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Time-resolved fluorescence spectra of 9,9′-bianthryl (BA) were measured in methylcyclohexane (MCH) and
a Decalin-isooctane (D-ISOO) mixture at several temperatures between 127 and 200 K. A suitable choice
of the excitation wavelength makes it possible to observe a maximummanifestation of the S1 torsional dynamics.
A quantitative simulation of the time-resolved fluorescence spectra could be achieved based on the description
of the torsional relaxation by a Smoluchowski equation. Besides, the band shape analysis enabled the
determination of the effective S1 torsional potential as well as the temperature dependence of the friction
coefficient related to the internal torsional motion. The friction coefficientú shows a power law dependence
on the shear viscosityη, ú ∝ ηa, with a ) 0.62.

Introduction

Large amplitude motions (LAM), which represent a charac-
teristic feature of flexible molecules, are involved in many
photophysical processes. Examples are cis-trans-isomeriza-
tion,1,2 intramolecular electron3 and proton transfer,4 intramo-
lecular vibrational relaxation,5 and other nonradiative processes.6

In the liquid phase, the large amplitude motion reflects
sensitively the interaction between solute and solvent molecules,
providing a good measure of the solvent structure and dynamics.
Therefore, the excited-state dynamics of molecules with LAM
degrees of freedom has often been investigated to test theoretical
models of unimolecular reactions.7-12 Especially, the depen-
dence of the microscopic friction coefficient on the macroscopic
shear viscosity and the importance of non-Markovian effects13

have attracted considerable interest.
The potentials governing the large amplitude motion could

be quantitatively determined for isolated ultracold molecules
by analysis of their laser-induced fluorescence (LIF) excitation
and dispersed fluorescence spectra obtained in a molecular beam
experiment.2 In many molecular systems, strongly differing
LAM potentials were found for the S0 and the S1 states.2,14-19

However, this phenomenon often causes a strong broadening
of the optical spectra measured in solution, which renders more
difficult the extraction of quantitative information about the
vibronic structure as well as the LAM potentials in solution.
In preceding studies,20,21we have shown for molecules with

one LAM degree of freedom (e.g., torsional angle of biaryl type
molecules) that the separation of spectral structures arising from
the vibronic progression and from the LAM potentials can be
achieved by employing the high-resolution results for the
Franck-Condon (FC) active vibrations as available from the
molecular beam experiments. The distribution along the LAM
coordinate often expresses itself in characteristic features of the
band shape, which describes the broadening of the individual
vibronic transitions. By means of a simultaneous FC and band
shape analysis of the temperature dependent steady-state
fluorescence spectra, the effective S1 torsional potential (see
Figure 1) could be determined for 9,9′-bianthryl (BA)20 and
some derivatives21 in the nonpolar solvent 2-methylbutane.

The photophysical properties of BA have been frequently
studied since its dual fluorescence was discovered by Schneider
and Lippert.22 The strong red shift and broadening of the
fluorescence spectrum observed in polar solvents are believed
to be caused by the superposition of emission from a nonpolar
excitonic and a polar charge transfer (CT) state. Though BA
is a D2 symmetric molecule with a vanishing dipole in theX Abstract published inAdVance ACS Abstracts,February 15, 1997.

Figure 1. S0 and S1 torsional potentials of BA in methylcyclohexane
calculated with the potential parameters listed in Table 1. The arrow
represents transitions corresponding to excitation at the maximum of
the first vibronic band of the absorption spectrum.
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electronic ground state, it was proposed that the charge
separation occurs because of spontaneous polarization of the
solvent, which leads to a stabilization of the CT state by the
reaction field.23,24

High-resolution studies on BA in a molecular beam16-18

showed no evidence for a CT state. But they enabled a precise
characterization of the S0 and the S1 torsional potential resulting
in a double minimum potential for the nonpolar S1 state. In
molecular beam experiments on BA-solvent cluster25,26 two
different types of fluorescence were observed. The dispersed
fluorescence spectrum of clusters with nonpolar molecules
exhibits sharp bands and short fluorescence lifetimes similar to
the isolated molecule. On the other hand, clusters with polar
molecules show red-shifted, strongly broadened bands and
elongated lifetimes that were interpreted to be due to the
formation of the CT state. In the case of clusters with symmetric
ketones both types of fluorescence were found, indicating the
presence of two kinds of clusters with different arrangement of
the solvent molecule.
Several time-resolved spectroscopic experiments on BA in

