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Accelerated and Efficient Photochemistry from Higher Excited Electronic States in Fulgide
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The photoinduced electrocyclic ring-opening of a fluorinated indolylfulgide is investigated by stationary and
ultrafast spectroscopy in the UV/vis spectral range. Photoreactions, initiated by optical excitation into the S;
(570 nm) and Sy (340 nm) absorption band of the closed isomer, lead to considerable differences in reaction
dynamics and quantum yields. Transient absorption studies point to different reaction pathways depending
on the specific excitation wavelength: excitation into the S state leads to the known reaction behavior with
a picosecond decay to the ground state and a small quantum yield of 7% for the photoproduct. The Sy state
shows an unexpected long lifetime of 0.5 ps. The photoreaction starting from the Sy state leads to a large
extent directly to the product ground state and back to the educt ground state. This results in an increased
reaction quantum yield of 28%. In contradiction to Kasha’s rule, the S, state is only populated with an efficiency
of 38%. The observed behavior strongly differs from the expected picture with fast relaxation into the S;
state and a subsequent ring-opening reaction starting from the lowest excited electronic state. Quantum chemical
calculations confirm and complement the experimental findings allowing a sound molecular interpretation to
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be obtained.

Introduction

It is generally accepted that luminescence phenomena in
solution-phase chemistry occur from vibrationally relaxed
molecules in their lowest excited singlet (S;) or triplet (T)) states.
These observations have been condensed in the Kasha and
Kasha—Vavilov rule. Here, it is stated that the emission of a
molecule in solution originates from the lowest excited state
independently of the state which is initially excited (Kasha rule').
Moreover, the fluorescence quantum yield is found to be
constant irrespective of the photoexcitation wavelength (Kasha—
Vavilov rule?). An equivalent rule for photochemical reactions
has not been formulated, but many investigations corroborate
the same mechanistic picture also for photochemical processes.>?

The rules are related to the observation that relaxation in the
condensed phase from higher electronically excited states Sy
into the lowest excited state of the same manifold is generally
much faster than the direct decay of a state Sy into the ground-
state Sy or other reaction channels like intersystem crossing
(ISC), fluorescence emission, or photochemical reactions.
Theoretically, the rate of internal conversion (IC) from the zero
vibrational level of an upper excited state (e.g., S,) into the S,
state may be described in terms of the energy-gap law.* Here,
the rate is determined by the Franck—Condon factor and the
coupling element between the two involved electronic states.>>
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The relatively small energetic distance between excited elec-
tronic states and the manifold of vibrational modes lead to very
large values of these IC rate constants up to 1 x 10'*s™!. These
extremely high rate constants are often contributed to the
involvement of conical intersections.® Kasha’s rule cannot be
applied to the gaseous phase, where collisions are rare and
energy dissipation is slow. In the case of gaseous thiophosgene,
fluorescence from S, with a quantum yield near unity can be
observed.”® However, even in condensed phase, experimental
deviations were found and point to very unique, often unex-
pected, molecular properties.> Anomalous fluorescence from
higher excited electronic states in solution has been observed
for azulene and several of its benzene-annulated derivatives.”!°
For photochemical reactions, anomalous behavior has been
reported for azobenzene!! and after multiphoton-excitation
processes in diarylethene and fulgide systems where high-lying
and extremely reactive states are populated.'?

Deviations from the rules appear when IC processes out of a
specific excited electronic state to the lowest excited state are
unusually slow, when the photochemical reaction rates out of
the higher excited states are extremely fast, or when the lowest
excited electronic state has an unexpected short lifetime. In this
respect, it is of great interest to understand why some higher
electronic states are so long-lived that other reaction channels
may compete with internal conversion to S;. The reasons for
deviations from Kasha’s rule in solution-phase photochemistry
are often difficult to obtain. As described above, the Franck—
Condon factor and the coupling elements between the two states
mainly determine the rate of internal conversion from S, to S;.
The rate is hence reduced if one (or both) of the factors for
internal conversion is small. However, it is sometimes chal-
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SCHEME 1: Structure and Schematic Drawing of the
Ring-Opening Reaction of the Investigated Indolylfulgide”
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¢ The reaction can be initiated by both S; and Sy excitation of the
C-isomer (left).

lenging to distinguish between the case of a poor Franck—Condon
factor, meaning that the energy gap between the two states is
large, or a small coupling element which may result when the
wave functions of the two states are essentially orthogonal. It
is known for the well-studied azulene that the long lifetime of
the S, state arises from a small Franck—Condon factor for the
internal conversion process from S, to S; which reduces the
internal conversion rate for the S, to S; process down to 7 x
108 7113 Simultaneously, accessible conical intersections
between S; and S, are responsible for the observed ultrafast
decay of the S; state.'*!

