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a b s t r a c t

The dependence of the pericyclic ring-opening reaction of indolylfulgides and indolylfulgimides on excess
energy is investigated by quantum efficiency measurements and by ultrafast spectroscopy. The ring-
opening reaction shows a pronounced improvement of reaction efficiency up to a factor of 6, when
excess energy is available either by increasing the temperature or by exciting the molecules above the
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0–0-transition. Ultrafast spectroscopy allows to deduce time constants for the ring-opening reaction
and leads to a theoretical model, where the redistribution of excess energy among different vibrational
modes is considered. The analysis shows that excess energy supplied by optical excitation accelerates
the ring-opening reaction less efficiently than thermal energy. Apparently vibrational relaxation from
highly excited modes to modes promoting the ring-opening reaction is not completed within the ∼10 ps

ing r
asha–Vavilov rule
rrhenius

duration of the ring-open

. Introduction

Fulgides and the associated fulgimides undergo light induced
somerisation, ring-closure and ring-opening reactions [1,2]. These
eactions are related to the photochromism of these molecules,
hich is associated with the three photoisomers C, E, and Z (see

cheme 1) featuring different optical absorption spectra. It was
hown in a number of previous investigations that physical proper-
ies, reaction quantum yields, and absorption characteristics of the
somers can be tailored by chemical substitution [3–9]. It was also
eported that indolyl substituted fulgides/fulgimides may be ther-

ally stable in the electronic ground state and that these molecules
how a high resistance against photochemical fatigue [6,10]. This
akes them interesting candidates for different applications as

ptical switches or memory elements [4–7,10–13]. The attachment

f photochromic switches on surfaces explores a new class of
aterials with photoswitchable properties [14–20]. Photoswitches
ith thermally stable ground state isomers and different fluores-

ence properties are also excellent candidates for newly emerging
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microscopy techniques summarised by the acronym reversible sat-
urable optical fluorescence transitions (RESOLFT) [21–24]. In the
context of potential applications in photoswitching microscopy
the fluorescence properties and switching capabilities (durability,
quantum efficiency) of photochromic molecules are relevant [25].
The fluorescence dynamics of indolylfulgide photoisomers was
investigated recently [26]. Indirect switching of attached molecular
probes with high fluorescence yield was demonstrated [27].

In former studies we investigated in detail the ring-opening
reaction of indolylfulgimides and -fulgides in different solvents
with various ultrafast methods in the UV, VIS, and mid-IR
[26,28–32]. A reaction scheme for the ring-opening reaction of
the indolylfulgide and the indolylfulgimide is depicted in Fig. 1
[26,28]. After excitation from the electronic ground state (S0) into
the Franck-Condon (FC) region of the first electronically excited
state (S1), the system relaxes towards the minimum of the S1 poten-
tial energy surface. From here the molecule converts back to the
ground state S0 after passing a barrier with an activation energy Ea.
This internal conversion process may proceed via a conical inter-
section (CI) between ground and excited state and may reach the
electronic ground state of either the ring-opened product E or the

reactant C. Vibrational cooling of the hot molecules in the ground
states (reactant and product) was found to occur on the 10 ps
time scale [28,29]. It was shown that the ring-opening proceeds
also directly from higher excited states with increased reaction
yield [33]. This implies a violation of Kasha’s rule [34] which was

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:markus.braun@physik.lmu.de
mailto:markus.braun@physik.uni-muenchen.de
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Scheme 1. The isomers (Z, E, and C) of the investigated indolylfulgide (R = H, X =

riginally formulated for the fluorescence properties of molecules,
ut is extended meanwhile also to photoreactions [35]. Similarly
he Kasha–Vavilov rule [36–38] states that the yield of fluores-
ence (photoreactions) is independent of the wavelength of exciting
adiation [35].

