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1. Introduction

Fluorescent chromophores are optically active probe
molecules with widespread applications in chemistry
and biology. Usually chromophores function in con-
densed matter (liquid solution, protein environment,
thin film, etc.), and their optical properties are
strongly influenced by the medium. Chromophore—
solvent interactions may be static or dynamic in
nature or both. Generally, static properties, such as
electronic energy, dipole moment, and molecular
configuration, vary with the electronic state of the
chromophore and conventional continuous wave opti-
cal spectroscopy is quite adequate for disclosing many
characteristics of the static chromophore—solvent
interactions.!~> Knowledge obtained from these spec-
troscopic investigations is not only of scientific inter-
est but also of great value for the development of a
large variety of molecular devices. Examples in-
clude chemosensors,6~12 chiroptical and molecular
switches,'#1° optoelectronic devices (e.g., LED, dis-
plays, organic lasers, light detectors, solar cell ma-
terials, optical memories, etc.?°~??), and electro-
generated luminescence or electroluminescent
devices.z3~27
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In addition to “static” effects, the interactions
between the chromophore and the environment may
lead to “dynamic” effects. In liquid (or protein)
environment, the chromophore molecules may ex-
change energy and momentum with molecules of the
medium. Of great interest to photochemistry is the
dynamic response of the solvent molecules to photo-
induced changes in the charge distribution of the
chromophore molecules. This dynamic response of the
solvent molecules is not instantaneous. The finite
time for the environmental changes is crucial in
determining the dynamics of the excited-state relax-
ation of the chromophore itself. The processes in-
volved are generally quite complex, and their dynam-
ics are controlled by both intra- and intermolecular
interactions. Relaxation studies of photoexcited chro-
mophores might contribute to a better insight in a
wide variety of phenomena of fundamental interest.
These phenomena include electronic charge redistri-
bution,?®~34 electron and proton transfer,?874° (large
amplitude) intramolecular torsional motions,* trans—
cis isomerization,*>*3 intramolecular vibrational re-
distribution and intermolecular vibrational relax-
ation (vibrational cooling),*~*7 internal conversion,*52
solvation,?873453-5 and so on. Typically, the time
scales of these relaxation processes extend from tens
of femtoseconds to hundreds of picoseconds. In the
past decades, much progress in the experimental
investigation of such dynamic molecular processes
has been achieved. It is fair to say that to a large
extent these studies have only been possible because
of the rapid developments in the technology for
generating ultrashort laser pulses.5’~%° Presently,
ultrashort laser pulses of duration of 30 fs or less,
from the ultraviolet to the far-infrared, are com-
mercially available. Together with the technological
developments, a broad variety of nonlinear optical
pulse methods were devised, thus allowing many new
perspectives for the detailed mapping of intra- and
intermolecular interactions.®® The new information
gathered from ultrafast molecular spectroscopic re-
search also has led to a flurry of quantum mechanical
treatments of chemical reactions.50-62

In this paper, we present a comprehensive review
of ultrafast studies of large-sized fluorophores in
liquid solution performed in the past decade using
the femtosecond fluorescence up-conversion tech-
nique (section 2). Femtosecond transient absorption
results relevant for better understanding of the up-
conversion results of some of the chromophores have
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been included. It is hoped that the review gives a
perspective of how femtosecond fluorescence up-
conversion experiments can be utilized to disentangle
the contributions of intramolecular interactions (tor-
sional or twisting dynamics, but also in a few cases,
internal conversion, intramolecular vibrational re-
distribution, vibrational cooling)®*%* on one hand and
solvation dynamics on the other hand in excited-state
relaxation of large molecules with great potential for
applications in different fields.

After the excitation of an electronic state of a large-
sized solute molecule in solution, various competitive
processes contribute to the relaxation of the system.
Figure 1 is illustrative of the schemes most often used
to discuss the processes. Figure 1a depicts the typical
behavior of the free energies of electronic ground and
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Figure 1. Schemes of excited-state relaxation (a) free
energies of ground and first excited states as a function of
generalized reaction coordinate (R) and (b) intramolecular
relaxation processes. IC denotes internal conversion; IVR,
intramolecular vibrational relaxation; VR, vibrational re-
laxation; and non-rad, nonradiative decay.

excited states of a system as a function of a general-
ized reaction coordinate; Figure 1b displays a dia-
gram of the possible molecular relaxation pathways
(internal conversion (IC), intramolecular vibrational
relaxation (IVR), vibrational relaxation to thermalize
with the bath (VR), radiative and nonradiative
decay). Key topics of interest in studies of chemical
reaction dynamics are (i) the relaxation pathway(s)
relevant for the system under investigation, (ii) the
dynamics characteristic of the various steps involved,
(iii) the physical origin of the mode(s) that are
represented by the generalized reaction coordinate(s)
(solvent reorientational modes, conformational modes,
etc.), and (iv) the functional shape of the (multi-
dimensional) free energy surface involved in the
reaction. A major practical problem in studies of
large-sized molecules in condensed matter is that
dark processes such as IC, IVR, and solvation occur
on an ultrafast time scale and thus very often are
difficult to distinguish from each other. This poses a
tremendous challenge to the experimentalist in es-
tablishing the various contributions of the different
steps in the relaxation process.

The considered chromophores show fast (femto-
second—picosecond) transient fluorescence behavior
and are crudely divided in two categories, depending
on whether the fastest transient components are
determined by intermolecular or intramolecular in-
teractions. Chromophores of the first category show
solvation dynamics. Solvation dynamics arises from
intermolecular solute—solvent interactions that con-
vey the kinetics of the rapid motions of the solvent
molecules to the fluorescent probe molecules. In
chromophores of the second category, intramolecular
configurational (twisting) modes, often in combina-
tion with solvation modes, control the dynamics of
the fastest components in the fluorescence of the
chromophore. In this category, we include also ex-
amples of chromophores for which the contributions
of intramolecular twisting and solvation to the fluo-
rescence dynamics of the chromophore can be treated
on equal footing.
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Especially chromophores with emissive charge
transfer (CT) states, characterized by a large electric
dipole moment, have served as prototype molecules
in studies of solvation dynamics. In polar solvents,
these chromophores give rise to large solvatochromic
effects; that is, the CT-state band emission shows an
appreciable Stokes (red) shift (often in excess of
several thousand wavenumbers) when solvation takes
place. The dynamics of solvation is intimately related
to the dynamics of the solvent molecular motions.
Time-dependent Stokes shift measurements provide
valuable information regarding molecular dynamics
in liquids. The Stokes-shift time dependence is
related to dielectric relaxation dynamics, which
originates from the electrostatic interactions between
the charge (dipole) of the solute with the surrounding
polar solvent molecules and which gives rise to a
frequency dependence of the dielectric relaxation.t5-72
In this paper, however, emphasis is on experiment
rather than theory.

In studies of solvation dynamics the fluorescent
probe molecules must fulfill certain requirements:
the probe molecules must be chemically inert with
respect to the solvent, and also, the dynamic Stokes
shift must be predominantly (exclusively) due to the
solvation process. Hence, time-resolved solvation
dynamics studies of large molecules comprise (a)
verification of these requirements and (b) the meas-
urement of the time dependence of the absorption/
emission spectrum following short-pulse excitation.

For molecules of the second category considered
here, electronic excitation leads to intramolecular
configurational changes due to large amplitude tor-
sional motions of functional groups. For some of these
molecular systems, the synthesized structure may be
redesigned in such a manner that the functional
groups are “bridged” or bonded, and torsional or
twisting motions of the functional groups become
impaired. Thus the influence of bridging on the
dynamics of the twisting process can be selectively
investigated. Also, the solvent has great influence on
the rate of the intramolecular configurational changes.
Now “collisional” friction (rather than “dielectric”
friction as in solvation) largely affects the isomeriza-
tion or twisting dynamics. The topic of functional
group twisting has long been related to intramolecu-
lar charge transfer, hence the concept of a twisted
intramolecular charge transfer (TICT) state.”®~ "> For
many systems, the TICT phenomenon has been
studied in great detail, and the results have been
extensively reviewed.**' However, relatively few
ultrafast studies concerning TICT states have been
reported, in part because TICT molecules are weakly
or nonfluorescent. Results of recent ultrafast inves-
tigations on TICT molecules are included in this
review.

Finally, for many large molecules, the distinct
treatment of ultrafast solvation and conformational
relaxation dynamics is far too simple and extreme.
Due to the immense number of motional degrees of
freedom, characteristics of the total system of solute
and solvent molecules, solvation, and conformational
relaxation often become highly competitive, and a
separate treatment of their dynamics is not mean-

Chemical Reviews, 2004, Vol. 104, No. 4 1931

ingful. We include in this review results of femto-
second fluorescence up-conversion experiments for a
number of fluorophores for which solvation and
intramolecular torsional dynamics are of equal im-
portance.

The paper is organized as follows. In section 2, a
brief outline is presented of the most commonly
applied ultrafast spectroscopic techniques, that is,
pump—probe transient absorption spectroscopy with
femtosecond and picosecond time resolution and
fluorescence up-conversion spectroscopy with femto-
second time resolution. Section 3 reviews recent
ultrafast studies of solvation and configurational or
two-dimensional solvation/torsional dynamics, as
observed for various large-sized organic molecules in
the fluorescent excited state. For several example
chromophores, we have reproduced femtosecond fluo-
rescence up-conversion results taken from our previ-
ous publications.

Many molecules show configurational and solva-
tion dynamics, although of unequal weight. In these
cases, the molecule is categorized according to which
of the two is dominant for the fastest fluorescence
transient component. Thus, in the category solvation
dynamics, we have included results for the styryl
dyes (4-(dicyanomethylene)-2-methyl-6-(p-(dimethyl-
amino)styryl)-4H-pyran (DCM), 2-(p-dimethyl-
aminostyryl)pyridylmethyl iodide (DASPI), and 6,7-
benzo,3-ethyl,2-[1',3'-butadienyl,4'-(4"-dimethyl-
aminophenyl)] benzothiazolium perchlorate (LDS-
750) because the fastest fluorescence components for
these solutes in polar solvents could be shown to arise
from solvation, whereas torsional or trans—cis isomer-
ization motions are on a much slower time scale (see
section 3.1). Also, for the styryl dyes dimethylamino-
styryl pyridinium (DPD) and DPDO, a few IR dyes
containing double bonds, and the organometal or-
ganic light-emitting diode (OLED) compound alumi-
num(l11)-8-hydroxyquinoline (Algs), it could be dem-
onstrated that solvation dynamics is faster than
torsional motions (section 3.1). The diphenyl-amino-
methane cation auramine O is an example of a
polyphenyl methane dye for which the excited-state
dynamics is dominated by intramolecular twisting
(section 3.2). Section 3.2 contains in addition results
for a styryl dye showing intramolecular configura-
tional dynamics rather than solvation dynamics. The
results are found for the chromophore coumaric acid,
which is the active chromophore in the photocycle of
photoactive yellow protein (PYP). In section 3.2, we
also review the two-dimensional twisting and sol-
vation dynamics of two analogue compounds of
auramine, namely, Michler’s ketone and the bridged
derivative compound 3,6-bis(dimethylamino)-10,10-
dimethylanthrone (BMK). Concluding remarks are
presented in section 4.

2. Pump—Probe and Time-Gated Fluorescence
Up-Conversion Techniques

One of the most important issues in ultrafast
spectroscopic experiments is the generation of stable
ultrashort laser pulses. Nowadays, mode-locked Ti:
sapphire lasers can routinely provide highly stable
pulses, in some laboratories even as short as about
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4 fs. For the majority of the ultrafast experiments of
interest in this paper, the wavelength of the pulses
of the fundamental laser mode (near 800 nm) is of
no practical use and spectral tunability in the UV
and visible spectral region is frequently required.
This is accomplished by means of an OPA (optical
parametric amplifier). The OPA is pumped with
amplified pulses at the fundamental or doubled
frequency from the Ti:sapphire laser. Inside the OPA,
these pulses are first down-converted into the infra-
red and then up-converted into the UV or visible
spectral range. In recent years, several groups have
extended the investigation of ultrafast phenomena
into different spectral regions, that is, the (mid)infra-
red’6-8 and soft and hard X-ray range.?278 A further
survey of these interesting developments is beyond
the scope of this paper, however.

To monitor optical responses on a femtosecond or
(sub)picosecond time scale, conventional electronic
detection techniques, such as time-correlated single-
photon-counting or streak camera detection, gener-
ally are inappropriate because with use of these
techniques the time resolution will be limited by
(relatively slow) electronic switches and thus meas-
urements on a time scale corresponding to the cross-
correlation time of the femtosecond laser pulses are
impeded. Most ultrafast optical studies make use of
a sequence of various ultrashort laser pulses. In the
simplest scheme, a pump pulse excites the optically
active species into a higher electronic or vibronic state
and a second (probe) pulse interrogates the time
evolution of the excited system. Pump—probe experi-
ments involve the measurement of higher order
polarization and thus are part of nonlinear optical
spectroscopy.®® More specifically, in case of the afore-
mentioned pump—probe scheme, the probed optical
polarization is third-order in the electric fields of the
pump (second-order) and probe (first-order) pulses.
The main advantage of pump—probe techniques is
that the instrumental response is limited by the laser
pulse duration instead of the electronic response time
as in conventional pico- and nanosecond experiments.

