


studies,4,18,19 we assume that, on such a short time scale, “FC
trajectories” provide information on the dynamics of the entire
populations of the system (i.e., of the center of the vibrational
wave packet).
In our QM/MM approach, the geometrical progression

along the trajectories is computed using 3-root-state-average
CASSCF/AMBER gradients19 and then, in order to account for
the effect of dynamic electron correlation, the trajectory S0, S1,
and S2 energy profiles are recomputed using the CASPT2 level
of theory20 as well as the XMCQDPT2 level of theory21 (as
mentioned in the SI, XMCQDPT2 allows for a more correct
description of the PESs of the mixing states (i.e., roots)
included in the averaging). Notice that the energy profiles and
charge distribution are not invariant with respect to the state
averaging level. For this reason, FC trajectories recomputed at
the 4- and 5-root-state-average CASSCF levels, are used to
study the properties of our reference 3-root-state-average
models.
In order to interpret the results, we now revise the main

features of the low-lying PESs of gas-phase rPSBs using a
simplified model featuring five double bonds (PSB5). As shown
in Scheme 1A and 1B, the electronic structures (characters)
contributing to the 3-root-state-average CASSCF wave
functions of PSB5 are labeled 1Ag, 1Bu, and 2Ag. At the FC
point (i.e., at the S0 equilibrium structure) the S1 PES has a 1Bu
charge-transfer (CT) character. In fact, such a CT character
implies that the positive charge is located near the H2CCH−
end of the PSB5 framework, and that its charge distribution is
different from that of S0 which has 1Ag covalent character with
a positive charge located on the CNH2 framework end. By
contrast, the S2 PES has 2Ag diradical (DIR) character and

features, similar to 1Ag, a positive charge located on the C
NH2 group.
The PSB5 calculations yield three important results. First, as

shown in Scheme 1B, the CASPT2 topology is similar to the
CASSCF topology (although, as expected, the CASPT2 energy
is red-shifted due to the inclusion of dynamic electron
correlation). Second, three different conical intersections
(CI1, CI2, and CI3) may be reached from the FC point (see
Figure S3 for detailed geometries of these CIs). CI1
corresponds to a crossing between PESs with 1Ag and 1Bu
characters, CI2 corresponds to a crossing between PESs with
1Ag and the 2Ag characters while CI3 is an intersection
between PESs with 1Bu and 2Ag characters. Third, one can use
the charge computed along a suitable chromophore moiety, to
learn about the interaction between the different PESs and their
electronic characters. In fact, consistently with the formulas of
Scheme 1A, the −CH−CHCH−CHNH2 moiety of
Scheme 1C would have a large positive charge in a 1Ag and
2Ag state but a small charge in a 1Bu state. Using such
assignments, one can observe that, along the FC trajectory of
Scheme 1C, the S1 PES displays an oscillating 1Bu character
(see bottom panel). Such oscillations are in a clear out-of-phase
relationship with oscillations occurring along the S0 PES
associated with a dominating 1Ag character (see framed region
in the bottom panel). The S1 and S0 PESs must thus be
interacting electronically as they partially exchange their
characters. Notice that here the rPSB charge distribution is
evaluated at the CASSCF level for consistency with the
geometrical progression. Scheme 1C also shows that such
mixing continues until decay at a S1/S0 conical intersection
(CI1) in ca. 150 fs.

Scheme 1. Characterization of a Simplified Gas-Phase rPSB Model (PSB5) of rPSBATa

a(A) Resonance formulas representing the dominating electronic structures of the S0 (bottom), S1 (middle) and S2 (top) states of PSB5 at the FC
point. (B) Relative CASPT2 (full lines) and CASSCF (dotted lines) energies of the S0, S1 and S2 PESs at the FC point and 1Bu/1Ag (CI1), 2Ag/
1Ag (CI2), and 2Ag/1Bu (CI3) CIs. The formulas show the “hybrid” charge distribution and unpaired electrons at each CI. The curly arrows
indicate isomerizing double bonds. Along the abscissa the CIs including the spectroscopic state (i.e., CI3 and CI1) are represented geometrically
closer to FC, and among these, CI3 is considered the closest since S2 is the energetically closer to S1. (C) Top panel: 3-root-state-average CASPT2//
CASSCF/AMBER energy profiles along the FC trajectory of a 11-cis PSB5 model released with a 10 degrees pre-twisted central double bond (see
curly arrows). Bottom panel: Evolution of the positive charge of the displayed moiety along the same trajectory. (D) Schematic representation of the
effect of a polar solvent on PESs of states dominated by 2Ag, 1Bu and 1Ag characters.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.7b02344
J. Phys. Chem. Lett. 2017, 8, 5222−5227

