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An imino group was used for the first time as a vibrational antenna to manipulate molecular
conformations. Imino-thiol isomers of thioacetamide were generated upon UV-irradiation of its amino-
thione tautomer isolated in argon matrices at 11 K. Selective and reversible conformational
isomerizations were induced by narrowband near-IR irradiation tuned at the frequencies of the 2v(NH)
first stretching overtone of each imino-thiol isomer. The conformational isomerization concerns the
change in the orientation of a remote —SH group, while the orientation of the imino (C=NH) group
remains the same. Supported by quantum chemical anharmonic computations, this allowed for a reliable,
isomer-selective vibrational assignment of the four imino-thiol isomers extending now over the full
mid-IR and near-IR ranges. It was found that the experimental IR intensities of the 2u(NH) first stretching
overtones (computed 4-5 km mol™) of the imino-thiol forms are comparable to those of the v(NH)
stretching fundamentals (computed 2-4 km mol™Y). This is the first time such a phenomenon is reported
for an imine molecule. The kinetics of conformational isomerization was monitored in situ, indicating that

Received 1st October 2019, the irradiation-induced processes are significantly faster than the tunneling-driven spontaneous cis—trans

Accepted 25th October 2019 rotamerization of the —SH group. Quantum yields for the rotamerizations of the —SH group resulting
DOI: 10.1039/c9cp05370k from the vibrational excitation of a remote —NH group were estimated and found to be comparable to

those observed for matrix-isolated carboxylic acids and amino acids, where conformational changes of
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1. Introduction

The infrared (IR) spectroscopy of compounds containing thio-
carbonyl groups has a long history."” In a similar way to their
oxygen analogues, which are prone to oxo/hydroxyl tautomerism,
these compounds exhibit thione/thiol tautomerism. In general,
the thione forms are lower in energy than the thiol forms, so that
the compounds predominantly or almost exclusively exist in the
thione form. Nevertheless, thiones can be readily converted
to their higher-energy thiol isomers upon ultraviolet (UV)
irradiation.>* If embedded in an inert solid matrix at low
temperature, the photogenerated thiol forms can then be preserved
and characterized by conventional steady-state spectroscopic
methods.
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the —OH group were induced by the direct vibrational excitation of 2u(OH) first stretching overtones.

Compared to the commonly found thione tautomer, the
elusive thiol isomeric forms might be considered to represent
more attractive systems for investigation, in part because they
contain the —-SH moiety, whose relevance in biochemistry and
astrophysics has been gaining recognition during the last few
decades. For example, methanethiol has been reported to exist
in the interstellar medium long ago,” and other thiols (e.g.,
ethanethiol)®” have also recently been suggested to be present
in outer space; making this type of compounds of great interest
for both the astrochemical and laboratory astrophysics
communities.* ** On the other hand, the thiol group may give rise
to conformational isomerism, which may have a great impact on the
molecular structure and properties of bioactive molecules (for
instance, on the pK values and the hydrogen donor/acceptor ability
of cysteine, and thus on enzymes’ activity).">™"” Therefore, unraveling
the -SH conformational properties in small model compounds is
also of great interest. In this context, investigations on the structure,
conformational preferences and spectroscopic properties of isolated
molecules containing the -SH fragment, like the imino-thiol (or for
short, thiol) isomeric forms of thioacetamide, as well as on their
UV- or IR-induced reactivity, are of prime importance.

Thioacetamide (C,H;NS) is a prototype compound representative
of thiocarbonyl compounds, which has been investigated in
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some detail before. In the past, it has been used as an organic
solvent in the leather, textile, and paper industries, as an
accelerator in the vulcanization of rubber, and as a stabilizer
of motor fuel.'®'® However, since it has been recognized as a
potential carcinogenic substance,***! the main applications are
limited and it is used as a replacement for hydrogen sulfide in
qualitative analyses®* or as a reactant for metal salt nanoparticle
synthesis.?* % The first study reporting the mid-IR spectrum of
matrix-isolated thioacetamide was published a quarter of a
century ago.”® The authors performed an empirical assignment
of the IR spectrum of the compound (for the most stable thione
form), including some of its deuterated isotopologues. Further-
more, based on the measured vibrational frequencies, they were
able to estimate the internal rotation barrier about the C-N
bond, which they discussed in comparison with that previously
estimated for acetamide in order to evaluate the effect of oxygen-
by-sulfur replacement on this property. Although the thione-thiol
tautomerization has been subject of many investigations,***" to
the best of our knowledge, the thiol forms of thioacetamide have
only been described to some extent by two studies. First, the
photogeneration of the thiol tautomeric forms of thioacetamide
by broadband UV irradiation of the thione tautomer has been
reported by Lapinski et al.® Secondly, our recent study reported
the first experimentally observed conformational isomerization
of an -SH fragment taking place by quantum tunneling.
Near-IR irradiation-induced cis-trans conformational changes
in hydroxyl-containing compounds isolated in inert matrices is
an extensively studied topic. Carboxylic acids*>™** such as
formic,*>™*° acetic,’®"* propionic,®® and pyruvic,>* for example,
were studied successfully using this approach, alongside some
dicarboxylic acids,”>*® and derivatives containing heteroatoms
such as nitrogen (oxamic acid),”® or halogen atoms (e.g., tri-
fluoroacetic,® trichloroacetic,®* tribromoacetic,®* and 2-chloro-
propionic acid).®* Conformational changes involving -OH
groups of cyclic and heterocyclic organic acid compounds have
also been investigated using the same experimental approach,®*
as well as those occurring in carbonic acid,*® amino acids,”®”*
nucleobases or nucleobase derivatives.”>”” The technique has
been recently proved to be also useful to induce conformational
changes around a particular bond using a remotely located
vibrational antenna, ie., shown to be capable of efficiently
modifying the conformation of a group placed several bonds
away from the moiety which is vibrationally excited.>*>%7578¢
Although the conformational changes resulting from near-IR
irradiation of hydroxy derivative compounds are well-studied,
the same does not apply for their sulfur counterparts. Indeed, to
the best of our knowledge, only two studies have been published
describing near-IR-induced rotamerizations of the thiol group:
(i) -SH torsion in cysteine, coupled with other conformational
changes, resulting from vibrational excitation of the -OH
group,”® and (ii) -SH flip in thiocytosine, upon excitation of
the -NH, group.®® As described in detail below, we show that
IR-induced -SH rotamerizations are in fact not just feasible, but
they can be efficiently controlled in a very selective way. Imino-
thiol forms of thioacetamide were generated by narrowband UV
irradiation of the amino-thione form isolated in a low-temperature

and
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argon matrix. Then, by applying narrowband near-IR excitation to
the first stretching overtone of the imino group (2v(NH)), a
selective interconversion between the thiol forms was achieved
(resulting from the controlled internal rotation of the -SH
moiety). This allowed us to undertake an unprecedented structural
and spectroscopic characterization of these species, strongly
improving the data reported previously. Moreover, the present
study is the first of its kind describing the use of an imino
C—NH group as a vibrational antenna to control molecular
conformations.

2. Experimental methods
2.1. MI-IR spectroscopy

The experiments were carried out in two laboratories, in
Coimbra (Portugal) and in Budapest (Hungary).

