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bstract

Transient absorption spectroscopy with subpicosecond laser excitation is used to probe the primary photoinduced processes in two ester
nalogues (linear and cyclic) of the Photoactive Yellow Protein (PYP) chromophore in solution. The PYP chromophore is the thioester derivative
f the deprotonated trans-4-hydroxycinnamic acid. The results found for the ester analogues are compared to those previously obtained for the
eprotonated trans-4-hydroxycinnamic acid and its amide and thioester derivatives. Special attention is paid to the role of the electron donor–acceptor
haracter of the chromophore substituents and of the molecular flexibility on the excited-state relaxation pathway and kinetics. Solvent viscosity
nd polarity effects on the kinetics are also analyzed. Two hypothetical relaxation pathways involving a one-bond flip mechanism are proposed
o explain the observation of a transient species in the course of the excited-state relaxation of the analogues bearing the stronger electron-

cceptor substituents. In the first one, the intermediate is described as a perp ground state, whereas the second one involves a twisted excited
tate where the conformation of the ethylenic bond deviates from 90◦. In both cases, the relaxation of the transient state may lead or not to the
is isomer.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Photoactive Yellow Protein (PYP) is the photoreceptor for
he known avoidance response to blue light exposure [1] of the
acterium Halorhodospira halophila. Upon optical excitation
YP undergoes a photocycle, the first overall step of which

s the trans-cis isomerization of its chromophore, the depro-
onated trans-4-hydroxycinnamic acid covalently linked to the
ide chain of the unique cysteine residue of the protein by a
hioester bond (Fig. 1, PYP). Trans-cis isomerization was how-

ver either not observed [2–6] or found to have a very low
uantum yield [7] for the deprotonated thioester-phenyl ana-
ogue of PYP in solution (Fig. 1: pCT−). By subpicosecond
ransient absorption spectroscopy, we previously found that the
xcited state of pCT− essentially relaxes back to the trans ground

∗ Corresponding author. Tel.: +33 1 44322413; fax: +33 1 44323325.
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tate via a populated intermediate state, characterized by a tran-
ient absorption band around 450 nm [2–6,8]. By contrast, the
eprotonated trans-4-hydroxycinnamic acid (Fig. 1: pCA2−)
nd its amide analogue with an NH2 substituent at the � posi-
ion of the carbonyl end group (Fig. 1: pCM−) undergo trans-cis
hotoisomerization without any detectable intermediate [3–5,9].
he influence of the carbonyl substituent was previously ratio-
alized in terms of electron donor–acceptor structure of the
hromophore, which would control the excited-state deactiva-
ion pathway [6,10]. Solvent polarity and viscosity effects on the
ransient spectra were used to further stress the influence of this
onor–acceptor character on the reaction free-energy profile or
eaction coordinates [6]. The role of the electron donor–acceptor
tructure of the chromophore was also recently emphasized in

detailed comparison, by the fluorescence up-conversion tech-
ique, of ester (Fig. 1: pCE−) and ketone analogues in their
nionic and neutral forms, that is, for which the phenolic donor
roup is respectively deprotonated and protonated [11].

mailto:Pascale.Changenet@ens.fr
dx.doi.org/10.1016/j.jphotochem.2006.06.016
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ig. 1. Chemical structure of analogues of Photoactive Yellow Protein (PY
ydroxycinnamic acid (pCA2−); NH2: amide derivative (pCM−); SC6H5: thioes
yclic ester derivative or lactone form (pCL−).

The present study is devoted to the comparison of the transient
bsorption spectroscopy of pCE− with that of pCA2−, pCM−
nd pCT−. In a preliminary report [10], we stressed that in pCE−
he acceptor character of the carbonyl substituent (O CH3) is
arger than that of pCM− (NH2) and smaller than that of pCT−
S C6H5). Consequently, studying pCE− provides the possi-
ility to further test the role of the electron donor–acceptor
haracter of the chromophore on the excited-state relaxation
athway. Special attention is paid to the coordinates involved
n the deactivation of the chromophore in solution, in particular
y comparing the transient spectroscopy of the cyclic ester, i.e.
he lactone form (Fig. 1: pCL−), to that of the linear ester pCE−.
olvent viscosity effect on the kinetics is further analyzed and
ypothetical relaxation mechanisms are discussed.

