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ABSTRACT: Controlling the internal motions of molecules by
outside stimuli is a decisive task for the generation of responsive and
complex molecular behavior and functionality. Light-induced structural
changes of photoswitches are of special high interest due to the ease of
signal application and high repeatability. Typically photoswitches use
one reaction coordinate in their switching process and change between
two more or less-defined states. Here we report on new twisted
hemithioindigo photoswitches enabling two different reaction
coordinates to be used for the switching process. Depending on the
polarity of the solvent, either complete single bond (in DMSO) or
double bond (in cyclohexane) rotation can be induced by visible light.
This mutually independent switching establishes an unprecedented
two-dimensional control of intramolecular rotations in this class of

photoswitches. The mechanistic explanation involves formation of highly polar twisted intramolecular charge-transfer species in
the excited state and is based on a large body of experimental quantifications, most notably ultrafast spectroscopy and quantum
yield measurements in solvents of different polarity. The concept of pre-twisting in the ground state to open new, independent
reaction coordinates in the excited state should be transferable to other photoswitching systems.

B INTRODUCTION

The control of molecular motions is a decisive task in the
construction of functional molecules' and molecular ma-
chines.”” Such control can only be achieved if the equilibrating
force of the Brownian motion is counteracted by input of
external energy. Whether that energy is dissipated randomly or
via a specific motion depends on the chemical setup and the
degrees of freedom of the particular molecule. The highest
precision for controlled molecular motion has been achieved
with synthetic molecular motors,”* the most efficient of which
undergo unidirectional rotation around a double bond, using
the energy of light as power source.””® Light is arguably the
most effective energy input, and therefore photoswitches—
molecules that react reversibly to light in a specific way—are
frequently employed as “engine” units to trigger specific
motions” " and/or events in functional molecular'”™*" or
biological”>~*’ systems. Understanding the mechanisms of
light-induced photoswitching and the specific electronic and
geometric changes during that process’”” is thus of
fundamental importance for our ability to consciously design
complex molecular behavior.

We have recently described unexpected electronic sub-
stitution effects on the photoisomerization rates of hemi-
thioindigo (HTI) dyes—an emerging class of photo-
switches”'—and explained them mechanistically.>’ The de-
excitation and photoreaction of those HTI derivatives proceeds
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along the double-bond isomerization coordinate,”” despite the
presence of another single bond, which could in principle
undergo light-induced rotation as well (Figure 1). In the
present Article we describe new HTI derivatives that can
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Figure 1. (a) Possible light-induced motions in HTI photoswitches.
Depending on the conditions, double or single bond rotations could
take place. (b) HTI derivatives Z-1 to Z-4 to test selective light-
induced bond rotations.
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undergo both types of rotations during de-excitation. The right
choice of solvent makes it possible to selectively follow either
pathway, which represents an exquisite control over more
complex light-induced molecular motions in this class of
photoswitches.

HTIs consist of a central double bond, which connects a
thioindigo fragment with a stilbene fragment via one additional
single bond (Figure 1). During the de-excitation of
unsubstituted HTI, a double-bond rotation takes place, with
additional pyramidalization of the correspondin§ carbon
atoms.”” A mechanism that involves hula—twisting3 B e,
simultaneous rotation around the double and single bonds—is
typically not considered to take place during photo-
isomerization of this class of molecules. However, because of
the presence of a rotatable C—C single bond, there is another
possible de-excitation mechanism, which involves rotation of
that single bond instead of the double bond. For HTIs with
planar geometry, bearing substituents with moderate electronic
effects, such de-excitation pathways have not been described so
far, as their behavior can be explained satisfactorily by exclusive
double-bond rotation.>*>” However, in related stilbenes with
strong donor—acceptor substitution, twisted intramolecular
charge-transfer (TICT)*®* species, which are formed by
motions along a single-bond rotation coordinate,"™* have
frequently been discussed.***” Similar behavior has also been
described for substituted styrenes.”® Recently, arylamine-
substituted stilbenes have been found to de-excite exclusively
via the formation of TICT species in polar solvents but
undergo efficient double-bond isomerization in nonpolar
solvents.*’ ™"

B EXPERIMENTAL SECTION

HTIs Z-1 to Z-4 were synthesized following established protocols for
HTI synthesis,> > as outlined in the Supporting Information. Their
full characterization and details about time-resolved and quantum yield
measurements are also described therein.

B RESULTS AND DISCUSSION

Twisted HTls. In order to test TICT states in HTI
photoswitches, we prepared new HTIs Z-1 to Z-3, which
possess substituents in both ortho-positions of the stilbene
fragment (Figure 1b). The already described planar HTI Z-4
was used as a control compound, which is not expected to
undergo TICT formation in the excited state.’’