In Coimbra, a commercial sample of thioacetamide obtained
from Merck (99%) was used. The sample was placed in a small
glass oven, connected to the vacuum chamber of a cryostat via a
stainless steel gate valve. Before the experiments, the sample
was pumped through the vacuum chamber at room temperature
in order to eliminate air and other trapped volatile impurities.
To increase the vapor pressure and achieve the desired sub-
limation rate of thioacetamide, the sample was slightly heated
during deposition to ca. 40 °C. A CsI window was used as an
optical substrate and was cooled down using a closed-cycle
helium refrigerator with a DE-202 expander (Advanced Research
Systems) with a base pressure of approximately 10~" mbar. The
temperature of the cold window was measured directly by a
silicon diode sensor connected to a LakeShore 331 digital
temperature controller, which also enables the stabilization of
the sample temperature with an accuracy of 0.1 degrees. The
vapors of thioacetamide were codeposited with an excess of Ar
(Air Liquide, purity 99.9999%) onto the optical substrate kept at
16 K. The temperature of the matrix was lowered to 11 K after
finishing deposition. During and after the deposition of the
matrix, mid-IR spectra were collected (128 scans) using a Nicolet
6700 FT-IR spectrometer equipped with a Ge/KBr beamsplitter
and a mercury cadmium telluride (MCT) detector cooled with
liquid nitrogen. The spectral resolution was 0.5 em™* for the
mid-IR region (4000-400 cm ). In some experiments, to partially
protect the matrices from the broad-band radiation of the spectro-
meter beam source, spectra were collected in the 870-400 cm™*
region, using a Spectrogon LP11500 longwave-pass cut-off filter
(transmitting only below 870 cm™") placed between the spectro-
meter light source and the cryostat.

In Budapest, a commercial sample of thioacetamide obtained
from Sigma-Aldrich (>99.0%) was used. The compound was kept
in a glass tube with a Young valve, connected to the vacuum
chamber of a cryostat, and, before the experiments, the sample
was pumped through the vacuum chamber in order to eliminate
air and other trapped volatile impurities. The CsI optical sub-
strate of the cryostat was cooled down to 15 K using a closed-cycle
helium refrigeration system (Janis CCS-350R cold head cooled
by a CTI Cryogenics 22 refrigerator) with a base pressure of
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approximately 10~° mbar. The temperature of the cold window
was measured by a silicon diode sensor connected to a LakeShore
321 digital temperature controller. The sample vapor was code-
posited with an excess of Ar (Messer, 99.9999%) onto the
substrate. The sample sublimation temperature was 318 £+ 5 K.
The temperature of the matrix was lowered to 11 K after
deposition. The mid-IR spectra obtained during and after the
deposition of the samples were collected (64 scans) in the 4000-
400 cm™ " region with a 1 cm ™" resolution using a Bruker IFS 55
FT-IR spectrometer equipped with a KBr beamsplitter and an
MCT detector cooled with liquid nitrogen.

2.2. Irradiation experiments

In Coimbra, the matrices were irradiated after deposition, through
the outer KBr window of the cryostat. For this, we used frequency-
tunable narrowband light provided by an Optical Parametric
Oscillator (OPO, Spectra-Physics MOPO-SL, FWHM =~ 0.2 cm™ ',
pulse duration = 10 ns) pumped with a pulsed Nd:YAG laser
(Spectra-Physics PRO-230, output power (P) ~ 4.5 W, wave-
length (1) = 355 nm, repetition rate (f) = 10 Hz). The OPO was
equipped with a frequency-doubling unit (Spectra-Physics
MOPO FDO-970). For the UV and near-IR irradiation, the
frequency-doubled signal beam (P & 9 mW) and the idler beam
(P ~ 5-30 mW) of the OPO were used, respectively.

The deposited matrix in the Budapest experiment was
irradiated in situ through the outer quartz window of the
cryostat applying a tunable narrowband signal beam provided
by an OPO (GWU/Spectra-Physics VersaScan MB 240, FWHM ~
5 cm ') pumped by a pulsed Nd:YAG laser (Spectra-Physics
Quanta Ray Lab 150, P ~ 2.1-2.2 W, 4 =355 nm, f= 10 Hz, pulse
duration = 2-3 ns). The OPO was equipped with a frequency-
doubling unit (Spectra-Physics uvScan). The CsI cold window
was tilted at 45° with respect to the beam path of the FT-IR
spectrometer, whereas the OPO beam was perpendicular to the
FT-IR beam, allowing for simultaneous irradiation and spectral
collection. The value of P of the frequency-doubled signal beam
used for the UV and the idler beam for the near-IR irradiation
was 25 mW and 130-135 mW, respectively. In order to allow for
the collection of FT-IR spectra during near-IR irradiation, an
LPW 3860 low-pass-filter was placed between the detector of the
spectrometer and the cold window.

2.3. Theoretical computations

The quantum chemical computations were performed by using
Becke’s three parameter hybrid functional B3LYP, with the non-
local and local correlation described by the Lee-Yang-Parr and
the Vosko-Wilk-Nusair III functionals, respectively,®”*° with
Pople’s 6-311++G(3df,3pd) basis set™ as implemented in Gaussian
09.°" The initial geometry optimizations were followed by
anharmonic vibrational frequency computations. A fully auto-
mated second-order vibrational perturbative approach (VPT2) of
Barone and coworkers was applied in these calculations.®**?
This approach allows the evaluation of anharmonic vibrational
wavenumbers and anharmonic IR intensities up to two quanta,
including fundamental transitions, first overtones and combi-
nation transitions.”* > The computed anharmonic vibrational
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wavenumbers were not scaled. For a graphical comparison of
the theoretical spectra with the experimental ones, the simulated
mid-IR spectra were obtained using the theoretical anharmonic
vibrational frequencies and computed IR intensities by convoluting
them with Lorentzian functions with an FWHM of 0.5 cm ™" in the
Synspec software.’® Note that the peak intensities in the simulated
spectra (shown in units of “relative intensity” in the ESIt) differ
from the calculated IR intensities (in km mol %), because Synspec
produces an output which satisfies the condition that the integrated
band area in the simulated spectrum is equal to the calculated IR
intensity.

The energies of isomerization barriers were obtained by
optimizing the minima and transition states at the B2PLYP/
6-311++G(3df,3pd) level of theory using the Berny algorithm.?”%®
The optimizations of the stationary points were followed by
vibrational computations at the same level, in order to account
for zero-point vibrational energy corrections.

3. Results and discussion

3.1. UV-generation of thiol isomeric forms of thioacetamide
from the thione form

As it has been previously reported, only the amino-thione (Tn)
form of thioacetamide can be observed after matrix deposition.**
The UV absorption of thioacetamide is characterized by an onset
near 300 nm and a maximum near 266 nm.”” With this
information in mind, freshly-deposited matrices of thioacetamide
were irradiated using UV light with A = 265 nm for 6 min (in
Coimbra), or 2 = 275 nm for 60 min (in Budapest). Upon
irradiation, Tn was consumed giving rise to the imino-thiol
forms.> They have two conformational degrees of freedom,
defined by the HN—CS and NC-SH dihedral angles, both of
which adopt values equal to 0° or 180° in the minimum energy
structures. The minimum energy orientations around the double
N—C bond are designated in this study as syn (s) and anti (a),
while those around the single C-S bond are denoted as cis (C) and
trans (T). The four possible thiol structures are therefore named
aC, aT, sC, and sT (Scheme 1). Fig. S1-S8 (ESI{) show the changes
in the IR spectra resulting from the UV irradiation experiments
(at A = 265 nm), together with the simulated spectra of all
thioacetamide forms (thione and the four thiol isomers). Both
the mid-IR and near-IR spectral regions were monitored before
and after UV irradiation, thus allowing us to clearly identify the
set of initially existing bands (due to the Tn form, Table 1).
Furthermore, the new absorptions due to the UV-generated
thioacetamide thiol forms in the whole spectral range from
400 cm™ " up to 7200 cm ™ ' were observed as well. This permitted
us to considerably extend the spectroscopic information on the
studied compound reported to date.>*

3.2. Selective SH rotamerization induced by near-IR irradiation

It has been noticed earlier that the thiol forms of thioacetamide
undergo conformational isomerization when exposed to the
broadband-light globar source of an FT-IR spectrometer. In the
present work, attempts were made to identify the vibrational
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Scheme 1 Structures of the amino-thione (Tn) and four imino-thiol
(@C, aT, sC, and sT) forms of thioacetamide.

transitions that may be responsible for such transformations,
as described below.

