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Abstract CASPT2//CASSCF/6-31G* computations
are used on the singlet S1 and S2 states to map the
photoisomerization process of the 11-cis retinal proton-
ated Schiff base in vacuo and to characterize its optical
properties. It is shown that the spectroscopic observa-
tions recorded in Rhodopsin are reproduced quite well,
calling for a substantially neutral effect of the protein.
Furthermore, a rationale is proposed for the unreac-
tive population recently observed in Rhodopsin, which
is here addressed to the accessible S2 state, behaving
as a trap. The experimental transient absorption and
(absorption-wavelength dependent) emission are dis-
cussed and interpreted under the light of this novel
model. Finally, a planarization of the β-ionone ring is
observed on S1, which may cause a steric lever effect into
the protein pocket, thus assisting photoisomerization
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catalysis. The reported results constitute a solid refer-
ence for further studies aimed to rationalize the effect
of the environment on the photochemical reactivity of
retinal chromophores.
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1 Introduction

The protonated Schiff base (PSB) of retinal is the chro-
mophore of rhodopsin proteins [1–6]. These include the
retina visual pigment of animals rhodopsin (Rh), the
proton and chloride pumping pigments of Halobacteri-
um halobium bacteriorhodpsin (bR) and halorhodopsin
(hR) respectively, and other bacterial pigments such as
sensory rhodopsins (sR). The biological activity of rho-
dopsins is triggered by the ultrafast (200 fs in Rh, see
Eq. 1) light-induced cis-trans isomerization of the corre-
sponding retinal chromophores that, in turn, induces a
conformational change in the protein [1,5]. This photo-
chemical step is usually referred to as the primary event
of the protein photocycle.

Equation 1

Results of ab initio CASPT2//CASSCF minimum
energy path (MEP) mapping for the photoisomerization
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in vacuo of reduced models of the retinal chromophore
have been recently reported [7–9] These include, among
the others, the 11-cis (PSB11) retinal chromophore
model 4-cis-γ -methylnona-2,4,6,8-tetraeniminium cat-
ion 1 [8,10,11] and the minimal PSB models
all-trans-hepta-2,4,6-trieniminium 2 [7] and 2-cis-penta-
2,4-dieniminium 3 [12] cations (see Scheme 1). Despite
the different length of the conjugated chains, it has been
shown that the photochemical behavior of these systems
is similar, the reaction mechanism being characterized
by a two-mode—first stretching then torsion—photoiso-
merization path on the spectroscopic (charge transfer)
state S1, which is essentially barrierless and drives the
system into a central double bond twisted S1/S0 conical
intersection (CI) funnel. It is worth noting, however, that
an extended energy plateau emerges in the initial part
of the reaction pathway (see Scheme 1) as the length of
the model to approach the real (retinal) chromophore is
increased. Eventually, this leads to a very shallow planar
minimum (see model 1). This fact contrasts with the sub-
picosecond photoisomerization observed in Rhodopsin
(Rh), [7,9] arising questions on the origin of the protein
catalytic effect that makes this process as one of the fast-
est photochemical reactions observed so far in nature.
Anyway, all these systems represent reduced models
of the chromophore and may lack important mecha-
nistic details and quantitative effects. For instance, the
lack of the β-ionone ring may be a significant source of
errors since it affects the energies (due to the additional
conjugated double bond of the ring) [13] and its inter-
action with the surrounding environment may be not
negligible.

Herein, we report for the first time the state-of-the-art
fully unconstrained CASPT2//CASSCF/6-31G* MEP
computations for the photo-reaction paths of the real
(i.e. unreduced) 11-cis retinal Protonated Schiff Base
(PSB11) in vacuo. In particular, we provide information
on (1) the structure of the singlet manifold along the
fully optimized paths on S1 and S2; (2) the spectro-

scopic properties (i.e. vertical absorption and transient
absorption/emission features) and (3) the structure of
the photoisomerization reaction coordinate. While we
do not want to reject or question out other effects which
have been previously presented, discussed and proved,
here we will present theoretical innovative arguments
that suggest novel scenarios on the mechanism of both
the catalysis and unreactive population trapping recently
observed in Rh.[14] A thoughtfully discussion of all the
most recent experimental findings compared to the new
computational results is presented, which supports this
new view.

