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Ever since the conversion of the 11-cis retinal chromophore to its
all-trans form in rhodopsin was identified as the primary photo-
chemical event in vision', experimentalists and theoreticians have
tried to unravel the molecular details of this process. The high
quantum vyield of 0.65 (ref. 2), the production of the primary
ground-state rhodopsin photoproduct within a mere 200 fs (refs
3-7), and the storage of considerable energy in the first stable
bathorhodopsin intermediate® all suggest an unusually fast and
efficient photoactivated one-way reaction’. Rhodopsin’s unique
reactivity is generally attributed to a conical intersection between
the potential energy surfaces of the ground and excited electronic
states'®'" enabling the efficient and ultrafast conversion of photon
energy into chemical energy'>'°. But obtaining direct experi-
mental evidence for the involvement of a conical intersection is
challenging: the energy gap between the electronic states of the
reacting molecule changes significantly over an ultrashort time-
scale, which calls for observational methods that combine high
temporal resolution with a broad spectral observation window.
Here we show that ultrafast optical spectroscopy with sub-20-fs
time resolution and spectral coverage from the visible to the
near-infrared allows us to follow the dynamics leading to the con-
ical intersection in rhodopsin isomerization. We track coherent
wave-packet motion from the photoexcited Franck-Condon
region to the photoproduct by monitoring the loss of reactant
emission and the subsequent appearance of photoproduct absorp-
tion, and find excellent agreement between the experimental obser-
vations and molecular dynamics calculations that involve a true
electronic state crossing. Taken together, these findings constitute
the most compelling evidence to date for the existence and
importance of conical intersections in visual photochemistry.

We initiated the photoisomerization reaction in the retinal chromo-
phore of purified rhodopsin by 10-fs 500-nm pump pulses resonant
with the ground-state absorption. The photoinduced dynamics were
then probed by delayed ultra-broadband few-optical-cycle probe
pulses, either in the visible wavelength region (500-720nm) or in
the near-infrared (NIR, 820-1,020 nm), generated by synchronized
optical parametric amplifiers'”. The temporal resolution was <20 fs
over the entire monitored spectral range. Figure 1a presents a differ-
ential transmission (AT/T) map as a function of probe wavelength and
pump-probe time delay. Immediately following excitation from the
ground state (Sy) to the first excited singlet state (S;), we observed a
positive AT/T signal (blue in the figure) with maximum intensity at
~650 nm, which is assigned to stimulated emission from the excited
state due to the negligible ground-state absorption in this wavelength
range. The stimulated emission signal rapidly shifts to the red while
losing intensity and disappearing to wavelengths longer than 1,000 nm
within ~75 fs. At this time, the AT/T signal changes sign and trans-
forms into a weak photoinduced absorption signal (red in the figure),
which initially appears at 1,000 nm and then gradually shifts to the blue

and increases in intensity. For delays longer than 200 fs, the photo-
induced absorption signal stabilizes as a long-lived band peaking at
560 nm, indicating the formation of the all-trans photoproduct®. We
emphasize that the use of a sub-15-fs NIR probe is the key to observing
the transition between the excited and ground electronic states. Time
traces at selected probe wavelengths are shown in Fig. 1b, highlighting
the red shift of the stimulated emission signal and the subsequent blue
shift of the photoinduced absorption.

To extract a dynamic model of the photoinduced process from these
data, we simulated the transient signals by using scaled complete active
space-self consistent field (CASSCF) transition energies over hybrid
quantum-mechanical (QM, CASSCF)/molecular-mechanical (MM)
trajectories following the evolution of the opsin-embedded chromo-
phore from the excited to the ground electronic state. Similar methods
have been previously used to track photoinduced dynamics in rho-
dopsin'*'>'® and other biomolecules'*~**. This approach approximates
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Figure 1 | Wave-packet dynamics through the rhodopsin conical
intersection. a, ¢, Experimental (a) and simulated (c) differential transmission
(AT/T) map as a function of time delay and wavelength in the visible and NIR
spectral regions. The white area in the experimental data around 750 nm
corresponds to the ‘blind region’ of our set-up. Grey lines are guides to the eye,
highlighting the temporal shifts of the stimulated emission (blue) and
photoinduced absorption (red/orange) signals. b, d, Experimental (b) and
simulated (d) AT/T dynamics at selected probe wavelengths.
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full non-adiabatic complete active space with second-order perturba-
tion theory (CASPT2) dynamics* that are currently possible only for
smaller systems>. Our virtual spectroscopies and dynamics (Fig. 1c
and d) agree almost quantitatively with the experimental results, owing
to the inclusion of both the steric and electrostatic interactions within
the retinal binding pocket (at the MM and QM level, respectively). The
same holds for the 61% photoisomerization quantum yield and the
average S;—S, hopping time (~110fs) extracted from the simula-
tions, which further support the reliability of the theoretical approach.