Here we briefly outline two of the most commonly
used techniques: femtosecond transient absorption/
gain spectroscopy and femtosecond fluorescence up-
conversion spectroscopy.

In a transient absorption/gain experiment, a pump
pulse excites the optically active molecule into an
electronically excited state and a probe pulse, after
a preset delay, passes through the pumped sample
area. The relative change of the sample transmission
is normally given by AT(w)/Tprove(w) = {Tprope(@) —
Torobe(@)} Torobe(@), Tprope(@) and Tprove(w) being the
transmission of the probe pulse with and without
pump pulse, respectively. In principle, coherent
polarization and population changes of the coupled
levels contribute to the signal.®” The coherent polar-
ization component normally is short-lived and exists
up to a few tens of femtoseconds only. After dephas-
ing of the coherence, the AT(w) signal is generally
determined by the superposition of ground-state
absorption (bleaching), excited-state absorption, and
stimulated emission (gain). The pump—probe tech-
nique is relatively simple and straightforward and
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one of the most widely applied in ultrafast spectro-
scopic studies.

For the study of ultrafast excited-state dynamics
of fluorescent molecules, the application of the fem-
tosecond fluorescence up-conversion technique®—° is
often a very attractive alternative for the pump—
probe method. The great advantage of this technique
is that it is only sensitive to the population dynamics
of the fluorescent excited state; dynamic effects due
to changes of the ground-state population or excited-
state absorption or both remain unobserved. This
makes the technique highly selective. In the experi-
ment, the temporal behavior of the excitation-pulse-
induced fluorescence is measured by mixing the
fluorescence response in a nonlinear crystal with a
second laser (gate) pulse applied at a variable and
controllable delay with respect to the excitation pulse.
Mixing of the fluorescence with the gate pulse gener-
ates a sum-frequency signal for which the intensity
is proportional to the fluorescence intensity at the
delay time, 7. The intensity of the sum-frequency
signal can be expressed by

Isum(f’wsum) O f_tomlﬂ(t’wﬂ)llaser(r - t’w) dt (l)

lsum, 6, @and liaser denoting the transient up-conver-
sion, fluorescence, and gated laser-pulse intensity,
respectively; the sum frequency is given as wgym =
wn + o, wg and o denoting the fluorescence frequency
and laser frequency, respectively. From expression
1, it follows that, after deconvolution with the in-
strumental response function, ls,m and Iy show the
same time profile, and thus, by monitoring the time
evolution of the sum-frequency signal, one obtains
the time dependence of the fluorescence. Figure 2
gives a schematic picture of the femtosecond fluores-
cence up-conversion setup used in the experiments
of ref 38. Recently, the fluorescence up-conversion
method was improved with a broad-band version in
which the entire fluorescence band is upconverted
using a single near-infrared gate pulse, thus allowing
the direct monitoring of the time-resolved fluores-
cence spectrum without readjusting optical ele-
ments.®!

The time resolution of the fluorescence up-conver-
sion technique is usually no better than about 50—
100 fs. If in the up-conversion experiment very short
laser pulses (30 fs or shorter) would be used, the
spectral width of the gate pulse would broaden to the
extent that it would yield an undesired low value for
the spectral resolution of the eventually measured
(reconstructed) fluorescence spectrum. Experimen-
tally, one thus has to find a compromise for optimiz-
ing the time and spectral resolution. In practice, the
laser gating pulse usually is not shorter than ~50
fs.

Time-resolved fluorescence up-conversion experi-
ments are usually performed under “magic angle”
conditions; that is, only the intensity of the emission
polarized at an angle of 54.7° with respect to the
polarization of the gating pulse is deteced so that the
influence of the reorientational motions of the probe
molecules on the emission intensity is eliminated.®?
On the other hand, additional information can be
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Figure 2. Schematic diagram of femtosecond fluorescence up-conversion setup.3® On the left is the amplified laser system
delivering 110 fs pulses: S&C, stretcher and compressor; OPA, optical parametric amplifier; L, lens; m, mirror; BBO, type

I BBO crystal; M, monochromator; PM, photomultiplier.

obtained from time-dependent polarization measure-
ments of up-conversion transients. Such experiments
reveal the presence of rapid intramolecular excited-
(electronic) state or conformational changes that
cause a directional change of the optical transition
moment characteristic of the fluorescence. The ob-
servable is the fluorescence anisotropy (r), defined as
the normalized difference between the detected light
responses polarized parallel (I;) and perpendicular
(Ip) to the polarization of the gating field,

() = 0~ 10 .
(1) + 214(t)

With neglect of the coherence components, it can

readily be derived that the anisotropy of the fluores-

cence is given as®®

r(t) = éﬂkf(t)p(w,t)[leﬁE(t)ﬁA(O)] [k (t) (e, )11 (3)

where ki, p(w,t), P2, and jie and fia are the radiative
rate constant, the fluorescence line shape function,
the second Legendre polynomial, and the unit vectors
pointing in the direction of the emission and absorp-
tion dipoles, respectively, and the brackets denote the
ensemble average of emissive probe molecules. Di-
rectional changes of the emission transition moment
not only may be caused by the rotational diffusion
motions of the optically active probe in solution but
also may arise from ultrafast intramolecular proc-
esses, for example, internal conversion, charge trans-
fer, etc. If the latter are fast enough to compete with
the reorientational motions of the solute, then meas-
urement of the rapid transient behavior of r(t) may
give very useful complementary information about
the nature and dynamics of intramolecular relaxation
processes. It may be added that ultrafast depolar-
ization effects can also be observed in transient
absorption, and in fact, such measurements proved
to be very powerful for the study of ultrafast elec-
tronic dephasing.®*

Apart from the pump—probe and fluorescence up-
conversion techniques mentioned, various optical
methods based on third-order nonlinear response of
the ensemble of molecules have been applied for the
study of the large variety of processes that may occur

upon photoexcitation. These include photon echo,
Kerr effect, transient grating, resonant Raman scat-
tering, four-wave mixing, etc. An overview of these
techniques can be found in ref 60.

3. Deactivation of Electronically Excited Organic
Chromophore (Dye) Molecules

3.1. Solvation Dynamics

3.1.1. Introduction

Since the pioneering work of Bakshiev®®~°" and
others,®®~1% time-resolved fluorescence spectroscopy
has been of great importance in studies of solvation
dynamics. In most experiments, ultrashort laser
pulses excite (chemically inert) solute molecules into
a state with an electronic charge distribution sub-
stantially different from that in the ground state.
When small polar solvent molecules surround the
solute molecules, following the excitation pulse the
solvent molecules will rapidly reorient on account of
the electrostatic solute—solvent molecular interac-
tions, so a dynamic equilibrium in accordance with
the new excited-state charge distribution of the solute
is established. The usual time scale for the system
to reach the new dynamic equilibrium extends from
tens of femtoseconds up to the picosecond time
regime. In turn, the fast reorientational motions of
the solvent molecules induce a fast solvatochromic
shift of the fluorescence band of the organic chro-
mophore. The energy scheme for the process is
illustrated in Figure la. In the figure, the free
energies of the system in ground and excited states
are given as a function of a generalized solvation
coordinate.?8% It is assumed that during the (vertical)
optical excitation of the chromophore, the nuclear
solvent coordinates are “frozen” (Franck—Condon
principle) and only the solvent electronic charge
distribution can follow the photoinduced change in
the chromophore electronic charge distribution. Thus,
immediately after the laser pulse, the orientations
of the solvent dipoles surrounding a photoexcited
chromophore molecule are not (yet) adapted to the
chromophore dipole moment, u.. Consequently, the
solvent molecules are forced to reorient until a new
orientational equilibrium in accordance with the
direction and magnitude of u. is established. During
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this solvation process, the free energy separation of
the ground and excited states is reduced (Figure 1a);
this results in a red shift of the fluorescence band
(dynamic Stokes shift). Strictly speaking, the use of
free energy functions in the description of nonequi-
librium processes is questionable.’®® The validity of
the approach may be motivated as follows, however.
At each moment, we consider the orientation of the
solvent dipoles surrounding the photoexcited solute
molecules to be in equilibrium with an effective solute
dipole moment given as

(1) = ugll — 2(O] + uez(t) (4)

u(t) being the effective dipole moment, x4 and ue being
the dipole moments in the ground and excited states,
respectively, and z(t) being the dimensionless solva-
tion coordinate. The effective dipole moment at time
tis in equilibrium with the orientational polarization
of the solvent molecules and hence free energies for
the system in the ground and excited state can be
conceived. The effective dipole moment and the free
energies of the system in the ground and excited state
thus adiabatically follow the changes of the solvent
polarization that accompany the reorientational mo-
tions of the solvent molecules. Since at t < 0, the
effective dipole moment of the solute is uq, one has
z(0) = 0; when t = o, the effective moment equals u.
(ignoring relaxation to the ground state); hence, z()

Usually the observed dynamic Stokes shift is
expressed as®®

v(t) — v()

00 =@

®)

where C,(t) is representative of the normalized
spectral response function. In expression 5, v(0), v(t),
and v(w) represent the optical frequencies that cor-
respond to the maxima of the emission spectra of the
fluorescent chromophore at time zero, at time t, and
at infinite time. Within the approach of linear
response,’021% the time dependence of C,(t) equals
that of the time autocorrelation function of the
fluctuations in the optical transition frequency as
caused by the interactions with the bath of solvent
molecules.19271% |n other words, the measurement of
the time dependence of v(t) allows the determination
of the time autocorrelation function characteristic of
the fluctuations in the motions of the solvent mol-
ecules. CT states generally give rise to a broad-band
emission, and the change of »(t) with time is equated
to either the peak frequency (vy(t)) or the first
moment of the emission band (¥(t)).1%"

Transient absorption and fluorescence up-conver-
sion methods are most commonly used for the meas-
urement of vp(t) or ¥(t). As already noted in section
2, for fluorescent molecules, whenever possible, the
up-conversion technique is advantageous. As regards
the chromophores, a suitable probe for the measure-
ment of C,(t) should fulfill certain requirements.
First, one has to verify that the observed dynamics
is solely due to solvation; other possibilities, such as
twisting or intramolecular vibrational relaxation,
should not come into play. Furthermore, the chro-
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mophore must be chemically inert; that is, specific
chemical interactions between the solute and solvent
molecules should be absent. Finally, the chromophore
should preferably exhibit a large Stokes shift so that
the temporal dependence of v(t) can be followed over
a wide frequency range. This is the reason chro-
mophores with an appreciable dipole moment in the
excited CT state have been extensively used as probes
in solvation studies. We now consider typical ex-
amples of such chromophores.

3.1.2. Styryl Dyes

A. DCM. DCM (4-(dicyanomethylene)-2-methyl-6-
(p-(dimethylamino)styryl)-4H-pyran; for structure,
see Figure 3) is well-known as a very efficient laser
dye in the red.}21%8-113 |n solution, DCM exists
mainly in the trans isomeric form, the trans — cis
isomerization barrier in the molecular ground state
being high enough to prevent thermal isomerization
to the cis form.1*~115 The optical spectrum of DCM
consists of a broad band absorption and a strong
broad band emission (with maximum band intensi-
ties near 465 and 630 nm, respectively, when the
solvent is methanol (Figure 3)).1'3 The large Stokes
shift, as characterized by the large separation be-
tween absorption and emission peaks (~160 nm) and
the small spectral overlap between the absorption
and emission bands, is mainly due to the disparity
in the dipole moments of the molecule in its ground
(6.1 D) and emissive excited state (26.3 D).!*3 The
large dipole moment in the emissive excited state
characterizes this state as a CT state (the dimethyl-
amino moiety acts as the electron donor and the two-
cyano pyran moiety as the electron acceptor). In polar
solvents, the CT state is favored and no emission
from the locally excited (LE) state is observed.198-110
The lifetime is ~2 ns (2.2 ns in dimethyl sulfoxide
(DMSO); 1.4 ns in methanol);!1° the quantum vyield
of the fluorescence is high (~80% in DMSO; ~40%
in methanol).