The experimental observations show that typical times for cool-
ng processes to the surrounding solvent are in the same temporal
egime or even slower than the reaction time for ring-opening.
herefore, it can be assumed that the ring-opening in the electron-

cally excited state may occur prior to thermal equilibration with
he solvent. As a consequence optical excess energy in the elec-
ronically excited S1 state, brought in by exciting the molecules far
bove the 0–0-transition, is not dumped to the surroundings before
he photoreaction occurs. The related non-equilibrium may influ-
nce the reaction yield and dynamics of the ring-opening reaction,
.e. the ring-opening reaction may depend on the excitation wave-
ength and may violate the Kasha–Vavilov rule [36–38]. Reports in
he literature on such a behaviour are rare [39–44].
In this study we present results from steady-state and femtosec-
nd time-resolved absorption spectroscopy of the ring-opening
eaction of an indolyl substituted fulgimide and fulgide in the
isible spectral range. The quantum yield � of the ring-opening

ig. 1. Scheme of the ring-opening reaction of the indolylfulgimide and the indolyl-
ulgide. After excitation from the electronic ground state S0 of the C-form the

olecule reaches the Franck-Condon (FC) region of the excited state S1, which has
ow radiative coupling to the electronic ground state. Then it relaxes towards the

inimum of the S1 potential energy surface. From here the molecule converts back to
he ground state S0 over a barrier with an activation energy Ea by internal conversion
e.g. via a conical intersection CI).
indolylfulgimide (R = Br, X = NCH3). Arrows denote the possible photoreactions.

reaction is investigated as a function of temperature and optical
excess energy in two different solvents. Time-resolved absorption
experiments provide supplementary information on the reaction
dynamics. A model is developed to account for the redistribution
of optical excess energy and to describe the dependence of the
ring-opening reaction on the excess energy.

2. Materials and methods

2.1. Sample preparation

The ring-opening reaction of two different optical switches is
investigated (molecular structures see Scheme 1): an indolylfulgide
(R = H; X = O) and the associated indolylfulgimide (R = Br; X = NCH3).
Via a substitution of the bromide at position R and the NCH3
group at position X the indolylfulgimide can be covalently incor-
porated into complex switching systems. The synthesis of these
molecular switches is published in Ref. [45]. For the experiments
in the visible spectral range the molecules were dissolved either
in toluene (Uvasol) purchased from Merck KGaA or acetonitrile
from Sigma–Aldrich Chemie GmbH used without further purifica-
tion. The solvents represent surroundings with strongly different
dielectric constants (toluene: ε = 2.379 and acetonitrile: ε = 35.94).
The C-isomers of both indolylfulgide/imide were photochemically
prepared by steady-state illumination at 365 nm (10 mW) with a
Hg(Xe) lamp (Hamamatsu, 8251) and an optical filter UG1 (Schott)
until the photostationary state (PSS-365) was reached with a con-
stant fraction of isomers in the C-, E-, and Z-form. All presented
experiments were performed on samples in PSS-365. The PSS-550,
containing a high concentration of the molecules in the E-form is
obtained by visible illumination (Schott, KLC 2500 with optical fil-
ter OG550) of a PSS-365 sample, where all C-form molecules are
converted to the E-form.

In the visible only the closed C-isomers of the indolyl substituted
fulgimide and fulgide (see Scheme 1 and Fig. 2) show characteristic
absorption bands at around 550 nm, while the E- and Z-isomers do
not absorb here. As a consequence, photoexcitation of an isomeric
mixture by light in the visible spectral range addresses the ring-
opening reaction C → E exclusively. Therefore the Z-form content
remains unchanged.

2.2. Stationary spectroscopy

Absorption spectra in the visible spectral range were measured
using a spectrophotometer (PerkinElmer, Lambda19). For the mea-
surements of the quantum efficiency of the ring-opening, the C → E

