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We previously reported that two analogues of the Photoactive Yellow Protein chromophore,trans-p-
hydroxycinnamic acid (pCA2-) and its amide derivative (pCM-) in their deprotonated forms, undergo a trans-
cis photoisomerization whereas the thioester derivative,trans-p-hydroxythiophenyl cinnamate (pCT-), does
not. pCT- is also the only one to exhibit a short-lived intermediate on its excited-state deactivation pathway.
We here further stress the existence of two different relaxation mechanisms for these molecules and examine
the reaction coordinates involved. We looked at the effect of the solvent properties (viscosity, polarity, solvation
dynamics) on their excited-state relaxation dynamics, probed by ultrafast transient absorption spectroscopy.
Sensitivity to the solvent properties is found to be larger for pCT- than for pCA2- and pCM-. This difference
is considered to reveal that either the relaxation pathway or the reaction coordinate is different for these two
classes of analogues. It is also found to be correlated to the electron donor-acceptor character of the molecule.
We attribute the excited-state deactivation of analogues bearing a weaker acceptor group, pCA2- and pCM-,
to a stilbene-like photoisomerization mechanism with the concerted rotation of the ethylenic bond and one
adjacent single bond. For pCT-, which contains a stronger acceptor group, we consider a photoisomerization
mechanism mainly involving the single torsion of the ethylenic bond. The excited-state deactivation of pCT-

would lead to the formation of a ground-state intermediate at the “perp” geometry, which would return to the
initial trans conformation without net isomerization.

1. Introduction

Understanding the structure-function relationship of matter
at the atomic scale is a major challenge for chemistry. In this
field biology certainly is a source of inspiration. Of particular
interest in this context is the ability of some microorganisms to
modulate or modify their motile behavior as a function of the
illumination conditions of their environment.1 At the cellular
scale, the movement is produced by a motor apparatus, often
made of flagellae or ciliae. At the molecular scale, it is initiated
within a photoreceptor made of a chromophore bound to a
protein. In addition to its fundamental interest, understanding
how such natural photoreceptors work is a prerequisite to future
advances in biotechnologies. It opens up interesting perspectives
for the development of new nanodevices mimicking the
capabilities of biological systems to convert light into a signal,
ultimately leading to mechanical, chemical or electrical energy
release.

One of the better known photoreceptor proteins involved in
the photomovement of microorganisms is the Photoactive
Yellow Protein (PYP). It was first isolated from the cytosol of
the bacteriumHalorhodospira halophila2 and is thought to
initiate its behavioral avoidance response to blue light.3 PYP
contains a 4-hydroxycinnamoyl chromophore covalently linked
to the side chain of its unique cysteine residue (Cys69) by a
thioester bond.4,5 The chromophore is embedded in the main
hydrophobic core of PYP, which isolates it from the solvent.6,7

In the ground state, it is deprotonated8 and in the trans

configuration.4,5 Upon irradiation with blue light, PYP undergoes
a photocycle involving both chromophore and protein structural
relaxations9-13 and characterized by several spectroscopic
intermediates formed on time scales spanning from several
hundred femtoseconds to seconds.14-29 Trans to cis photo-
isomerization of the chromophore was clearly identified as the
first overall molecular process of the photocycle,30 the formation
of a relaxed cis isomer (I1) occurring in a few nanoseconds.9,13

The internal and external coordinates involved in the photo-
isomerization reaction path on the femtosecond and picosecond
time scale are nevertheless still debated.23,24,28,31-38

The intrinsic photophysics of the isolated PYP chromophore
in solution has attracted a growing interest over the past few
years.27,29,39-47 As a matter of fact, its detailed understanding
is a crucial prerequisite to shed light on the isomerization
mechanism of PYP. One of the key questions motivating this
effort is to know whether the short-time dynamics of PYP is
controlled by the intrinsic properties of the chromophore or by
the protein environment. In addition, the chromophore is a prime
model system for the protein, on which minimal requirements
to achieve function can easily be tested by varying substituents
as well as the environment.

We already reported the subpicosecond transient-absorption
study of three deprotonated analogues of the PYP chromophore
in aqueous solution: trans-p-hydroxycinnnamate (pCA2-),
trans-p-hydroxycinnamide (pCM-) and trans-p-hydroxythio-
phenyl cinnamate (pCT-).27,29,39,40,45These first results empha-
sized a major effect of chemical structure on the excited-state
relaxation dynamics of the molecules. The decay of the excited-
state bands of pCA2- and pCM-, in 10 and 4 ps respectively,
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without any detectable intermediate,27,29,39,45was correlated to
the net trans to cis isomerization reaction, which was shown to
occur by steady-state photolysis associated to1H NMR spec-
troscopy.27,45 Single-wavelength probe experiment carried out
in the spectral region where the cis isomer absorption dominates
indeed highlighted the concomitant rise of a small long-lived
absorption band, attributed to the ground-state cis isomer.39 The
proposed mechanism was comparable to that oftrans-stilbene
in solution:48 the trans excited state decays through a small
barrier to a nonpopulated intermediate structure (“perp” state)
that leads to both the ground-state cis and trans isomers. On
the contrary, the early stage of the excited-state deactivation of
deprotonatedtrans-S-thiophenyl-p-hydroxycinnamate was found
to involve, in less than 2 ps, the formation of a detectable
intermediate, spectroscopically similar to the first intermediate
of PYP (I017,19,23,25-27,29). The formation of the ground-state cis
isomer has never been proved in this case.27,29,40,45Different
p-hydroxycinnamic acid derivatives with various chemical
structures have been studied by other groups, using experimental
methods such as pump-dump-probe spectroscopy,42,47 fluo-
rescence up-conversion,44 Stark spectroscopy43 and visible-
pump-infrared-probe spectroscopy,46 besides UV-visible
transient absorption spectroscopy.41,47These studies revealed a
profound effect of the protonation state of the phenol ring, as
well as its substitution with electron acceptor groups, on the
excited-state lifetime oftrans-p-hydroxycinnamic acid deriva-
tives,47 suggesting that charge transfer is a plausible reaction
coordinate for the excited-state deactivation. In parallel to this
experimental work, quantum chemical calculations and theoreti-
cal studies have been performed ontrans-p-hydroxycinnamic
acid derivatives.49-55 Simulations carried out on a thioester
derivative in vacuo predicted that the evolution on the excited-
state potential energy surface after excitation involves the torsion
of the single bond adjacent to the double bond on the phenolate
side rather than that of the double bond, leading back to the
original configuration without a significant conformational
change.54

Despite experimental and theoretical efforts, the nature of
the reaction coordinates involved in the excited-state relaxation
of trans-p-hydroxycinnamic acid derivatives remains thus to be
clarified. Several isomerization mechanisms could be considered
and intramolecular charge transfer could be either involved in
it or compete with it. The cis-trans photoisomerization of
stilbene requires a large-amplitude relative rotation of the two
phenyl substituents, experiencing solvent hydrodynamic fric-
tion,48 thus viscosity effects. On the contrary, the “hula-twist”
isomerization mechanism postulated for polyenes, which pro-
ceeds along a volume-conserving coordinate, may not be very
sensitive to solvent friction.56 Charge reorganization processes
are expected to be influenced by polarity and solvation
dynamics. Solvent effects on the dynamics may thus give
information about the coordinates involved in the excited-state
relaxation oftrans-p-hydroxycinnamic acid derivatives. How-
ever, no such study has been reported until now.