As mentioned in the Introduction, molecules containing
-OH groups may undergo conformational isomerization upon
excitation of their first stretching overtones 2u(OH). Moreover,
it has been found before that vibrational excitation of the first
stretching overtone of the aromatic NH group in indole derivatives
induces conformational changes, including rearrangements
implying rotation of other groups in the molecule.®”®" By analogy,
one could expect that the excitation of the first stretching over-
tones of the thiol (21(SH)) and/or imino C—=NH (21(NH)) group
might result in conformational changes in the thiol isomers of
thioacetamide. However, the 21{SH) first stretching overtone can
be anticipated to be of very low intensity (the average computed IR
intensity for the thioacetamide thiol isomers is ~0.3 km mol )
and bands due to the different isomers are expected to be quite
close in frequency (calculated range 5022-5008 cm ™ ; i.e., Av ~
14 cm ). In addition, the spectral range in which they appear is
not accessible to our laser/MOPO system (the available minimum
frequency ~ 6000 cm '), therefore the use of this mode to perform
the IR-excitation experiments could not be attempted. Hence, the
next task of this work consisted in the identification of the spectral
signatures of the thiol forms in the range where bands due to the
21{NH) first stretching overtone are expected. It should be noted
that the bands of the {NH) stretching fundamental were also
predicted by the calculations as being of low intensity (ranging
between 1.8 and 4.1 km mol '; Tables 2-5). These bands were
assigned for the first time in the present study (Fig. 1). Noticeably,
the anharmonic frequency computations predict the IR intensities
of the 21(NH) first stretching overtone modes to be equal to or
even higher than those corresponding to the »(NH) stretching
fundamental modes (Tables 2-5). This interesting phenomenon
has been reported by Kjaergaard et al. for primary and secondary
amines,'°° "% however, to the best of our knowledge, no molecules
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Table 1 IR spectrum of the Tn amino-thione tautomer of thioacetamide

Wavenumber (cm ™)

Experim.” Theor.” Iexp.f Iineor” Symm. Assignmentd
6985 6983 0.8 2.3 Al 2,5(NH,)
6790 6805 1.7 2.1 A Vas(NH,) + 1(NH,)
6721 6757 2.5 2.2 A 205(NH,)
5095 5109 2.2 2.0 A/ vas(NH,) + B(NH,)
4994 5008 0.3 0.4 A v(NH,) + f(NH,)
4860 4873 0.2 0.2 A/ as(NH,) + 1(C-N)
4827 4835 1.6 2.5 A/ Vas(NH,) + p(NH,)
4711 4719 0.4 0.6 A v5(NH,) + p(NH,)
4507 4496 0.5 1.1 A 1as(NH,) + 1{C-C)
4109 4133 0.4 0.4 A Vas(NH,) + 7(NH,)
3521 3531 67 25 A Vas(NH,)
3413sh, 3405 3414 59 21 Al v(NH,)
3176 3178 21 1.8 A 2(NH,)
3030 3055 0.6 8.0 A vas(CH3) + 7(CH3)
2964 3017 3.3 2.2 A Vas(CH3)
2941 2932 0.9 6.3 A’ Vas(CH3)
2925 2916 7.2 19 A v4(CH3)
2902 2901 0.4 0.5 Al B(NH,) + p(NH,)
2725 2727 0.5 0.6 A 2p5(CH3)
2685 2679 0.2 0.4 Al 21(C-N)
2677 2677 0.2 0.1 A Bs(CH;) + p(NH,)
2655 2649 0.8 0.8 A (C=N) + p(NH,)
2592 2596 0.3 0.2 A B(NH,) + p(CH3)
2544 2561 0.5 1.2 A B(NH,) + (C-C)
2072 2077 0.7 0.8 A 1(C-N) + (C=S)
1978 1938 0.7 1.2 A 21/(C-C)

1933 1.1 A B(NH,) + (NH,)
1597 1599 140 121 A/ B(NH,)
1457 1437 4.4 44 A’ Bas(CH3)
1441 1433 7.8 12 A Bas(CH;)
1380 1380 18 15 Al p(CH;) + (CCS)
1369 1372 49 21 A Bs(CH3)
1346 1348 183 222 A 1(C-N)
1312 1309 21 33 Al p(NH,)
1168 1189 1.4 2.8 A 27(NH,)
1018 1003 3.2 7.7 A 2y(CS)
999 999 14 8.3 Al p(CH3)
997 987 10 42 A C-C)
944, 939sh, 938 895 19 8.9 Al o(NH,) + 7(NH,)
780sh, 776sh, 774 733 56 85 Al 20(NH,)
729 735 13 2.2 A 1CS)
592 603 7.6 13 A ©(NH,)
508 501 7.4 13 A’ (CS)
426 434 1.6 1.8 A B(NCS)

“Isolated in an Ar matrix at 11 K. sh: shoulder. © Anharmonic wave-
numbers (unscaled) and anharmonic infrared intensities (km mol ")
computed at the B3LYP/6-311++G(3df,3pd) level of theory.  Normalized
experimental band areas. The values were obtained by multiplying the
integrated area of a band in the experimental infrared spectrum by the
sum of the theoretical infrared intensities then dividing by the sum of
the experimental band areas. ¢ v: stretching, f: in-plane bending, y:
out-of-plane bending, p: rocking, w: wagging, t: torsional, s: symmetric,
as: antisymmetric vibrations.

with imino groups have been reported exhibiting the same
peculiarity so far.

The full 20(NH) spectral range is shown in Fig. S1 (ESIT). The
Tn form gives rise to three well-identified absorptions between
7000 and 6700 cm ™' (at 6985, 6790, and 6721 cm ™ '; see Table 1
for assignments). The new bands appearing upon UV-irradiation
are found at much lower wavenumbers, around 6400 cm™ "' (see
Fig. 1b for an expansion of this spectral range). The obtained
agreement between the observed bands (6422, 6405, 6398, and
6378 cm™ ) and the anharmonic computed wavenumbers for the
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Table 3 IR spectrum of the aT imino-thiol tautomer of thioacetamide

Wavenumber (cm ")

Wavenumber (cm ™)

Experim.® Theor.” Iexp.f Iineor.” Symm. Assignmentd Experim.” Theor.” Iexp.f Tieor.” Symm. Assignmentd
6378 6384 0.7 5.0 A ZIJ(NH) 6405 6417 0.5 4.6 A ZZ/(NH)
4543 4546-4525 NJ/A N/A N/A N/A® 4543 4546-4525 N/A N/A N/A N/A®
3268 3276 1.9 1.8 A ¥(NH) 3282 3291 1.0 2.1 A ¥(NH)
2995¢ 2978 NA 12 A Vas(CH3)® 3002° 2971 NA 15 A Vao(CH,)°
2984° 2956 N/A 5.2 A Vas(CH,)® 2987° 2956 N/A 6.0 A Vas(CH, )
2981° 2935 N/A 6.8 A vs(CH,)° 2976° 2933 N/A 8.4 A vs(CH,)
2979° N/A 2614 2564 0.7 2.1 A ¥(SH)
2607 2563 5.2 0.4 A v(SH) 1621 1642 145 139 A (C=N)
2416 2404 03 02 A p(CH,) + B(CH,) 1441 1440 20 15 A Bas(CH;)
1620sh 1640 65 134 A Y(C=N) 1433 1433 29 9.0 A Bas(CHS)
1440 1439 26 19 A Bas(CHS) 1368sh 1370 32 11 AN B4(CH;)
1434, 1430 1429 36 8.6 A Bas(CH,) 1318 N/A N/A  N/A N/A N/A
1371 1372 31 12 A Bo(CH;) 1281 1254 42 64 A B(NH)
1313 N/A NA NA  NA N/A 1270 1244 10 2.5 A 24(NH)
1272 1253 41 55 A ﬁ(NH) 1072sh N/A N/A N/A N/A N/A
1050 1041 77 33 A p(CH3) 1047 1037 68 55 A (CH3)
1036 1037 15 5.0 A p(CHS,) 1037 1040 12 3.8 A p(CHS,)
991 969 38 53 A C-C)? 1000sh 981 19 51 A YC-C)?
968 969 20 53 A Y (e=e) 978 981 16 51 A C-C)
849 827 N/A 15 A B(SH) 891, 890 872 9.0 13 A B(SH)
816 807 83 52 A 7(NH) 818 812 65 53 A 1(NH)
645, 635 621 30 50 A (C-S) 640 624 36 49 A (C-S)
446 446 1 54 A B(NCS) 431 430 2.2 1.7 A B(NCS)