reaction was initiated by illumination either at a fixed wavelength
by a cw Nd:YAG laser at 532 nm (1 mW, LCM-T-11, Laser-compact
Plus) or spectrally tunable by a system of XBO arc lamp and
monochromator. For determination of the reaction yield � as a
function of excitation wavelength the power of the excitation light
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Fig. 2. Normalised optical absorption spectra of the E-isomer (PSS-550) in the
range between 300 nm and 500 nm and of the C-isomer (PSS-365) between
450 nm and 800 nm of the four investigated samples (indolylfulgimide in toluene,
indolylfulgimide in acetonitrile, indolylfulgide in toluene, and indolylfulgide in ace-
tonitrile). Both E- and C-isomers of the indolylfulgimide are about 35 nm blue-shifted
compared to the indolylfulgide. The absorption maxima of the E- and C-forms (see
Table 1) of indolylfulgimide and indolylfulgide are not sensitive to the polarity of the
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four investigated samples we assumed, that the same shifts occur
for the absorption peaks as for the 0–0-transitions, which leads to
the values of E0–0 given in Table 1. It should be noted that the val-
ues of E0–0 are only used for the analysis of the influence of the
optical excess energy on the reaction yield. In the fitting procedure

Table 1
Spectroscopic parameters of indolylfulgimide and indolylfulgide (C-isomer) at
300 K: maximum of the visible C-form absorption band �max, 0–0 transition E0–0,
quantum yield of the ring-opening reaction � excited at 532 nm (at 293 K), and life
olvent. From the absorption data the energy of the 0–0-transition E0–0 is estimated
see Table 1).

as measured by a calibrated Si-photodiode PD-9304-1/SN 10532
Gigahertz-Optik) with a relative uncertainty of ±2%. The temper-
ture of the sample was adjusted in the range between 255 K and
13 K with a precision of ±1 K. The reaction yield � was determined
rom the change of the optical density of the absorption band of the
-isomer in the visible spectral range after illumination [32]. The
emperature and wavelength dependent data was fitted according
o Eqs. (1) and (2) using data analysis software Origin 6.1 (OriginLab
orporation).

.3. Ultrafast spectroscopy

For the time-resolved pump-probe experiments a home-built
i:sapphire based laser spectrometer (repetition rate 1 kHz) was
sed, which is described in detail in Ref. [46]. Pump pulses centred
t 530 nm with a band width of 20 nm (FWHM) and broad-band
robe pulses in the visible spectral range (510–740 nm) were gen-
rated via two non-collinear optical parametric amplifiers (NOPA)
47,48]. These pulses were compressed in prism compressors. Probe
ulses in the UV spectral range at 395 nm were produced by fre-
uency doubling the fundamental of the laser pulses. The time delay
etween pump and probe pulse was adjusted by a delay stage. The
olarisation between pump and probe pulse was parallel for the
xperiment with broad-band probe pulses and perpendicular for
he UV probe pulse. The time-resolution of the experiment (FWHM
f the cross-correlation trace) was better than 50 fs for the broad-
and probe pulse in the visible spectral range and about 120 fs for
he UV probe pulse.

About 3 ml of the sample (kept in PSS-365 by continuous illu-
ination) was pumped in a closed circuit with a fused silica

ow-cuvette (200 �m optical path length, Hellma) at a tempera-
ure of 300 K. The sample concentration was adjusted to an optical
ransmission of about 10% at the maximum of the absorption band
f the C-form in the visible spectral range. The excited sample vol-

me was completely exchanged from shot to shot by a peristaltic
ump (Ismatec). The detection set-up (monochromator, 42-channel
hotodiode array and ADC) [49] allowed single-pulse detection
ith a repetition rate of 1 kHz. Transient absorption data was fit-

ed by a global fitting procedure including two exponentials and an
ffset.
obiology A: Chemistry 207 (2009) 209–216 211

3. Experimental results and spectroscopic analysis

The investigated ring-opening reaction C → E is initiated by visi-
ble light between 480 nm and 700 nm, i.e. in a spectral range, where
only molecules in the C-form are excited. This is evident from the
absorption spectra of the investigated molecules (see Figs. 2 and 4a),
which show that only the C-form of the investigated molecules
absorbs at � > 480 nm. Possible photoproducts reached after excita-
tion of the C-isomer at � > 480 nm are E-form molecules with a yield
of � and C-form molecules with a yield of (1 − �). Immediately after
internal conversion to the ground state the molecules are vibra-
tionally excited and these hot molecules relax and cool down on the
10 ps time scale. Two general remarks should be added: in all exper-
iments presented here only the C-form is excited and no reaction to
the Z-form occurs [8]. Therefore the Z-isomer must not be consid-
ered in the further discussion. It has been shown recently that the
investigated indolylfulgide and indolylfulgimide have a very low
fluorescence yield of <1% [29].