In this paper, we investigate the effect of the solvent on the
excited-state relaxation dynamics of the three deprotonated
trans-p-hydroxycinnamic acid derivatives sketched in Chart 1.
The effects of viscosity, polarity, solvation dynamics and solvent
hydrogen-bonding donor character are analyzed. The general
objective of this study is to stress further the existence of two
different relaxation pathways in these compounds and to
examine various hypotheses on the coordinates involved. The
ultrafast photoinduced events were probed by means of sub-
picosecond UV-visible transient absorption spectroscopy.

2. Materials and Methods

2.1. Materials.Trans-p-hydroxycinnamic acid (pCAH2) was
purchased from Sigma-Aldrich.Trans-p-hydroxycinnamide
(pCMH) and trans-p-hydroxythiophenyl cinnamate (pCTH)
were synthesized following procedures described elsewhere.40

Samples of pCA2- and pCM- were prepared in water and a
series of linear alcohols and ethylene glycol with 0.05 M KOH
to achieve complete deprotonation. Samples of pCT- were
prepared in a borate Britton-Robinson buffer at pH 10.2 and
in alcohols with 5× 10-4 M KOH to achieve 95% deprotonation
and to avoid hydrolysis during the experiments. The optical
density of the samples was adjusted to 1 per mm for steady-
state absorption and transient absorption measurements and to
0.1 per cm for steady-state fluorescence measurements. The
different solvents used were HPLC grade water and Merck
Uvasol methanol, ethanol and 1-butanol. Ethylene glycol and
dimethylformamide (DMF) were UV spectroscopy grade sol-
vents (Fluka). 98%-pure 1-propanol, 1-pentanol, and 1-octanol
were purchased from Merck and 99%-pure decanol-1 from
Acros Organics.

2.2. Steady-State Spectroscopy.Steady-state spectra were
recorded with a double-beam UV-visible spectrometer (SAFAS
UVmc2) and a spectrofluorometer (Jobin Yvon Horiba Fluo-
romax 3). Fluorescence spectra were corrected from the
instrumental wavelength-dependent response. To get information
on the electronic transitions involved in the absorption spectra
of the threetrans-p-hydroxycinnamic acid derivatives, steady-
state fluorescence polarization measurements were carried out
in ethylene glycol. In this viscous solvent, rotational diffusion
was found to be negligible during the excited-state lifetime. The
anisotropy is defined by

with I| and I⊥ the corrected fluorescence intensities with
polarization respectively parallel and perpendicular to that of
the excitation beam.57 The anisotropy was measured by detecting
the fluorescence intensity at its peak maximum and by scanning
the excitation wavelength over the whole spectral range corre-
sponding to the absorption spectrum.

2.3. Transient Spectroscopy.Transient absorption measure-
ments were performed by the pump-probe technique using a
homemade dye laser described in detail elsewhere.58 For the
present study, 500 fs pulses were generated simultaneously at
355 nm (or 430 nm) and 570 nm. Typically, 50-100µJ of the
355 nm (or 430 nm) were focused to a diameter of 2 mm in the
sample cell and used as the pump. The probe was a white-light
continuum generated in a 1 cmwater cell from the pulses at
570 nm. Pump and probe polarizations were set at the magic
angle. The differential absorbance spectra (∆A(λ,t) ) A(λ,t) -

CHART 1: Molecular Structures of Deprotonated trans-
p-Hydroxycinnamic Acid (pCA 2-) and Its Amide (pCM-)
and Thioester (pCT-) Analogues

r ) (I| - I⊥)/(I| + 2I⊥)
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A0(λ), whereA(λ,t) is the excited sample absorbance andA0(λ)
the steady-state absorbance) were recorded in the 340-700 nm
spectral range, through a spectrograph (Jobin Yvon Spex 270M,
entrance slit 64µm), by a CCD camera (Roper Scientific,
1024 × 128). The sample solution was recirculated at room
temperature through a 1 mmcell. The differential spectra were
averaged over 500 laser shots and corrected from group velocity
dispersion in the probe beam. Kinetics at selected wavelengths
(∆A(t)) were fitted to a sum of exponentials convoluted by a
Gaussian function representing the experimental resolution, the
fwhm of which was adjusted to about 1.5 ps.

The steady-state absorption spectrum of each sample was
measured before and after each pump-probe experiment, to
check for any sample degradation during the experiment. pCT-

samples were found to be chemically unstable during the pump-
probe experiments due to solvolysis (hydrolysis in water27). The
reaction induces a loss in the sample optical density at the
excitation wavelength, and a loss in the intensity of the time-
resolved spectra. Because, at the excitation wavelength (430
nm), the reaction product does not absorb, the shape of the time-
resolved differential absorbance spectra remains rigorously
unaltered by this reaction. The linear correlation between the
loss of intensity of the time-resolved spectra and that of the
steady-state spectra allowed a straightforward correction.

3. Results

3.1. Steady-State Spectroscopy.Absorption, Fluorescence
and Anisotropy Measurements.The absorption and fluorescence
spectra of deprotonatedtrans-p-hydroxycinnamic acid and its
two analogues in ethylene glycol are displayed in Figure 1. The
absorption maxima of pCA2- and pCM- are located at 340 and
350 nm, respectively, and the spectra exhibit a distinct shoulder
on their blue side around 310 nm. The absorption spectrum of
pCT- is 60 nm red-shifted compared to that of pCA2-. The

three compounds are weakly fluorescent. Their quantum yields
of fluorescence are estimated to be lower than 1% in water.29,39,40

The fluorescence spectra of pCA2-, pCM-, and pCT- are
centered around 435, 450, and 495 nm, respectively.

The fluorescence anisotropy excitation spectrum of the three
compounds is given, in dotted line, in Figure 1. For pCA2- and
pCM-, the anisotropy is found to be a constant of about 0.35
over the 320-370 nm range, corresponding to the main
absorption peak. In the spectral region below 320 nm, corre-
sponding to the shoulder, the anisotropy drops down to 0.25.
This change indicates clearly the presence of two electronic
transitions with different polarization directions.