The ultrafast complex spectral evolution observed both experiment-
ally and theoretically can be understood qualitatively with the help of
Fig. 2a. Here, the motion of the wave packet is depicted along the
ground-state and excited-state potential energy surfaces of the rho-
dopsin chromophore as a function of the isomerization coordinate.
The wave packet initially created in the Franck-Condon region of the
excited state of the 11-cis reactant rapidly evolves along the reaction
pathway towards the conical intersection, and the stimulated emission
progressively shifts to the red as the energy gap between the excited
and ground states narrows. Near the conical intersection region, which
is reached in ~80fs according to both experiment and theory, the
stimulated emission signal vanishes as the two surfaces approach each
other and the transition dipole moment decreases. Following the
jump’ to the hot ground state of the photoproduct, a symmetric
photoinduced absorption signal is formed. This photoinduced absorp-
tion band rapidly shifts to the blue as the surfaces move away from
each other energetically and the wave packet relaxes to the bottom of
the photoproduct well, reflecting the redistribution of the excess
energy deposited in the molecule and the final torsional movement
to the all-trans configuration®.

To complete the description of photoinduced dynamics in rhodop-
sin, we report the portion of the AT/T map probing the response of the
system in the visible region, from 495nm to 610nm (Fig. 3a). In
agreement with previous studies®”, we observe the delayed formation
of the photoinduced absorption band of the photorhodopsin photo-
product, which peaks at 560 nm and is complete within 200-250 fs.
The signal does not display exponential build-up dynamics, but
appears rather abruptly, starting at ~150 fs (see time trace at 550 nm
in Fig. 3b), which is the time needed for the wave packet to cross the
conical intersection and enter the probed wavelength window on the
photoproduct side. The blue region of the spectrum is dominated
by the photobleaching signal from the ground state of the parent
rhodopsin molecule, peaking at ~510 nm. These two spectral signa-
tures partially overlap, so that the photobleaching band shrinks in time
as the photoinduced absorption signal forms and blue-shifts. The
amplitude of the photobleaching band also decreases owing to the
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Figure 2 | Isomerization potential energy surfaces of rhodopsin. a, Sketch of
the ground- and excited-state potential energy surfaces of the chromophore in
rhodopsin as a function of the isomerization coordinate. Wavy arrow indicates
photoexcitation, straight arrows correspond to stimulated emission (blue) or
photoinduced absorption (red/orange). The graph shows that stimulated
emission from the excited state of the parent molecule and photoinduced
absorption from the hot photoproduct can monitor the wave-packet dynamics

LETTER

Time (fs)
-50 0 50 100 150 200 250
T T T 15
600
11
— 580 7.5
£
£ 560 88 9
2 0 =
e 540 S
[0
B 5 -3.7 'E
=
520 -7.5
11
500
-15
&=
o
£
=
< L
20 M1 -cis Cl All-trans
" 1 " 1 n 1 1 1 " " 1 "
-50 0 50 100 150 200 250 300
Time (fs)

Figure 3 | Rhodopsin isomerization probed in the visible spectral range.

a, AT/T map in the visible spectral region. b, Time traces at 500 nm and 550 nm
probe wavelengths; central grey area labelled CI indicates the approximate
conical intersection occurrence between the initial 11-cis configuration (left
grey area) and the final all-trans (right grey area; reached in ~200 fs).

return of 35% of the excited state population back to the ground state
of the 11-cis reactant. At early probe delays, a photoinduced absorp-
tion band peaking at ~500 nm is evident (see time trace in Fig. 3b),
corresponding to a transition from the Franck-Condon excited state to
a higher-lying S, state’, having a greater dipole moment than the
ground state photobleaching band. This band disappears within
~50 fs, owing to the wave-packet motion out of the Franck-Condon
region. Over longer timescales (see Supplementary Fig. 8 and
Supplementary Discussion), the photoproduct photoinduced absorp-
tion signal displays vibrational coherence with a ~550-fs period
(~60-cm™" frequency). The probe-wavelength dependence of the
amplitude and phase of this vibration is consistent with a wave packet
moving in the ground state of the photoproduct, in agreement with
previous observations®’.