different solvents have been performed to examine the effect
of the solvent on the electronic structure and the dynamics of
BA in the S1 state.27-34 The kinetics observed in polar solvents
often matched those measured in experiments on solvation
dynamics, suggesting that the formation of the CT state is
controlled by the solvent relaxation, though, in some cases, a
more complicated behavior was reported.31 Only few facts are
known on a possible interplay between the CT process and the
torsional relaxation that is suggested by theoretical consider-
ations.24 In most of the previous studies the time-resolved
fluorescence was analyzed at either a single or a few emission
wavelengths. However, to get a more in-depth insight about
the multiple processes involved in the excited state dynamics
of BA, a quantitative analysis of the entire spectrum seems to
be required that is based on an adequate model describing the
effects of solvent and torsional dynamics as well as the vibronic
progression. An approach partly accomplishing these conditions
was proposed by Kang et al.34 Though their model does not
take explicitly account of the torsional relaxation.
Recently, we presented a quantitative interpretation of the

marked excitation wavelength dependence of the steady-state
fluorescence spectra of BA in a highly viscous nonpolar
polymer.35 Irradiation at the red edge of the absorption spectra
results in a selective excitation of distinct conformers (i.e.,
subclass of molecules belonging to a narrow torsional distribu-
tion), which may be exploited to probe torsional relaxation. In
this work, we subject the time-resolved fluorescence spectra of
BA in nonpolar solvents to a band shape analysis. Since
intermolecular interactions are of minor significance in these
solvents, torsional relaxation is expected to predominantly cause
the variation of the fluorescence spectra. This analysis provides
a quantitative description of the effect of torsional relaxation
on the fluorescence dynamics, which serves as a basis for a
further-going study on the time-resolved fluorescence of BA
in n-alcohols.36

Experimental Section

The preparation of 9,9′-bianthryl (BA) has already been
described in ref 20. Spectrograde methylcyclohexane (MCH),
Decalin (cis-transmixture) (D), and isooctane (ISOO) were
used without further purification. The samples were deoxy-
genated by N2 bubbling and sealed afterward. The concentration
of BA was about 8× 10-3 mol m-3.
The time-resolved spectra were measured by using a femto-

second Ti/Al2O3 laser (Spectra Physics, pulse autocorrelation
fwhm of ∼100 fs, repetition rate of 82 MHz) that is tuneable

between 740 and 810 nm. The samples were excited by the
second harmonic generated with a BBO crystal at 388 nm
(MCH) and 389 nm (D-ISOO mixture, 1:1). The fluorescence
was detected by a two-dimensional syncroscan streak camera
(Hamamatsu, C2909) operated at 82 MHz in conjunction with
an imaging spectrograph (Chromex, 250IS). The time resolution
of the experimental setup was about 15 ps and the spectral
resolution about 1.6 nm. The fluorescence was observed under
“magic angle” conditions. To minimize distraction from
scattering light, a 390 nm cutoff filter was used.
The fluorescence spectra were corrected by calibrating the

time-resolved spectra obtained at room temperature to the
(corrected) steady-state fluorescence spectra of the same sample
recorded on a Hitachi 850E fluorescence spectrophotometer. At
room temperature no time dependent spectral change could be
observed, indicating that the fluorescence measured under these
conditions occurs from a steady state. Furthermore, the
remaining fluorescence originating from the preceding detection
cycle due to the long lifetime of BA (∼6 ns) was subtracted
from the spectra.

Theory

In a preceding article35 a semiclassical model was presented
that provides a description of the time-resolved fluorescence
of flexible molecules in liquid solution. This model applies to
cases where the time dependent spectral change prevailingly
arises from the motion along a single large amplitude motion
(LAM) coordinate. Provided that the Born-Oppenheimer and
the Condon approximation are appropriate, the time-resolved
fluorescence spectrum can be represented by20,35

Φν̃ is the emitted spectral photon current density related to the
wavenumberν̃, Cfl a constant, andNE the total number of
molecules in any excited vibronic state related to the probe
volume. µEG