2 Computational details

A complete active space of 12 π -electrons in 12
π -orbitals (12e/12o) and the 6–31G* basis set have been
employed to describe the CASSCF wavefunction.
Single-root computations have been performed for the
first 10 au of the S1 MEP, then the wavefunction has been
described equally weighting the S0 and S1 states in a
state-averaged procedure to avoid root-flipping
problems.

This MEP has been computed from the FC point
on the S1 state to the CI following the prescriptions
described in [15,16] and the procedure is briefly sum-
marized here. While standard MEP computations [15]
are usually used for locating excited state paths from
transition states on S1, initial relaxation direction com-
putations have been used here for locating excited state
relaxation channels departing from non-stationary
points such as FC. [16,17] This is accomplished first
via locating an initial direction of relaxation (IRD) on
S1 (as close as possible to FC), [16,17] and second via
standard minimum energy path computations follow-
ing that IRD. Briefly, an IRD corresponds to a local
steepest descent direction, in mass-weighted cartesians,
from a given starting point. The IRD is calculated by

Scheme 1 CASPT2-scaled
energy profiles along the
reaction coordinate ξ [bohr
(amu)1/2] computed on S1 for
chromophore models (1, 2
and 3) of different chain
lengths (bottom):[7–9] the
twisting (in degrees) of the
central double bond along the
path is also reported
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Fig. 1 CASPT2-scaled
energy profiles along the
CASSCF/6-31G* optimized
reaction coordinate ξ [bohr
(amu)1/2] on S1 (black
arrows). Colors identify the
electronic nature of the state.
The FC and CI structures are
also reported (in Å and
degrees). Gray lines show the
previously computed model 1
MEP [8]. The fluorescent
state (FS) is assigned at 3 au
(red arrows)

locating the energy minimum on a hyperspherical (i.e.
n − 1 dimensional) cross-section of the n dimensional
potential energy surface (n is the number of vibrational
degrees of freedom of the molecule) centered on the
starting point (FC in this case). The radius of this hyper-
sphere is usually chosen to be small (typically 0.25–0.5
au in mass-weighted cartesians) in order to locate the
steepest direction in the vicinity of the starting point
(i.e. the hypersphere center). The IRD is then defined
as the vector joining the starting point to the energy min-
imum (an hyperminimum). Once the hyperminimum
has been determined, the associated minimum energy
path (emerging from these points) is computed as the
steepest descent line in mass-weighted cartesians (au =
bohr (amu)1/2) using the IRD vector to define the ini-
tial direction to follow. These computations have been
carried out with an home-made routine, plugged to the
GAUSSIAN98 series of programs [18]. State-averaged
CASPT2 computations [19] (equal weights have been
used for S0,S1,S2,S3 and S4) have been then performed
on selected points along the S1 MEP using the
MOLCAS-6.0 package [20].

The MEP on the S2 state has been built for a slightly
different model of PSB11, where the methyl group (Me)
of the protonated Schiff base has been replaced by
a hydrogen atom, hereafter denoted as PSB11(R=H).
That the spectroscopy of the full chromophore PSB11
(with R=Me so far employed) and PSB11(R=H) behave
very similar has been very recently demonstrated [13].
The same holds true for the photochemical behavior
along the S1 MEP. For instance, for PSB11(R=H) the
CI (S0/S1) structure is found with a similar twisting

