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Thymol (2-isopropyl-5-methylphenol) and carvacrol (5-isopropyl-2-methylphenol) differ only in the
relative positions of the hydroxyl and alkyl substituents, yet this subtle change reverses their torsional
energy profiles: in thymol, isopropyl rotation is more hindered than OH torsion, whereas in carvacrol the
opposite occurs. These features make the two compounds ideal model systems to investigate how
differences in OH and isopropyl torsional barriers influence the redistribution of vibrational energy
following near-infrared (NIR) excitation of the 2vOH overtone. Monomers of both compounds were
isolated in a nitrogen matrix at 15 K and irradiated within the profile of the 20vOH overtone band (7110 to
7060 cm™) by using tunable laser light. Spectroscopic monitoring revealed selective and bidirectional
interconversion between rotamers differing in the OH orientation. On the contrary, no interconversion
between conformers differing in the isopropyl orientation was observed. This is particularly noteworthy
for carvacrol, as its isopropyl torsional barrier is comparable in magnitude to that of the OH rotation.
These findings support OH-rotamerization as the main route for vibrational energy redistribution,
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observed to relax spontaneously to their trans counterparts via intramolecular hydrogen-atom tunneling,

Open Access Article. Published on 17 April 2026. Downloaded on 5/8/2026 10:00:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/pccp

1. Introduction

Since the groundbreaking work of Pettersson, Lundell,
Khriachtchev and Risdnen in the late 1990s, which demon-
strated the narrowband Near Infrared (NIR) induced rotameri-
zation of formic acid under matrix-isolation conditions,® the
combination of NIR laser sources with the matrix-isolation
technique has emerged as a powerful tool for triggering, in a
very selective way, conformational transformations in a wide
variety of molecules. Carboxylic acids have been extensively stu-
died systems,”® though many other types of molecules have also
been examined. These include the Kojic'® and squaric* acids,
aminoacids,” " nucleobases and their derivatives,”>’ phenol
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whose kinetics were quantitatively determined.

28-31 32-36

and indole derivatives, among other species. Comprehen-
sive reviews have also been published, highlighting key achieve-
ments and advances in the field.”” '

Vibrationally-induced conformational transformations are
fundamentally controlled by Intramolecular Vibrational
Energy Redistribution (IVR),***® wherein relaxation following
excitation of, for example, OH, CH, NH, or NH, stretching
vibrations, or their combinations and overtones, leads to a
transfer of energy to a reactive torsional coordinate, resulting
in the conformational change. For rotamerization to occur
under NIR excitation, the deposited vibrational energy should
typically exceed the torsional barrier. However, IVR can some-
times promote conformational changes even when the initi-
ally excited vibrational mode lies below this threshold.*” The
mechanism behind this process is still a matter of debate in
the literature. Based on the experimentally observed isomer-
ization of formic acid triggered by the excitation of normal
modes below the barrier, Pettersson et al. proposed that the
mechanism must involve tunneling effects.”” In a recent
theoretical study from our laboratory on HONO isomerization,
we found a similar mechanism, suggesting that IR-induced
isomerization below the barrier may occur via tunneling
assisted IVR."*®
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Fig. 1 Illustrative examples of rotamerization of heavy-atom fragments
triggered by NIR excitation of 2vOH overtones of (a) kojic acid and
(b) 3-hydroxy-2-formyl-azirine.

For OH-containing molecules, excitation of the first overtone
of an OH stretching mode (20vOH) often couples strongly with
the torsional motion of the same OH group.®***” Nevertheless,
various studies have shown that excitation of a 220H mode can
also drive the rotation of heavier molecular groups.®®*'**> Two
illustrative examples are 3-hydroxy-2-formyl-azirine®* and kojic
acid'® in which excitation of the 200H overtones was found to
induce conformational changes in the heavy hydroxymethyl
and formyl fragments, respectively (Fig. 1). Investigation of the
interplay between OH rotamerization and other conformational
IVR redistribution pathways under matrix-isolation conditions
is difficult when noble gases are used as matrix hosts, since the
high-energy OH rotamers generated by IR excitation tend to relax
rapidly to lower-energy forms via H-tunneling, 7223282949
In contrast, when N, is used as host matrix, a significant enhance-
ment of the life-time of these high-energy OH rotamers®*%°
occurs, through the formation of OH- - -N, interactions.>"** This
provides a more favorable environment for evaluating the effi-
ciency of the NIR-induced OH torsional motions in comparison
with other competing conformational rearrangements.

