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ABSTRACT: In a combined study on the photophysics of
2-(2/-hydroxyphenyl)-benzothiazole (HBT) in polar acetoni-
trile utilizing ultrafast infrared spectroscopy and quantum
chemical calculations, we show that a branching of reaction
pathways occurs on femtosecond time scales. Apart from the
excited-state intramolecular hydrogen transfer (ESIHT) con-
verting electronically excited enol tautomer into the keto
tautomer, known to be the dominating mechanism of HBT in
nonpolar solvents such as cyclohexane and tetrachloroethene,
in acetonitrile solution twisting also occurs around the central
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C—C bond connecting the hydroxyphenyl and benzothiazole units in both electronically excited enol and keto tautomers. The
solvent-induced intramolecular twisting enables efficient internal conversion pathways to both enol and keto tautomers in the
electronic ground state. Whereas relaxation to the most stable enol tautomer with twisting angle ® = 0° implies full ground state
recovery, a small fraction of HBT molecules persists as the keto twisting conformer with the twisting angle © = 180° for delay times

extending beyond 120 ps.

1. INTRODUCTION

Branching of chemical reactions means a multiple outcome in
reaction products. For molecular reactants converting into
products in their respective electronic ground states, branching
may be caused by the existence of several energetically accessible
states."” Photoinduced reactions exhibiting branching into sev-
eral products are less numerous. Even though the observation of
state-selective quantum yield for reaction products has been
reported,® the number of studies on the time-resolved observa-
tion of the formation dynamics of different (transient) molecular
product species have remained scarce. Here one can distinguish
between cases where the different bond-breaking reaction chan-
nels are chemically identical (see, e.g., refs 3—6) and a fully
asymmetric outcome of the reactions, with chemically distinct
products.”® Optimal control of the outcome of chemical reaction
dynamics has been pursued using amplitude and phase modu-
lated excitation pulses on molecular systems. For midsized
organic molecules, control has been hampered due to the onset
of intramolecular vibrational redistribution (IVR).”'® Control of
reaction dynamics in the condensed phase is even more difficult
to achieve, as the solute—solvent interactions often have much
more impact on the molecular dynamical evolution than what
can be achieved with preparation of excited states using laser
pulses. In fact, solute—solvent interactions have a profound
influence on quantum yields of photoinduced trans/cis
isomerizations," "> much more than has been achieved with
laser control experiments.n_15

Until now, femtosecond studies of ultrafast branching pathway
dynamics have mostly dealt with chemical bond disruption/formation,
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and less with other elementary chemical transformations such
as electron, proton, or hydrogen transfer and trans/cis
isomerizations.'® In this work we report on the ultrafast photo-
induced dynamics of 2-(2'-hydroxyphenyl)-benzothiazole
(HBT) in acetonitrile (ACN). HBT is one of the benchmark
systems for excited-state intramolecular hydrogen transfer
(ESIHT)."” %" Here the chemical reaction coordinate is that
of enol — keto conversion by intramolecular hydrogen transfer
(see Scheme 1) via an intramolecular hydrogen bond connecting
the hydroxyphenyl and benzothiazole moieties. In nonpolar
solvents, HBT solely exists in its enol form (twisting angle
around the central bond connecting the hydroxyphenyl and
benzothiazole moieties @ = 0°) with this intramolecular hydro-
gen bond present. Photoinduced chemistry of HBT then exclu-
sively implies electronic excitation of the enol(® = 0°) state,
followed by an ultrafast hydrogen transfer from enol*(® = 0°) to
keto*(® = 0°) on a time scale of 60 fs.'"”*'*” A fluorescence
signal with a high quantum yield (300 ps time constant'’)
indicates the conversion of HBT into the keto(® = 0°) electronic
ground state, followed by intramolecular hydrogen back-transfer
to the enol(© = 0°) ground state, completing the photocycle.
We now present experimental and theoretical results of
analyzing the ultrafast dynamics of HBT in ACN, and conclude
that even though in polar ACN HBT in the electronic ground
state only exists in the enol(® = 0°) geometry, electronic
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Scheme 1. The Molecular Structures [DFT(BP86/RI)/
TZVPP/COSMO] of the Enol Isomer (Left-Hand Side) in the
0O =0° Conformation and the Keto Isomer (Right-Hand Side)
in the © = 180° Conformation of HBT*

keto form 180 degrees

enol form 0 degree

“The twisting degree of freedom around the central C2—C3 bond
connecting the hydroxyphenyl and benzothiazole moieties of HBT is
defined in this work as the twisting angle © between the atoms
N1-C2—C3—C4.

excitation to the enol*(® = 0°) state is followed by a branching
into two different reaction coordinates: the aforementioned
ESIHT coordinate resulting in the keto*(® = 0°) conformation,
and the twisting coordinate around the central C—C bond
connecting the hydroxyphenyl and benzothiazole units, facilitat-
ing internal conversion back to the enol(® = 0°) ground state.
The twisting state is concluded to shorten the lifetime of the
keto*(® = 0°) state as well, as derived from the kinetics of IR-
active fingerprint modes for the keto*(® = 0°) and keto(® =
180°) states.