0 is the electronic transition dipole at reference
configuration between the electronic ground and the lowest
excited state|G〉 and|E〉, respectively, andWEe is the Boltzmann
factor describing the population of the excited vibronic states.
(e|g) is the Franck-Condon overlap integral between the
vibrational states|g) and|e) belonging to the ground and the
excited electronic state, respectively. The semiclassical band
shapeSEG

fl describes the spectral broadening of each vibronic
transition|G〉|g) r |E〉|e) caused by intramolecular as well as
intermolecular effects and is given by20

The superscript “L” typifies quantities depending on the torsional
(LAM) degree of freedom.wE

L is the normalized probability
distribution function with respect to the torsional angleæ
(torsional distribution) in the excited electronic state.pEG

fl

summarizes spectral shift and broadening effects caused by
librations and intermolecular interaction. It may be empirically
described by a Gaussian with the widthσfl . ν̃eg

0 is the
transition frequency at reference configuration with respect to
the torsional angle (reference conformation) immediately after
excitation. ∆ν̃eg

0,fl accounts for a solvent-induced shift ofν̃eg
0 .
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L are the torsional potentials in the electronic states
|G〉 and|E〉, respectively, which may be represented by a Fourier
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series of the form21,37

whereV2nI are expansion coefficients.
On condition that the torsional motion may be treated as an

overdamped motion (high-friction regime), the time evolution
of the torsional distribution can be described by a Smoluchowski
type equation. Assuming the decay rate to be independent of
the torsional angle and by neglect of any coupling between the
torsional and the overall rotational motion, the following
equation holds for the excited-state torsional distribution of a
solute molecule consisting of two equal parts.35

ú is the friction coefficient of one anthracene moiety,kB the
Boltzmann constant, andT the temperature. The quantitykabs
is related to the time profile of the exciting laser pulse and is
given explicitly in ref 35. wE

L,FC is the Franck-Condon
excited-state torsional distribution created by the excitation
process that depends mainly on the excitation wavenumberν̃ex
and the equilibrium torsional distribution in the electronic
ground-statewG

L,eq. In the case of excitation near the 00
0

transitionwE
L,FC can be approximated by the following equation

provided that the 00
0 transition is sufficiently separated from

other vibronic transitions:35

K is a normalization constant,A is the spectral band shape of
the exciting light, andpEG

abs accounts for intermolecular broad-
ening related to the absorption process. As in the case of
emission, it may be represented by a Gaussian with the width
σabs. On condition that the duration of the exciting light pulse
is short compared with the time scale characterizing the torsional
relaxation,kabscan be approximated by the Dirac delta function.
Equation 5 reduces then to an initial value problem including
the first two terms with the initial distributionwE

L,FC.

Results and Discussion

We have studied the time-resolved fluorescence spectra of
9,9′-bianthryl (BA) in methylcyclohexane (MCH) at several
temperatures in the range 127-200 K. To increase the
accessible viscosity range, the time-resolved fluorescence was
also investigated in a Decalin-isooctane (1:1) mixture (D-
ISOO) between 150 and 170 K. Thus, the total viscosity
covered by these combinations reaches from∼6 mPa s to∼3500
mPa s.38,39 As mentioned in the Introduction, the variation of
the excitation wavenumber within the red edge of the first
vibronic band of the absorption spectra enables the selective
excitation of distinct conformers. Irradiation at the maximum
of the first vibronic band gives rise to a narrow initial torsional
distribution centered aroundæ ) 90°.35 Proceeding in this
manner, the effect of torsional relaxation should manifest itself
most distinctly in the fluorescence spectra.
The fluorescence spectra of BA in MCH at 127, 143, and

160 K are displayed in the Figures 2-4. As a common feature
of all spectra, a continuous loss of structure and a red shift of
the band centers can be observed with increasing time. The
spectral changes appear most clearly within the range of the

first vibronic band. This is due to the fact that the 00
0

transition, which contributes predominantly to this band, is well
separated from other vibronic transitions, and therefore, the
alteration of the band shape is most pronounced. As it is evident
from the pictures, an increase of the viscosity entails a slowing
down of the observed spectral changes. So, for example,
comparing the spectra of BA in MCH at 143 and 127 K shows
the similarity between the spectral features during the first 75
ps at the former temperature and those measured between 200
and 400 ps at the latter temperature. In the regime of lower
viscosity (MCH, >170 K) the temporal evolvement of the
spectra stagnates at advanced time, indicating that the solute
molecules undergoing torsional relaxation reached the thermal
equilibrium state within the period of observation.
To obtain more quantitative information on the underlying