angle of the β-ionone ring (−39
◦
) and rotation about

the C11 = C12 double bond (−80 ◦) (cf. Fig. 1). Since the
S1 MEP for PSB11(R=H) leads to the same conclusion
as analyzed below, it will not be discussed further. The
S2 MEP has been built as CASPT2//CASSCF/6-31G*
steepest descendent paths in a procedure [21] (similar
to the one described above) which is based on a modifi-
cation of the projected constrained optimization (PCO)
algorithm of Anglada and Bofill [22] and follows the
Müller–Brown approach [23]. Each step requires the
minimization (at the CASSCF level) of the potential
energy surface (PES) on a hyperspherical cross section
of the PES centered on the initial geometry and charac-
terized by a predefined radius (0.3 au in this case). The
optimized structure is taken as the center of a new hyper-
sphere of the same radius, and the procedure is iterated
until the bottom of the energy surface is reached. Mass-
weighted coordinates [au = bohr (amu)1/2] are used as
well, such that the MEP coordinate corresponds to the
so-called Intrinsic Reaction Coordinates (IRC). The full
procedure is currently implemented in the MOLCAS-
6.0 package [20] and its technical implementation has
been published elsewhere [21]. At each optimized geom-
etry, three singlet states were computed using the full
active space of twelve active electrons in twelve orbitals
(12e, 12o) and a state average procedure (equal weights
have been used). Always, and in order to include the
dynamic correlation effects, CASPT2 calculations were
performed. At the final structure of the S2 MEP, which
is essentially coincident with the equilibrium geometry
of the S2 state, [13] an additional number of states have
been computed.
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It is worth mentioning that these relaxation channels
(i.e. the MEPs) describe the static (i.e. non-dynamical)
evolution of the system after photoexcitation and pro-
vide insight into the mechanism of molecular relaxation
on S1 and S2 in conditions of vibrationally ‘cold’ mol-
ecules (i.e. with infinitesimal velocity). Although mole-
cules have more than infinitesimal kinetic energy (and in
fact classical trajectories deviate from this static path),
nevertheless, minimum energy paths may represent a
convenient measure of the progress of a molecule in
a photochemical reaction, provided it occurs in a cold
environment where slow excited state motion and/or
thermal equilibration is possible (i.e. in a cold jet, or a
cold matrix, or in solution) and the excited state reac-
tant has a small/controlled amount of excess vibrational
energy. Under these conditions, semiclassical dynam-
ics yields the same mechanistic information as from
topological investigation of the potential energy sur-
face, because its structure is expected to play the dom-
inant role in determining the molecular motion. This
strategy has been successfully applied in previous com-
putational investigations involving the photochemistry
of neutral conjugated hydrocarbons [24–30] and PSBs
[8,11,12,31–33] and has been validated by semiclassical
dynamics computations [17,34,35]. While the analysis
and discussion of these results are reported in the main
text of the paper, the CASSCF and CASPT2 absolute
energy values of all the relevant points are reported in
the electronic supplementary material (see Table S1 and
Table S2).

The efficiency (i.e. probability) of radiative transi-
tions has been provided by the oscillator strength (f),
which has been computed within the RASSI approach
[36] using the CASPT2 corrected energies.

The charge distribution along the chromophore chain
has been evaluated for the first five singlet states (S0−S4)

described with state-averaged CASSCF wavefunctions
by Mulliken-charges analysis and has been used to char-

acterize the electronic nature (i.e. ionic vs. covalent) of
the investigated states.

3 Results and discussion

3.1 Optical properties

The photoisomerization channel Figure 1 reports the
behavior of the singlet manifold (S0−S4), while Table 1
shows the evolution of the emission and transient
absorption energies (and their oscillator strength f),
along the computed MEP on S1 (see the electronic sup-
plementary material for absolute energy values), which
describes the isomerization about the central C11 = C12
bond of the chromophore.

Remarkably, the computed S0 → S1 vertical tran-
sition energy for PSB11 (527 nm, i.e. 54.3 kcal mol−1)
agrees very well with the absorption value determined
experimentally in Rh (500 nm, corresponding to
∼57 kcal mol−1) [2,14], while the absorption observed
in solution (∼450 nm) is recovered if a solvatochro-
mic (blue) shift of ∼9 kcal mol−1 is taken into account,
as suggested by Gao et al. [37]. Emission and excited
state transient absorptions may be tentatively assigned
to the region along the reaction coordinate where the
first impulsive motion (i.e. stretching) out of the Franck–
Condon (FC) point has been completed, while the isom-
erization has not yet begun. This reasoning comes from a
qualitative dynamical interpretation of the motion of the
wavepacket along the MEP [7–9]. In fact, according to
the two-mode reaction coordinate, internal vibrational
energy redistribution must take place for the torsional
(non totally symmetric) mode to get populated (i.e.
vibrational energy must flow from the initially popu-
lated—totally symmetric—stretching motion to the
torsional one) and this requires some time. Judiciously,
this region (where the bonds have already relaxed but

Table 1 CASPT2-computed transitions (nm) and oscillator strengths (in brackets) along the computed S1 MEP (in mass weighted
coordinates au, see Fig. 1)

MEP (a.u) S0 S1 S2 S3 S4

0.00 (FC) – 527 (0.858) 374 (0.020) 349 (0.268) 287 (0.026)
1.00 661 (1.243) – 1612 (0.101) 971 (0.220) 785 (0.009)
3.00 (FS) 710 – 1700 930 740
5.00 744 (1.173) – 1528 (0.148) 775 (0.284) 696 (0.061)
8.84 973 (0.646) – 1205 (0.403) 609 (0.120) 469 (0.005)
12.77 1342 (0.467) – 899 (0.519) 561 (0.200) 420 (0.009)
16.86 3473 (0.136) – 634 (0.456) 492 (0.270) 387 (0.126)
20.31 (CI) 4697 (0.014) – 504 (0.089) 431 (0.053) 349 (0.102)