2. EXPERIMENTAL AND THEORETICAL DETAILS

2.1. Steady-State and Time-Resolved Experiments. Steady-
state electronic absorption spectra were recorded with a double-
beam UV—vis spectrometer (Perkin-Elmer), and emission spec-
tra were recorded with a spectrofluorometer (Spex Fluorolog).
Perdeuterated acetonitrile (ACN-d;) was obtained from Deu-
tero GmbH (99.96% deuteration grade, water content <0.03%),
while the solvents ACN, tetrachloroethylene (TCE, water con-
tent <0.01%), and HBT were purchased from Sigma-Aldrich. For
the steady-state spectra, HBT was sublimed and subsequently
dried over P,O;5 under vacuum conditions. With this procedure,
no significant amounts of water were present in the HBT
samples, as evidenced by the recorded steady-state IR spectra.
No differences were observed in the HBT spectra when using
ACN or ACN-d;. All experiments were performed at room
temperature (24 £ 2 °C).

Ultrafast mid-Infrared (IR) spectroscopy was performed using
a home-built 1 kHz Ti:sapphire regenerative and multipass
amplifier, followed by parametric conversion of the laser output
into UV pump pulses, centered at 330 nm with pulse energies
above 2 uJ and pulse durations of 50 fs, and tunable mid-IR probe
pulses of 100—150 fs duration. For details on the experimental
setup, we refer to a previously published report.”®

The molecular structures were optimized with the quantum
chemical package Turbomole,*® version 6.2. For all calculations
presented in this work (except where electronic transition
dipoles were estimated), density functional theory (DFT) was
employed with the BP86 density functional®®*® and Ahlrichs’
TZVPP basis set.**> The normal modes, frequencies, and IR
intensities as well as the change of the electric dipole moments
with respect to selected normal coordinates presented in Figure 7
were obtained with SNF**** in the harmonic approximation.

SNF acts as a meta-program that collects raw data provided by
Turbomole and provides a restart-friendly and massively paral-
lelized implementation. Electronic energy gradients and electric
dipole moments were calculated with Turbomole for distorted
structures of the molecule under consideration, and the normal
modes and IR intensities were obtained by SNF using numerical
differentiation. A three-point central difference formula® was
used and the step length for the differentiation was set to 0.01
Bohr. As shown in, e.g., refs 36—38, harmonic BP86 vibrational
frequencies match experimental fundamental ones well. The
resolution of the identity (RI) density-fitting technique was
employed for all calculations with the BP86 density functional
with Turbomole using the Karlsruhe auxiliary basis functions.>
As a continuum model, we employed COSMO* with the
standard settings as implemented in Turbomole except for the
permittivity, which was set to 37.5 (compare ref 41). The spectra
were broadened with a Gaussian band shape and a full width at
half-maximum height of 15 cm™ . The frequencies used in the
calculated spectra presented in Figure 9 were scaled by a factor of
1.01, and the intensities of the line spectra in Figure 8 were scaled
by a factor of 0.08. Molecular structures, normal modes, and
(transition) dipoles were visualized using the programs VMD**
and Gaussview.*

3. RESULTS AND DISCUSSION

3.1. Steady-State Experiments. In Figure la we show the
steady-state UV /vis sgectra of HBT in TCE and in ACN. As
reported before,"®>>*° the electronic absorption band of HBT in
TCE is located between 310 and 360 nm, whereas the electronic
emission band is strongly red-shifted, peaking at 540 nm. These
features have been understood to be indicative of the photocycle
where HBT is electronically excited in its enol form (with
intramolecular hydrogen bond, i.e., ® = 0°), i.e,, Sy enol(® =
0°) — S, enol*(® = 0°), followed by ultrafast ESIHT leading to
the S; keto*(® = 0°) state. The S; keto*(® = 0°) state has a
lifetime of 300 ps in TCE.'® On this time scale, HBT emits a
fluorescent photon, converting S; keto*(® = 0°) into S, keto
(© = 0°), which subsequently changes by back intramolecular
hydrogen transfer into the enol (© = 0°) form, closing the
photocycle.

