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Automatic rhodopsin modeling (ARM) model benchmark

data from 26 rhodopsins from 18 different organisms (one extinct)

Pedraza-González, L.; De Vico, L.; Marín, M. D. C.; Fanelli, F.; Olivucci, M. J. Chem. Theory Comput. 2019, 15, 3134-3152.
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Absorption Wavelength
Comp. 497 nm
Obs. 498 nm (ΔES1-S0)

Excited State Lifetime
Comp. ca. 90 fs
Obs. 70-100 fs (τcis→trans) 

isomerization efficiency
Comp. 68%
Obs. 67% (φcis→trans)

Gozem, S.; Luk, H. L.; Schapiro, I.; Olivucci, M. Chem. Rev. 2017, 117, 13502-13565.

Photoproduct Appearance time
Comp. >150 fs
Obs. 200 fs

(Bovine) Rod Rhodopsin studies using QM/MM models  

Excited State Population



Lys296

Photoisomerization coordinate
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hydrogen out-of-plane (HOOP) wagging
Comp. ca. 40 fs period (~830 cm-1)

Obs. 45 fs, (746 cm-1)

C11=C12 twisting
Comp. 1/4 period ca. 100 fs

Obs. 70-110 fs
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Comp. ca 22 fs period (~1516 cm-1)
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The excited state 
population dynamics is 
simulated with  200 QM/
MM semi-classical 
trajectories

POPULATION LEVEL:

TRAJECTORY LEVEL:



Outline

The quantum efficiency value is controlled by:

the splitting (i.d. vibrational decoherence) of the excited state 
population

The reactivity of each trajectory is controlled by :

the phase and magnitude of the π-overlap velocity at the decay point

Schnedermann, C.; Yang, X.; Liebel, M.; Spillane, K. M.; Lungtenburg, J.; Fernandez, I.; Valentini, A.; Schapiro, 
I.; Olivucci, M.; Kukura, P.; Mathies, R. A. Nat. Chem. 2018, 10, 449-455.


POPULATION (STATISTICAL) LEVEL:

TRAJECTORY LEVEL:

X. Yang; M. Manathunga; S. Gozem; J. Léonard; T. Andruniów; M. Olivucci. Nat. Chem. 2022, 14, 441-449.




Computed Photoisomerization QY: 0.68% (obs. 67%)

Bovine rhodopsin
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Computed Photoisomerization QY: 0.68

Rhodopsin population dynamics

Bovine rhodopsin
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Rhodopsin population dynamics
200 TSH trajectories

Schnedermann, C.; Yang, X.; Liebel, M.; Spillane, K. M.; Lungtenburg, J.; Fernandez, I.; Valentini, A.; Schapiro, I.; Olivucci, M.; 
Kukura, P.; Mathies, R. A. Nat. Chem. 2018, 10, 449-455.
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Relationship between HOOP phase and reactivity
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Relationship between overlap velocity and reactivity
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The phase relationship between HOOP and twisting 
determines the reactivity

Coworkers: R. A. Mathies, P. Kukura, J.Lugtenburg 

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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and followed the trend expected for known isotope effects. These 
results, coupled with non-adiabatic molecular dynamics simula-
tions, suggest a novel isotope effect where mass-induced changes 
in vibrational phase and thereby mode-specific vibrational coupling 
alter the reaction efficiency of a vibronically coherent photochemi-
cal reaction.

Results and discussion
Isomerization quantum yield. Native and 11,12-H2 regenerated 
rhodopsin exhibited statistically indistinguishable isomerization 
quantum yields of 0.63 (±  0.01) and 0.65 (±  0.01), respectively, dem-
onstrating that retinal regeneration did not alter the system (Fig. 2). 
The 11,12-D2 derivative exhibited a higher quantum yield of 0.69 
(±  0.01). In contrast, the 11-D and 12-D isotopomers, with just a 
single isotopic substitution, had substantially lower quantum yields 
of 0.45 (±  0.01) and 0.48 (±  0.01), respectively. This surprising yield 
reduction in view of the increase for 11,12-D2 is statistically sig-
nificant beyond experimental error (see Methods). The protonated 
11-cis chromophore in solution exhibited an even lower quantum 
yield of 0.19 (±  0.04) outside the protein pocket37. These results  

evidence an anomalous isotope effect where symmetric deuteration 
of the isomerizing bond produces a higher isomerization quan-
tum yield whereas asymmetric isotopic substitution significantly  
lowers the yield.