The anisotropy measured for pCT- is found to be about 0.37
over the spectral region of the main absorption band, and to
drop drastically to 0.13 in the spectral region below 325 nm,
corresponding to the electronic transition located around 310
nm. The possible existence of two electronic transitions lying
under the main absorption band of pCT- has already been
proposed to explain why it is broader than the emission
spectrum.27,29,40The slight decay of the anisotropy observed on
the blue side of the main absorption band of pCT- may indeed
reveal the presence of a nearby transition, although it may just
come from the upper electronic transition at 310 nm partially
overlapping the main absorption band. From Figure 1, one can
think that this 310 nm transition corresponds to the shoulder
on the absorption spectra of pCA2- and pCM-. This band has
been attributed to the nf π* transition located on the carbonyl
group of the chromophore.59

Steady-State Spectroscopy in Protic and Nonprotic SolVents.
The absorption and fluorescence spectra of pCM- and pCT-

measured in DMF, containing 1% water and 0.5 M NaOH, are
shown in Figure 2. For comparison, the spectra in ethylene
glycol are also given in dotted line. It is seen that the main
absorption band of both pCM- and pCT- in DMF exhibits a
red shift of about 3300 cm-1 with respect to that measured in

Figure 1. Normalized steady-state absorption and fluorescence spectra
of pCA2-, pCM-, and pCT- in ethylene glycol. The anisotropy
parameter associated with each analogue is shown in dotted line.

Figure 2. Normalized steady-state absorption and fluorescence spectra
of pCM- and pCT- in DMF with 1% water and 0.5 M NaOH (plain
line) and in ethylene glycol (dotted line).
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ethylene glycol. Interestingly, the upper electronic transition
(shoulder around 310 nm) does not exhibit such a shift, which
explains why the two absorption bands of pCM- are so well
separated in DMF. Because ethylene glycol and DMF have
almost the same polarity (ε ∼ 37), the massive blue shift of the
lower absorption band in ethylene glycol can be attributed to
the formation of strong solute-solvent hydrogen bonds, the
energy of which is weakened upon excitation. The magnitude
of this weakening is given by the 3300 cm-1 shift, which is
about 10 kcal‚mol-1. Conversely, Figure 2 shows that the
maximum of the fluorescence spectrum of pCM- and pCT- is
not sensitive to the hydrogen-bond donating character of the
solvent; it is located almost at the same wavelength in both
DMF and ethylene glycol.

This is a remarkable demonstration that, after the Franck-
Condon excitation, not only are the hydrogen bonds weakened
but also they are in such a way reorganized that, upon radiative
return to the ground state, their overall energy is essentially
not changed. An alteration of the hydrogen-bond network upon
excitation can be expected when the electronic transition
involves a significant modification of the electron density on
the hydrogen-bond donor-acceptor groups of the solute.60 Ab
initio and DFT calculations performed on the isolated chro-
mophore (the thioester derivative) indeed predicted an electron
shift from the negatively charged phenolate oxygen toward the
carbonyl oxygen, upon excitation in the lowest transition.49-51

It is important to recall that the photoinduced weakening of the
pCM- or pCT- hydrogen-bond network is very large (10
kcal‚mol-1); it is in fact close to the total energy of two standard
OH‚‚‚O hydrogen bonds. This fact might be interpreted by the
full disruption of two hydrogen bonds, possibly involving the
phenolate group, upon electronic excitation.

It is interesting to note that, in native PYP, the phenolate
oxygen is known to be bound to the hydroxyl groups of the
closest amino acids residues, Glu46 and Tyr42, through two
hydrogen bonds. In the protein, the shift of the absorption
spectrum associated to the interaction of the chromophore with
the residues has been estimated to be about 1000 cm-1.61,62This
shift, which is 3 times smaller than the one observed for the
denatured PYP25 or pCT- in protic solvents, indicates that the
hydrogen bond network between the chromophore and the
protein is much less sensitive to the electronic excitation. UV
pumpsmid-IR probe spectroscopy gave indeed evidence that
the hydrogen-bond network involving this negatively charged
oxygen is not modified upon electronic excitation.24 One may
think that it might be due to the presence of the positively
charged Arg52 hampering the electronic redistribution in the
chromophore upon excitation.

SolVatochromism.We studied the deprotonated form of the
threetrans-p-hydroxycinnamic acid derivatives in water, in a
series of alcohols given in Table 1 and in DMF. Because we
have seen that pCM- and pCT- are involved in strong solute-
solvent hydrogen bonds in protic solvents, we performed a
Kamlet and Taft63 multilinear regression of both the absorption
and emission maxima:ν̃ ) ν̃0 + p × π* + a × R, whereπ*
andR are respectively the polarity and the hydrogen-bond donor
character of the solvent andν̃0 is the wavenumber of the
transition in vacuo. The parameters of the fits and the regression
coefficientsR are reported in Table 2. The solvent parameters
used for the fits were taken from ref 64 and are given in Table
1. The calculated absorption and emission maxima versus the
observed maxima are represented in Figure 3. For the absorption
maximum of pCM- and pCT-, R is respectively 0.97 and 0.94.
One can see that the main contribution to the absorption

solvatochromism is a blue shift proportional toR (apCM ) 3184
cm-1 andapCT ) 3430 cm-1). π* is found to induce a much
smaller red shift (ppCM ) -746 cm-1 andppCT ) -541 cm-1).
The multilinear fit of the emission spectrum shift confirms the
weak impact of the solvent hydrogen-bond donating character
on the spectra (a is small). The emission solvatochromism of
the threetrans-p-coumaric acid derivatives is mostly a red shift
proportional to the polarity of the solvent. One may relate this
effect to the report of a 25 D photoinduced change of dipole
moment for thiomethyltrans-p-coumarate (measured by Stark
spectroscopy at 77 K) in a glycerol-buffer solution.43 It was
attributed to a shift of the negative charge from the phenolate
oxygen toward the double bond.43 Calculations on the isolated
chromophore led to a lower but still significant value of the
differential dipole moment, of the order of 9 D.51

Finally, the considerable red shift (about 50 nm) of the
absorption spectra of pCT- with respect to those of pCA2- in
alcohols and of pCM- in alcohols and in DMF can be explained
by the presence of the thioester group, which has a larger
electronic affinity than the carboxylic group or the amide group.
The strong influence of the carbonyl tail substituent on the
lowest electronic transitions of PYP chromophore analogues
appears also in several computational works.49,55,62Substitution
of an oxygen atom by a sulfur atom is found to increase the
energy of the HOMO orbital and to lower the LUMO orbital
energy.62