While the values reported at the FC point correspond to absorptions from S0, the other values refer to transitions from S1 (i.e. emission
and transient absorptions). Transition energies at the FS point have been estimated from the energy profiles in Fig. 1
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Fig. 2 Analysis of the S1
reaction coordinate ξ [bohr
(amu)1/2] for the C11 = C12
and the C6–C7 bonds: a
twisting angles Θ and b bond
lengths d
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the torsions have not yet begun) is assigned as the fluo-
rescent state (FS) since this is where the system will
spend more time before it decays. Figure 2 provides an
analysis of the reaction coordinate along the S1 MEP,
displaying the evolution of the C11 = C12 and of the
C6 − C7 twisting angles and bond lengths, respectively.
This analysis reveals that the FS may be tentatively
placed at about 3 au along the MEP (see red arrows
in Fig. 1): here the central C11 = C12 double bond has
already fully elongated (from ∼1.36 to ∼1.48 Å) while
its rotation has not yet started.

Remarkably, the estimated S1 → S0 emission and
(S4)S3 ← S1 absorption around this point (see 1, 3 and
5 au in Table 1) are in reasonable agreement with the
experimental data for the emission (∼650 nm) and near-
IR excited state (transient) absorption (∼700 nm) in Rh
[14] and well account for the competing stimulated emis-
sion and near-IR transient absorption observed [14],
since it implies that in this region the S1–S3(S4) and
S1–S0 energy gaps are similar.1 The surprising agree-
ment with the spectroscopic observations recorded in
the protein leads to the remarkable and unintuitive sug-
gestion that the isolated system is a good model for
the optical properties of the chromophore in Rh, the
effect of the protein environment being substantially
neutral [38].

The gas phase and the protein: experiments and com-
putations. A comparative analysis The aforementioned
conclusion about the optical properties of the retinal
chromophore and the claimed negligible effect of the
protein environment deserve a deeper and thoughtful

1 S3 should be more easily populated (see the f values); prudently,
S4 has also been included here since both states are very close in
energy around FS.

discussion in light of the very recent experimental
observations recorded in the gas phase. Indeed, our
statement seems to be in disagreement with the
experimental absorption maximum of 610 nm which has
been very recently recorded for the PSB11 chromophore
in vacuo [39]. This value differs significantly from the
absorption maximum observed in Rh (500 nm), appar-
ently revealing that the effect of the protein environ-
ment is by no means globally neutral, as we claim.
Besides, it is also significantly red-shifted from our com-
puted value in the isolated PSB11 model (527 nm), ques-
tioning the quantitative validity of our model in vacuo.
Anyway, a more careful analysis of the gas-phase data
reveals a complex and structured absorption band with
a secondary peak (or shoulder) around 530 nm. Note
that this is a systematic feature of the spectra recorded
in vacuo for all the different retinal PSB isomers inves-
tigated, and that this value is the one that we do pre-
dict by our computations (527 nm). It may be that this
value corresponds to the energy for the pure vertical
transition and that the complex feature of the band,
as well as the 610 nm absorption maximum observed,
is due to vibrational features. What we would like to
emphasize here is that the aforementioned experimen-
tal result does not necessarily contradict our statement,
since the recorded 610 nm absorption maximum could
not be related to the pure vertical transition (which is
in fact observed as a smaller peak at 530 nm) but, more
simply, to a vibrational structure of the band.2 Further-
more, this conclusion is in line with very recent computa-
tional results (including QM/MM computations on Rh)
[38,40,41], which already suggest that the optical prop-
erties of the chromophore in Rh are about the same
as computed in vacuo (note that this is not necessar-
ily a property of all rhodopsin proteins). In agreement
with that, our isolated retinal gives almost the same

2 A work on this topic is in preparation.
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spectroscopic results as when included in Rh (527 vs.
500 nm absorption maximum, respectively), calling for
a globally neutral effect of the protein.