As part of a series of studies conducted in our laboratory on
the NIR-induced isomerization of phenol derivatives bearing an
isopropyl group attached to the phenyl ring, we investigated
whether this group could undergo rotation upon excitation of
the overtone of an OH stretch vibration. The model systems
selected for this purpose were thymol (2-isopropyl-5-methyl-
phenol) and carvacrol (5-isopropyl-2-methylphenol), whose
structures are depicted in Fig. 2. In low-temperature noble
gas matrices (Ar and Xe), the two lowest-energy conformers
having the OH group pointing away from the nearest alkyl
fragment (¢rans-OH, Fig. 3) and differing in the orientation of
the isopropyl fragment, were spectroscopically identified.’**
In contrast, the higher-energy conformers, with the OH group

OH HO
HgC@CH(C%)g H3COCH(CH3)2
Thymol Carvacrol

Fig. 2 Molecular structures of thymol (2-isopropyl-5-methylphenol) and
carvacrol (5-isopropyl-2-methylphenol).
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oriented toward the nearest alkyl fragment (cis-OH, Fig. 3),
were not detected due to their fast relaxation via H-tunneling
rotamerization into the more stable ¢rans-OH counterparts.
Such behavior is consistent with previous observations for
other structurally related phenol derivatives in noble gas
matrices.>®?%%°

The conformational landscapes of thymol and carvacrol
have also been investigated in the gas phase using broadband
microwave spectroscopy’®”” and laser-based jet techniques.>®
These studies enabled the identification of multiple confor-
mers with high structural precision. These included the lowest-
energy structures in which the OH group is oriented away from
the nearest alkyl substituent, which were also identified in our
previous studies in Ar and Xe matrices®>* Besides, higher-
energy conformers in which the OH group points toward the
alkyl fragment were also identified: one such conformer in
thymol and two in carvacrol. Gas-phase approaches thus pro-
vide detailed insight into intrinsic molecular structures and
relative conformer energetics under isolated, collision-free
conditions, although the investigation of long-timescale
conformational dynamics is challenging. In contrast, matrix-
isolation infrared spectroscopy offers a complementary frame-
work for investigating conformational interconversions over
extended timescales, providing access to dynamical informa-
tion that complements the structural insights obtained from
gas-phase jet experiments.

Attempts to induce interconversion between the two trans-
OH conformers (via rotation of the isopropyl group) using
narrowband NIR light tuned to the 214y vibration were performed
for thymol isolated in a Xe matrix. Despite the energy deposited in
the molecule by the NIR radiation (7061-7047 cm ™, equivalent to
~84 kJ mol ') being more than three times higher than the
computed isopropyl rotamerization barrier (23-26 kJ mol !,
Fig. 3), no interconversion between the two conformers was
observed.* We hypothesized that this lack of interconversion
arises from preferential dissipation of vibrational energy into
the OH torsional mode, whose calculated barrier is consider-
ably lower than that for isopropyl rotation (9-14 kJ mol ',
Fig. 3). To further investigate this hypothesis, the present study
aims to obtain deeper insight into the mechanisms governing
conformational transformations in thymol and carvacrol iso-
lated in an N, matrix. Importantly, the isopropyl rotamerization
barrier in carvacrol (10-11 k] mol ™) is significantly lower than
in thymol and is of the same order as the OH-rotamerization
barrier (11-13 kJ mol™ ", Fig. 3). Therefore, these molecular
systems offer a valuable opportunity to evaluate whether the
efficiency of NIR-induced rotamerization is dictated primarily
by the barrier height or not.

In addition to the selective NIR-induced conformational inter-
conversions, the kinetics of the spontaneous cis-to-trans OH con-
version in a N, matrix under dark conditions were investigated
for both compounds. This process is mediated by intramolecular
hydrogen-atom tunneling through the rotational barrier. By track-
ing the temporal evolution of diagnostic vibrational bands, the
depopulation rates of the cis-OH conformers and the associated
tunneling dynamics were quantitatively characterized.
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Fig. 3 Conformers of thymol (2-isopropyl-5-methylphenol) and carvacrol (5-isopropyl-2-methylphenol), along with their B3LYP/6-311++G(d,p) Gibbs
free energies at 298.15 K relative to the most stable conformer and corresponding Boltzmann populations (values in squared brackets). Energy barriers
(including zero-point-vibrational energy correction) for the conformational interconversions are indicated next to the arrows representing these
processes. All energies are expressed in kJ mol™*. Conformers are labeled using two letters [g (=gauche), t (trans), or ¢ (cis)] where the first letter denotes
the orientation of the isopropyl group and the second refers to the orientation of the hydroxyl group relative to the nearest alkyl fragment, as detailed in

the text.