Picosecond transient behavior of electronically
excited DCM in polar solution was first found by
means of time-resolved stimulated emission spec-
troscopy.*® It was shown that, following the optical
pump pulse, the stimulated emission signal is pro-

m
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Figure 3. Steady-state absorption and fluorescence spec-
tra of DCM dissolved in methanol. DCM structure is
included as insert.
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duced within 300 fs. The temporal behavior of the
stimulated emission was investigated at various
detection wavelengths. At shorter wavelengths, a
picosecond decay is observed, whereas detection at
the longer wavelengths yielded a picosecond rise
component. The picosecond results appeared compat-
ible with a picosecond red shift of the stimulated
emission band. The kinetic behavior was unlike that
for the dual band emission observed for 4-N,N-
dimethylaminobenzonitrile (DMABN), where the feed-
ing of the “red” band is at the expense of the “blue”
band.”*"> Since the pump—probe experiments for
DCM did not show an isosbestic point in the temporal
dependence of the stimulated emission spectrum in
the investigated time window after ~300 fs, a non-
adiabatic LE-to-CT state transition (electron trans-
fer) as in DMABN could be excluded, at least for t >
300 fs.116117 The picosecond dynamic Stokes shift of
the stimulated emission from DCM was attributed
to solvation.16117 A plot of the empirical function,
C,(t), yielded a single-exponential decay with a
characteristic time of ~3 ps for DCM in methanol and
~8 ps in ethylene glycol. These times are compatible
with the typical solvation times found for other
probes in these solvents.'8

Transient absorption/gain experiments for DCM in
methanol with a much higher time resolution (~40
fs) were performed by Ernsting et al.'*® An early
transient spectrum was measured with a time con-
stant of ~140 fs. The spectrum was attributed to
originate in the LE state, which was said to decay
into the CT state. In agreement with the results of
Easter and Baronavski,''® the observed dynamics for
t > 300 fs was attributed to solvation in the CT
state.’'® Martin et al.'?°"122 have also performed
transient absorption experiments for DCM dissolved
in various polar solvents. In contrast with the results
of Ernsting et al., a temporary isosbestic point was
claimed to occur at 3—18 ps (instead of ~140 fs) after
the pump pulse. However, the time resolution (>0.5
ps) in the experiments of Martin et al. was an order
of magnitude worse than that in refs 116 and 119,
and this may be the reason for the discrepancy in
the given LE- to-CT transition times. Recently,
Maciejewski et al.*?® reported pump—probe experi-
ments with ~120 fs time resolution for DCM in
cyclohexane and methanol. The emission of DCM in
cyclohexane is due to the LE state, which is found to
have a lifetime of 16 ps. The relaxation of the LE
state of DCM in the nonpolar solvent is mainly to
the So ground state, although to a very small extent
structural changes of DCM, possibly trans — cis
isomerization, might also be present.123124

Relaxation of electronically excited DCM has also
been investigated by means of the femtosecond
fluorescence up-conversion technique.’?>71%7 As al-
ready noted in section 2, the femtosecond fluores-
cence up-conversion method gives information about
the temporal behavior of the population of only the
emissive state, without the interference of ground-
state bleaching, excited-state absorption, and stimu-
lated emission. Figure 4 shows a few typical fluores-
cence up-conversion transients of DCM in ethylene
glycol at different detection wavelengths.'?>126 The
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Figure 4. Typical fluorescence up-conversion transients
observed for DCM dissolved in ethylene glycol at various
wavelengths. Detection wavelengths are indicated.
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Figure 5. Time dependence of reconstructed fluorescence
spectra of DCM dissolved in (a) acetonitrile and (b) ethylene
glycol.

overall features are characteristic of a dynamic
Stokes shift as also confirmed from a spectral recon-
struction analysis.t9125126 Figure 5 shows the tem-
poral variation of the reconstructed emission spec-
trum for DCM in the polar solvents acetonitrile and
ethylene glycol (time resolution ~ 100 fs).1%6 The time
dependence of the Stokes shift in various solvents is
illustrated by the time dependence of the frequency
of the peak of the emission band (Figure 6). Similar
results for the dynamic Stokes shift were obtained
in the up-conversion experiments of Gustavsson et
a|_127

The Stokes shifts of Figure 6 showed bimodal early
time behavior (see inset in Figure 6). The solid curves
in Figure 6 are best fits to a function of the form

2
C,(t) = a; exp(—wt%/2) + Z a, exp(—t/7) (6)
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Figure 6. Time dependence of the fluorescence band
maximum (in cm~1) of DCM dissolved in methanol (x),
ethylene glycol ({), acetonitrile (x), ethyl acetate (O),
mixture of methanol/ethylene glycol (v), and mixture of
methanol/acetonitrile (A). The solid curves are the best fits
to eq 6.

Table 1. Fitting Parameters of Solvent Correlation
Function, C,(t),2 of the Functional Form C,(t) = ag
exp(—wc?t?/2) + Ya; exp(—t/ri), as Determined from
Dynamic Stokes Shifts of DCM Dissolved in the
Solvents Indicated'?®

total
WG T1 T2 shift? Tt
solvent ac (ps™) a1 (ps) az (ps) (cm™1) (ps)
methanol 0.2 6 05 07 03 5 3800 1
ethyleneglycol 0.3 13 04 3 03 27 2400 4
acetonitriled 1.0 05 1400 0.5
ethyl acetate 0.4 7 06 2 1400 0.9

aC, (t) is defined as given in eq 5.° The total shift is
calculated by adding the preexponential factors obtained by
fitting the unnormalized peak position vy(t) — vp(®), instead
of the normalized C,(t), to a function of the same form; v,()
is obtained from the steady-state fluorescence spectrum. ¢z,
is the time required for C,(t) to decay to e! = 0.368; it
represents an average solvation time. ¢ The solvation dynamics
of acetonitrile could not be fitted with a Gaussian component.
Presumably, the Gaussian component is too fast to be detected
experimentally, and only the (exponential) trailing edge of the
solvation is observed.

The parameter values used for the fits of Figure 6
are collected in Table 1.1%® The ultrafast decay
components in the solvation process with a time
constant of 1.4wg™* of about 100 fs are compatible
with the short relaxation components reported for the
probe molecules 1-aminonaphthalene, coumarin 153
(ref 128), and the styryl dye DASPI1'? (see also below)
in polar solvents. Molecular dynamics and Brownian
oscillator model calculations have shown that the
fastest decay components in the spectral response
function can be attributed to “inertial free streaming”
motions of the small solvent molecules.'?8~134 Small
angle displacements are sufficient to account for
about 30—40% of the total solvation dynamics.?? The
slower decay components of Table 1, on a time scale
of a few picoseconds, compare with those found for
other probe molecules in the same solvents85-6769-72.118
and are attributed to rotational diffusion motions of
the solvent molecules.

Interestingly, concomitant with the dynamic Stokes
shift, a rapid initial increase in the integrated emis-
sion intensity and an overall narrowing of the emis-
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sion band (within 300 fs) could be discerned.'?5126
Simulations using a modified Smoluchowski diffusion
equation approach'?® gave support to the idea that
feeding of the CT state in DCM occurs from a higher
lying state in approximately 300 fs. A similar conclu-
sion was obtained recently from time-resolved stimu-
lated Raman experiments.'3® A possible clue as to the
nature of this “feeding” state are the aforementioned
results of Kovalenko et al.''® who concluded from
their transient absorption experiments the existence
of a LE state with a characteristic time of 140 fs. Our
simulation results could be improved by assuming
anharmonicity in the adopted potential energy func-
tions; especially better agreement for the time de-
pendence of the width of the DCM emission band
with the experimental data could be obtained.'% Very
recently, similar nonlinear effects were considered to
account for changes in the steady-state absorption
and emission band shapes that accompany solvato-
chromic shifts of DCM®¥7 (and also of coumarin
153).1%8-140 The nonlinear effects (which basically
reflect the polarizability of the solute molecule in the
excited state) were considered to arise from the
combined effect of coupling between the LE and CT
states on one hand and solvation on the other hand.

A dramatic slowing of the solvation relaxation
process of DCM was observed for DCM in aerosol-
OT (AOT) microemulsions in n-heptane.'*! In these
microemulsions, the DCM molecules reside inside
small water pools. In water pools, a dynamic Stokes
shift of the fluorescence from the CT state markedly
slower than that in the bulk of small polar solvents
was observed; the discerned spectral response func-
tion for DCM was found to show a bimodal time
dependence with charactersistic times of 280 and
2400 ps, respectively. Although due to the limited
time response (~50 ps) of the experiments ultrafast
(subpicosecond) solvation dynamics might have been
missed, these times are 2—3 orders of magnitude
slower than those for the solvation dynamics in the
bulk of polar solvents such as methanol or dimethyl
sulfoxide (DMSO), but they are rightly predicted from
simple continuum theory considering a slow Debye
relaxation time of 7p = 10 ns for the water pool.14.142
In addition, the time dependence of the emissive state
of DCM was studied for the dye in micelles.143144
Now, in addition to the aforementioned slow solvation
components that seem characteristic for organized
microenvironments such as microemulsions**' and
aqueous protein solution,**® an ultrafast solvation
component of only a few picoseconds is observed. It
was suggested that the results are representative of
solvation of DCM at the micellar interface. Recently,
solvation of DCM inside a nanocavity of another
organized medium, namely, an aggregate of a bile
salt, sodium deoxycholate in aqueous solution, has
been studied.’*® A very slow solvation time with an
average value of 1.9 ns was observed and attributed
to DCM subjected to the slow motions of water
molecules in the vicinity of the bile salt aggregate.
It is noteworthy that unconventional solvation dy-
namics in an organized confined environment is
currently attracting much theoretical and experi-
mental interest.'*’~1%0 The extension of the solvation



Femtosecond Studies of Solvation

A\
DASPI /

Absorbance
Intensity (a.u.)

300 400 500 600 [nm]

Figure 7. Steady-state absorption and fluorescence spec-
tra of DASPI dissolved in methanol. DASPI structure is
included as insert.

response to slower time scales has been related to
the effects of the relatively slow (rotational and
translational) dynamics of solvent molecules bound
to the surface of the organized assembly/biomol-
ecules; these solvent molecules are in dynamic equi-
librium with quasi-free and bulk solvent molecules.
The topic has been recently reviewed in a few
excellent papers and is not considered further
here_147,148

In summary, for DCM in polar solution, emission
is from a charge transfer state that is populated
within a few hundred femtoseconds following the
laser-pulsed excitation of the locally excited (LE)
state. Fast transient behavior of the fluorescence
from the charge transfer state in small polar solvents
is attributed to the effects of solvation. The solvation-
induced fluorescence transients contain inertial free
streaming (~100 fs) and rotational diffusion (ap-
proximately a few picoseconds) components. No in-
dication of fast excited-state trans—cis isomerization
(twisting) dynamics of DCM in polar solvents was
found. In an organized confined environment like
microemulsion, aqueous protein solution, or nano-
cavity, a dramatic slowing by orders of magnitude of
the solvation process is measured. This topic is
currently attracting much theoretical and experi-
mental interest.147:148

B. DASPI. The polar styryl dye DASPI {2-(p-
dimethylaminostyryl)pyridylmethyl iodide; for struc-
ture, see inset of Figure 7} shows an appreciable
Stokes shift as illustrated by the positions of the band
maxima in the absorption and emission spectra in
methanol at about 460 and 635 nm, respectively.!5!
Transient absorption and stimulated emission spec-
tra for DASPI dissolved in methanol and acetonitrile
were reported by Bingemann and Ernsting.’?® In
these experiments, the time resolution after decon-
volution was about 50 fs. From the results, the time
dependence of the first, second, and third moments
(typical of the mean frequency, width, and asym-
metry) of the S; — Sy transition was determined. For
DASPI in methanol, the time dependence of the mean
frequency is given by a three-exponential decay
function with characteristic times of 70 fs (30%), 800
fs (30%), and 6.4 ps (40%). The results are best
understood by assuming that the frequency shift is
caused by solvation. A fit for the solvation response
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was obtained with a three-mode Debye continuum
approach.812° Principally this approach does not
include inertial motions of the solvent molecules to
contribute to the solvation process. A better descrip-
tion of the time dependence of the emission band
mean frequency for DASPI in acetonitrile was ob-
tained starting from a multimode Brownian oscillator
model, which considers a linear coupling of the
electronic levels of the optically active probe to
solvent modes that follow Langevin's equation of
motion.'®? The best-fit parameters are v = 22 cm™?!
and 8 = 16 ps~* (ref 129), where v, and 3 refer to the
frequency at the maximum of the spectral density of
the liquid modes and the damping coefficient, respec-
tively.13*

The excited-state dynamics of DASPI was also
investigated by means of the fluorescence up-conver-
sion technique.®' Fluorescence up-conversion tran-
sients for DASPI dissolved in methanol at different
detection wavelengths similar to those of DCM
(Figure 4) were measured. As in the case of DCM,
after spectral reconstruction, the time dependence of
the emission spectrum was obtained revealing a
solvatochromic dynamic red shift. The time depend-
ence of the peak frequency could be fitted to the
functional form given in eq 6. This bimodal function
indicates that the Stokes shift is due to the combined
influence of inertial free streaming motions of the
solvent molecules (Gaussian term) and a multiple-
Debye term characteristic of rotational diffusion
motions (exponential terms).133153 In Table 2, the fit
parameters obtained for the solvation kinetics of
DASPI in the solvents indicated are reproduced.'>?
It is noted that a similar Gaussian decay component
with wg = 6.0—12.0 ps! (30—40%) has been found
for the solvation of probe molecules such as coumarin
152,72 coumarin 153,118 and DCM.116.125-127 Thjs shows
that different solute molecules show similar solvation
behavior and that their solvation dynamics is not
determined by solute specific solute—solvent interac-
tions. The fast transients in the DASPI emission were
absent in apolar solvents thus indicating that isomer-
ization or twisting dynamics is not involved. In
conclusion, DASPI and DCM show similar femto- and
picosecond transient fluorescence behavior; the phe-
nomena are attributed to the fast reorientational
(inertial and rotational diffusion) response of the
polar solvent molecules to the large dipole moment
of the excited charge transfer state of the solute
molecules.