The extremely high experimental time resolution combined with
the remarkable agreement with theory makes it possible to confidently
predict the real-time structural changes occurring within the first
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through the conical intersection. b-d, Averaged structures of the chromophore
at the initial 11-cis (b) (blue star ‘1’, t = 0fs, 0, = —12.8°, 0, = 173.9°), conical
intersection (c) (blue star 2°, t = 110fs, 0, = —87.8°, 0, = —144.6°) and final
all-trans (d) (blue star 3, t = 200fs, 0, = —141.0°, 0, = —142.0°)
configurations; grey/yellow colours indicate the chromophore QM/MM
regions in the simulations.
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200fs of retinal isomerization in rhodopsin. The Supplementary
Movie shows the evolution of the reacting retinal structure during
the first 200 fs, averaged over the isomerizing and non-isomerizing
trajectories in the top and bottom movie panels, respectively. Here,
we focus on the key structures, namely the 11-cis reactant, the structure
of retinal at the conical intersection and the all-trans photoproduct
(Fig. 2b-d). Comparison of the retinal structure in the ground state
(Fig. 2b) with the structure at the conical intersection (Fig. 2¢) reveals
dramatic changes only in the vicinity of the isomerizing bond. We
found that the average C11=C12 dihedral angle at the conical inter-
section is 0, = —87.8° (Fig. 2¢), ranging from —75° to —105° for
individual trajectories, emphasizing the relevance of the C11=C12
twist in triggering internal conversion. At the same time, the
C9=CI0 torsional angle 0, also exhibits a large change (by ~45°)
on the excited-state surface as the wave packet moves towards the
conical intersection (Fig. 2¢). This torsion also persists on the photo-
product side (Fig. 2d), accounting for chromophore ends that are
motionless during the isomerization process (yellow portions in Fig.
2b-d), in agreement with structures derived from femtosecond stimu-
lated Raman scattering’® and reminiscent of the ‘bicycle pedal’ pro-
posal for retinal isomerization in rhodopsin®**’. Notably, all
trajectories reach the S,/S, crossing region and decay to Sy, from which
they rapidly branch and immediately move towards their final ground
state configuration: 61% yield the all-frans product (0; = —140°),
while 39% result in a frustrated isomerization and return to the cis
reactant (0, = —15°).

Taken together, these data indicate that the structural evolution
from the reactant towards the conical intersection is restricted almost
exclusively to the atoms in the centre of the molecule. This behaviour is
promoted by the tight binding pocket provided by the protein for the
chromophore, which restricts the possible motion at its ends™.
Therefore, retinal can use all of the incident photon energy to drive
minimal atomic displacements in the C9=C10-C11=C12 region and
reach the conical intersection region within 80 fs, resulting in a very
fast reaction speed. Once the local isomerization has taken place, the
overall highly strained structure can then rapidly relax either in the
photoproduct well, resulting in the more trans-like structure that com-
pletes the primary isomerization reaction (major component), or back
to the 11-cis starting reactant (minor component). The close agree-
ment between our experimental data and theoretical simulations indi-
cates that the resulting molecular movie of the photoisomerization
process, generated with atomistic detail and femtosecond time resolu-
tion, indeed reveals the complete dynamics of this classical conical
intersection reaction that initiates vision.