Each of these four HTIs bears one strong electron-donating
dialkylamino substituent; the electronic effects of the additional
alkyl substituents in Z-1 to Z-3 remain very small in
comparison. Two-fold ortho-substitution in Z-1 to Z-3 leads
to a significant twist along the single-bond axis, as can be seen
from the corresponding crystal structural data (see Figure 2a
for representations of the molecular structures). The dihedral
angle around the rotatable single bond is largest for HTI Z-1
(75°), followed by the corresponding angle in HTIs Z-2 (60°)
and Z-3 (32°). In contrast, HTI Z-4 has a planar geometry,
with an angle of only 7° in the crystal structure. A similar
twisting of HTIs Z-1 to Z-3 is also present in solution, which
could directly be proven by chemical shift analysis of indicative
proton signals in the '"H NMR spectra (Figure 2b,c and Figure
S14). Especially the signal of proton a (in the ortho-position of
the sulfur atom) provided clear evidence for planarity in HTI Z-
4 and the out-of-plane twisting of the stilbene fragment in HTIs
Z-1 to Z-3. Depending on its twist angle, the magnetic ring
current of the stilbene fragment leads to sizable upfield (if the

Z-4

7.3 7.2 71 -0.15 -0.05 0.05 0.15
3 (ppm) Ad of *H-Signal a in ppm

Figure 2. HTIs Z-1 to Z-4 used in the present study and their
preferred conformations. (a) Molecular structures obtained from
crystal structure analysis. (b) Aromatic region of the 800 MHz 'H
NMR spectra of HTI Z-1 in cyclohexane (CH)-d;, before (top) and
after (bottom) partial Z/E photoisomerization. The indicative shift of
the NMR signal of proton a upon Z/E isomerization is emphasized by
the red arrow. (c) Chemical shift differences of proton a (AS = &, —
5g) upon Z/E isomerization of HTIs 1—4 in CH (blue bars) and
CH,Cl, (red bars).

ring is twisted as in HTIs Z-1 to Z-3) or downfield shifts (if the
ring is in plane with the thioindigo fragment as in HTI Z-4) of
the proton a signal (Figure 2c). The unbiased chemical shift of
proton a was obtained from the corresponding E isomeric
HT1Is, which place the stilbene fragment far away from proton
a. Indeed, a similar chemical shift for this proton was found for
all E isomeric HTTIs, independent of their specific substitution.
In Figure 2b, the NMR spectra of the Z and E isomers of HTT 1
are compared exemplarily to illustrate the ring current effects
on proton a in the Z isomers. Thus, both solution NMR and
crystal structure analysis show that the ortho-substitutions lead
to a considerable twisting around the C—C single bond.

Stationary Absorption and Fluorescence. In Figure 3,
the stationary absorption and fluorescence spectra of HTIs Z-1
to Z-4 are compared in solvents of different polarity. The planar
HTI Z-4 shows a moderate solvatochromism of absorption and
fluorescence. The solvatochromism of the fluorescence is
stronger, showing that the molecule is less polar in the
Franck—Condon (FC) region than in the S; minimum (S;y;,)
from which the fluorescence occurs.

The absorption spectra of twisted HTIs Z-1 to Z-3 are
somewhat broader but are only moderately affected by the
polarity of the solvent. Similar to planar HTI Z-4, the FC
region of twisted HTI Z-1 is not significantly more polar than
the ground state S;. The stationary fluorescence of HTIs Z-1
and Z-2 is very different from the fluorescence of HTI Z-4. A
very strong solvatochromism is seen in polar solvents, leading
to Stokes shifts of more than 200 nm. In very polar solvents
such as DMF, DMSO, or acetonitrile (see Figure 3 and Figures
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Figure 3. Normalized stationary absorption (left) and fluorescence

(right) spectra of Z-1 (ab), Z-2 (c,d), Z-3 (ef), and Z-4 (gh). The

different solvents are color-coded: CH, black; Et,O, red; THF, green;

CH,Cl,, orange; and DMSO, blue. Strong solvatochromism and dual

fluorescence are seen for Z-1 and Z-2.

S32 and $34), indications for dual fluorescence are clearly
observed. However, the very broad single-maximum fluores-
cence seen in solvents of intermediate polarity (CH,Cl,, THF,
EtOAc, acetone) also suggests an underlying secondary
fluorescence component.

The stationary spectra of HTI Z-3 (see Figure 3 and Figures
S35 and S36) show a behavior similar to those of HTIs Z-1 and
Z-2, ie., very strong solvatochromism of the fluorescence
leading to large Stokes shifts in polar solvents. For HTI Z-3
there is no clear evidence for dual fluorescence in any of the
solvents used, but the severe broadening of the single-
maximum fluorescence bands and their shapes point to a
second fluorescing species.