5223



According to Scheme 1B, the relaxation out of the FC point
may lead to a highly twisted CI1 structure or to a substantially
planar CI3. Through CI3, which is energetically not far from
the FC point, the chromophore may access the S2 PES. Notice
that an “attempt” to populate the S2 PES from the S1 PES
occurs immediately after relaxation from the FC point where
one has a sudden decrease (increase) of the S2−S1 (S1−S0)
energy gap (see framed region). As we illustrate in Scheme 1D,
a reduction of the S2−S1 gap may be caused by an environment
preferentially stabilizing the 1Ag and 2Ag character (e.g.,
placing a negative charge close to the Schiff base group). CI2 is
instead located much higher in energy and has the same quasi-
tetra-radical electronic structure22 documented for polyenes. In
conclusion, the PSB5 calculations indicate that CI2 is hardly
accessible, which means that, after population of the S2 PES,
rPSB remains unreactive until it is transferred back to S1.
Notice that the electronic states driving the photoisomerization
of a model rPSB had already been described by Josef Michl and
Vlasta Bonacǐc ́ Koutecky in the late 1980s.23,24 Michl and co-
workers also originally highlighted the pivotal role of CIs in
organic photochemical reactions and tested these hypotheses
computationally.24,25

Below we compare three QM/MM models where rPSB is
embedded in different environments. In all models, the S0, S1,
and S2 PES are initially (i.e., at the FC point) associated with
dominating 1Ag, 1Bu and 2Ag characters, respectively.
However, as document below, relaxation along the S1 PES
may lead to character variations (e.g., at a crossing or avoided
crossing) increasing the unreactive 2Ag character and leading to
a longer S1 lifetime.
The Relaxation of the 11-cis rPSB in Methanol Leads to Strong

2Ag/1Bu Character Mixing. As apparent from inspection of
Figure 1A, the FC trajectory of the 12-s-trans conformer of
rPSB11 in methanol (rPSB-M) does not undergo fast decay
from S1 to S0, at variance with the mechanism proposed in ref
12. In fact, multiple real CASPT2 crossings (or avoided

crossings in the XMCQDPT2 description; see Figure S4)
between the S1 and S2 PESs point to mixed 1Bu and 2Ag
characters. This is consistent with the coupled out-of-phase
oscillatory charge distributions occurring along the S1 and S2
PESs (see the framed region in the bottom panel in Figure 1A).
More specifically, the large periodic 0.2 e− charge variation
indicates a periodic increase in the unreactive 2Ag character and
explains why the photoisomerization in methanol is slow. In
other words, the initial S1 motion leads toward CI3 (i.e., a
conical intersection between the 1Bu and 2Ag states) and
remains in its vicinity.
Here we should also point out that, consistently with Scheme

1C, in a polar solvent the 1Ag/1Bu mixing seen along the gas-
phase S0 and S1 PESs is lost and replaced by the 2Ag/1Bu
mixing along the S2 and S1 PESs. This is due to the fact that, as
also illustrated in Scheme 1D, polar solvents stabilize PESs
featuring 1Ag and 2Ag characters (see Scheme 1D) relative to
that with 1Bu character via a virtual counterion. This
counterion effect is documented in Figure S5 for PSB5
interacting with a Cl− counterion.
The analysis of the geometrical progression along the rPSB-

M trajectory shows that the computed ∼20 fs period
oscillations are driven by changes in the bond length alteration
(BLA) coordinate defined as the difference between the average
single-bond length and the average double-bond length of the
rPSB backbone (see Figure S6). During the oscillations, BLA
remains at slightly positive values consistently with an
undeveloped double/single-bond inversion and charge transfer.
Figure 1A shows that the S1 and S2 crossings last for 40 fs.

