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ABSTRACT: The Hula-Twist (HT) photoreaction represents a fundamen-
tal photochemical pathway for bond isomerizations and is defined by the
coupled motion of a double bond and an adjacent single bond. This
photoreaction has been suggested as the defining motion for a plethora of
light-responsive chromophores such as retinal within opsins, coumaric acid
within photoactive yellow protein, or vitamin D precursors, and stilbenes in
solution. However, due to the fleeting character of HT photoproducts a
direct experimental observation of this coupled molecular motion was
severely hampered until recently. To solve this dilemma, the Dube group has
designed a molecular framework able to deliver unambiguous experimental
evidence of the HT photoreaction. Using sterically crowded atropisomeric
hemithioindigo (HTI) the HT photoproducts are rendered thermally stable and can be observed directly after their formation.
However, following the ultrafast excited state process of the HT photoreaction itself has not been achieved so far and thus crucial
information for an elementary understanding is still missing. In this work, we present the first ultrafast spectroscopy study of the HT
photoreaction in HTI and probe the competition between different excited state processes. Together with extensive excited state
calculations a detailed mechanistic picture is developed explaining the significant solvent effects on the HT photoreaction and
revealing the intricate interplay between productive isomerizations and unproductive twisted intramolecular charge transfer (TICT)
processes. With this study essential insights are thus gained into the mechanism of complex multibond rotations in the excited state,
which will be of primary importance for further developments in this field.

■ INTRODUCTION
In recent years, the class of hemithioindigo (HTI) photo-
switches has gathered attention based on a multitude of
favorable properties such as high thermal bistability, fatigue-
resistant switching, and light responsiveness in the visible
spectral region.1−6 These properties allow for various
applications in the fields of biological chemistry,7−10 supra-
molecular chemistry,11−14 and molecular machines.15

Apart from these applications, HTIs have also been used as
model systems to study light-induced reaction mecha-
nisms.4,16−19 Upon illumination, HTIs typically undergo
double bond isomerization (DBI) within a few fs to ps.
However, depending on the substitution pattern and solvent
polarity, the formation of twisted intramolecular charge
transfer (TICT) states associated with single bond twisting
(SBT) can be observed as an alternative deactivation channel
(Scheme 1).18,19

TICT formation can be induced by introducing a pretwist
into the single bond adjacent to the central double bond as
well as electron-donating substituents at the stilbene moiety.
The ratio of SBT via TICT vs DBI can then be controlled by
the polarity of the solvent, where high polarity favors the SBT/

TICT pathway nearly abolishing DBI and low polarity entirely
eliminates SBT/TICT favoring very efficient DBI.18

To evidence other possible photochemical bond rotations,
the Dube group developed the synthesis of double bond
substituted HTIs20 and sulfur oxidized HTIs (Scheme 1b).21

By combining these two substitution patterns, it was possible
to create derivatives containing a significantly pretwisted single
bond, which cannot rotate easily in the ground state because of
very strong steric hindrance. If this twisted stilbene fragment is
additionally rendered nonsymmetric by different ortho-
substituents such as in derivative 1 (Scheme 1 and Figure
1), atropisomers can be distinguished as diastereomers in these
structures. In total, four diastereomers can be isolated at
ambient temperatures for structures like 1 and three different
isomerization reactions are possible for each of them. The first
one is the long known DBI, the second is a full single bond
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rotation (SBR − note that this motion is different from the
SBT, as in the latter case no full rotation but rather a twist is
executed), and the third is a combined DBI and SBR process
also known as Hula-Twist (HT).22−24 With a molecular setup
similar to 1 it was possible to provide a first direct experimental
evidence for the HT isomerization and in addition
demonstrate significant influences of solvent polarity, viscosity,
and temperature on this photoreaction.17 Since then, the HT
photoreaction was applied in the construction of new
archetypes of molecular machines, such as photon-only driven
motors,25 or multistate photoswitch architectures that allow
high-state densities and extremely selective sequential switch-
ing processes.26 These examples already highlight the immense
potential of novel photoreactions for the construction of smart
and responsive molecular systems.
Despite the progress, conscious design and rational tailoring

of HT photoreactions are currently out of reach as no detailed

mechanistic understanding is available. Earlier attempts at
mechanism elucidation in e.g. stilbene23,27 and vitamin-D
precursors28,29 were hampered by the ambiguity of different
possible and overlapping photoreactions and no direct
evidence of the HT photoreaction itself.30−32 Similarly, HT
photoreactions are also disputed for biologically relevant
chromophores such as p-coumaric acid.33−35 The particular
HTI molecular setup allows direct study of the mechanism,
dynamics, and environmental influences of the HT photo-
reaction as well as the competition of HT with DBI and SBR
pathways. It thus represents an ideal molecular framework to
gain deep knowledge about an intricate and fundamental
photoreaction and its mechanism.
In this work, we present a combined ultrafast UV/vis

spectroscopic and quantum chemical investigation to elucidate
the contribution of HT and other photoreaction mechanisms
within a novel donor-substituted HTI photoswitch. We reveal

Scheme 1. Different Photoreactions Executed by the Hemithioindigo (HTI) Photoswitch: (a) Two Previously Evidenced
Photoreactions of HTIs, DBI (top) and SBT/TICT Formation; (b) Hula-Twist (HT) and SBR as Additional Photoreactions
That Can Be Evidenced for Sterically Hindered Sulfoxide HTI Derivativesa

aThe molecular structure of HTI 1 was used for elucidation of the excited state mechanism in the present study.