3.2. Transient Spectroscopy of pCA2- and pCM- in
Alcohols. The transient spectra of both compounds in basic
alcoholic solutions are qualitatively similar to those recorded
previously in water.27,29,39,45 Figures 4 and 5 show (a) the
differential absorbance spectra of pCA2- and pCM- in ethylene
glycol after excitation at 355 nm and (b) the kinetics at two
characteristic wavelengths. A positive excited-state absorption

TABLE 1: Solvent Parameters and Steady-State Absorption
and Emission Maxima of pCM- and pCT- a

pCM- pCT-

solvent π* R
νabs

(cm-1)
νem

(cm-1)
νabs

(cm-1)
νem

(cm-1)

water 1.09 1.17 28 902 21 882 25 316 19 945
ethylene glycol 0.92 0.9 28 329 22 222 25 000 20 221
DMF 0.88 0 25 253 22 321 21 413 19 919
methanol 0.6 0.98 28 653 22 472 25 147 20 627
ethanol 0.54 0.86 28 090 22 624 24 414 20 627
1-propanol 0.52 0.84 28 090 22 779 n.m. n.m.
1-butanol 0.47 0.84 28 090 22 779 24 038 n.m.
1-octanol 0.40 0.77 28 249 23 095 n.m. n.m.
1-decanol 0.45 0.7 28 329 23 202 24 919 20 867

a π* andR are respectively the polarity and the hydrogen-bond donor
character of the solvent taken from ref 64.νabs and νem are the
wavenumbers corresponding to the maxima of the steady-state absorp-
tion and emission spectra (n.m.) not measured).

TABLE 2: Parameters of Kamlet and Taft63 Multilinear
Regression of the Steady-State Absorption and Emission
Maxima of pCM - and pCT- a

compound
ν0

(cm-1)
p

(cm-1)
a

(cm-1) R

pCM- absorption 25 987 -746 3184 0.97
emission 23 785 -1599 -184 0.95

pCT- absorption 22 033 -541 3430 0.94
emission 21 266 -1505 294 0.99

a Steady-state absorption and emission maxima were fitted to the
multiparametric equation:ν̃ ) ν̃0 + p × π* + a × R, whereπ* and
R are respectively the polarity and the hydrogen-bond donor character
of the solvent (see Table 1) andν̃0 is the wavenumber of the transition
in vacuo. R is the regression coefficient obtained.
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band below 400 nm and a negative stimulated-emission band
peaking in the spectral region of the steady-state fluorescence
are observed. A weak and broad positive band is also seen above
520 nm. This band is formed instantaneously upon excitation

and remains unchanged for all pump-probe delays. By com-
parison with our previous experiments carried out in water, it
is attributed to the absorption of solvated electrons formed by
two-photon ionization of the phenolate group.27,29,39,45 This

Figure 3. Calculated maxima of the absorption and emission spectra of pCM- and pCT- obtained by Kamlet and Taft regression analysis (see
Table 2) plotted versus the observed maxima reported in Table 1 in various solvents.

Figure 4. (a) Differential absorbance spectra of pCA2- in ethylene
glycol containing 0.05 M KOH recorded after excitation at 355 nm
with 0.5 ps laser pulses. The steady-state absorption and fluorescence
spectra are shown in dotted lines. (b) Kinetics extracted from the
differential spectra at 384 and 453 nm. Data were fitted to a sum of
exponentials convoluted with a 1.6 ps (fwhm) Gaussian function
representing the experimental response function.

Figure 5. (a) Differential absorbance spectra of pCM- in ethylene
glycol containing 0.05 M KOH recorded after excitation at 355 nm
with 0.5 ps laser pulses. The steady-state absorption and fluorescence
spectra are shown in dotted lines. (b) Kinetics extracted from the
differential spectra at 384 and 459 nm. Data were fitted to a sum of
exponentials convoluted with a 1.7 ps (fwhm) Gaussian function
representing the experimental response function.
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nonlinear process is independent of the one-photon process
contributing to the differential spectra in the 340-550 nm
spectral region. In a basic aqueous solution, the associated
radical (pCA-•) absorption band is known to be located around
330 nm in the spectral region of the ground-state absorption,
out of our probing range.65 One may suppose that the radical
absorbs in the same wavelength range in the solvents examined
here. On the other hand, a persistent bleaching in the transient
spectra of pCM- is observed once the excited state has
completely relaxed (see Figure 5a), seemingly indicating that
the initial excited population did not totally return to the initial
ground state and that some long-lived photoproduct has been
formed. From the ground-state absorption coefficient of pCM-

in ethylene glycol (15 200 M-1‚cm-1 at 380 nm), one can
estimate at 8× 10-6 M the concentration of this long-lived
species, at 1 ns. In fact, using the absorption coefficient of the
solvated electron (9000 M-1‚cm-1 at 600 nm66), one can
calculate that the concentration of the initially formed radical
cation is very close to this value: 7× 10-6 M. We conclude
then that most of the persistent bleaching at 1 ns arises from
the partial biphotonic ionization of the molecules and not from
a photochemical process following one-photon excitation.

In Figure 4a and Figure 5a, one can also observe a dynamical
red shift of the stimulated-emission bands of pCA2- and pCM-,
in a few tens of picoseconds. As expected from the positive
solvatochromism of the steady-state fluorescence, this shift is
attributed to the solvation dynamics induced by the intramo-
lecular charge translocation upon excitation. In our previous
experiments in water,27,29,39,40,45we did not mention such a shift
because it is in fact found to occur in about 1 ps, during the
rise of the signal. The dynamical Stokes shift in ethylene glycol
could be fitted to a single 15 ps exponential, in agreement with
the mean solvation time.67 In the other alcohols we studied,
when the excited-state lifetime is comparable to or shorter than
the mean solvation time, the stimulated-emission band decays
before the entire solvation process ends. As a consequence, the
decays of the stimulated emission are found to be multiexpo-
nential and wavelength-dependent. The kinetics in the spectral
region close to the maximum of the stimulated-emission band
are nevertheless found to be monoexponential (see Figures 4b
and 5b) with a time constant of 51 ps for pCA2- and of 46 ps
for pCM-, assigned to the intrinsic lifetime of the excited state.

As seen in Figure 5a, the excited-state absorption band of
pCM- in ethylene glycol also exhibits a time-dependent red
shift. This shift is mostly due to its overlap with the persistent
ground-state bleaching band that becomes dominant after 60
ps. Consequently, the reduced red shift of the excited-state
absorption band of pCA2-, as compared to that of pCM-, is
explained by the negligible contribution of the ground-state
bleaching band between 370 and 400 nm. The decay of the
excited-state absorption band is biexponential with one time
component equal to that of the stimulated-emission band decay
and one additional short component of 6 ps (43 wt %) for pCA2-

and 3 ps (37 wt %) for pCM-. Such a fast decay component,
was recently reported by Vengris et al. for pCA2- in basic
aqueous solution in the subpicosecond regime, and tentatively
explained by the presence of several closely spaced excited states
simultaneously populated by the laser excitation although no
excitation wavelength effect was observed.47 By using 300 nm
as the excitation wavelength, we indeed did not find much
difference in the time-resolved spectra, within our experimental
error (data not shown here). At present, we cannot draw a clear
conclusion about the nature of the multiexponential decays of
the excited-state absorption of pCA2- and pCM-.