C. DPD (Dimethylaminostyryl Pyridinium
Dyes). Recently (sub)picosecond fluorescence studies
have been extended to unbridged and bridged di-
phenyl derivatives of 1- or 4-(4'-dimethylaminostyryl)
pyridinium dyes 1—4 (Figure 8).2>* These dye mol-
ecules have interesting applications as spectral sen-
sitizers,'® laser dyes,'®® and biosensors.*®” One of the
motivations for a comparative study of these com-
pounds was to establish whether bridging influences
the presence of fast transients in the fluorescence. If
so, one could argue that at least in part the excited-
state dynamics is due to intramolecular functional
group (twisting) motions, and one could question
whether the fast transients are completely deter-
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Table 2. Fitting Parameters of Solvent Correlation Function, C,(t),2 of the Functional Form C, (t) = ag exp(—wg’t?/
2) + Yai exp(—t/ri), as Determined from Dynamic Stokes Shifts of DASPI Dissolved in the Solvents Indicated*s!

solvent ac we (ps™) ai a 72 (PS) AvP (cm™1) 7° (pS)
methanol 0.14 6.0+ 1.0 0.75 1.3+ 0.5 0.11 124 4+1.0 3500 1.0+ 0.5
ethylene glycol 0.19 3.6+10 0.38 28+ 0.5 0.43 175+ 1.0 3300 50+1.0
ethanol 0.23 98+1.0 0.32 1.0+ 05 0.45 119+ 1.0 2800 40+1.0
acetonitrile 0.53 110+ 1.0 0.47 0.8+0.1 2000 0.3+0.2

a C,(t) is defined as given in eq 5.  The total shift is calculated by adding the preexponential factors. ¢ 7. is the time required

for C,(t) to decay to e™%; it represents an average solvation time.
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Figure 8. Structures of unbridged and bridged diphenyl
derivatives of 1- or 4-(4'-dimethylaminostyryl) pyridinium
dyes (DPD) 1-4.
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Figure 9. Steady-state fluorescence spectra of the DPD
compounds 1—4 dissolved in (1) ethanol, (2) decanol, and
(3) benzonitrile.

mined by solvation dynamics. The emissive state of
the ionic styryl dyes 1—4 of Figure 8 is a charge
transfer state in which charge has been transferred
from the styryl group to the pyridinium acceptor.® In
polar solvents, Stokes shifts typical of the charge
transfer state of about 5000 cm~! have been meas-
ured.’® Figure 9 presents steady-state emission
spectra of the DPD compounds 1—4 dissolved in
ethanol, decanol, and benzonitrile. The spectra con-
sist of a broad-band emission (maximum near 660
nm, fwhm about 2500 cm™?); in the highly polar
solvent benzonitrile, the DPD cation emissions are
red-shifted compared to the emissions from the
ethanol and decanol solutions, as expected for emis-
sion from a charge transfer state. Time-resolved
fluorescence up-conversion transients and time-
correlated single-photon counting experiments were

Table 3. Excited-State Lifetimes (in ps) for lonic
(4'-Dimethylaminostyryl) Pyridinium Dyes (1—4 of
Figure 8) in the Solvents Indicated'>*

ethanol benzonitrile decanol
p-DPD 80 215 900
o-DPD 40 85 400
0-DPD-b1 65 230 500
p-DPD-b13 1400 2000 2400

performed for the DPD compounds in ethanol, benzo-
nitrile, and decanol.*>* As for DCM and DASPI, the
fluorescence showed fast transient behavior that is
detection wavelength dependent. From the time
dependence of the emission spectra obtained after
spectral reconstruction a dynamic Stokes shift of the
emission band maximum was concluded.*®* The re-
sults show that for p-DPD in ethanol the dynamic
Stokes shift (DSS) is approximately 1600 cm™ in
about 20 ps, in benzonitrile the DSS is about 1000
cm~t in less than 10 ps, and in decanol the DSS is
about 1600 cm™! in more than 500 ps. The excited-
state population decay to the ground state is much
slower than the dynamic Stokes shift. The variation
of the lifetime of p-DPD in the three solvents is given
in Table 3.5 Analogous dynamic Stokes shifts were
obtained from the fluorescence transients measured
for 2 (0-DPD), 3 (o-DPD-b1), and the double-bridged
compound 4 (p-DPD-b13). This is reflected in the
temporal dependence of the first moment of the
emission bands of 1—4 as shown in Figure 10. An
interesting result of the DSS measurements is that
bridging of both single bonds of the styryl dye has
no significant influence on the rate of the dynamic
Stokes shift (e.g., compare spectral dynamics of 1 and
4 in Figure 10). This result is a strong indication that
the rate of the Stokes shift of styryl dyes is not
determined by twisting about a single styryl bond.
Alternatively, since for the ionic styryl dyes 1—-4 it
is observed that the Stokes shift dynamics varies
with the nature of the solvent and considering also
that the probed molecules are chemically inert with
respect to the solvents ethanol, benzonitrile, and
decanol, it is very likely that the observed dynamic
Stokes shift is due to solvation. Hence, according to
the classification of section 1, the ionic styryl dyes
1—-4 show fast excited-state dynamics predominantly
due to solvation. The time dependences of the first
moment of the emission bands of 1—4 are in agree-
ment with this interpretation. The time constants
and relative amplitudes characterizing the biexpo-
nential time dependences are given in Table 4. The
table includes the average solvation times as known
for the different polar solvents used here.l’® The
weighted average times for the dynamic Stokes shifts
of the styryl dye emission bands as discerned from
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Table 4. Characteristic Times, 7i (in ps), of the Biexponential Fit of the Dynamic Stokes Shift of the Emission

Bands of the (4'-Dimethylaminostyryl) Pyridinium Dyes in the Solvents Indicated®* 2

ethanol benzonitrile decanol
T1 T2 Tavb T1 T2 Tavb T2 Tavb
p-DPD 0.2 (0.3) 10 (0.7) 7.1 0.8 (0.4) 19 (0.6) 11.7 53 (0.3) 330 (0.7) 233
o-DPD 3.5(0.7) 19 (0.3) 8.2 45 (0.6) 460 (0.4) 211
0-DPD-b1 1.9 (0.6) 24 (0.4) 10.7 45 (0.4) 210 (0.6) 136
p-DPD-b13 1.8(0.8) 5.8 (0.2) 2.6 9.5 (0.5) 17.7 (0.5) 13.6 82 (0.5) 550 (0.5) 339
Ta 18 ¢ 16 5.1 245

a Relative amplitudes, defined as ai/(a; + az), where a; is the amplitude of the ith component in the biexponential fit, are given
in parentheses. ® The average solvation time is defined as 7oy = (ai71 + a,12)/(a1 + a,). ¢ The values of 7,18 are the characteristic

times taken from Table 3 of ref 118.
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Figure 10. Time dependence of the first moment of the
fluorescence band of DPD compounds 1—4 dissolved in (a)
ethanol, (b) decanol, and (c) benzonitrile.

experiment and the known average solvation times
of the solvents compare to within a factor of about
three. This strongly suggests that the dynamic Stokes
shift is mainly due to solvation dynamics in the
excited state.

As seen from Table 3, if the styryl dye has at least
one unbridged single bond adjacent to the styryl-
group double bond (compounds 1-3), the lifetimes
of the corresponding compounds in a given solvent
are comparable. If, however, both single bonds are
bridged, like in 4, the excited-state lifetime is length-
ened significantly (by a factor of at least 10 when the
solvent is ethanol). It is likely that the enhanced
nonradiative decay of compounds 1—3 is related to
the flexibility (torsional or bending) of functional
groups that are linked by a single bond to the
remainder of the molecule. The presence of single-
bonded flexible groups can thus be viewed to lead to
increased coupling of the excited state to the dense
manifold of vibrational levels of the ground state thus
facilitating effective radiationless decay. The flexible-
group motions also depend on the viscosity of the
solvent. As the viscosity of the solvent increases, the
torsional or bending motions slow, and this will
reduce the rate of the radiationless decay process.
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Figure 11. Structures of DPDO styryl dyes 5—8.
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Figure 12. Steady-state absorption and fluorescence
spectra of the DPDO compounds 5—8 dissolved in aceto-
nitrile.

This is indeed verified from the change of the excited-
state lifetime of each of the styryl dyes with the
viscosity of the solvent: in higher viscous solutions,
longer lifetimes are found.

For completeness, we mention also some prelimi-
nary femtosecond fluorescence up-conversion results
for ionic styryl DPDO dyes 5—8 depicted in Figure
11.7%° These compounds contain a pyrylium group
instead of a pyridinium group as in the DPD com-
pounds of the previous section (nitrogen atom in the
pyridinium group is replaced by oxygen). As shown
in Figure 12, the absorption spectrum of the DPDO
compounds consists of a main absorption band peak-
ing near 620 nm and a much weaker band with a
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Figure 13. Fluorescence up-conversion transients of DPDO compounds 5—8 dissolved in acetonitrile. Detection wavelengths
(in nm) are indicated. Solid curves are best fit to a multiexponential function convoluted with the instrumental response

function (dash—dotted line).

peak near 385 nm. The emission spectrum shows two
bands (Figure 12) with maximum intensities near
730 nm (not including the weak shoulders on the red
side of the emission band) and 450 nm. It appeared
that the two-band emission, not reported for the DPD
molecules,>'%* can be assigned as emissions from the
S, state and the S; state, respectively.®® Figure 13
shows a few fluorescence up-conversion transients
monitored for 5—8 in acetonitrile.'>® The “blue”
emission transients show an almost instantaneous
rise followed by a decay with a time constant of ~250
fs. The “red” emission of the DPDO compounds shows
a ~250 fs rise, followed by a biexponential decay with
typical times of a few hundred femtoseconds and a
few picoseconds. The similar time constants for the
decay and rise of the blue and red emissions, respec-
tively, shows that the depletion of the higher emissive
state and the feeding of the lower emissive state occur
concurrently. The 450 nm emission is attributed to
the S, — Sy transition and the 700 nm emission to
the S;— S, transition.’® The ~250 fs process thus
involves the S, — S; internal conversion. The internal
conversion time shows some variation with the
solvent: ~300 fs in methanol; ~400 fs in ethanol,
~700 fs in benzonitrile. These times are comparable
to internal conversion times of 450—600 fs reported
for all-trans-1,8-diphenyl-1,3,5,7-octatetraene and
1,6-diphenyl-1,3,5-hexatriene, respectively.6%161 The
measured rise times of the S, state are very close to
known characteristic solvation times in methanol,
ethanol, and benzonitrile (210, 290, and 850 fs,
respectively®8). This suggests that, although solva-
tion dynamics may be obscured (due to concurrent
internal conversion) in the fluorescence from the S;
state, it is still possible to observe solvation dynamics

for the DPDO probe molecules in the time depend-
ence of the blue-band emission from the S, state.
Solvation dynamics studies after selective excitation
of the S; state of the DPDO dyes is not possible be-
cause the detection wavelength of the up-conversion
signal is too close to the wavelength of the excitation
pulse, and hence, due to this spectral overlap the up-
conversion method cannot be used.

Since similar S; — S; internal conversion kinetics
is found for 5—8, bridging apparently does not
influence internal conversion. On the other hand,
bridging does affect the lifetime of the excited S;
state. For 5, 6, and 7, the lifetime of the S; state is
measured to be between 1 and 30 ps (depending on
the solvent), whereas for 8, the lifetime of the S; state
is found as 0.61 ns in methanol and 1.98 ns in
benzonitrile.’>® As found for the DPD compounds of
the previous section, when twisting about single
bonds is not possible, excited-state relaxation of the
totally bridged styryl cation is slowed appreciably.
Apparently, twisting motions about single bonds
provide for effective nonradiative decay of the S; state
to the ground state.

D. LDS-750 LDS-750 {6,7-benzo,3-ethyl,2-[1',3'-
butadienyl,4'-(4"-dimethylaminophenyl)] benzothia-
zolium perchlorate; for structure, see Figure 14} was
the first styryl dye used in ultrafast time-resolved
studies of solvation dynamics.6>15% Like for other
large-sized laser dye molecules in polar solution,
broad featureless steady-state absorption and emis-
sion bands are measured (with the absorption-band
peak near 570 nm and an emission-band peak near
725 nm, when the solvent is DMSO).%* Femtosecond
fluorescence up-conversion experiments have been
performed for the dye molecule dissolved in aceto-
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Figure 14. Structure of 6,7-benzo,3-ethyl,2-[1',3'-buta-
dienyl,4'-(4"-dimethylaminophenyl)] benzothiazolium per-
chlorate (LDS-750).

nitrile.82153 After spectral reconstruction, fluorescence
spectra at various times were simulated and a very
fast dynamic Stokes shift of the emission band
maximum to the red was revealed. In acetonitrile,
the dye gives rise to a solvatochromic shift of about
50 nm, ~80% of which occurs within ~150 fs.153 This
dynamic shift is absent in frozen acetonitrile indicat-
ing that the dynamics in the liquid is due to solvation
and that intramolecular vibrational relaxation is not
important in the ultrafast relaxation process. The
initially Gaussian-shaped solvation response function
(for t < 100 fs) was discussed to originate from small
amplitude inertial rotational motions of the aprotic
solvent molecules, whereas the slower second part
of the solvent response (0.5—1 ps) was assigned to
diffusive motions of the solvent molecules. The
proposal that the ultrafast initial relaxation derives
from solvation was contested by Kovalenko et al.162
By means of the pump/supercontinuum probe (PSCP)
technique (~40 fs time resolution), transient absorp-
tion and gain spectra were monitored in a time range
up to about 1 ps. In acetonitrile, at relatively low
pump energy (0.3 ©J), an intermediate excited elec-
tronic state was proposed to be populated initially
(within 70—140 fs), followed by a second step in which
the intermediate state decays into the final state,
which is reponsible for the gain spectrum. The overall
time of ~200 fs for these processes was assumed to
involve a two-step isomerization of LDS-750. On the
other hand, the measured rate of the conformational
changes is still influenced by the solvent polarity, so
the excited-state dynamics was largely but not com-
pletely assigned to intramolecular isomerization.16?