. Experimental

.1. Synthesis of the ester analogues of the PYP
hromophore and sample preparation

Trans-p-hydroxycinnamic methyl ester (pCEH) was syn-
hesized using the Fisher procedure [12] from trans-p-
ydroxycinnamic acid, with methanol as the solvent and two
quivalents of concentrated sulfuric acid. The product was puri-
ed by recrystallization in methanol (yield: 90%). The lac-

one form (pCLH) was synthesized according to the procedure
eported by Zimmer and Rothe [13]: 4-hydroxybenzaldehyde
6.1 g, 50 mmol) and �-butyrolactone (8.6 g, 100 mmol) were
tirred in benzene (70 mL) and sodium methylate was slowly
dded (15 min). The mixture was warmed (50–60 ◦C, 4 h), then
tirred during 18 h at room temperature. Aqueous sulfuric acid
1 mol L−1) was added until pH ≈ 2 and, then stirring was con-
inued for 1 h. The crude product was isolated by filtration and
urified by recrystallization in water (m.p.: 181 ◦C, yield: 4.25 g,
2%).

The samples for transient absorption spectroscopy were pre-
ared under conditions similar to those previously used for
CA2−, pCM− and pCT− [2–6,9]. Aqueous samples of pCE−

nd pCL− were prepared in pH 10.2 buffer solutions (CAPS)
o avoid hydrolysis. In alcohols, the compounds were dissolved
ith 5 × 10−4 M KOH in order to achieve 95% deprotonation

nd sufficient chemical stability [6]. The optical density of the

o
c
T
t

romophore. The substituent in � of the carbonyl group is varied. O−: 4-
enyl derivative (pCT−); OCH3: methyl ester derivative (pCE−); OCH2 CH2 :

amples was adjusted to 1 mm−1 at the maximum of absorption
or steady-state and transient absorption measurements and to
.1 cm−1 for steady-state fluorescence measurements. The sol-
ents used were HPLC-grade water and ethanol (Merk Uvasol),
9%-pure 1-decanol (Acros Organics) and UV-spectroscopy-
rade ethylene glycol (Fluka).

.2. Subpicosecond transient absorption experiments

Transient absorption experiments were carried out with an
nconventional 500-fs 10-Hz dye laser as the excitation source.
he laser source was described elsewhere [14] but, in the present
xperiments, a thinner microcavity (15 �m) was however used.
he pump pulses (50–100 �J) were tuned at 355 nm and focused

o a 2 mm-diameter spot in a recirculating 1-mm sample cell.
igh-power 570-nm pulses were simultaneously produced and
sed to generate a white-light probe in a 1-cm water cell. Pump
nd probe polarizations were set at the magic angle. The dif-
erential absorbance spectra were recorded in the 340–700 nm
pectral range, through an imaging spectrograph (Jobin-Yvon
70M, entrance slit 64 �m), by a CCD camera (Roper Scientific
TE/CCD-128-H, 1024 × 128 pixels). They were averaged over
00 pump shots and corrected from group velocity dispersion
f the probe pulse. Kinetics traces at selected wavelengths were
tted to a sum of exponentials convoluted to a Gaussian repre-
enting the instrumental response. The FWHM of this Gaussian
as found to be about 1.5 ps.

. Results and discussion

.1. Time-resolved differential absorption spectra of the
ster analogues in water

Fig. 2 shows the transient absorption spectra measured for
he linear ester (pCE−) and the lactone (pCL−) derivatives in
queous solution at pH 10.2 after 355-nm excitation. The steady-
tate absorption and fluorescence spectra are given in the lower
art of the figure (in the explored spectral range) for the sake

f comparison. The absorption and emission maxima of both
ompounds are respectively located around 350 and 450 nm.
he upper part of the figure shows that, for both esters, an initial

ransient absorption between 370 and 400 nm, assigned to the
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ig. 2. Time-resolved transient absorption spectra of the linear ester pCE− (left
ompounds relax via the formation of a transient state absorbing around 400 n
iven in arbitrary units (A.U.) in the lower part of the figure for comparison.

nitial excited state, decays in a few picoseconds and reveals
he bleaching band. Simultaneously, an absorption band rises
bove 400 nm and a temporary isosbestic point appears in the
ime-resolved transient absorption spectra around 400 nm. Such
temporary isosbestic point may be explained by the formation
f a transient species from the initial excited state, like for the
hioester derivative pCT− [2–5]. The formation of a transient
tate was also proposed by Vengris et al. for pCE− [15]. In the
pper part of Fig. 2 one sees that the stimulated-emission band,
hich initially exhibits a maximum around 460 nm, shifts to the

ed while decaying. Such a shift was previously observed for
CA2−, pCM− and pCT− and attributed to solvation dynamics
3,5,6] resulting from optically-induced charge redistribution in
he solute [16]. In the middle part of the figure, it is seen that the

00-nm absorption band and the remaining stimulated-emission
and keep decaying for several picoseconds.