It is the aim of this paper to present a photochemical reaction
in solution which directly occurs from higher excited states Sy.
The paper addresses an excitation-wavelength-dependent ring-
opening reaction of a trifluoromethyl-substituted fulgide. It will
be shown using stationary absorption experiments that the
photochemical quantum yield of the ring-opening reaction is
increased by a factor of ~4 when actinic light in the near UV
(excitation into higher electronic states Sy) is used instead of
visible light (excitation to the lowest singlet-state S;). Details
of the photoreaction dynamics induced by the different excitation
wavelengths are obtained using femtosecond transient absorption
spectroscopy (TA) in the visible range. The studied ring-opening
reaction reveals completely different transient absorption dy-
namics upon S; (570 nm) and Sy (340 nm) excitation. The
observed transients suggest a reaction model with a slow internal
conversion between the excited Sy and the S; state and a fast
direct reaction pathway to the ground state of educt (C-isomer)
and product (Z-isomer). The present study demonstrates pho-
tochemistry of higher excited states observed in real time with
femtosecond time resolution. Quantum chemical calculations
support the experimental findings and contribute to the detailed
understanding of the involved molecular processes.

Material and Methods

Experimental Details. The trifluoromethyl-substituted in-
dolylfulgide (structure see Scheme 1) was synthesized by a
procedure published elsewhere.'® The compound was dissolved
in cyclohexane (Merck, purity 99% used as purchased without
further purifications). During the time-resolved measurements,
the sample was kept in a defined photostationary state (PSS400,
>90% C-isomer) with high concentrations of the investigated
C-isomer. PSS400 was generated by illuminating the sample
with UV light around 400/430 nm (Hg/Xe lamp, Hamamatsu,
filtered by GG385 (3 mm) and BGI1 (1 mm), Schott). Mean-
while, the sample solution was pumped through a flow cuvette
(fused silica windows, optical path length 0.5 mm) by a
peristaltic pump to ascertain the defined starting condition.

A spectrophotometer (Perkin-Elmer, Lambda 19) was used
to measure the stationary UV/vis absorption spectra. The
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quantum yields of the ring-opening reaction were determined
by illumination into the S; and the Sy absorption bands of a
sample containing exclusively the C-isomer. In these experi-
ments, changes in sample composition induced by the actinic
light within a certain time period were determined from the
absorption change AOD in a characteristic band. The following
light sources were used for illumination: Light at a wavelength
of 532 nm (S, excitation) was obtained from a frequency-
doubled Nd:YAG laser (Laser Compact Plus Co. Ltd., type
LCM-T-111, Russia). A Hamamatsu Hg/Xe lamp (Hamamatsu,
Lightningcure LC4, Japan) combined with suitable filtering
(WG350, 3 mm and UGS, 1 mm, Schott) was used as UV source
at 365 nm (Sy excitation). A detailed procedure for the
determination of the photochemical quantum yield is found in
ref 17.

Femtosecond pump—probe spectroscopy in the visible and
near-ultraviolet spectral range was used to investigate the
dynamics of photochemical reactions for different excitation
conditions. A home-built Ti:Sa based regenerative amplifier laser
system generated ultrashort pump and probe pulses (for details
of the system, see refs 17—20). Tunable pump pulses in the
visible spectral range were generated in a noncollinear optical
parametric amplifier (NOPA).2!?2 The NOPA was adjusted to
produce light pulses at 680 and 570 nm. For excitation in the
visible, the NOPA pulses at 570 nm were compressed to ~100
fs using a prism setup. The UV excitation pulses centered at
340 nm were obtained by frequency doubling the 680 nm pulses
from the NOPA in a 100 um BBO crystal (type I). Excitation
energies varied from 250 to 500 nJ. A femtosecond white light
continuum generated in CaF, was used as probe pulse (380—650
nm).? Transient absorption changes in the white light continuum
were recorded at various delay times between pump and probe
pulse using a multichannel detection setup.?* For pump pulses
at 570 nm, scattering of excitation light influences probing in
the wavelength region from ~560 to 580 nm. The instrumental
response time (full width at half-maximum (fwhm)) for excita-
tion in the UV range was determined to be ~250 fs. A better
time resolution (~100 fs) was achieved for pump pulses at 570
nm. The spot diameter of the pump light was in the range of
~120 um providing a homogeneous excitation density for the
probe—pulse (diameter ~40—50 xm). The polarization of pump
and probe pulses at the sample location was at magic angle. A
global fit analysis based on a Levenberg—Marquart algorithm
was used to extract decay associated spectra from the transient
absorption data set.”