Finally, also different hypothesis may be suggested,
involving for example, the twisting of the β-ionone ring.
Indeed, we have recently shown [13] that by twisting the
ring a wide tuning in absorption energies for the reti-
nal chromophore in vacuo may be achieved (� 140 nm,
from 530 nm to 670 nm on going from the fully twisted
to the planar ring, respectively). Thus, it is possible that
in the experimental gas phase conditions, a slightly less
twisted β-ionone ring (than the one predicted at this
computational level) is responsible for the observed
bathochromic shift. This would represent an alternative
explanation to the aforementioned one based on the
vibrational structure of the spectrum.

The complete elucidation of this issue would imply
to carry out geometry optimization of the ground-state
system at a correlated level, such as the MP2 method.
Anyway, as far as our own experience is concerned, the
MP2 geometries may be regarded as showing more con-
jugation than that obtained with CASSCF. MP2 tends to
underemphasize the single–double bond alternation in
PSBs and related compounds. This feature is connected
with the previously well-documented effect that meth-
odologies such as Møller–Plesset perturbation theory
that are based on single reference wave functions, but
that include large dynamic correlation corrections, usu-
ally overestimate π -conjugation [42]. On the other hand,
CASSCF-optimized geometries have been successfully
tested against experimental data for protonated Schiff
bases by reproducing the vibrational structure of the
resonance Raman (RR) spectra [33]. For this reason, it
is believed that the CASSCF geometries are the closer
to the actual gas-phase structure.

Furthermore, note that the vertical allowed S0–S1
transition recently computed with CASPT2 at the MP2
optimized geometry by Buss et al. [43] is red shifted
by about 0.3 eV with respect to that obtained at the
optimized CASSCF structure and, therefore, it is in
apparent agreement with the band maximum (610 nm)
recorded in the gas-phase absorption [39]. However, the
S0–S2 vertical transition at the same level of theory is
red shifted by 0.3 eV with respect to the corresponding
observed band maximum [43]. Thus, the CASPT2 result
obtained at the ground-state equilibrium MP2 geometry
is able to match the S0–S1 observed gas-phase absorp-
tion maximum, but it does not work out so well for
S0–S2.

At this point, we should keep in mind that the
computed vertical transition does have not an experi-
mental counterpart. In other words, there are no experi-
mental vertical transitions to be compared with. One just

has to recall, for instance, the spectroscopy of ethene
itself, where there are clearly three different features:
the 0–0, the band maximum, and the vertical transition,
the latter of course estimated just on theoretical grounds.
Thus, in order to perform a correct comparison to the
observed band maximum, vibrational resolution of the
band should be performed theoretically, a technically
difficult task for a system of the molecular size of
PSB11.2 Alternatively, in the present case, the recorded
band origin (T0) could correctly be compared to the
computed value (strictly Te). The only difference
between those two values is the zero point energy (ZPE)
corrections, which are expected to cancel out to a large
extent for the ground and excited state. For the trans-
PSB conformer, the computed Te result for the lowest-
energy band, 1.73 eV [13], is consistent within 0.1 eV
with that observed by Nielsen et al. (see Fig. 2 in ref.
[39]). This fact gives further support to the reliability of
the optimized-CASSCF(12,12) structures, for both the
ground and the lowest excited state.

In conclusion, it is worth mentioning that our ‘vacuo=
protein’ statement is only qualitative and does refer to
the spectroscopic properties of the chromophore only.
It does not extend to mechanistic effects, e.g. quantum
yields (QYs) and reaction rates. In fact, it is well known
that its reactivity (e.g. the photoisomertization activity)
does depend on the environment. For instance, photo-
isomerization QY in Rh (ca. 70%) is about four times
greater than that in solution (ca. 15%), and the photoiso-
merization rate is more than seven times faster. Addi-
tionally, this does not apply to its structure, which is
different in Rh as compared to that optimized in vacuo,
as revealed by QM/MM computations by Sugihara et al.
[44] and, previously, by Olivucci et al. [38]. For instance,
the PSB11 chromophore in vacuo lacks the twists of the
C11–C12 and the C12–C13 bonds, which are mainly due
to interaction with the protein pocket and which may
appear important in photoisomerization catalysis (see
discussion in Sect. 3.3 below).

Unreactive population: the trap S2 state Higher-lying
singlet states have also been investigated as possible
contributors to the spectroscopic properties. In partic-
ular, it is worth noting that the S3 state placed ver-
tically (FC structure) at 349 nm has a relatively high
(0.3) f (see Table 1). Thus, to assess if this state can be
populated (at least partially) by initial irradiation, the
MEP on this state (hereafter called S2 since it drops in
energy and becomes S2, see Fig. 1) has been computed
(see Fig. 3).