Figure 1. Structures of 1-A to 1-D and their thermal conversions. (a) Schematic representations of the four diastereomers of HTI 1 (only
enantiomers with (S)-configured sulfoxide stereo center are shown. Thermal conversions occur selectively as HT processes between 1-A and 1-D as
well as 1-B and 1-C. (b) Structures of 1-A to 1-D in the crystalline state.
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the overall photodynamics, identify competing excited state
pathways, and test for environmental influences on the
photoreactions. We further discuss whether HT and DBI
occur on separate pathways or branch from a common
pathway on the excited state surface.

■ EXPERIMENTAL SECTION
Sample Preparation. The investigated compound 1-A was

dissolved in the respective solvent and diluted appropriately. For
steady state and transient absorption measurements (1 mm cuvette)
optical densities (OD) of roughly 0.5 at 460 nm were used in
acetonitrile (MeCN) and benzene solution while in cyclohexane
(cHex) solution an OD of 0.3 was used due to limited solubility. For
the fluorescence measurements (1 cm cuvette) an OD of 0.1 at 460
nm was used.
Spectral Characterization. Absorption spectra were recorded on

a Specord S600 absorption spectrometer (Analytik Jena). Fluo-
rescence spectra were obtained on an FP 8500 fluorimeter (Jasco)
with excitation at 460 nm. The recorded fluorescence spectra were
corrected for reabsorption, background, nonlinearity of detector
sensitivity for different wavelengths, excitation intensity, and solvent
fluorescence.
Quantum Yield Determination. See Supporting Information

(SI) for details.
Transient Absorption (TA). Time-resolved transient absorption

(TA) measurements were performed using a home-built pump−
probe setup described previously in detail.36 In summary, ultrashort
laser pulses (1 mJ, 775 nm, 130 fs, 1 kHz) used for pump and probe
generation were provided by a Ti:Sa amplifier system (Clark, MXR-
CPA-iSeries). Pump pulses were generated using a home-built two
stage NOPA (noncollinear optical parametric amplifier). To obtain
short pulses a prism compressor was used and placed between the two
NOPA stages. To generate the probe pulses the laser fundamental was
focused into a continuously moving CaF2 crystal (5 mm). The probe
pulses were then split into probe and reference beam. The reference
beam was guided directly into a spectrograph (AMKO Multimode),
while the probe beam was focused at the sample position, collected,
and directed into a second spectrograph. The spectrographs contained
gratings with 600 grooves/mm blazed at 500 nm and a photodiode
array with a detection range of 360 to 720 nm. Anisotropic
contributions were eliminated by measuring under magic angle

conditions (54.7° pump−probe polarization difference). The experi-
ments were carried out in a fused silica cuvette with a 1 mm optical
path length, which was constantly moved in the plane perpendicular
to the pump pulses to avoid accumulation of photoproducts. In the
experiments conducted in this work, pump energies of 90 nJ/pulse
were used since higher energies induced multiphoton effects in
benzene, which led to mixed dynamics. For similar reasons the
excitation wavelength was not shifted further into the UV toward the
maximum of the observed absorption bands.
Data Analysis. Data analysis was performed using OPTIMUS

(www.optimusfit.org).37 We applied global target analysis (GTA)
using a sequential model (A → B → C → ···) to adequately fit the
data. Aside from the decay-associated spectra (DAS) routinely
obtained in global lifetime analysis, GTA yields the so-called
evolution-associated difference spectra (EADS), which contain
spectral information on the states present in the kinetic model.
Computational Details. All quantum chemical calculations were

performed using Gaussian 1638 unless mentioned otherwise. The
ground state structures were optimized with density functional theory
(DFT)39 using the CAM-B3LYP40 exchange-correlation (xc) func-
tional and def2-SVP basis set. Solvent effects were included through
the integral equation formalism (IEF) of the polarizable continuum
model (PCM).41 The dielectric and optical dielectric constants of all
studied solvents are listed in Table S3 in the SI. Linear-response time-
dependent DFT (TD-DFT)42 was employed for the calculation of
absorption spectra and excited states properties using the same xc-
functional/basis set combination. Excited state geometry optimiza-
tions of the first excited singlet state S1 were performed to investigate
the influence of solvent effects on the emission energy. The Z/E
isomerization is further studied by means of one-dimensional relaxed
scans along the isomerization coordinate represented by the marked
dihedral angle in Figure 5. In general, solvent effects were included in
excited state calculations by means of the linear-response (LR-) PCM
formalism, while single-point energies at specific equilibrium geo-
metries of the S0 and the S1 states, for example, were further
calculated using the state-specific (SS-) PCM formulation.
Further investigations of relaxation pathways involving S0/S1

conical intersections (CI) were performed using Q-Chem 5.2.43

Spin-flip DFT (SF-DFT)44 has been employed for optimizations of
the minimum energy crossing points (MECP) using the CAM-
B3LYP/def2-SVP xc-functional/basis set combination and the
conductor like polarizable continuum model (C-PCM). Thereby

Figure 2. Schematic representation of possible productive photochemical reaction pathways in HTI 1-A. (a) Schematic representation of the four
possible diastereomers (1-A to 1-D), where 1-A and 1-B are Z-isomers and 1-C and 1-D E-isomers. Isomer 1-A can be converted to 1-B via SBR,
to 1-C via DBI, or to 1-D via HT. (b) Quantum yields for the individual photoreactions of 1-A determined in solvents of different polarity
(cyclohexane (cHex), benzene and acetonitrile (MeCN)). Dashed arrows indicate quantum yields <0.01%. (c) Normalized absorption (left) and
fluorescence spectra (right) of isomer 1-A in different solvents. Fluorescence spectra were recorded after excitation at 460 nm.
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two CIs have been optimized along the previously determined
isomerization coordinate. Note that the Tamm−Dancoff approx-
imation (TDA)45 was applied.