Transient absorption spectroscopy and dynamics. The differ-
ences in isomerization yield could in principle be explained by a 
non-trivial dependence of the reaction rate on isotopic substitution, 
especially given the proposed involvement of hydrogen wagging 
motion in the reaction12,13,16,18,23,25. We thus recorded the appearance 
of the photoproduct of native rhodopsin and its isotopic derivatives 
using broadband transient absorption spectroscopy after photoexci-
tation at the rhodopsin absorption maximum (498 nm) with a 20 fs 
pulse. We then followed the growth of the photoinduced absorp-
tion in the region from 545–616 nm, indicative of the formation 
of the primary photoproduct, for each derivative including native 
and 11,12-H2 regenerated rhodopsin (Fig. 3a). All traces exhibited 
the features expected for rhodopsin transient absorption spec-
troscopy: an oscillatory coherent artifact near zero pump–probe 
delay38, a delayed growth of the photoproduct signal that is com-
plete by ~200 fs (refs 11,39) and weak modulations of the electronic 
signal for longer time delays caused by coherent nuclear motion of 
the photoproduct16,17. The coherent artifacts are nearly identical for 
all derivatives with any variations caused by the different optical 
densities available for the five samples. The most prominent differ-
ences in the traces are restricted to the appearance of the vibrational 
coherence superimposed on the electronic signal in the 300–500 fs 
window, as expected for changes in vibrational frequencies caused 
by isotopic substitution. The overall similarity of the electronic 
dynamics suggested by the ultrafast appearance of the photoproduct 
signal continued throughout the entire probed region (500–900 nm, 
Supplementary Fig. 1).

To more carefully quantify the dynamics of photoproduct forma-
tion, we fitted the transients in Fig. 3a to a sum of a coherent artifact 
contribution and a mono-exponential decay function convolved 
with a Gaussian function describing formation of the photoproduct 
(Supplementary Figs. 2–4)40. This approach allowed us to define the 
time delay when pump and probe pulses arrive at the sample (t0,CA) 
independently of the time delay of photoproduct formation (t0,PIA). 
The difference (t0,PIA – t0,CA) provides an internally referenced mea-
sure of the lag time for photoproduct formation, which can be taken 
as representative of the time it takes for the excited-state popula-
tion to reach the conical intersection (Fig.  3b). Furthermore, the 
rise time of the photoproduct formation (σPIA) provides a measure 
of how quickly the excited state is depopulated once the conical 
intersection is reached (Fig. 3c). Supplementary Section 2 contains 
a more detailed analysis and discussion of the fitting procedure.

The retrieved average lag time is 150.6 ±  5.2 fs but the individ-
ual traces show subtle variations across the isotopomers (Fig. 3b). 
Native and 11,12-H2 regenerated rhodopsin are expected to yield the 
same value but differ by 3.2 fs. Although we cannot rule out that the  
reconstitution process introduces this difference, we attribute 
this difference to systematic errors not accounted for by our fit-
ting model, putting a lower limit to the precision with which we 
can quantify differences between the isotopomers (Supplementary 
Figs. 2–4). Using the same procedure, we find that the lag time for 
11,12-D2 increases by  10.7 fs  compared to the average of native 
and regenerated rhodopsin. The 11-D isotopomer exhibits simi-
lar dynamics to 11,12-D2 (increase by 8.9 fs) while 12-D is indis-
tinguishable from the averaged rhodopsin (increase by 2.7 fs). The 
retrieved average photoproduct formation rise time of 29.3 ±  3.4 fs 
(Fig.  3c) agrees with recent transient-grating measurements on 
rhodopsin18. The trend observed for the rise times differs signifi-
cantly compared to the lag times observed in Fig. 3b as all isoto-
pomers apart from 11-D show identical values within error bounds. 
We remark, however, that any fitting model can only yield strictly 
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Fig. 1 | Native and isotopically labelled 11-cis retinal protonated Schiff base 
chromophores in rhodopsin studied in this work.
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CT-MQC Quantum-Classical Trajectories  for a Model 
Chromophore: 

Coworkers: E. Marsili, F. Agostini, D. Lauvergnat

EDC, and across systems, i.e., PSB3 and a simplified
rPSB11 in Rh, to successfully yield the trans-S0
conformation mainly when the “correct” combination
of Tors and HOOP velocities is achieved.

Last observation suggests that a two-state three-dimen-
sional model is able to capture qualitatively the correlation
between Tors and HOOP modes seen in simulations where
the full set of degrees of freedom are considered. However,
only certain basic topographic features of the PSB3 three-
dimensional model are found in the PESs of rPSB11 in Rh.
Common features are (i) the initial S1 gradient mainly
directed along the BLA coordinate and only partially along
the HOOP coordinate, (ii) the existence of a barrierless
isomerization path and a nearly peaked minimum-energy CI
point along the intersection space, and (iii) again the fact
that the isomerization reaction is dominated by three rather
than two modes (i.e., BLA, HOOP, and Tors). On the other
hand, as also mentioned above, the three-dimensional model
features a force field that is symmetric with respect to both
Tors and HOOP. This symmetry is completely lost in Rh.
The consequences of such strong asymmetry is that in Rh the
trajectories all relax in a counterclockwise direction rather
than splitting in two equal populations relaxing in the

clockwise and counterclockwise direction with identical
probabilities.
Figure 9 reports the potential energy profiles (left panels)

along the CT-MQC dynamics of two selected representative
trajectories together with their corresponding paths up to 120
fs. The trajectory geometrical paths are reported in the
reduced Tors-BLA (central panels) and Tors-HOOP (right
panels) space. Note that a single trajectory is not physically
meaningful, especially in a coupled-trajectory scheme like
CT-MQC. However, in our simulations we have identified a
number of trajectories close to the two selected examples,
and we will thus describe their behavior in detail. In CT-
MQC, the potential energy driving the nuclear dynamics is
the time-dependent potential energy surface (TDPES), which
is basically the electronic Hamiltonian averaged over the
instantaneous electronic state. The TDPES for the selected
trajectories are compared in Figure 9 (left panels) with the
corresponding S0 and S1 profiles. Note that, in the upper
panel, the trajectory shows a steep descent from S1 to S0
around 65 fs and ends in a region of configuration space
where S0 decreases while S1 increases with time. Conversely,
in the lower panel, after switching from S1 to S0, the
trajectory moves in a region where S0 and S1 have similar
slopes (notice the in-phase oscillations of S0 and S1 between