The data extracted from the fit of the excited-state absorption
and stimulated-emission decays are given in Table 3, for pCA2-

and pCM- in water and in various alcohols, after excitation at
355 nm. The excited-state lifetimes of pCA2- and pCM- in the
different alcohols are comparable, although the decay of the
stimulated emission of pCM- in 1-decanol is biexponential,
whereas in water the lifetime of pCM- is 2.5 times shorter than
that of pCA2-. A weak increase of the excited-state lifetime is
observed with increasing solvent viscosity.

3.3. Transient Spectroscopy of pCT- in Alcohols.Transient
Spectra.The differential absorbance spectra of pCT- in ethylene
glycol excited at 430 nm are plotted in Figure 6a. They exhibit
qualitatively the same features as those obtained in a basic
aqueous solution.27,29,40,45 Upon excitation, three bands rise
instantaneously: the excited-state absorption band in the near
UV (ca. 360 nm), the ground-state bleaching band around 430
nm and the stimulated-emission band in the spectral region of
the steady-state fluorescence spectrum (ca. 490 nm). At delay
times shorter than 50 ps, the maximum of the ground-state
bleaching band is red shifted with respect to the steady-state
absorption spectrum (430 nm instead of 400 nm), due to the
strong contribution of the excited-state absorption. For pump-
probe delays up to 50 ps, the three initial bands decay whereas
around 450 nm, between the ground-state bleaching and the
stimulated-emission bands, an absorption band rises and be-
comes positive. In the meantime, the stimulated emission band
exhibits a dynamical red shift due to solvation dynamics whereas
the UV transient absorption band undergoes a slight blue shift.

For pump-probe delays larger than 80 ps, after the decay of
both the UV transient absorption and stimulated-emission bands,
a small persistent bleaching signal is observed, indicating that
part of the excited-state population did not return to the ground
state. Unlike pCA2- and pCM-, steady-state photolysis of pCT-

in basic aqueous solution does not evidence the formation of a
stable ground-state cis isomer.40 On the contrary, radical
cationssolvated electron pairs produced by biphotonic ioniza-
tion of the phenolate group have been observed in the transient
absorption spectra of pCT- and of trans-S-thiomethyl-p-
hydroxycinnamate in water.29,42 One may thus think that the
present persistent bleaching in ethylene glycol is also due to
the biphotonic ionization of pCT-.

As pointed out in our previous papers,27,29,45the difficulties
in the interpretation of the transient spectra of pCT- arise from
the contribution of several overlapping bands. When the

TABLE 3: Excited-State Decay Kinetics of pCA2- and
pCM- in Water and Alcoholsa

stimulated-emission
decay (ps)

solvent pCA2- pCM-
η

(cP, 25°C)
ε

(25 °C)
〈τs〉
(ps)

methanol 11 12 0.54 32.7 5.0
water 10 4 0.89 78.3 <1
ethanol 14 15 1.07 24.6 16
1-propanol 16 n.m. 1.94 20.5 26
1-butanol 17 n.m. 2.54 17.5 63
1-pentanol 18 n.m. 3.62 13.9 103
1-octanol 21 n.m. 7.29 9.9
1-decanol 20 〈21〉b 10.9 7.2 245
ethylene glycol 51 46 16.1 37.7 15.3

a Kinetics are extracted at the maximum of the stimulated-emission
band and fitted to a monoexponential function (n.m.) not measured).
η, ε, and〈τs〉 are respectively the viscosity, the dielectric constant and
the average solvation time of the different solvents used taken from
ref 67. b Kinetics of pCM- in decanol are biexponential with lifetimes
of 5 ps (37 wt %) and 32 ps (63 wt %); the average lifetime is reported
in the table.
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differential absorbance kinetics in the spectral region of the
stimulated emission are examined, wavelength-dependent kinet-
ics are observed. The decays on the red side of the stimulated-
emission band have been fitted to a biexponential function with
a rising component of 3-6 ps, which can be attributed to the
dynamical Stokes shift of the band, and a decay component
varying from 23 to 34 ps at increasing wavelength. On the red
side of the UV excited-state absorption (see Figure 6b) the
kinetics are also biexponential with time components of 3 and
23 ps. The fast decay is not observed on the blue side of the
band, like in water.27,29,45As illustrated in Figure 6b, the long
decay is comparable to the stimulated-emission decay around
500 nm. Finally, between the bleaching and the stimulated-
emission bands, around 450 nm, the kinetics are triexponential
with components of 2.6, 16, and 65 ps (see Figure 6b). The
multiexponential character of this spectral region is likely due
to the contribution of several overlapping bands including the
red-shifting stimulated emission and the ground-state bleaching,
in addition to the intermediate absorption band formed in the
course of the excited-state decay. At short time the stimulated
emission is expected to dominate the signal at 450 nm (∆A <
0), so that the two short lifetimes of 2.6 and 16 ps are likely to
reflect mostly the dynamical red shift of the stimulated-emission
band rather than the formation of the intermediate. On the other
hand, the 65 ps component can be attributed unambiguously to
the lifetime of the intermediate because, at 450 nm and on this
time scale, its absorption is dominant.

We previously hypothesized that the complexity of the
kinetics across the transient spectra of pCT- in water may result
from the excitation of two quasi-degenerate excited states, which
could in particular explain the wavelength-dependent and
multiexponential decay of the UV excited-state absorption
band.27,29,45In a scenario where the upper state would not relax
to the lower one, Kasha’s rule could be violated and the
fluorescence excitation spectrum would be expected to be
different from the absorption spectrum. Due to the low
fluorescence intensity of the sample and its chemical instability,
we could, however, not reach a safe conclusion from the
comparison of the absorption and excitation spectra of pCT-;
the difference lies within the experimental error. On the other
hand, we did not observe an excitation-wavelength effect on
the time-resolved spectra, within our pump-probe setup
experimental error, when tuning the laser excitation wavelength
from 430 to 350 nm (data not shown). Multiexponential decays
of the UV excited-state absorption band are also observed for
pCA2- and pCM- in protic solvents. We might think of a
solvatochromic shift of the UV excited-state absorption band
although we do not know whether the probed transition is
affected by the solvent polarization. One may wonder whether
the transient spectra contain the primary dynamics corresponding
to the hypothetical breaking of the hydrogen bonds with the
solvent upon excitation. Femtosecond visible pumpsIR probe
of hydrogen-bonded complexes of coumarin 102 and phenol
has shown that the hydrogen bond cleavage occurs within 200
fs, followed by the reorganization of the solvent in 800 fs.68,69

Concerning the PYP chromophore analogues, no clear conclu-
sion can nevertheless be drawn at the moment.