■ RESULTS AND DISCUSSION
Synthesis of 1. The synthesis of 1 follows an established

protocol reported earlier.20 It starts from commercially
available thiosalicyclic acid (2) and α-bromo-ketone 3. After
a nucleophilic substitution reaction, the corresponding
thioether 4 is obtained in 98% yield. Base addition leads to
formation of the hydroxyl-HTI 5 in 97% yield. Chlorination
using thionyl chloride gives the chlorinated HTI 6
quantitatively, which was then cross-coupled with boronic
acid 7 to give double-bond substituted HTI 8. A final oxidation
of the sulfur to the corresponding sulfoxide yields HTI 1 again
in very good yield.
Properties of HTI 1. HTI 1 can assume four diasteromeric

states 1-A to 1-D (Figure 1a), which are thermally stable at
ambient conditions. Each of these can assume two
enantiomeric forms depending on the configuration at the
sulfoxide stereo center. For clarity we only show the
enantiomers with (S) configured sulfoxide, although racemic
mixtures were studied here.
All four diastereomers 1-A to 1-D were separated, and

crystals suitable for X-ray structural analysis were obtained for
enantiopure 1-A-(S) and 1-B-(S) as well as for racemic 1-C
and 1-D (Figure 1b), which allowed direct assignment of
spectra to a particular diastereomer.

Investigation of the thermal behavior revealed very selective
interconversions between isomers of HTI 1. At elevated
temperatures of 80 °C combined double and single bond
rotations (i.e., HT) occur as thermal isomerization reactions
interconverting only 1-A and 1-D or 1-B and 1-C. For each
interconverting pair the Z configured isomers are thermally the
most stable (i.e., 1-A and 1-B), but an appreciable amount of
the E configured isomers is present in thermal equilibrium in
both cases (for more details and quantitative numbers see the
Supporting Information).
Steady State Properties of 1-A. To understand the

photophysical properties of sterically restricted HTI 1, steady
state absorption and fluorescence spectra were measured as
well as the photoisomerization quantum yields of isomer 1-A
in different solvents (see Figure 2 and Supporting Informa-
tion). Isomer 1-A was chosen for this study, as it undergoes
pronounced HT photoreactions upon irradiation, the relative
propensity of which can be modulated strongly by solvent
polarity. Thus, the process of HT can be studied most
conveniently for this isomer without the need to resort to low
temperature experiments.
In cHex, isomer 1-A exhibits its main absorption peak at 433

nm, which is slightly red-shifted and broadened in more polar
solvents. The bathochromic shift in benzene amounts to 13 nm
while in more polar solvents like CH2Cl2, DMSO, or MeCN
no further red-shifting but instead broadening is observed,
indicating only a small influence of the polarity on the S0 →S1
gap. In contrast, the fluorescence is significantly more solvent
dependent (see Figure 2c and the Supporting Information for

Figure 3. Ultrafast excited state dynamics of 1-A after excitation at 460 nm in cHex (a,b,c), benzene (d,e,f), and MeCN (g,h,i). (a,d,g) Transient
absorption spectra of 1-A. Red indicates positive signals of ESA and product absorption (PA), while negative signals can be assigned to leftover
contributions of a coherent artifact. (b,e,h) Decay-associated spectra (DAS) and (c,f,i) evolution-associated difference spectra (EADS) obtained
from the respective global target analysis of (a,d,g). Note that the first sub-100 fs lifetime was omitted in all data sets due to limited time resolution
caused by a complex and strong coherent artifact.
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further details). In cHex, the fluorescence maximum is located
at 550 nm showing a large Stokes shift of ∼120 nm. With
increasing solvent polarity, the fluorescence undergoes a large
bathochromic shift of >100 nm in benzene and >200 nm in
CH2Cl2 before disappearing completely in the very polar
MeCN. In DMSO, a possible dual fluorescence could be
present. This behavior is similar to other amine-donor
substituted and twisted HTIs where the fluorescence is
believed to be quenched by a strongly stabilized conical
intersection of a TICT state with the ground state in polar
environments.19