In ACN, HBT has a similar electronic absorption spectrum,
indicative of the Sy enol — S; enol* transition, about 10 nm blue-
shifted. The reason for this solvation by the polar ACN solvent,
or by the intramolecular hydrogen bond broken by the solvent,
and the possible existence of different geometries of HBT in the
enol form, with the twisting angle ® as an additional degree of
freedom, will be answered here. The emission spectrum of HBT
upon electronic excitation at 330 nm, however, is drastically
different from that of HBT in TCE. Besides an emission band at
540 nm, indicative of S; keto* — S keto fluorescence, a band of
similar emission strength is found peaking at 375 nm, strongly
suggesting that S; enol* — S, enol fluorescence also occurs in
HBT in ACN solution. The overall emission strength of HBT in
ACN is a factor of ~30 times less than that observed in TCE
under identical excitation conditions, hinting at a pronounced
electronic excited state lifetime shortening of HBT (regardless of
the actual tautomer present) when comparing ACN and TCE
solvents. This is in accordance with reported lifetimes of HBT in
ACN (14 ps) and in TCE (300 ps)."® As such, the choice of polar
ACN as the solvent opens one or even several nonradiative decay
channels for electronically excited HBT.
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Figure 1. (a) Reaction scheme of photoinduced enol-keto tautomerism
of HBT and the UV /vis absorption and emission spectra of HBT in TCE
and ACN. (b) Steady-state IR spectra of HBT in TCE and ACN-ds. (c)
The inset highlights the fingerprint region investigated in the time-
resolved experiment.

Steady-state IR spectroscopy of HBT in TCE*>*® and in

ACN-dj; solution are compared in Figure 1b. Here it is shown
that the IR-active vibrations of HBT in TCE and in ACN-d; are
fully identical, both for the vibrational fingerprint modes between
1000 and 1800 cm ™" and for the OH stretching band, extending
between 2500 and 3300 cm ™. In particular, the fact that the OH
stretching band, as well as those fingerprint modes where the
O—H bending motion is contributing, do not change when HBT
is dissolved in polar ACN instead of in nonpolar TCE clearly
shows that electronic ground-state HBT is predominantly pre-
sent in the enol(© = 0°) geometry in ACN. As we will discuss in
Section 3.3, enol geometries with the intramolecular hydrogen
bond broken and with different twisting angles, as well as with the
OH-group hydrogen bonded to a solvent molecule, would
exhibit different vibrational patterns. This finding is important,
as it significantly limits the number of possible photocycle
scenarios of HBT in ACN.

3.2. Ultrafast UV-pump IR-Probe Spectroscopy of HBT in
ACN-ds. In Figure 2 we compare the transient IR pump—probe
spectra of HBT in TCE and in ACN-d;. With such a comparison
it becomes immediately clear that the ultrafast photoinduced
dynamics of HBT is strongly different in the two solvents. Upon
UV excitation of HBT in TCE (Figure 2a) within time resolution
(~150 fs), the vibrational marker bands of the S; keto*(©® = 0°)
state are prominent throughout the fingerprint range from 1250
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Figure 2. Transient IR spectra of HBT in the fingerprint region
measured in (a) TCE and in (b) ACN-d; solution after excitation at
330 nm with a 50 fs pump pulse.
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Figure 3. Transient IR spectra of HBT in ACN-ds, showing the S; enol
bleach and S; keto* marker bands at early pulse delays, and the
subsequent excited state decay, enol bleach fill, and the transient
appearance of a marker band at 1616 cm ™" of a nonequilibrium HBT
conformer.

to 1600 cm ™', and only exhibit a frequency upshifting on a time
scale of several tens of picoseconds, indicative of vibrational
cooling of the S; keto*(® = 0°) state.”>*® For HBT in ACN-d,
(Figure 2b), the same marker bands appear within time resolu-
tion, followed again by a frequency upshifting on picosecond
time scales likely caused by vibrational cooling. This suggests that
photoinduced enol*—keto* tautomerism of HBT is as fast in
ACN-d; as it is in TCE. However, a pronounced decay of these
fingerprint bands of excited state HBT takes place on the same
time scale as that of vibrational cooling effects. This decay
indicates that the lifetime of the S, keto™ state is severely
shortened in ACN-d; as compared to that in TCE.
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Figure 4. Kinetics of some of the vibrational marker modes of HBT in
TCE and in ACN-d; (experimental data are given by the symbols,
biexponential fits are depicted as solid lines). (a): Transient absorption
at 1531 cm™ ' showing the dynamics in the S; keto* state and transient
bleach at 1586 cm ™', indicative of the recovery of the Sy enol state in
ACN-d;; (b) time-dependence of the frequency position of the stron-
gest marker mode of the S; keto* state; (c) the decay of the transient
absorption at 1531 cm™ " and the rise of absorption of 1620 cm ™',
suggesting that the decay of the S; keto* state correlates with the
appearance of a transient species with lifetime extending beyond 100 ps.