torsional dynamics, the spectra were subjected to a band shape
analysis based on the semiclassical model presented in the
previous chapter. However, a satisfactory reproduction of the
experimental spectra could be achieved only when further
assumptions specified below were taken into consideration. So
the spectra measured at high viscosity (e.g., MCH, 127 K)
already show a rather large broadening at the earliest time (15
ps), suggesting that the torsional relaxation occurs to a consider-
able extent during the first few picoseconds. On the other hand,
the small temporal variation of the spectra during the period of
observation reveals a comparatively slow progress of the
subsequent torsional relaxation. These findings can be inter-
preted by assuming a solvent “cage” structure, which allows
for an initial almost unhindered torsional motion. In the sequel
the increasing interaction with the solvent molecules retards the
torsional relaxation until the solute molecules experience the
full hydrodynamic drag of the solvent. The time scale of the
initial inertial motion may be estimated by using the streaming
frequency40 ωs ) (kBT/Irel)1/2. Employing a value of 9× 10-45

J s2 for the reduced moment of inertia35 andT ) 150 K results
in ωs ≈ 5 × 1011 s-1.
To adapt the model to this observed behavior, it was modified

in an empirical manner by subdividing the relaxation process
into two steps. The fast initial relaxation was treated according
to eq 5 by introducing an effective friction coefficientúinitial,
which is much smaller than the friction coefficient for longer
times. The time evolution of the torsional distribution was
calculated for a (reduced) time periodδ ) t/úinitial. From the
time resolution of the experiment (t ≈ 20 ps) one can estimate
the upper limitúinitial < 100 cm-1 ns. The torsional motion
during the observation period at timest > 20 ps was assumed
to experience the full hydrodynamic drag. The friction coef-
ficient governing this second part of the torsional relaxation
should therefore depend strongly on the viscosity.
The results of the band shape analysis are shown in the

Figures 2-4. Deviating from the practice in previous stud-
ies,20,21we chose a representation of the spectra employingΦλ
(emitted spectral photon current density related to the wave-
length), which is linked toΦν̃ by Φλ ) Φν̃ν̃2. A good
correspondence of the experimental and the simulated fluores-
cence spectra could be achieved for all temperatures in both
solvents. Especially, the features of the first vibronic band are
well reproduced by the simulated spectra. So, for example, all
spectra exhibit a shoulder at the blue edge, which arises from
transitions of solute molecules with perpendicular conformation.
The decrease of this shoulder, which represents a characteristic
attribute of the time dependent band shape (see Figure 5),
reflects the diminution of the S1 torsional distribution within
the range of the potential barrier atæ ) 90°.
The simulation of the spectra were performed according to

eqs 1 and 2 (for details see ref 20). The initial torsional

VI
L(æ) ) ∑

n

V2nI((-1)
n - cos 2næ) I ) G, E (4)

∂wE
L(æ, t)
∂t

)
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∂
2wE
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ú
∂

∂æ(∂VEL(æ)
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wE
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distribution was calculated according to eq 6 assuming a
Gaussian profile for the exciting light pulse with a widthσex )
50 cm-1. The whole procedure requires the specification of

several model parameters listed in the following. The param-
eters determining the Franck-Condon (FC) progression (cf. line
spectra in Figures 2-4), i.e., the vibrational frequencies and
the displacement parameters of five degenerate normal modes,
were taken unaltered from ref 20. The time dependent band
shape itself is characterized by the parameters specifying the
S0 and the S1 torsional potentialV2nG and V2nE (cf. eq 4),
respectively, the friction coefficientú, and the parameterδ
specifying the extent of the initial fast torsional relaxation. In
accordance with previous studies the potential parametersV2G
andV4G, as obtained from the analysis of the free jet spectra
(cf. refs 18 and 20), were used assuming the S0 potential to be
unaffected by solvent interaction. Apart from the temporal
spectral change due to the torsional relaxation a small solvent-
induced shift (Stokes shift)∆ν̃00

0,fl (cf. eq 3) has to be taken into
account whose time dependence was approximated by a single
exponential with time constantτs and amplitude∆s (see legend
of Table 1). The 00

