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The fluorescence decays of several analogues of the photoactive yellow protein (PYP) chromophore in
aqueous solution have been measured by femtosecond fluorescence up-conversion and the
corresponding time-resolved fluorescence spectra have been reconstructed. The native chromophore of
PYP is a thioester derivative of p-coumaric acid in its trans deprotonated form. Fluorescence kinetics
are reported for a thioester phenyl analogue and for two analogues where the thioester group has been
changed to amide and carboxylate groups. The kinetics are compared to those we previously reported
for the analogues bearing ketone and ester groups. The fluorescence decays of the full series are found
to lie in the 1–10 ps range depending on the electron-acceptor character of the substituent, in good
agreement with the excited-state relaxation kinetics extracted from transient absorption measurements.
Steady-state photolysis is also examined and found to depend strongly on the nature of the substituent.
While it has been shown that the ultrafast light-induced response of the chromophore in PYP is
controlled by the properties of the protein nanospace, the present results demonstrate that, in solution,
the relaxation dynamics and pathway of the chromophore is controlled by its electron donor–acceptor
structure: structures of stronger electron donor–acceptor character lead to faster decays and less
photoisomerisation.

Introduction

A number of studies have been devoted to the characterisation
of the earliest photochemical steps involved in the transduction
of blue light by PYP (photoactive yellow protein);1–6 the pho-
tosensory receptor thought to trigger the photomotility of the
flagellate bacterium Halorhodospira halophila.7 For PYP, like for
other natural photoreceptors that have been characterised so
far and are involved in a variety of biological functions,8 the
fundamental question raised by physical chemists is: how are
intrinsic photoinduced processes in an organic chromophore used
and controlled within a macromolecule to trigger a chain of
reactions leading to a precise function?

PYP is a small (14 kDa) water-soluble protein, the photoactivity
of which has been the subject of several reviews.1–5 Its chromophore
is a thioester derivative of p-coumaric acid in its trans deprotonated
form (see pCA2−, Scheme 1). Its structure is composed of a
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phenolate group connected to a thioester group via a single
ethylenic bond. It is covalently bound to the unique cystein
residue of the protein (Cys69) through the thioester bond (see
PYP, Scheme 1). The chromophore experiences steric constraints
imposed by the geometry of the protein nanospace as well as
hydrogen bonds with several amino acids (Glu46 and Tyr42 on the
phenolate side and Cys69 on the carbonyl side) and an electrostatic
interaction with an arginium cation (Arg52).

Scheme 1 A representation of the photoactive site of PYP (a) and the
chemical structure of the PYP chromophore analogues studied in the
present work (b).

The primary photochemistry of PYP was shown to rely on the
trans–cis photoisomerisation of its chromophore which leads to
successive chemical steps involving protein structural changes and
chromophore protonation in a ca. 1 s full cycle.1,2 During this
photocycle a signalling state is expected to be produced, which
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triggers the intracellular transduction chain up to the flagellae
and thus the behavioural response of the bacterium.

Several anionic p-coumaric acid derivatives have already been
studied in solution4,9–20 or in vacuo,21,22 by means of a variety of
experimental methods. These studies emphasized the influence
of the substituents4,12,15,16,18–20 and of the solvent polarity and
viscosity18,19 on the relaxation pathway and relaxation dynamics.
The influence of the carbonyl substituent (X, Scheme 1) on the
excited-state lifetime was recently rationalised in terms of electron
donor–acceptor structure of the analogue and the observed
change in viscous damping was considered as an indication
that the relaxation coordinate depends on the donor–acceptor
structure.18,20 In a previous publication,19 we also highlighted the
major influence of the protonation state of the phenolate group
on the viscous damping of the excited-state decay of the ester
(pCEH versus pCE−; X = O–CH3, Scheme 1) and ketone (pCKH
versus pCK−; X = CH3) derivatives. We proposed that the very
weak viscosity effect on the deactivation kinetics of protonated
chromophores (pCEH and pCKH) suggests concerted motions
such as in the hula-twist or bicycle-pedal mechanisms.19

In the present study, we focus our attention on the fluorescence
decays and time-resolved fluorescence spectra of the anionic
derivatives bearing an amide (pCM−, X = NH2, Scheme 1), or
a carboxylate (pCA2−, X = O−) group; the chromophore of PYP
being modelled by the phenyl thioester derivative (pCT−). The ki-
netics have been directly followed by femtosecond fluorescence up-
conversion and compared to those we previously reported for the
analogues where the thioester group has been changed to a ketone
(pCK−) and a methyl ester (pCE−).19 The fluorescence decays are
also compared to transient absorption kinetics previously reported
by part of the present authors.9,10,12,20 We confirm the role of the
electron donor–acceptor character of the chromophore structure
on the observed kinetics and further discuss the intramolecular
coordinates involved in the excited-state deactivation of these
analogues in solution.