Then they disappear together with the 1Bu character. In order
to find out why, we computed the FC trajectories at the 4- and
5-root-state-average levels. It is shown (see Figure S7) that
along these trajectories, the S3 and S4 PES display 1Bu
character, get stabilized, cross the S2 PES, and get close to the
S1 PES for times beyond 40 fs. In other words, S3 and S4

Figure 1. Environment effect on the S1 relaxation (see stream of arrows) of rPSB. (A) CASSCF and CASPT2 energy profiles (top panels) and
evolution of charge on the Schiff base side (bottom panel) of the 12-s-trans conformer of rPSB11 in methanol (rPSB-M) along 3-root-state-average
FC trajectory. (B) Same data for rPSB11 in Rh. (C) Same data for rPSBAT in ASRAT. Consistently with Scheme 1, the S0, S1 and S2 PESs are
represented by blue, green, and red colors, respectively. The profiles shown in bottom panels are the total positive charge on the displayed moiety (a
small charge indicates 1Bu character). Dashed lines in the bottom panel of part C represent the charge on the shorter C13(Me)−C14H−C15H-
NHR moiety (i.e., relevant to the C13C14 isomerization of rPSBAT).
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reinstate a partial 1Bu character beyond 40 fs, even if the S1
PES remains dominated by the 2Ag unreactive character.
At this point, we have to stress that the reference 3-root-

state-average level used in the present study is chosen as the
best compromise between accuracy and information. In other
words, we decided to limit the number of interacting roots to
the one strictly necessary to correctly describe states that are
strongly interacting with the spectroscopic/reactive state. The
consequence of including additional roots and the generated
artifacts are discussed in the Supporting Information (see
section S6).
rPSB11 Relaxation in Rh Avoids Strong 1Bu/2Ag Character

Mixing. As shown in Figure 1B, the FC trajectory for rPSB11 in
Rh reaches CI1 and decay within 100 fs consistently with
previous theoretical studies and spectroscopic observations
(notice that, the S1 energy profiles appear just a little flatter
than the previously reported ones based on 2-root-state-average
trajectories18). Both the CASPT2 and XMCQDPT2 energy
profiles (see Figure 1B and Figure S4, respectively) display an
initial 10 fs relaxation leading close to CI3 (i.e., the S2 and S1
PES become nearly degenerate). However, this CI3 region is
immediately abandoned, allowing S1 progression along a C11
C12 twisting coordinate. As expected, the charge distribution
analysis reveals a short 1Bu/2Ag mixing along the S1 PES (first
framed region in the bottom panel of Figure 1B), which is
followed by progression along a region dominated by 1Bu
character and finally a terminal region (second framed region in
the bottom panel of Figure 1B) experiences 1Bu/1Ag character
mixing (i.e., in the CI1 region) where the S1 and S0 PES are
almost degenerate. Notice that essentially the same behavior
has been reported along a 2-root-state-average trajectory,18

indicating that such level is adequate for Rh in line with the
documented weaker interaction between S2 and S1 PESs.
Does the Environment Control the Photoisomerization Speed via

Character Mixing? Comparison of the rPSB-M (Figure 1A) and
Rh (Figure 1B) trajectories shows that, in models with the same
rPSB11 chromophore and state-average level, the 2Ag/1Bu
mixing is stronger in solution. This suggests that the protein
environment reduces the state mixing to preserve a 1Bu
character and enhance progression toward CI1 (i.e., as reported
in a different context,26 the protein environment is closer to
gas-phase rather than solution). In contrast, when stronger
mixing occurs, the reaction coordinate goes through a S1 PES
featuring a flat, bumpy and, ultimately, unreactive region until
an event (e.g., a large twisting) occurs reinstating the 1Bu
character. This mechanism explains why the photoisomeriza-
tion of Rh is ultrafast but takes several picoseconds in rPSB-M.
At this point, it is important to look at rhodopsins with an

isomerization time scale slower than Rh but faster than rPSB-
M. ASRAT is a microbial rhodopsin featuring an rPSBAT
chromophore that abandons the S1 PES on a 500−700 fs time
scale.7 The energy profiles and charge transfer evolution of the
corresponding FC trajectory are reported in Figure 1C.
Comparison of Figure 1A, 1B, and 1C shows that ASRAT