3.1. Stationary absorption spectroscopy

In Fig. 2 the absorption spectra of E- and C-isomers of the
investigated molecules in the two solvents toluene (ε = 2.379) and
acetonitrile (ε = 35.94) are shown. The E-isomer exhibits an absorp-
tion band in the UV spectral range, whereas a broad absorption
band related to the S0–S1 absorption of the C-isomer is seen peaking
around 550 nm (indolylfulgimide in toluene). The positions of the
absorption maxima for the four samples are given in Table 1. The
absorption band of the indolylfulgide is about 35 nm red-shifted
with respect to the indolylfulgimide. The influence of the solvent
on the absorption peak is low. In acetonitrile, the absorption band is
slightly blue-shifted for the indolylfulgimide while it is red-shifted
for the indolylfulgide. For both molecules the polar solvent ace-
tonitrile leads to weak broadening of the absorption band. These
observations indicate that the S0 and S1 potential energy surfaces
of both molecules react in a similar way to the changed polarity of
the solvent.

The determination of the energy of the 0–0-transition E0–0
between S1 and S0 state of the investigated C-form molecules
caused serious problems since no reliable fluorescence emission
spectra could be recorded for the investigated C-form samples
by standard steady-state fluorescence set-ups. However a rough
estimate was obtained by the following procedure. From litera-
ture data in Ref. [29] E0–0 was estimated as the intersection of
the normalised absorption ˛(�) and emission spectra Ifl(�)/�2 for
the indolylfulgimide in tetrachloroethylene. These emission spectra
were recorded using a highly sensitive and optimised fluorescence
spectrometer with the capability of Kerr-shutter gated experiments
[26]. Here the wavelength of the 0–0-transition was found to be at
631 nm and the peak of the absorption spectrum at 549 nm. For the
time of the electronically excited state �2.

�max (nm) E0–0 (nm) � (%) �2 (ps)

Indolylfulgimide in toluene 551 640 11.5 2
Indolylfulgimide in acetonitrile 547 640 5.5 3
Indolylfulgide in toluene 583 685 6.3 8
Indolylfulgide in acetonitrile 588 690 0.7 12
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Fig. 3. Quantum yield � of the C → E photoreaction for indolylfulgimide and indolyl-
fulgide dissolved in toluene and acetonitrile shown as a function of temperature
and photon energy. (a) The yield of the C → E photoreaction induced by illumina-
tion at 532 nm plotted on a logarithmic scale against thermal energy (temperature).
(b) Reaction yield at room temperature (300 K) displayed versus photon energy
(wavelength) of the excitation light. The lines are a guide to the eye. For all four inves-
tigated samples an increase of the yield is observed with increasing temperature
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nd with increasing photon energy. In general the indolylfulgimide shows a higher
eaction yield compared to the indolylfulgide and a polar surrounding (acetonitrile)
educes the yield. The arrows denote the estimated energies of the 0–0-transition
see Table 1).

escribed below (see Eq. (2) and Fig. 6) the slope of the data points
ssentially determines the results; the exact value of E0–0 is of minor
mportance.

.2. Quantum efficiencies of the ring-opening reaction
In Fig. 3a the quantum efficiency � of the ring-opening reac-
ion of the investigated samples is plotted versus thermal energy.
n all four samples the reaction yield rises with increasing tem-
erature. At a distinct temperature, e.g. at 293 K it is evident that
he quantum efficiency � strongly depends on the specific sample.

ig. 4. Steady-state and transient absorption spectra of the indolylfulgide dissolved in a
somer, solid line) and PSS-550 (mainly E-isomer, dotted line) of the indolylfulgide. A br
-form. The maximum of the E-form absorption is located at about 390 nm. The wavele
90 nm, and 630 nm), where the transient data is shown in b–d, are indicated with arrows.
d). Please note that the time scale is linear up to 1 ps and logarithmic at longer delay times
nd decay with a time constant of about 12 ps to offset values related to product formatio
obiology A: Chemistry 207 (2009) 209–216