The kinetics of the differential absorption signal at selected
avelengths are shown in Fig. 3. For the stimulated-emission

e
t
a
b

ig. 3. Kinetics traces of the differential absorption at selected wavelengths for the li
he decays of the UV transient-absorption band and of the stimulated-emission (SE)
the lactone form pCL− (right) in aqueous solution after subps excitation. Both
e normalized steady-state absorption (Abs.) and fluorescence (Fl.) spectra are

and, the maximum amplitude of the band is plotted as a function
f the delay, in order to avoid artifacts due to its time-resolved red
hift. It is seen that, for both pCE− and pCL−, the decay of the
V absorption band is similar to that of the stimulated-emission
and, which supports our above assignment of the UV band to
he initially excited state. The curve showing the kinetics at 400-
m exhibits a flat top, as expected for the spectral region where a
emporary isosbestic point is observed (Fig. 2, top) and a decay
lower than that of the stimulated-emission band. This is an
dditional evidence for the presence of a transient species in the
ime-resolved spectra. The solvent-induced time-resolved red-
hift of the stimulated-emission band contributes to the kinetics
bserved in the 400–440 nm so that the risetime of the transient
pecies cannot be directly probed. Decay times of the stimulated-

mission band and of the 400-nm band extracted from the fit of
he kinetics shown in Fig. 3 are compared in Table 2. Studies in
lcohols (see Section 3.3) further confirm these observations for
oth pCE− and pCL−. The primary photoinduced mechanism

near ester pCE− (left) and the lactone form pCL− (right) in aqueous solutions.
band are compared to that of the transient 400-nm transient band.
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observed for the protonated forms [11]. This power law is tested
again here for pCE− and pCL− in aqueous and alcoholic solu-
tions. The excited-state lifetimes obtained from the decay of the
stimulated-emission band (τse) are reported in Table 2 with the
48 A. Espagne et al. / Journal of Photochemistry a

robed for the esters is thus similar to that of the thioester
erivative, which further supports that the presence of a strong
lectron-acceptor in � of the carbonyl group is a key element
hich controls the excited state relaxation pathway.
By analogy with our previous studies on pCA2−, pCM− and

CT− [3,5,6,9], the residual broad absorption band observed
bove 400 nm in Fig. 2, at 20 ps for pCE− and 8 ps for pCL−,
s assigned to the biphotonic formation of solvated electrons.
uch a two-photon ionization process was also reported in stud-

es of other analogues [8]. According to results obtained for
hioester derivatives [5,8], the radical cation photoproduct is
xpected to absorb around 350 nm, which is out of the spec-
ral window probed in the present experiments. The observed
esidual bleaching below 400 nm is thought to arise from the
round-state depopulation that results from the two-photon ion-
zation process. It was not observed in experiments carried out
ith a 310 nm excitation wavelength, where two-photon ioniza-

ion does not occur [15].
One can thus conclude that the primary photoinduced pro-

esses in pCE− and pCL− seem to be comparable to those in the
hioester derivative pCT−. In addition, the evolution of the tran-
ient spectra is found to be faster for the bridged form (pCL−)
han for the linear form (pCE−) of these ester analogues. This
ndicates that the rigidity of the electron-acceptor substituted
arbonyl group does not hinder the observed process.

.2. Role of the electron donor–acceptor character of the
arbonyl end group on the excited-state decay time

In our previous reports [2–5], we emphasized a major effect of
he chemical structure of the chromophore on the light-induced
rocess in this class of compounds. The present results confirm
his trend.