Theoretical Details. The search for conical intersections
between the S; and Sy states of the indolylfulgide was performed
in full dimensions on the CASSCF-level with GAUSSIAN03.2
We used a manually generated basis set. For optimal description
of the photoactive part, the central C6-ring (Scheme 1) with its
three attached methyl groups and one trifluoromethyl group was
treated with a 6—31G* basis set, which we also selected for
the adjacent N atom. All other atoms were treated with a 6—31G
basis set. The CASSCF calculations were performed with six
active electrons in six orbitals. The active space was chosen in
order to include the s-type molecular orbitals on the central
C6-ring, where the photoexcitation occurs. The o-bond, which
is broken or formed during the photochemical process, was also
included. Further details can be found in the Supporting
Information.

Results

Steady-State Experiments. The two involved isomers of the
fluorinated fulgide, namely, the open Z-form and the closed
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Figure 1. Absorption spectra of both C/Z-isomers of the indolylfulgide
in cyclohexane. The gray line corresponds to the C-isomer; different
absorption bands of the C-isomer (S;/Sy) are marked. The absorption
spectrum of the Z-isomer is shown in black.
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C-form, are drawn in Scheme 1. Stationary absorption spectra
of the respective molecular forms are shown in Figure 1 for
the open Z- (black line) and the closed C-forms (gray line).
Both absorption spectra feature distinct absorption bands.

For the C-form, they are tentatively assigned to the S; state
(Figure 1, gray, around 550 nm) and the Sy state (Figure 1,
gray, around 350 nm). Since quantum chemical calculations
place different excited electronic states (S,, S;, Sy4) in the
wavelength region around 350 nm, a more general identifier
Sx is used for this transition, which stands for a superposition
of states reached by optical excitation at 340 nm.

The S; state of the Z-form absorbs around 420 nm. Transitions
corresponding to higher electronic excitations are found at
wavelengths <340 nm (Figure 1, black).

The Z-isomer and the C-form interconvert by illumination
into the respective absorption bands (Figure 1). Since Z- and
C-isomer absorption spectra show only little overlap, both
molecular forms can be prepared in high concentrations
applying adequate illumination. High concentrations of the
C-isomer in TA investigated samples in combination with
the low extinction coefficient of the Z-isomer at the excitation
wavelengths 340/570 nm (Figure 1) assure that the experi-
mental TA data exclusively represent photoreactions of the
C-isomer. Also, the E-isomer may be generated with small
efficiency after photoexcitation of the Z-isomer at 270/400
nm. Under the experimental conditions of the presented
experiments, the influence of the E-isomer can be excluded
because of the following arguments: (1) Care was taken to
use a sample with high concentrations of the C-isomer with
only minor concentrations of the E-isomer. (2) The E-form
has smaller absorption cross sections than the C-form at the
used excitation wavelengths, and (3) no formation of the
E-isomer directly from the C-form has been reported.?”’

The reaction quantum yield of the ring-opening reaction after
excitation into the S; and Sy absorption bands (see Figure 1) at
532 nm (S;) and 365 nm (Sy) was determined using purified
samples containing only the C-form of the fluorinated indolyl-
fulgide. The results are summarized in Table 1. A strong
difference of the photochemical quantum yields is found for
the two excitation wavelengths. Concerning the excitation into
the S, state, a value of QY(S,, C—Z) = 7(£1)% is obtained.

Cordes et al.

Excitation of the Sy state leads to a 4-fold increase in quantum
yield of QY(Sn, C—Z) = 28(£2)%.

Time-Resolved Measurements. Detailed information on the
molecular background of the excitation-dependent quantum yield
is obtained using time-resolved absorption spectroscopy. We
investigated the C—Z photoreaction by exciting the indolyl-
fulgide molecules in the state PSS400 with femtosecond pulses
at two wavelengths: 570 nm for S to S; excitation and 340 nm
for the excitation into the Sy state. The absorption changes
representing the reaction dynamics are recorded with suitably
delayed broad band probe pulses between 380 and 650 nm.
Figure 2 gives an overview of the transient absorption data
obtained with the different excitation wavelengths.