2. Methods

2.1. Experimental section

Solid thymol (Fluka, 99.5%), liquid carvacrol (Sigma-Aldrich,
98%), and high-purity nitrogen (Air Liquide, N50) were used
in the experiments. A detailed description of the procedure
and equipment used in the matrix deposition is provided
elsewhere.’>* IR spectra of the matrix-isolated compounds
were recorded with a Thermo Nicolet 6700 Fourier-transform
infrared (FTIR) spectrometer both in the mid-IR (4000—
400 cm™") and NIR (7500-4000 cm ") regions. In the mid-IR
region, the spectra were recorded with a 0.5 em™" resolution
using a deuterated triglycine sulphate (DTGS) detector and a
KBr beam splitter. In the NIR region, the spectra were recorded
with 1 em™" resolution using an InGaAs detector and a CaF,
beam splitter. The NIR irradiations were undertaken in situ
using the idle beam of a Spectra Physics Quanta-Ray optical
parametric oscillator (MOPO-SL) pumped by a Nd:YAG Spectra
Physics Quanta-Ray PRO-230-10 laser, providing a NIR beam
with a bandwidth of 0.2 cm ™, pulse frequency of 10 Hz, and an
energy of ~10 mJ. The time of irradiation at a particular
wavenumber was ~20 min. In some experiments, to partially
protect the matrices from the high frequency broadband radia-
tion emitted from the IR spectrometer, a longpass filter
(Edmund Optics) transmitting only IR light below ~2200 cm™"
was used. Complete blocking of IR light (dark conditions) was
achieved by placing a metal plate between the spectrometer
source and the sample.

2.2. Theoretical calculations

To assist in the interpretation of the experimental IR spectra,
harmonic vibrational calculations at the B3LYP* *%/6-311++G(d,p)

This journal is © the Owner Societies 2026

level were performed for the conformers of thymol and carvacrol,
using fully optimized geometries at the same level of theory. The
computed harmonic wavenumbers were scaled by 0.980 and
0.945 for the regions below and above 2000 cm™", respectively.
Despite the relative simplicity of this combination of functional
and basis set, it has been successfully employed in our labora-
tory to predict the vibrational spectra of these molecules, and the
calculated conformational energies compare well with those
obtained at higher levels of theory, as demonstrated in our
previous studies on these molecules.”>>* Anharmonic vibra-
tional calculations at the B3LYP/6-311++G(2d,2p) were also car-
ried out using the fully automated second-order vibrational
perturbative approach developed by Barone and co-workers.®* %
Calculated anharmonic wavenumbers were not scaled. All calcula-
tions were performed using the Gaussian 16 program package
(Rev. B.01).°®

3. Results and discussion

3.1. Gas-phase conformational distribution and barriers for
the hydroxyl and isopropyl rotamerizations

The molecular structures of carvacrol and thymol are shown in
Fig. 2. They differ only by the position of the OH group relative
to the alkyl fragments: in thymol it is ortho to the isopropyl
group, whereas in carvacrol it is ortho to the methyl group.
The conformational behavior of both molecules has been
extensively studied in our laboratory using various levels of
theory.>*>* Here, we highlight only the key findings from these
studies that are relevant to the present work.

Both molecules can adopt four distinct conformers, each
designated by a two-letter code (Fig. 3). The first letter denotes
the orientation of the tertiary C-H bond of the isopropyl
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fragment relative to the C-O bond, while the second indicates
the orientation of the OH group relative to the nearest alkyl
fragment. The notation used is as follows: g (gauche, ~60°), c
(cts, 0°), and t (trans, 180°). The relative Gibbs energies of the
conformers at 298.15 K, calculated at the B3LYP/6-311++G(d,p)
level, and the corresponding Boltzmann populations, are
included in Fig. 3. From these data, the following conclusions
can be drawn: (i) for the two molecules, the two trans-OH
conformers (gt and tt in thymol; tt and ct in carvacrol) are
more stable than their cis-OH counterparts (gc and te in thymol;
tc and cc in carvacrol); (ii) within each group of conformers,
thymol shows a preference for the gauche orientation of the
C-H bond over a trans one (the cis conformation is not a
minimum). In carvacrol, however, the cis and trans orientations
of the C-H bond are practically isoenergetic. According to the
gas-phase population predictions at 298.15 K (also included in
Fig. 3), thymol exists predominantly in the gt conformer,
followed by tt, with a minor contribution from ge and a residual
presence of tc. In contrast, carvacrol exhibits a broader con-
formational distribution, with the tt and ct forms being the
most abundant and nearly equimolar, but the te and cc con-
formers also contribute appreciably. These results are consis-
tent with those reported by Schmitz et al.®”

In addition to gas-phase population predictions, the energy
barriers for conformational isomerization, included in Fig. 3,
play a crucial role in determining which conformers may
persist upon matrix deposition. The barriers for OH rotamer-
ization range from 11 to 14 kJ mol ™" for the conversion of the
trans-OH into the cis-OH conformers and from 9 to 12 k] mol~*
for the reverse process. These barriers are sufficiently high to
suppress conventional, temperature-dependent over-the-barrier
relaxation in a cryogenic matrix. Nevertheless, because the OH-
rotamerization involves the motion of a light hydrogen atom,
H-tunneling can promote cissOH — trans-OH decay. This
tunneling pathway accounts for the absence of detectable cis-
OH conformers of thymol and carvacrol in noble-gas matrices,
where they are assumed to relax too rapidly to be observed
spectroscopically.>®** By contrast, owing to the well-known
stabilizing effect of N, as a matrix medium, the higher energy
cis-OH conformers are more likely to be detected in N,
matrices. Regarding the isopropyl group rotamerization, the
calculated energy barriers range from 23 to 26 k] mol " in
thymol and are significantly lower in carvacrol (10-11 kJ mol ),
where the increased spatial separation between the isopropyl
and OH groups reduce steric hindrance. From an experimental
perspective, such energy barriers, involving the movement of a
bulky fragment, cannot be overcome at cryogenic temperatures
(1020 K), effectively preventing interconversion between these
conformers under matrix isolation conditions.