Time-Resolved Absorption of the Z Isomers. The
ultrafast kinetics taking place after photoexcitation were
followed by transient absorption spectroscopy with a 150 fs
resolution in solvents of different polarity at 22 °C. The most
important kinetic data are summarized in Table 1. A more
comprehensive compilation of all time constants is given in
Tables S5—S8. An overview of the transient absorption data is
given in Figure 4a—f, where the absorption changes are plotted
versus probing wavelength and delay time for HTIs Z-1, Z-2,
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and Z-4. More detailed information on the reaction dynamics is
obtained from the analysis of the absorption transients by a rate
equation model. The corresponding fit with exponential
functions supplies decay times of the transient states and
spectra of the fit amplitudes. These decay-associated spectra
(DAS) are given in Figure 4gh. As in our previous study of
HTI Z-4 in CH,CL,” these analyses revealed several time
constants for the absorption dynamics in each case, which are
assigned and discussed in detail in the Supporting Information.
In the following we focus on the most important time constants
to describe the excited-state dynamics, ie., the decay of the
initially populated minimum on the S, hyperpotential surface
Simin (7sg), the Z/E photoisomerization (7/5), and the decay
of a new and very polar state (7).

For the reference compound HTI Z-4, very fast nuclear
motions and solvent reorganization are observed directly after
excitation to the FC point before the structure reaches the
excited-state minimum S;yg,. The relaxed excited state Sz, is
well recognized in all solvents by small red-shifted ground-state
bleaches (GSB) and stimulated emissions (SE) where the red-
shift increases with solvent polarity. The decay of this excited
electronic state is connected with Z/E photoisomerization. Its
rate k;/; = 1/7,5 is solvent dependent and decreases for HTT
Z-4 moderately with increasing polarity of the solvent. In
cyclohexane (CH), the fastest rate k,; is observed with a
lifetime 7, = 4.8 ps, and in DMSO, the slowest rate is found
with a lifetime 7, = 41 ps. This slowing down of Z/E
photoisomerization with increasing solvent polarity indicates
that a significantly polar Sy, state is involved.

For twisted HTI Z-1, one observes the same initial
absorption changes as for HTI Z-4 in nonpolar CH (Figure
4a). The decay of the excited-state features and the appearance
of the E isomer absorption are more rapid than for HTI Z-4,
with 7, = 1.8 ps. Another striking feature is the stronger
absorption changes at late delay times, which point to a more
efficient formation of the E isomer. Indeed, the direct
determination of the photochemical quantum yield ¢,/5 leads
to a value of ¢,z = 56% (see below). Apparently the steric
interactions imposed by the ortho-substitutions guide HTI Z-1
efficiently toward isomerization in the nonpolar solvent.

When HTI Z-1 is dissolved in more polar solvents, the
transient absorption dynamics deviate strongly from those of
the planar reference compound Z-4. These deviations are
evident for HTI Z-1 in CH,Cl, (see Figure 4bh). Even at first
glance the 2D display (Figure 4b) shows a completely new
pattern. Global fitting of the time-resolved absorption data in
CH,Cl, revealed five components; the corresponding DAS are
plotted in Figure 4h. The time-resolved experiments clearly
show that a new intermediate state occurs in twisted HTT Z-1
in medium-polar CH,Cl,. This state is an excited electronic
state with red-shifted SE and new excited-state absorption
(ESA) features. The characteristic patterns of this state are
always found for photoexcited Z-1 in polar solvents. The time
constant for formation of this long-lasting state is connected to
the decay of the S, and the amplitudes depend on the
specific solvent as well as the specific decay time. For the planar
reference compound HTI Z-4 we do not see any indication for
such a state, independent of solvent polarity. Since this state
occurs only in the twisted molecules, we denote it T and its
decay time 71. The spectral features related to the excited state
T show a strong red-shift of the long-wavelength ESA and SE
with increasing solvent polarity. These observations indicate
that the excited state T is significantly stabilized by the high
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Table 1. Kinetic Data of the De-excitation and Quantum Yields of the Z/E Photoisomerization (¢h;/5) as well as Fluorescence

(¢q) of HTIs Z-1 to Z-4

solvent solvent polarity, E1(30)/kcal mol™" b/ %
CH 309 56 + 12
THF 374 28+ 6
CH,CI, 407 15 + 3
DMSO 45.1 1.8 + 04
CH 309 44 +9
THE 374 2.5+ 0.5
CH,Cl, 407 03+ 0.1
DMSO 45.1 02 +0.1
CH 30.9 30+7
THF 374 17 £
CH,CI, 407 73+ 17
DMSO 45.1 1.5+ 04
CH 309 32+7
THF 374 29+ 7
CH,CL, 407 20+ 5
DMSO 45.1 14+3

“Values could not unambiguously be assigned.