C—Z Reaction via S; Excitation. Immediately after the
absorption of the 570 nm pulse, an induced absorption band
can be observed (Figure 2a, tp = 0.2 ps), which extends from
the near UV until 600 nm featuring a pronounced peak at 580
nm with intense absorbance. Negative signal contributions are
found at longer probing wavelengths A, > 610 nm. Both
features can be assigned to the population of the excited
electronic state S;, which leads to (1) excited-state absorption
(ESA), dominating at A, < 600 nm, (2) the bleaching of the
ground-state absorption band, which modulates ESA, and (3)
stimulated emission (SE) seen as a negative signal at wave-
lengths A,. > 610 nm. In the early time regime, wave-packet-
like oscillatory features (data not shown) are seen up to p ~
0.6 ps in the wavelength region from 580 to 650 nm. During
this time period, only weak variations of the spectrum occur
(Figure 2a, tp = 0.2 ps, 0.5 ps). Subsequently, the absorption
change decays on the time scale of a few picoseconds (Figure
2a, tp = 0.5 ps, 1.0 ps, 2.0 ps). After these dominant kinetics,
a spectrum with negative signal around 530 nm and positive
signal >600 nm remains, which decays into a constant offset
spectrum on a time scale of 10 ps (Figure 2a, tp = 5.0 ps, 10
ps, 50 ps). The constant difference spectrum found at delay times
tp > 50 ps resembles the stationary absorption difference
spectrum found in steady-state experiments: increased absorption
in the low wavelength region (~410 nm) where the reaction
product (the Z-isomer) absorbs and an absorption decrease at
the absorption bands of the educt molecules at higher wave-
lengths (~550 nm).

Details of the photochemical reaction dynamics can be
obtained by modeling the absorption kinetics with exponential
functions. The data are well fitted by the sum of three
exponentials with time constants of 0.4, 2.2, and 7 ps used in
combination with an additional offset. The amplitude spectra
of the different components deduced from the global fitting
analysis, the so-called decay associated spectra (DAS), are
plotted in Figure 2c. The shape and the amplitudes of the DAS
reveal information on the involved molecular processes: the
DAS related to the subpicosecond process (Figure 2c, 0.4 ps)
show the characteristics of a reaction on the excited-state
potential energy surface. The weak change of the ESA together
with a shift in the stimulated emission spectrum points to
relaxation of the initially populated Franck—Condon state by

TABLE 1: Parameter for the Ring-Opening Reaction of the Investigated Indolylfulgide: Quantum Yields Obtained via
Steady-State Experiments and Time Constants Determined by the Transient Absorption Experiments Evaluated by a Global

Fitting Analysis

stationary data

transient data

process /Iexci[alion (nm) QY (%) j~excilati0n (nm)

71 (ps) reorganization/Sy relaxation

7, (ps) S; relaxation 73 (ps) cooling

C— Z (Sn) 365 28+2 340
C—Z (Sy) 532 T7+1 570

0.5 1.3 10
0.4 22 7
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Figure 2. (a/b) Transient absorption spectra (TS) at selected delay times for the two ring-opening reactions. (c/d) The right part shows decay

associated spectra (DAS) derived from a global fitting routine.
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Figure 3. Comparison of the rescaled DAS spectra (see text) related
to the time constants of 1.3 ps (black, broken, Sy excitation) and 2.2
ps (red, solid, S; excitation) for the decay of the S; state. The small
amplitude observed after Sy excitation shows that only a small fraction
(38%) of the molecules reaches the minimum of the S; state of the
C-isomer. The inset spectra in the upper left are normalized to show
the similarity of the two DAS spectra assigned to the S; decay.

wave packet motion, vibrational energy redistribution, and
solvation processes with a time constant of 0.4 ps (Figure 2c,
0.4 ps). Subsequently, a dominant 2.2 ps process represents the
decay of ESA and SE (Figure 2c, 2.2 ps). Its strong amplitude
and the spectral shape indicate that the process is related to
the transition into the electronic ground state (S;—Sy, 2.2 ps).
The dispersive shape of the weak 7 ps component exhibits the
features expected from cooling processes of hot educt molecules
in the electronic ground state (Figure 2c, 7 ps). Please note that
the observed cooling behavior is a nonexponential process,
which can only be described qualitatively by the fit procedure.
The time constant of 7 ps may hence be seen as an approximate
value for the kinetics of the cooling process. These absorbance
changes are related to molecules which do not undergo the ring-
opening reaction but return to the educt state with considerable
excess energy. From the weak amplitude of the long-lasting
absorption change (Figure 2c, offset), one can deduce that only

a small percentage of the originally excited C-isomers have
completed the ring-opening reaction. This observation is in
agreement with the small quantum yield of 7% observed upon
steady-state excitation of the S; state.