3.2. Mid- and near-IR spectra of thymol and carvacrol isolated
in solid N, at 15 K

The experimental mid-IR spectra (1550—745 cm™ ') of thymol
and carvacrol, recorded immediately after their deposition
in a low-temperature N, matrix, are shown in Fig. 4a and 5a,
respectively. These spectra are slightly different from those
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Fig. 4 (a) Experimental mid-IR spectrum of thymol recorded after isolat-

ing monomers of the compound in a N, matrix at 15 K. (b) Theoretical
spectrum of a mixture of the gt and tt conformers, which was simulated
from the B3LYP/6-311++G(d,p) vibrational calculations carried out for
both conformers. Bands highlighted with blue and grey squares are
assigned to the gt and tt conformers, respectively, by comparison with
the computed vibrational data. The band at 1229 cm™, marked with an
asterisk, is tentatively attributed to the tt conformer, but it may also
originate from the high-energy cc conformer, as demonstrated by the
results of the NIR irradiation experiments discussed in Section 3.3. Lor-
entzian functions (FWHM = 4 cm™) centered at the calculated wavenum-
bers were used and the intensities were scaled by 1.0 (gt) and 0.15 (tt) to
best match the experimental spectrum. (c) Scaled wavenumbers and
unscaled IR intensities extracted from the harmonic vibrational calcula-
tions performed for the gt (blue squares) and tt (grey squares) conformers.

recorded in noble gas matrices (see Fig. S1 and S2 in the SI
for further details), with minor deviations in band positions,
particularly in the OH stretching region, which is highly
sensitive to matrix effects, and in the relative intensities of
certain bands. To aid in the interpretation of the experimental
spectra, harmonic vibrational calculations were performed at
the B3LYP/6-311++G(d,p) level for the conformers predicted to
be present in the matrices.

For thymol, the experimental spectrum of the freshly depos-
ited N, matrix at 15 K (Fig. 4a) is very well reproduced by the
theoretical spectrum simulated from a mixture of the gt and
tt conformers (Fig. 4b). This spectrum was simulated from
the vibrational data computed for both conformers, with
the relative intensities of gt and tt scaled by 1.0 and 0.15,
respectively, to achieve a good agreement with the experimental
data. Although the calculated stick IR spectra of the two
conformers are overall quite similar (Fig. 4c), some bands in
the 1300-1000 cm™ " region can be unambiguously assigned
to the dominant gt conformer (see Fig. S3 for details). These
include the features at 1295, 1278, 1218, 1166, 1154, 1117, 1090,
and 1065 cm . In contrast, the experimental identification
of the tt conformer is considerably more challenging, since
most of its IR features overlap with those of the most abundant
gt conformer. Nevertheless, subtle shoulders at 1286, 1229

and 1127 em ™', as well as the weak band at 1051 cm ™!, can
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Fig. 5 (a) Experimental mid-IR spectrum of carvacrol recorded after

isolating monomers of the compound in a N, matrix at 15 K. (b) Theoretical
spectrum of a mixture of the tt, ct, tc and cc conformers, which was
simulated from the B3LYP/6-311++G(d,p) vibrational calculations carried
out for each species. Lorentzian functions (FWHM = 4 cm™?) centered at
the calculated wavenumbers were used and the intensities were scaled by
1:1:0.5:0.6 to best match the experimental spectrum. (c and d) Scaled
wavenumbers and unscaled IR intensities extracted from the harmonic
vibrational calculations performed for the ct (blue squares), tt (grey
squares), cc (red circles) conformers. tc (green circles).

be tentatively attributed to the tt form (Fig. S3). Notably,
its strongest absorption predicted at 1123 cm ' (Ath =
111.8 km mol ') has a very weak experimental counterpart at
1127 em ™. This provides further evidence for the significantly
lower abundance of the tt form in the deposited N, matrix as
compared with the gt conformer, in line with the theoretical
predictions.