Upon illumination with blue light, photoconversion of
isomer 1-A to the two E-isomers 1-C and 1-D and the Z-
isomer 1-B are observed by NMR spectroscopy in apolar
solvents. Using UV/vis spectroscopy, no distinction between
the two atropisomers of either E or Z configuration is possible
because of their very similar spectra and only the sum amount
of formed E-isomer can be estimated. Productive photo-
isomerization of 1-A decreases with increasing polarity of the
solvent and is completely abolished in MeCN. Precise
determination of the photoreaction quantum yields with
NMR spectroscopy revealed more details on the influence of
solvent polarity on the individual reaction pathways, as all
isomers 1-A to 1-D can be distinguished with this method. In
cHex, DBI is the most pronounced pathway with a 47%
quantum yield while SBR and HT are less pronounced with 4%
and 2%, respectively. However, already in the slightly more
polar benzene the DBI quantum yield is reduced to only 5%,
while the SBR vanishes almost completely. Interestingly, the
proposed HT pathway is significantly less affected by the
solvent change, which leads to a situation in which DBI and
HT possess similar quantum yields. A further increase of
polarity to CD2Cl2/CH2Cl2 or MeCN abolishes any form of
photoproduct formation while also fluorescence is quenched
entirely. Similar solvent polarity dependencies of the product
formation quantum yield have been observed in other HTIs,
especially in pretwisted systems.18,19

Ultrafast Dynamics of 1-A. To obtain a dynamic picture
of the excited state behavior of 1-A, we performed ultrafast
transient absorption measurements in cHex, benzene, and
MeCN solutions (Figure 3). In all measurements, only positive
signals are observed, which can be assigned to excited state
absorption (ESA). The small negative signals at times <100 fs
in all solvents can be assigned to a coherent artifact, which
could not be removed completely. Surprisingly, no ground
state bleach (GSB) or stimulated emission (SE) signals were
observed, which are most likely overcompensated by the strong
ESA signals. The ESA signals in cHex and benzene persist until
the end of the time range of our experiments showing a very
long-lived excited state (Figure 3a,d), while in MeCN the
excited state is shorter lived decaying completely within 30 ps
(Figure 3g). The short lifetime in MeCN is in good agreement
with the drastically reduced fluorescence observed in the
stationary experiments.
We performed global target analysis applying a sequential

model to uncover further details of the excited state dynamics
(Figure 3 b,c,e,f,h,i). In cHex, the first lifetime component at
4.2 ps shows an overall decrease of the ESA (Figure 3b). This
could be assigned to an initial decay of the excited state or
alternatively to solvent reorganization. A similar low ps lifetime
can be observed in both benzene and MeCN with 3.8 and 0.9
ps, respectively, but with different spectral signatures, which is
most likely due to the different electrostatic properties of the

three solvents. Considering the presence of such a component
in all three solvents this lifetime is most likely due to solvent
reorganization. The necessity of solvent reorganization
occurring on the excited state surface is based on the
considerable difference in polarity of 1-A between ground
and excited state. This becomes evident by the different
shifting behavior of absorption and fluorescence upon
changing the solvent polarity.
At later times, a second lifetime component of 120 and 34

ps, respectively, can be observed in both cHex and benzene
showing a positive amplitude in the DAS < 420 nm and >450
nm indicating a decay or change in extinction coefficient of the
ESA and potentially a ground state recovery. Due to significant
overlap of the strong ESA signal, the ground state absorption
of isomer 1-A, and the photoproducts, it is challenging to
assign photoproduct formation to this step. If this process was
related to ESA decay, a prior excited state branching would be
required yielding a second excited state population with the
same absorption profile, which is quite unlikely. Note,
additionally, that the small amplitude compared to the
following main excited state decay indicates that this cannot
be the main productive channel for the Z/E isomerization. In
such case, a significantly larger amplitude would be expected in
cHex compared to the amplitude of the main excited state
decay because of the high DBI quantum yield in this solvent.
Hence, it is more plausible that this process is related to
relaxation in the excited state or further solvent reorganization
modulating the extinction of the excited state and in turn the
amplitude of the ESA.
The excited state then decays on a much longer time scale

where the decay occurs later in benzene than in cHex as readily
observable by the higher amplitude of the ESA at long delay
times. Consequently, the kinetic analysis yields lifetimes of 3.0
ns in cHex and ∼4.6 ns in benzene. In contrast, in the polar
MeCN an overall excited state lifetime of only 18 ps was
observed. Thus, there is an interesting behavior established for
the overall excited state lifetime maximum, when changing the
polarity of the solvent. First, the excited state lifetime increases
upon increasing the polarity from cHex to benzene, but when
moving to the very polar MeCN the lifetime is shortened
significantly (Figure 3g,h,i). This contrasts the behavior in
many photoswitches and most HTIs, where only a continuous
trend is seen when increasing solvent polarity.
Such discontinuity typically signifies a change of mechanism

and a change of photoreactive pathways (for a related
discontinuity of the excited state mechanism in response to
systematic substituent changes, see ref 5). In twisted HTIs
bearing strong donor groups, a similar maximum behavior in
terms of excited state lifetimes as well as a significant decrease
in photoisomerization quantum yield in response to increasing
solvent polarity is observed. This behavior could be associated
with a second deexcitation pathway via a TICT state, which
competes with the DBI pathway starting from an initial excited
state S1,min.