Table 1 gives the excited-state lifetime of the five analogues
n aqueous solution and the Hammett parameter (σp) of the cor-
esponding carbonyl substituent, which measures its electron
cceptor character [17]. The lifetimes were obtained from the fit
f the stimulated-emission decay with a monoexponential func-
ion. The Hammett parameter of the O (CH2)2-substituent of
he lactone pCL− is not available but we expect it to be sim-
lar to that of the O CH3 substituent of pCE−, thus smaller
han that of the S Ph substituent of pCT−. pCL− is how-
ver found to have the shortest lifetime of all studied analogues,

hich suggests that motions hindered by the lactone ring provide

hannels for the excited population to temporarily explore the
xcited-state potential surface out of the reactive channel. One
ay hypothesize that removing these degrees of freedom forces

able 1
xcited-state lifetime of five PYP analogues in aqueous solution

nalogue pCA2− pCM− pCE− pCT− pCL−

S1 (ps) 10 ± 1 4.0 ± 0.5 3.0 ± 0.5 2.4 ± 0.4 1.0 ± 0.2

p −0.81 −0.66 −0.27 0.07

ammett parameters σp of the substituent in � of the carbonyl group (see Fig. 1)
rom [17]. The error given on the lifetimes indicates the range of values obtained
n different experiments.

T
D
o

S

W
E
D
E

F
v

otobiology A: Chemistry 185 (2007) 245–252

he system into a more efficient reaction pathway. Alternatively,
ne might presume that the lactone ring is in fact a better elec-
ron acceptor than the linear form. Charge-transfer reactions in
he femtosecond regime were reported for other lactones even
n apolar solvents, the parameter controlling the dynamics being
ssigned to intramolecular vibrational motions involving the CO
ond in the lactonic ring [18].

The present study definitely demonstrates that both the
xcited-state deactivation pathway and the decay kinetics of the
tudied analogues of the PYP chromophore are controlled by
he electron-acceptor strength of the carbonyl end group. The
eactivation pathway involves a detectable intermediate only for
he analogues bearing a strong electron-acceptor group such as
CE−, pCT− and pCL−. The photoisomerization yield of pCT−
s negligible [2–6] or less than 5% [7] whereas steady-state pho-
olysis of pCE− and pCL− leads to a photoproduct absorbing
n the blue edge of the absorption spectrum of the initial trans
somer. The photoproduct has been attributed [11] to the cis iso-
er by comparison with spectra reported for trans-p-coumaric

cid but the photoisomerization yield has not been quantified.
ossible reaction mechanisms will be examined in Section 3.4.

.3. Solvent properties and relaxation dynamics

We previously compared the influence of the solvent proper-
ies on the excited-state deactivation pathway of pCA2− and
CT−, which respectively bear the weaker and the stronger
lectron-acceptor end groups of the linear series [6], as well as
he influence of the negative charge on the electron-donor phenol
nd group for pCE− and a ketone analogue [11]. The excited-
tate lifetimes of the anionic forms were found to decrease with
ncreasing polarity (ε) and increase with increasing viscosity
η). pCT− was however found to exhibit a larger sensitivity to
iscosity and polarity than pCA2−. An empirical analysis of the
1 lifetime in terms of the power law ηa showed that parameter
a” is two to three times larger for pCT− (0.75 versus 0.28) [6].

similar power law was found for the fluorescence lifetime of
CE− and a ketone analogue in water–glycerol mixtures with
= 0.64, whereas only a very weak viscosity effect could be
able 2
ecay-time (τes) of the stimulated-emission band and of the transient state (τtr),
f the ester analogues pCE− and pCL− in aqueous and alcoholic solutions

olvent η (cP) ε pCE− pCL−

τse (ps) τtr (ps) τse (ps) τtr (ps)

ater 0.89 78.3 3.0 4.5 1.0 3.5
thanol 1.07 24.6 10* 34 1.4 37*

ecanol 10.9 7.2 15* 30* 2.9* 29*

thyleneglycol 16.1 37.7 24 36* 6 17*

or nonexponential decays, the average lifetime is given. Values of the solvent
iscosity (η) and dielectric constant (ε) at 25 ◦C were taken from [19].
* Nonexponential decays.
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ig. 4. Decay-time of the stimulated-emission band (τse) of pCE (�) and pCL
�) as a function of the solvent viscosity η, in aqueous and alcoholic solutions.
he two esters exhibit similar power-law dependence (ηa), with a ≈ 0.5.