Z-1

Z-4

/% Tsp/ps T4/5/PS 71/ps
2x 1072 +2x 107 1.8 1.8
4x 107" +4x 107" 1.1 1.1 357
2x 107 +2x 107! 0.8 0.8 207
2% 1072 +2x 1072 0.6 0.6 13
2x 107 +2x 107! 17 17

0.3 0.3 250

6% 107 + 6% 1073 0.4 0.4 26
2x10°%+2x 1073 7.0
3IX102+£3x1072 6.1 6.1 75%
3X 1072+ 3 x 1072 2.8 2.8 75¢
I1x107'+1x 107" 1.2 81
3X 102 +3x%x 1072 1.8 54
1x107'+1x 107! 4.8 4.8
I1x107"+1x 107" 12 12
1X107'+1x 107" 10 10
2x 107+ 2 x 107! 41 41

polarity of the solvent. Therefore, T must be strongly polar, as
one would expect for a state with significant charge-transfer
character—similar to TICT states. The time constants 7¢; and
Tr vary considerably with solvent polarity for HTI Z-1. We
found a steady decrease of 7g; from 1.8 ps in CH to <0.2 ps in
acetonitrile, while 7 first increases with increasing solvent
polarity to a maximum of 357 ps (THF) and then decreases
again with increasing solvent polarity to 13 ps (acetonitrile or
DMSO).

A similar analysis of the excited-state dynamics was
performed for HTIs Z-2 and Z-3 (see Figure 4c,d, Figures S6
and S7, and Tables S6 and S7). The results are also summarized
in Table 1. The behavior of Z-2 matches that of HTI Z-1 very
closely and is analyzed in more detail in the Supporting
Information. HTI Z-2 undergoes efficient photoisomerization
in unpolar CH, but in more-polar solvents a new excited state
with spectral characteristics (ESA and SE) very similar to those
of the state T of HTI Z-1 is seen (Figure 4d). The state T in
HTI Z-2 is also strongly polar and decays faster with increasing
solvent polarity (e.g, 7 = 250 ps in THF and 7.0 ps in
DMSO). HTI Z-3 shows an overall similar behavior to Z-1 and
Z-2, but some differences are also observed. The 2D plot of the
absorption changes (Figure S7) shows the appearance of a new
state with increased ESA in the red spectral range. Within our
spectral detection window, we observed no clear indication for
stimulated emission, even at the longest wavelengths.
Apparently ESA dominates in this region. As in HTI Z-1, the
new state T of HTI Z-3 grows in on the 1 ps time scale after
the initial absorption transients and the formation of S,yy,. The
T state is unambiguously identified for solvents with polarity
larger than that of CH,Cl,. For less-polar solvents, indications
for long-lasting absorption changes with very small amplitudes
and somewhat different spectral signatures were found. A clear
assignment to the excited state T was not possible in this case.

12222

Time-Resolved Fluorescence. For a better understanding
of the properties of the excited-state time-resolved emission,
experiments have been performed for HTI Z-1 in selected
solvents (Figure Sa and Figures S9—S11). Time-resolved
fluorescence of HTI Z-1 in the medium-polar solvent CH,Cl,
is shown in Figure Sa. At time zero, an intense and rapidly
decaying component can be seen in the spectral range from 520
to 600 nm. At longer wavelengths between 575 and 700 nm, a
long-lasting emission is observed. A global fit function applied
to the data revealed two time constants. The fast time constant
of ~2.4 ps at shorter wavelength, being below the instrumental
response function, gives only an upper limit for the lifetime of
this fluorescent state. The long-lasting emission at longer
wavelength decays with a time constant of 195 ps. The short-
and the long-lived emitting states are assigned to Sy, and T,
respectively. An estimate of the total emission indicates that
both components contribute to the stationary fluorescence
emission. A more detailed analysis™ of the emission using the
small fluorescence quantum yield (2 X 107'%) of HTI Z-1 can
be found in the Supporting Information. It indicates that there
is a considerable change of the transition dipole moment
between Sy, and the long-lived emitting state T, pointing to a
strong change in the configuration of HTI Z-1 in the excited
electronic state.

Also in solvents with much higher polarity, two fluorescence
components are detected in the time-resolved emission
experiment. For example, in DMSO, a dominant signal with a
maximum around 600 nm at time zero is found (Figure S11).
From its rapid decay and spectral position, we could identify
the short-lived state as S\, The second component ranges
from 600 to over 760 nm, with a maximum around 700 nm.
The fluorescence data were again analyzed with a global fit
function. The fast time constant was fitted with 1.4 ps and only
represents an estimate of the lifetime of the corresponding
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Figure 4. Transient absorption data for HTIs Z-1, Z-2, and Z-4 in CH
and CH,Cl, as solvent. Gray transparent bars indicate missing data
points due to scattering of the excitation wavelength. (a—f) Color-
coded absorption difference plotted versus delay time and wavelength:
(a), (), and (e): Z-1, Z-2, and Z-4 show similar behavior in CH. GSB
and SE overlap at early delay times around 470 nm. SE and ESA decay
on a time scale of few ps and a signal due to isomerization remains. (e)
and (f): Z-4 shows similar behavior in CH and CH,Cl,. SE is shifted
to longer wavelengths and separated from the GSB in CH,Cl,. (b) and
(d): Z-1 and Z-2 show similar ESA to Z-4 in CH,Cl, immediately after
excitation. But within the first ps new features in the ESA appear and
SE at shorter wavelength decays whereas a new strongly red-shifted SE
appears. (g, h) The DAS of the global fit for Z-1 and Z-4 in CH,Cl,
are plotted versus wavelength: spectral characteristics of the decay of
the initial populated states are drawn in red, those of state T in dark
blue.