C—Z Reaction via Sy Excitation. The transient spectra
obtained after excitation in the ultraviolet (A = 340 nm) are
depicted in Figure 2b. At first glance, the results differ
significantly from the ones obtained after visible excitation
(Figure 2a and c). Excitation to the Sy state leads to a broad
instantaneous absorption increase (because of excited-state
absorption) within the investigated spectral range (tp = 0.2 ps,
Figure 2b). This early ESA shows pronounced modulations at
530 and 650 nm. On the time scale of several 100 fs, these
ESA signals start to decrease while an absorption peak appears
at 580 nm (Figure 2c, tp = 0.2 ps, 0.5 ps). The ESA signal
decays on the time scale of 1—2 ps (Figure 2c, tp = 0.5, 1, and
2 ps). During this time, a net absorption decrease appears in
the wavelength range where the ground state of the original
C-form absorbs (Figure 2c, tp = 2 ps, 5 ps). On the 10 ps time
scale, some weak residual transients lead to the final constant
absorption change. This offset represents the disappearance of
the original C-form (at long wavelengths 460—620 nm) and
the formation of the Z-form (at short wavelengths <460 nm).

When modeling the experimental data with multiexponential
kinetics, a reasonable quality of the fit is found for three
exponentials with time constants of 0.5, 1.3, and 10 ps together
with a final offset (Figure 2d). Modeling the data with more
than three kinetic components did not lead to any significant
improvement of the quality of the fit. It will be shown later
why the same number of time constants and intermediates is
found for both S; and Sy excitation (Figure 2b and d).

The investigation of the DAS reveals a qualitative similarity
of the data obtained for both excitation conditions concerning
the slower reaction dynamics > 1 ps. The final absorption change
at delay times >50 ps has identical spectral shape for both
excitations. However, the amplitudes are very different for the
two situations: in the case of Sy excitation, the amplitude is
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Figure 4. State models for the different photochemical reaction pathways after excitation into the S; and Sy bands. Panel a shows the suggested
reaction scheme after visible excitation while panel b describes higher excitation using UV light.

about 4 times larger than that upon S; excitation. The spectral
shape of the 10 ps kinetic component (Figure 2d, Sy excitation)
also resembles the one of the 7 ps component (Figure 2b, S,
excitation). Both may therefore be assigned to cooling dynamics
of reformed educt molecules in the electronic ground state. The
DAS for the S; decay have a similar spectral shape. However,
their amplitudes differ strongly. This is demonstrated by the
normalized DAS of these components shown as the insert in
Figure 3 (upper left). The pronounced similarity of the DAS
for the picosecond kinetic components indicates that both
excitation conditions lead to the population and subsequent
decay of the S; state.

As expected from qualitative considerations, the subpicosec-
ond behavior of the two samples differs strongly. The 0.5 ps
DAS observed upon Sy excitation reflect features related to the
decay of the Sy state and to the formation of the S, state. We
find the decay of absorption peaks at 550 and 650 nm associated
with ESA from the Sy state and the formation of the 580 nm
ESA peak of the S; state together with the stimulated emission
of the S; state.

For a more quantitative treatment of the reaction dynamics,
we have to refer to the amplitudes of the DAS for the two
excitation conditions. To avoid the uncertainties related to the
absolute determination of pump intensities and the spatial
overlap between pump and probe pulses in the two experiments,
we rescale the DAS using the amplitudes of the final offset
spectra found in the two transient experiments. This offset
represents the absorbance change due to the formation of the
Z-isomer. Since the quantum yield for Sy excitation is 4 times
larger than for S; excitation (Table 1), the rescaled offset
spectrum for Sy excitation should have 4 times the amplitude
of that spectrum observed upon S, excitation. A scaling factor
of 0.98 for the S; excited data is found. The DAS of the S,
decay plotted in Figure 3 with rescaled amplitudes show that
the relative amplitude of the 1.3 ps DAS, which represents the
decay of the transiently formed S; state after Sy excitation, is
considerably smaller (factor 0.38) than the corresponding 2.2
ps DAS amplitude observed upon S; excitation. This gives
strong indications that after Sy excitation a considerable fraction
of the molecules do not react via the S; state or pass through it
only transiently. A more detailed analysis will be presented
below.