Values between 11.5% for the indolylfulgimide in toluene and 0.7%
for the indolylfulgide in acetonitrile are observed (see Table 1). In
the same solvent the efficiency is higher for the indolylfulgimide
than for the indolylfulgide. For the same molecule the efficiency
is increased in toluene as compared to acetonitrile. In the inves-
tigated temperature range (256–313 K) the quantum efficiency of
the indolylfulgimide rises by a factor of about 1.6 in both solvents.
The indolylfulgide shows a stronger rise of the quantum efficiency
with temperature. In toluene the factor is about 2, while a sixfold
increase of the ring-opening efficiency is found in acetonitrile. The
strong enhancement of the quantum efficiencies with temperature
indicates that the ring-opening reaction of both species is thermally
activated.

The yield of the ring-opening reaction can also be influenced by
the wavelength of the excitation light [42]. In Fig. 3b the results
of an experiment performed at constant temperature (300 K) is
shown, where the illumination wavelength has been varied over
the long-wavelength absorption band of the C-isomers. The quan-
tum efficiency � is plotted versus the wavelength (top scale) and
the photon energy �/c of the excitation light. Here again a distinct
variation of quantum efficiency � with excitation frequency �/c is
observed. The rise of quantum efficiency with optical excitation fre-
quency or photon energy can be modelled, for the logarithmic plot
used here, by a linear function. The different samples show the same
trend as observed in Fig. 3a the indolylfulgide in acetonitrile shows
the steepest slope. In the investigated wavelength range the quan-
tum yield rises by a factor of about 1.2 for the indolylfulgimide in
both solvents, for the indolylfulgide the increase is about 1.6 for
toluene and about 2 for acetonitrile.

Both experiments show that the efficiency of the ring-opening
reaction is increased when more excess energy is available for
the molecules in the excited electronic state. This energy may be
supplied either from the thermal bath and increases with the tem-
perature of the sample or by the optical excitation, where the energy
supplied by the photons in excess to the 0–0-transition energy can
be used.
3.3. Time-resolved spectroscopy

For the determination of the rates of the ring-opening reaction,
time-resolved transient absorption experiments were performed in
the UV and visible spectral range for all four samples in PSS-365 at a

cetonitrile at 300 K. (a) Steady-state absorption spectra of the PSS-365 (mainly C-
oad absorption band in the visible (wavelength > 450 nm) is characteristic for the
ngth of the pump pulse (530 nm) and three different probe wavelength (395 nm,
(b–d) The transient absorption signal probed at 395 nm (b), 590 nm (c), and 630 nm
. All signals show at early times ground state bleaching and excited state absorption
n.
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Fig. 5. Comparison of the transient absorption signals of the four investigated sam-
ples. All traces exhibit oscillatory components due to wavepacket motion at early
times. For later times a small negative absorption offset is found due to disappear-
T. Brust et al. / Journal of Photochemistry an

emperature of 300 K. As an example we present experimental data
ecorded for the indolylfulgide dissolved in acetonitrile (see Fig. 4).
he steady-state absorption spectra of this sample in the PSS-365
solid line) and after visible illumination to the PSS-550 (dashed
ine) is shown in Fig. 4a. The open form (E-isomer) present in PSS-
50 shows the long-wavelength absorption band at 389 nm and
egligible absorption at wavelengths longer than 475 nm, where
he closed form shows its S0–S1 absorption band. The wavelength
ositions used in the time-resolved experiment are indicated by
rrows.

In Fig. 4b–d the transient absorption change of the ring-opening
eaction is plotted as a function of time delay between excitation
nd probe pulse. A linear axis is used for delay times between
1.0 ps and 1.0 ps and a logarithmic one for longer delay times.

Fig. 4b shows the transient absorption changes recorded with an
V probe pulse at 395 nm, where the open E-isomers (product of the

ing-opening reaction) show an absorption band. Around time zero
he signal displays strong modulations from the coherent artifact
50]. Subsequently weaker modulations are found which are super-
mposed to a strongly increased absorption, which is attributed to
xcited state absorption (ESA). Finally an exponential decay with
time constant of about 12 ps leads to a weak positive absorption
ffset observed at longer delay times. This offset is related to the
ewly formed E-isomer.

