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The intramolecular electron-transfer reaction in crystal violet lactone in polar aprotic solvents is studied with
femtosecond transient absorption spectroscopy. The initially excited charge transfer state 1CTA is rapidly
converted into a highly polar charge transfer state 1CTB. This ultrafast electron transfer is seen as a solvent-
dependent dual fluorescence in steady-state spectra. We find that the electron-transfer process can be followed
by a change from a double-peaked transient absorption spectrum to a single-peak one in the low picosecond
range. The transient absorption kinetic curves are multiexponential, and the fitted time constants are solvent
dependent but do not reproduce the known solvation times. For 6-dimethylaminophthalide, the optically active
constituent of crystal violet lactone, only a small temporal evolution of the spectra is found. To explain these
findings, we present a model that invokes a time-dependent electron-transfer rate. The rate is determined by
the instantaneous separation of the two charge-transfer states. Because of their differing dipole moments,
they are dynamically lowered to a different extent by the solvation. When they temporarily become isoenergetic,
equal forward and backward transfer rates are reached. The intrinsic electron-transfer (1CTAf 1CTB) reaction
is probably as fast as that in the structurally analogous malachite green lactone (on the 100 fs time scale).
The key element for the dynamics is therefore its control by the solvent, which changes the relative energetics
of the two states during the solvation process. With further stabilization of the more polar state, the final
equilibrium in state population is reached.

I. Introduction

Excited molecules in solution and their chemical reactions
are often considerably affected by the interaction with the
environment. The dynamical behavior of the solvent molecules
can lead to significant charge redistribution and the population
of charge-transfer (CT) states that are inaccessible in the absence
of solute-solvent interactions. The dynamics of such solvent-
controlled electron-transfer (ET) processes reflects the interplay
between intramolecular and solvation dynamics. Generally, a
two-dimensional reaction coordinate is used in the description
to include both the vibronic couplings and the solvent degrees
of freedom.1 The kinetics of solvent-controlled ET processes
has been extensively studied theoretically,2,3 but the existing
body of time-dependent studies demonstrating the dynamic
solvent control of ET3-11 still leaves important fundamental
questions open. In this paper, we want to experimentally clarify
the impact of solvation on the ET dynamics and how the
progress of the solvation influences the ET.

So far, little experimental effort has been made on separating
the two components of the reaction coordinate and exploring
the mechanism of solvent control. This is a consequence of
focusing on a limited number of molecular systems and of

inherent characteristics of the ET processes in these systems.
A specific ET process to be used to visualize the solvent control
should be driven by a strong enough electronic coupling such
that for suitable energetics of the donor and acceptor levels,
the ET process will be much faster than the response of the
solvent. To the best of our knowledge, molecular systems with
documented strong coupling and suitable influence of the solvent
on the energetics have not yet been described in the literature.

Early investigations linked the ET processes to the longitu-
dinal dielectric relaxation time (τL) of the solvent.2,12 When ET
reactions faster than τL were reported,13,14 it became clear that
the rate of both intramolecular15-20 and intermolecular21,22 ET
processes can by far exceed τL. Extremely rapid ET processes
with predicted rates up to 1014 s-1 have been proposed,23,24 but
until now experimental reports on intramolecular ET on this
time scale are still very scarce.17-20 Recently, we approached
this limit by showing that intramolecular ET in phenolphthalein
is accomplished within 50 fs,25 in accord with a few other reports
presenting sub-100 fs ET processes.26,27

The understanding of solvation dynamics28-33 and the effects
it may exert on the CT processes relies heavily on time-resolved
solvation data.34 The solvation occurs on multiple time scales
ranging from less than 100 fs to several picoseconds.29,30,34 The
studies of the solvent response and of the mechanism of
solvation used a variety of simple dyes and experiments based
on time-dependent Stokes-shift measurements.34 This method
is believed to provide a linear image of the solvation process;
the application is, however, limited to highly fluorescing probe
molecules, and it is based on a number of assumptions34 such
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CNRS, Université Paris-Sud, bâtiment 349, 91405 Orsay cedex, France.
| Present address: Institut für Physik, Universität Rostock, Universitäts-
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as the absence of electronic relaxation in the probe molecule
and vibrational relaxation being much faster than solvation.

Up to now, experimental investigations of the dynamical
solvent effect on the reaction dynamics have focused on small
organic molecules,4,6,7,9,26,35 metal complexes,18,36,37 and CT to
solvent states.38 To clearly separate the influence of the solvation
from the intramolecular properties that determine the speed of
ET, molecules are needed which allow ET under favorable
conditions faster than the solvation time scale. A very promising
class of molecules in this context are lactone forms of triaryl-
methane dyes (LTAM), well-defined molecular systems with
donor and acceptor units built around a tetrahedral carbon atom.
Such an arrangement of donor and acceptor results in a weak
donor-acceptor electronic coupling in the ground state so that
the absorption transitions in LTAMs in the lower energy region
are localized on their structural subunits. Moreover, an ap-
propriate substitution of the donor or acceptor subunits allows
for tuning of the ET process and even for observation of
qualitatively new phenomena such as, for instance, the newly
discovered population of two polar excited states displaying dual
fluorescence in crystal violet lactone (CVL).39

CVL is a colorless lactone derivative of the triarylmethane
dye crystal violet. The CVL molecule is composed of two
dimethylaniline (DMA) groups attached via a tetrahedral carbon
atom to 6-dimethylaminophthalide (6-DMAPd) at position 3 (see
Figure 1). The lowest state populated in absorption is localized
on the 6-DMAPd moiety. In moderately and highly polar aprotic

solvents, CVL emits fluorescence from two different polar
excited states: (i) the optically populated, moderately polar state
localized on 6-DMAPd and (ii) a highly polar CT state populated
upon ET from one of the DMA groups to the lactone ring of
the 6-DMAPd subunit.39