Discussion

Reaction Scheme for the Ring-Opening Reaction after S;
Excitation. Related indolylfulgides and indolylfulgimides have
beenrecently investigated with different time-resolved methods.® 3!
Following the model for the ring-opening reaction proposed in
ref 29, we will now assign the observed transient signals to
distinct reaction steps (see Figure 4a): using 570 nm light, the

molecules are excited into the Franck—Condon region (FC).
The initial absorption increase represents a strong ESA with a
pronounced peak at 580 nm. SE is found in the wavelength
range above 600 nm. From the FC region, the molecules undergo
fast vibrational wave packet motion, vibrational relaxation, and
solvent rearrangement processes on the time scale of a few 100
fs (Figure 4a). These processes give rise to a subpicosecond
(0.4 ps) kinetic component. On the time scale of 1 ps, the
absorption spectrum still shows the ESA features, which are
characteristic for the population of the S; state. The photochemi-
cal reaction itself (Figure 2a and c) is associated with the decay
of the excited state showing the time constant ts; = 2.2 ps
(Figure 4a). Its DAS display the signatures of vanishing ESA
and reformation of ground-state absorption of the C- and the
Z-isomer. The final kinetic component with a time constant of
7 ps has a weak amplitude with a dispersive shape: absorption
decreases at longer wavelengths (>570 nm) and increases at
shorter wavelengths. These spectral signatures are characteristic
for cooling of a hot fulgide in its C-form.? This feature
originates from the fraction of excited molecules, which do not
undergo the ring-opening reaction (>90%) but relax via internal
conversion into a “hot” C-ground state (Figure 4a). After the
cooling process, the photoreaction itself and all photophysical
processes are completed. The offset spectrum reached at late
delay times fp > 50 ps reproduces the stationary difference
spectrum between Z- and C-isomer absorption (see Figure 1):
additional absorption appears around 420 nm because of
photoproduct formation (Z) and absorption reduction is detected
between 500 and 650 nm because of the disappearance of the
educt (C). The essential photochemical reaction occurs from
the relaxed S, state where the reaction branches (Figure 4a)
into the photochemical active process (7%, rate k;z) and internal
conversion (93%, rate kic). These two rates combine to the
observed decay rate ks; = 1/ts; = kyz + kic. The radiative rate
constants can be neglected because of its small value. Measure-
ments of the temperature dependence of the quantum yield and
the reaction dynamics of fulgides have shown that both
processes are thermally activated with a larger barrier for the
photochemical pathway.??73

Ring-Opening after Sy Excitation. In Figure 4b, the
schematic model for the reaction dynamics observed after Sy
excitation is shown. Optical excitation at 340 nm populates the
Sn state. The Sy state is left within 0.5 ps, and molecules with
spectral signatures of the S; state are observed (Figure 4b). The
subsequent decay of the S; state occurs with the time constant
751 = 1.3 ps. The faster time constant for the decay of the S,
state observed after Sy excitation (1.3 ps versus 2.2 ps for S,
excitation) may be explained as follows: relaxation from the
Sy state populates the S; state with vibrational excess energy.
This increased vibrational excitation may lead to an accelerated
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TABLE 2: Characteristic Parameters for the Ring-Opening
Reaction after Excitation at 340 nm (Higher Excited
Electronic State Sy)*

case 1: QY case 2:
S1—2)=7% constant k¢
ring-opening from 0.054 0.347
S]Z klzlpsil
internal conversion 0.715 0.423
from Sll lglC/ps_'
reaction from 0.76 0.76
Sn: kni/ps™!
knz/ps™! 0.507 0.218
knelps™! 0.733 1.022
QY(S1—2) 7% 45%
QY via S, 2.7% 17%
QY girecel(SN—Z) 25.3% 11%

“Two situations are calculated where different models for the
reaction out of the hot state S; are assumed: Case 1 assumes that
the quantum yield from state S; is constant, and case 2 assumes a
constant internal conversion k;c out of the S; state.