The kinetics measured in water and various alcohols are given
in Table 4. As a general trend, the decay of the bands is slowed
down when the viscosity and the mean solvation time increase
and when the polarity decreases. The amplitude of this effect,
however, depends on the observed band: from methanol to
1-decanol, the stimulated-emission decay is slowed down by a
factor of 10 whereas the lifetime of the 450 nm intermediate is
increased by a factor of 100. It is difficult to assign the observed
effects to one particular property of the solvent. It is nevertheless
worth mentioning that the excited-state lifetime of pCT- is more
sensitive to the solvent properties than that of pCA2- and pCM-.
In the Discussion we will further analyze this difference.

It can be noticed from Table 4 that, in most of the solvents,
the rise time of the 450 nm intermediate is different from the
decay time of the stimulated emission. As pointed out for
ethylene glycol, stimulated emission is expected to be dominant
at short times in this spectral region, so that solvent-induced
time-resolved shift of the stimulated-emission band is expected
to contribute to the kinetics. As a matter of fact, the short time
components extracted from this region correspond quite well

Figure 6. (a) Differential absorbance spectra of pCT- in ethylene
glycol containing 1× 10-3 M KOH recorded after excitation at 430
nm with 0.5 ps laser pulses. The steady-state absorption and fluores-
cence spectra are shown in dotted lines. (b) Kinetics extracted from
the differential spectra at 362, 452, and 492 nm. Data were fitted to a
sum of exponentials convoluted with a 1.2 ps (fwhm) Gaussian function
representing the experimental response function.

TABLE 4: Excited-State Decay Kinetics of pCT- in Water
and Alcoholsa

450 nm

solvent
rise
(ps)

decay
(ps)

stimulated-
emission

decay (ps)
η

(cP, 25°C)
ε

(25 °C)
〈τs〉
(ps)

water 1.0 3.3 2.4 0.89 78.3 <1
methanol 6 9 6 0.54 32.7 5.0
ethanol 8 35 12 1.07 24.6 16
ethylene glycol 2.6, 16 65 23 16.1 37.7 15.3
1-decanol 4, 35 >1 ns 64 10.9 7.2 245

a Kinetics were extracted at 450 nm and at the maximum of the
stimulated-emission band.η, ε, and〈τs〉 are respectively the viscosity,
the dielectric constant and the average solvation time of the different
solvents used taken from ref 67.
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to the solvation dynamics, except in 1-decanol where the mean
solvation time is much slower than the decay of the emission.

Simulations of the Transient Spectra.To check a reaction
scheme where the 450 nm transient is formed from the
fluorescent excited state, we performed a first simulation of
the ∆A spectra with the simple sequential three-state model:
A* f X f A. After excitation, the Franck-Condon excited
state (A*) forms the intermediate-state X corresponding to the
450 nm transient with the rate constantk1. X returns to the initial
ground-state A with the rate constantk2. This model does not
provide a good qualitative representation of the∆A spectra in
the bleaching region (between 390 and 440 nm). In the
simulation of this spectral region, the signal is found to be
constant over the time scale corresponding to the formation time
of the 450 nm intermediate, whereas one can see in Figure 6a
that it exhibits a fast decay during this time scale. A satisfactory
representation of the bleaching region could nevertheless be
obtained, in most of the solvents, by introducing a branching
reaction from the excited-state A*, with a ratio of 50% of the
excited-state population going back to the ground state and the
other 50% forming the 450 nm transient.

In the simulations, the transition cross sections associated with
the different bands were approximated by log-normal functions.
The stimulated-emission cross section spectrum (shape and
intensity) was estimated from the steady-state fluorescence
spectrum. The dynamical Stokes shift of the stimulated emission
has been simulated according to the solvation dynamics given
by Horng et al.67 The stimulated-emission spectrum at time zero
and the amplitude of the Stokes shift have been estimated from
the observed shift and the solvation dynamics given by Horng
et al.67 The cross section spectrum of the excited-state absorption
was determined from the∆A spectra at time zero after
subtraction of the contributions of the ground-state bleaching
and of the stimulated emission. The cross section spectrum of
the 450 nm transient was extracted from the∆A spectra
measured once the stimulated emission has completely vanished
and from which the residual bleaching contribution was
subtracted. The decays of the excited-state corresponding to the
stimulated-emission decay and the 450 nm transient were
represented by an exponential function with time constants
reported in Table 4. With the sequential model used here, the
rate constantsk1 andk2 are equal to the inverse of these time
constants.

The simulation of the transient spectra of pCT- in ethylene
glycol is represented in Figure 7. Comparison of Figures 6a
and 7 shows that our simulation allows a good representation
of the transient spectra of pCT-. Such a result is also obtained
in most of the solvents of the Table 4. The agreement found
between the simulated and the measured differential spectra is
only qualitative because the various parameters of the simulation
have not been fitted to the experimental data. We, however,
conclude that the excited-state deactivation of pCT- can
reasonably be explained by the formation of the 450-nm
transient with a quantum yield of 50% from the fluorescent
excited state. It has to be stressed that the solvation dynamics
is here implicitly considered to be decoupled from the excited-
state deactivation of pCT-. However, as we will discuss in the
next section, we do not exclude that the solvation dynamics
could still be a possible reaction coordinate in the excited-state
deactivation of pCT-.

4. Discussion

4.1. Photoisomerization of pCA2- and pCM- and Reaction
Coordinates. As stated in the Introduction, we previously

demonstrated that the nonradiative decay of pCA2- and pCM-

in water is correlated to the net trans to cis isomerization reaction
that has been shown to take place in those compounds.27,29,39,45

By analogy, the concomitant decay of the excited-state absorp-
tion and stimulated-emission bands of pCA2- and pCM- in
alcohols, is also attributed to trans to cis isomerization of the
ethylenic double bond. More precisely, the trans excited-state
is supposed to decay through a small barrier to a nonpopulated
intermediate structure (the stilbene-like “perp” configuration48)
that immediately leads to both the ground-state cis and trans
isomers.