Fig. 4c and d shows data from the probe wavelengths 590 nm
nd 630 nm where the closed form absorbs. At both probing wave-
engths a coherent artifact around delay time zero is followed
y oscillatory features. These modulations indicate that distinct
ibrational modes are excited by the pump pulse and will not be
iscussed in this paper. At the probe wavelength of 590 nm a posi-
ive signal is observed at early delay times which can be attributed
o ESA. The negative signal observed in the same time domain at the
robe wavelength of 630 nm (Fig. 4d) may be due to ground state
leach (GSB) and stimulated emission. Further time-resolved data
ave been recorded over the whole spectral range from 575 nm to
31 nm. A global fitting procedure of the complete data set shows
hat the absorption changes can be modelled by two exponentials
ith time constants �1 = 0.7 ps and �2 = 12 ps. The weak negative off-

et at long delay times displays the decrease in C-form molecules
nd so the newly formed E-form molecules due to the ring-opening
eaction.

Time-resolved experiments have been performed for the other
amples, too. All four samples qualitatively show a very similar
ehaviour with the same spectral features and somewhat different
ime constants. An example is given in Fig. 5. Here, probing wave-
engths were used where the decay of the excited electronic state
s clearly visible and where only minor signal contributions due
o vibrational cooling are present. In all cases initial wavepacket

otion (oscillatory signal component) is observed followed by the
ecay of the ESA to the long-lived offset absorption signal due to
he C → E photoreaction. The decay of the excited state population is
aster for the indolylfulgimide samples as compared to the indolyl-
ulgide. The polar surrounding (acetonitrile) leads to a slower decay
or both compounds. The time constants observed for the different
amples are summarised in Table 1.

. Discussion

.1. Reaction model
The femtosecond time-resolved measurements on the inves-
igated indolylfulgimide and indolylfulgide (Figs. 4 and 5) are in
ull agreement with the reaction model described previously for
ndolylfulgimides [26,28–31]. The dynamics found for the four
nvestigated samples can be assigned as follows: (i) on the time
ance of the C-form (reactant) upon ring-opening. (a) Indolylfulgimide in toluene
(time constant: 2 ps). (b) Indolylfulgimide in acetonitrile (time constants: 0.6 ps,
3 ps). (c) Indolylfulgide in toluene (time constants: 1.5 ps, 8 ps). (d) Indolylfulgide in
acetonitrile (time constants: 0.7 ps, 12 ps).

scale of about 1 ps the system leaves the Franck-Condon state
prepared by the optical excitation. Fast wavepacket-like motions
in combination with a rearrangement of the surrounding solvent
molecules (solvation) lead to a relaxed state on the excited states
potential energy surface. (ii) The second relaxation time is essen-
tially connected with the decay of the excited electronic state. This
population decay time �2 is 2 ps and 3 ps for the indolylfulgimide
and 8 ps and 12 ps for the indolylfulgide in non-polar and polar
solvent, respectively. With the time constant �2 the ring-opening
reaction is finished. There are some indications for absorption
changes on the 10 ps time scale, related to cooling of hot ground
state molecules to the surrounding solvent.

For the E and C isomer only very weak fluorescence is observed,
which may be rationalised by the ultrafast reaction dynamics and
the short lifetime of the S1 state. However, a detection of this
fluorescence signals for the investigated isomers was possible by
a highly optimised fluorescence spectrometer [26]. Therefore the
radiative relaxation pathway can be neglected for the following
considerations about the photochemical reaction dynamics.