Sn

Coln1

s~%

e N \Coan

Energy

C-lsomer Z-lsomer
L [
< } >
Reaction Reaction
Coordinate 1 Coordinate 2
Figure 5. Suggested potential energy surfaces for the photochemical

ring-opening reaction of the investigated indolylfulgide starting after
excitation into the S; (red arrow) and the Sy (blue) state.

reaction out of S; (in the case of thermally activated decay
channels®?). The acceleration of the S; decay after Sy excitation
T > Ty 1s considered by the new decay rates k7 and k¢ used
instead of the rates k;; and k¢ describing the decay of the S,
state after direct optical excitation (see Figure 4a). For a
complete population transfer from Sy to S, the amplitude of
the 1.3 ps DAS would be expected to be similar to the amplitude
of the 2.2 ps DAS after S excitation. However, as shown above,
the relative amplitude of the 1.3 ps kinetic component is strongly
reduced to 38% (see Figure 3) compared to the one of the 2.2
ps component. This reduction indicates that the excited elec-
tronic state S; is only formed for 38% of all fulgide molecules
originally excited into the Sy state. The remaining population
(62%) of the molecules follows a different reaction pathway
out of the Sy state. This additional reaction path needs further
considerations (Figure 4b).

The scheme in Figure 4b considers the different potential
reaction channels originating from the state Sy. The rate ky;
describes internal conversion to the S, state, knc is the direct
conversion to the ground state of the C-isomer, and kyy is related
to the direct ring-opening reaction without the involvement of
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the S, state (Figure 4b). The Sy state decays with the
experimentally observed time constant tsy = 0.5 ps. This time
constant is related to the three decay rates:

LZkSN:kNl""sz“'ch ()
Tsn
The rate constant ky; for the transfer to the first excited-state
S, can directly be determined from the measured time constant
Tsn = 0.5 ps and the quantum yield QY (Sxy—S;) = 0.38 for the
formation of the S, state.

QY(Sy—S)) =kyrksys ky; =0.76ps ™" 2
The value of kx; = 0.76 ps~! corresponds to a time constant of
7ni = 1.3 ps for internal conversion from Sxy—S,;, which is

surprisingly slow compared to relaxational processes from
Sx—S; found in other molecules.”

It is of special interest whether the photochemical ring-
opening reaction after Sy excitation still occurs via the S; state
or directly from the excited Sy state (rate knyz). In general, this
question can be addressed by an analysis of the experimental
results. Unfortunately, the very large amplitudes related to the
ESA dynamics and the weak changes in ground-state absorption
upon ring-opening do not allow to determine the yield for direct
product formation out of Sy from the recorded absorption spectra
without further assumptions. However, the question may be
handled with additional information on the efficiency of the ring-
opening reaction out of the “hot” S; state. The total quantum
yield for the ring-opening reaction (Z-isomer formation) is the
sum of the contributions from the direct ring-opening reaction
QY girecSN—Z) and the reaction via S;:

QYtotal(SN - Z) = QYdirect(SN - Z) + QYindirect(SN - Z) =
QY ireet SN =2+ QY(Sy—S)) - QY(S,— 2 =

by ko Ky kv e kg

kg Thazthae  ksw kizt ke kew ke kg
The quantities ksy = 2.0 ps™! and ks; = 1/z5; = 0.76 ps~!
and the quantum yield QYu(Sx—Z2) = 0.28 are directly
measured. The rate ky; = 0.76 ps~! is obtained above in eq 2.
Information on the value k;, would allow calculations of the
value kyz for the direct ring-opening out of Sy. On the basis of
the experimental results, we may calculate values for the reaction
rate knz (Table 2) and for the yield of the different reaction
channels under certain limiting assumptions on the ring-opening
reaction.

Case 1. It is assumed that the quantum yield for ring-opening
out of the hot S; state, QY(S;—Z), does not depend on the
preparation of state S; and stays at QY(S,—2) = QY(S,—2) =
0.07 known from steady-state experiments. In this special case,
the evaluation of eq 3 reveals that the ring-opening reaction
proceeds predominantly via the direct reaction channel. The
direct rate kyz = 0.507 ps~! is ultrafast, and only 2.7% of the
excited molecules react via the S; state to the Z-isomer (Table
2). The rest of the ring-opening reaction (25.3%) proceeds
directly from Sy (Table 2).

Case 2. This case treats the extreme situation where we
assume that the decreased S; lifetime observed after Sy
excitation (from 2.2 to 1.3 ps) is only caused by an increase in
the reaction rate k;, because of the hot S; state while the internal
conversion rate stays constant, k;c = k;c. Eq 3 shows that &k,
would increase from a value of 0.054 ps~! to 0.343 ps~! in this
case (Table 2). Under these conditions, the quantum yield
QY(S;—Z) would be close to 45% (instead of 7% in the original
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Figure 6. CASSCEF frontier orbitals contributing to the electronic wave functions of S, Sy, and S,.

case), and 17% of the excited molecules would react via the S,
channel (Table 2). However, even in this unrealistic case, a
significant fraction (ca. 11%) would follow the direct reaction
path from the Sy state.