18,19 In another study, planar HTIs were reported to
show a continued increase in excited state lifetime and
fluorescence intensity with increasing solvent polarity. In that
case, the barrier in the excited state increased due to
stabilization of the prior polar S1 minimum (S1,min) but
TICT formation was not observed due to a lack of pretwisting
in the ground state.46 For HTI 1-A, we observe a behavior
more similar to twisted HTIs with the excited state lifetime
first increasing, then decreasing with rising solvent polarity.
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Apart from the different excited state lifetimes, the overall
dynamics are similar in all three solvents with different degrees
of solvent reorganization followed by excited state decay.
Additionally, throughout all measurements the spectral shape
of the ESA itself remains rather similar despite the significant
change in excited state lifetime and product ratios. This
behavior rules out the occurrence of completely separate
reaction pathways for the individual reaction processes like
SBR or DBI. In such a case, a significant difference in the shape
of the ESA would have been expected for HTI 1-A in benzene
and cHex based on the significant reduction in population of
the DBI pathway. Therefore, it seems that all photoproducts
are generated on a shared pathway, or the distinctions can only
be observed on the ns-time scale outside our measurement
window. This contrasts with other HTIs where a clear spectral
separation into a TICT/SBT pathway and a DBI pathway is
observed.18,19

Based on these findings a preliminary model can be
constructed. With the long-lived excited state in benzene and
cHex, a significant barrier is expected on the excited state
surface for productive photoreactions, which increases at first
with rising polarity. This is in good agreement with the
observed red shift in the fluorescence, indicating that the S1,min
state, formed after excitation and before passing the barrier, is
likely stabilized in polar conditions similar to a previously
proposed model.46 To accommodate for the decrease in
lifetime and quantum yield, an additional pathway draining the
S1,min population has to be present at higher polarity of the
solvent. We can further characterize this pathway based on the
observation that the spectral shape of the ESA is only weakly
solvent dependent and does not change significantly during the
photoreaction. Therefore, the additional pathway must
originate from the same S1,min. Otherwise, a different state
with identical ESA features generated by excited state
branching would have to be present, which is unlikely. To
further support and refine our model, we performed ground
and excited state quantum chemical calculations to identify the
specific reactive pathways.
Quantum Chemical Calculations. In a first step, we

calculated the S0 → S1 vertical excitation energies of 1-A at its
ground state equilibrium geometries (Table 1). All energeti-
cally higher excited states do not play a role in the investigated
isomerization mechanism. Within the expected accuracy of our
calculations, the results agree well with the experimental
absorption bands and show only a small dependence on the
solvent polarity. The natural transition orbitals (NTO)

calculated without a solvation model are shown in Figure 4,
and the static dipole moments of S1 are listed in Table 1, which
allow for a judgment of the charge transfer (CT) character of
the S1 state. Indeed, S1 possesses CT character: electron
density is transferred from the stilbene fragment to the
thioindigo fragment. Furthermore, S1 can be identified as a
TICT state, which is already present at the Franck−Condon
(FC) geometry, due to the strong pretwisting of 1-A. In
contrast, previous calculations on unsubstituted HTI identified
S1 to be of ππ* character,4,46,47 while the corresponding TICT
state is reached via a competing relaxation channel that renders
the DBI less productive.18

This difference in excited state character is a consequence of
the electron-donating substituents on the stilbene fragment
and the oxidation of the sulfur on the thioindigo part, which
increases the electron-donating and -accepting capabilities of
the stilbene and thioindigo fragments, respectively. Altogether,
this stabilizes the CT state as S1, and thus isomer 1-A is
initially excited into S1, which has strongly pronounced CT
character.
In a next step, the equilibrium geometry of the S1 state has

been optimized starting at the FC geometry, i.e., the
equilibrium geometry of the ground state. However, the
structure of 1-A changes only slightly during this geometry
optimization. Therefore, the experimentally observed strong
Stokes shift in polar solvents is most likely dominated by the
CT and the subsequent relaxation of the surrounding solvent
molecules rather than by exhaustive structural relaxation of 1-A
itself. The corresponding calculated emission energies from the
S1 minimum are listed in Table 1. In contrast to the absorption
energies, the fluorescence energies show a strong dependence
on the solvent polarity: the S1 emission energies decrease
strongly with increasing solvent polarity. This is a consequence
of the strong stabilization of the polar S1 CT state in polar
environments, which reproduces the experimentally observed
red shift of the fluorescence qualitatively. Only state-specific
(SS) PCM is capable of correctly reproducing this trend, while
LR-PCM only yields a minor red shift below 0.1 eV comparing
cHex and MeCN, since SS-PCM is able to capture the strong
response of the solvent to the CT excitation. Therefore, the
stabilization of the polar S1 state is much stronger with SS-
PCM than with LR-PCM.48 However, these results emphasize
the importance of performing additional SS-PCM single point
calculations to improve the description of the CT S1 state.
A first preliminary explanation for the reduced excited state

lifetime in polar environments can already be given: due to the
increasing difference between the S1 energies at the FC
geometry and the S1 equilibrium geometry, E1,S0,min − E1,S1,min,
more excess energy is available in polar solvents once the S1
equilibrium structure is reached. In other words, the S1 state is
more strongly vibrationally excited, i.e., simply hotter.
Simultaneously, the S0 and S1 states approach each other in
the S1,min region strongly hinting at a spatially close-by conical
intersection, which should become more accessible in polar
solvents due to the significantly higher excess energy. This
generally leads to an acceleration of the radiation-less
relaxation with increasing solvent polarity.
To further investigate the Z/E-isomerization of 1-A, the

energetically most favorable isomerization pathway starting
from the S1 Z-minimum has been calculated using LR-PCM for
one apolar solvent, i.e., benzene, and one polar solvent, i.e.,
MeCN. Therefore, relaxed scans along the central dihedral
angle of 1-A have been computed by fixing the angle to a