Recently, Yoshihara and co-workers performed
femtosecond time-resolved fluorescence experiments
of LDS-750 in aniline.’®® A dynamic Stokes shift to
lower energy for the emission was observed. The
deduced spectral shift correlation function, C,(t),
could be modeled satisfactorily using the dynamical
mean spherical approximation (DMSA)®118 and the
pure liquid data. It was concluded that the fluores-
cence dynamics is determined by solvation only.
Furthermore, the ultrafast initial decay of C,(t) of
LDS-750 in aniline, with a typical time of ~300 fs
(25%), was found to be compatible with the results
of Bingemann and Ernsting®?® for LDS-750 in other
solvents and to correlate with the changes expected
for the inertial frequency of the solvent molecular
motions. The results did not agree with the predicted
influence of the solvent viscosity on intramolecular
conformational motions. The time-resolved fluores-
cence spectra also show a broadening by 40% over
the first 20 ps. It was proposed that this broadening
is representative of conformational changes of the
styryl dye that accompany the solvation process.
Possibly the conformation of the solute and the
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Figure 15. Structures of chromophores IR 1048 and IR
1061.

Table 5. Fitting Parameters for Fluorescence
Transients of IR 1048 and IR 1061 in Acetonitrile
(acn), Dichloromethane (dcm), Ethanol (EtOH), and
Hybrid Films66.167 a

T1 (pS) Az 2 (pS) Az n + A?]
IR 1048
EtOH 0.10 —0.08 6.7 0.07 0.001 £+ 0.001
acn 0.13 -0.12 7.9 0.36 0.002 + 0.001
decm 0.31 —-0.14 153 0.71 0.004 + 0.001
film 1543 1 0.006 + 0.001
IR 1061
EtOH 0.28 -0.16 17.9 0.52 0.005 + 0.001
acn 0.12 —-0.80 28.9 0.78 0.009 4+ 0.003
decm 0.18 —0.20 38.9 0.20 0.017 4+ 0.005
film 25+4 1 0.014 £+ 0.005

a g and A; represent decay times and relative amplitudes,
respectively. Detection wavelength is 1120 nm for the solu-
tions. A single-exponential decay function has been employed
to fit the transients of the films. The lifetimes in the film have
been obtained by averaging over six measurements at different
detection wavelengths. Quantum efficiencies are reported in
the last column.

configuration of the surrounding solvent molecules
are coupled and thus may influence each other.1%3

E. IR Dyes. Recently, ultrafast studies of chro-
mophores that show luminescence in the infrared
(IR)164165 have been performed.66167 As is well-
known, the IR region is crucial for fiber optics
communication. The structures of the cyanine dye IR
1048 and the thiopyrilium dye IR 1061 of these
studies are sketched in Figure 15. Considering the
structures of these IR dyes, it is not clear a priori
whether the emission would contain fast components
and, if so, what would be the nature of such behavior,
solvation, configurational dynamics (perhaps due to
flexible double bonds), or both. The spectra of the two
dyes show an absorption band maximum near 1065
nm and a broad structureless emission peaking near
1075 and 1085 nm in a hybrid sol—gel film. Femto-
second fluorescence up-conversion transients could
be measured. A fast time component, characterized
by a time constant t;, is observed. This component
shows an emission wavelength dependence: it ap-
pears as a decay when detection is in the blue part
of the emission (1020—1040 nm) and as an increase
(build-up) in the red part (1090—1150 nm), the time
constants being similar. Table 5 includes 7; values
for IR 1061and IR1048 in various solvents and in a
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Figure 16. Structures of several coumarins.

thin hybrid sol—gel film, when detection is at 1120
nm. The 7; component depends slightly on the nature
of the employed solvent and is absent when the
solutes are doped in films. The subpicosecond t;
component was attributed to only solvation involving
(short-range) interactions between the solute mol-
ecules and nearest-neighbor solvent molecules un-
dergoing fast reorientational motions (which are
damped in the film).1%” The characteristic time 7 is
representative of the lifetime of the relaxed excited
state. 7, appeared to be solvent-dependent: in aceto-
nitrile the lifetime is shorter than that in dichloro-
methane. The even faster decay time in ethanol may
hint to specific solute—solvent interactions.

3.1.3. Coumarins

A. Coumarin 153. Due to its rigid structure,
strong radiative character, and simple solvatochromic
behavior,68-170 coumarin 153 (C153; for structure,
see Figure 16) has been one of the most thoroughly
investigated probes in studies of solvation dynamics.
Maroncelli and Fleming®® were the first to extensively
examine fast components in the emission of C153
(lifetime ~ 5 ns) in various solvents utilizing pico-
second fluorescence spectroscopy. Although the time
resolution of these early experiments was rather
limited (~30 ps), it was verified that the fluorescence
of C153 shows a solvent- and polarity-dependent
dynamic Stokes shift that could be attributed to
solvation. The Stokes shift was rationalized on the
basis of the excitation-induced change in the dipole
moment of the solute from ~5.6 (ground state) to
~10—14 D (excited state). The time dependence of
the spectral response function was found to be
multiexponential, the more so in solvents with higher
polarity, and therefore appeared inconsistent with
the predictions from simple continuum theory.%5-97
It was suggested®® that a large part of the solvation
is determined by interactions between the solute and
nearest-neighbor solvent molecules thus making bulk
properties of the solvent, which are responsible for
the longitudinal relaxation time in continuum theory,
less relevant. Experiments with high time resolution
(~100 fs) revealed more details of the spectral
response function of the system immediately after the
optical excitation pulse.’*® Unlike earlier studies
(with less time resolution),’? the measurements of
Horng et al.1*® showed the existence of bimodal decay
behavior of the spectral response function with a fast
decaying component in the (100—300 fs) region. The
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presence of this component was demonstrated re-
gardless of whether C153 was dissolved in protic or
aprotic polar solvent. The ultrafast decay was at-
tributed to the contribution of inertial motions of the
solvent molecules to the spectral response, in agree-
ment with previous predictions.”®1"* Similar inertial
component dynamics in polar solvents was found in
later experiments with DCM as the solute (vide
supra).t16125 Vibrational relaxation could be excluded
as a possible mechanism for the observed ultrafast
relaxation component. This was concluded from the
absence of any ultrafast shift component for C153
dissolved in cyclohexane in which C153 is unlikely
to show solvation dynamics. Simulations suggested
that vibrational relaxation would manifest itself in
the fluorescence spectrum as a quickly disappearing
blue part and a concomitantly rising red part. On the
time scale of 100 fs or longer, no such phenomena
were observed. On the contrary, already for t ~ 100
fs, the fluorescence spectrum assumes the shape of
the steady-state emission spectrum (although to a
percentage of about 10%, residual rise and decay
components with times in the range of 1—10 ps were
also found). It was concluded that intramolecular
vibrational redistribution is much faster (<30 fs)
than the inertial motions of the solvent molecules and
that the picosecond components are probably due to
vibrational cooling, that is, dissipation of excess
vibrational energy to the bath of solvent molecules.'8

Transient absorption and gain spectra of C153 in
acetonitrile and methanol were also measured with
~40 fs time resolution using a pump/supercontinuum
probe technique.l’? At the earliest times (t < 70 fs),
the excited-state absorption and the stimulated emis-
sion spectra show vibrational structure. The novel
feature was that the red shift of the stimulated
emisssion is not accompanied by a synchronous blue
shift of the excited-state absorption. It was inferred
that, concomitantly with solvation dynamics, C153
undergoes a stepwise intramolecular excited-state
electronic relaxation to two other excited singlet
states, in agreement with earlier findings of Blan-
chard and co-workers from picosecond pump—probe
experiments.1”3174 The multi-excited-state relaxation
mechanism has been refuted by Maroncelli et al.,
however.t> On the basis of their finding that there
is no observable influence of the nature of the solvent
on the absorption or the emission transition moment,
they conclude that it is very unlikely that more than
two electronic levels are involved in the optical cycle.

In a recent study by Gustavsson et al.,'’® the idea
that the ultrafast decay component(s) in the fluores-
cence of C153 is completely due to solvation dynamics
has been contested. After an elaborate deconvolution
procedure of the time-resolved fluorescence up-
conversion spectra (from which they claim that the
experimental time resolution becomes around 50 fs,
the instrument response function being ~220 fs), the
authors find that more than 50% (instead of 30%
reported by Maroncelli et al.) of the dynamic Stokes
shift consists of an ultrafast component with a char-
acteristic time faster than 50 fs. It was argued that
this component cannot be fully attributed to solvation
dynamics and for the larger part must be due to
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ultrafast intramolecular dynamics. Since the contro-
versy seems to be sensitively affected by the method
of the numerical analysis, the problem concerning the
physics involved in the full trajectory of the dynamic
Stokes shift may still need further investigation.

Although the majority of the time-resolved Stokes
shift studies of C153 have been performed for the
solute in polar organic solvents (like simple alcohols
and alkyl cyanides),85-67.69-72 golvation of the dye has
also been studied in nonideal binary mixtures of
alcohols and water,*”” water and organized assembly
in water,4"178-180 ingrganic molten salts at high
temperature,'82-18 jonic liquids at room tempera-
ture,'84718 and small polymer environment.'®” In
general, in these systems the dynamic Stokes shifts
are slower, if not much slower, than in the molecular
solvents. For instance, for C153 in a mixture of
1-propanol (0 < Xpron < 1), it was concluded that
C153 is preferentially solvated by the alcohol (C153
is almost insoluble in water) and, as the 1-propanol
fraction is increased, the solvation dynamics slows
to about 15 ps for Xpron ~ 1.7 The results are
indicative of specific solute—solvent interactions. For
coumarin C480, similar very slow solvation dynamics
has been observed when the dye is confined in a
water pool inside vesicles. Then, a bimodal solvation
with characteristic times of 0.6 and 11 ns was
measured.?”® When C480 is confined in water inside
micelles, the typical solvation time is 180—550 ps,
that is, again orders of magnitude slower than that
in bulk water.’® In molten salts, like tetrabutyl-
ammonium hydrogen sulfate and tetradodecyl-
ammonium perchlorate, the solvation dynamics of
C153 is also slow. In these liquids, solvation times
of 40 and 220 ps and 200 and 2000 ps, respectively,
have been reported.'81-183

Recently, solvation dynamics of C153 has been
studied in the ionic liquids [BMIM][BF,] (1-butyl-3-
methylimidazolium tetrafluoroborate) and [EMIM]-
[BF4] (1-ethyl-3-methylimidazolium tetrafluoro-
borate).1818 The viscous liquids are more polar than
acetonitrile but less polar than methanol. The sol-
vation dynamics of C153 in these liquids, as charac-
terized by the spectral shift function, is found to be
bimodal, the short component being 120—280 ps and
the long component being 1.3—4.0 ns, that is, about
3 orders of magnitude slower than those in simple
organic solvents. The “faster” initial component is
attributed to the influence of motions of the relatively
small anions (BF47), while the “slower” component
originates in the combined influence of the cations
and anions. Finally, recent time-dependent fluores-
cence anisotropy experiments of C153 showed that
the solute is useful in studies of preferential solvation
in nonideal solvent mixtures.'®818 In these studies
of preferential solvation, special solute—solvent in-
teractions are considered to discuss the relatively
slow (subnanosecond to nanosecond) solvation dy-
namics, and in this respect these studies differ from
those considered so far for inert solutes in bulk
solvents. Special solvation effects as in nonideal
solvent mixtures or at surfaces of proteins, micelles,
vesicles, aggregates, etc. are not considered further
in this paper, however.

Chemical Reviews, 2004, Vol. 104, No. 4 1943

In summary, following pulsed laser excitation of
C153 in a solution of small polar molecules, ultrafast
transient behavior of the fluorescence is observed. At
early times (t < 50 fs), the nature of the processes
that determine the fluorescence dynamics is still
under debate, but it is likely of intramolecular origin.
On a time scale of 100 fs or longer, the transients
are due to solvation; initially inertial motions of
nearby solvent molecules dominate (100—300 fs);
subsequently the dynamics is determined by rota-
tional diffusion motions of the solvent molecules. As
is the case for the styryl dye compounds DCM and
DASPI, in confined environments (micelles, polymer,
mixed solvents) the solvation dynamics slows dra-
matically.

