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In wild-type green fluorescent protein (GFP), an important
photosensor protein used in bioimaging,1,2 the photochemical
dynamics of the chromophore incorporates a Fo¨rster cycle, where
excitation of the photoacid chromophore is followed by proton
transfer to the side groups of the protein pocket3 through, apparently,
an intramolecular charge transfer (ICT) state.4 As a result,
fluorescent emission with high efficiency (quantum yieldΦFl )
0.8) occurs from the chromophore in its photobase form. In contrast,
the chromophore of GFP,p-hydroxybenzylideneimidazolidinone
(HBDI, see Figure 1), shows markedly different behavior, in which
the ground state is recovered within picoseconds with high quantum
yield (ΦIC > 0.999).5 Twisting between the phenolate and imida-
zolidinone moieties of HBDI has been suggested as the underlying
mechanism of this ultrafast internal conversion (IC) process.6 Thus,
understanding the microscopic mechanisms that underlie the
dynamics and outcome of such photoinduced chemical reactions
requires the determination of the molecular structure in the
electronic excited state, which involves couplings with electronic
ground and product states, thereby affecting the reaction quantum
yield. The surrounding solvent may affect both the excited-state
structure and the couplings with other states, often leading to
pronounced solvent-induced changes in the reaction dynamics.

We now report on the ultrafast polarization-sensitive infrared
(IR) spectroscopy7 of the excited-state structure of HBDI, from
which we can draw conclusions on the importance of twisting
motions. Our focus is on the orientation of the transition moment
of the IR-active carbonyl stretching vibration of HBDI relative to
that of the electronic transition dipole moment, which indicates that
the CdO vibration acts as a “spectator mode” for the relative
orientation of the phenolate and imidazolidinone groups, from which
we derive an effective near-complete twisting around the ethylenic
bridge upon electronic excitation of HBDI. We include the
anisotropy of the CdO vibration of HBDI in the S0 and S1 states
for three charged configurations (anionic, neutral, and cationic form)
in the fully deuterated solvents CD3OD and dimethyl sulfoxide-d6

(DMSO-d6).
In Figure 1, we show the transient difference absorbance response

of HBDI in the spectral region of the CdO stretching vibration in
CD3OD (additional results can be found in the Supporting Informa-
tion). The anisotropy free response,∆Aiso (as defined by∆Aiso )
[∆A| + 2∆A⊥]/3), shows an absorbance decrease (bleach signals)
corresponding to transitions of IR-active vibrations in the S0 state,
while an absorbance increase indicates vibrational bands of HBDI
in the S1 state at early pulse delays and red-shifted vibrational
transitions in the S0 state with high internal vibrational excess energy
(“hot” ground state). The red-shifts are caused by anharmonic

coupling between highly excited, presumably low-frequency, modes
and the IR-active fingerprint vibrations probed in the experiment.8,9

The decay of the CdO band in the S1 state is equal to the population
decay time. In contrast, the bleach decay associated with the CdO
stretching vibration in the S0 state is determined by both the S1 f
S0 IC rate and the subsequent cooling process when the excess
internal vibrational energy is dissipated to the solvent. As a result,
we observe a faster excited-state CdO stretching band decay than
a ground-state CdO stretching bleach recovery. Figure 2 shows
the decay S0 state bleach and the S1 state absorption signals of the
CdO stretching mode for parallel and perpendicular polarizations
for the neutral and cationic forms of HBDI in CD3OD. These
measurements provide the anisotropy,D ) ∆A|/∆A⊥, from which
the direction of the CdO stretching transition dipole moment can
be derived. In Table S1, we summarize our findings for the CdO
stretching mode.

For the S0 state, we observe an increase in CdO stretching
frequency going from anionic, via neutral, to cationic HBDI in
CD3OD and DMSO-d6, in accordance with the literature,10 reflecting
an increase in CdO bond strength. Differences in electronic charge
distributions are considered to be the cause of this,10 but also,
changes in hydrogen bonding interactions between the CdO and
-OH/-O- groups with the solvent may play a role. Surprisingly,
upon electronic excitation, the CdO stretching mode increases its
frequency even further with 50 cm-1 for the neutral and cationic
forms, which belies the presumed intramolecular charge-transfer
nature of the excited state. We observe a rather broad band (width
of 40-50 cm-1) for the excited-state CdO stretching transition,
hinting at significant inhomogeneous broadening. We were not able
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Figure 1. Steady-state and transient spectra showing the isotropic response
of the CdO stretching bands in neutral and cationic HBDI in CD3OD. Inset
shows the HBDI chromophore with the direction of the electronic transition
dipole moment,µeg, and the twisting angles,φ andæ.
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to identify for the anionic form of HBDI a distinct CdO stretching
band in the S1 state, which may imply much lower cross-sections,
or more likely a frequency downshift by significant mixing with
aromatic ring vibrations, resulting from mesomeric delocalization
of the negative charge on the excited molecule.