For LTAMs with a CT state approximately degenerate to or
below any locally excited state,40 we have found that the ET
proceeds faster than the ultrafast solvation. In malachite green
lactone (MGL), it takes 150 fs upon excitation to the S2 state,
and in phenolphthalein, it takes 50 fs upon excitation to the S1

state.25 Here, we study the dynamics of CVL, which is the
dimethylamino derivative of MGL (see Figure 1). Contrary to
MGL, the optically excited state of CVL lies below the highly
polar CT state, and the latter becomes accessible only after
sufficient solvation. From steady-state spectroscopy, we have
argued that the kinetics in CVL involves two processes: lowering
the energy of the CT state by solvation and the actual
intramolecular ET. Based on the analogy with MGL, one expects
that the latter occurs on the time scale of 100 fs once the CT
state becomes energetically accessible. Observation of an ET
product on the ultrafast time scale will give a direct proof of
the suggested model and determine the actual speed of the
process.

It has been shown by low-temperature studies in MGL that
possible large-amplitude motions of the DMA groups do not
have any significant effect on the charge separation.41 This
conclusion is also supported by investigations on the structurally
related but rigid lactone form of rhodamine 101.42 Here, twisting
motions are even impossible for promoting the highly efficient
ET. Because of the very similar nature of the CTB state in CVL
and the CT state in MGL, we extend this conclusion to CVL.
As a consequence, a possible motion of the DMA groups should
also not be relevant for the ET dynamics in CVL.

The present paper reports a femtosecond pump-probe study
of the photoinduced ET in CVL and in 6-DMAPd in polar
aprotic solvents with differing dielectric response. The time
evolution of the transient absorption (TA) allows us to identify
the emerging electronic structure and to follow the kinetics of
the transformation. The excited-state dynamics of CVL are
compared with those of the substructures of CVL (6-DMAPd
and MGL), and the results lead to a detailed picture of the CT
process in CVL and its dependence on the stage of solvation.

II. Experimental Section

CVL (Aldrich) was crystallized twice from acetone. MGL
was synthesized as described by Fischer43 and subsequently
repeatedly recrystallized from 1-propanol. 6-DMAPd was
synthesized as described by Stanetty et al.44 and purified by
repeated crystallization from methanol. The solvents n-hexane,
butyl ether, ethyl acetate, acetonitrile (ACN), and dimethylsul-
foxide (DMSO) were of spectroscopic quality. Propylene
carbonate (PC) was of analytical purity grade. All measurements
were performed at room temperature.

For fluorescence measurements, the optical densities of the
samples were 0.1-0.15 at the excitation wavelengths (1 cm
layer). For the femtosecond experiments, the concentrations of
CVL and 6-DMAPd were chosen such that the optical density
of a 1 mm layer was 0.3-0.5. Absorption spectra were recorded
with Shimadzu UV 3100 and Perkin-Elmer Lambda 19 spec-
trophotometers, and the fluorescence spectra were measured with
an Edinburgh Analytical Instruments FS900 spectrofluorimeter.
The raw fluorescence spectra were corrected by subtraction of
the background due to the solvent and for the instrumental
response. The fluorescence spectra were recorded as a function

Figure 1. Steady-state absorption and emission spectra of (a) CVL,
(b) 6-DMAPd, and (c) MGL in ACN (solid lines) and n-hexane (dotted
lines). All solutions were excited in the first absorption band (λexc )
353 nm for CVL and 6-DMAPd, λexc ) 310 nm for MGL). Note that
the dual fluorescence spectrum (bands A and B) of CVL in ACN is
approximately the sum of the spectra of 6-DMAPd and MGL.
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of wavelength and subsequently multiplied by a factor λ2 to
convert counts per wavelength interval into counts per wave-
number interval. The absorption spectra of CVL and 6-DMAPd
did not change during the laser measurements, which proves
the photostability of both compounds under the experimental
conditions of this work.

The femtosecond TA measurements were performed with a
broadband pump-probe setup. A Ti:sapphire amplifier system
(CPA 2001; Clark-MXR) was used to pump a two-stage
noncollinear optical parametric amplifier (NOPA) delivering
∼7 µJ pulses at 740 nm. Frequency doubling in a 140 µm BBO
crystal yielded 370 nm pump pulses that were compressed to
∼ 80 fs. By focusing another part of the Ti:sapphire laser
(typically 1 µJ) into a rotating CaF2 disk (4 mm thickness), a
supercontinuum was generated and used as probe. The funda-
mental wavelength (775 nm) was blocked by a dielectric mirror
with high transmittance (>80%) between 300 and 700 nm and
high reflectance around 800 nm. The pump and the probe pulses
were focused into the sample with spherical mirrors. After the
interaction in the sample, the probe beam was dispersed with a
motorized monochromator with a spectral resolution of 6 nm
and detected with a photodiode module (PDI-400-1-P-UV;
Becker&Hickl GmbH). The temporal dispersion of the con-
tinuum due to the filter, the entrance window of the fused silica
cell, and the sample amounted to about 800 fs between 350
and 700 nm. It was corrected while measuring the transient
spectra. The temporal resolution was determined to be better
than 300 fs. The pump energy was limited to about 270 nJ per
pulse to avoid nonlinear effects such as multiphoton ionization
of the solvent. The polarizations of the pump and probe pulses
were set to the magic angle.