B. Other Coumarins. Whereas for C153, due to
the rigid structure of the molecule, the observed
ultrafast Stokes shifts could be attributed to solvation
dynamics and vibrational relaxation, other cou-
marins, such as C151, C152, and C35 (Figure 16),
may contain flexible functional groups that allow for
intramolecular conformational dynamics, and thus
solvatochromism dynamics may become complicated
by additional internal dynamics.”?176 We defer the
topic of distinguishing between ultrafast internal
relaxation and excited-state deactivation caused by
very rapid motions of solvent molecules to section 3.2.

A coumarin that has a rigid structure similar to
that of C153 is coumarin 343 (C343, Figure 16). C343
has been used by Levinger et al. in studies of
solvation dynamics in reverse micelles, microemul-
sions, and vesicles.??071% Generally, it was confirmed
that when the solute is dissolved in a pool of solvent
molecules in a restricted environment, the ultrafast
solvation dynamics that normally exists in bulk
solvent is slower by orders of magnitude.

For coumarin 481 (C481, Figure 16), the dynamics
of internal conversion (IC) from a higher lying Sy
state to the emissive S; state in cyclohexane solu-
tion'®* was recently studied by means of the method
of femtosecond fluorescence up-conversion. Typical
rise times of 220—280 fs, measured at all fluorescence
wavelengths (and comparable to those mentioned
above for the DPDO compounds), were attributed to
the IC process, intramolecular vibrational energy
redistribution being a much faster process. After
internal conversion, a narrowing of the fluorescence
band was observed. The phenomenon was attributed
to the effect of cooling of the vibrationally “hot” S;
state. Dissipation of the approximately 3500 cm™?
excess excitation energy in the S; state to the bath
of solvent molecules occurs on a time scale of 10 ps.

3.1.4. Organic Light-Emitting Diode (OLED) Dyes

Thin films of vapor-deposited metal chelates, such
as aluminum(lll)-8-hydroxyquinoline (Algs), have
been successfully applied as organic light-emitting
diodes (OLED).1%5-1%° Several studies concerning the
mechanisms and the dynamics of charge injection,
charge transport, and charge recombination of Alqgs
have been undertaken.?°°-2% |n liquid solution, photo-
induced fluorescence of Algs has also been ob-
served.!952% The lowest electronic states derive from
m — m* excitations localized at one of the quinolino-
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Figure 17. Steady-state absorption and emission spectra
of Alqgsz dissolved in DMF. Structure of Algs is given in
insert.

late ligands with electronic charge being partially
transferred from the phenoxide to the pyridyl side
of the ligand.1%7:294205 The decay of the fluorescence
is exponential with a typical lifetime of 10 ns at room
temperature. Recently, time-resolved fluorescence
studies of fast dynamics in Alg; and Gags have been
performed.?°’=209 For Algg, in solution, picosecond
fluorescence transients were resolved by means of
femtosecond fluorescence up-conversion and time-
correlated single-photon-counting experiments.?*’ Fig-
ure 17 shows the steady-state absorption and emis-
sion spectra of Algs in DMF. Spectral analysis of the
up-conversion transient results showed a dynamic
Stokes shift of about 1000 cm™ in a time between
300 fs and 10 ps; in this time, there is also a
broadening of about 400 cm™!. For Alqgz doped in a
Al(acac); host crystal, no picosecond transients (i.e.,
no dynamic Stokes shift) could be observed. More-
over, the time constants for the short-time compo-
nents in the fluorescence of Alqgs in different solvents
(DMF, DMSO, dichloromethane, and toluene) re-
semble those of the known solvent relaxation times
for these solvents. Evidently, the picosecond compo-
nents are due to solvation effects. It was also found
that the solvation-induced dynamic Stokes shift is
accompanied by a decrease of the integrated fluores-
cence intensity much faster than could be accounted
for by the v3-law for spontaneous emission. To explain
this intensity drop, it was conjectured that a solvent-
induced mixing of close-lying excited molecular states
takes place during the solvation process.?%”
Fluorescence transients measured for protonated
8-hydroxyquinoline in HCIO, (not complexed to alu-
minum(l11)) showed a time dependence very similar
to that of the metal-chelated species; that is, spectral
shifting occurs in time window from 300 fs up to 10
ps, and after spectral reconstruction the integrated
intensity of the emission spectrum decreased much
more rapidly than a »® dependence.?®’” In the N-
protonated species 8-HHQ™, the positively charged
pyridyl moiety acts as a strong acceptor, and donor—
acceptor transitions from the phenoxide donor are
effectively enhanced. The large similarity in the
kinetics of the fluorescence of the 8-HHQ™ species on
one hand and the Algs complex on the other hand is
support that, within the experimental time resolution
of ~100 fs, immediately following the laser pulse, the
emissive state of the Algs complex is localized on an
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individual ligand and that charge separation has
taken place within the quinolinolate ligand in the
excited state. Further support was obtained from
time-resolved fluorescence depolarization experi-
ments.?%® Again, the results obtained for the Algs
complex and the 8-HHQ™ species were similar. Upon
excitation with linearly polarized laser pulses, up-
conversion transients for the emission polarized
parallel (1) and perpendicular (I) to the polarization
direction of the exciting laser pulses were measured.
The time dependence of the fluorescence anisotropy,
r(t), was obtained from the best fit functions for I(t)
and Ig(t). Fluorescence transients obtained for short
excitation wavelengths (<326 nm) did not exhibit a
temporal difference for I;(t) and I(t). When excitation
was near 360 nm, however, a nonzero value for r(0)
was found. The nonzero anisotropy implies that,
within the system response time of 150 fs, the
directions of the transition moments for absorption
and emission remain, at least partially, correlated.
A nonzero value for r(0) rules out the possibility of
an initial ultrafast excitation delocalization process
involving the three quinolinate ligands. The values
of 0.2 (detection at 505 nm) and 0.12 (detection at
600 nm) are lower than the theoretical limit of 0.4.
This lowering is likely due to a diminished photo-
selectivity by the polarized excitation because of
spectral overlap of several absorption bands (with
different polarization) at the experimental excitation
wavelengths (340—360 nm). Note that the partial
directional correlation between the absorption and
emission dipoles implies that internal conversion
from the initial Franck—Condon state to the emissive
state must be ultrafast and completed within the
system response time of 150 fs. Such an ultrafast
relaxation process was reported previously also for
another metal complex, namely, Ru(bpy)s?*.?%% As
remarked, r(0) values of 0.2 and 0.12 were obtained
when detection is at 505 and 600 nm, respectively.
Since the final electronic state in the optical transi-
tion at these wavelengths is the same (namely, the
electronic ground state), the different initial anisot-
ropy values mean that the polarization of the emis-
sion of the initial states differs. A difference is
understood on the basis of the above-mentioned
ultrafast solvation mechanism. The “600 nm” emis-
sion is due to molecules that were populated by
solvation while the exciting laser pulse is still “on”
and that have a different mixing of the initial states
than the molecules emitting at “505 nm”. If the mixed
states not only have different radiative character
(leading to the intensity effects of solvation men-
tioned above) but also have different directions for
the transition moment of the emission, then r(0) is
expected to vary with the detection wavelength.

The dynamics of the depolarization process, with
a time constant of about 2.0 ps, compares very well
with that of the dynamic Stokes shift and the solvent
relaxation time of 1.7 ps of the solvent. Moreover, for
Algs doped in a host crystal or rigid glass, no
fluorescence depolarization transients were observed.
These results confirm that the 2.0 ps fluorescence
anisotropy decay must be related to the solvation
process. The absence of fast depolarization in rigid
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medium also excludes that intramolecular relaxation
like vibrational relaxation should be considered as a
possibile cause for the picosecond behavior. On the
other hand, normally solvation is not expected to
influence the electronic transition dipole moment
unless, as already mentioned above, during solvation
the nature of the emissive electronic state is affected.
This possibility was already raised above in the
discussion of the magic angle results and is further
supported by the results of the anisotropy experi-
ments. The fluorescence anisotropy, r(t), for Algs in
solution appeared to fit a biexponential function.
Whereas the fast (~2 ps) component is related to the
solvation process, the slow component is much longer
(~85 ps for Algs in DMF) and attributed to the
rotational diffusion motions of the probed Algs solute
molecules. Several observations are in support of this
interpretation. First, the “long” fluorescence anisot-
ropy decay component is present only when the
complexes are in liquid solution and becomes much
longer as the solvent viscosity is increased (e.g., in
ethylene glycol the decay time is 1.18 ns). Second,
r(t) appears to be independent of the detection
wavelength, and finally, the “long” fluorescence an-
isotropy decay component slows when the atomic
radius of the metal ion in Mqs is larger (i.e., the
diffusional anisotropy decay is longer in the order
Algs, Gags and Ings). In summary, femtosecond
fluorescence up-conversion experiments have proved
useful in verifying that in liquid solution the Alqgs
complex shows solvation dynamics that is also typical
of the 8-HHQ™ species. It is concluded that photo-
excitation of Alqgs leads (within ~100 fs) to a localized
excitation at one of the quinolinolate ligands (no
delocalized three-ligand excitation); this is further
supported by results from femtosecond fluorescence
anisotropy measurements.

3.2. Intramolecular Twisting Dynamics

3.2.1. Auramine

Whereas for the chromophores reviewed in the
previous section the fastest components of the excited-
state dynamics are predominantly due to the re-
orientational motions of the solvent molecules, we
now turn to chromophores with transient excited-
state behavior due to ultrafast intramolecular con-
formational changes. Such motions are of great
importance to numerous processes in chemistry%* and
biology.?'! Very high values for the reaction rate (in
excess of 102 s~1) may be obtained when the excited-
state potential energy, as a function of the reaction
coordinate, lacks an activation barrier. Solvent vis-
cosity may then to a great extent still influence the
excited-state dynamics. This has been extensively
investigated for photoexcited di- and triphenyl-
methane dye molecules showing twisting dynamics
of the phenyl groups.?'2=2%6 Another example is the
diphenyl-aminomethane dye cation auramine (Figure
18). Auramine is a yellow dye that is weakly fluo-
rescent in low-viscosity solvents (e.g., water) and
highly fluorescent in viscous solvents, DNA, and
polymeric acids.?'”?18 From early steady-state spec-
troscopic investigations, it was already concluded
that diffusion-controlled twisting motions of the
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Figure 18. Steady-state absorption and emission spectra
of auramine dissolved in ethanol (dashed curve) and
decanol (solid curve). Structure of auramine is given as
insert.

phenyl rings in the molecule play an important role
in the relaxation of the locally excited state.?’® Recent
time-resolved transient absorption and fluorescence
up-conversion studies provided further information
regarding the dynamics and mechanism of the excited-
state relaxation process.'??220-222 Figure 18 shows the
steady-state absorption and emission spectra at room
temperature of auramine dissolved in ethanol and
decanol. The emission band maximum of auramine
in ethanol is blue-shifted by about 800 cm™! as the
temperature is decreased from 293 to 173 K. Also,
the total fluorescence intensity has increased by
about a factor 5, in agreement with the quantum
yield enhancements given in refs 219 and 223.
Transient absorption measurements for auramine in
ethanol showed the decay of a stimulated emission
band (above 470 nm) in a few picoseconds after
excitation and the simultaneous rise of a transient
absorption near 480 nm, where the initial gain signal
gives way to the new transient absorption band. A
temporary isosbestic point is seen at 459 nm for a
nonzero AD value indicating the presence of more
than two species or excited states. At longer delays,
both the induced absorption and bleaching bands
decay.??° In decanol, the transient spectra exhibit
similar dominant features, but the kinetics are slower
and more complex: a 10-ps lag prior to a single 130-
ps exponential decay is found in the bleaching band.

