs. 6(a)–6(h)], the relative
orientation of the H atoms of the –SH (a or s along the H–S–C=N
dihedral angle) as well as the =NH (c or t along the S–C=N–H dihe-
dral angle) groups are denoted by the second and the third letters
in their notation. In the case of the methylimino-thiol tautomers
[Figs. 6(i)–6(l)], only the former needs to be used, namely, the orien-
tation of the H atom of the –SH (a or s along the H–S–C=N dihedral
angle) group to properly describe the conformer structure (first let-
ter of the notation, whereas the first letter denotes the relative orien-
tation of the −CH3 group). Due to the high number of conformers,
a comprehensive study was out of the scope of this work. Accord-
ingly, only the most relevant reaction pathways are highlighted in
order to test the feasibility of the thione–thiol tautomerization pro-
cess (Table S2 in the supplementary material). The results point to
the barrierless nature of the H addition on the S atom of the NMTU
thione, yielding the intermediate radical [H3C–NH–Ċ(–SH)–NH2].
In contrast, the H-atom abstraction has an average barrier of roughly
20 kJ mol−1 in every case, rendering the occurrence of these chan-
nels unlikely. The H3C–NH–Ċ(–SH)–NH2 radical may then lose an
H atom through a barrierless H-atom abstraction, leading to the for-
mation of the NMTU thiol conformers. It is important to point out
that all of the H-abstraction processes are barrierless, independent
of whether the H atom is located in the –NH– or –NH2 group.

V. DISCUSSION
A. Proposed tautomerization mechanisms

Figure 7 shows the most likely reaction mechanism that occurs
upon exposing the TU sample to H atoms in a cryogenic para-
H2 matrix, deduced from both the experimental and theoreti-
cal results. According to the computational results disclosed in
Sec. IV A, the TU thione tautomeric form may participate in a
barrierless H-atom addition on the S atom. The resulting intermedi-
ate, H2N–Ċ(–SH)–NH2, acts as the cornerstone of the thione–thiol

tautomerization mechanism and can be tentatively assigned by IR
spectroscopy via its triplet band with maximum positions of 2323.7,
2321.7, and 2319.0 cm−1. This radical is proposed to transform bar-
rierlessly into one of the thiol forms following an H-atom abstrac-
tion; their presence is undoubtedly confirmed experimentally. The
theory also predicts the H-atom addition on the C atom of the
H2N–Ċ(–SH)–NH2 radical to be barrierless, resulting in the for-
mation of the fully hydrogenated H2N–CH(–SH)–NH2 molecule,
although it cannot be observed in the IR spectrum. This could be
due to the occurrence of the opposite reaction, namely, the dehy-
drogenation of this species upon H-atom abstraction, yielding the
H2N–Ċ(–SH)–NH2 radical. Another reaction that probably takes
place, although there is no evidence for it, is the regeneration of
the H2N–Ċ(–SH)–NH2 intermediate following the hydrogenation of
the thiol forms when an incoming H atom is barrierlessly added on
their =NH groups. The presence of other species forming through
barrierless processes, such as H2N–CH(–Ṡ)–NH2 or H2N–C(–Ṡ)
=NH, is not expected owing to too low concentration—their
formation from the initial thione tautomer requires too many
hydrogenation/dehydrogenation steps.

The reactions of an incoming H atom with NMTU are expected
to be analogous to what happens to TU. The H-atom addition on
the S atom of the NMTU thione is expected to take place based on
the computational results. The occurrence of this process is inde-
pendent of whether the thione possesses the anti or syn structure.
Then the forming intermediate, the tentatively detected (through its
2329.9 cm−1 band) H3C–N(H)–Ċ(–SH)–NH2 radical, participates
in a barrierless H-atom abstraction, producing the NMTU thiol
tautomers. The fact that the NMTU thiols cannot be observed in the
sample exposed to H atoms can be rationalized (among others) by
their very low concentration, which may be caused by the high num-
ber of unique conformers (12 enantiomeric pairs, as stated above, in
contrast to the two detected ones in the case of TU) rendering their
signals below the detection limit.