III. Results

III.1. Ground-State Absorption and Solvent-Dependent
Emission of CVL. Steady-state absorption and fluorescence
spectra of CVL, MGL, and 6-DMAPd in n-hexane and in ACN
are shown in Figure 1. The absorption spectra did not show
any absorption in the visible, both before and after the
fluorescence and TA measurements, indicating that only the
colorless lactone forms and no colored ionic forms (e.g., crystal
violet cation, CV+,45 or malachite green cation, MG+ 46) were
present. The spectrum of CVL at wavelengths above 250 nm is
a superposition of the contributions from the N,N′-dimethyla-
niline and 6-DMAPd moieties in both solvents. Such additivity
of absorption transitions localized on structural parts of the
molecule was earlier reported for MGL47 and for other leuco
forms of triarylmethanes48 and was explained by weak ground-
state conjugation of the chromophores forming the molecule.
The lowest-energy, low-intensity absorption band shows (both
in CVL and in 6-DMAPd) a red shift with increasing solvent
polarity (for CVL, 1600 cm-1 from hexane to DMSO) and has
been ascribed to a CT transition localized on 6-DMAPd.39,49

This means that only the 6-DMAPd subunit of CVL is excited
in the pump-probe experiments with 370 nm excitation.

Depending on the solvent polarity, CVL emits in aprotic
solvents at room temperature single (A band, low polar solvents)
or dual (A and B bands, medium and highly polar solvents)
fluorescence (see Figure 1a). Strong solvatochromic shifts of
both fluorescence bands prove a significant charge redistribution
in both emitting states, hereinafter referred to as 1CTA and 1CTB.
A comparison with 6-DMAPd and MGL shows that the A band
emanates from a polar excited state localized within the
6-DMAPd subunit (1CTA, µe ) 10.7 D), and the B band
emanates from a highly polar state (1CTB, µe ) 25.2 D) formed

after full ET from one of the dimethylaniline groups to the
6-DMAPd moiety.39 Because of the symmetry and spiro-like
architecture of CVL, the two dimethylaniline groups are
equivalent.

The fluorescence spectra of 6-DMAPd and MGL consist of
a single band each (Figure 1b,c) that shows pronounced red
shifts with increasing solvent polarity. A comparison of the
spectral position and width of the fluorescence band of
6-DMAPd with the short wavelength A band of CVL strongly
suggests that in both molecules, the emission comes from the
same chromophore. The approximate mirror symmetry of the
absorption and emission spectra50 of CVL in low polar solvents
proves that both the first absorption band and the fluorescence
band belong to the same electronic transition. The excited-state
dipole moment of 6-DMAPd is significantly larger (µe ) 11.2
D)51 than that in the S0 state (µg ) 6.55 D) and indicates sizable
charge redistribution upon excitation. The angular displacement
of the µbe vector against µbg (34.8°) indicates CT from the
dimethylamino group toward the meta position of the benzene
ring in 6-DMAPd.49

The B band in CVL is very similar to the fluorescence band
of MGL in terms of half-width, spectral position, and solvato-
chromic shift of the fluorescence maximum (see Figure 1). The
spectral similarity implies that these two bands come from
excited states with very similar electronic structures. The
fluorescence of MGL shows a very large Stokes shift (exceeding
16 000 cm-1 in DMSO) and a strong solvatochromic effect and
has been assigned to emanate from a highly polar CT state (µe

) 25.0 D) with an electron transferred from the dimethylami-
nophenyl ring to the phthalide moiety.41 In light of the analogies
between CVL and MGL and equal dipole moments in the CT
state of MGL and the 1CTB state of CVL, the same conclusion
holds for CVL, and the long-wavelength fluorescence is assigned
to a radiative back ET from the 1CTB state to the ground state.39

III.2. Solvation Equilibrated TA of CVL and 6-DMAPd.
Time-resolved absorption spectra of CVL and 6-DMAPd after
excitation with 370 nm pulses were measured between 380 and
700 nm. Even at the short wavelength edge of this range and
for the most polar solvents, the ground-state absorption of all
investigated molecules is negligible compared to the excited-
state absorption. For delay times larger than 100 ps, no changes
of the spectral shape and positions were found. The eventual
decrease of the TA signal in the nanosecond range is due to the
electronic relaxation back to the ground state. The TA spectra
of CVL in ACN and in butyl ether at a delay time of 100 ps
(Figure 2a) agree well with those reported for a nanosecond
TA study39 and prove that the absorbing species are already
the products of a solvent-dependent excited-state process
occurring on a time scale shorter than 100 ps. The spectra show
only TA throughout the visible and no indication of stimulated
emission. This is also true for all other transient spectra reported
below. At first sight, this is surprising because the fluorescence
of the molecules is also observed in the visible (see Figure 1).
The first absorption band of CVL (and also 6-DMAPd) is quite
weak (ε ≈ 2500 cm-1 M-1) because of its CT character. The
electronic transition corresponding to the A band of the
fluorescence can be expected to be equally weak, and by
comparison, we find the same to be true for the B band. This
means that the stimulated emission signal will also be weak. In
contrast, any transition from the excited state to higher electronic
states is most likely much stronger, and the resulting excited-
state absorption will totally mask the weak stimulated emission
signal.

Time-Resolved Photophysics of CVL J. Phys. Chem. A, Vol. 112, No. 37, 2008 8489



The TA spectrum of CVL in the low polarity butyl ether
consists of two absorption bands with maxima at 460 and 540
nm. Because the steady-state emission spectrum of CVL in butyl
ether (spectrum not shown) does not show dual-band character
or a significant Stokes shift,39 it can be concluded that after
100 ps, the system is still in the optically excited state (1CTA).
The observation of the double-peak TA spectrum can therefore
serve as indication that CVL is in the 1CTA state. Additional
strong support for this proposition comes from the close
similarity of the CVL spectrum with the TA spectrum of
6-DMAPd (see Figure 2b). In 6-DMAPd, no additional CT
process can occur after the optical excitation, and the same holds
for CVL in low polarity solvents. Only a weak shift of the
double peaked TA spectrum with the solvent polarity is observed
for 6-DMAPd. This shows that the influence of solvation on
the TA spectrum is weak for a given electronic state.