Further evidence that several excited electronic
states (and not just one state) are involved in the
relaxation of the optical excitation in auramine was
obtained from femtosecond fluorescence up-conver-
sion experiments.??97222 These experiments were
performed for auramine in the solvents ethanol and
decanol at room temperature. The influence of a
change in the viscosity was examined for the
auramine/ethanol solution by changing the temper-
ature. Typical features observed in the fluorescence
transients of auramine are illustrated in Figure 19.
The figure shows fluorescence up-conversion tran-
sients for auramine dissolved in ethanol at three
detection wavelengths (panel a) and three tempera-
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Figure 19. Typical fluorescence up-conversion transients
of auramine dissolved in ethanol: (a) T = 203 K, detection
wavelengths as indicated; (b) detection at 467 nm, tem-
peratures as indicated.
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Figure 20. Simulated (solid) and experimental (dashed)
time-resolved fluorescence spectra of auramine dissolved
in ethanol. Excitation is at 480 nm.

tures (panel b). The time-dependent fluorescence
spectra were obtained after spectral reconstruc-
tion.?29221 Figure 20 shows as an example the tem-
poral behavior of the emission band of auramine
dissolved in ethanol at 273 K. A small dynamic
Stokes shift of a few hundred wavenumbers (within
the first 10 ps) accompanied by a drastic drop in
fluorescence intensity to about 10% of the initial
value is observed. The residual fluorescence has a
longer decay of about 30 ps. This lifetime is thus the
same as that of the 480 nm transient absorption. The
transient absorption at 480 nm has been assigned
as the absorption of a (quasi-) dark state.'?>220 From
the similar time constants for the fluorescence decay
and the rise of the transient absorption at 480 nm,
it is concluded that the emissive locally excited (LE)
state relaxes within about 2 ps into the weakly
emissive excited state that, at room temperature, has
a lifetime of 30 ps, which is labeled henceforth as
Srelax- The rotational motions of the phenyl rings play
an important role in the relaxation of the excited
state of auramine. As the temperature is lowered, the
viscosity increases and the torsional motions of the
phenyl rings slow. This slowing affects the LE-to-
Srelax-State relaxation, as manifested by the slower
dynamic Stokes shift and the slower drop in the
integrated emission intensity at lower temperatures.
The effects could also be examined more quantita-
tively.??* Two alternative models may be considered.
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Bagchi et al.??* considered the problem of a rapid
drop in the integrated fluorescence intensity ac-
companying a barrierless reaction. The time develop-
ment of an initial population distribution along an
excited-state potential energy surface was simulated
using a modified Smoluchowski diffusion equation
containing a nonlocal sink function term that ac-
counts for an enhanced nonradiative decay as the
reaction proceeds. The Kinetics of the fluorescence
intensity decay and the dynamic Stokes shift will be
similar if the rate of the nonradiative decay caused
by the sink function term, on one hand, and the rate
for population relaxation along the potential energy
surface, on the other hand, are comparable. Albeit
this is what is observed for auramine, the approach
of Bagchi et al. still is not applicable in the case of
auramine because the BFO model also implies that
the typical lifetime of the relaxed excited state is
eventually determined by the sink function term and
thus be comparable to the characteristic time of the
dynamic Stokes shift of about 2 ps at room temper-
ature. However, as mentioned above, experimentally
a residual lifetime of about 30 ps in ethanol (~130
ps in decanol) is found for auramine in the excited
state.??* We conclude that the time-resolved tran-
sients of auramine cannot be fully understood with
the BFO model based on a nonemissive sink.

Alternatively, the possibility that the radiative
(instead of the nonradiative) decay shows a functional
dependence on the twisting angle of the phenyl rings
was explored.??! In this approach, the nature of the
electronic wave function of the emissive excited state
varies with the phenyl-group twisting angle. Such
a situation may exist when adiabatic coupling be-
tween the (emissive) locally excited state and a dark
state is assumed. Simulations of the temporal evolu-
tion of the excited-state population, again using a
Smoluchowski equation but now without the sink
function term, yielded spectra (dashed curves in
Figure 20) in good agreement with the experimental
spectra (solid curves in Figure 20). It appears that
the best-fit results are obtained for a (quasi-) barri-
erless shape of the excited-state potential;??! this
potential indeed gives rise to a dynamic Stokes shift
on a (sub)picosecond time scale. It also appeared that
best-fit results were obtained when the rotational
diffusion coefficient, D, in the Smoluchowsky equa-
tion is taken to be linearly dependent on T/» and
therefore the Debye—Einstein—Stokes relation for
rotational diffusion motion of a sphere, D, = kgT/
(12Vp), is followed. The radius corresponding to this
sphere is found as 1.0 A, which compares well with
the value of 1.2 A for the effective radius of a twisting
phenyl group.??! The dark state has been identified
as a twisted intramolecular charge transfer (TICT)
state of auramine for which the emissive transition
rate is negligible.??®

Recently, the excited-state relaxation of auramine
has also been studied for the solute in reverse micelle
systems.??6227 |n the measurements, a pump—probe
technique was applied in which the pump pulse
generates a transient lens for the probe pulse. The
pump-pulse induced change in the refractive index
was measured as a change of the intensity of the
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center area of the probe pulse and followed in time.
Auramine was immersed in an aerosol OT/water/n-
heptane reverse micelle system of nanometer-size. By
means of the aforementioned ultrafast transient lens
(UTL) method, two fast decay components for the
relaxation of the excited state were found. The decay
time constants were attributed to the decay of the
locally excited (LE) and the twisted intramolecular
charge transfer (TICT) state of auramine, respec-
tively. The lifetimes of the two states vary with the
size of the micelle water pool. As for the confined
coumarine systems mentioned above, longer lifetimes
were found as the radius of the water pool becomes
smaller (up to 6 and 26 ps for the LE and TICT state
in a water pool with a radius of ~0.7 nm, respec-
tively).

3.2.2. Two-Dimensional Dynamics: Michler's Ketone

Recently, time-resolved fluorescence experiments
have also been reported for the analogue compound
of auramine, Michler's ketone (MK, Figure 21,
4,4'-bis(N,N-dimethylamino)-benzophenone) and its
bridged derivative compound 3,6-bis(dimethylamino)-
10,10-dimethylanthrone (BMK, Figure 21).22822% Fluo-
rescence up-conversion transients were measured for
MK and BMK in the protic solvents methanol,
ethanol, and decanol, and in the aprotic solvents
acetonitrile and DMF. The transients could be fitted
with a multiexponential function convoluted with the
system response function, and the best-fit functions
were used to compute time-resolved fluorescence
spectra by means of the spectral reconstruction
procedure.®228 Figure 22 presents data for MK in
various protic solvents. The solid curves are best-fit
curves for the simulated points to log-normal line
shape functions.??® The time dependence of the
fluorescence spectrum of MK in alcoholic solution
shows (i) a dynamic Stokes shift to lower energies
on a (sub)picosecond time scale (after about 5 ps, the
emission band maximum for MK in methanol and
ethanol is even red-shifted with respect to the band
maximum of the steady-state fluorescence spectrum
showing that the latter is dominated by fluorescence
from nonrelaxed molecules (Figure 22a,b)), (ii) a
slower dynamics in the order methanol, ethanol, and
decanol, and (iii) a decrease of the total integrated
emission intensity concomitant with the dynamic
Stokes shifts. In the aprotic solvents acetonitrile and
DMF, the MK fluorescence transients also yield a
dynamic Stokes shift accompanied by a decrease in
the total emission intensity. However, after about 50

| MK: |
/NN\
O
| BMK: |
/NN\
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Figure 21. Structures of 4,4'-bis(N,N'-dimethylamino)-
benzophenone (MK) and its bridged derivative 3,6-bis-
(dimethylamino)-10,10-dimethylanthrone (BMK).
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ps the shifting of the band maximum is over and a
residual emission is observed. This residual compo-
nent decays with a time of 800 ps typical of the
lifetime of the relaxed excited state of MK. Figure
22d shows the time dependence of the emission
spectrum of BMK in ethanol, also obtained after
spectral reconstruction. From the time dependences
of the first moments of the reconstructed emission
bands for MK and BMK, the parameters listed in
Table 6 were obtained.

Several possibilities may be mentioned to explain
the similar dynamics for the Stokes shift and the
integrated fluorescence intensity decay of MK in
protic solution. Both observables appear sensitive to
the viscosity of the solvent (compare, for example, the
dynamics of the Stokes shift for MK in methanol,
ethanol, and decanol (Figure 22a—c, Table 6)). First,
the dynamic Stokes shift could result from solvation.
However, a decay of the fluorescence intensity con-
comitant with the DSS of MK is generally not
expected since the nature of the emissive electronic
state usually does not change with the reorienta-
tional motions of the solvent molecules. It could be,
however, that the lifetime of the emissive state is
coincidentally of the order of the characteristic time
of the Stokes shift. This latter possibility could be
excluded since the integrated emission intensity of
the time-dependent reconstructed emission spectra
against the frequency (in cm~1) of the optical transi-
tion for MK dissolved in ethanol does not follow the
v3-dependence that is expected according to Einstein’s
relation for spontaneous emission (see insert of
Figure 22b, which shows the integrated intensity
(dotted curve) and as a reference to the eye a
v3-intensity dependence (dashed curve)). It is con-
cluded that the MK fluorescence does not have a
single and constant radiative decay time as MK
develops to its relaxed excited state. A “normal”
solvation process in which only a dynamic Stokes
shift is observed and in which the total integrated
fluorescence intensity remains unaffected (apart from
the v® dependence) apparently does not apply in the
case of MK.

Another possible cause for the picosecond dynamic
Stokes shift of MK in alcoholic solution is (intra-
molecular) reorientational motions of the phenyl
groups within the MK molecule. When a picture
similar to that mentioned above for the analogue dye
molecule, auramine, is adopted, the similar dynamics
of the dynamic Stokes shift and the decay of the
integrated fluorescence intensity may originate in the
effect that intramolecular phenyl-group twisting has
on the adiabatic coupling of an emissive LE state and
a weakly- or nonemissive TICT state. Thus, as
relaxation along the (quasi-) barrierless potential
energy surface takes place, the nature of the elec-
tronic wave function varies from radiative to non-
radiative.

The alternative that the enhanced decay of the
fluorescence of MK is due to nonradiative decay has
also been considered.?”® Formally, the enhanced
radiationless decay can be taken into account by
including a twisting angle dependent sink function
term.??4230 |n the sink function approach, the excited-
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Figure 22. Time-resolved reconstructed fluorescence spectra of MK dissolved in (a) methanol, (b) ethanol and (c) decanol
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Table 6. Dynamic Stokes Shift (DSS, in cm™) and Weighted Characteristic Times (zav,2 in ps) of DSS of Michler’s

Ketone (MK) and Blocked Michler’'s Ketone (BMK)??

methanol ethanol decanol DMF
DSS Tav T Tind DSS Tav TSP DSS Tav TP Tint® DSS Tav TP Tind
MK 3500 3.1 5 2.0 2100 6 16 3200 104 245 48 5300 2.1 2 125
BMK 2100 16 680 2000 240 790 1000 2 490

a7av = Yaiti/y ai, where a; is the amplitude and 7; is the time constant of the ith component in the biexponential fit of the DSS.
b Solvation times (zs, in ps) are taken from ref 118. ¢ Weighted decay times of the integrated fluorescence intensity.

state lifetime is twist angle dependent and in fact is
shortest in the relaxed excited state. This, however,
turned out not to be the case for MK, and thus, it
was proposed that twisting of the phenyl groups is
of dominant influence both on the dynamics of the
Stokes shift and on the radiative decay.

For the bridged compound BMK, the time de-
pendence of the fluorescence is quite different. Now
the dynamics of the Stokes shift and the fluorescence
intensity decay occur on different time scales (Table
6). Since bridging of the phenyl groups blocks the
twisting motions in BMK, such motions cannot
possibly cause the fast dynamic Stokes shift. On the
other hand, the dynamic Stokes shift is solvent-
dependent and thus may be due to solvation. In Table
6, the weighted average times for the multiexponen-
tial dynamic Stokes shift (zav), as well as typical
solvation times (zs) from the literature for the sol-
vents used, are presented. The close similarity of tay
with 7 is support that for BMK the dynamic Stokes
shift is due to solvation.

A comparison of the kinetics of MK and BMK in
the same alcohol (e.g., see the time constants in Table
6 for the dynamic Stokes shifts of MK and BMK in

ethanol) shows that the dynamics for MK is more
than 2 times faster. Hynes et al. have recently
analyzed for TICT molecules that an enhancement
in the dynamics of the Stokes shift may occur by
considering in a two-dimensional approach the effects
of twisting and solvation.?31-23 Several limiting cases
were distinguished, including ones where solvent
relaxation is either “slow”or “fast” with respect to the
characteristic twisting time. In the slow-solvent limit,
the reaction is started by solvation, but very soon
twisting takes over and virtually determines the
dynamics of the reaction. Nordio et al. have recently
introduced a related approach differentiating be-
tween “fast” and “slow” solvents.?3* This approach is
also applicable to barrierless reactions. As discussed
above for MK, intramolecular twisting motions even-
tually determine the electronic character of the
excited state and the dynamic Stokes shift. Within
the two-dimensional approach, this implies that for
MK the slow-solvent limit applies and as noted
before, in this limit, fast twisting dominates eventu-
ally the dynamics of the Stokes shift. Such a mech-
anism is not conceivable for BMK, hence the faster
dynamics for MK. The slow-solvent result for MK in
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simple protic solvents like methanol and ethanol is
somewhat surprising because in these solvents fast
nuclear polarizations generally prevail due to the
presence of high-frequency modes (30—50 ps™?, ref
133). However, for MK it has been noted that in
alcoholic solution an inhomogeneous distribution of
stabilized twisted configurations may exist,?% and it
may be that the influence of the short-time dynamics
of the solvent may be drastically changed and that
long-time relaxation dynamics determines the role
of the solvent as for TICT molecules.33236

The kinetics of the fluorescence of MK in the
aprotic solvents acetonitrile and DMF initially dis-
plays a very fast dynamic Stokes shift and con-
comitantly an intensity decay, but after about 50 ps,
the steady-state emission is reached and the emission
decays with the excited-state lifetime of 800 ps. In
fact, the kinetics of the dynamic Stokes shift of MK
and BMK in acetonitrile is so fast that only a very
small fraction of this shift could be followed with
time.??8 Due to this, reliable values of the parameters
are missing in Table 6 for this solvent. Within the
framework of the two-dimensional model 231234 it is
thus found that for MK in aprotic solvents the fast
solvation limit applies, that is, the solvation dynamics
is much faster than the twisting reaction. In such a
limit, initially the dynamics are governed by twisting
motions but very quickly the reaction dynamics is
dominated by the fast dynamics of the solvation
process. Indeed, in acetonitrile and DMF, solvation
times as short as 0.26 and 2.0 ps, respectively, have
been reported.'*® Eventually, the excited state relaxes
exponentially in accordance with the excited-state
lifetime. For MK in DMF, the measured lifetime is
found as 800 ps.