Table 1. Excitation Energy ω and Dipole Moment μ for the
Excited S1 State Computed at the Ground State (S0,min; the
FC Geometry) and S1 (S1,min) Equilibrium Geometries at
TD-DFT/CAM-B3LYP/def2-SVP/SS-PCM Level of
Theorya

S0,min/FC
geometry S1,min geometry Excess energy

ω1 [eV] μ1 [D] ω1 [eV] μ1 [D] E1,S0,min − E1,S1,min [eV]

gas phase 3.36 12.9 2.60 15.9 0.33
cHex 2.55 20.5 1.96 18.9 0.20
benzene 2.44 20.9 1.86 19.3 0.20
MeCN 2.57 20.5 0.52 23.4 1.32

aAdditionally, the difference in the absolute energies of the S1 state at
S0,min and S1,min configuration, the excess energy, is given.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c03536
J. Am. Chem. Soc. 2023, 145, 14811−14822

14816

pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


constant value between 190° and 0° and allowing all other
nuclear coordinates to relax freely. The one-dimensional PES
cuts are shown in Figure 5. In Figure 5a and b, the S1 state is
relaxed; i.e., a S1 minimum energy path is depicted along with
the corresponding ground state energies. In Figure 5c and d,
the S0 state is structurally relaxed, these curves thus display a
thermal isomerization path in the ground state. Hence, the
pathways in Figure 5a,b and Figure 5c,d describe generally
different isomerization pathways with different ground state
energies. Analysis of the nuclear motions along these relaxed
scans reveals an HT isomerization mechanism; i.e., HT is
energetically more favorable than the exclusive DBI for the Z/
E-isomerization, in both the ground and excited state. The
sterically demanding substituents hinder Z/E-isomerization via
DBI, since the methyl group on the stilbene fragment is
clamped between the two oxygens of the thioindigo fragment,

which immediately leads to a corotation of the phenyl ring
when rotating around the central double bond.
The relaxed scans in the S1 state (Figure 5a and b) feature

similar shapes in MeCN and benzene: starting from the S1
minimum of the Z-isomer 1-A on the left, an isomerization
barrier must be passed, which depends on the solvent polarity.
The barrier height in benzene is 0.45 eV, while in MeCN a
smaller barrier of 0.25 eV is found when the LR-PCM
formalism is applied. However, the barrier heights drastically
increase to 0.94 and 1.54 eV in benzene and MeCN,
respectively, if the more reliable SS-PCM is applied, i.e., the
barrier now grows with increasing solvent polarity, which
agrees well with the experimentally observed decreasing
quantum yield in more polar solvents. The increasing barrier
height can be explained by means of the stabilization of the
polar S1 state: the S1 minimum is more strongly stabilized than

Figure 4. Highest occupied (left) and lowest unoccupied (right) NTO for S1 of 1-A in the gas phase with an isovalue of 0.035.

Figure 5. Relaxed one-dimensional scans of the PES of 1-A leading to 1-D along the dihedral angle θ (marked red in the inset). In the upper row
(a,b), the S1 relaxed scans are shown, while in the lower row (c,d) the relaxation has been calculated in the electronic ground state. Note that these
correspond to two different reaction coordinates although the same dihedral angle θ has been scanned, therefore the ground state energies differ in
the upper and lower panels. For the scans in the left column (a,c) a PCM for benzene has been employed, while for the right column (b,d) one for
MeCN has been used.
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the maximum of the barrier, as indicated by the lower dipole
moments of 11.6 and 13.5 D in benzene and MeCN,
respectively. Recalling the previously discussed excess energies
of 0.20 eV in benzene and 1.32 eV in MeCN, the energy in
both solvents is insufficient to cross the isomerization barrier
easily. However, in MeCN only 0.22 eV is missing making it
more likely to pass the barrier, while in benzene most of the
population is trapped in the S1 minimum.
At dihedral angles θ = 120° and 100° in MeCN and

benzene, respectively, an S0/S1 conical intersection is passed,
which leads to the observed discontinuities in the one-
dimensional cut through the PES. By inspection of the state
dipole moments, it becomes evident that S0 and S1 have
interchanged, i.e., in the central parts of the scans at dihedral
angles θ between 50° and 120° in MeCN and 30° and 100° in
benzene, the initially excited CT state has become the ground
state. In other words, in this region of the PES, the ground
state can be assigned as the TICT state. Thus, the seeming
discontinuities arise from the change of the optimized state
and the resulting structural modifications. In particular, the
carbonyl oxygen can now pass a methyl group of the tert-butyl
group due to the constrained dihedral angle. Together, the
sudden concomitant changes of electronic and geometric
structure of S1 explain the discontinuity of the energy in the
one-dimensional representation of Figure 5a and b. Note that
the second discontinuity at lower dihedral angles can be
explained similarly. In the central part of the relaxed scans
between the two discontinuities in Figure 5b, it is suggestive
that a stable ground state TICT equilibrium structure should
exist in MeCN. However, this is not the case, since
unconstrained ground-state geometry optimizations starting
at these structures have always led back to the minima of the
apolar ground state. On the contrary, the S1 state, which is the
non-CT state in this PES region, possesses an excited-state
equilibrium structure at a dihedral angle of 97° in MeCN and
98° in benzene.
Overall, S0 and S1 possess a similar shape in the central part