orresponding solvent polarity and viscosity taken from refer-
nce [19]. The decay times of the transient state are also given for
omparison. The plots of ln(1/τse) as a function of ln η (Fig. 4)
ndicate that the two esters experience similar viscosity effects.
his rough analysis leads to a smaller “a” value for pCE− than

hat found from fluorescence up-conversion measurements in
ater–glycerol mixtures [11] (0.5 instead of 0.64). It is never-

heless still noticeably larger than that found for pCA2− (0.28).
he larger viscosity effect observed for the analogues bearing

he stronger electron-acceptor substituent is considered as fur-
her evidence that the relaxation pathway of these analogues
epends on the electron donor–acceptor structure of the chro-
ophore.
Let us now consider the relaxation of the transient state. We

reviously reported that the lifetime of the transient state of the
hioester derivative pCT− was 3.3 ps in water [6]. Although the
ecay time of the transient state is difficult to measure with

recision due to the small amplitude of its absorption band,
ne sees in Table 2 that this value is about the same as the
ransient-state lifetime of the lactone pCL− (3.5 ps) and some-
hat smaller than that of pCE− (4.5 ps). Comparison between

o
c
F
W

ig. 5. Hypothetical role of the electron-acceptor character of the carbonyl end group o
top: X = strong electron-acceptor, middle: lactone form, bottom: X = weak electron-
hift. Red arrows show potential sources for geometrical changes associated to the el
otobiology A: Chemistry 185 (2007) 245–252 249

CE− and pCT− seems thus to indicate that not only the forma-
ion rate but also the decay rate of the transient state increases
ith the electron-acceptor character of the carbonyl substituent.
omparison between pCE− and pCL− seems to indicate again

hat removing of some internal degrees of freedom forces the
ystem into a more efficient relaxation pathway. We previously
eported that the decay of the transient state of pCT− was slowed
own in viscous solvents [6]. The viscosity effect on the transient
tate decay rate was even found larger than that on its forma-
ion rate [6]. One observes a similar effect for pCE− and pCL−
hen the solvent is changed from water to ethanol (Table 2).
owever, when the solvent viscosity is further increased, the

ransient state lifetime remains of the same order of magnitude
o that it cannot be analyzed in terms of the power law ηa.

.4. Influence of the electron donor–acceptor character on
he relaxation pathway

If the electron-acceptor character of the end group is weak
pCA2− and pCM−), trans-cis photoisomerization occurs with-
ut any detectable intermediate [3–6,9]. If it is strong (pCE−,
CL− and pCT−), the excited-state relaxation pathway involves
detectable intermediate and, in the case of pCT−, does not lead

o the cis isomer [2–6]. An interpretation of those observations
s to consider that, in fact, an intermediate state is reached for
ll molecules. Depending on the electron-acceptor character of
he end group, this intermediate is either very short-lived, hence
on-observed, and partially leads to the cis isomer or else it
s longer-lived, hence observed, and either totally or partially
eads back to the trans isomer. In this section we will focus

ur attention on the influence of the electron donor–acceptor
haracter on the escape of the excited-state population from the
ranck–Condon state and formation of the intermediate state.
e will then hypothesize different photoinduced relaxation

n the extent of the photoinduced charge shift and associated skeleton flexibility
acceptor). Arrows drawn in dashed line illustrate the optically induced charge
ectronic redistribution.
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echanisms by considering that the intermediate state is either
ground state species or a non-emissive excited species.

.4.1. Photoinduced charge transfer
The fact that the excited-state decay rate (i) increases with the

lectron-acceptor character of the carbonyl substituent (Table 1)
nd (ii) increases with the solvent polarity [6,11] is a strong
ndication that the production of the intermediate state from the
nitial excited state involves a charge transfer. From electroop-
ical measurements [16], it is expected that optical excitation
eads to a dipole moment change corresponding to shifting the
egative charge from the oxygen of the phenolate donor-group
o the phenol ring or even to the ethylenic bond. We thus propose
hat this charge shift proceeds further in the excited state, giving
ise to an even more charge-shifted state, as illustrated in Fig. 5.
he driving force of this reaction could be a better localization
f the charge, hence a larger solvation energy of this product
tate. In the case of analogues with a strong electron-acceptor
nd group (pCT−, pCE−), the charge can be thought to go all the
ay to the carbonyl oxygen, with a complete reversal of the sin-
le and double bond pattern as shown in the upper part of Fig. 5.
his analysis also holds for the lactone pCL−, the intramolecular
ridge of which does not affect the photoinduced change in the
ond pattern (Fig. 5, middle). However, the presence of a weak
lectron-accepting end group, or even a repulsive one in the case
f pCA2−, is expected to lead either to a charge shift of a lesser
xtent (Fig. 5, bottom) or else to a complete shift of a partial
harge, and then to a less rigid structure at the carbonyl-end site.