As can be readily seen, pumping at 500 nm makes
possible the population of both S1 and S2 (the S0–S2
(0–0) transition and the vertical emission from the S2
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Fig. 3 CASPT2-scaled energy profiles along the optimized reac-
tion coordinate ξ [bohr (amu)1/2] on S2 (black arrows)

minimum are computed to be 560 and 591 nm, respec-
tively). That is, in principle, for a detailed discussion
about the fluorescence of PSB11 both states have to
be considered. Since S2 is a bound state (i.e. it is unre-
active, see Fig. 1) with a stable planar minimum, pop-
ulation on S2 should live longer and may contribute
to the emission.3 It is worth noting that population of
this state (a covalent – double H→L excitation—state,
see Sect. 3.2 below) by a 500 nm irradiation wavelength
should be much smaller compared to that of S1 (although
S2 has a significant oscillator strength). Thus, the exis-
tence of a small unreactive population on S2 is not
in disagreement with the high photoisomerization QY
observed.

Interestingly, the unreactive population recently
detected in Rh [14] might be related to S2, which would
act as a trap, since it is well established by now that it does
not participate in the photoisomerization. Although
internal conversion of S2–S1 cannot be ruled out in
principle (finally leading to the trans photoproduct),
this process should occur in a much longer than the
sub-picosecond timescale (see Ref. [9] where this prob-
lem is discussed) thus competing with radiative events.
In this sense, it is worth mentioning that the observed
595–704 nm range of the excitation wavelength-depen-
dent λmax emission [45] points again to this state as being
involved, since population of S2 should depend on the
excitation wavelength. Thus, the picture possibly resem-
bles the emission of even polyenes like the paradigmatic
all-trans-1,3,5,7-octatetraene, where both the 11Bu and
21Ag states do present fluorescence [46]. In particular,
the new transient around 700 nm (∼41 kcal mol−1) pres-
ent before and after the 580 nm photoproduct is formed
(which is assigned to the non-isomerized population)
[14], could be related to S2. To assess this point, an

3 A biexponential decay for the emission cannot be ruled out in
this case, although IC to S1 may also occur, eventually leading to
photoproduct formation in a slightly longer timescale.

Table 2 CASPT2 relative energies (�E in kcal mol−1) and
oscillator strengths (f) computed at the final point of the S2 MEP

State S0 S1 S2 S3 S4 S5

�Ea −48.4 −9.2 0.00b 25.8 30.0 38.7
f c 0.005 0.0003 − 0.030 0.116 1.273

a Imaginary level-shift 0.2 au
b The state is 51.1 kcal mol−1 above the S0 minimum (FC
structure)
c Referred to S2

additional number of states have been computed at the
final structure of the S2 MEP (i.e. the equilibrium geom-
etry), see Table 2. In particular the S2 → S5 transition
computed at 737 nm (38.7 kcal mol−1) is predicted with
oscillator strength of 1.3 and appears as a good candidate
for this transient absorption.

To summarize, a possible trapping-mechanism for the
photoexcited population (involving the S2 state) has
been shown to be feasible, in agreement with recent
experimental findings and providing an interpretation
for these data. In particular, the S2 state may contrib-
ute to both the fluorescence and transient absorption
recorded in Rh, its importance and role depending most
probably on the absorption wavelength. The elements
supporting this novel view can be summarized here as
follows:

(a) S2 has not a negligible oscillator strength.
(b) Analysis of the S2 surface (Fig. 3) reveals that it is

not a reactive state (i.e. it is a trap state) and that
it may be populated at 500 nm (although popula-
tion must be much smaller compared to that of S1,
which is in agreement with the high photoisomer-
ization QY and efficiency observed).

(c) The observed λmax emission is excitation wave-
length-dependent (from 595 to 704 nm) and this
points again to this state as being involved, since
population of S2 should depend on the excitation
wavelength.

(d) A transient absorption around 700 nm has been
found from this state (see Table 2) that agrees
with the experimentally detected one.