undergoes state mixing but, at a lesser extent when compared to
rPSB-M. This is evident when looking at the framed region in
the charge evolution diagram (bottom panel of Figure 1C)
showing that the S1 and S2 charges are coupled. However, the
magnitude of the 1Bu and 2Ag character oscillations is roughly
half (ca. 0.1 e−) of that documented for rPSB-M (ca. 0.2 e−).
Therefore, one could rank Rh, ASRAT and rPSB-M as low,
moderate, and high in terms of state mixing. This trend is

qualitatively consistent with the isomerization time scale of
each system.
The ASRAT slower S1 reactivity could be in part due to the

differences its rPSBAT chromophore and the rPSB11 of Rh.
This possibility has been previously discussed on the bases of 2-
root-state-average FC trajectories.18 In fact, rPSB11 differs from
rPSBAT in a number of ways: (i) it features an effectively
shorter conjugated chain due to out-of-plane twisting of the β-
ionone ring, (ii) the ca. 10 degrees pretwist about the C11
C12 double bond increases the splitting between the S1 and S2
energies, (iii) the reaction coordinate dominated by the
twisting about C11C12 double bond rather than C13
C14 double bond (as in microbial rhodopsins) separates the S1
and S2 more effectively and, (iv) the 11-cis configuration of the
C10−C11C12−C13 moiety introduces a strain increasing
the PES slope along the coordinate leading to CI1. Therefore,
we attribute the difference in S1 lifetime of Rh and ASRAT to
both environmental effects decreasing the state mixing and the
type of rPSB isomer bound to the protein. A previous study
employing a simplified gas-phase chromophore model with a
counterion has discussed the possible involvement of S1/S2
crossings in controlling the rPSB photoreactivity.27 In this
work, the authors have attributed slow photoisomerization to
S1/S2 crossing and recrossing processes creating shallow
barriers, however, the dynamics and nature of the state mixing
have not been considered. A recent computational study
reported that 10-methyl-rPSBAT (i.e., rPSBAT with a methyl
substituent at C10) shows, surprisingly, a femtosecond decay
time in solution, which was attributed to an increased energy
gap between S2 and S1.

28 We tested this substituent effect in the
protein environment by propagating a 3-root-state-average FC
trajectory for ASRAT hosting 10-methyl-rPSBAT (10Me-
ASRAT). Although, as we showed above, the ASRAT has a
slow reactivity, 10Me-ASRAT reaches the CI within 110 fs,
consistently with a decrease in 1Bu/2Ag coupling (see Figure
S12) and the results in ref 28.
Electronic Character Mixing and Rhodopsin Evolution. Above

we have used an approximate tool, namely, three short FC
trajectories, to support a correlation between S1 lifetime and
1Bu/2Ag character mixing. If one hypothesizes that ultrafast
isomerization provides an adaptive advantage (i.e., for instance
a higher light sensitivity), the results above imply that the
protein sequence will evolve to minimize 2Ag/1Bu mixing along
the S1 PES. In this sense, visual pigments like Rh would be
considered better adapted than the ASRAT light sensor. The
results above can also be interpreted in terms of the validity of a
2-state (S1 and S0) isomerization model for fast reacting
rhodopsins (e.g., Rh) and a 3-state (S2, S1, and S0) model for
slower reacting rhodopsins (e.g., ASRAT) and the solution
environment. A 3-state model has been previously proposed for
microbial bacteriorhodopsins (bR), which displays slow and
complex excited state dynamics.15

The conclusions above depend on the validity of the adopted
3-root-state-average trajectories. In fact, the geometrical
progression is determined by the 3-root-state-average
CASSCF/AMBER PES. The assumption of a qualitative
equivalence between these PES and those computed, for
instance, at the more accurate XMCQDPT2/AMBER or
equivalently XMS-CASPT2/AMBER levels, needs to be
carefully investigated in the near future (for instance, by
exploiting the recently reported XMS-CASPT2 analytical
gradients).29 Recently S2/S1 crossings have been documented
for another microbial rhodopsin: channelrhodopsin.30 Con-
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sistently with our conclusion, the measured shortest excited
state lifetime is 450 fs and therefore several times longer than
that for Rh.31
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