The TA spectrum recorded for CVL in the highly polar ACN
differs strongly and consists of a single large band with a
maximum at 470 nm. We suggest to take this spectral signature
as indication that ET has occurred and the 1CTB state is
populated. The TA band of CVL in ACN at 100 ps agrees very
well with the absorption band of the radical cation of DMA,52

which proves the radical ion pair nature of the 1CTB state39

responsible for the single-peak TA spectrum.
The strong dependence of the TA spectra on solvent polarity

indicates that in low polarity solvents, the photophysics of CVL
is confined to the 6-DMAPd subunit, whereas in moderately
and highly polar ones, the product of a fast excited-state ET
process is observed on the 100 ps time scale.

III.3. Femtosecond Transient Spectra and Kinetics in
Polar Solvents. In the preceding sections, we identified
signatures of the TA spectra that can serve as indications for
the electronic state that CVL and 6-DMAPd occupy. We now

turn to the temporal evolution of the systems between the optical
excitation and the quasi-equilibrium achieved after 100 ps.

TA spectra of CVL and 6-DMAPd in the highly polar PC
are shown in Figure 3. For 6-DMAPd, only extremely small
shifts are found (Figure 3b) that can be assigned to solvation
of the only accessible CT state and possibly some intramolecular
vibrational relaxation (IVR). In contrast, the spectra for CVL
change from the double-peaked initial form to the single-peaked
form typical for the 1CTB state. The change reflects the direct
observation of the ultrafast transition from the optically excited
1CTA state to the 1CTB state. The very pronounced isosbestic
point signals the direct interconversion of only two participating
states.

The temporal evolution can best be investigated at the
maximum of the 1CTB peak and in the red slope of the 1CTA

spectrum. The TA kinetic traces shown in Figure 4a demonstrate
this point. At 470 nm, the optical density increases and signals
the developing population of the 1CTB state, whereas the optical
density decreases at 580 nm and signals the decay of the 1CTA

population.
To quantify the temporal evolution, we have fitted the

experimental curves with biexponential functions and a constant
signal to account for the long time quasi-equilibrium. The time
constants represent a parametrization of the observed kinetic
traces and cannot be directly identified with solvation times (see
discussion below).

For 6-DMAPd also, a slight rise of the TA signal at short
wavelengths and a slight decrease at long wavelengths is found
(Figure 4b). These curves can be fitted with single-exponential
functions. The time constants give an indication for the solvation
of the only accessible CT state and possibly IVR.

In ACN, each compound displays a behavior of the TA very
similar to that found for PC (see Figure 5). Again, an isosbestic

Figure 2. TA spectra of (a) CVL and (b) 6-DMAPd in low (butyl
ether), intermediate (ethyl acetate), and high polarity (ACN) solvents.
The spectra were recorded for λexc)370 nm and at a 100 ps delay. At
this time, all solvation and ET processes are completed, and no further
change of the spectral shape and positions can be found.

Figure 3. TA spectra recorded at various delay times after 370 nm
excitation of (a) CVL and (b) 6-DMAPd in PC. Note the isosbestic
point found for the CVL spectra.
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point is observed for the CVL spectra and indicates the straight
population transfer between only two states. A closer look shows
that the temporal evolution in ACN is faster than that in PC.
This tendency matches the well-documented faster solvation of
ACN.34

The temporal evolution of the TA signals of CVL in ACN
was monitored at 470 and 550 nm (see Figure 6). Again, at the
blue maximum of the single-peaked TA spectrum, a strong rise
is found, and in the red slope, a corresponding decrease is found.
The fits render a nearly single-exponential behavior, but a close
inspection also reveals a weak contribution in the range of
hundreds of femtoseconds. The slow component is about three
times faster than that in PC.

All fitted parameters are collected in Table 1. For each time
constant, the associated preexponential factor ai is given in
addition. The latter values are normalized to the initial amplitude
a0 of the signal after the optical excitation.53 In addition to the
solvents ACN and PC explicitly shown in this work, we also
measured the ET dynamics in DMSO and include the obtained
exponential constants in Table 1.

IV. Discussion and Modeling

IV.1. Observation of the ET by TA. The established
method for the characterization of ET processes is the analysis
of the changes in the emission spectrum with solvent polarity
and time. From a large Stokes shift, a strong change of the dipole
moment in the electronically excited state is typically deduced.
To obtain a quantitative understanding of the excited-state
dynamics, however, the solvation-dependent rise of the ground-
state energy has to be considered, and the observed spectral
shift cannot be simply ascribed to a lowering of the excited
state. Moreover, the concurrence of solvation and ET processes
cause a high degree of complexity.

In this work, we use the TA spectrum to analyze the ultrafast
ET process. The recording of the time-resolved emission is quite
difficult or even impossible for molecules with a weak electronic
transition from the considered excited state to the ground state.
Such a weak transition is quite common for a CT state with its
largely changed electronic wave function. On the contrary, there
is most likely some higher electronic state with a good transition
strength, and in the investigated CVL molecule, such a transition
is actually found in the experimentally accessible spectral range.
The fact that neither the polarity of the solvent nor the solvation
changes the TA bands significantly allows for the straightfor-
ward interpretation of the observed changes as ET dynamics.
The TA measurement also does not suffer from the decrease of
emission yield with the decreasing energy gap between the
solvated CT state and the ground state for strongly polar
solvents.39

Figure 4. TA kinetic curves for (a) CVL and (b) 6-DMAPd in PC
after excitation at 370 nm. For better visibility, one curve in each panel
is slightly shifted. The solid lines are double-exponential functions (for
CVL) and single-exponential functions (for 6-DMAPd) fitted to the
data. The sharp peak observed at t ) 0 is due to a coherent artifact.

Figure 5. TA spectra recorded at various delay times after 370 nm
excitation of (a) CVL and (b) 6-DMAPd in ACN. Note the isosbestic
point found for the CVL spectra. Compared to Figure 3, shorter times
are shown, reflecting the faster dynamics in ACN.