SolVent Viscosity Effect.For a variety of systems, the Kramers
approach fails to describe the friction a solvent exerts on the
crossing rate of a barrier. Fortrans-stilbene, the viscosity
dependence of the isomerization rate constant has been shown
to be adequately described by the phenomenological power
law: kiso ) Cη-a, with 0 < a <1.48,70-76 The parametera gauges
the strength of the solvent damping andC is proportional to
the Arrhenius term exp(-Ea/kT). Whenkiso is very superior to
all other deactivation rates,kiso can be approximated to the
reciprocal of the excited-state lifetime (τes). In Figure 8, the
excited-state lifetimesτes of pCA2- (circles), and pCT-

(triangles) are plotted versus the viscosityη on a log-log scale.
Regression analysis for pCA2- is shown in solid line and gives
a ) 0.28. In the case of pCM-, we did not collect enough
experimental data to carry out the same analysis. We can,
however, extrapolate from Table 3 that it follows approximately
the same power law as pCA2-, except in water.

Thea value of 0.28 we found for pCA2- is low compared to
stilbenes in alcohols. For reference,a was found to be 0.6 for
trans-stilbene,77 0.61 for 4,4′-dihydroxystilbene76 and 0.72 for
4,4′-dimethoxystilbene.73 Such a nonlinear viscosity dependence
has been partly explained by the inadequacy of Kramer’s theory
to correctly describe friction and Grote and Hynes’ theory78 was
found to be more appropriate to account for the time-dependent
friction experienced by the solute.70

Figure 7. Differential absorbance spectra of pCT- in ethylene glycol
simulated with the sequential three-state model: A*f X f A. The
Franck-Condon excited state, A*, leads to the formation of the
intermediate state, X, corresponding to the 450 nm transient with the
rate constantk1 and a branching ratio of 50%. X returns to the initial
ground state with the rate constantk2. k1 andk2 are fixed to 1/28 and
1/60 ps-1, respectively. The maximum of the stimulated-emission
spectrum at time zero is taken at 20 705 cm-1. Amplitude of the shift
of the band is fixed at 1173 cm-1 and the rate of the shift corresponds
to the mean solvation time of 15 ps. Simulated spectra are convoluted
with a 1.2 ps (fwhm) Gaussian function representing the experimental
response function.
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On the other hand, the marked deviation to the linear viscosity
dependence oftrans-stilbene and some of its derivatives has
also been attributed to the existence of several reaction
coordinates. The reaction has been reported to involve two
concerted motions: the torsion around the ethylenic bond and
the adjacent single-bond rotation.70,74,79In this multidimensional
picture of the reaction, the viscosity effect is expected to be
weaker than expected for a mechanism involving only the
torsion around the double-bond.70,79,80 Stiff-stilbene (1,1′-
diindanylidene), where torsion around the single-bonds is
hindered, isomerizes along a reaction coordinate that is probably
closer to this “ideal” one-dimensional case. In this case, the
viscosity dependence of the formation rate of the “perp” state
is found to be quasi linear.81 Within this context, one might
thus think that the photoisomerization of pCA2- and pCM-

involves the concerted torsion of two bonds rather than the single
rotation of the ethylenic bond.

SolVent Polarity Effect.In addition to the solvent viscosity,
solvent polarity can affect the isomerization rate of pCA2- and
pCM-. In the studied alcohol series, when the viscosityη
increases, the dielectric constantε decreases, as can be seen in
Table 3. The decrease of the photoisomerization rate in solvents
of lower dielectric constant may indicate an increase of the
activation energy, which would arise from the “perp” state being
more polar than the initial fluorescent state. In addition to this
static effect, it is worth noting that the isomerization rate of
pCA2- and pCM- in linear alcohols (except methanol; see Table
3) is faster than the average solvation dynamics, indicating that
the reaction occurs in a nonequilibrated solvent configuration.
This, however, does not allow us to rule out the possible
participation of solvation in the reaction76,82-84 because it can
be argued that only the short times of the solvation dynamics
are involved in the reaction.

4.2. Photoisomerization of pCT- and Reaction Coordi-
nates.The transient spectroscopy of pCT- in aqueous solution
revealed that its excited-state relaxation mechanism is quite
different from those of pCA2- and pCM-. It proceeds through
a more complex pathway, involving the formation, on the
picosecond time scale, of an intermediate absorbing around 450
nm between the bleaching and the stimulated-emission bands,
in all solvents studied here.27,29,40,45Formation of this intermedi-
ate was also reported fortrans-p-hydroxythiomethyl cinnamate
in basic aqueous solution.41,42,44,47

Excited-State Decay and SolVent Effects.Although the data
for pCT- are scarce and scattered, it is interesting to note that
the decay of its stimulated-emission band appears to be much
more sensitive to the solvent than those of pCA- and pCM-.
A very coarse analysis of the solvent viscosity effect is shown
in Figure 8. The rough fit leads to 1/τes ≈ Cη-a, with a being
equal to 0.75, that is, about 3 times larger than the value found
for pCA2-. In addition, we observe that the sensitivity of the
excited-state dynamics of pCT- to the solvent polarity and
solvation dynamics is larger than for pCA2- and pCM-. In low
viscosity solvents, the excited-state lifetime of pCA2- does not
change much when the dielectric constant increases whereas
that of pCT- keeps decreasing. The most natural explanation
for these differences is that the excited-state deactivation
involves either a different reaction coordinate or a different
reaction profile along the same coordinate.

The larger electronic affinity of the thioester substituent of
pCT-, as compared to pCA2- and pCM-, can induce a larger
further charge translocation after excitation. For pCA2- the
transfer of a full charge cannot reach the carboxylic group due
to the presence of the negatively charged oxygen atom whereas
for pCT- the electron can be transferred to the oxygen atom of
the carbonyl group. In this simple representation, it is conceiv-
able that the reaction coordinates in the excited state could be
different in these two compounds. Like fortrans-stilbene, the
concerted motions of the ethylenic bond and one adjacent single
bond would still be possible in the excited state for pCA2-. For
pCT- only the torsional motion of the ethylenic bond would
be facilitated because the adjacent single bonds would acquire
a double bond character upon charge translocation. These
differences in the reaction coordinates could explain the larger
impact of the solvent viscosity on the excited-state decay of
pCT-. It is worth noting that the single torsion of the ethylenic
bond (one bond flip) has recently been proposed for the
photoisomerization mechanism of charged conjugated systems,
such as protonated Schiff bases, whereas isomerization of
weakly polar olefins is attributed to the concerted motion of
the ethylenic bond with an adjacent single bond.85

Relaxation Pathway.Let us here examine three different
hypothesis aimed at elucidating the relaxation pathway in pCT-

and the nature of the 450 nm intermediate state. At this point
of the discussion, it should be reminded that, contrary to pCA2-

and pCM- continuous irradiation of pCT- in aqueous solution
did not lead to the observation of a cis isomer.27,29,40,45The
fluorescence quantum yield of pCT- remains, however, com-
parable to those of pCA2- and pCM-, indicating that an efficient
nonradiative process also takes place in the thioester derivative.