excited state. As compared to the behavior of HTI Z-1 in
CH,Cl,, an even stronger change in dipole moment between
the excited states S, and T is found in more polar DMSO.

For the different solvents investigated, we always found the
long decay times of the fluorescence emission in close vicinity
to the respective lifetimes of the component T (zr) identified
in the time-resolved absorption experiments. Apparently,
emission and absorption experiments addressed the same
state T. Its decay times 71 strongly depend on solvent polarity
(see Table 1).

The Stokes shifts of the two fluorescing components are
displayed in Figure Sb versus solvent polarity (represented by
the E(30) values). As a general trend, one finds a weak red-
shift of the rapidly decaying component with solvent polarity.
This behavior is comparable to the solvatochromism of the

(4]
(5
o
(2]
o
o
(2]
(5
o

700 750

'——DAS 2.4ps
- DAS 195p

-

intensity / a.u
OO N & O ©® O

30 300
11— 600nm
—— 550nm
200 4 200
&
@
£
=100 <4100
0 - 40
'l 'l 1

7500.00 0.01 0.02 0.03
intensity / a.u.

550 600 650 700
wavelength / nm

b —T7
8000 [ E -
7000 - -
6000 - -
5000 - -

4000 | E g

3000 L

Stokes-shift / cm™”

2000 L

| I W | PR U W SR N S |

30 32 34 36 38 40 42 44 46
E(30) / kcal/mol

Figure 5. Fluorescence data of HTI Z-1. (a) Time-resolved
fluorescence of Z-1 in CH,Cl,. Inset I: Fluorescence intensity, plotted
versus fluorescence wavelength and delay time. Inset II: The long-
lasting component has a time constant of 195 ps. The DAS of the fast-
decaying component is ca. 20 times larger than that of the slow-
decaying component. Inset III: Time dependence of the fluorescence
at the wavelengths S50 and 600 nm. (b) Stokes shift versus solvent
polarity. Green squares show the Stokes shift taken from stationary
measurements. In strongly polar solvents, two maxima due to dual
fluorescence could be clearly separated. Red squares show the Stokes
shifts of the fast-decaying component with a small dependence on
solvent polarity. In contrast, the slow-decaying components (black
squares) show a strong dependence on solvent polarity, indicating a
highly polar state T.

fluorescence of Z-4 (Figure 3). For the long-lasting component,
the red-shift increases much more strongly. This pronounced
solvent dependence of the long-lived fluorescence component
points to a highly polar state T, whereas the short-lived state
Simin Should be less polar.

Quantum Yields. Quantum yields of the Z/E photo-
isomerization reaction (¢,/;) of HTI Z-1 to Z-4 were measured
in different solvents. The quantum yields ¢/ strongly depend
on solvent polarity for HTT Z-1 to HTI Z-3 but considerably
less so for HTI Z-4. The results are summarized in Table 1.
HTIs Z-1 to Z-3 show a very strong decrease of ¢,z with
increasing solvent polarity. A linear relationship between ¢,/
and solvent polarity parameters is found for all solvents, as
shown in Figure S3. In contrast, HTI Z-4 shows only a small
decrease of ¢,/ with solvent polarity, which is also less linear.
The measured fluorescence quantum yields are always very

small.
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Figure 6. Model for the excited-state behavior of twisted HTIs exemplified for Z-1 and Z-4. The different de-excitation pathways are indicated by
bold colored arrows. Energy barriers are indicated by red bars. (a) For HTI Z-4 the de-excitation proceeds via the photoisomerization of the double
bond using a conical intersection (Colng,) between the S, (blue potential well) and the S states. To reach this Colng,, the excited population has to
leave the initially reached Sy, state (black potential well) and cross a barrier when trespassing to the S, hyperpotential surface. (b) For HTI Z-1, a
highly polar TICT state (red potential well) is not accessible in nonpolar solvents, and de-excitation proceeds from the Sy, state via the double-
bond isomerization pathway. Fluorescence (dotted arrow) is only observed from the S, state. (c) In solvents of medium polarity, the TICT state is
significantly stabilized and becomes populated. The energetically difficult direct transition from the TICT to the S, state leads to its slow de-
excitation kinetics and therefore dominant stationary fluorescence from the Sgicr. (d) In solvents of very high polarity, TICT state stabilization leads
to the opening of another radiationless de-excitation channel via rotation around the single bond. The rapid depopulation of the TICT state allows
the fluorescence of the population in the Sy, state to be seen as a second blue-shifted fluorescence band.