“ Isolated in an Ar matrix at 11 K. sh: shoulder. ” Anharmonic wavenumbers
(unscaled) and anharmonic infrared intensities (km mol ') computed at the
B3LYP/6-311++G(3df,3pd) level of theory. N/A: unknown. ¢ Normalized experi-
mental band areas. The values were obtained by multiplying the integrated
area of a band in the experimental infrared spectrum by the sum of the
theoretical 1nfrared intensities then dividing by the sum of the experimental
band areas. ¢ v: stretching, f: in-plane bending, p: rocking, t: torsional, s:
symmetric, as: antisymmetric vibrations, ?: tentative assignment. ¢ Unequi-
vocal assignment could not be done due to extensive overlap. / Contribution
of syn-forms cannot be excluded.

Table 4 IR spectrum of the sC imino-thiol tautomer of thioacetamide

Wavenumber (cm )

Experim.® Theor.” Iewp” Iineor.” Symm. Assignmentd
6422 6434 0.3 4.0 A ZV(NH]
4543 4546-4525 N/A N/A N/A N/A®
3292 3300 1.7 3.1 A (NH)
3248 3285 0.8 1.9 A ZI/(C:N)
3021 3001 1.6 6.0 A l/aS(CH3)
2883° 2954 N/A 6.6 A VasCH3)®
2866° 2935 N/A 6.3 A vs(CH,)°
2603 2557 3.1 1.3 A I/(SH)
2476 2435 0.6 0.8 A Zﬁ(NH]
1632 1648 130 122 A l/(C:N)
1370sh 1371 56 6.0 A B<(CH3)
1254 1227 107 211 A ﬁ(NH)
1236 1208 74 17 A 21/(C-S)
1070 1058 4.8 24 A p(CH;)
1051sh N/A N/A N/A N/A N/A
1042sh 1042 2.8 3.0 A’ p(CHz)
860 851 10 13 A B(SH)
836 836 64 53 A 7(NH)
623 607 32 37 A (C-S)
443 437 1 12 A B(NCS)

“ Isolated in an Ar matrix at 11 K. sh: shoulder. * Anharmonic wavenumbers
(unscaled) and anharmonic infrared intensities (km mol ') computed at the
B3LYP/6-311++G(3df,3pd) level of theory. N/A: unknown. © Normalized
experimental band areas. The values were obtained by multiplying the
integrated area of a band in the experimental infrared spectrum by the
sum of the theoretical infrared intensities then dividing by the sum of
the experimental band areas. ¢ 1z stretching, f: in-plane bending, p: rocking,
©: torsional, s: symmetric, as: antisymmetric vibrations. ¢ Unequivocal
assignment could not be done due to extensive overlap.
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“ Isolated in an Ar matrix at 11 K. sh: shoulder. ° Anharmonic wavenumbers
(unscaled) and anharmonic infrared intensities (km mol ') computed at the
B3LYP/6-311++G(3df,3pd) level of theory. N/A: unknown. ¢ Normalized
experimental band areas. The values were obtained by multiplying the
integrated area of a band in the experimental infrared spectrum by the
sum of the theoretical 1nfrared intensities then dividing by the sum of the
experimental band areas. vz stretching, fi: in-plane bending, p: rocking, o
wagging, T torsional s: symmetric, as: antisymmetric vibrations, ?: tentative
as51gnrnent ¢ Unequivocal assignment could not be done due to extensive
overlap. / Contribution of syn-forms cannot be excluded.

Table 5 IR spectrum of the sT imino-thiol tautomer of thioacetamide

Wavenumber (cm ™)

Experim.® Theor.? Iexp.” Lheor”  Symm.  Assignment?
6398 6413 0.3 4.0 A 21(NH)
4543 4546-4525 N/A  N/A N/A N/A°
3276 3289 2.4 4.1 A 1(NH)
3015 2996 3.1 8.4 A V,s(CHs)
2933°¢ 2954 NA 79 A Vas(CH3)°
2891° 2937 NA 7.7 A v5(CH,)°
2609 2558 0.7 1.4 A 1(SH)
1627 1645 168 74 A (C—=N)
1368 1370 51 11 A Bs(CHs)
1267 1243 244 212 A B(NH)
1244 1210 54 14 A 21(C-S)
1063 1054 29 22 A p(CH,)
1043, 1041 1042 8.3 2.3 A" p(CH3)
869 857 8.0 7.1 A B(SH)
849 849 108 50 A" 7(NH)
626 608 43 35 A 1/(C-S)
421 416 5.4 13 A B(NCS)

“ Isolated in an Ar matrix at 11 K. sh: shoulder. > Anharmonic wave-
numbers (unscaled) and anharmonic infrared intensities (km mol ")
computed at the B3LYP/6-311++G(3df,3pd) level of theory. N/A:
unknown. ¢ Normalized experimental band areas. The values were
obtained by multiplying the integrated area of a band in the experi-
mental infrared spectrum by the sum of the theoretical infrared
intensities then dividing by the sum of the experimental band areas.
4y, stretching, f: in-plane bending, p: rocking, t: torsional, s: sym-
metric, as: antisymmetric vibrations. ¢ Unequivocal assignment could
not be done due to extensive overlap.

Phys. Chem. Chem. Phys., 2019, 21, 24935-24949 | 24939


https://doi.org/10.1039/c9cp05370k

Published on 25 October 2019. Downloaded by Universidade de Coimbra on 8/1/2022 11:15:43 AM.

Paper
aT aC
> 7 sC sT (d)
B o~ 4
g 2v(NH
E3 ] slelle [¢ 20
o 2 | o=l = ©
— < | <t ™
- £ © |o|l©o ©
o X
©
O 0 ‘ . . : ‘ . T T ‘ )
6480 6400 6320
1 [ce]
8 0.001 g (c)
5 38, £
Q i < < (3]
o © © ©
173 4
Q
<C 0.000 —
— 77—
6480 6400 6320
N (] (o]
8 0.001 Q NS (b)
c (s2] AN ™ (3]
[ [ee]
£ &
o
[%2]
Qo
<C 0.000
e i —
3320 3280 3240
= sT
G 4 sC (@
g 5 aT C
5 a v(NH)
x E 2
= ol -l © ©
- £ S|lofl ® ~
S = S S|S TE«“)
S 0
O T T T 1 T T T T T 1
3320 3280 3240

Wavenumber (cm "1)

Fig. 1 Fragments of the mid-IR (b) and near-IR (c) difference spectra,
showing the new bands of photoproducts growing upon UV irradiation of
thioacetamide isolated in an argon matrix at 11 K. The experimental bands
are compared with the anharmonic wavenumbers (unscaled) and IR
intensities of the ©(NH) (a) and 2(NH) (d) vibrations of the sC (pink, open
square), sT (blue, closed square), aT (green, closed circle), and aC (red,
open circle) imino-thiol forms calculated at the B3LYP/6-311++G(3df,3pd) level
of theory. Note that the ordinate (intensity) scales of the experimental spectra
(b and c) are identical, as well as those of the computed spectra (a and d).

four isomeric thiol forms of thioacetamide (6434, 6417, 6413, and
6384 cm ', respectively; see Fig. 1d and also Tables 2-5) is
remarkable, and allowed for the secure assignment of the bands
to the individual sC, aT, sT, and aC forms, respectively. Below,
we provide further support to this assignment by performing
irradiation at the observed 21(NH) wavenumbers and by following
the induced spectral changes in the full mid-IR range.