0 transition wavenumbersν̃00
0 were esti-

mated from the absorption spectra.
The S1 potential parametersV2nE and the parameterú andδ

were optimized by using the Levenberg-Marquardt algorithm41
and are listed in Table 1. Separate optimization of the potential
parameter for each temperature did not show any significant
dependence of the S1 torsional potential on the temperature.
Therefore, the band shape analysis was done with a common
set of S1 potential parameters for each solvent. As a result,
almost identical S1 torsional potentials were determined for BA
in MCH and in D-ISOO. In both cases, the height of the local
barrier at perpendicular conformation and the minimum angle
were found to be∆V≈ 300 cm-1 andæmin≈ 62°, respectively.
These values are in good accordance with previous results for
2-methylbutane42 (∆V ≈ 280 cm-1, φmin ≈ 62°) and for
polyisobutene35 (∆V ≈ 325 cm-1, φmin ≈ 61°). However, the
shape of the potential barrier was found to be more narrow and
peaked compared with previous results. This indicates the
enhanced sensitivity of the analysis of time-resolved spectra with

Figure 2. Experimental (-) and simulated (- - -) fluorescence spectra
of BA in methylcyclohexane atT ) 127 K. The vibronic structure is
indicated by a line spectrum. Spectra at consecutive times are displayed
with an ordinate shift of 0.4.

Figure 3. Experimental (-) and simulated (- - -) fluorescence spectra
of BA in methylcyclohexane atT ) 143 K. Legend is as in Figure 2.

Figure 4. Experimental (-) and simulated (- - -) fluorescence spectra
of BA in methylcyclohexane atT ) 160 K. Legend is as in Figure 2.
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respect to details of the S1 torsional potential. Consequently, a
minimum of six parameters is required for a sufficient charac-
terization of the S1 torsional potential. The parameterδ was
found to increase with the temperature, which seems to be
reasonable. Thoughδ has no well-defined physical meaning,
it may be related to the free volume attached to each solute
molecule. The resulting values for the friction coefficientú
are represented in Figure 6 as a function of the viscosityη. A
good fit of the data could be achieved by the phenomenological
power law of the formú ) Bηa. The fit yields an exponenta
) 0.62 ( 0.05 (0.70( 0.12) for BA in MCH (D-ISOO).
Considering the large uncertainty in the latter case, there seems
to be no significant dependence ofa on the solvent. The joint
fit of the data of both solvents gives a valuea ) 0.67( 0.04,
though the data suggest slightly higherú values for D-ISOO
at equal viscosity. As mentioned above, a small spectral shift
∆s due to interaction with the surrounding solvent molecules
had to be taken into account. The time constantτs for this
process is fast compared with the torsional relaxation time and
could be identified in all spectra. A slight increase ofτs with
increasing viscosity was observed (cf. Table 1).
The analysis shows that the dynamics disclosed by the

fluorescence spectra can be predominately ascribed to the
torsional relaxation. In particular, the characteristic variation
of the first vibronic band directly points out the temporal change

of the band shape, which reflects the motion of the S1 torsional
distribution toward the potential minimum. The band shape
itself shows a red shift and a broadening with increasing time
because of the smaller transition wavenumber and the larger

Figure 5. Calculated S1 torsional distributions and fluorescence band shapes as a function of time for BA in methylcyclohexane atT ) 143 K.
With increasing time the torsional distributions evolves towardφmin ) 62° (118°).

TABLE 1: Model Parametersa Used in the Simulation of the Time-Resolved Fluorescence Spectra of 9,9′-Bianthryl (BA) in
Methylcyclohexane (MCH) and in a Decalin-Isooctane (D-ISOO) Mixture e

V2 (cm-1) V4 (cm-1) V6 (cm-1) V8 (cm-1) V10(cm-1) V12(cm-1) ∆V (cm-1) φmin

S0
b -5160 -1100 0 0 0 0 90°

S1 MCH -6075 -1517 1553 1599 700 108 299 62, 118°
S1 D-ISOO -5944 -1366 1608 1536 612 76 297 62, 118°

T (K) ηc (mPa s) ú (cm-1 ns) δ (10-3 cm-1) ν̃00
0 (cm-1) σfl (cm-1) τsd (ps) ∆s

d (cm-1)

MCH
200 6.22 200 0.198 25 715 130 <15 80
190 9.43 310 0.194 25 708 130 <15 80
180 15.5 425 0.187 25 700 130 <15 100
170 28.7 580 0.185 25 692 125 16 100
160 61.3 785 0.167 25 684 125 22 100
150 158 1500 0.158 25 676 120 26 100
143 351 2900 0.154 25 670 120 27 80
132 - 6000 0.136 25 661 115 42 70
127 - 7250 0.116 25 655 115 37 50