Figure 3 shows the transient absorption of HBT in ACN-d; for
different pulse delay times in an expanded view. Here at early
pulse delay times, besides the stron§ marker bands of the S; keto*
state between 1400 and 1550 cm™ , two bleach signals of the Sy
enol(® = 0°) state at 1590 and at 1625 cm™ ' are observable.
Interestingly, the temporal behavior of transient absorption in
the spectral region of these bleached bands of the Sy enol(® =
0°) state reveals that the S, enol(® = 0°) state recovers on a time
scale of several tens of picoseconds (Figure 4a). However, the
appearance of a transient band in the same spectral region, with a
rise in magnitude on the same time scale as that it appears to
change its transition frequency to higher values, suggests that one
or several HBT tautomer species are transiently formed that are
structurally different from the S, enol(® = 0°) state. The
appearance of this marker band is initially at 1602 + 6 cm ™"
(at 0.4 ps delay), and upshifts to 1616 &= 6 cm™ " at 120 ps. Red-
shifted vibrational frequencies can often be explained by having
the fingerprint marker mode in its v = O state, while low-
frequency modes anharmonically coupled to this fingerprint
mode are substantially populated.'”** The formation of this
structurally different species is thus accompanied by initial
elevated vibrational excitation of its low-frequency modes, sug-
gesting an internal conversion mechanism from the electronic
excited state of HBT into, e.g., the ground state or into a triplet
state, where a substantial amount of electronic energy is con-
verted into vibrational energy.

Biexponential fitting shows that frequency upshifting of the
strongest marker band of the S; keto* state, located at 1526 cm
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Figure 5. Electronic energy difference [DFT(BP86/RI)/TZVPP] of
the enol and keto tautomers of HBT in the S, state as function of
twisting angle ©, calculated for the conformers in the gas phase, and with
inclusion of the solvent continuum model COSMO.

at 0.5 ps pulse delay and reaching 1535 cm ™ ' at long pulse delays,
is faster in ACN-d; than in TCE (Figure 4b). Whereas the fast
component has a similar time constant of 0.8 = 0.2 ps, the long
time constant is 14.7 &+ 2.3 ps in TCE (in accordance with
previously reported data>>>®), whereas it is only 10 % 3 ps in
ACN-d;. The similarity of the early time components in the two
solvents reflects IVR effects. The long time component on the
other hand shows that vibrational energy dissipation is faster in
ACN-d; than in TCE.

The decay of the transient absorption signal marking the S;
keto* state of HBT in ACN-d; at 1531 cm™ ' (decaying with an
exponential time constant of 12.4 £ 0.5 ps) and the rise of the
1616 cm ™' marker band of the transient HBT species (fitted with
an exponential rise time of 17.8 & 1.2 ps) appear to be similar to
the reported 14 ps excited state lifetime of HBT in ACN
(Figure 4¢)."”® From this we conclude that the HBT kinetics
observed in ACN-d; is governed by electronic excited state
decay. The fact that not only is a bleach refill of bands of the
So enol(® = 0°) state observed, but also the appearance of one or
more structurally distinct HBT species, suggests that the electro-
nic excited state decay of HBT follows a multitude of different
nonradiative relaxation pathways out of the S, state.

3.3. Twist Angle Dependence of Enol and Keto Isomers of
HBT in the Sy State. In this section, we determine the stability of
different enol and keto isomers of HBT in the S, state and the
dependence of the IR spectra on the twisting angle ©, as defined
in Scheme 1. To achieve this, we have performed DFT calcula-
tions. To investigate whether enol conformers with © values
other than 0° may be important for the description of the ground
state IR spectra of HBT, we performed molecular structure
optimizations by taking the enol(® = 0°) optimized structure
and fixing the twisting angle to ® = 30°, 60°, 90°, 120°, 150°,
and 180°. The corresponding electronic energies are given in
Figure S.

As can be seen in Figure S, the enol(® = 0°) and enol(© =
30°) conformers have similar electronic energies in the gas phase.
The electronic energy of enol(® = 180°) is 11.29 kcal/mol
higher than that of the enol(® = 0°) conformer, while the
enol(® = 90°) conformer has the highest electronic energy
difference of the enol conformers (13 keal/mol in the gas phase).
A similar electronic energy barrier was calculated taking into
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Figure 6. Calculated IR spectra [DFT(BP86/R1)/TZVPP/COSMO]
of enol conformers of HBT with different twisting angles ©.

account solvent effects by inclusion of the continuum model
COSMO, where the enol(® = 0°) and enol(® = 30°) con-
formers are again the ones with the lowest electronic energy.