Regarding carvacrol, the spectroscopic identification of
individual conformers in the deposited N, matrix (Fig. 5a), by
comparison with the calculated spectra (Fig. 5b and c), proves
even more challenging than in the case of thymol. This
difficulty arises because all four conformers have appreciable
gas-phase populations and display very similar spectral
profiles. The only reliable markers are the doublets observed
at 1527/1507 cm™ ' and 1117/1104 cm™ . In the first case, the
higher-frequency component can be attributed to the two most
stable conformers tt and ct, whereas the lower-frequency one
corresponds to the higher-energy forms tc and cc. The second
doublet occurs in a spectral region where only the two lower-
energy conformers absorb, and their predicted bands do not
overlap. Thus, the higher- and lower-frequency components of
this doublet can be assigned to the tt and ct conformers,
respectively.
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In summary, the spectral analysis of matrix isolated thymol
and carvacrol confirms the presence of the most stable trans-
OH conformers in the matrix and, due to the stabilizing
effect of the N, matrix as compared to the noble gas matrices,
suggests the possible presence of the high-energy cis-OH con-
formers in carvacrol. However, the strong spectral overlap
prevents an unambiguous identification of the conformers.
This limitation underscores the importance of complementary
techniques, such as selective NIR vibrational excitation, to
manipulate and probe conformational populations. The
results of these NIR irradiation experiments are presented in
Section 3.3 and based on these results comprehensive spectral
assignments are provided in Tables S1-54.

The IR spectra of thymol and carvacrol isolated in solid N,
were also recorded in the near-IR region (7500-4000 cm ™) to
determine the positions of the OH-stretching overtone (20OH)
bands, which are required for selecting the wavenumbers for
NIR irradiations. In both compounds, the 20OH absorption
appears as a broad band from 7110 to 7060 cm ™, centered at
~7082 ecm™ ' (Fig. 6¢ and d), which mirrors the OH band
profile centered at ~3625 cm™ ' (Fig. 6e and f). Anharmonic
frequency calculations at the B3LYP/6-311++G(2d,2p) are in
good agreement with the experimental data. For thymol,
200H transitions are predicted at 7128 and 7145 cm ™" for the
gt and tt conformers, respectively, while for carvacrol, the four
conformers overlap more strongly, with 20OH transitions
between 7129 and 7132 cm ™.

3.3. Conformational conversions induced by NIR laser-light
irradiations

Due to the relatively broad profile of the 2voy; overtone bands,
in the irradiation experiments, narrowband NIR light was
tuned not only at the wavenumber corresponding to the band
center but also at wavenumbers slightly offset to the higher-
and lower-frequency sides. This approach ensured that the
laser beam, with its narrower bandwidth compared to the
overtone band, effectively targeted multiple spectral positions
within the 2voy absorption profile to maximize selectivity. The
changes triggered by the NIR irradiations were monitored by
collecting mid-IR spectra.

3.3.1. Thymol. The first set of irradiation experiments was
performed by tuning the laser to 7102 cm ", followed by
7082 cm ', corresponding respectively to the high-frequency
side and the center of the 20OH band. Exposing matrix-isolated
thymol to NIR radiation at these wavenumbers for approxi-
mately 20 minutes each resulted in similar spectral changes
(more pronounced upon irradiation at the lower wavenumber),
indicating the occurrence of conformational isomerization.
These spectral changes are reflected in the difference IR
spectrum shown in Fig. 7b, obtained by subtracting the pre-
irradiation spectrum from the post-irradiations’ spectrum.
As illustrated in this difference spectrum, these irradiations
resulted in an increase in the intensity of a specific set of
bands (highlighted with red circles) alongside a simultaneous
decrease in the intensity of another set of bands (marked with
blue squares). These observations provide clear evidence of

Phys. Chem. Chem. Phys.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04677g

Open Access Article. Published on 17 April 2026. Downloaded on 5/8/2026 10:00:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
Thymol Carvacrol
= gt = ot m oot =
¢ (gcC ® CC
[1] @ [ »
7190 7140 7090 7190 7140 7090
o ga (o) g (d
1005 o TR 1 o o
S oA 8 SA S
5.0 = : :
§ 0.0 L S i .
§ 7140 7090 7040 7140 7090 7040
o
3 081 (e) 1 ()
0.4- 1
0.0 , : . :
_ 3650 3625 3600 3650 3625 3600
[
(@] _ _
g 80 (9) (h)
£
< 40- 1
o 3650 3625 3600 3650 3625 3600

Wavenumber / cm™’

Fig. 6 Fragments of the near-IR (c and d) and mid-IR (e and f) spectra of
thymol and carvacrol isolated in solid N, at 15 K showing the 2vo and vop
absorption bands, respectively. The dotted vertical lines in panels (c) and
(d) indicate the wavenumbers applied in the narrowband NIR irradiations of
the matrix isolated compounds. The 2von and von absorption bands are
compared with results of anharmonic (a and b) and harmonic (g and h)
vibrational calculations carried out at the B3LYP/6-311++G(2d,2p) and
B3LYP/6-311++G(d,p) levels of theory, respectively, for the conformers
of both molecules. The voy mode computed for the tc conformer of
thymol (3652.3 cm™%; Ath = 83.9 km mol™Y) is not shown as it is predicted
outside of the spectral range shown. Anharmonic wavenumbers are
unscaled while the harmonic ones were scaled by 0.945.