Viscosity Studies. The stationary fluorescence spectra of
HTIs Z-1 to Z-3 were measured in solvents of different
viscosity but similar polarity. Additionally, the presented time-
resolved data can be analyzed in terms of viscosity influences.
The data are shown and discussed in detail in the Supporting
Information. From these studies it can be concluded that
solvent viscosity is not responsible for the formation of state T,
and its lifetime is not influenced significantly by viscosity either.
On the other hand, there is a certain influence of viscosity on
the Sy, state and its decay. Since the Sy, decay in polar
solvents depends on both photoisomerization and TICT
formation, viscosity influences cannot be attributed easily to
either of these processes. In comparison to solvent polarity, the
effects of viscosity on the de-excitation behavior of twisted
HTIs are rather small.

B DISCUSSION

The de-excitation and photoisomerization pathways of
unsubstituted HTT have been described essentially as a motion
along the double-bond isomerization coordinate, where a seam
of conical intersections determines the transition to the
electronic ground state.”” A moderate positive solvatochromism
of stationary absorption and fluorescence as well as a small

dependence of the quantum yield ¢,z on solvent polarity
should result from such a reaction. The quantum yield for the
double-bond isomerization ¢;,;; does not even reach values
around 50% since conical intersections close to the double-
bond rotation coordinate lead back to the Z isomer prior to 90°
rotation. This behavior is observed for all planar HTI
photoswitches studied so far*"****~%% and is supported by
the theoretical description of unsubstituted HTL>’ The planar
compound HTI Z-4 investigated here shows exactly this
behavior (Figure 6a).

The ultrafast kinetics observed after photoexcitation of HTI
Z-1 show an odd solvent dependence with very severe changes
of the de-excitation behavior. In unpolar CH, a canonical
behavior is found with fast de-excitation and eflicient
photoisomerization. Apparently, a rotation of the central
double bond is the dominant de-excitation pathway, despite
pre-twisting around the single bond in the ground state. The
latter may be the reason for the high quantum yield of HTI Z-1
photoisomerization (¢,/5 = 56%), the highest yet reported for
this class of photoswitches. The kinetics measured for this
process are considerably faster than for the corresponding
photoisomerization of planar HTI Z-4 (7,5 = 1.8 ps for Z-1,
745 = 4.8 ps for Z-4). This behavior changes dramatically if
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solvents with moderate or high polarity are used. Not only is
there a change in the lifetime of the initially reached minimum
of the excited electronic state Sy, but also a new long-lived
and very polar state T is observed with long-wavelength ESA
and fluorescence emission in the red and near-infrared. The
lifetime of T is in the 100 ps range for solvents of moderate
polarity and is shortened in solvents of very high polarity, e.g,,
7r = 22 ps in DMF or 71 = 13 ps in DMSO and acetonitrile. In
these solvents, the dominant de-excitation pathway is no longer
Z/E photoisomerization, which results in very low quantum
yields of double-bond isomerization, ¢,/; < 5%.

Apparently, the de-excitation pathway of HTI Z-1 can be
changed by the choice of solvent. In nonpolar solvents such as
CH, photoexcited Z-1 photoisomerizes efliciently around the
central double bond with high quantum yields and at very fast
rates. The stationary absorption and fluorescence energies as
well as excited-state spectral characteristics and kinetics are
quite similar to the ones observed for the initially planar HTI Z-
4. In solvents of intermediate polarity, a new excited state T
with long lifetimes (up to 357 ps in THF) is formed, which is
not seen in planar HTIs. At the same time, the photo-
isomerization quantum yield ¢,z decreases. If a very polar
solvent is used, then the photoisomerization of Z-1 is not
efficient anymore, and de-excitation proceeds along a different
coordinate with fast kinetics, leading to short excited-state
lifetimes in the 20 ps time range. The fluorescence of the long-
lived state T of HTI Z-1 is strongly red-shifted in polar
solvents, leading to very large Stokes shifts of more than 200
nm (Figure Sb), but its quantum yield ¢bq remains very low.
Such strong effects of the solvent polarity on the fluorescence
energy indicate a very polar excited state T having a different
geometry than the ground state. In order to explain the
observed solvent effects on the de-excitation of HTI Z-1, we
refer to other photoisomerizing systems like donor—acceptor
substituted stilbenes where the twist around a single bond leads
to TICT states. The characteristics found for state T of HTI Z-
1 in polar solvents support the idea that T is indeed a state with
pronounced TICT character (see F@gure 6) and is hence called
the TICT state in the following.”**” The TICT minimum on
the S, hyperpotential surface is most likely characterized by
severe twisting of the stilbene fragment around the C—C single-
bond coordinate, which leads to efficient decoupling from the
thioindigo fragment. This particular geometry is assumed
because only derivatives Z-1 to Z-3, which are pre-twisted along
the C—C single-bond axis, form TICT states. Assuming TICT
formation via the rotation of the dimethylamino group along
the C—N single-bond axis would require additional conjugation
breaking within the stilbene moiety and seems less likely. HTI
Z-2 possesses only one rotatable single bond, which connects
the thioindigo with the stilbene fragment and serves as the
TICT coordinate. The extremely similar behavior of Z-1 and Z-
2 with respect to all quantified data gives additional strong
evidence that the C—C single bond is indeed the axis of
rotation for TICT formation in HTI Z-1. As a result of this
twisting, charges can accumulate strongly on the two molecular
fragments (negative charge on the thioindigo and positive
charge on the stilbene fragment), leading to a highly polar
species.