Figure 6. TA kinetic curves of CVL in ACN after excitation at 370
nm. For better visibility, the curve at 550 nm is slightly shifted.
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IV.2. Solvent-Dependent Temporal Evolution of the ET.
From the time-dependent TA spectra of CVL reported in Section
III, we directly get information on the depopulation of the
optically excited 1CTA state and the population of the 1CTB state.
The isosbestic point observed for all solvents (compare Figures
3 and 5) proves that there is no additional state involved in the
transfer. The rise of the TA signal at the maximum of the single-
peaked band assigned to the 1CTB state and the decrease in the
red wing that best monitors the 1CTA state occur with the same
time constants for each solvent within the experimental accuracy.

Our fit parameters (Table 1) are in the subpicosecond and
picosecond range just as the solvation times reported by
Maroncelli and co-workers.34 There is, however, no close match
between these measured solvation times and our fitted time
constants for the ET in CVL. What we do find is a reasonable
correlation with the dielectric response and solvation energy as
well as the viscosity as we go from ACN to DMSO and PC.
We also find a similar trend for the solvation of 6-DMAPd.
Overall, the ET times are in the picosecond regime and thereby
markedly slower than the 50-150 fs time constants that we
have reported for phenolphthalein and MGL.25

The structurally related molecules MGL and CVL are both
set up around a tetrahedral carbon atom and are characterized
by a nearly orthogonal arrangement of the electron-donating
groups relative to the acceptor moiety. The structural difference
between MGL and CVLsthe presence of the amino group at
the phthalide ringsresults in a huge difference in the photo-
physics that has to be explained together with the observed
dependence on the solvent.

IV.3. CVL Energetics and Population Transfer to the
1CTB State. In MGL, the optically excited state is localized on
one of the dimethylamino groups, and the ET shifts the electron
to the phthalide moiety. Because this ET proceeds on the time
scale of vibrational motions in polar as well as nonpolar solvents,
we can conclude that the CT state is already energetically
accessible right after the excitation.

In nonpolar solvents, no ET is seen for CVL, and we can
conclude that the optically excited 1CTA state (localized on the
6-DMAPd moiety) is lower than the 1CTB state that is
delocalized over the whole molecule and similar in electronic
structure to the CT state of MGL. For sufficiently polar solvents,
the ET sets in, and we conclude that the solvation lowers the
1CTB state strongly enough to energetically allow the transfer
and build up a significant population in the 1CTB state. A model
that explicates this situation for the different steps during the
solvation process is shown in Figure 7.

In the classical Marcus theory, the intramolecular coordinates
relevant to the ET and the intermolecular coordinates of solvent
distance and orientation are unified in a single generalized
coordinate. Numerous time-resolved emission studies investigat-
ing solvation from an optically activated, nonequilibrated
distribution clearly show that the emission band shifts with time
and only changes its width to a smaller degree.29,32,34 From this,
it can be concluded that there is a separation of time scales
between the intramolecular and pure solvation degrees of
freedom, and it is meaningful to use two separate coordinates
to describe the solvation of a single excited state.33 The time-
dependent spectral position of the emission band is equal to
the momentary difference between the lowered excited-state
energy and the rising ground-state energy. The width is given
mainly by the Franck-Condon structure and the rapid solvent
fluctuations and, to a lesser degree, by the inhomogeneous
distribution of solvent environments. In this sense, we believe
that it is appropriate in the investigated situation to use a quasi-
two-dimensional description with one combined coordinate for
the intramolecular degrees of freedom and the rapid fluctuations
and a second slow solvation coordinate. The sketches in Figure
7 are to be understood as selected cross sections of this 2D
potential energy surface for a given time and therefore extent
of the solvation.

This picture of a single excited state has to be extended to
the two excited states of CVL. Even in a highly polar solvent,
the 1CTB state lies above the 1CTA state as long as the molecule
is in the ground state with its low dipole moment and the

TABLE 1: Time Constants Obtained from Fitting of Kinetic
Curves of CVL and 6-DMAPd in ACN, DMSO, and PCa

CVL 6-DMAPd

acetonitrile

τ1 (ps) a1/a0 τ1 (ps) a1/a0

<0.3 0.7 -0.55 rise
0.5 0.16 1.0 0.15 decay

τ2 (ps) a2/a0 τ2 (ps) a2/a0

9.5 -0.61 rise
7.8 0.55 decay

dimethylsulfoxide

τ1 (ps) a1/a0 τ1 (ps) a1/a0

1.4 -0.12 1.8 -0.13 rise
1.4 0.19 1.7 0.12 decay

τ2 (ps) a2/a0 τ2 (ps) a2/a0

12 -0.25 6.1 -0.08 rise
15 0.31 7.5 0.05 decay

propylene carbonate

τ1 (ps) a1/a0 τ1 (ps) a1/a0

1.5 -0.11 3.0 -0.24 rise
2.0 0.28 3.3 0.20 decay

τ2 (ps) a2/a0 τ2 (ps) a2/a0

34 -0.61 rise
23 0.42 decay

a A rise of the TA is found at short wavelengths and a decay at
long wavelengths. The amplitudes a1 and a2 of the two exponential
contributions are given relative to the signal amplitude a0 directly
after the excitation pulse.

Figure 7. Snapshots of the excited energy levels of CVL during
solvation. Left: after optical excitation. Middle: during solvation of the
molecule, when the 1CTA and 1CTB state are in energetic resonance.
Right: when solvation is completed. kET is the rate of ET. The molecular
cartoons depict the charge reorganization, and the red arrows refer to
the transfer of the electron.
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associated dynamic arrangement of the solvent molecules.
The excitation of the 1CTA state instantaneously increases the
molecular dipole moment and solvation, that is, the partial
alignment of the polar solvent molecules, sets in. This lowers
the 1CTA state but even more the highly polar 1CTB state with
its similar localization of the negative charge. We therefore
augment the sketches in Figure 7 by a second parabola for the
1CTB state with a time- (solvation) dependent crossing of the
parabola describing the 1CTA state.