NIR-induced conformational changes taking place in matrix-
isolated thymol.

Subsequent irradiations were conducted on the lower-
frequency side of the 200H profile, specifically at 7072 and
7062 cm ™. The results of these irradiations, as reflected in the
difference spectrum shown in Fig. 7c, reveal that the bands
which had previously increased in intensity now displayed a
clear decrease, while those that had decreased in intensity
showed a corresponding increase. This reversal in the spectral
behavior unequivocally demonstrates that excitation at 7072
and 7062 cm " induces the opposite conformational trans-
formation(s) to those triggered by excitation at the 7102 and
7082 cm .

To support the assignment of the conformers being consumed
or produced during the NIR irradiations, the experimental differ-
ence spectra were compared with the B3LYP/6-311++G(d,p) theo-
retical spectra of all four thymol conformers. This analysis
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Fig. 7 Spectral indication of conformational changes in thymol isolated in
solid N, (15 K) following excitation of the 20vOH mode, supported by
simulated IR spectra of the involved conformers. (b) Spectrum recorded
after a total of 40 min of NIR irradiations at 7102 and 7082 cm™*
(20 minutes each) minus that recorded before the irradiations (positive
bands indicate conformer formation upon irradiation). (c) Spectrum
recorded after a total of 40 min of NIR irradiations at 7072 and
7062 cm™~! (20 minutes each) minus that recorded before these irradia-
tions (positive bands indicate conformer formation upon the irradiations).
(a) B3LYP/6-311++G(d,p) simulated IR difference spectrum for the con-

version of conformer gt to gc (intensity ratio 1:1).

revealed that the spectral changes induced by NIR irradiation
are well reproduced by the theoretical difference spectrum ge
minus gt, shown in Fig. 7a. Accordingly, irradiations at 7102 and
7082 cm ™' promote the gt — ge conversion, while irradiations at
7072 and 7062 cm™ " induce the reverse gc — gt transition, in
agreement with the anharmonic vibrational calculations which
predict the 200H overtone of gt conformer at a higher frequency
than that of ge. This bidirectional behavior provides evidence of
the reversible nature of the NIR-induced conformational inter-
conversion, as illustrated in Fig. 8. The spectral signatures of the
gt and ge conformers, extracted from the experimental difference
spectra shown in Fig. 7, are listed in Tables S1 and S2, respec-
tively. These tables also include approximate assignments of the
corresponding vibration modes.

It is important to note that no spectral evidence of inter-
conversion between the gt and tt conformers was detected upon
excitation of the 2voi mode, consistent with our previous results

H
\
o) 7102, 7082 cm™

H H
HsC CH, HiC—C )~ 'CH,

CH3
7072, 7062 cm™
gt gc

Fig. 8 Bidirectional NIR-induced OH-rotamerization observed for thymol
isolated in a low temperature N, matrix.
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in a Xe matrix.>* This confirms that isopropyl rotamerization does
not occur under these conditions, suggesting that energy redis-
tribution within the molecule preferentially channels into the
OH-rotamerization rather than facilitating the isopropyl group
rotation.

Furthermore, no spectral indication of interconversion
between the tt and tc conformers were observed. This conclu-
sion is supported by a detailed analysis of the spectral changes
in the 1300-1000 cm™* region where, as mentioned above,
conformer tt shows weak absorptions at 1286, 1129 and
1051 cm ™. Notably, these three bands remain unaffected by
NIR irradiations at 7102 and 7082 cm™ " (see Fig. S4 for details).
One possible explanation is that the tt conformer is not
effectively excited during the laser irradiation; however, this
is unlikely given that the entire 2vOH band profile was
scanned. A more plausible hypothesis is that tt is indeed
converted to tc upon NIR excitation, but the latter rapidly
relaxes back to tt via H-atom tunneling, which prevents any
observable net change in the tt population under steady-state
conditions. This interpretation is consistent with the tunneling
decay results, which will be presented and discussed in
Section 3.4.

3.3.2. Carvacrol. Irradiation experiments were also carried
out on carvacrol isolated in an N, matrix. The sample was
exposed to the OPO tunable narrowband light at 7090, 7083,
and 7072 cm™’, corresponding to the high-frequency edge,
maximum, and low-frequency edge of the 2vOH absorption
band, respectively, for about 20 minutes each. Mid-IR spectra
were recorded after each irradiation, and the resulting spectral
changes are presented in Fig. 9.