METHODS SUMMARY

Ultrafast spectroscopy. An amplified Ti:sapphire laser system delivering 150-fs
pulses at 790 nm and 1 kHz feeds three independent, synchronized non-collinear
optical parametric amplifiers (NOPAs)". The first generates 10-fs pulses centred
at 520 nm (with 55-nm bandwidth) that are used to pump rhodopsin. The second
and third NOPAs generate the probe pulses in the visible (500-750 nm, 7 fs) and in
the NIR (820-1,020 nm, 13 fs). The sample is contained in a ~300-pm-pathlength
cuvette and is flowed rapidly to ensure complete replacement between consecutive
pulses. A fast spectrometer enables single-shot recording of the probe spectrum.
Control runs on the buffer solution confirmed that the observed dynamics are
solely due to rhodopsin molecules. Temporal resolution was limited by group-
delay mismatch between pump and probe pulses in the cuvette to ~13fs and
~18fs at 700 nm and 900 nm, respectively.

Numerical simulations. Protein set-up (1U19 PDB code)* is documented else-
where'®. QM(CASSCF(10,10)/6-31G*)/MM(Amber99ff) calculations account for
the chromophore/protein electrostatic (steric) interactions at the highest QM
(MM) level. Figure 2 highlights the chromophore QM/MM regions that, together
with the two neighbouring water molecules, are mobile. All other atoms are fixed
at their crystallographic positions, a choice that is supported by the sub-200-fs
reaction timescale and recent computational evidence'®. A thermal sample (300 K)
of 38 initial conditions is used. A velocity Verlet algorithm (step size =< 0.5 fs) is
applied to propagate trajectories, at constant energy, by equally weighting the
first three roots in a state average CAS(10/10) procedure. S;—S, decay occurs
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according to the scalar product of the S; and S, state coefficients
(AEsgq/s1 <2.2kcalmol ™' at hopping). CASSCF data for S,—S,, $;—S, and
So—S; transitions from individual trajectories are convolved with a 20-fs
FWHM (full-width at half-maximum) Gaussian function and scaled to match
CASPT2-corrected energy gaps.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Sample preparation. Rhodopsin molecules were extracted from the rod outer
segments of bovine retinae and purified by sucrose flotation followed by sucrose
density gradient centrifugation, as described elsewhere®'. The OD,40/ODsg absor-
bance ratio was less than 1.8. Fresh NH,OH was added to a final concentration of
2mM.

Pump-probe spectroscopy. Supplementary Fig. 1 shows the schematic experi-
mental set-up. It starts with a regeneratively amplified mode-locked Ti:sapphire
laser system (Clark-MXR model CPA-1) delivering pulses with 150-fs duration,
500-p] energy, at 1-kHz repetition rate and 780-nm central wavelength. The
system drives three independent non-collinear optical parametric amplifiers
(NOPAs)" in the visible and in the NIR, which generate the pump and the probe
pulses for the time-resolved experiments. The first NOPA (NOPA1) generates the
pump pulses in the 500- to 550-nm wavelength region in order to selectively excite
the rhodopsin molecule in resonance with its ground-state absorption. The second
and third NOPAs are used alternatively to generate the probe pulses in the visible
(NOPA2, from 500 nm to 750 nm) or in the NIR frequency range (NOPA3, from
820nm to 1,020 nm). NOPA1 and NOPA2 are compressed to their transform-
limited (TL) duration by multiple bounces on custom-designed chirped mirrors,
while NOPA3 is compressed to the TL by a Brewster-cut fused-silica prism pair.
The pulse durations, retrieved using the frequency-resolved optical gating (FROG)
technique, are 10fs for NOPAIL, 7fs for NOPA2 and 13fs for NOPA3.
Supplementary Fig. 2 shows typical spectra from the three NOPAs.

The sample is contained in a cuvette with 250-um-thick fused-silica windows
and ~300-um optical path. The sample thickness ultimately determines our
experimental temporal resolution due to group-delay mismatch between the
pump pulse (in the blue) and the probe pulse (in the red/NIR): when the pump
and probe pulses are perfectly synchronized (time zero) at the front face of the
sample, they will be delayed at the sample exit, thus smearing out the measured
time traces. The calculated group delay mismatch is 12.7 fs at 700 nm and 17.4 fs at
900 nm (considering the dispersion relations of water).