In a realistic situation, the efficiency for the direct ring-
opening reaction channel will be somewhere between 11% and
28%. Independent of the model assumptions, however, is the
experimental facts that (1) only 38% of the excited Sy molecules
remain trapped transiently in the S state and that (2) the transfer
rate from Sy to S; of ky; = 0.76 ps~! is unusually small. This
attributes a greater importance to other reaction channels which
do not lead to the S; state of the C-isomer, which may be
represented by a new rate constant koper = ks — kng = 1.24
ps~!. The reduced population of the S, state (38%) resulting
from the small valule of ky; is in contradiction to the assump-
tions leading to Kasha’s rule. In our case, the deviation from
Kasha’s rule is not observed via the emission properties of the
sample but in terms of a strongly modified photochemical
reaction.

To explain the experimental observations, a schematic view
of the potential energy surfaces is shown in Figure 5: excitation
of the C-isomer with visible light (Figure 5, red arrows)
populates the excited electronic state S;. From here, the
molecules may return to the ground state via two different
pathways. Both reaction channels are thermally activated with
different barrier heights. This idea is well supported by
theoretical findings. On the level of CASSCF(6,6) calculations
using full-state average-corrected gradients, two conical inter-
sections between S; and Sy (Colnl and Coln2, see Figure 5
and Supporting Information) could be located in a region
reachable from the FC-transition of the C-isomer. They show a
distinct different topology; for details, see Supporting Informa-
tion. Colnl is tilted in a way that allows only back transfer to
the C-isomer. Accordingly, the geometry of Colnl is similar to
the geometry of the C-isomer. The second conical intersection
(Coln2) lies 0.26 eV below the first one; its structure is between
the equilibrium geometries of both isomers, and its peaked
topology opens both reaction channels to the Z- as well as to
the C-isomer.

Optical excitation in the manifold of the Sy state may lead
to a motion toward the crossing of the S, and S, surfaces. A
first branching occurs (Figure 5 blue solid and broken arrows)
where ~40% of the molecules pass to the minimum of the S,
surface, while ~60% continue on the diabatic path and quickly
reach the conical intersection Coln2. Here, the final branching
into the ring-opened or -closed form may occur. The fraction
of molecules trapped in the S; state of the C-isomer will further
react as described above for direct S; exciation (Figure 5, red
arrows).

The question remains why only ~40% of the molecules
excited to the Sy state arrive in the S; state. Our results presented

above suggest that the coupling between the higher excited
electronic state Sy and the first excited-state S; should be rather
weak. An explanation can be found in the electronic wave
functions. Figure 6 shows a comparison of the frontier orbitals
contributing to the electronic wave functions of ground and
excited states. From the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO),
the antibonding character of the sz-bonds increases in the central
C6-ring and its o-bond is softened. For the S, state, contributions
from the doubly occupied LUMO become dominant. This
configuration correlates directly with the ground-state config-
uration of the Z-form. This may accelerate the direct ring-
opening reaction and may also lead to a small rate of internal
conversion from Sy to S;.

Conclusions

The present study shows that after S; excitation (Scheme 1)
the ring-opening reaction of the investigated fluorinated in-
dolylfulgide follows the already published reaction scheme.?!
The reaction quantum yield for the S, induced process is only
moderate in the range of ~7%. Excitation of the C-isomer with
light at 340 nm results in the population of a higher excited
electronic state Sy with an unexpected long lifetime of 0.5 ps.
During the relaxation of this state, only ~40% of the excited
molecules are transferred to the minimum of the first excited
electronic state S;. These experimental results are in contradic-
tion to the assumptions of Kasha’s rule where higher electronic
states Sy should decay exclusively via internal conversion to
the lowest excited state. However, in the case of the studied
indolylfulgide, the majority of excited molecules undergoes
direct internal conversion to the ground state of the C-isomer
or direct photoreaction to the Z-isomer. This manifests itself in
an increase of the photochemical quantum yield to ~30% for
Sy excitation compared to ~7% for S; excitation. Results and
interpretations are confirmed by quantum-chemical calculations.
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