Figure 10. (A) Velocity of the overlap coordinate Tau vs Tors velocities from CT-MQC. (B) Velocity of HOOP vs Tors velocities from CT-
MQC. The velocities are computed at the “hopping” time/position. (C, D) Same as in (A) and (B), but for TSH-EDC. (E, F) Same as in (A)
and (B), but the results are extracted from TSH-EDC-based atomistic simulations of the bovine Rh model with a simplified rPSB11
chromophore.7 Red dots refer to reactive trajectories, whereas green dots refer to trajectories that go back to the cis conformation.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article
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Computed Photoisomerization QY: 0.68% (obs. 67%)

Bovine rhodopsin
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Fast and slow population dynamics
200 TSH trajectories
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20 fs Gaussian Wavepacket Dynamics for a Model 
Chromophore 

computer time. Each step in the propagation of the 47 gwp needs
47 different CASSCF, gradient, and Hessian computations. We
used a time-step of 0.1 fs. However, because our objective is to
show where the initial vibrational energy is deposited during the
first 10−20 fs, a short simulation is adequate.
The results of a simulation started on S1 and presented in

Figure 2C show the population of S1 and S2 as a function of time.
Even starting on a pure adiabatic state one can see some
population of S2 after a few femtoseconds pointing to non-
negligible nonadiabatic coupling between the two states. After a
few femtoseconds, one can begin to observe the single−double
bond inversion (Figure 2D) typical of a BLA mode that
completes a full oscillation in about ca. 15 fs. Remarkably, such a
result is consistent with the BLA progression obtained from
quantum−classical trajectory calculation (Figure 2B) performed
using a full QM/MM model of bR, a result found to be
consistent with the spectroscopic observations.2,3

In Figure 2E we show the effect of mixing S1 and S2 in equal
amounts. One can observe that the S2 population rapidly
increases and then persists on an S1/S2 mixture with a dominant
S2 component. In Figure 2F we can see that the bond-order

inversion increases, similar to what is seen in Figure 2D, but then
persists for the entire simulation time featuring elongated, and
thus geometrically unlocked, double bonds. These bond lengths
do not appear to be related to either pure S2 or S1 states but
indicate a different regime and, more specifically, a reduction of
the S1 restraining force causing the oscillatory motion seen in
Figure 2D and a far from harmonic behavior. Of course, because
of the time constraint of such calculations, here we are looking at
only the initial stage of the reaction.
We hypothesize that the behavior described above is

connected with a time-dependent progression of the electronic
structure. It is apparent from the comparison of of panels D and
F of Figure 2 that the coherent superposition of S1 and S2 creates,
similar to the evolution starting on S1, nuclear motion
corresponding to bond-order inversion within 4 fs. However,
such a superposition is then conserved during the rest of the
simulation, causing a deviation from the S1 motion.
In Figure S2 of the Supporting Information we display the S2/

S1 derivative coupling vector ⟨ψI |∂/∂QiĤe|ψII⟩ computed at the
FC point and compare it with the gradient of the 50:50 S1/S2
superposition. Both vectors are dominated by a type of bond-

Figure 2. Relaxation dynamics. (A) The model chromophore structure adopted in the present work. (B) The semiclassical dynamics reported2 for
light-driven proton-pump bacteriorhodopsin (bR) showing oscillations in both the S2−S1 energy gap (red line) and BLA progression (black line). The
first 15 fs related to the simulation reported in the present Letter and corresponding to the first single BLA period are framed. (C) Time-dependent
adiabatic state population calculated with a Qu-Eh simulation started at FC point on S1 (of course the chemical interpretation changes with time). The
adiabatic state occupancy is averaged over 47 gwp (using gross populations).21 (D) The corresponding relevant averaged single and double C−C bond
lengths. (E) As for panel B but using 50:50 superpostion of S1 and S2 F. The corresponding progression of single and double C−C bond lengths. Note
that the simulation time in panel F is slightly shorter than that in panel D.
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Coworkers: M. A. Robb, G. A. Worth
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May biological evolution have tuned the 
population splitting ?
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Conclusion & Perspectives
The quantum efficiency (φcis→trans) of rod rhodopsins is 
controlled by two conical intersections:

Yang, X.; Manathunga, M.; Gozem, S.; Léonard, J.; Andruniów, T.; Olivucci, M. Nat. Chem. in press. 
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