Experimental

Samples

Trans-p-hydroxycinnamic phenyl thioester (pCTH) and trans-
p-hydroxycinnamide (pCMH) were synthesized following the
procedures described in ref. 10. Trans-p-hydroxycinnamic methyl
ester (pCEH) was synthesized as described in ref. 20. Trans-
p-hydroxycinnamic acid (pCAH2) was purchased from Sigma-
Aldrich and trans-p-hydroxybenzylidene acetone (pCKH) from
Alfa Aesar. Aqueous and alcoholic solutions of pCA2−, pCM− and
pCK− were prepared with 0.05 M KOH (pH = 12.7) to achieve
complete deprotonation. In order to avoid solvolysis during the
experiments, aqueous solutions of pCE− and pCT− were prepared
in buffers at pH 10.2 (Britton–Robinson borate buffer) or 10.4
(CAPS). Alcoholic solutions of pCE− and pCT− contained 5 ×
10−4 M KOH in order to achieve 95% deprotonation and sufficient
chemical stability. The optical density of the samples was adjusted
to respectively 1 per mm and 0.1 per cm at the absorption maxi-
mum, for steady-state absorption and fluorescence measurements
and to 1 per mm for time-resolved measurements. The stability of
the samples during the time-resolved measurements was checked

continuously by measuring their steady-state absorbance. Less
than 5% degradation was observed.

Steady-state spectra were recorded with a double-beam UV-
visible spectrometer SAFAS UVmc2) and a spectrofluorometer
(Jobin Yvon Horiba, Fluoromax 3). Fluorescence spectra were
corrected from the instrumental wavelength-dependent response.
NMR spectra were recorded on a Brucker AM 250 instrument. For
steady-state photolysis experiments, samples were continuously
irradiated by a xenon lamp in the cell compartment of the
fluorometer and evolution of the sample optical density was
checked at regular time-intervals.

Time-resolved spectroscopy

The fluorescence up-conversion set-up has been described
elsewhere.23 An amplified femtosecond Ti-sapphire laser was used
as the excitation source. The output of the regenerative amplifier
(120 fs, 800 nm, 1 kHz) was split into two beams of equal intensity.
One beam was used to pump an optical parametric amplifier in
order to generate infrared pulses at 1360 nm, which were then
frequency-doubled twice. The 340 nm output pulses were used
to excite the sample (ca. 200 nJ pulse−1 focussed on a 0.3 mm
diameter spot). The remaining 800 nm beam was used as the
gate. The sample was held in a 0.6 mm path-length rotating cell.
The fluorescence emitted by the sample was collected by a set of
two parabolic mirrors and spatially overlapped with the 800 nm
gate pulses in a 0.9 mm thick BBO crystal to produce the up-
converted signal by sum-frequency generation. The spectral region
corresponding to the very blue edge of the fluorescence spectrum,
which overlaps with the absorption spectrum, was not considered
in this work. The pump polarization was set to the magic angle
(54.7◦) with respect to the gate polarization. The fluorescence
decays were obtained by varying the time delay between the pump
and gate pulses. The time-resolution of the set-up was estimated to
be about 500 fs from the fits according to the procedure described
in ref. 23. To reconstruct the time-resolved spectra, we followed
the procedure described in ref. 24: the spectrum at a given time
delay was obtained from the fitted kinetics series by normalization
of the integrated signals at the different wavelengths with respect
to the steady-state fluorescence spectrum. The spectra were fitted
to a lognormal shape to determine their maximum wavenumber,
m̄(t). The normalized shift of the emission band with time, C(t),
was defined as C (t) = m(t) − m(∞)

m(0) − m(∞)
m̄(0) and m̄(∞) were obtained from

an exponential fit of m̄(t).