D-ISOO
170 254 2300 0.152 25 656 125 23 100
160 750 6300 0.127 25 648 120 40 100
150 3500 15000 0.128 25 640 120 40 100

a FC parameters are the same as for BA in Table 1 of ref 20.b Taken from refs 18 and 20.c Taken from refs 38 and 39.d The parameters∆s and
τs describe the solvent-induced shift by∆ν̃eg

0,fl(t) ) ∆s(1 - exp(-t/τs)). eExperimental errors of the model parameters were estimated to be about
5%.

Figure 6. Representation of the friction coefficientú related to the
torsional motion as obtained from the band shape analysis vs the solvent
viscosityη for BA in MCH (4) and in D-ISOO (0).
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slope of the S0 torsional potential with increasing deviation from
φ ) 90°. On the other hand, solvent relaxation, which
contributes only to a minor extent, causes a shift of the whole
spectrum without affecting its shape. The magnitude of the shift
(∼100 cm-1) suggests that mainly dispersion interaction gives
rise to the solvent dynamics, as expected for nonpolar solvents.
Furthermore, the experimental results confirmed that the specific
choice of the excitation wavenumber is of crucial importance
in order to obtain maximum information about the underlying
relaxation processes. So, for example, irradiation at the second
vibronic band of the absorption spectrum results in much less
pronounced spectral changes.
Another worth mentioning outcome of this study refers to

the relation between the friction coefficient and the viscosity.
In a wide range of isomerization studies1 a weak dependence
of the barrier-crossing rate coefficientkiso on the viscosity
according to the relationkiso ≈ η-a with a < 1 was observed.
Three alternative approaches were frequently discussed in the
literature to account for the deviation from linear dependency
predicted by Kramers’ model43 in conjunction with the hydro-
dynamic approximation: (1) coupling between the reactive mode
and other modes, which requires a multidimensional treatment,44

(2) the presence of a frequency dependent friction,13,45and (3)
the divergence between the microviscosity effecting the isomer-
ization reaction and the medium viscosity (breakdown of the
Stokes-Einstein hydrodynamic approximation). For BA, the
one-dimensional treatment of the torsional motion seems to be
appropriate. There is no indication for a coupling with other
large amplitude motion (LAM) modes from the high-resolution
spectra.18 Frequency dependent friction has been suggested to
be relevant to reactions distinguished by a high barrier with a
strong curvature. Such effects should be of minor importance
for BA, which shows a comparatively shallow potential barrier.
On the other hand, the presence of an initial fast component
points out that the hydrodynamic approximation provides an
inadequate description for the torsional relaxation of BA. So
small systematic deviations of the simulated spectra from the
experimental ones could be due to a more continuous increase
of the friction coefficient instead of the simple two-step behavior
assumed in this simulation. The insufficiency of the hydrody-
namic approximation was also suggested by studies on the
isomerization of 1,1′-binaphthyl in alkanes.7,46

The results presented in this study may serve as a basis for
the analysis of the time-resolved fluorescence of BA in
n-alcohols, which was suggested to be predominantly determined
by the formation of a charge transfer (CT) state.29,31 Since the
time scale of torsional relaxation is much smaller than those of
solvent relaxation for these solvents, the effect of the torsional
distribution on the CT state formation may be examined. The
complicated relaxation behavior of these systems observed by
Anthon and Clark31might be partly attributed to the involvement
of torsional relaxation. The time-resolved fluorescence spectra
of BA in n-hexanol at 273 K published by these authors suggest
that the relaxation process takes place in two steps. On a time
scale of about 10-100 ps the spectral change occurs almost
without any decrease of the integral emission intensity, while
at longer times a strong decrease can be observed. The time
constant of the fast process (τ3 ) 62 ps) corresponds roughly
to the time scale of the torsional relaxation obtained for BA in
MCH at 200 K (∼50 ps), whereas the viscosity is almost equal
for both systems. The strong decrease of the integral emission
intensity (τ2 ) 519 ps) may be attributed to the supposed
formation of the CT state, though the reported spectra are too
coarse-grained for additional conclusions. An in-depth inves-
tigation of this topic is in progress.36
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