In an analogous way, the electronic energies of the keto
conformers with ® values of 0°, 30°, 60°, 90°, 120°, and 150°
were obtained by taking the keto(® = 180°) optimized structure
and fixing the twisting angle to the above-mentioned values.
Proceeding in this way, we were able to optimize the keto(® =
120°) and (©® = 150°) conformers in the gas phase. For the other
keto conformers in the gas phase, we fixed the hydrogen atom
bound to the nitrogen atom in addition to the twisting angle,
because otherwise enol forms were obtained after structure
optimization. This is, of course, an additional restriction in the
calculations. The lowest electronic energies were calculated for
the keto(® = 180°) and keto(® = 0°) conformers, whereas the
highest electronic energy was again obtained for the keto(©® =
90°) conformer.

A similar tendency to form the enol tautomer from the keto
tautomer was observed in the optimizations using the continuum
model COSMO, where we could only obtain keto conformers for
© < 90° by fixing the hydrogen atom bound to the nitrogen
atom. The energy barrier was found to be around 12 kcal/mol
lower than for the keto conformers in the gas phase. We should
note that the electronic energies shown in Figure 5 are calculated
for a temperature of 0 K, do not consider any vibrational and
temperature corrections, and contain no explicit solvent mol-
ecules. In addition, it is known that with DFT, difficulties may
arise in the proper calculation of rotation around double bonds.
However, a good agreement between energies calculated with
DFT and with multireference methods was found in ref 45 for the
keto form of HBT with twisting angles ranging from ©® = 0° to
© = 70°. This indicates that our resulting electronic energy
values can be used as a qualitative estimate.

Our calculated IR spectra, obtained for the various enol
conformers (except for enol(® = 90°) and enol(©® = 180°) for
which normal modes with negative frequencies were found) are
given in Figure 6. The twisting angle dependence of the vibra-
tional modes of HBT is clearly illustrated with the IR-active
transitions in the fingerprint region from 1440 to 1520 cm™ .
The enol(® = 0°) and enol(© = 30°) conformers give rise to an
intense band around 1465 cm ™" while this band is diminished in
case of conformers with other ® values. Typical for the enol(® =
120°) and enol(® = 150°) conformers in this part of the IR

electric dipole vibrational transition

. dipole
2
I . u
B gyt s,
x A &
enol 0 enol 0

enol 150

enol 150

Figure 7. Left-hand side: Electric dipoles (shown as dark blue arrows)
of the enol(® = 0°), enol(® = 60°), and enol(O = 150°) conformers of
HBT. Right-hand side: Vibrational transition dipoles (dark blue arrows)
corresponding to the normal modes (represented by the light blue
arrows) at 1571 cm™ " for enol(® = 0°), at 1568 cm ™' for enol(© =
60°), and at 1555 cm ™" for enol(@® = 150°).

spectrum is a doublet, whereas the other conformers have three
bands, consisting of a relatively intense one surrounded by two
weaker ones. All conformers show two bands between 1550 and
1650 cm ™!, whereby the one at higher wavenumber is shifted to
lower wavenumbers with increasing ® values. We have plotted
the vibrational displacements of the normal mode responsible for
the intense band around 1560 cm ™' in Figure 7, for the enol(©® =
0°), enol(® = 60°), and enol(® = 150°) conformers. This
normal mode carries hydrogen bending of the OH group as well
as carbon ring stretching and hydrogen bending vibrations of the
phenyl-moiety. The change of the electric dipole due to this
normal mode, calculated as the derivative of the molecular
electric dipole with respect to the corresponding normal co-
ordinate, is also given in Figure 7 and denoted as “vibrational
transition dipole”. As can be seen by comparison with the electric
dipole of the molecule shown on the left-hand side of Figure 7,
the electric dipole is significantly altered by this normal mode,
i.e,, the mode has a large IR cross section.

We report bond lengths for our optimized molecular structure
of the enol(® = 0°) form in Table 1 (atom numbering according
to Scheme 1). These values are comparable to the ones reported
in ref 46 where distances were obtained from DFT calculations
using the B3LYP density functional*’** and the TZVP basis set™
and from the RI-CC2* optimized structure (also using the
TZVP basis set;46 for molecular structures calculated with the
Hartree—Fock method, see, e.g,, refs 23 and 50). Performing
structure optimizations starting from the © = 0° and © = 180°
conformers of the enol and keto tautomers of HBT without fixing
any atom or angle, we obtained, besides the enol(® = 0°) and
keto(® = 180°) conformers, a stable enol conformer with a
twisting angle of © = 153° (gas phase) and © = 152° (COSMO).
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These results are in contrast to the ones in ref 46, where no
energy minimum was found for the keto form in the ground state.