Comparison of the theoretical and experimental difference
spectra clearly shows the occurrence of the tt — tc and c¢t — cc
isomerizations upon irradiation at 7090 or 7083 cm ™', whereas
the reverse transformations are promoted by irradiation at
7072 ecm ' (Fig. 10). These spectral changes provide clear
evidence for the presence of two sets of conformers in the N,
matrix, namely tt + ct and tc + cc. When this result is considered
together with the spectral indication of the presence of the tt
and ct conformers in the as-deposited matrix (supported by the
doublet at 1117/1104 cm ™ '), and with the fact that several of the
bands that increase upon the irradiations at 7090/7083 ¢cm "
were already discernible in the pre-irradiation spectrum, taken
together, the data strongly support the presence of all four
conformers in the N, matrix, consistently with the theoretical
predictions. Nevertheless, the conformer-by-conformer assign-
ment remains less definitive than in the case of thymol. The
assignment of the experimental spectra to the two conformer
sets is provided in Tables S3 and S4.

It is important to note that, as in the case of thymol, we were
unable to identify spectral features associated with isopropyl
group rotamerization, which would lead to interconversion
between the tt and ct conformers or between the tc and cc
conformers. This result is particularly striking, as one might
initially expect that excitation of the 20OH overtone in carvacrol
would induce isopropyl isomerization, given that its barrier is
much lower than in thymol (by a factor of ~2.5) and is of the
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Fig. 9 Spectral indication of conformational changes in carvacrol isolated
in solid N, (15 K) following excitation of the 2voy mode, supported by
simulated IR spectra of the involved conformers. (b) Spectrum recorded
after a total of 20 min of NIR irradiations at 7090 or 7083 cm ™~ minus that
recorded before these irradiations (positive bands indicate conformer
formation upon irradiation). (c) Spectrum recorded after a total of
20 min of NIR irradiations at 7072 cm~* minus that recorded before these
irradiations (positive bands indicate conformer formation upon the irradia-
tions). (a) B3LYP/6-311++G(d,p) simulated IR difference spectrum for
the conversion of conformers tt + ct into conformers tc + cc (intensity
ratio 1:1).
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Fig. 10 Bidirectional NIR-induced OH-rotamerization observed for car-
vacrol isolated in a low-temperature N, matrix.

same order as that for the OH rotamerization (with the caveat
that rotation of the bulky isopropyl group may be partially
hindered in an N, matrix). The most plausible explanation is
that the initially excited state, namely the OH-stretching over-
tone, couples more efficiently, via anharmonic IVR, to motions
involving the hydroxyl group, in particular to the OH torsional
coordinate. The behaviour of carvacrol is therefore consistent
with a mode-selective process, whereby excitation of the 2vOH
overtone preferentially drives OH-rotamerization.
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3.4. Decay of the higher-energy cis-OH conformers under dark
conditions

Once the high-energy conformers were generated by selective
excitation of the 200H overtones of their low-energy counter-
parts (7102 and 7082 cm ™" for thymol, and 7090 and 7083 cm ™"
for carvacrol), the sample was maintained under dark
conditions for approximately one hour. During this period,
a limited number of IR spectra were collected using a
2200 cm ™' cutoff filter and restricting each acquisition to
32 scans, thereby minimizing exposure to residual spectro-
meter radiation and preventing any unwanted photoinduced
processes. The spectral changes observed under these condi-
tions, shown in Fig. 11, provide unambiguous evidence that
the higher-energy cis-OH conformers (ge in thymol; te and cc
in carvacrol) decay into their lower-energy trans-OH counter-
parts (gt in thymol; tt and ct in carvacrol) by means of H-atom
tunneling.

To quantitatively monitor the kinetics of the OH-rota-
merization tunneling, specific diagnostic bands were selected:
the band at 1310 cm ™" for thymol, which is assigned to the ge
conformer (see Table S2), and the band at 1507 cm ' for
carvacrol, attributed to the tc and cc conformers (see Table S4).
The time-dependent changes of the integrated absorbances (4)
of the selected bands were fitted to a first-order kinetic model,
[A](6)/[A], = e ™, where [A](¢) and [A], represent the absorbance
of the diagnostic band at time t and initially, respectively, and
from these fits the tunneling rate constants were estimated

Thymol Carvacrol
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Fig. 11 (a and b) Fragments of experimental difference spectra showing
the spectral changes observed after keeping matrix-isolated thymol and
carvacrol (N, 15 K) in dark for 1 hour. Prior to the dark period, the samples
were enriched in the higher-energy cis-OH conformers by NIR laser
irradiations at 7082 cm™! (thymol) or 7082 cm™ (carvacrol). The negative
bands enclosed by a dotted rectangle were used to monitor the kinetics of
the dark process. (c and d) B3LYP/6-311++G(d,p) theoretical difference
spectra illustrating the conversion of the higher-energy cis-OH confor-
mers into the lower-energy trans-OH conformers.
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Fig. 12 Time evolution of the high-energy gc conformer of thymol (red
circles in the lower curve) and of the high-energy cc and tc conformers of
carvacrol (green circles with red-filled centers in the upper curve) under
dark conditions. The decay was monitored by integrating the vibrational
bands at 1310 cm~! (thymol) and 1507 cm~ (carvacrol). Absorbances
measured after 15 h in the dark, when no further spectral changes
occurred, were subtracted from the time-dependent values to correct
for the non-reactive conformers (70% for thymol and 90% for carvacrol).
The corrected absorbances (Ay) were normalized to the initial absorbances
(Ag) to obtain the relative populations of the reactive conformers. Solid
lines represent the best single-exponential fits to the experimental data for
carvacrol and thymol, respectively (R> = 0.99).