4.2. Temperature dependence
The temperature dependent steady-state measurements of the
reaction yield (illumination at 532 nm) clearly show that the ring-
opening reaction is thermally activated. The values of the activation
energy E(Arrhenius)

a are determined from the fit of the experimental
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Fig. 6. Temperature and excitation wavelength dependent quantum efficiency � of
the four investigated samples. Lines are the results of the successive fit to the data
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ata (Fig. 3a) to an Arrhenius behaviour [32]:

(T) = A exp

{
−E(Arrhenius)

a

kBT

}
(1)

Activation energies E(Arrhenius)
a are in the range of 451–1625 cm−1

see Table 2). Several arguments indicate that the observed energy
arrier is located on the excited state potential energy surface:
he ring-opening reaction occurs via the excited electronic state
29,30], no long-lived intermediate state is observed in the elec-
ronic ground state and the involved isomers in the ground state
re thermally stable [7]. In addition, it was shown for other fulgides
hat the decay of the excited electronic state is thermally acti-
ated [51,52]. At room temperature only low frequency modes have
oticeable contribution to the heat capacity. Therefore the increase

n quantum yield � for the indolylfulgimide in toluene by a factor of
.6 during a temperature change of 60 K implies that predominantly
ow frequency modes are responsible for the increased reaction
ield � of the ring-opening.

.3. Optical excess energy

In the following we discuss the question whether equilibrated
hermal population of vibrational modes originating from the tem-
erature of the molecules or excess energy supplied initially by
he excitation process to specific vibrational modes promotes the
eaction yield. This question is directly related to the energy equi-
ibration in the excited electronic state. In the experiment (Fig. 3b)
he optical excess energy was varied by tuning the wavelength of
he excitation pulse over the long-wavelength absorption band. This
uning changed the excess energy in the range from 0 to up to about
000 cm−1. The data clearly demonstrate that the quantum yield �
f the ring-opening is strongly affected by the optical excess energy,
hich implies a violation of the Kasha–Vavilov rule [36–38]. The

ncrease of the quantum yield with excess energy indicates that the
ptical excess energy leads to vibrationally excited (hot) molecules

n the excited state which facilitate to overcome the reaction bar-
ier in the excited state. Apparently the excess energy supplied by
hotoexcitation can only play a significant role in the photoreac-
ion if the modes relevant for the reaction are populated. In other
ords, intramolecular vibrational redistribution (IVR) should be

aster than the lifetime of the excited state, i.e. faster than 2–12 ps,
hile the relaxation of the vibrational energy to the solvent sur-

oundings should be slower [53–56].
Information on the energy redistribution may be obtained from

he quantitative analysis of the dependence of the reaction yield
n the optical excess energy. For this purpose we assume that a

raction D of the optical excess energy (hc/� − E0–0) is present in
he reactive modes during the course of the reaction and can pro-

ote the passage over the reaction barrier. Within this model, the
uantum yield �(T, �) as a function of temperature T and excitation

able 2
arameters from the fit of temperature and wavelength dependent quantum yield
ata. Activation energy E(Arrhenius)

a according to the Arrhenius formula (Eq. (1)), acti-
ation energy Ea and conversion parameter Dexp according to Eq. (2), upper limit
or the conversion parameter Dtheo (Eq. (5)), and conversion efficiency ˛ of optical
xcess energy (Eq. (6)).

E(Arrhenius)
a

(cm−1)
Ea (cm−1) Dexp Dtheo ˛

ndolylfulgimide in toluene 451 517 0.0044 0.022 0.20
ndolylfulgimide in acetonitrile 475 542 0.0043 0.022 0.19
ndolylfulgide in toluene 701 844 0.0046 0.025 0.18
ndolylfulgide in acetonitrile 1625 1861 0.0033 0.025 0.13
with the modified Arrhenius equation (Eq. (2)) for each sample. The energy barriers
Ea obtained by this fit are listed in Table 2.

wavelength � follows an Arrhenius-like behaviour:

�(T, �) = A exp
{ −Ea

kBT + D(hc/� − E0−0)

}
(2)

Here Ea is the activation energy, E0–0 is the energy of the 0–0-
transition for the respective molecule (estimated from absorption
data in Fig. 2, given in Table 1) and the parameter D describes the
effective conversion of optical excess energy.