3.4. Solvent Dependence of Fingerprint Modes As Indi-
cated in the Calculated IR Spectra. Since the experimental
measurements were performed in the polar ACN solvent, it is
important to incorporate solvent effects into the calculations. As
a first step, we used the solvent continuum model COSMO. The
corresponding spectra of the enol(® = 180°) and keto(® =
180°) conformers are shown as an example in the lower part of
Figure 8.

As illustrated in Figure 8 for the enol tautomer dissolved in a
polar medium, application of the continuum model COSMO
leads to vibrational frequencies that are shifted to lower values
compared to the ones obtained for the enol tautomer in the
gas phase. Furthermore, the IR intensities are higher than
the ones obtained without the continuum model. However, the
overall appearance of the spectra obtained with and without
COSMO is quite similar. If an explicit ACN solvent molecule

Table 1. Bond Lengths Obtained for HBT Enol(©® = 0°) in
the S, State

DET, BPS6, DET, B3LYP, RI-CC2,
bond (A)” TZVPP basis set’  TZVP basis set” TZVP basis set®
hydroxyl H—O 1.009 0.990 0.995
N1-hydroxyl H 1.687 1753 1716
0—-C4 1.344 1.343 1.350
C4-C3 1.429 1.420 1.420
C3—-C2 1.449 1.453 1.450
C2—-N 1.318 1.304 1.322

¢ Atom numbering according to Scheme 1. ® This work. ¢ Reference 46.

hydrogen-bonded to HBT is, in addition to COSMO, considered
in the calculation the IR spectrum changes remarkably (for the
molecular structure and corresponding IR-active bands, see
Figure 8) The normal mode with an IR-active transition at
1600 cm ™' is agam shifted to lower frequencies, whereas the one
around 1580 cm ™" occurs at a similar frequency compared to the
calculation with COSMO but excluding an explicit solvent
molecule. This can easily be understood since the first normal
mode is centered on the hydroxyphenyl moiety and involves
stretching displacements of the carbon atoms and a strong
bending vibration of the hydrogen atom of the hydroxyl group.
The second normal mode is mainly localized on the benzothia-
zole ring and is thus not much affected by having an explicit ACN
molecule hydrogen-bonded to the enol OH group. In an
analogous way, the normal mode around 1565 cm™  involves
mainly displacements of the hydroxyl group and of ring stretch-
ing carbon atoms, so that a shift to higher frequency values is
observed when an explicit ACN molecule is included, compared
to the calculation solely involving COSMO. The normal mode
around 1550 cm ™" involves again displacements on the benzo-
thiazole moiety of the molecule, and it is no surprise then that the
corresponding vibrational frequencies are not significantly chan-
ged by having an ACN molecule hydrogen -bonded to HBT. The
region between 1440 and 1500 cm ™' shows two bands both with
and without consideration of solvent effects, but the order of these
normal modes on vibrational frequency gets partially reversed.
As already mentioned, the twisting angle, with its initial value
of © = 180° in the optimization procedures, was found to relax to
© = 153° and 152° for the enol conformer optimized in the gas
phase and with inclusion of COSMO, respectively. In contrast to
that, a value of ® = 178° was obtained for the HBT —solvent
complex. Such a change in twisting angle already drastically
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Figure 8. Optimized structures [DFT(BP86/RI)/TZVPP/COSMO] of the enol(® = 180°) (left-hand side of upper part) and keto(© = 180°) (right-
hand side of upper part) conformers of HBT with one ACN molecule hydrogen-bonded to the hydroxyl and amine hydrogen atoms, respectively.
Calculated IR spectra [DFT(BP86/R1)/TZVPP] of the optimized enol(©) (left-hand side of lower part) and keto(©) (right-hand side of lower part)
conformers of HBT obtained without inclusion of any solvent effects (“Gas Phase”), with inclusion of the continuum model COSMO (“COSMO”), and
by using COSMO and one explicit hydrogen-bonded ACN solvent molecule (“Explicit Solvent”). For enol(©), the twisting angles were © = 153° for gas
phase, © = 152° for COSMO, and © = 178° for COSMO with an explicit ACN molecule hydrogen-bonded to HBT. For keto(®), the twisting angle was

keto® = 180° for all cases.
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Figure 9. Comparison of the transient IR spectra at early and long
delays around 1500—1650 cm ™' with calculated spectra (DFT(BP86/
RI)/TZVPP/COSMO) of the enol and keto species with varying
twisting angle ©, as well as a comparison of the steady-state IR spectrum
of HBT in ACN-d;, which can be fully explained with the vibrational
mode pattern of Sy enol(® = 0°) calculated with DFT.

affects the calculated IR spectrum; in addition, the effects of the
existing solute—solvent hydrogen bond play a role.