Eventually, the two CT states come close in energy, and
assisted by the thermal fluctuations, the ET becomes possible.
The strong electronic coupling in CVL that we infer from the
100 fs ET in the closely related MGL does then indeed lead to
the ET. At this point in time, the reaction rates in forward and
backward direction are equal. The ongoing solvation shifts the
dynamic equilibrium between the 1CTA and 1CTB state toward
the latter. The final equilibrium is established when the states
are lowered from the initial energies by ES

A and ES
B. The

described interplay of the solvation and the ET leads to the
experimentally observed solvent control of the ET, concerning
both the extent and the speed.

IV.4. Modeling of the ET During Solvation. For a more
quantitative description of the solvent-dependent ET, a suitable
model has to be applied, and for this, a number of microscopic
quantities have to be determined. We have to know the initial
separation of the CT states and the total amount of energetic
lowering (solvation energy) caused by each of the solvents. An
estimate for the solvation times has to be accepted, and finally,
the local heating has to be taken into account. The proper
combination of these considerations leads to a knowledge of
the energetics at each point in time and therefore allows the
application of the Marcus theory54,55 to determine a time-
dependent ET rate.

Initial Separation of the CT States in Vacuum. As discussed
in Section III.1, all of the CVL fluorescence originates from
the 1CTA state for low polarity solvents and most from the 1CTB

state for high polarity ones. Equal fluorescence decay times in
both bands can be taken as an indication that the particular
solvent leads to the equilibration of the two states at long times.
Single intensive (Φfl ) 0.44) fluorescence in tetrahydrofuran
(ε ) 7.6) indicates the first case, and an intense second
fluorescence band in the slightly more polar dichloromethane
(ε ) 8.9, total Φfl ) 0.27, τfl ) 22.4 ns in both the A and B
bands) allows us to locate the ε value needed for the equilibra-
tion between these values. To estimate the separation of the
CT states in vacuum, we start from the experimentally observed
energetic situation in quasi-equilibrium, that is, after solvation,
and then use calculated solvation energies to reconstruct the
energetics of the isolated molecule.

For the calculation of the solvation energies ES
X, we neglect

the polarizability of the solute and use the Onsager solution for
the dipolar reaction field:56

ES
X ) 1

4πεo

µfX
2

aX
3

ε- 1
2ε+ 1

(1)

Here, aX is the effective radius of the spherical Onsager cavity
of the 1CTX state, its charge separation is represented by its
dipole moment µX, and ε is the static dielectric constant of the
solvent. For the 1CTA and 1CTB states of CVL, we use cavity
radii of 3.6 and 5.8 Å, respectively,57 and the experimentally
determined values of the dipole moments of 10.7 and 25.2 D.39

For the above-discussed situation of energetic equilibration after
solvation (found between tetrahydrofuran and dichloromethane),

the difference in solvation energies ∆ES ) ES
B - ES

A equals
the sought energy gap without solvation.

∆ES rises from 1640 cm-1 in tetrahydrofuran to 1690 cm-1

in dichloromethane. From this, we estimate a value of ∆E0
vac )

1660 cm-1 for the separation of the 1CTA and 1CTB states in
vacuum. We further identify the energy gap between the two
states with the Gibbs free energy change ∆G0 for the Marcus
description of the CT.

Total Energetic Lowering Due to SolWation. For ACN,
DMSO, and PC, the value of ∆ES is determined at 1930, 1960,
and 1970 cm-1. These values lead to the conclusion that the
1CTB state is finally stabilized to -∆G0(t)∞) ) 270, 300, and
310 cm-1 below the 1CTA state. Considering the thermal energy
of about 200 cm-1 in the room temperature experiment, a
nontrivial distribution between the states is reached according
to

Keq )
[1CTB]
[1CTA]

) exp(-∆G0 ⁄ kBT) (2)

For ACN, this amounts to Keq ) 3.86, that is, an almost 4-fold
larger population of the 1CTB state. The equilibrium persists
until the electronic ground state is reached by back ET on the
nanosecond time scale.39

SolWation Dynamics and Time-Dependent Energetics. The
lowering of the two CT states and the establishment of the 1CTA

a 1CTB equilibrium during solvation is a dynamic process. The
energetics of educt and product are controlled by the dielectric
relaxation properties of the solvent, as has been proposed for
instance in the case of t-stilbene.58 In detail, the energy
separation of the states in vacuum ∆E0

vac corrected for the
difference ∆ES,el of the instantaneous electronic part of the total
solvation energy gives the initial energy separation ∆G 0(t)0)
of the states in solution:

∆G0(t) 0))∆E0
vac -∆ES,el )∆E0

vac -

1
4πεo(µbB

2

aB
3
-

µbA
2

aA
3) n2 - 1

2n2 + 1
(3)

Here, n is the refractive index of the solvent. The remaining
part ∆ES,or ) ∆ES - ∆ES,el of the solvation energy, that is, the
one due to the reorientation of the solvent molecules, is time
dependent. The relevant time scales τi and amplitudes ai in the
different solvents can be taken from the known solvation
parameters.34 The Gibbs free energy change ∆G0 for the ET
can then be written as

∆G0(t))∆G0(0)-∆ES,or[1-∑
i

ai exp(-t ⁄ τi)] (4)

We performed simulations of the time-dependent energy
separation for ACN, DMSO, and PC and for comparison also
for methanol. The results are shown in Figure 8a. For all four
solvents, the energy gap crosses zero within at most a few
picoseconds, corresponding to resonance between the two states.
For ACN with its known fast solvation, this occurs already after
a few 100 fs, for DMSO and for PC at about 1.5 ps. From this
time on, the ET can proceed effectively. The relation of the
stabilization capability ∆ES,or to the initial energy gap ∆G0(t)0)
is the very reason why the solvent-controlled ET does not show
the same time constants as the pure solvation. Methanol is
included here to demonstrate the fact that an early ET can occur
even in a solvent with slower reorganization.59

The description of the time-dependent change of the energy
gap suggests a smooth and monotonic process. This is certainly
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only a crude approximation because only a quasi-equilibrium
can be expected at any point in time. The solvation is actually
accomplished via statistical fluctuations of the solvent polariza-
tion around the average.60 Occasionally, an arrangement of
solvent molecules will occur that will equate the energies of
the 1CTA and 1CTB states enabling the ET.