Depending on the solvent polarity, three different mecha-
nistic scenarios have to be specified that involve the TICT state
and are discussed exemplarily for Z-1 in the following (see
Figure 6). In nonpolar solvents such as CH, the TICT state is
not accessible for HTI Z-1, as the solvent cannot stabilize this

strongly polar state (Figure 6b). The energy of the TICT state
remains high compared to that of the less polar Sy, state,
which is therefore exclusively populated from the FC
region.”””" The stationary fluorescence observed for Z-1 in
CH can be fully attributed to the Sy, state and is similar to the
fluorescence seen for Z-4 in the same solvent. From the S;y4,
state, a barrier is crossed leading to the S, conical intersection
Colng,, and double-bond isomerization takes place. This
finding remains to be true for Z-1, despite its sizable pre-
twisting in the ground state, which typically facilitates TICT
formation.””~®" Thus, in CH Z-1 does not rotate around the
single bond but rather around the double bond during de-
excitation, resulting in high quantum yields ¢/z.

In solvents of intermediate polarity, such as CH,Cl, or THF,
the TICT state is strongly stabilized because it is the most polar
state and becomes easily accessible for HTIs Z-1 to Z-3 (Figure
6¢). From the initially populated Sy, two reaction pathways
are available, rotation around the double bond coordinate with
isomerization and rotation around the single bond toward the
TICT state T with subsequent internal conversion (IC) to the
initial Z isomeric ground state. For HTT Z-4, no indication for
the population of the TICT state T is found in any solvent.
Apparently, the planar geometry leads to a very high barrier on
the way to the TICT state, which prohibits TICT formation. As
the majority of TICT states for planar systems is described for
strong donor and acceptor substituents,"*~*" it is likely that
HTI Z-4 lacks a sufficiently polarized double bond to enable
single-bond rotation in the excited state. However, HTIs Z-1 to
Z-3 have donor substitution very similar to that of HTI Z-4 yet
undergo TICT formation. For HTIs Z-1 to Z-3, pre-twisting of
the stilbene fragment in the ground state S, must lower the
reaction barrier and facilitate TICT formation in the
appropriate solvents. Formation of a TICT state leads to the
typical prolonged radiative lifetimes, as the direct transition
from the TICT state to the ground state is usually slow.”> Due
to inefficient IC to the initial ground state, long excited-state
lifetimes 7pcy are found for HTIs Z-1 to Z-3 in medium-polar
solvents, and the stationary fluorescence is dominated by the
TICT state. Despite TICT formation, sizable ¢, values are
still observed, which decrease with increasing solvent polarity.

Further increase in the solvent polarity leads to even stronger
stabilization of the TICT state relative to the S;y, state, which
shifts a greater population of excited molecules into the TICT
state with faster rates and therefore decreases the photo-
isomerization quantum yield ¢,/ (Figure 6d). In this way the
decrease of ¢, with increasing solvent polarity can be
explained. In very polar solvents like DMF or DMSO, Z/E
photoisomerization is almost completely suppressed for HTI Z-
1. Instead, a rapid de-excitation (13—22 ps) leads back to the Z
conformation in the ground state, and two distinguished
fluorescence bands are now clearly observed in the stationary
spectra. The energy of the blue-shifted fluorescence is very
similar to the fluorescence energy of HTI Z-4 in the same (very
polar) solvents, corresponding to the emission from the Sy,
The strongly red-shifted fluorescence is a typical indication for
a strongly polar Spcp state. The overall behavior is consistent
with formation of a TICT state that efficiently converts to the
ground state via rotation of the single bond. The rapid
radiationless de-excitation leads to a sizable decrease of the
TICT state population and its fluorescence intensity, which
now allows fluorescence of the shortly populated Sy, state to
be seen clearly together with the Spicr fluorescence. In the
proposed model, the strong stabilization of the TICT state in
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very polar solvents brings it close to the S, hyper-potential
energy surface. The proximity of the two states opens a new de-
excitation channel via single-bond rotation, leading to
significantly faster de-excitation of the TICT state. This
channel is not well accessible for the less-stabilized TICT
states in intermediate polar solvents, which explains the long 71
lifetimes in, e.g., THF or CH,Cl,.