of the relaxed S1 scan and are energetically separated by only a
small energy gap. This suggests that an S0/S1 CI may be
spatially close. Therefore, we validated the TD-DFT results by
recalculating the relaxed scans with SF-DFT (Figure S56 in the
SI), which can generally better cope with such multiconfigura-
tional situations. Indeed, SF-DFT reproduces the TD-DFT
results qualitatively. In addition, a minimum-energy crossing
point (MECP) optimization has been performed starting at the
optimized non-CT S1 minimum between the discontinuities in
the central part of the PES cuts at the SF-DFT level to locate
and investigate the CI. In both solvents, a CI could be
identified with a dihedral angle of 103° lying structurally close
to the isomerization coordinate. Due to almost degeneracy of
S0 and S1 between the two discontinuities visible in Figure 5a
and b, relaxation back to the electronic ground state can in
principle occur at any point in this region. The molecular
motion between the two discontinuities can be understood as a
motion within the 3N-8 dimensional branching space of one
CI. Since the E-isomer is formed when the excited molecules
reach this CI and relax back to the ground state, this CI will be
termed “productive” CI (CIP) in the following. The
productivity of this CI, however, also depends on whether
the Z to E isomerization is completed in the ground state once
the excited molecules reach it through the CI. This information
is provided by the relaxed scans performed in the ground state.
As can be seen from Figure 5c and d, the excited molecules

must return to S0 after the ground state barrier for the Z to E
isomerization to be completed, i.e., at dihedral angles θ smaller
than 80°, since they otherwise revert to the Z-isomer. Because
in MeCN the CI is reached at an angle of 120°, while in
benzene the CI is shifted toward a smaller angle of 100°, the
excited molecules can relax back to the ground state earlier in
more polar solvents. As a result, less molecules will isomerize
to the E form in MeCN than in benzene once the productive
CIP is reached.
Due to the very fast unproductive relaxation in MeCN, a

second unproductive CI is very likely to be present, possibly in
the vicinity of the S1 Z-minimum geometry. Another MECP
optimization starting at the S1,min geometry did indeed reveal
the presence of an additional CI, which lies energetically 0.35
and 0.5 eV above the S1 Z-minimum in benzene and MeCN,
respectively when the LR-PCM formalism is used. This
represents an unproductive, immediate relaxation channel
back to the S0 Z-minimum, a so-called quenching CI (CIQ).
Since the energy difference between the CI and the S1
minimum depends strongly on the stabilization of the latter
by the solvent and LR-PCM is known to underestimate the
latter, the energy difference computed by LR-PCM is certainly
too small. A more reliable SS-PCM calculation is unfortunately
not possible at the CI due to the degeneracy of the relevant
states. Considering the excess energies of 0.20 and 1.32 eV and
barrier heights larger than 0.35 and 0.5 eV in benzene and
MeCN, respectively, this unproductive channel is energetically
accessible only in polar environments.
Finally, we are now able to discuss the availability of the two

competing relaxation channels involving either the productive
or the quenching CI. The key quantity to consider is the excess
energy, that is the energy available in the S1 state for the
molecules to perform reactions. In MeCN, the HTI molecules
gain 1.32 eV of excess energy when relaxing from the Franck−
Condon geometry to the S1 Z-minimum, while in benzene they
gain only as little as 0.2 eV. In MeCN, this energy is only
sufficient to reach the quenching CIQ at about 0.5 eV, which
brings most of the excited state population back to the ground
state, while the productive CIP is unavailable due to a high
isomerization barrier of 1.54 eV. Therefore, most of the excited
state population should immediately relax through the
quenching CIQ. This is in line with the experimentally
observed fast unproductive relaxation in MeCN. Furthermore,
the productive CIP is shifted toward more unfavorable dihedral
angles in polar solvents, decreasing the probability of product
formation in MeCN. Overall, the calculations show that in
MeCN most of the excited state population is drained through
a quenching channel, while product formation is barely
possible.
Moving on to benzene, the excess energy is significantly

reduced, preventing efficient relaxation through either of the
CIs, independent of the chosen solvation model. Most of the
population is thus trapped in the S1 Z-minimum resulting in a
significantly extended excited state lifetime. Since the barrier of
0.35 eV toward the quenching CIQ only represents a lower
boundary of the true barrier, it is not possible to identify a
main decay channel in benzene solely from the quantum
chemical calculations. However, according to the low
combined quantum yield of ∼10%, the quenching CIQ should
be at least as accessible as the productive CIP. Overall, most of
the excited state population relaxes back to the ground state
without isomerization, while those few molecules that
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eventually arrive at the productive CIP most likely isomerize to
the E-isomer.
Model of HTI Photodynamics. Overall, the findings of

our quantum chemical calculations reproduce and explain the
experimental data very well and allow us to construct a concise
model for the ultrafast dynamics of the investigated sterically
restricted HTI 1-A (Figure 6). Following the excitation to the