The CH3–Ċ(–SH)–NH2 radical forming in the experiment
starting from TA has a computed IR frequency and intensity of
2311 cm−1 and 103 km mol−1.17 The same values in the case of TU
are 2220 cm−1 and 168 km mol−1 [H2N–Ċ(–SH)–NH2]; also com-
pare it with the frequencies of the NMTU derivatives: 2251 cm−1 and
161 km mol−1 [a-H3C–N(H)–Ċ(–SH)–NH2] and 2237 cm−1 and
144 km mol−1 [s-H3C–N(H)–Ċ(–SH)–NH2]. In other words, they
are shifted toward lower wavenumbers with regard to the similar
experiment carried out by TA, which is also reflected in the exper-
imental frequencies of these radicals: 2378 cm−1 (TA), 2321.7 cm−1

(TU; highest peak of the triplet), and 2329.9 cm−1 (NMTU). This
finding further supports the assignment of this band.

B. Elemental balances of the TU experiment
When referring to elemental balances (Table II), one means the

total amount of the particular element (C, S, or N) found in the prod-
uct molecules relative to that in the precursor (in percent), and they
can be compared with that of the one performed with the related
molecule, TA.17 Accordingly, one can see that the listed products
account for more converted precursor in the current case than for
TA (≈20% vs ≈10%), suggesting that H-atom reactions are more effi-
cient when TU is concerned. The total amounts of thiols are 3.9,
4.8, 7.6, and 7.9 ppm at the end of the different stages of H atom
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FIG. 7. Proposed reaction scheme of
the H-atom addition and abstraction
reactions of TU upon H atom gener-
ation, containing the principal (barrier-
less) pathways only. For the sake of
clarity, reaction channels involving the
elimination of H2S are not included.
Molecules in dark blue were undoubt-
edly detected, whereas the ones in light
blue were assigned tentatively. The bold
dark blue arrows indicate the most likely
reaction channels, the empty light blue
arrows mark potentially important pro-
cesses without any experimental proof
for their occurrence, whereas dotted
black arrows specify other, expectedly
unimportant channels.

TABLE II. Change in mixing ratios (in ppm) of the precursor and the products starting
from TU at different stages of H atom generation.

Δmixing ratio

Species
First

2217 nm
Dark

period
Second
365 nm

Second
2217 nm

Precursor −22.4 −37.1 −35.3 −44.4
s,t-thiol 3.2 3.8 6.1 6.5
s,c-thiol 0.7 1.0 1.5 1.4
NH3 0.6 1.3 2.6 3.5
C balancea 17% 13% 22% 18%
S balancea 17% 13% 22% 18%
N balancea 20% 15% 29% 22%
aWhen calculating elemental balances, the fact that all forms of TU contain two N atoms
and those of NMTU contain two C and two N atoms must be taken into account.

generation (first 2217 nm irradiation, after waiting in the dark, sec-
ond 365 nm irradiation, and second 2217 nm irradiation). The same
values for TA were 4.0 and 5.3 ppm after the first 2217 nm irradia-
tion and after waiting in the dark, respectively, which are comparable
to those obtained for TU. However, in the case of TA, more thione
was converted (37 and 66 ppm after the first 2217 nm irradiation
and after waiting in the dark, respectively),17 which may explain
the lower elemental balance values. Interestingly, the mixing ratio
of NH3 is also comparable in the two cases. The relative concentra-
tion of H-atom-reaction products becomes lower during the dark
period, which is in accordance with what was found for TA.17 This
phenomenon may be caused by the more efficient occurrence of
alternative reactions, such as the formation of complexes with HCl.
The change in the relative rates of competing reactions (like the one
involving the elimination of H2S, which cannot be detected due to

its extremely weak IR absorption) may also be held accountable for
this observation.

The mixing ratio of the tentatively assigned H2N–Ċ(–SH)–NH2
can be estimated if one assumes an average IR intensity of
≈150 km mol−1. Nevertheless, the concentration of this species can
only be determined at the end of the first 2217 nm irradiation and
after waiting in the dark, as the interference with the absorption of
atmospheric CO2 becomes too strong after that. The corresponding
values are 6.0 and 6.7 ppm, significantly less than in the case of TA
(10 and 30 ppm).17 Nonetheless, they still raise the elemental bal-
ances to 44% (C and S balance) as well as 46% (N balance) after the
first 2217 nm irradiation and 31% (C and S balance) as well as 33%
(N balance) after keeping the sample in the dark. This somewhat
contradicts what was observed in the TA experiment, where the mix-
ing ratio of the related radical increased monotonously throughout
the dark period, in contrast to the constant nature of the mixing ratio
observed in the current experiment.