Results and discussion

Steady-state absorption and fluorescence spectra

The normalised absorption and fluorescence spectra of the full
series of analogues in basic aqueous solution are given in the
ESI, Fig. S1.† There is a progressive redshift of both spectra, i.e.
of the lowest p–p* transition, when the substituted carbonyl end
group is changed from a carboxylate (pCA2−) to an amide (pCM−),
an ester (pCE−), a ketone (pCK−) and a thioester (pCT−). The
redshift of the absorption spectra can also be seen in Fig. 2 (see
later). As emphasized in a previous comparison of pCA2−, pCM−

and pCT−,18 the observed redshift correlates with the progressive
increase of the electron acceptor strength of the carbonyl tail (X,

This journal is © The Royal Society of Chemistry and Owner Societies 2007 Photochem. Photobiol. Sci., 2007, 6, 780–787 | 781



Scheme 1). The amplitude of the fluorescence redshift is smaller
than that of the absorption, which leads to a progressive decrease
of the large fluorescence Stokes shift from 6800 cm−1 for pCA2− to
5200 cm−1 for pCT−. From a detailed study of the solvent-induced
shift of the absorption and fluorescence spectra of pCA2−, pCM−

and pCT−18 in protic and aprotic solvents, it was shown that the
hydrogen-bond interaction between the phenolate group and the
solvent is strongly weakened upon excitation, partly explaining the
large Stokes shift. In all cases, the absorption spectrum is broader
than the fluorescence spectrum. Considering that the lower band
is due to a single electronic transition,18 it is an indication that the
excited-state surface is steeper than that of the ground state around
the equilibrium geometry of the ground state. The absorption
above 32000 cm−1 was shown to be due to a different electronic
transition by fluorescence anisotropy measurements carried out
on pCA2−, pCM− and pCT−18 and possibly corresponds to an
np* transition located on the carbonyl end group.25 On the other
hand the charge-transfer character of the emitting state18 was
emphasised by the reported solvent polarity induced redshift of the
fluorescence band, which will be further discussed in the section
devoted to time-resolved measurements.

Steady-state photolysis

The analogues studied here are weakly fluorescent: in aqueous
solutions their quantum yields of fluorescence have been estimated
to be on the order of 0.1%.4,19 It was previously shown9,12 that, in
basic aqueous solution, irradiation of pCA2− and pCM− in the red-
edge of their absorption band leads to the formation of a stable cis
isomer absorbing in the blue edge of the initial trans conformation.
The presence of a cis isomer in a photolysed solution was already
known for pCA2−.26 For pCM−, it has been characterized by 1H
NMR. The spectrum displayed in Fig. 1 indeed shows shielding
of the signals of the vinylic protons: the doublet at ≈5.71 ppm
and 6.55 ppm is due to the cis isomer (3J = 12.5 Hz) while that
at ≈6.33 ppm and 6.60 ppm arises from the trans isomer (3J =
15.7 Hz).

Fig. 1 1H NMR spectrum of a photolysed solution of pCM−, the amide
derivative of deprotonated p-coumaric acid, in D2O containing 5 × 10−2 M
KOD. The doublet at ≈5.71 ppm and 6.55 ppm is due to the cis isomer
(3J = 12.5 Hz) while that at ≈6.33 ppm and 6.60 ppm arises from the trans
isomer (3J = 15.7 Hz).

In Fig. 2, we have compared the evolution of the UV-visible
absorption spectra of pCA2−, pCM−, pCE− and pCK− in basic
solution of methanol under steady-state irradiation. Note that
solvolysis of pCE− does not lead to any net change in the chemical
structure in this solvent. Fig. 2 also shows the photolysis of
pCT− in CAPS buffer solution at pH 10.4; conditions which were
chosen to avoid hydrolysis during irradiation. Although these
measurements do not allow to quantify the photoisomerisation
yield of the different analogues, they provide information on
whether a stable photoproduct is formed or not. The figure shows
the spectral change due to the cis-isomer formation of pCA2− and
pCM−. One also notes a similar but much smaller spectral change
for pCE−: the band slightly decreases around its maximum, while
an isosbestic point appears on its blue side. This evolution can be
attributed to the cis isomer by comparison with pCA2− and pCM−.
On the contrary, irradiation of pCK− and pCT− does not lead to
any change of the absorption spectrum, indicating that no stable
photoproduct is formed and thus that the photoisomerisation
yield of those two analogues is likely negligible. Photoinduced
relaxation mechanisms leading either to the cis isomer or mainly