FC-region, the system relaxes quickly into the S1,min. In
contrast to the ground state S0, the S1 exhibits significant CT
character. This is reflected by the solvent dependent
stabilization of S1,min as evident by the strong red shift of the
fluorescence with increasing polarity and supported by the
calculated energies (Table 1). Due to the drastic change of the
dipole moment between the S0 and S1, the solvent molecules
reorganize on the few ps time scale causing shifts or small
changes in the ESA intensity.
From the S1,min a barrier has to be overcome in all solvents to

reach the CIs with the S0 ground state based on the lifetimes in
the range of tens to thousands of ps. The height of this barrier
depends on the stabilization of the S1,min and the respective CI.
Two CIs, a productive CIP following a HT pathway and a
quenching CIQ exhibiting only small geometric changes with
respect to the S1,min structure, determine the relaxation of the
excited state population to the ground state. The accessibility
of these CIs depends predominantly on the excess energy
generated by relaxation from the FC-region and the barrier
height to the CI.
In the case of the polar solvent MeCN, it can be concluded

that the excess energy exceeds the barrier toward the

quenching CIQ in the excited state to explain the observed
short excited state lifetime despite the uncertainty of the
calculated barrier height. On the other hand, the high
isomerization barrier prevents relaxation through the produc-
tive CIP. In combination with the lower probability of product
formation at the productive CIP, this explains the vanishingly
small quantum yields in MeCN.
In the apolar benzene, the excess energy is insufficient to

immediately cross the barriers leading to vibrational cooling
and the population being trapped in the S1 minimum. This is
in good agreement with the increased fluorescence intensities
and excited state lifetimes observed in the TA. The excited
state population is then drained through both the productive
CIP and quenching CIQ where the ratio approximately
correlates to the ratio of the barrier heights. Therefore, it is
expected that the majority of the excited molecules undergo
unproductive relaxation. However, those molecules accessing
the productive CIP most likely undergo efficient isomerization
due to the more favorable location of the CIP in apolar solvents
reasonably explaining the observed low quantum yields. The
finding that we do not observe distinct excited state
populations that evolve separately indicates that the formation
of photoproducts probably occurs on a shared pathway
through the productive CIP instead of distinct pathways with
individual CIs as observed for other HTIs previously.18,19 If
one would assign the observed small excited state decay within
tens to hundreds of ps to a distinct productive pathway, it
would be expected that its ratio with the main decay correlates
with the quantum yield if the solvent polarity is changed. A
shared pathway seems plausible, due to the fact that the S1,min
geometry already has significant resemblance and similar
properties to a TICT state, which is typically the alternative
relaxation pathway besides DBI.
It is likely that from the geometry of the productive CIP

relaxation via DBI or SBR is also possible instead of only
forming the HT product. The distribution between these
processes strongly depends on the exact landscape of the CIP,
which as we show in our calculations is strongly modified by
the solvent polarity. The calculation of the direct SBR and DBI
was not possible here, as the forced change of the appropriate
coordinates would result in immediate steric clashes within the
molecule due to significant steric constraints. Nevertheless, we
were able to explain the different excited state lifetimes and
investigated the quenching CIQ, which should represent a
competing relaxation channel for all three isomerization
pathways.

■ CONCLUSION
In summary, our work provides first insights into the excited
state dynamics and HT mechanism of a sterically restricted
HTI by using a combination of ultrafast spectroscopy and
quantum chemical calculations. We show that the HT
photoreaction is a concerted process in which the central
double bond and the adjacent single bond rotate concom-
itantly in the excited state to form the HT photoproduct. Due
to large steric constraints and the presence of a strong electron-
donating anilin fragment, the excited state lifetimes are
extended and very sensitive to changes in solvent polarity.
We assign this sensitivity to the strong CT character of the first
excited state, which leads to significant modifications of the
barrier height, excess energy in the excited state, and the
resulting availability of alternative relaxation pathways. In
contrast to other HTIs, we do not observe an obvious splitting

Figure 6. Schematic PES for the HTI 1-A photoisomerization in
benzene (black) and MeCN (red). Upon excitation to the FC-region
(located at similar energies in both solvents) the excess energy in
benzene is not sufficient to pass the barriers to the quenching CI
(CIQ) or productive CI (CIP) immediately, trapping the molecule in
the S1,min. In MeCN, the excess energy is strongly increased due to the
greater stabilization of S1,min with respect to S1,FC, allowing fast
relaxation through the accessible CIQ. As the barrier to the CIP
possesses a lower dipole moment, it is less stabilized by MeCN and
cannot be passed from the strongly stabilized S1,min. In benzene, both
CIs are accessible but only after passing significant barriers of similar
height, which leads to the observed long excited state lifetime.
Eventually, both CIs may be accessed, and photoproduct can be
formed through the CIP in contrast to MeCN and in agreement with
the experimental quantum yields.
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into different photoreaction pathways like DBI and TICT
formation, as there is only one major excited state decay. This
behavior is consistent throughout all three investigated
solvents of different polarity even though the product yields
and ratios change significantly. Therefore, we propose that in
strongly constrained HTIs the product formation occurs on a
shared pathway and splits into the individual product pathways
from the same CI. The variation in solvent polarity might be
enough to shift the PES landscape around the productive CI
and modify the product ratios accordingly as evident by the
solvent dependent shift of the productive CI in the theoretical
description. The gained detailed insights thus lay the
foundation for an atomistic understanding of the HT
photoreaction and will aid future design and control of
complex light-powered bond rotations in a fully conscious
manner.
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