The situation is different in the case of the keto(® = 180°)
conformer. Independent of the inclusion of solvent effects, a
twisting angle of © = 180° was obtained for the three optimized
molecular structures employed for the spectra calculations, as
shown in Figure 8. Contrary to the spectra of the enol(® = 180°)
conformer, the largest differences were found between the gas
phase and the COSMO calculations. Inclusion of an explicit
ACN molecule, which is hydrogen bonded to the amine hydro-
gen atom (see Figure 8), affects the IR spectrum only slightly,
indicating, as one would expect, that this hydrogen bond is less
strong than the hydrogen bond between an ACN molecule and
the hydrogen atom of the OH group of the enol tautomer. As a
consequence, the normal modes involving the amine group are
not altered significantly upon inclusion of an explicitly hydrogen-
bonded ACN solvent molecule in the calculations.

3.5. Comparison between Experimental and Theoretical
Results. In Figure 9 we compare the experimental and theore-
tical spectra of HBT in ACN-d;. For HBT in the electronic
ground state, a perfect match between experiment and theory
results (using COSMO) assuming HBT exists predominantly in
the enol(® = 0°) conformer, ie., with the intramolecular
hydrogen bond connecting the hydroxyphenyl OH-group with
the nitrogen of the benzothiazole moiety. As a result, the starting
conditions of the photophysics of HBT are similar in TCE and in
ACN. The outcome in TCE is dominated by a single route:
ultrafast ESTHT from the enol*(© = 0°) S; state to the keto*(® =
0°) S; state, followed by the emission of a fluorescent photon,
with which the keto(® = 0°) S, state is reached, and finally the

enol(© = 0°) S, state results by intramolecular hydrogen back
transfer. Upon reaching the enol*(® = 0°) S, state in ACN,
however, HBT follows a multitude of reaction pathways. The
electronic transition dipole moments i, of enol(® = 0°),
enol(® = 180°), and keto(® = 180°) in the gas phase was
calculated using DFT with the B3LYP density functional and the
TZVP basis set and turn out to be of similar magnitude:
Ualenol(® = 0°)] = 4.943692 D, pqlenol(® = 180°)] =
4.180663 D, and p lketo(® = 180°)] = 5.249449 D. The
steady-state emission spectra thus suggest a branching into enol*
and keto® conformers of about equal probability. The fact that
ESIHT of the enol*(® = 0°) to the keto*(® = 0°) state occurs
with similar reaction rates in ACN-d; and in TCE, as evidenced
by the appearance of keto*(® = 0°) vibrational marker modes
within time resolution of 150 fs, means that twisting and ESIHT
compete as equal reaction pathways on a femtosecond time scale.

Twisting in the electronic excited state followed by internal
conversion is a well-known mechanism for molecules with
ethylenic bonds, such as trans- and cis-stilbene® ~*° and retinal
and coumaric acid chromophores in photoreceptor proteins.”” >’
The fate of the enol* conformer after twisting is indeed that of
internal conversion back to the S, state, followed by reformation
of the intramolecular hydrogen bond (there is only a small
twisting energy barrier for the enol conformers, ultimately
reaching the energetically most favorable enol(® = 0°) con-
formation). The fact that the lifetime of the S; keto*(® = 0°)
state is also substantially shortened means that twisting and
internal conversion to the electronic ground state are equally
probable routes for the electronically excited keto conformers.
Here HBT may either end up in the keto(® = 0°) conformer,
which is energetically unstable and will rapidly convert back to
enol(® = 0°), or will become keto(® = 180°), which is
metastable because it is located on a local potential energy
minimum. Only when a full 180° rotation around the twisting
angle © occurs can the keto conformer convert back to the
enol(© = 0°) by intramolecular hydrogen back transfer.

For HBT in ACN-ds, the transient IR signatures in the
fingerprint region at early pulse delay times are dominated by
the keto*(© = 0°) marker bands. Even though the fluorescence
spectra suggest that a substantial amount of enol* conformers
exist in the S, state, no distinct marker modes have been
detected, which may mean that the vibrational marker bands of
the enol* conformers have smaller cross sections than those of
the keto* conformers. We can compare with the vibrational
fingerprint spectra calculated for HBT in the S, state. Figure 9
shows that for the keto(® = 180°) conformer, the vibrational
transitions have cross sections that are significantly higher than
the ones of the enol(® = 0°) and enol(® = 180°) conformers.
Such behavior may occur in the electronic excited state as well.
For now we refrain from further analyzing the excited state
vibrational fingerprint modes of HBT.