Fig. 2 Evolution of the ground-state absorption of the deprotonated PYP
chromophore analogues of the chromophore presented in Scheme 1, upon
steady-state irradiation. Irradiation of pCA2− at 360 nm, pCM− and pCE−

at 380 nm and pCK− at 420 nm, has been carried out in basic solutions of
methanol. The aqueous solution of pCT− in CAPS buffer at pH 10.4 has
been irradiated at 440 nm.
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back to the initial trans form depending on the electron-donor
acceptor character have been proposed by part of us for derivatives
of p-hydroxycinnamic acid18,20 and are further confirmed here.
Variation of the photoisomerisation yield related to the electron
donor–acceptor character of the chemical structure has already
been reported, for example, for substituted pyrenyl-styrenes.27

The effect of the substitution site on the photoisomerisation
yield of cinnamide derivatives has also been observed.28 Recent
reports stress both the effects of the substitution site29 and of the
protonation state30 on the isomer ratio in photolysed solutions of
coumaric amide derivatives.

Time-resolved fluorescence spectra

The time-resolved fluorescence spectra of pCA2−, pCM−, and
pCT− in aqueous solutions are displayed in Fig. 3 (left). They
were reconstructed from measurements of single-wavelength flu-
orescence decays across the spectra (every 10 nm), which will be
discussed in the next section. The reconstructed spectra of pCK−

and pCE− were previously reported in ref. 19. In all cases, the
time-resolved fluorescence spectra exhibit both a redshift and a
decay. The time-resolved shifts represented by the normalized
C(t) curves are shown in Fig. 3 (right). They exhibit single or
double-exponential decays with the following time components:
0.4 ps (85%) and 1.5 ps (15%) for pCA2−; 0.8 ps for pCM−;
0.9 ps for pCT−. For pCE− and pCK− the time constants were
respectively 0.9 ps and 0.6 ps.19 In all cases, the time-resolved
shift occurs in the subpicosecond regime and is attributed to
solvation dynamics. A value of 0.9 ps has indeed been reported
for the longest component of solvation dynamics in water.31 Time-
resolved shifts of the stimulated emission band found in transient
absorption experiments of these compounds in different solvents
had also been interpreted in terms of solvation effects.4,10,12,18,20

These effects are in agreement, on the one hand, with a reported
large charge redistribution occurring upon optical excitation32

and, on the other hand, with the fluorescence spectra shifting
to the red in solvents of increasing polarity.18

Excited-state decay kinetics

Typical fluorescence decays observed for pCA2−, pCM−, and
pCT− at selected wavelengths are shown in Fig. 4. They were
fitted to a sum of two exponential components convoluted with a
Gaussian function describing the instrument response function.23

The fitting parameters are provided in Table 1. Those previously

Fig. 4 Fluorescence decays of the deprotonated forms of trans-p-
coumaric acid (pCA2−), its amide derivative (pCM−) and its thioester-
phenyl derivative (pCT−) in basic aqueous solutions, at selected
wavelengths.

Fig. 3 Left: time-resolved fluorescence spectra of the deprotonated forms of trans-p-coumaric acid (pCA2−), its amide derivative (pCM−) and its
thioester-phenyl derivative (pCT−) in basic aqueous solutions, reconstructed from single-wavelength decays measured by femtosecond fluorescence
up-conversion. Right: normalised curves C(t) describing the dynamic solvation-induced redshift of the fluorescence spectra of the three analogues.
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Table 1 Parameters used to fit the time-resolved fluorescence signals of
basic aqueous solutions of all PYP chromophore analogues shown in
Scheme 1, with a sum of two exponential components (preexponential
factor ai and time-component si) convoluted with the response function of
the fluorescence up-conversion set-up. Data for pCE− and pCK− are from
ref. 19

k/nm s1/ps a1 s2/ps a2

pCA2− 420 1.2 0.37 10.8 0.63
460 1.4 −0.21 12.1 0.79
500 0.9 −0.26 10.7 0.74

pCM− 420 0.5 0.59 3.6 0.41
460 0.7 −0.25 4.5 0.75
520 0.7 −0.29 4.4 0.71

pCE− 430 0.7 0.50 2.6 0.50
460 1.1 −0.29 3.0 0.71
490 0.8 −0.31 2.8 0.69

pCT− 440 0.3 0.88 2.0 0.12
500 1.0 −0.31 2.2 0.69
560 0.8 −0.35 2.3 0.65

pCK− 460 0.6 0.49 1.3 0.51
480 0.2 −0.27 1.3 0.73
500 0.5 −0.32 1.3 0.68

reported for pCK− and pCE−19 are also given for comparison.
The solvation-induced spectral shifts analysed in the previous
section are characterised by wavelength-dependent subpicosecond
component (s1) with a positive amplitude (decay) on the blue side
of the emission band and a negative amplitude (rise) on the red