For these reasons, we think our statement is more than a
simple suggestion: it is a founded hypothesis where, for
the first time, all these evidences can be accounted for in
a simple model. Obviously, this may not be the unique
interpretation possible and, in fact, other explanations
have been already presented in the past involving, for
example, possible different forms of Rh, including
unreactive species.
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3.2 Charges analysis and electronic states
characterization

Figure 4 reports the evolution of the chromophore
Mulliken charges distribution along the computed MEP
on S1. Analysis of the charge distribution along the
chromophore chain reveals that, as seen in previous
works, the reactive excited state of PSB11 in vacuo
is a hole-pair charge-transfer (i.e. a ionic) state along
the whole MEP. That is, upon photoexcitation on S1,
the positive charge migrates from the Nitrogen-
containing moiety towards the other half of the
chromophore. Furthermore, its ionic character increases
moving towards the CI, where the entire positive charge
is located on the left moiety of the system. All the other
states have a covalent (i.e. dot–dot) character and S2,S3
and S4 do not mix with the S1 spectroscopic state, i.e.
they remain well-spaced (at least 17 kcal mol−1) along
the whole reactive process. That is, the photochemistry
of this system is driven exclusively by an S1 state with
ionic nature (see also the supplementary material for
further details).

3.3 Photoisomerization catalysis

The β-ionone ring effect Inspection of Fig. 2b reveals
a concurrent (although less impulsive) shortening of the
C6–C7 single bond along the S1 MEP, the reason being
its partial double bond character in S1. This causes the
simultaneous planarization of the β-ionone ring (see
Fig. 2a), with its twisting angle passing from −69

◦
in

the FC point to −32
◦

in the CI structure. This motion,
which progressively turns the chromophore from a five
to a six conjugated double bond system, may turn out
to contribute to the efficient photoisomerization in the
protein. In fact, according to the crystallographic struc-
ture (see Scheme 2) [47], Trp-265 is very close to the
β-ionone ring (i.e. less than 3 Å) and, by twisting the
C6–C7 bond (red arrow), the distance between the two
groups dramatically shortens leading to steric interac-
tions. Therefore, it is likely that in the protein the
β-ionone ring acts like a lever upon planarization, forc-
ing the central bond to twist earlier in the direction
shown by the blue arrow: this increases the distance
between the ring and Trp-265 and steric interactions

Fig. 4 Mulliken charges
evolution along the MEP. The
amount of charge in the right
mojety (dotted line is the
demarcation point) of the
chromofore is reported,
together with an indication of
the “Ionicity character” of the
wavefunction. S1 is the only
ionic state, S0, S2S3 and S4
show a covalent (i.e. dot–dot)
character. The same
convention as in Fig. 1 as
been used here, with colors
identifying each electronic
state by its nature

Scheme 2 Top (left) and a
lateral (right) view of the
chromophore binding pocket
in Rh [50]
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are reduced. Remarkably, this direction is in agreement
with the sign of the initial C11 = C12 twist which has
been previously derived [38,44,48] in Rh. Together with
the electrostatic catalysis and the intramolecular/inter-
molecular interactions discussed in previous works (see
also below) [40,44,47,49,50], this provides a possible
additional reason for the faster photoisomerization in
the protein. That is, a lever effect would contribute in
tilting the PES in such a way that the wavepacket would
spend less time in the FS region and it would be more
efficiently funneled into the rotational mode.

We may estimate quantitatively this effect by compar-
ing the S1 energy of the fully relaxed stationary point
(SP) [13] with that of the relaxed chromophore tak-
ing the β-ionone ring frozen (PSB11frozen), see Fig. 5.
The contribution to the total relaxation energy due to
the stretching process alone is ∼ 8 kcal mol−1, while
the one due only to the planarization of the ring is
∼7 kcal mol−1, which may be addressed to the pure lever
effect (see the electronic supplementary material for the
CASPT2//CASSSCF/6-31g* absolute energy values). It
is evident that this effect is far from being negligible and
(although not alone) may improve the efficiency of the
isomerization process in the protein compared to solu-
tion. We suggest this effect must be taken into account
to properly understand protein catalysis, although it is
not the only one operating in the protein: steric interac-
tions on between the retinal C10-Hydrogen and the C13
-methyl [50], electrostatic catalysis [40,41], twists about
the C11 = C12 and adjacent single bonds [44] and the
close proximity of Cys-187 with the retinal C12 -Hydro-
gen [47,49] have proved to be involved in photoisomer-
ization catalysis. Herein, we do not want to reject or
question out these effects, but to highlight another pos-
sible cooperative mechanism, which is strictly related to
an intrinsic property of the retinal chromophore (i.e.
the excited state planarization of the β-ionone ring)
and its subsequent interaction with the protein (namely
Trp-265). This has never been revealed or discussed
before. Whether this is a dominant, concurrent or sec-
ondary effect must be still estimated. Nevertheless, we

0

–5

–10

Fig. 5 CASPT2-corrected energy contributes to the initial relax-
ation energy on S1 (SP data are from ref. [13])

have quantitatively evaluated such an effect showing
here that it is not negligible (energetically) and thus it
deserves consideration.