In all cases drawn in Fig. 5 the charge-shifted state displays a
ingle bond instead of the initial ethylenic bond. We thus think
hat its geometry tends toward a 90◦ twist of the ethylenic bond,
ecause this rotation enhances the decoupling of the two halves
f the molecules and localizes better the negative charge on
he carbonyl side. This structure, comparable to the so-called
xcited-state perp minimum involved in the photoisomerization
f stilbene [20], would similarly be thought to be the gateway
oward a possible trans-cis isomerization.

According to Grote and Hynes’ theory [21], the larger
onstraint exerted by the solvent viscosity on the stimulated-
mission band decay of pCT−, pCE− and pCL−, as compared
o pCA2− is an indication that the formation of the twisted
harge-shifted state involves the crossing of a lower barrier,
ith a smaller frequency, which implies a larger sensitivity to

ow-frequency fluctuations of the solvent. It may also mean that
he photoinduced process involves a motion of larger ampli-
ude of the molecular site bearing the localized charge, that
s, more displacement of the localized negative charge in the
olvent and thus more solvent reorganization with an appar-
nt viscosity effect. This would be consistent with the fact that
he excited-state lifetime of pCT− keeps increasing with the
verage solvation time (which also contains diffusional dielec-
ric responses) when that of pCA2− levels off [10]. In previous
eports [6,11], we proposed that the photoinduced internal tor-

ion may change from a process involving concerted motions to
one-bond flip (torsion around the ethylenic bond) depending
n the electron donor–acceptor structure of the chromophore,
he stronger donor–acceptor structure undergoing a one-bond

w
r
m
l

ransient ground state (adapted from reference [6]) or (c) of a transient excited
tate in the relaxation pathway of analogues bearing the stronger electron-
cceptor substituents.

ip. For protonated ester and ketone analogues [11], which have
he weakest electron donor–acceptor structure, motions like the
ula-twist [22] or bicycle-pedal [23] mechanisms have been
uggested [11]. These different mechanisms have indeed been
roposed as possible photoisomerization pathways of different
ypes of compounds. At this stage of the discussion one has to
xplain why, in the present study, the deprotonated analogues
earing the weaker electron-acceptor carbonyl substituents lead
o a net trans-cis isomerization whereas the others do not, or
o less. We will thus focus on the formation of the twisted
harge-shifted intermediate proposed above and discuss relax-
tion mechanisms involving such an intermediate either in the
round state or in the excited state.

.4.2. Relaxation via a twisted ground state intermediate
In a previous comparison of pCA2−, pCM− and pCT− [6],

e considered that a fully 90◦ twisted charge-shifted perp state
s reached in all cases. For the less rigid analogues bearing the

eaker electron acceptor (pCA2−, pCM−), this perp configu-

ation would be reached by a mechanism involving concerted
otions like in stilbene (see Fig. 6a) [24–26]. For the rigid ana-

ogue bearing the stronger electron acceptor, pCT−, the perp
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tate would be reached by a one-bond flip mechanism. How-
ver, as a result of the large stabilization of this state due to the
trong electron-acceptor character of the thioester-phenyl end
roup, we proposed that an avoided crossing with the ground
tate occurs at the 90◦ geometry [6]. As shown in Fig. 6b, such
n avoided crossing leads to a minimum at the 90◦ configuration
n the ground state. This type of situation has previously been
escribed for the zwitterionic perp state of olefins in polar sol-
ents [27]. From the present study one would thus conclude that
he other two rigid analogues bearing a strong electron acceptor,
CE− and pCL−, would follow a relaxation mechanism similar
o that of pCT−. The relative height of the barriers from this
round-state minimum respectively to the cis and trans ground
tate configurations would thus control the photoisomerization
ield. One might expect a higher barrier to the cis isomer for
ore rigid structures, i.e. for compounds bearing the strongest

lectron acceptors such as pCT−.