Application of Marcus Theory. Equation 4 implies that the
reaction barrier for ET becomes time dependent and conse-
quently also the ET rate. Time-dependent reaction barriers have
been proposed for instance by Simon61 for solvent nonequili-
brated ET processes and for photoisomerization reactions by
Mohrschladt et al.62 To model the overall process, we apply
the Marcus theory with the time-dependent driving force from
eq 4 and the reorganization energy λ:

kET(t)) kET
max exp(-(λ(∆G0(t))2

4λkBT ) (5)

The plus sign refers to the forward and the minus sign to the
backward ET. kET

max is the preexponential factor that gives an
upper limit for the ET in the case of a vanishing barrier. It is
determined by the electronic coupling. Because of the similarity
of MGL and CVL, we adapt the experimental value of (100
fs)-1 found for MGL for the present study on CVL.

With the time-dependent ET rates given by eq 5, we
numerically determine the time dependence of the population
of the two CT states. The forward and backward reaction rates
are explicitly considered via the usual equation:

d[1CTA]
dt

)-kET
+ (t)[1CTA]+ kET

- (t)(1- [1CTA]) (6)

This result can be directly compared to the experimental
recordings if we normalize the experimental data to the initial
population of the 1CTA state. A typical result for the depopula-
tion of the 1CTA state is shown in Figure 8b. The small offset
at long times is due to the persistent equilibrium population

discussed above. It is important to note that all kinetic
information used in the model is taken from independent
experiments. The time constants given in Table 1 did not enter
the final model and have to be regarded as rough indications of
the relevant time scales only.

For the good agreement between modeling and experiment,
two further details were important. First, the value of λ had to
be adjusted to match the observation at long times. The value
of 4700 cm-1 is in a typical range for comparable systems.63,64

We can also compare this value to the reorganization contribu-
tion of the solvent which can be estimated according to a
derivation by Marcus55 to 4470 cm-1.65 As expected for a
solvation-controlled reaction, the intramolecular component
plays only a minor role.

Second, we noticed that the assumption of a constant
temperature did not allow the desired quality of the modeling.
It is reasonable to assume that the molecule is slightly heated
because of the optical excitation that includes some vibrational
excess energy. Because of the optical selection rules and the
fact that the internal vibrational redistribution is far from
complete within the first picosecond, a highly nonstatistical
distribution has to be assumed. Accordingly, the temperature
in relevant modes can easily deviate from the limited value that
one would calculate from full statistics. The increase in local
temperature (corresponding to an empirical value of 40 cm-1,
in good agreement with ref 66) will decay exponentially on a
picosecond time scale. We used reported cooling times for
ACN67 to derive the time-dependent temperature kBT(t) ) [200
+ 40(0.6 e-t/2.6 ps + 0.4 e-t/11 ps)] cm-1.

At the moment, the model does not allow for a precise and
detailed prediction of the solvent driven ET dynamics because
the applied values of several parameters are rough estimations
and the obtained dynamics is quite sensitive to these values.
However, the good agreement between the modeled and the
measured time-dependent CT populations demonstrates that it
reflects the key features of the dynamics. They result from the
variation of the ET rate with time because of the changes of
the CT energetics caused by the ongoing solvation.

Strictly speaking, the Marcus theory was originally formulated
for a quasi-equilibrium situation. In the situation discussed in
this work, this condition is only fulfilled marginally because
the intrinsic ET rate is somewhat faster than the solvation. Sumi
and Marcus expanded the theory to dynamical effects and
derived algebraic formulas to describe this more complicated
situation.68 However, because of the various additional contribu-
tions to the spectroscopic observations and the limited ap-
plicability of simple analytic ET models,69 we presently restrain
ourselves from the direct application of such formalisms. In
future work, full molecular dynamics simulations70,71 incorporat-
ing modern analytic aspects72,73 should be used to model the
combined solvation and ET dynamics without artificial separa-
tion of coordinates and time scales.

V. Conclusions

The photophysics of CVL are strongly influenced by the
surrounding medium. The solvent polarity dynamically deter-
mines the energetics of both CT states and controls the
availability of the various deactivation pathways. In this work,
we focused on the effect that the solvation dynamics has on
the photoinduced ET reaction in CVL and addressed the question
of how it enables and controls ET. In a fs pump-probe study
of the CVL photophysics in solvents of different polarity, we
found a strong connection between the solvation dynamics and
the observable 1CTAf 1CTB population transfer. The 1CTB state

Figure 8. (a) Calculated change of the driving force ∆G0(t) during
the solvation process for the reaction from 1CTA to 1CTB for CVL in
different solvents according to eq 4. (b) Normalized population of the
1CTA state (circles) in ACN after 370 nm excitation obtained from the
kinetic curve at 470 nm probe wavelength (see Figure 7 upper curve).
The solid line shows the simulation of the 1CTA population according
to the kinetic model described in the text (eqs 5 and 6).
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is populated with a time-dependent rate, and the observed CT
dynamics is significantly affected by the competition between
solvent relaxation and reaction. In ionic solvents, it has recently
been found that the ET of CVL shows strong environmental
heterogeneity74 instead of the temporal evolution found by us
for the polar organic solvents.