After the sample, the probe beam is selected by an iris and focused onto the
entrance slit of a spectrometer equipped with a 1,024-pixel linear photodiode array
and electronics specially designed for fast read-out times and low noise*’. The
spectral resolution of the spectrograph (about 2 nm) is more than sufficient for our
experiments. A fast analogue-to-digital conversion card with 16-bit resolution
enables single-shot recording of the probe spectrum at the full 1-kHz repetition
rate. By recording pump-on and pump-off probe spectra, we can calculate the
AT/T spectrum at the specific probe delay 7 as:

AT/T(;~>T) = [Ton(;of) - Toff(/l)]/Toff(i)

By repeating this procedure for a few hundred milliseconds and averaging the
resulting signals, it is thus possible to achieve a high enough signal-to-noise ratio to
detect AT/T spectra down to the 10~ * level over the whole probe wavelength
range. By moving the translation stage we record AT/T spectra at different probe
delays, thus obtaining a complete two-dimensional map: AT/T = AT/T(/,7).

The absorption spectrum of rhodopsin, peaking at ~500nm, is plotted in
Supplementary Fig. 2 as a shaded curve. To prevent the accumulation of photo-
product in the irradiated volume, the sample was continuously re-circulated by
means of a peristaltic pump in a closed-loop circuit with ~4 ml total volume to
ensure complete replacement of the sample in the focal volume for each consec-
utive laser shot. The excitation fluence was chosen so as to be in a perturbative
regime, with maximum |AT/T| of the order of 1-2%.

To ensure that the signal is only due to the rhodopsin molecule, we also per-
formed pump-probe experiments, in exactly the same experimental conditions, on
two different samples: (1) the buffer alone and (2) the fully bleached rhodopsin
solution obtained by stopping the flow. In both cases, the transient signal disap-
peared except for the coherent artefact around time zero, which was subtracted
from the data.

QM/MM calculations and protein setup. CASPT2//CASSCF/6-31G*/AMBER
QM/MM (ref. 33) computations are performed using the COBRAMM inter-
face® implemented by our group, using a hydrogen link-atom scheme® and
linking the Molpro®, MOLCAS-6.0*” and AMBERS* packages. Details of the
approach have been presented elsewhere®. Other applications involving this
methodology may be found in refs 16, 39. Geometry optimizations, frequency
calculations and molecular dynamics involve ab initio CASSCF/6-31G* computa-
tions™ for the QM region. The AMBERS software and the ff99 force field** are used
for the MM region and its charges. During all calculations the retinal chromo-
phore, the region between Schiff base nitrogen and the Cg-carbon of Lys 296, and
the two neighbouring water molecules are mobile. The remaining atoms are
fixed at their positions in the protein crystal (1U19 PDB code). Two different
chromophore QM/MM-models have been used here, a full chromophore set-up

for optimizations and static isomerization path mapping, and a reduced chromo-
phore model for molecular dynamics simulations. In the full chromophore the
QM-MM frontier is placed at the Cs—C, bond of the Lys 296 side chain and a full
CASSCEF active space of 12 electrons and 12  orbitals (CAS 12/12) is applied. The
reduced model is simplified by excluding the non-n-conjugated -ionone ring part
(see Fig. 2b-d) and employing a reduced CASSCF 10/10 active space.