.4.3. Relaxation via a twisted excited state intermediate
In a second approach, since pCA2− and pCM− are found to

hotoisomerize without any detectable intermediate, i.e. accord-
ng to a stilbene-like mechanism, one can hypothesize that reach-
ng the complete 90◦ twist of the perp state in the excited state
equires the concerted motion of other coordinates. As a matter
f fact, for pCA2− and pCM−, one can see in Fig. 5 bottom that
he carbonyl end group can rotate freely. Such flexibility would
lso be kept for a complete shift of a partial charge. This flexibil-
ty could thus be thought to stabilize the perp state, hence to favor
somerization. Although it is not obvious at first sight why such
molecular flexibility would be needed, one can suppose that, in

he perp geometry, the torsion of the carbonyl end group releases
nternal constraints, possibly due to steric hindrance and/or elec-
ronic repulsion between the substituted carbonyl end group and
he phenol ring moiety. For the analogues with stronger electron
cceptors, pCT−, pCE− and pCL−, such flexibility is not avail-
ble, as shown in Fig. 5 top and middle, and the twist angle of
he ethylenic bond at the minimum energy of the S1 state would
hus be thought to deviate from 90◦ in order to avoid the above-

entioned constraints. This scenario is illustrated in Fig. 6c.
he twisted excited species at the minimum of the excited state
otential would thus be the non-emissive transient state that we
bserve. Its picosecond lifetime would result from a fast internal
onversion (the S1–S0 energy gap is indeed likely to be small
or geometries close to the perp configuration and to be smaller
or analogues bearing stronger electron acceptor) and/or from
n activated process necessary to reach an hypothetical conical
ntersection at the perp geometry. Internal conversion would be
avored in polar solvents because of a lower energy gap and
p-hill motion to the conical intersection would experience vis-
osity effect. Fast internal conversion down to the trans ground
tate would thus be the dominant process in the case of pCT−.

Although a detailed description of the mechanism is still an
pen question, the present study gives a clear demonstration of

he influence of the electron donor–acceptor structure on the
hotophysics of the analogues of the PYP chromophore. We
an thus confirm our previous statement that within the natural
YP photoreceptor, photoisomerization of the thioester chro-
otobiology A: Chemistry 185 (2007) 245–252 251

ophore does occur because the expected large photoinduced
harge shift is counteracted by the presence of a positive charge
n the nearby Arginine52 residue [6]. The role of this posi-
ive charge had previously been stressed by Groenhof et al. [28],
ho however proposed a reversed photoinduced charge-transfer
echanism.

. Conclusion

From ultrafast spectroscopy experiments carried out on two
ster analogues of the Photoactive Yellow Protein chromophore,
nd by comparison with previously published data on three other
nalogues (coumaric acid, its amide and thioester derivatives)
2–6,9,10], we have further demonstrated that the photoinduced
ehavior of these compounds is strongly dependent on their
lectron-donor–acceptor structure. Compounds for which the
arbonyl group is substituted with a strong electron acceptor
xhibit a relaxation pathway involving a transient state that may
referably relax to the initial trans ground state. In particular
he thioester derivative, which models the native chromophore
f PYP, does not isomerize in aqueous and alcoholic solu-
ions. We have tried to rationalize those facts in terms of the
xtent of a photoinduced charge shift and of molecular flexibil-
ty. The excited-state decay rate of these analogues is sensitive
o the solvent viscosity. The fact that analogues bearing good
lectron-acceptor substituents experience larger viscosity effect
s interpreted by the crossing of a lower barrier and/or by the
nvolvement of different intramolecular coordinates as well as a
olvent coordinate. We have hypothesized two relaxation mech-
nisms to explain the observation of a transient state in the
elaxation pathway of the analogues substituted with a strong
lectron acceptor. In the first one, the intermediate is described
s a perp ground state, whereas the second one involves a twisted
xcited state where the conformation of the ethylenic bond devi-
tes from 90◦. Although the mechanism is still an open question,
he present study allows us to confirm our previous statement
hat within the natural PYP photoreceptor, photoisomerization
f the thioester chromophore does occur because the expected
arge photoinduced charge shift is counteracted by the presence
f a positive charge on the nearby Arginine52 residue.
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