3.2.1.  900-800 cm ' spectral region. When exposing the
thiol isomeric forms of thioacetamide to near-IR photons with a
wavenumber corresponding to the vibrational frequencies of
each of the four bands in the 2(NH) first stretching overtone
region, structural changes were found to be induced in the
isolated molecules. These are accompanied by changes in the
vibrational spectrum of the matrix previously subjected to
UV irradiation in order to generate the thiol forms. One of
the most informative spectral regions of the imino-thiol forms
is the 860-810 cm™ " range, corresponding to the t(NH) torsional
vibrational mode of the imino group (Fig. 2). This is due to the
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lack of absorption bands of the Tn precursor in this region and
also because the bands of the four thiol forms can be reliably
distinguished, unlike in some other regions where their bands
overlap, either with each other or with bands of the precursor.
Here, four strong IR bands can be observed due to the 7(NH)
torsional mode (849, 836, 818, and 816 cm ', Fig. 2a).*
The corresponding computed bands, with IR-intensities near
50 km mol™?, can be found at 849, 836, 812, and 807 cm ™' due
to sT, sC, aT and aC, respectively (Fig. 2d). Upon irradiation at
6422 cm™ " (P = 5-30 mW, the exposure time was 15-20 minutes
in all cases) the sC band at 836 cm™ " decreases over time with
the simultaneous growth of the sT band at 849 cm ™" (Fig. 2b).
The opposite process can be observed (ie., sT — sC: an
increasing band at 836 cm ™' and a decreasing one at 849 cm ™)
when using 6398 cm ™! to irradiate the sample (Fig. 2b). If the
irradiation is performed at 6405 cm ™", the 818 cm ™! band of aT
decreases simultaneously with the increase of the aC band
observed at 816 cm ™" (Fig. 2c). Finally, the opposite phenomenon
can be described (i.e., aC — aT: an increasing band at 818 cm ™"
and a decreasing one at 816 cm™~ ') when irradiation at 6378 cm ™
is applied (Fig. 2c). The presented data allowed a detailed
identification of four pairs of bands: near-IR bands due to the
20(NH) first stretching overtone and the mid-IR bands of the
same imino-thiol forms due to the t(NH) torsional mode. Overall,
the different near-IR irradiation induces structural changes in a
very selective way, and these changes are limited exclusively to the
syn- or exclusively to the anti-type of isomers (Fig. 3), ie., they
correspond to conformational isomerizations about the single
C-S bond. It should be noticed here that the non-observation of
isomerization of the imine group is in line with earlier attempts,
i.e., this type of isomerization induced by vibrational excitation
(using broadband IR radiation) was not detected.”® In the present
case, this result could be anticipated, since the predicted barrier
for imine isomerization in thioacetamide with respect to
inversion of the C=N double bond is more than 93 k] mol™*
(7800 cm ™', Fig. 4),* i.e., considerably higher than the energy of
the vibrationally excited modes (about 77 kJ mol ™). It should be
noted that excitation of 77 k] mol™" is significantly higher
in energy than the barrier for rotation around the C-S bond
(17.1 and 29.5 kJ mol " or 1430 and 2470 cm™ ", Fig. 4).

The findings described above can be generalized to changes
observed in the whole spectrum upon narrowband near-IR
irradiation. These changes allow classification of the spectral
bands into four groups, which define the behavior of the four
individual thiol isomers of thioacetamide (Fig. 3 and Table 6):
(i) the bands belonging to the first group do not change when
the sample is exposed to photons with wavenumbers of 6422 or
6398 cm™'; they decrease when the sample is irradiated at
6378 cm ' and increase when it is irradiated at 6405 cm .
(ii) The second group of bands also remains the same upon
irradiation of the sample at 6422 or 6398 cm ', but the
response is the opposite to that of the first group, i.e., they
increase upon irradiation at 6378 cm ' and decrease upon
irradiation at 6405 cm™". (iii) In contrast, the bands of the third
group are not altered by the irradiation performed at 6405 or
6378 cm !, but decrease upon irradiation at 6422 cm ' and

1
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Fig. 2 (a) Experimental mid-IR spectrum, showing the new bands of
imino-thiol photoproducts growing upon UV irradiation of thioacetamide
isolated in an argon matrix at 11 K; experimental difference spectra
showing changes in absorption (AA) upon subsequent irradiation of the
sample with near-IR light (b) at 6398 cm™ (blue) or at 6422 cm™? (pink);
and (c) at 6405 cm™ (green) or at 6378 cm™! (red); (d) anharmonic
wavenumbers (unscaled) and IR intensities due to S(SH) (solid line) and
7(NH) (dashed line) modes of sC (pink, open squares) and sT (blue, closed
squares), and aT (green, closed circles) and aC (red, open circles) imino-
thiol forms computed at the B3LYP/6-311++G(3df,3pd) level of theory.
The intensities of the sT and aT forms are multiplied by (—1). The red
asterisk in frame (a) designates the position of the weak f(SH) mode due to
aC overlapped by the strong ©(NH) mode of sT. The band in frame (c)
designated by an asterisk is due to residual conformational change of the
syn-form sC induced by the unfiltered light of the spectrometer source.

increase upon irradiation at 6398 cm ™. (iv) Finally, the fourth
group of bands, similarly to the third group, is not affected by
the irradiation at 6405 and 6378 cm™ ", but upon irradiating at
6422 and 6398 cm ™! they increase and decrease, respectively
(i.e., behave in the opposite way to the third group). Each one of
the four different sets of bands fits closely the computed
spectrum of one of the four thioacetamide thiol isomers aC,
aT, sC and sT, as it can be seen in the data shown in Tables 2-5
(which also provide the band assignments), and in Fig. S9-S16
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Fig. 3 Selective conformational isomerizations observed for the four
imine-thiol isomers of thioacetamide isolated in argon matrices at 11 K.
The reactions were induced by monochromatic excitation at the wave-
numbers of the corresponding 2v(NH) vibrational modes.
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Fig. 4 Zero-point corrected relative energies (in kJ mol™?) of all imino-
thiol isomers of thioacetamide (in bold solid rectangles) as well as the
relative energies of the first-order transition states (in thin dashed rectan-
gles) separating the minima. All values, with respect to the sT form,
correspond to geometries optimized at the B2PLYP/6-311++G(3df,3pd)
level of theory, and include the zero-point vibrational energy corrections,
computed at the same level.

Table 6 Classification of the imino-thiol forms of thioacetamide into four
groups depending on their behavior upon narrowband near-IR irradiation®?

Isomer aC aT sC sT
Wavenumber (cm ) Set 1 Set 2 Set 3 Set 4
6422 0 0 — +
6405 + — 0 0
6398 0 0 + —
6378 - + 0 0

“ The wavenumbers correspond to the new peaks appearing in the near-
IR spectrum upon UV-irradiation of the monomeric thioacetamide
isolated in an argon matrix at 11 K (see Fig. 2a). ” Symbols “ +”, “—*,
and “0” stand for an increase of the signal, a decrease of the signal, and
no change upon irradiation at the given wavenumber, respectively.

and Table S1 (ESIt). Such a fact allows doubtless assignment of
the four sets of bands to each particular isomer. Below, some
representative spectral regions are discussed in more detail.
The order in which they are discussed reflects their importance
and the novelties that could be extracted from them.