The protein set-up used in this work is the same used by some of the authors ina

very recent static investigation of rhodopsin photoisomerization (see ref. 16 for the
details). While the protonation state of glutamic acid 181 is still a matter of debate,
it was left unprotonated in the current simulations. Owing to its location above the
centre of the retinal chromophore, this residue’s charge does not affect the photo-
isomerization path and the energy of the photoactive charge transfer state S, (refs
16, 41). Therefore, this choice should not influence the computed dynamics.
Active space selection for dynamical simulations. The m orbital set used for
the reduced chromophore is depicted in Supplementary Fig. 3. To validate the
reductions in orbital space and QM region, the static excited state reaction path
along C11 = CI12 torsion was computed by constrained geometry optimization
and compared to the corresponding reaction path of the full chromophore from
ref. 16. A two root state averaged wavefunction was employed in both calcula-
tions. Supplementary Fig. 4 shows the isomerization S, energy profiles for the full
chromophore (full lines) and the reduced model (dotted lines). Both the excited
state energies and the S,/S, energy differences in CAS(12/12) are almost perfectly
reproduced by CAS(10/10). From these results we conclude that the simplifica-
tions applied are reasonable and allow a calculation of several trajectories at
significantly reduced computational cost, still preserving the accuracy found in
the unreduced QM-model/active space. This conclusion is further supported by
dynamical computations (see below).
Molecular dynamics simulations. CAS(10,10)/6-31G*/AMBER QM/MM
numerical frequencies have been calculated on the rhodopsin ground state mini-
mum (optimized at the same level). These are used to generate initial conditions
for the dynamics by thermally sampling the vibrational modes at 300 K (ref. 42;
including zero-point energy corrections: high frequency C-H, N-H and O-H
modes are excluded). Note that the temperature distribution is related only to
the mobile part, while the protein stays fixed during thermal sampling and
molecular dynamics runs. The fixed crystal structure of the protein is considered
as a mean representation of the experimental positions of the atoms, although at
low (100 K) temperature. This approximation is justified by the extremely short
timescale of the rhodopsin primary photochemical event investigated here
(~100fs decay time and 200 fs photoproduct appearance time) that prevents
protein thermalization (that is, equilibration). This is further supported by the
results of ref. 15, showing that excited state dynamics in rhodopsin are not affected
by protein mobility. While this is a well established procedure'*'®, it was also
adopted for practical reasons. The number of electrostatic field derivatives that
can be calculated in one step by the ab initio program is limited. Furthermore,
a mobile protein environment may result in a wrong ordering of S, and S, energy
states at the CASSCF level, leading to unrealistic simulations. Supplementary
Fig. 5 shows the distribution of several ensemble parameters for the 38 randomly
generated initial conditions. Considering the limited number of sampled points,
the partitioning of potential and kinetic energies and torsion angles appears
reasonable and suggests that the sample is already statistically meaningful.

Trajectories were started after Franck-Condon excitation to the first excited
singlet state using the COBRAMM interface, which couples Molpro-CASSCF and
Amber. The wavefunction was averaged over the first three singlet states through-
out the entire calculation. For accurate calculation of state averaged CASSCF
gradients, Molpro’s CPMCSCF routines were employed®. Newton’s equations
of motion were integrated on the fly using the velocity Verlet algorithm® and a
time step of 0.5 fs. In order to properly detect possible decay points, the time step
was reduced to 0.25 fs when the S;-S, energy difference was below 8 kcal mol ™.
When the scalar product of the S; and S, state coefficients indicated that a surface
crossing had been passed, the trajectories were brought to the ground state*!. The
energy gap at the hops was always below 2.2 kcal mol . This simplified algorithm
forces hops to take place only at the S,/S, intersection seam and, in principle, could
lead to an underestimation of the population transfer probability. However, the
S1/S, conical intersection is very peaked in rhodopsin'®. This topological feature is
compatible with a decay that substantially occurs only when the intersection seam
is reached, justifying the adopted hopping procedure.

The two-panel Supplementary Movie displays the ‘averaged’ molecular struc-
tures corresponding to the trajectories leading respectively to the all-trans
retinal photoproduct and to the 11-cis reactant; owing to the random rotation
of methyls, the positions of methyl hydrogens have been fixed relative to their
neighbouring carbon. The dihedral angle of the rotating central bond is explicitly
displayed, clearly showing that the motion is restricted to the central part of the
chromophore.
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Reference trajectories: further validation of the reduced CAS(10,10) active
space. Two reference trajectories, starting without initial kinetic energy (0 K) with
a time step of 1fs, were propagated employing the reduced QM chromophore
model with a CAS(10/10) active space and a full CAS(12/12) active space descrip-
tion. Supplementary Fig. 6 shows the evolution of energies, C11 = C12 dihedrals
and bond lengths. For the most part, the two trajectories are almost identical.
Subtle differences appear only after the hop to the ground state, which is delayed
by only 1fs in CAS(12/12). These dynamical results validate the reduced CAS(10/
10) active space employed in this work for a systematic dynamical investigation of
the retinal photoreaction in rhodopsin, being almost as accurate as the full
CAS(12,12) active space.

Calibration of ultraviolet-visible absorption and emission data. In order to
partially account for the deficiencies in CASSCF calculated spectral data, linear
scaling factors were estimated to match the more accurate values obtained at the
CASPT2 level of theory™. As applied in the dynamics, a CAS(10,10)/6-31G* three
root state averaged description of the wavefunction was used for the reduced
system to optimize the complete static photoisomerization path from first excited
to ground state. State averaged CASSCF gradients were computed using Molpro’s
CPMCSCEF routines. The three root state averaged approach allowed us to estimate
the contribution of both Sy-S; and S;-S, transitions; the latter may have a non-
negligible influence on time-resolved emission/absorption spectra.