(Fig. 12). For thymol, a tunneling rate constant of (8.4 £+ 0.4) x
10~* s=' was determined, corresponding to a halflife of
~14 minutes. In the case of carvacrol, a tunneling rate con-
stant of (5.4 & 0.3) x 10~ * s~ * was obtained, corresponding to a
half-life of ~21 minutes. The rapid conversion of the high-
energy cis-OH rotamers into the more stable trans-OH forms
indicates that the cis-OH — trans-OH isomerization previously
observed under NIR irradiation is also driven by an H-tunneling
mechanism.

The estimated values are comparable to OH-rotamerization
tunneling rates reported for other phenol derivatives under
similar experimental conditions, such as 2-cyanophenol®® and
2-isocyanophenol.?® The slightly slower OH-rotamerization tun-
neling rate observed for carvacrol in relation to thymol is
consistent with the qualitative trend in the calculated cissOH —
trans-OH barriers shown in Fig. 3 (11-12 kJ mol ' for cc — ct
and tc — tt in carvacrol compared to 9 k] mol " for g¢ — gt in
thymol, Fig. 3).

In our previous study on thymol, we have computed the
tunneling probabilities for the ge — gt and tc — tt conversions
in gas phase, and from these values, the corresponding tunnel-
ing rates and half-lives were derived. It was found that the half-
life time of the gc — gt process is approximately 12.5 times
longer than that of the tc — tt process, reflecting a more
efficient tunneling pathway in the latter case. Assuming that
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a similar ratio holds under N, matrix isolation conditions, the
expected half-life for the t¢ — tt conversion would be on the
order of ~1 minute. This rapid decay provides a consistent
explanation for the experimental observation reported above
that the bands attributed to the tt conformer remain essentially
unaffected by the NIR irradiations. In fact, if the tc conformer is
photogenerated under these conditions, it would promptly
relax back to tt on a timescale too short to be spectroscopically
detected.

4. Concluding discussion

Carvacrol and thymol were isolated in an N, cryogenic matrix at
15 K. Spectroscopic analysis provided evidence for the presence
of the lower-energy trans-OH conformers (gt and tt in thymol;
tt and ct in carvacrol) in the as-deposited matrix for both
molecules. Higher-energy cis-OH conformers were observed
only for carvacrol (tc and cc).

Excitation of the 20vOH overtones of the ¢rans-OH confor-
mers with NIR laser light induced the gt — gc process in
thymol and the tt — tec and ct — cc processes in carvacrol.
These findings demonstrate that the energy absorbed in the
first OH-stretch overtone is efficiently channeled into the tor-
sional coordinate, driving rotamerization of the same hydroxyl
group. Furthermore, these OH-induced interconversions could
be selectively reversed by fine-tuning the irradiation frequency.
No evidence of isopropyl group rotamerization was detected in
either compound. While this outcome was somehow expected
for thymol given that the energy barrier for isopropyl rotation is
significantly higher than that for OH-rotamerization, it is
unexpected in the case of carvacrol, where the isopropyl rota-
tional barrier is lower than in thymol and comparable to the
OH-rotamerization barrier. These results demonstrate that
regardless of the magnitude of the energy barriers for the
internal rotation of the hydroxyl and isopropyl groups, IVR
preferentially couples the excited 2OH mode to the local OH-
rotamerization coordinate rather than the C;H,-rotamerization
coordinate.

Finally, the kinetic measurements performed in dark pro-
vided unambiguous evidence that the high-energy cis-OH
revert to their more stable trans-OH forms through OH-
rotamerization tunneling. The estimated tunneling rate con-
stants were approximately 8 x 10~* s™* for thymol and 5 x
10~ * s~ for carvacrol, respectively, corresponding to half-life
times of about 14 and 21 minutes, respectively. These values
consistent with those reported for related phenolic systems.
From the experimental results obtained for thymol and pre-
vious tunneling calculations performed for this molecule
in vacuum, which predicted that the tc — tt process proceeds
roughly 12.5 times faster than the gc — gt one, the half-life of
the tc — tt conversion in the N, matrix can be estimated to be
approximately one minute. This likely accounts for the
apparent stability of the tt conformer during NIR irradiation,
as any transient te population would decay too rapidly to be
detected experimentally.
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