Both temperature and wavelength dependent quantum effi-
ciency data were modelled in one successive fitting procedure. In
Fig. 6 the experimental data (from Fig. 3) and the resulting fits
according to Eq. (2) are shown for the investigated samples. The
experimental results for Ea and Dexp obtained by the fitting proce-
dure are summarised in Table 2. The values for the activation energy
Ea are found to be similar to the results obtained from the classi-
cal Arrhenius behaviour E(Arrhenius)

a according to Eq. (1). The values
Dexp in the range of 0.004 indicate, that only a small fraction of the
excess energy has reached the modes promoting the ring-opening
reaction.

For the hypothetical case that the optical excess energy is ther-
malised completely (temperature rise �T) between all vibrational
modes of the excited electronic state prior to the ring-opening
reaction, a value Dtheo for the parameter D in Eq. (2) may be cal-
culated. For this purpose we assume that the optical excess energy
(hc/� − E0–0) is completely converted into intramolecular vibra-
tional energy �Evib and distributed over the 3N − 6 vibrational
degrees of freedom with normal modes �i. The increase �T in
intramolecular temperature is deduced from:

�T = �Evib

cvib
v

= hc/� − E0−0

cvib
v

(3)

The vibrational heat capacity per molecule cvib
v is deduced from

the Einstein model [57]:
cvib
v (T0) = kB

3N−6∑
i=1

(
h�i

kBT0

)2 exp{h�i/kBT0}
(exp{h�i/kBT0} − 1)2

(4)
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For this situation of complete intramolecular thermalisation the
onversion parameter Dtheo is calculated:

kB(T + �T) = kBT + kB
�Evib

cvib
�

= kBT + kB(hc/� − E0−0)

cvib
�

= kBT + Dtheo(hc/� − E0−0)

Dtheo = kB

cvib
v

(5)

For the investigated indolylfulgimide 132 (indolylfulgide 120)
ibrational normal modes �i have to be considered, which are
etermined from ground state DFT calculations (with a scaling fac-
or of 0.92) [30]. This calculation leads at T0 = 300 K to values of
he conversion efficiency Dtheo = 0.022 for the indolylfulgimide and
theo = 0.025 for the indolylfulgide (see Table 2).

The experimental conversion parameters Dexp extracted from
he fit are smaller than Dtheo and thus indicate that the relevant
ibrations carry only a small excess population. To describe the
egree of energy conversion a relative efficiency ˛ may be intro-
uced according to:

= Dexp

Dtheo
(6)

For the case of the investigated indolylfulgimide (and indolyl-
ulgide, respectively) this relative conversion efficiency ˛ is in the
ange between 13% and 20% (see Table 2).

The small value of the conversion efficiency shows convincingly,
hat (i) the relevant vibrational modes are not directly populated in
he optical excitation process, (ii) intramolecular vibrational relax-
tion is not finished during the short period (few picoseconds)
f the excited state lifetime and/or (iii) intermolecular vibra-
ional energy redistribution to the solvent molecules prevents the
omplete build-up of vibrational excess population. Nevertheless,
he observed increase in reaction efficiency with optical excess
nergy demonstrates that IVR operates on the few picosecond time
cale. However IVR is not completed before internal conversion
nd intermolecular vibrational energy redistribution terminate the
ing-opening reaction.

The possibilities to tune the photoreaction yields and dynam-
cs as described in this work are relevant for several applications
RESOLFT or photoswitchable surfaces) of those molecular switches
s indicated in the introduction. The overall very low fluorescence
ield ensures that disturbing background emission from the switch-
ng units is not recorded. The excitation wavelength dependence
f the photoreaction can be used to control the efficiency of the
witching process, e.g. in non-destructive readout concepts for
olecular memory applications.

. Conclusion

In conclusion, the investigated indolylfulgimides and indolyl-
ulgides show ring-opening reactions on the few picosecond
ime scale and quantum efficiencies which strongly depend not
nly on temperature but also on optical excess energy. For the

nvestigated molecules equilibration of vibrational energy is not
ompleted before the ring-opening reaction and intermolecular
nergy redistribution occurs. The experiments demonstrate that
he optical excess energy contributes with 13–20% to the promo-
ion of the ring-opening reaction. This causes the violation of the
asha–Vavilov rule [36–38] for the investigated indolylfulgimide
nd indolylfulgide.
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