Besides the 7(NH) torsional modes, the bands due to the 5(SH)
bending modes are expected to appear in this spectral range.*®
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Indeed, the computed for the four thiol forms of thioacetamide
(aT, sT, sC and aC) predict the f(SH) modes to appear at 872, 857,
851 and 827 cm !, respectively, all of them with weak absolute IR
intensities (15 km mol * or less, Fig. 2d). The bands belonging to
the aT, sT and sC isomers are clearly visible in the experimental
spectrum at 890 cm™ " (decreases when irradiating at 6405 and
increases at 6378 cm '), 869 cm ™' (decreases upon irradiation at
6398 and increases at 6422 cm™ '), and 860 cm ™" (decreases during
irradiation at 6422 and increases at 6398 cm '), respectively.
However, the band of the fourth isomer (aC) is not obvious at first
glance, and the results from the performed selective near-IR
irradiation were needed in order to unambiguously assign it.
When irradiating the sample at 6378 and 6405 cm ™, the 7(NH)
torsion band belonging to the sT isomer is not expected to change,
however, a small decrease was observed in the former case and a
small increase could be detected in the latter one (Fig. 2c and d).
These results allow us to conclude that a weak band due to aC (due
to its B(SH) bending mode) is superposed by the much more
intense t(NH) torsion band of sT.

3.2.2. 660-600 cm ! region. Only one fundamental mode,
the 1(C-S) stretching, of each conformer is predicted to be
present in this spectral region (Fig. 5). In the case of three
isomers (sT, sC, and aT) the experimental spectra match well
with the computations (626, 623, and 640 cm™! vs. 608, 607,
and 624 cm ™", respectively). The band at 626 cm ™' decreases
when irradiating at 6398 cm ™" and increases at 6422 cm ',
whereas the one at 623 cm™ ' decreases upon irradiation at
6422 cm™ " and increases at 6398 cm™ " and the one at 640 cm ™"
decreases when irradiating at 6405 cm™ " and increases upon
irradiation at 6378 cm™!, respectively. The reason why the
experimental absorption band of aC appears as a broad split
band, with maxima at 645 and 635 cm ™' (which decrease and
increase upon irradiation at 6378 and 6405 cm ™', respectively,
as expected for aC bands), is possibly matrix-site splitting.
Alternatively, a Fermi-resonance between the fundamental of
the 1(C-S) stretching (computed to be at 621 cm™ ') and the first
overtone of the f(CCS) bending mode (computed value 648 cm ™)
of the aC isomer could also result in the observed splitting.
Moreover, the anharmonic combination of t(CH;) torsion and
7(C-S) out-of-plane bending computed at 603 cm™* may also
interact with the 1(C-S) stretching mode, resulting in a Fermi-
resonance splitting.

3.2.3. 3320-3260 cm  region. The experimental bands
corresponding to the »(NH) stretching vibrations of all four
imino-thiol forms are very weak (Fig. 6), with peak intensities
on the order of 0.001 absorbance units in the collected spectra.
Despite the difficulties caused by the low intensity of the bands,
their assignment was made possible due to the selective and
reversible changes induced by the performed near-IR irradiation
as well as due to the good signal-to-noise ratio. According to
these experiments, the band at 3292 cm ™ is ascribable to the sC
isomer (computed value: 3300 cm ') since it decreases upon
irradiation at 6422 cm ' and increases upon irradiation at
6398 cm™". The bands due to the other three isomers (aT, sT
and aC) can also be assigned based on their response to the
selective near-IR irradiation and are found at 3282, 3276, and

1

24942 | Phys. Chem. Chem. Phys., 2019, 21, 24935-24949

View Article Online

PCCP
- 50 4 v(C-S) aC sC (d)
D
C < 4
o |
£3 T
z EO —
= E 640 620 600
(SIS ]
S
.50 - aT sT
] _ —1
0.07 4 A =6378 cm (c)
7 *
S o000 A
i aC aC *
-0.07 + = -1
aT A = 6405 cm
T —
660 640 620
1, _ 1
0.03 A =6422 cm (b)
I o000 —-
003 )= -1 T
A =6398 cm S sC
—— 77—
660 640 620
l aT sT (a)
< sC
p 0.05
[&]
c
]
] i
3 aC aC
<
0.00
—— 77—
660 640 620

Wavenumber (cm_1)

Fig. 5 (a) Experimental mid-IR spectrum, showing the new bands of
imino-thiol photoproducts growing upon UV irradiation of thioacetamide
isolated in an argon matrix at 11 K; experimental difference spectra
showing changes in absorption (AA) upon subsequent irradiation of the
sample with near-IR light (b) at 6398 cm™ (blue) or at 6422 cm™ (pink);
and (c) at 6405 cm™ (green) or at 6378 cm™! (red); (d) anharmonic
wavenumbers (unscaled) and IR intensities due to {(C-S) modes of sC
(pink, open squares) and sT (blue, closed squares), and aT (green, closed
circles) and aC (red, open circles) imino-thiol forms computed at the
B3LYP/6-311++G(3df,3pd) level of theory. The intensities of the sT and aT
forms are multiplied by (—1). The bands in frame (c) designated by asterisks
are due to residual conformational changes of the syn-forms (sC and sT)
induced by the unfiltered light of the spectrometer source.

3268 cm " (theoretical values: 3291, 3289, and 3276 cm %),
respectively. According to the expected patterns of response to
near-IR irradiation, the aT band at 3282 cm ™' decreases and
increases upon irradiation at 6405 cm ' and 6378 cm ',
respectively. The sT band at 3276 cm ™" decreases when the
sample is exposed to irradiation at 6398 cm™ ' and increases upon
irradiation at 6422 cm™'. Finally, the aC band at 3268 cm ™"
decreases and increases upon irradiation at 6378 and at
6405 cm ™', respectively.

3.2.4. 1300-1200 cm ' region. Fig. 7 shows the spectral
region of 1300-1200 cm ™', Only one fundamental transition,
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Fig. 6 (a) Experimental mid-IR spectrum, showing the new bands of
imino-thiol photoproducts growing upon UV irradiation of thioacetamide
isolated in an argon matrix at 11 K; experimental difference spectra
showing changes in absorption (AA) upon subsequent irradiation of the
sample with near-IR light (b) at 6398 cm™ (blue) or at 6422 cm™ (pink);
and (c) at 6405 cm™? (green) or at 6378 cm™! (red); (d) anharmonic
wavenumbers (unscaled) and IR intensities due to v¥(NH) modes of sC
(pink, open squares) and sT (blue, closed squares), and aT (green, closed
circles) and aC (red, open circles) imino-thiol forms computed at the
B3LYP/6-311++G(3df,3pd) level of theory. The intensities of the sT and aT
forms are multiplied by (—1).

i.e., the f(NH) bending mode, was formerly assigned to each
isomer in this range of the spectrum.’ Yet, two pairs of bands
were observed in the experimental spectra, which are ascribable
to each of the sC and sT forms. The assignment of these bands
was made possible taking into account the results of the
performed anharmonic computations as well as those resulting
from the near-IR irradiation experiments. The vibrational bands
at 1254 and 1236 cm™ ' decrease upon irradiation at 6422 cm ™"
and increase during irradiation at 6398 cm™ ', therefore they
undoubtedly belong to the sC isomer. In contrast, the signals at
1267 and 1244 cm™ " behave in the opposite way, i.e. increase
and decrease when the sample is irradiated at 6422 and
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Fig. 7 (a) Experimental mid-IR spectrum, showing the new bands of
imino-thiol photoproducts growing upon UV irradiation of thioacetamide
isolated in an Ar matrix at 11 K; experimental difference spectra showing
changes in absorption (AA) upon subsequent irradiation of the sample with
near-IR light (b) at 6398 cm™ (blue) or at 6422 cm™! (pink); and (c) at
6405 cm™* (green) or at 6378 cm™* (red); (d) anharmonic wavenumbers
(unscaled) and IR intensities of sC (pink, open squares) and sT (blue, closed
squares), and aT (green, closed circles) and aC (red, open circles) imino-
thiol forms computed at the B3LYP/6-311++G(3df,3pd) level of theory.
Only transitions due to the S(NH) and 21(C-S) modes appear in this range.
The computed anharmonic IR intensities due to the 2u(C-S) vibrations
were multiplied by 3, for the sT and sC forms. The computed intensities
due to the sT and aT forms were additionally multiplied by (—1). The bands
in frame (c) designated by asterisks are due to residual conformational
changes of the syn-forms (sC and sT) induced by the unfiltered light of the
spectrometer source.