side. The longest component (s2) is attributed to excited-state
population decay. It is independent of the detection wavelength
within experimental error and has a positive amplitude. Table 1
shows that the excited-state lifetime increases—in the 1–10 ps time
range—if the carbonyl end group is changed from a ketone (pCK−)
to a thioester (pCT−), an ester (pCE−), an amide (pCM−) and a
carboxylate (pCA2−). This result is emphasized in Fig. 5, which
shows decays recorded close to the maximum of the steady-state
fluorescence spectra, at wavelengths where the effect of solvation
is found to be minimal. In addition, the figure emphasizes the
excellent agreement with decays extracted from time-resolved
transient absorption measurements in the gain band.4,10,12,20

This demonstrates that the electron-acceptor character of the
carbonyl end group has a direct influence on the excited-state
lifetime. This is illustrated in Fig. 6, where the logarithm of the
decay constant (kS1 = 1/s2, Table 1) is plotted as a function of
the Hammett parameter of X.33 One notes that pCK− has a decay
constant slightly larger than that of pCT−, although rp is smaller
for CH3 than for S–C6H5. The data are somewhat scattered but
the general trend is an increase of ln(kS1) with rp, which we have
illustrated by a simple linear relationship.. As already stressed in
previous studies,18–20 the coupling between the locally excited-state
and a charge-transfer state appears as the driving force for the
excited-state population decay channel in these compounds. The
photoinduced reaction is thought to be promoted by the optically
induced charge shift from the phenolate group to the ethylenic

Fig. 5 Comparison of the decays of the stimulated emission (left) and of the fluorescence (right) of the deprotonated forms of trans-p-coumaric acid
(pCA2−), its amide (pCM−), ester-methyl (pCE−) and thioester-phenyl (pCT−) derivatives in basic aqueous solutions, in a wavelength-range where the
component due to the solvation induced shift is negligible.
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Fig. 6 Logarithm of the excited-state decay constant (kS1 = 1/s2, Table 1)
as a function of the Hammett rp parameter of the substituent of the
carbonyl-end group measured for all analogues shown in Scheme 1.

bond, and to involve further electron shift towards the carbonyl
end group and a charge localization. The equilibrium geometry of
the charge-transfer state is supposed to be different from that of
the initially excited state.

Photoinduced relaxation coordinates

Subpicosecond transient absorption experiments demonstrated
that, if the electron-acceptor character of the end group is weak
(pCA2− and pCM−), trans–cis photoisomerisation occurs without
any detectable intermediate.4,9,12,18 If it is strong, the excited-
state relaxation pathway involves a spectroscopically detectable
intermediate and likely leads to little (pCE−)20 or no cis-isomer
formation (pCT−).18 No transient absorption data are available at
present for pCK− which nevertheless does not undergo net trans–
cis photoisomerisation (Fig. 2).

It was proposed that depending on the electron-acceptor
character of the end group, the relaxation process involves different
molecular coordinates and pathways, which can partially lead to
the cis isomer or totally lead back to the trans isomer.18,20 The fact
that the sensitivity of the excited-state decay rate to the solvent
viscosity depends on the electron donor–acceptor strength18–20 was
used as a support to this proposal. By using the phenomenological
power law k = Cg−a, where the parameter a (0 < a ≤1) gauges
the strength of the solvent damping, C is a constant proportional
to the activation barrier term and g the solvent viscosity, a was
indeed found to be 2 to 3 times larger for pCT− than for pCA2−.18

From Grote and Hynes’ theory,34 it is known that a solvent exerts a
time-dependent friction that controls the barrier crossing rate of an
activated process. The low-frequency friction exerted by a viscous
solvent is expected to affect only low-frequency barriers, which are
generally low-energy barriers. The change in the viscosity effect
observed for the present analogues is thus expected to reflect a
change in the curvature of the barrier, that is, in the reaction free-
energy profile. Such a change may as well arise from a modification
of the coordinates involved in the excited-state decay channel.
The values of a measured by transient absorption in a series
of linear alcohols and by fluorescence up-conversion in water–
glycerol mixtures are given in Table 2 for all analogues.