It is worth noting that even IR difference spectra
recently recorded [51] for a Rh with a modified acyclic
retinal (i.e. lacking the β-ionone ring, thus preventing
a level effect) do not help to evaluate this contribution.
Although the Batho and Lumi intermediates are formed
and Rh is activated (i.e. Meta II is formed), no informa-
tion about the timescale and efficiency of the ultrafast
primary event (i.e. the initial photoisomerization) is pro-
vided. Furthermore, Rh activation is not surprising since
it primarily depends on the cis→ trans isomerization of
the central double bond of the chromophore, which in
fact occurs also in other media (e.g. solution) in a longer
(ps) timescale, in presence as well as in absence of the
β-ionone ring (as experiments on modified retinals in
solution show) [52–54].

Additionally, one may wonder how such a relay mech-
anism based on the lever effect could be achieved in the
short time frame observed of about 100 fs. In fact, the
lever (driven by the torque of the C6–C7 bond) would
have to move the β-ionone ring and the complete ring
system of Trp-265 against the central part of the chro-
mophore, which involves up to 20 heavy atoms and it
would also need an extremely fixed polyene backbone
to transport the torque into the desired region. While
this is a good reasoning (and in fact we say that the
lever effect is only one of the possible contributors trig-
gering the photoisomerization catalysis, see discussion
above), it is a matter of fact that there is an intrinsic
(7 kcal/mol energy driven) ability of the ring to get pla-
nar on S1; as it is a matter of fact that this process leads
to destabilization by steric interactions with Trp-265 in
Rh (and that isomerization about the C11 = C12 bond
would relieve such a destabilization). Even a tiny motion
in this direction may get rise to steric interactions with
Trp-265. We do not necessarily need to wait for the full
motion to take place and this effect could just provide
an additional trigger for the ultrafast photoisomeriza-
tion to occur. We believe we are fully consistent in say-
ing that and what we have shown here is that there
is a novel not negligible factor (due to the ring) that
plays in favor of the C11 = C12 bond isomerization.
There is another point that directly comes from our
computations: without such an effect (e.g. without the
ring), the photoisomerization path would certainly be
less favored, i.e. less steep or even with an energy bar-
rier. Note in fact that the energy plateau seen in model
1 along the path (Fig. 1) does disappear in the real
chromophore, which further supports this mechanism
as one of the contributing effects for enhanced isomer-
ization in Rh.
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Finally, it is worth noting that single bond order
increase is a general phenomenon for all single bonds in
the excited state. In Rh (where also other single bonds
such as C10–C11 and C12–C13 — are slightly twisted)
[38,44,49] it can certainly play a role, contributing to
photoisomerization catalysis. Anyway, the C6–C7 single
bond is the most twisted one, both in vacuo as well as
in Rh (i.e. it is almost fully deconjugated) [38,44,47,49].
Thus, here it is where this effect should be stronger. For
these reasons we focused our attention onto this novel
undocumented aspect, which is discussed here for the
first time.

4 Conclusions

To summarize, we have provided computational evi-
dences to the unintuitive view that PSB11 in isolated
conditions is a good model for the spectroscopy of the
chromophore in Rh. In addition, we have detected an
accessible low lying state (S2) which behaves as a trap
(i.e. molecules pumped there do not isomerize) and
which may be possibly involved in the formation of
the unreactive population recently observed. Finally,
by interaction with the surrounding residues (namely
Trp-265), the β-ionone ring may origin (upon planariza-
tion) the spring effect necessary to trigger the efficient
ultrafast isomerization seen in Rh (or at least it may con-
tribute to that). In conclusion, these results suggest novel
scenarios for the understanding of the spectroscopic
observations recorded in Rh (including time resolved
experiments) and the catalytic mechanism responsible
for the highly efficient and ultrafast (i.e. sub-picosecond)
photoisomerization. Furthermore, this work provides
an accurate analysis of the intrinsic photoisomeriza-
tion ability of the retinal chromophore and constitutes
a solid reference for further studies aimed to rational-
ize the effect of the environment on its photochemical
behavior.
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