Supplementary Fig. 7a shows the first three singlet state energies along the
aforementioned reaction path calculated with CASSCF (full lines) and with
Molcas CASPT?2 (dotted lines). To generate these plots, the CASSCF(10/10) opti-
mized reaction path of the reduced model (full lines) has been re-evaluated at the
CASPT2 level employing a constant imaginary level shift** of 0.2 and according to
a full chromophore approach: the QM region and active space have been enlarged
on top of the reduced chromophore structures to embrace the whole chromophore
and 1 orbital space, respectively. Remarkably, the vertical So—S; CASPT2(12,12)
computed energy is 58.9 kcal mol ™", in fair agreement with the recorded absorp-
tion (57.6 kcal mol ™'). As expected, S; is less steep at the CASPT2 level, and the S,
energy is significantly reduced when considering dynamic electron correlation.
Energy differences are depicted in Supplementary Fig. 7b. Scaling factors for the
stimulated emission signal were obtained by averaging the energy difference quo-
tients from the S; backbone relaxed chromophore structure (Min-S;) to 60° of
C10-C11=C12-C13 torsion. It is worth noting that, in order to increase the
accuracy of the scaling factors employed in spectra simulations, both the
Franck-Condon structure and the region in close vicinity to the conical intersec-
tion (that is, 70°~110° twisted points that all have a rather small S,/S, energy gap)
have not been taken into account in the fitting, as they do not enter the probe
wavelength window (610-720 nm and 820-1,020 nm) of the experiments (see Fig.
1). Scaling factors for the photoinduced absorption signal were estimated by an
analogous procedure, using the optimized ground state path from 120° towards
the photoproduct. The values are reported in Supplementary Table 1.

In addition, the scaling factor for the stimulated emission process has also been
determined from the reference 0 K CAS(10/10) trajectory described in the pre-
vious section, by employing an analogous procedure. Those values are listed in
Supplementary Table 2 and show that the dynamical scaling factor (0.793) is very
similar to the static one (0.791). This confirms that the scaling factors obtained
here are applicable to retinal photoisomerization trajectories.

Supplementary Fig. 7, comparing CASSCF versus CASPT2 energy profiles, also
illustrates another important point: the CASSCEF surface is not much steeper than
the correlated one. Indeed, CASSCF overestimates excited state energies all along
the photoisomerization path including the starting (Franck-Condon) and ending
(conical intersection) points, leading to a moderate change in the gradient.
More specifically, both profiles are barrierless and only the very initial part
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(Franck-Condon—Min-S;) of the CASSCF relaxation path is slightly steeper.
This part refers mainly to C-C bond order inversion, with no torsion involved.
Afterwards, when C11 = C12 rotation becomes active, the two surfaces run almost
parallel to each other. The same behaviour has already been recognized in other
retinal protonated Schiff base models (see figure 3 in ref. 10).

Owing to the overestimation of the surface steepness, a somewhat faster process

is expected in our simulations and, indeed, our initial relaxation out of the Franck—
Condon region is slightly faster than observed: see the simulated lines in Fig. 1c
that are steeper than the experimental ones in Fig. 1a. However, the C11 = CI12
torsional mode is driven by a correct gradient and force field, and the timing error
is comparable to the 20-fs time resolution of the experiments. For this reason,
differently from ref. 14, we preferred not to apply any scaling factor to the simu-
lated timescale, which already agrees reasonably well with the experiments. The
scaling factor was instead applied to the transition energies to gain experimentally
accurate values.
From the trajectories to the transient spectra. For each instant of time, the
transient spectrum was calculated as a superposition of $;—S stimulated emis-
sion and S;—S, photoinduced absorption before, and Sy—S; photoinduced
absorption after, the hop to the ground state. Each of these three signals was
represented by a Gaussian functions centred at the corresponding transition
energy averaged over all the trajectories with half-width equal to the standard
deviation of the collected data and height equal to the mean oscillator strength.
To account for the finite pulsewidths used in the experiments, we convolved the
calculated transient signals with a 20-fs FWHM Gaussian function.
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