Table 2 shows that, except for pCK−, a tends to increase with the
electron-acceptor character of the carbonyl group. In addition, the
excited-state decay rate of the neutral forms pCKH and pCEH,
where the electron donor character of the donor site is strongly
decreased (the phenolate group is protonated) were found to be
barely sensitive to viscosity.19

Table 2 Parameter a of the phenomenological power law k ∝ g−a gauging
the solvent viscosity (g) effect on the excited-state decay-rate (k) of
basic solutions of all PYP chromophore analogues shown in Scheme 1.
Regression coefficients are given within parentheses

Parameter a measured by
transient absorption in a
series of linear alcohols

Parameter a measured by
fluorescence up-conversion in
water–glycerol mixtures

pCA2− 0.38 (0.89)18

pCM− 0.56 (0.82)
pCE− 0.64 (0.99)19

pCT− 0.75 (0.85)18

pCK− 0.54 (0.99)

The light-induced molecular response of these compounds is
very likely to change from different types of concerted motions
to a one-bond flip motion (torsion around the ethylenic bond)
depending on the extent of the photoinduced charge shift. This is
related to the molecular flexibility in the excited state because, for
analogues with a strong electron-acceptor end group, a complete
photoinduced charge shift until the carbonyl oxygen is expected to
occur and to induce a complete reversal of the single and double
bond pattern, the central ethylenic bond becoming a single bond.
With weak electron-accepting end groups one expects either a
charge shift of a lesser extent and thus a less rigid structure.20

For protonated ester and ketone analogues,19 which have the
weakest electron donor–acceptor structure and the weakest viscos-
ity dependence, motions like hula-twist35 or bicycle-pedal36 have
been proposed. It is interesting to note that photoisomerisation
of the neutral form of pCT has been observed in crystalline phase
in spite of the tight crystal packing,37 also suggesting a volume-
conserving photoisomerisation coordinate. For the anionic pCA2−

analogue, which has a weak electron-acceptor carbonyl end group
and experiences a small but non-negligible viscosity effect, a
mechanism involving the concerted torsion of the ethylenic bond
and the carbonyl end group has been invoked for reaching the perp
state that leads to the cis isomer.18,20 While pCM− can be classified
with pCA2−, pCE− and pCT− which bear a better electron-
accepting carbonyl end group and exhibit a larger viscosity effect
are thought to involve a single one-bond flip.

The present study brings further support to the idea that
in solution the electron donor–acceptor character of the chro-
mophore structure controls the excited-state relaxation channel
starting from the Franck–Condon state. This differs from PYP, for
which a primary light-induced response controlled by the protein
environment,1–6,38–46 in particular by the structure and constraints
of the protein nanospace,3,38–43,46 has been proposed.

Conclusion

The nature of the carbonyl end group substituent of analogues of
the photoactive yellow protein (PYP) chromophore, a thioester
derivative of deprotonated trans-p-coumaric acid, has a direct
influence on the excited-state population decay time. If the
substituent is changed from O− to NH2, O–CH3, S–C6H5 and
CH3, the fluorescence lifetime decreases from ca. 10 ps down
to ca. 1 ps. The values are in excellent agreement with those
previously extracted from transient absorption measurements. The
observed subpicosecond redshift of the reconstructed fluorescence
spectra is attributed to solvation dynamics around the emissive
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state of charge-transfer character. The logarithm of the excited-
state decay-rate increases with the Hammett parameter of the
carbonyl substituent, demonstrating the direct influence of the
electron donor–acceptor character of the chromophore structure
on the excited-state decay channel. Steady-state photolysis is not
observed for the analogues having the strongest electron donor–
acceptor structure. The relaxation coordinates are proposed to
change from concerted motions to a one-bond flip motion
(torsion around the ethylenic bond) depending on the extent
of the photoinduced charge shift on the chromophore skeleton.
The results emphasize the discrepancy between the light-induced
primary response of the free thioester model analogue of the PYP
chromophore in solution and that known for PYP, which was
reported to be controlled by the structure and constraints of the
protein nanospace.3,38–43,46
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