We used TA measurements instead of the more usual time-
resolved emission. At least for the present case of CVL, TA
proves to be a very sensitive and informative probe for the CT
process. We want to point out that TA spectroscopy has already
been used by others quite successfully to even study solvation
without any additional reactive process.33

Even though it might seem trivial, the energetic position of
the educt and product is not explicitly treated in many of the
theoretical and experimental studies concerning the solvent-
controlled ET regime. It can, however, explain the strong
variation of time constants attributed to solvation-controlled ET
in different molecular systems in a straightforward fashion.
These time constants cannot be uniformly correlated to the
solvation dynamics because the energetics between donor and
acceptor vary with the molecular systems. Similarly, the
theoretical approaches only consider the influence of the solvent
on the preexponential factor and implicitly assume the energetic
configuration to be independent of time.68,75 The experimental
findings in CVL clearly show that it is not only the solvation
dynamics that is decisive for the control of the ET but also the
amount of stabilization that is achieved on a certain time scale.
Without sufficient energetic stabilization of the product state,
no ET is found at all.

We believe that the present results and conclusions are
relevant for a wide range of spiro-like donor-acceptor mol-
ecules with one bond mediating an ultrafast intramolecular ET
process. For a large body of spiro-type molecules with both
theoretical and practical relevance, such as, for example,
photochromic spiropyranes and spirooxazines, CVL can be
considered as a molecule that visualizes the CT processes
underlying their photophysics and photochemistry.

The formation of the 1CTB state from the 1CTA is due to ET
from the DMA group to the 6-DMAPd subunit with formation
of an intramolecular exciplex. Directly after optical excitation,
the energy separation is so large that we suggest to call the ET
nonadiabatic at this early time. When the lowering of both states
due to solvation leads to energetic equilibration, the ET turns
into an adiabatic reaction.75 The latter situation resembles the
ET processes occurring faster than diffusive solvation both in
intra-7 and in intermolecular63,76-78 CT reactions involving
dimethylaniline as electron donor. Both CVL and the related
MGL offer a number of advantages and may be used as model
systems in controversies concerning ET rates17,78 in such
systems. In both LTAMs, the electron donor is in direct contact
(via a covalent bond) with the acceptor, so that no diffusional
translation and reorientation is needed to induce ET. The ET
process proceeds intramolecularly in a well-defined geometry,
allowing one to study the ET kinetics and dynamics with only
one mutual donor-acceptor orientation and distance. The
experimental findings will consequently be much more directly
comparable to theoretical studies without the need for extensive
averaging.
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V.; Jarzęba, W.; Barbara, P. F. J. Phys. Chem. 1988, 92, 6800. (b) Kang,
T. J.; Jarzęba, W.; Barbara, P. F.; Fonseca, T. Chem. Phys. 1990, 149, 81.
(c) Tominaga, K.; Walker, G. C.; Kang, T. J.; Barbara, P. F.; Fonseca, T.
J. Phys. Chem. 1991, 95, 10485.

(6) Horng, M. L.; Dahl, K.; Jones, G., II.; Maroncelli, M. Chem. Phys.
Lett. 1999, 315, 363.

(7) Tominaga, K.; Walker, G. C.; Jarzęba, W.; Barbara, P. F. J. Phys.
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P. J. Chem. Phys. 1994, 101, 7566.
(63) Nad, S.; Pal, H. J. Phys. Chem. A 2000, 104, 673.
(64) Nad, S.; Pal, H. J. Chem. Phys. 2002, 116, 1658.
(65) For a bimolecular ET reaction with a given distance rDA between

a spherical donor (rD) and acceptor (rA), the reorganization energy is given
by λO ) e2/4πε0[1/(2rD) + 1/(2rA)-1/rDA](1/n2-1/ε). Here, n and ε are
the refractive index and dielectric constant of the solvent, respectively. In
analogy to ref 39, we used rD ) 3 Å, rA ) 3.6 Å, and rDA ) 4.3 Å.

(66) Maroncelli, M. J. Chem. Phys. 1991, 94, 2084.
(67) Kovalenko, S. A.; Schanz, R.; Hennig, H.; Ernsting, N. P. J. Chem.

Phys. 2001, 115, 3256.
(68) Sumi, H.; Marcus, R. A. J. Chem. Phys. 1986, 84, 4894.
(69) Barbara, P. F.; Walker, G. C.; Smith, T. P. Science 1992, 256, 975.
(70) Hilczer, M.; Tachiya, M. J. Mol. Liq. 2000, 86, 97.
(71) Scherer, P. O. J.; Tachiya, M. J. Chem. Phys. 2003, 118, 4149.
(72) Denny, R. A.; Bagchi, B.; Barbara, P. F. J. Chem. Phys. 2001,

115, 6058.
(73) Burghardt, I.; Bagchi, B. Chem. Phys. 2006, 329, 343.
(74) Jin, H.; Li, X.; Maroncelli, M. J. Phys. Chem. B 2007, 111, 13473.
(75) Gladkikh, V.; Burshtein, A. I. J. Phys. Chem. A 2005, 109, 4983.
(76) Yoshihara, K.; Tominaga, K.; Nagasawa, Y. Bull. Chem. Soc. Jpn.

1995, 68, 696.
(77) Castner, E. W., Jr.; Kennedy, D.; Cave, R. J. J. Phys. Chem. A

2000, 104, 2869.
(78) Morandeira, A.; Fürstenberg, A.; Gumy, J.-C.; Vauthey, E. J. Phys.

Chem. A 2003, 107, 5375.

JP800863U

8496 J. Phys. Chem. A, Vol. 112, No. 37, 2008 Schmidhammer et al.