Observation of the decay rates of the CdO stretching bands in
both S0 and S1 states allows for an unequivocal determination of
the IC and vibrational cooling rates in one experiment. Table S1
shows the results for HBDI in the different charged states. For
neutral and anionic HBDI, we find an IC rate of (1.2( 0.2 ps)-1.
Even faster IC rates have been found for cationic HBDI (0.6( 0.2
ps)-1. Similar values have been found with ultrafast fluorescence
up-conversion11 and electronic pump-dump-probe12 spectros-
copy, where, however, the signals are also affected by solvation
dynamics. Conversely, the bleach recovery signals of the CdO
stretching band are dominated by the slower vibrational cooling
rate of about (6 ps)-1 to (5 ps)-1.

From our anisotropy measurements, we derive the angle between
the electronic and vibrational transition dipole moments (see Table
S1) to be around 70° in the S0 state for all charged forms of HBDI.
For neutral and cationic HBDI in the S1 state, we find a lower
value of around 52°. Comparison with the angle between the
electronic transition dipole moment and the CdO bond vector
shows perfect correspondence for the hypothesis that the CdO
stretching vibration should be considered as a local mode without
substantial mixing of other nuclear motional degrees of freedom,
even though the chromophores have been calculated to be of planar
geometries. On the basis of the fact that the CdO stretching exhibits
a frequency up-shift upon electronic excitation, we feel confident
that this hypothesis is even more valid in the S1 state. Thus, using
the explicit assumption of the CdO stretching transition moment
coinciding with the CdO bond vector, we conclude that a significant
reorientation of the CdO group occurs upon the S0 f S1 excitation,
and we further conclude that the ICT state involves little charge
migration to the CdO bond.

A structural change in HBDI is likely to proceed by cis/trans
isomerization by a single twist or a hula twist13 of the ethylenic
bond. We have considered the orientational changes of the CdO
bond vector caused by single and hula twisting motions of the
chromophore affecting the relative positions of the phenolate and
imidazolidinone moieties (see Figure 2). We find that our estimated
value for the CdO bond vector in the S1 state can only be explained
by a single twist of 120( 10° or a hula twist of 150( 30°. These
values are much larger than the twisting angle of 90° found in
quantum chemical calculations,6,14 from which conical intersections
at this twisting angle have been assigned as the efficient IC channel.
Although, according to our findings, the equilibrium structure of
HBDI in the S1 state is even more displaced along the twisting
coordinate upon electronic excitation than in the reported calcula-
tions, we conclude that this large displacement8 makes the twisting
coordinate a likely candidate for the efficient coupling between S1

and S0, leading to IC. The>90° twist also suggests the intervention
of theE-isomer in the photochemistry ofZ-HBDI, an isomerization
reported by Tonge.15 We note, however, that the rapid reisomer-
ization to theZ-isomer even in the ground state suggests that the
potential energy curve provides a strong restoring force. A highly
twisted species together with the short excited-state lifetime suggests
the involvement of an intersection in the deactivation of the S1 state.
Whether additional degrees of freedom play a decisive role in the
IC process and other aspects of the photophysics14,16,17remains the
subject of further studies.
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Figure 2. Transient polarization-sensitive response of the CdO stretching
bands in the S0 and S1 states for the neutral and cationic species of HBDI
in CD3OD. Top panel shows the direction of the CdO bond vector,ΘCdO,
with respect to the electronic transition dipole moment,µeg, as function of
the twisting angle for single twist (dashed line) and hula twist (solid line).
The observed value forΘCdO in ground-state HBDI, withæ ) 0, is shown
as a dot, whereas the gray bar indicates the possible configuration space
for ΘCdO in the excited state.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 32, 2005 11215