The behavior of HTI Z-2 mirrors that of Z-1 closely in every
aspect, which strongly suggests the same C—C single-bond
rotation as TICT coordinate in both compounds. The only
significant difference is the apparent higher polarity of the
TICT state in Z-2, leading to a much stronger response to
solvent polarity. Therefore, the diminishing of ¢,z and TICT
lifetime is already very pronounced in THF and CH,Cl,. This
can easily be explained by the stronger donor character of the
julolidine (¢* = —2.03) substitution in comparison to
dimethylamine (¢* = —1.70).

One remaining question is the inter-dependence of photo-
isomerization and TICT formation. Are these two pathways
mutually independent, and if so, when does the branching
between pathways occur in polar solvents, where both
processes contribute to the de-excitation? Mutual independ-
ence is strongly suggestive in CH versus DMSO based on the
greatly different quantum yields for the photoisomerization.
The time-dependent absorption data clearly show that the
TICT state is populated on the same time scale as the decay of
the SE representing the decay of the S;yy,. It seems likely that a
sequential process takes place in which the Sy, excited state is
populated first, and the branching into double-bond isomer-
ization or TICT formation occurs afterward from that state.
Evidence for this mechanism is provided by the occurrence of a
dominating, rapidly decaying, and slightly solvatochromic
fluorescence as well as SE components possessing similar
intensity regardless of the solvent used. Those fluorescence and
SE characteristics were assigned to the Sy, state also present
in Z-2, Z-3, and Z-4. Their decay kinetics are affected by both
double-bond isomerization and TICT formation and are
therefore faster if both processes contribute, i.e., in solvents
of medium and strong polarity.

For Z-3, a long-lived excited state with red-shifted spectral
characteristics is already seen in the nonpolar CH solvent.
However, the quantum yield of photoisomerization is still very
high, with ¢,/ = 30%. Also, the stationary fluorescence is not
significantly shifted compared to those of Z-1, Z-2, and Z-4 in
the same solvent. In more polar solvents, the long-lived excited
state becomes more dominant with increasing polarity. In
contrast to the behavior of Z-1 and Z-2, however, the lifetime of
this excited state does not decrease significantly in very polar
solvents like DMF or DMSO. The stationary fluorescence does
not show any dual fluorescence in any solvent measured. For
HTI Z-3, the ground-state twisting of the stilbene moiety is
probably not as severe as in Z-1 and Z-2, as is indicated by the
crystallographic data. For this reason, it must be more difficult
to reach a strongly twisted TICT state for this derivative.
Therefore, TICT stabilization by solvent polarity might also be
less effective for Z-3, precluding an efficient de-excitation
pathway via single-bond rotation, even in very polar solvents.
Whether the long-lived excited state observed in CH is also a
TICT state—which would be counterintuitive given the high
polarity of TICT states—or if instead an excited-state
planarization takes place® will be clarified in future studies.
The short N—S distance of 2.84 A found in the crystal structure

of Z-3 would hint at a possibly positive interaction facilitating
such planarization in apolar solvents.

B CONCLUSION

In this work we have established an unprecedented control over
the photoinduced intramolecular rotations of HTI photo-
switches. The introduction of ground-state twisting of the
stilbene moiety in combination with strong electron donor
substitution allowed us to effectively choose the type of light-
induced motion by simply changing the solvent polarity. For
the most severely twisted HTT Z-1, the highest quantum yield
for Z/E photoisomerization (around 50%) yet reported for this
class of photoswitches was found in CH as solvent. This
translates into 100% rotation along the double bond axis (at the
conical intersection 50% of the molecules rotate back to the Z
isomer, and only 50% proceed further to the E isomer). In
DMSO this quantum yield drops dramatically to <5%, and the
excited-state deactivation proceeds to more than 90% via single-
bond rotation of the stilbene moiety to the initial ground state.
We explain this behavior by a new mechanism involving the
formation of a TICT state, which was characterized thoroughly
using a variety of quantitative methods. Ultrafast absorption
and fluorescence spectroscopy allowed us to follow the de-
excitation directly and decipher the mechanism in great detail.
In the future we will explore this exquisite control over the
light-induced motions of HTT photoswitches in the context of
molecular machines and sophisticated functional materials.
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