(1) Assuming that the photoisomerization reaction occurs in
pCT-, it is tempting to attribute the 450 nm intermediate to an
unstable ground-state cis isomer. However, calculations do not
predict the existence of such an unstable ground-state cis isomer.
Like for pCA2-, the cis to trans isomerization barrier of the
isolated pCT- and thiomethyl coumarate is found to be quite
large, about 25 kcal‚mol-1.49,53 This hypothesis must conse-
quently be rejected.

(2) Alternatively, the higher sensitivity of the excited-state
lifetime of pCT- to the solvent polarity and the larger electronic
affinity of the thioester group with respect to the carboxylic
group of pCA2- and the amide group of pCM- can suggest the
formation of a charge-transfer state in competition with isomer-
ization. The merocyanine dye DCM86 and some “push-pull”
polyenes87,88provide examples of a photoinduced charge transfer
in competition with photoisomerization. Considering the concept
of TICT-state formation, i.e., an excited-state charge-transfer

Figure 8. Excited-state lifetimeτes of pCA2- (circles) and pCT-

(triangles) represented as a function of the solvent viscosityη.
Regression analysis is shown as a solid line and leads to the expression
1/τes ) C(η/cP)a with a ) 0.28 and 0.75 respectively for pCA2- and
pCT-.

Dynamics of the Photoactive Yellow Protein Chromophore J. Phys. Chem. A, Vol. 110, No. 10, 20063401



reaction concerted with the single-bond rotation of the electron-
donating group,89 we proposed29 that such a mechanism might
compete with photoisomerization for pCT-, whereas photo-
isomerization would prevail for pCA2- and pCM-. Such a
TICT-state formation was indeed proposed for “push-pull”
stilbenes.90,91 For the present analogues, one might think that
torsion of the phenolate group could be the proper coordinate
leading to a TICT-like state. In a recent report on ester analogues
of PYP chromophore,92 the torsion of the phenolate group was
indeed proposed to be one possible coordinate for the nonra-
diative excited-state decay. On the other hand, QM/MM
simulations carried out on the isolated deprotonated PYP
chromophore showed that the evolution on S1 after photoexci-
tation involves the torsion of the phenolate moiety rather than
the ethylenic bond torsion. On the time scale of the simulation,
the population remains trapped in a local S1 minimum associated
with a 90° twisted phenolate moiety.54 The excited-state
deactivation leads back to the original conformation without a
net change of configuration. However, one can object to a
process involving such a coordinate that, in agreement with an
elementary view considering that the lower electronic transition
essentially shifts the charge from the phenolate moiety to the
carbonyl moiety, other ab initio calculations predicted a reversal
of the single/double bond pattern of the molecule upon
excitation.50 The single bond linking the phenolate group to the
rest of the molecule acquires a double bond character and the
ethylenic bond acquires a single bond character. According to
this picture, the rotation of the phenolate group should no longer
be possible whereas isomerization around the ethylenic bond
should be made easier.

(3) Finally, one can consider the photoisomerization coordi-
nate, by rotation around the ethylenic bond alone and refer to
a well-known model for the isomerization of polar olefins in
polar solvents. It has been proposed that the excited state of
these molecules at the “perp” configuration is zwiterionic. In
polar solvents, the energy of this “perp” zwiterionic state is
strongly lowered and becomes lower than that of the diabatic
state representing the ground state in nonpolar solvents. The
avoided crossing between the two potential energy surfaces leads
to a new minimum at the “perp” configuration in the ground
state.93 A somewhat similar situation can be devised for pCT-.
One could think that increasing the electron affinity of the
carbonyl substituent from pCA2-, to pCM- and pCT- is able
to induce a strong lowering of the “perp” excited state with
respect to the ground state. For pCT-, a local minimum of the
ground state could be obtained in the “perp” configuration (see
Figure 9). Due to the destabilization of the cis isomer in the
ground state, the barrier from the “perp” minimum to the cis
would be higher than that to the initial trans configuration,
resulting in no net trans-to-cis isomerization. This scenario
would be totally compatible with the three-state model we used
for our simulations of the∆A spectra, including the loss of 50%
of the initial excited population accompanying the formation
of the transient state.

5. Conclusion

Solvent effects on the excited-state decay of three analogues
of the chromophore of PYP, where the substituent adjacent to
the carbonyl end group is changed from O- (pCA2-) to NH2

(pCM-) and to SC6H5 (pCT-), have been examined by steady-
state and ultrafast time-resolved spectroscopy. The major solvent
effect on the steady-state absorption spectrum is due to the
formation of strong hydrogen bonds in protic solvents whereas
the fluorescence solvatochromic shift is mainly correlated to

the solvent polarity. Our data are consistent with the complete
disruption of two hydrogen bonds in the excited state. Fluo-
rescence anisotropy measurements evidence that a second
electronic transition with a different polarization, possibly the
n f π* transition localized on the carbonyl group, contributes
to the blue side of the absorption spectra of pCA2- and pCM-.
However, contrary to previous statements,27,29,40 the presence
of a second transition lying under the main absorption band is
not confirmed for pCT-.

The difference that we previously reported between the
differential absorbance spectra of pCT- and those of pCA2-

and pCM- in aqueous solutions is also found in several alcohols.
In addition, the excited-state decay of these compounds is found
to be sensitive to the solvent properties. These differences are
attributed to the existence of two different relaxation pathways
in relation with the electron donor-acceptor character of the
chromophore substituents. Upon excitation, analogues with a
weaker electron acceptor group such as pCA2- and pCM- lead
to the formation of a cis isomer without any detectable
intermediate. On the contrary, excited-state deactivation of
analogues containing a stronger electron acceptor group such
as pCT- involve the formation of a transient state absorbing
between the bleaching and stimulated-emission band. Addition-
ally, the formation of a stable cis isomer is not observed. Due
to the weak sensitivity of the excited-state decay of pCA2- and
pCM- to the solvent viscosity, the photoisomerization mech-
anism of pCA2- and pCM- is thought to be comparable to that
of trans-stilbene, with the concerted rotation of the ethylenic
bond and one adjacent single bond. The higher sensitivity of
the excited-state deactivation of pCT- to solvent viscosity and
polarity, as compared to pCA2- and pCM-, is considered to
reveal a different reaction coordinate. The excited-sate deactiva-
tion of pCT- is viewed as a photoisomerization mechanism
involving mainly the torsional motion of the ethylenic bond.
The formation of the transient state of pCT- is tentatively
attributed to the existence of a local minimum in the ground
state, corresponding to a “perp” conformation having a charge-
transfer character, from which the population returns solely to
the initial trans conformation.

Figure 9. Potential energy curves proposed for the excited-state
deactivation of pCA2- (up) pCT- (down).
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