6398 cm ', respectively, thus they can be safely assigned to

the sT isomer. The higher-frequency band in each pair may be
assigned to the J(NH) bending mode, whose calculated
frequencies (1227 and 1243 cm™ ' for sC and sT, respectively)
closely match the experimental values. The §(NH) modes of the
anti isomers can be found at 1272 (aC) and 1281 cm™ " (aT); the
computed values are 1253 and 1254 cm ™, respectively. On the
basis of the anharmonic computations, it was also possible to
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give the alternative explanation that the bands appearing at
lower frequencies (the lower IR intensity bands at 1236 and
1244 cm™ ') are not due to the B(NH) bending fundamental
mode (as suggested previously)® but could be ascribed to the
21(C-S) first stretching overtone transition instead (computed
values: 1208 and 1210 cm™ " for sC and sT, respectively).

3.2.5. 1090-1010 cm ' region. Fig. 8 (see also Tables 2 and
3) shows that the frequency of the p(CH;) rocking mode of aC

.. 50-P(CHy) sC A aC (d)
B A
C «— 4
g T .
c © A
E E 0 T T l T IO T T
s g; | 1070 1050 A« | 1030 1010
© Au
o
-50 1 sT A aT
. )
014 A =6378 cm (c)
1 *
S o0+
| *
0193 =6405em™ ac |at
T T T T T T T
1080 1060 1040 1020
1, = =
0.05 4 A = 6422 cm (b)
3 000 <>-_<} ="
1 sC sT
0.05 _
A = 6398 cm™!
T T T T T - :
1080 1060 1040 1020
] aC , aT (a)
. 0104
<
e |
= sT
g 0057 aT/aC
S sC
s |
Q0
< 000 el it TN Wt
1080 1060 1040 1020

Wavenumber (cm‘1)

Fig. 8 (a) Experimental mid-IR spectrum, showing the new bands of
imino-thiol photoproducts growing upon UV irradiation of thioacetamide
isolated in an Ar matrix at 11 K; experimental difference spectra showing
changes in absorption (AA) upon subsequent irradiation of the sample with
near-IR light (b) at 6398 cm™ (blue) or at 6422 cm™ (pink); and (c) at
6405 cm™! (green) or at 6378 cm™? (red); (d) anharmonic wavenumbers
(unscaled) and IR intensities of sC (pink, open squares) and sT (blue, closed
squares), and aT (green, closed circles) and aC (red, open circles) imino-
thiol forms computed at the B3LYP/6-311++G(3df,3pd) level of theory.
The intensities of the sT and aT forms are multiplied by (—1). Only
transitions due to the p(CH3) modes appear in this range. The A’ or A”
labels designate the p(CHz) modes of the corresponding symmetry. The
bands in frame (c) designated by asterisks are due to residual conforma-
tional changes of the syn-forms (sC and sT) induced by the unfiltered light
of the spectrometer source.
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(with A’ symmetry) is predicted by the computations to coincide
with that of the p(CH;) rocking mode of aT (with A” symmetry),
and vice versa. Given the fact that the bands of both A” p(CH,)
rocking modes are much weaker in the IR spectrum than those
of the corresponding modes of A’ symmetry, this would imply
that the experimental spectrum should show only one pair of
bands affected by the performed near-IR irradiation. Somewhat
surprisingly, the experiment shows two pairs of bands. The
doublet with maxima at 1050 and 1047 em™" is assigned to the
modes with A’ symmetry, while a second, lower intensity doublet
with maxima at 1037 and 1036 cm ™" is here tentatively assigned
to those with A” symmetry. Yet another band, showing behavior
typical of the aT form (a decrease/increase upon irradiation at
6405 and 6387 cm ', respectively), near 1072 cm ', is also
observed in the spectrum. This band cannot be ascribed to any
of the predicted fundamental, overtone, or combination modes
of any of the four thiol forms. The carrier of this band is unclear
and needs further investigation. The p(CH;) rocking modes for sC
and sT with A’ symmetry can be found at 1070 and 1063 cm *
(computed values 1058 and 1054 cm '), respectively. Those with A”
symmetty are found at 1042 (sC) and 1043/1041 cm™ ' (doublet, sT),
with a theoretical value of 1042 cm ™" for both isomers.

3.3. Kinetics of near-IR irradiation and quantum yields

The kinetics of the transformations was also monitored on line
during the irradiation experiments performed in Budapest.
Fig. 9 visualizes the results. In order to fit the decay profiles,
a single exponential decay function was used:

A(SX, 1) = Aro(sX, 1)e™ + Ar o (sX, 1) (1)

where A/(vX) is the integrated area (in cm™ ") of the band v, of
conformer xX (x =aors, X=C or T; y = 816 cm ' if xX = aC,
y=818cm 'ifxX=aT,y=836cm "ifxX=sCandy=849cm '
if xX = sT), ¢ is time (in min), and % is the first-order rate
constant (in min~"). ¢, is the half-life (in min) of the decaying
isomer, which can be calculated as follows:

In2
t2 =% (2)

The following equation was used to fit the growth profiles:
A(SX, 1) = Ao (X, 1)1 — €™ 3)

Table 7 summarizes the decay/growth rates determined by
using the functions described in eqn (1) and (3). It is important
to note that the processes induced by near-IR irradiation are
significantly faster (half-lives of approximately 10 minutes)
than those of the spontaneous tunneling previously reported
(approximately 80 and 50 minutes for the sC to sT conversion
process when using the 870 cm™" filter and when exposed to
the broadband IR radiation of the FT-IR spectrometer source,
respectively).? The reverse process (i.e., sT to sC) was also found
to be easily induced by exciting the 20(NH) first stretching over-
tone of sT. Also, unlike in the completely unperturbed system
(i.e., when the spectrometer source is blocked),* the conversion
between the anti forms could easily be achieved in the present
near-IR irradiation experiments. Furthermore, the aT to aC

This journal is © the Owner Societies 2019
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Fig. 9 (a) Kinetic growth of the band at 816 cm~* (aC) and (b) decay of the band at 818 cm~* (aT) during the near-IR irradiation at 6405 cm™?; (c) kinetic
decay of the band at 816 cm™* (aC) and (d) kinetic growth of the band at 818 cm™ (aT) during the near-IR irradiation at 6378 cm™?; (e) kinetic decay of the
band at 836 cm™* (sC) and (f) kinetic growth of the band at 849 cm™ (sT) during the near-IR irradiation at 6422 cm™?; (g) kinetic growth of the band at
836 cm ™! (sC) and (h) kinetic decay of the band at 849 cm™? (sT) during the near-IR irradiation at 6398 cm ™.