The calculated spectra shown in Figure 9 also indicate that the
single transient band at 1616 cm ™', measured at long pulse delay
of 120 ps, can be caused by the keto(® = 180°) conformer. It is
less likely that the enol(© = 180°) conformer contributes, as one
would expect, a doublet structure in this spectral region (see also
Figure 8). Signatures of other fingerprint modes of the keto
conformer will also contribute to the IR spectra between 1400
and 1550 cm ™', but these will overlap with bleach signals of the
enol(© = 0°) ground state. From the transient IR spectrum at
120 ps pulse delay, we conclude that upon excited state decay by
internal conversion, likely caused by the intramolecular twisting,
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the fate of the majority of HBT molecules is the return to the
enol(® = 0°) electronic ground state. If enol conformers with
other twisting angle values appear upon internal conversion, a
rapid (within the time scale of vibrational cooling in ACN-d;)
conversion into the enol(@® = 0°) conformer occurs. This is also
true for those keto conformers with twisting angles ® < 90°,
because keto(® = 0°) is unstable, and converts into enol(® =
0°) by intramolecular hydrogen back transfer. Keto conformers
with twisting angles © > 90° on the other hand will relax to the
keto(@® = 180°) local minimum. We thus conclude that solvent-
induced twisting in direct competition with ESIHT enables the
transient generation of an HBT conformer, keto(© = 180°), with
significant longer lifetimes than the other conformers.

We empbhasize here that the mechanism for electronic excited
state relaxation is controlled by the polar solvent. This can be
contrasted with the observation of a shortened S, -state lifetime of
HBT keto*(© = 0°) in the gas phase (2.6 ps) compared to that in
nonpolar cyclohexane (~100 ps).* In the gas phase, no excited-
state enol* conformers have been observed, whereas we observe a
fluorescence band in the UV region, likely from enol* conformers
with twisting angles © # 0°. In the gas phase, internal conversion
has been ascribed to intramolecular twisting mechanisms causing
a cleavage of the intramolecular hydrogen bond. In solution
phase, the hydrogen bond cleavage is likely induced by the polar
solvent medium. The polar solvent is also responsible for the
increased stability of the keto(® = 180°) conformer, prolonging
its lifetime. Most importantly, by use of femtosecond IR spec-
troscopy, we are able to identify a tautomer of HBT generated on
picosecond time scales and assign it to the keto(® = 180°)
conformer. This finding, together with the enol* fluorescence
signature, makes a strong argument that, besides ESTHT, twisting
plays a key role in the photophysics of HBT in ACN. These
findings should propel excited state quantum mechanical/mo-
lecular mechanics calculations (incorporating the effects of the
polar solvent) of HBT, with which one may tackle questions
about the microscopic description of the reaction pathways and
associated dynamics of enol* and keto* isomers, quantum yields
for branching, and even precise determination of time scales for
internal conversion of enol* and of keto* isomers with associated
dependencies of twisting angles and solvent shell configurations.

4. CONCLUSION

We have investigated the ultrafast dynamics of HBT in the
polar solvent ACN and in nonpolar TCE. The steady-state IR
absorption indicates that in the electronic ground state, HBT
predominantly exists in both solvents as the enol tautomer with
an intramolecular hydrogen bond connecting the OH group of
the hydroxyphenyl part with the nitrogen of the benzothiazole
group. By contrast, the fluorescence spectra show that a clear
difference exists in the photophysics of HBT in both solvents:
whereas HBT in TCE performs ESIHT to the keto* tautomer
followed by emission, in ACN both enol* and keto* emission
occurs. In addition to that, the lifetimes of the electronic excited
states of enol* and keto* tautomers are significantly shorter,
evidencing an efficient internal conversion process. In combina-
tion with the femtosecond IR spectra, we conclude that in ACN
HBT can follow two competing reaction pathways: intramole-
cular twisting around the central C—C bond connecting the
hydroxyphenyl and benzothiazole moieties, as well as ESIHT
converting enol* to keto*. Intramolecular twisting occurs for
both enol* and keto® tautomers, inducing a recovery to the

electronic ground state. Most conformers convert back to the
enol conformer with the intramolecular hydrogen bond restored.
In ACN, however, a keto conformer with its hydroxyphenyl and
benzothiazole units twisted 180° around the central C—C
persists for delay times up to at least 120 ps. As such we show
that solvent control of branching of two different types of
reactions, intramolecular hydrogen transfer versus intramolecu-
lar twisting, is at the heart of the different behavior of HBT in
polar ACN compared to that in nonpolar TCE. This important
finding of solvent control of reaction dynamics, we believe,
should be explored and utilized in the design and optimization
of photoinduced conformational changes in molecular switches.
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