3.2.3. Coumaric Acid in Solution and Proteins

In nature, chromophores fulfill an important role
in initiating signal transduction in a photoreceptor.
After light absorption, the chromophore frequently
undergoes ultrafast intramolecular conformational
changes, for example, trans—cis isomerization, so the
interaction of the chromophore with the protein
environment is altered. At a later stage, this leads
to the appearance of the signaling state and eventu-
ally the biological response. These phenomena have
been extensively studied for rhodopsins,?3"~239 bac-
teriorhodopsins,?*° and phytochromes?#1242 and have
been reviewed in several papers.?11:243244 Here we
primarily focus on a few femtosecond fluorescence up-
conversion studies of coumaric acid (for structure, see
insert of Figure 23a), which is the photoreceptor in
wild-type photoactive yellow protein (PYP) and a few
derivative protein systems.?”® In contrast to the
results for the styryl dyes discussed in section 3.1,
the coumaric acid chromophore in proteins is an
example of a styryl dye chromophore for which fast
transient fluorescence behavior is found to be due to
intramolecular conformational changes and not to
solvation. This is further detailed as follows.

PYP, isolated from the halophilic purple bacterium
Ectothiorhodospira halophila,?*¢ has been identified
as the pigment controlling negative phototaxis of
bacteria. PYP contains a p-hydroxycinnamic acid
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Figure 23. Steady-state absorption and fluorescence
spectra of (a) native, (b) ferulic acid, and (c) 7-hydroxy-
coumarin-3-carboxylic acid PYP dissolved in water (10 mM
Tris-HCI, pH = 7.5). Inserts are the corresponding fluoro-
phore structures.

chromophore?47248 linked to a cysteine in the protein
through a thiol ester bond?*° that is deprotonated in
the ground state of PYP (Figure 23).2482%0 |n the
ground state, the PYP chromophore vinyl group is
in the trans configuration.?#7:2%0 Blue light absorption
triggers a reversible photocycle in which several
intermediate species are formed, one of which, the
protonated chromophore pB, is believed to be repre-
sentative of the signaling state.?** In a study of the
time dependence of the spontaneous fluorescence of
PYP, a decay faster than about 12 ps was con-
cluded.?®! Subsequent femtosecond fluorescence up-
conversion studies with orders of magnitude better
time resolution showed a multiexponential fluores-
cence decay with typical times ranging from a few
hundred femtoseconds to a few picoseconds.?*>252 The
very fast fluorescence transients were interpreted to
arise from fast barrierless trans—cis isomerization
taking place inside the protein chromophore. This
could be further tested from a comparison of the time-
resolved fluorescence transients of native PYP and
an artificial derivative, containing the 7-hydroxy-
coumarin-3-carboxylic acid chromophore (Figure 23).24
One would expect that if the structure of the chro-
mophore is modified such that twisting motions
around the relevant double bond in the probe mol-
ecule are blocked, this would result in a reduction of
the relative magnitude of the (sub)picosecond com-
ponent in the decay kinetics of the probed fluores-
cence.

Figure 24 shows representative fluorescence decays
measured for native and the hybrid PYP. The fluo-
rescence transient for native PYP shows an instan-
taneous rise and after deconvolution fitted a multi-
exponential decay function with time constants of
about 700 fs (50%), 3 ps (30%), and 50 ps (20%). The
PYP emission lacked a dynamic red shift. In contrast
with the native protein results, the fluorescence of
the 7-hydroxy-coumarin-3-carboxylic acid hybrid did
not contain components shorter than 60 ps. The
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Figure 24. Representative fluorescence up-conversion
transients of (a) native, (b) ferulic acid, and (c) 7-hydroxy-
coumarin-3-carboxylic acid PYP dissolved in water (10 mM
Tris-HCI, pH = 7.5). Solid curves are the best fits using a
triexponential function. Instrumental response is shown
also. Detection wavelengths (in nm) are given in circles.

fluorescence transient could be fitted to a convoluted
multiexponential function with typical times of 58 ps
(75%), 450 ps (9%), and 3.4 ns (16%).

The ultrafast appearance, the fast nonexponential
decay, and the negligible red shift of the spontaneous
emission of wild-type PYP show a behavior very
similar to bacteriorhodopsin (bR).230.253.254 Tg inter-
pret the results for the chromophore in native PYP,
a model analogous to that considered for retinal in
bR?>* was proposed.?*® In this model, after pulsed
photoexcitation, the decay out of the Franck—Condon
regime is assumed to be very fast (<50 fs) and into
an almost flat (nonrepulsive) excited-state potential,
Si. The S; state is now in a reactive region typical of
a twisted chromophore molecule, where its potential
energy surface shows an avoided crossing with that
of S,, after which the molecule may twist further and
decay nonradiatively back into the trans or twist
further into the cis conformation. Due to ill-defined
surroundings of the chromophore in the protein
pocket, in the avoided crossing region an inhomoge-
neity may be expected. This inhomogeneity will cause
a spread in the twisting angle in the reactive region
and since the twisting angle may strongly influence
the excited-state lifetime, an inhomogeneous spread
in the lifetime of the emissive state, S;,will result. It
is thus proposed that the multiexponential fluores-
cence decay of the chromophore in native PYP is due
to an inhomogeneous distribution of lifetimes with
values that may vary from 500 fs up to the picosecond
time regime. For the 7-hydroxy-coumarin-3-carbox-
ylic acid hybrid, the fast (700 fs and 3 ps) decay
components, which are characteristic of the native
PYP fluorescence decay, are missing. Obviously, the
rigid ring structure of the chromophore now prevents
trans—cis isomerization of the chromophore, and
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rapid decay into the reactive state cannot possibly
take place.

Another modification of the chromophore molecule
inside the protein, where now a methoxy group was
attached to the phenyl group of the coumaric acid (at
the meta position with respect to the vinyl group),
has also been examined.?*® For this ferulic acid PYP
hybrid sample, the fluorescence again showed a fast
multiexponential decay with components of about
0.7—3 ps at the blue side of the emission band. At
the red wing, no ultrafast decay components were
detected. Moreover, an enhanced spectral broadening
was observed. The data are consistent with a picture
in which the ferulic acid chromophore fits less well
in the protein pocket, causing an inhomogeneous
spread in the decay times and also an inhomogeneous
spectral broadening of the emission. When the sub-
stituent was a hydroxyl instead of the methoxy group,
that is, the chromophore was caffeic acid, the results
were similar to those for the ferulic acid hybrid.?%®
This again illustrates that a subtle change in the
chromophore structure may be of appreciable influ-
ence to the temporal and spectral behavior of the
hybrid.

The influence of chemical changes of the vinyl
group on the isomerization dynamics has also been
investigated.?® In particular, for PYP containing a
deuterated or brominated vinyl group at the p-
coumaric acid site, the time dependence of the
fluorescence was examined. Neither deuteration nor
bromination had any effect on the fluorescence kinet-
ics compared with native PYP. The results indicated
that the inertial moment of the vinyl group is not
relevant for the isomerization process. This could
imply that twisting, later followed by isomerization,
of the chromophore in the protein is not restricted to
the double bond but may be controlled by additional
atomic rearrangements. This was also suggested on
the basis of FTIR experiments,?6:257 cryotrapping
X-ray experiments,?® and site-directed mutagenesis
experiments.?®9260 |n the latter (fluorescence up-
conversion) experiments, Chosrowjan et al. com-
pared the fluorescence dynamics of (deprotonated)
p-coumaric acid in aqueous solution with that of the
chromophore in wild-type PYP. The results strongly
suggest that the rate of formation of the twisted state
is much more enhanced in the nanospace of the
protein pocket than in agueous solution where sol-
vation also plays a role. Also, in PYP mutants with
a probably looser structure, because of weakening of
the chromophore—amino acid residue hydrogen bond-
ing, the ultrafast processes (flipping of thioester
linkage and vinyl group isomerization) leading to the
twisted configuration are slowed. It seems that native
PYP is engineered to optimize the twisting of the
chromophore. Lack of temperature activation sug-
gested a barrierless or coherent twisting process.
Very recently, coherent oscillatory behavior was
reported in the fluorescence transients detected at
the blue and red edges of the wild-type PYP emission
band.?8! Transient absorption experiments of several
model systems that mimic the PYP chromophore
have also been performed recently.?62263 For depro-
tonated trans-coumaric acid in basic aqueous solution
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(pCA2?7), a photoinduced trans—cis isomerization with
a time constant of about 10 ps was reported. As in
the up-conversion experiments for the denatured
PYP,?% but in contrast with the results for native
PYP,24%52%2 no intermediate twisted configuration
could be found; the trans—cis isomerization process
was much slower than that for the native PYP
chromophore. However, the transient absorption and
gain results for trans-S-phenyl thio-p-hydroxy-
cinnamate anion (pCT") could more adequately simu-
late those for the native PYP chromophore, probably
because the chromophore also contains the thioester
functional group.?63 Now the excited-state relaxation
proceeds through the rapid formation, within 1.7 ps,
of an intermediate (not found for pCA?") that decays
in 2.8 ps to form a long-lived photoproduct tentatively
assigned as the cis-chromophore isomer. A general
conclusion is that to understand the intricate details
of the photodynamics in wild-type PYP one has to
consider the intrinsic properties of both the chro-
mophore and the protein environment.

Ultrafast photoisomerization reactions have been
studied for many other photoactive proteins. Perhaps
the most extensively examined chromophore is reti-
nal in rhodopsin (where it is involved in the initiation
of the vision process in the human eye) and bacterio-
rhodopsin (where it serves to drive photosynthesis).
A review of recent ultrafast work of chromophores
in proteins?42243.264-267 gnd pigments in plants?68-271
is outside the scope of this paper, however.

4. Concluding Remarks

Investigations of ultrafast processes are of great
importance for unravelling details of the mechanisms
of molecular relaxation of large-sized molecules. In
the condensed phase, both intra- and intermolecular
interactions are important in the relaxation mecha-
nisms. High-tech developments in laser technology
have been crucial for the feasibility of ultrafast
studies. Nowadays processes as fast as ~20 fs can
be investigated. For the large-sized chromophores
discussed in section 3, the excited-state dynamics
could be classified as due to either solvation, intra-
molecular configurational changes, or both. For the
probe molecules showing predominantly solvation
dynamics, ultrafast inertial free streaming (~50—100
fs) and rotational diffusion (a few picoseconds) con-
tributions to the transient absorption or fluorescence
up-conversion spectra could be discerned when the
experimental time resolution was better than 100 fs.
From the results for molecules such as DCM, DASPI,
and C153, it is also clear that at the shortest time
scales (~10—60 fs), the separation of contributions
of intramolecular vibrational relaxation on one hand
and solvation on the other hand is still an issue under
debate. Also, as illustrated by the examples of
auramine, Michler’'s ketone, and bridged Michler’s
ketone, a clear-cut distinction into excited-state
dynamics due to intramolecular and environmental
mode contributions cannot always be made. In prac-
tice, due to the entanglement of both Kkinds of
contributions, a multidimensional approach is neces-
sary to explain the results. Likewise, a simple one-
dimensional photoisomerization of the all-trans to 13-
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cis configuration of retinal in bacteriorhodopsin is
unlikely since the analogue of native bR, named
blocked-bR, in which the C,3=Cy4 chromophore isomer-
ization is blocked, shows similar excited-state dy-
namics during the first few hundred femtosec-
onds.?’2727 A multidimensional potential energy
surface was also invoked for explaining the results
of polarized pump—probe experiments for bovine
rhodopsin.?”® Ultrafast fluorescence up-conversion
experiments recently performed for mono- and di-
chromo hemicyanine dyes also indicated that the
dynamic Stokes shift involves not only solvation
dynamics but also TICT formation.?’¢ Much further
work, both experimentally and theoretically, is needed
to better understand the implications and ubiquity
of multidimensional mode dynamics.

As for the near future, it is expected that ultrafast
studies of chromophores will be directed more and
more to systems of increasing complexity. Examples
of such complex systems are dendrimers,?’’ porphyrin
aggregates,*849278-280 flavines,?®! proteins (e.g., green
fluorescent protein?67.282-285) ' and many other complex
systems. In many of these studies, special attention
is given to the different types of solvation trajecto-
ries: solvation due to bulk solvent molecules and due
to solvent molecules at the surface of the biomolecule
(e.g., protein), micelle, vesicle, aggregate, etc.147.148
Chromophores have also been extensively applied in
studies of intermolecular electron-transfer dynamics
in electron donor—acceptor complexes.?86-291 Also,
ultrafast processes in newly designed materials such
as nanocrystals (AgBr, TiO,, CdSe) sensitized with
dye molecules are under investigation.?®?>~2% Finally,
ultrafast fluorescence methods have recently been
applied in investigations of the dynamics of chiral
self-assembling of polymer aggregates?®®> and new
tags in biopolymers.?®® No doubt, considering the
rapid progress that has been made in recent years,
both in ultrafast laser technology and in materials
science, many exciting new applications of large
chromophore systems will continue to emerge within
chemistry and biology for many years to come.
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