Table7 Kinetic decay/growth rates upon near-IR irradiation (ky, in min~%, where x denotes one of the four thiol isomers). Positive values indicate growth,
whereas the negative signs show decay. Kinetic half-lives (t1,», in min) of the decaying isomer calculated from the respective k, values are also given

Near-IR irrad. (cm ™)

6405

6378

6422

6398

Lz

(4.6 + 0.5) x 102
—(5.1 4 0.4) x 102

13.7 £ 1.2

—(7.3+0.8) x 102
(5.8 + 0.6) x 102

9.5 £ 1.0

process occurs an order of magnitude more rapidly than when
the thiols are simply exposed to broadband IR radiation of the

This journal is © the Owner Societies 2019

—(9.2 £ 0.7) x 102
(9.3 £1.0) x 1072
7.5+ 0.6

(7.5 £ 0.4) x 1072
—(6.5 + 0.4) x 1072
10.7 £+ 0.6

spectrometer source (¢f half-lives of approximately 10 and
170 minutes, respectively).!
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Table 8 Quantum yields for the SH rotamerization induced by the excitation of the 2v(NH) stretching overtones of the thiol conformers
Near-IR irrad. (cm ™)
6405 (aT) 6378 (aC) 6422 (sC) 6398 (sT)
Ain® (cm) 0.0531 0.0393 0.0274 0.0487
«“ (cm) 8.8 x 10 '® 8.6 x 10 '® 8.8 x 10 '® 8.3 x 10 '®
N (em?) 6.9 x 10" 5.3 x 10" 3.6 x 10" 6.8 x 10"
A 2.5 x 107* 2.9 x 107* 1.3 x 107* 2.4 x 107*
a'(v) (eqn (1)) (cm?) 3.6 x 1072 5.4 x 107%° 3.6 x 107%° 3.5 x 107%°
P (W) 0.110 0.114 0.110 0.114
Ephoton () 1.3 x 107*° 1.3 x 107*° 1.3 x 107*° 1.3 x 107*°
Iv) 4.2 x 107 4.4 x 107 4.2 x 107 4.4 x 10"
¢(i) (eqn (4)) 5.6 x 102 5.1 x 102 1.0 x 107" 7.0 x 102
Niso 1.2 x 10" 1.3 x 10" 1.1 x 10" 1.5 x 10"
Nabs 4.8 x 10" 5.9 x 10 2.5 x 10 4.9 x 10"
¢(7) (eqn (6)) 2.5 x 102 2.2 x 1072 4.4 x 1072 3.1 x 102
& (Dmean (4.1 £ 1.6) x 1072 (3.7 £1.5) x 1072 (7.2 £2.8) x 1072 (5.1 £ 2.0) x 1072

“ Values of the t(NH) vibrational modes of the respective thiol conformers.

The quantum yields of the studied processes may be also
estimated using the formula described in ref. 43, 47 and 52:
N _ke(@)

P(i) = FOI) (4)
where ¢(i) is the quantum yield of the rotamerization by exciting
vibrational mode i, ky(7) (in s™") is the rotamerization rate upon
irradiating at a wavenumber  (Table 8), ¢'(#) (in cm?) is the
absorption cross-section of vibrational mode i at the excitation
frequency 7, and I (in s~ em™?) is the averaged photon intensity of
the laser beam. ¢/(i7) can be obtained by dividing the absorbance of
the excited peak (4, dimensionless value) by the calculated column
density (N, in cm™2) of the decaying conformer at the beginning of
the irradiation, whereas the latter can be derived from the
integrated peak area (Aj,, in cm) of one absorption band of the
conformer and by knowing the absorption coefficient («, in cm)
and the area of irradiation (S = 2 cm?) of that absorption:

N= 1n(10)/;;‘ (5)

Although o is unknown, it can be estimated from the
computed anharmonic IR intensities (Tables S2-S6, ESIt); for
calculating N, the t(NH) torsional vibrational modes of the
imino-thiol forms in the mid-IR region of 860-800 cm™ " were
chosen, since they are well-separated and have relatively high
intensity. The value of I can be calculated by dividing the output
power of the produced near-IR laser light (P, in W) by the photon
energy (Ephoton, in J) and by 2 em? (i.e., the value of ).

Alternatively, ¢(i) can also be calculated from:

P(i) = Nobe

(6)

where Nj, is the number of molecules converted and N,y is the
number of photons absorbed per time unit (both in s™%).
Niso = kp(P)NS (7)
Naps = (1 — 107418 (8)

The averaged value of ¢(i) (¢()mean, varying between 3.7 and
7.2 x 10~ ?) is comparable to the quantum yields obtained when

24946 | Phys. Chem. Chem. Phys., 2019, 21, 24935-24949

excitation was performed using the 21(OH) first stretching
overtones for molecules like formic acid (¢(i) = 1.7 x 107"
and 7 x 10”2, respectively),*” acetic acid (2.2 x 1072),°* and
propionic acid (1.4 x 102),*® but considerably higher than
those of glycine (8 x 10™*) and alanine (5 x 10"*and 1 x 1073,
respectively).”>”*
direct excitation of the group which undergoes isomerization
while the present work utilizes a remote molecular antenna to
induce conformational change in other parts of the molecule.
The relative uncertainty of ¢(i)mean 1S about 50%, which also
agrees with those previously determined.**** It is important to
note that in each of the aforementioned cases (including the
present work, Fig. 4), the excitation energy was above the
rotamerization barrier.

Note that the majority of earlier studies used

4. Conclusions

Thioacetamide was isolated in argon matrices at low temperature
and studied by means of FT-IR spectroscopy. After deposition, only
the more stable Tn tautomeric form is present in the sample. This
form could be then converted to the thiol tautomeric forms by
in situ narrowband UV irradiation. The four imino-thiol isomers
(aC, aT, sC and sT) were generated. These isomers give rise to
distinctive 2:(NH) first stretching overtone bands in the 6400 cm
spectral region and, upon exposing these forms to near-IR light
with a frequency matching their respective vibrational band,
selective and reversible rotamerizations between them could be
successfully induced. In particular, interconversions of the (aC, aT)
and (sC, sT) pairs of isomers (corresponding to thiol group internal
rotation about the C-S bond) were promoted, while no isomeriza-
tion within the imino fragment was observed. This constitutes the
first example of an imino group used as a vibrational antenna for
controlling molecular conformations. The rotamerization pro-
cesses could be followed by the changes they originate throughout
the mid-IR spectra, allowing us to perform unequivocal vibrational
assignments for all four thiol forms (and also for the Tn tautomer),
extending the previously reported data.>*

The irradiation experiments were supplemented by quantum
chemical computations, which also helped in the assignment of

This journal is © the Owner Societies 2019
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the spectra. When comparing the theoretical and experimental
vibrational frequencies of the thioacetamide isomers, it could
be noticed that the agreement between the two sets of data is
good in general, the same applying also to the IR intensities.
This good reproduction of the experimental data by the theoretical
computations confirmed the interpretation of the observed spectra
and gave further support to the performed assignments. An
interesting observation that deserves to be mentioned is the fact
that the intensities of the 21{NH) first stretching overtones of the
imino-thiol forms of thioacetamide are comparable to those of the
corresponding »{NH) stretching fundamentals. This is the first
time that such a phenomenon is reported for an imine molecule.
Considering that for matrix-isolated molecules the infrared inten-
sities of the bands due to fundamental -NH stretching modes are
about an order of magnitude higher than those of the corres-
ponding first stretching overtones,*®' the observation of the
present study can be interpreted in two ways: either the intensities
of the 2i(NH) first stretching overtones are abnormally high, or the
intensities of the 1{NH) stretching fundamentals are abnormally
low. The analysis of the available bibliographic data for molecules
having -NH or -NH, groups indicates that the second explanation
is correct. The typical computed infrared intensities of the
1(NH) and 2v(NH) modes fall in the ranges 50-70 km mol "
and 2-6 km mol ™, respectively.®’ Thus, in the present study we
found that all imino-thiol isomers have unusually low infrared
intensities of the fundamental NH stretching modes.

The kinetics of the irradiation processes were also monitored
in situ, demonstrating that the selective rotamerizations induced
by near-IR irradiation are significantly faster than the previously
reported spontaneous processes occurring in this system. Quan-
tum yields were also estimated, showing that they are comparable
with those of several carboxylic acids previously studied, while
higher than for the amino acids glycine and alanine, which
appears as an interesting subject for future investigation. It must
be pointed out that the quantum yield values are comparable
despite the fact that this study uses a remote molecular antenna
for vibrational excitation relative to the group undergoing the
conformational change, unlike the majority of earlier studies,
which utilized the direct excitation of the first stretching OH
overtone (20OH) in order to induce conformational changes of
the same -OH group.
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