Due to the para-H2 + Cl → HCl + H reaction occurring dur-
ing the 2217 nm irradiation, the mixing ratio of the generated H
atoms can be determined indirectly by using the integrated area of
the 2895 cm−1 HCl band. The values are 978, 1159, 1186, and 1513
ppm after the first 2217 nm irradiation, waiting in the dark, the sec-
ond 365 nm irradiation, and the second 2217 nm irradiation. The
higher mixing ratio of the H atoms in this experiment may account
for the different behavior of the radical in the current experiment,
as there are more generated H atoms than in the TA experiment
(788 and 985 ppm after the first 2217 nm irradiation and waiting in
the dark, respectively),17 facilitating further H-atom reactions taking
place on the radical. It is also worth noting that ≈100–200 H atoms
are necessary to produce one product molecule. This is in agreement
with our previous results, which also made an attempt to rationalize
the apparent lack of efficiency when it comes to H-atom reactions.17

Finally, one should note that the elemental balances listed in Table II
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are lower (except for the S atom) than when the sample is exposed
to UV irradiation.

Although the molar balances cannot be calculated for NMTU, a
few conclusions can still be drawn. The overall decrease in the thione
monomer after the first 2217 nm irradiation and after waiting in the
dark is determined to be 14.5 and 26.1 ppm, roughly two-thirds of
that of TU (Table II). The mixing ratio of the radical is found to
be 8.7 and 10.3 ppm, respectively, which are somewhat higher than
that in the case of TU (6.0 and 6.7 ppm). However, the concentra-
tion of the generated H atoms is calculated to be 477 and 573 ppm,
which are less than half of the experiment for the TU experiment. As
a consequence, fewer H atoms translate into a lower chance for the
second (H-atom abstraction) step; therefore, the process stops after
the first (H-atom addition) reaction, resulting in a somewhat higher
mixing ratio of the intermediate than in the case of TU. In addition,
considering the greatly increased number of different thiol conform-
ers compared to that of the TU molecule, these two phenomena may
give an explanation for the absence of thiols after H-atom generation
in the NMTU-containing matrices.

VI. CONCLUSION
The conclusions drawn from the experimental observations

and the quantum-chemical computations suggest the facile occur-
rence of thione–thiol tautomerization when H atoms are generated
in a para-H2 matrix also containing the sulfurous compounds TU
and NMTU in a low concentration. This reaction pathway, unlike
the ones involving (broadband) UV irradiation, does not require an
external energy source, and it only requires the presence of H atoms.
According to the theoretical results, the mechanism can be described
as follows: The first step is the barrierless H-atom addition on the
S atom of the TU or NMTU thione precursors, yielding the inter-
mediate radicals, which were tentatively identified based on their
absorption band near the atmospheric CO2 peak. Subsequently, the
second step involves an H-atom abstraction leading to the formation
of the thiol tautomeric forms, whose conformers were successfully
detected in the TU-containing samples. There may be several possi-
ble explanations for the lack of thiols in the case of NMTU; the two
most obvious are the high number of conformers rendering their
concentration too low or the less efficient H atom generation due to
steric effects. The mechanism laid down above is identical to what
was found for the related sulfur-bearing compound, TA, in the same
para-H2 environment when exposed to H atoms.17 Another study
showed that TA also undergoes the same thione–thiol tautomer-
ization on the surface when bombarded with H atoms in the bulk
(amorphous ice) phase.18 In other words, the process appears to be
independent of the environment. These findings point to the ubiq-
uitous nature of the facile hydrogenation/dehydrogenation of the S
atom on this family of molecules rather than a unique feature of one
of them. Moreover, the fact that the same tautomerization process
takes place simply by the presence of H atoms may also have an
astrophysical implication: in the core of dark, cold molecular clouds,
the ices persisting on the surface of small dust particles are shielded
from the UV originating from nearby stars or galactic cosmic rays.
However, H atoms are abundant, and the tautomerization assisted
by them is not hindered by the low temperature, as the process has
been shown to be barrierless.

SUPPLEMENTARY MATERIAL

The electronic supplementary material contains sections of the
MIR difference spectra of TU as well as NMTU in para-H2 matrix
after the first H atom generation; the MIR spectrum of anti- and
syn-NMTU deposited in para-H2; and text discussing and tables list-
ing the zero-point corrected computed energy levels of the H-atom
addition as well as H-abstraction products and the transition states
(if any) of TU and NMTU, respectively.
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