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The origin of absorptive features in the
two-dimensional electronic spectra of rhodopsin†

Marwa H. Farag, * Thomas L. C. Jansen and Jasper Knoester

In rhodopsin, the absorption of a photon causes the isomerization of the 11-cis isomer of the retinal

chromophore to its all-trans isomer. This isomerization is known to occur through a conical intersection

(CI) and the internal conversion through the CI is known to be vibrationally coherent. Recently

measured two-dimensional electronic spectra (2DES) showed dramatic absorptive spectral features at

early waiting times associated with the transition through the CI. The common two-state two-mode

model Hamiltonian was unable to elucidate the origin of these features. To rationalize the source of

these features, we employ a three-state three-mode model Hamiltonian where the hydrogen out-of

plane (HOOP) mode and a higher-lying electronic state are included. The 2DES of the retinal chromo-

phore in rhodopsin are calculated and compared with the experiment. Our analysis shows that the

source of the observed features in the measured 2DES is the excited state absorption to a higher-lying

electronic state and not the HOOP mode.

1 Introduction

The primary photochemical event in vision is the ultrafast
isomerization of the 11-cis retinal chromophore in rhodopsin
(Rh). After excitation with a 500 nm photon, it undergoes an
ultrafast 11-cis to all-trans isomerization. The photoisomeriza-
tion process is known to be very efficient with a quantum yield
of 0.671 and is completed within 200 fs.2 This ultrafast cis-to-
trans isomerization occurs through a conical intersection (CI),
as has been confirmed by recent ultrafast transient absorption
spectroscopy2 and previous theoretical works.3–6 The internal
conversion through a CI is known to be vibrationally
coherent7–18 and, thus, the coherent vibrational dynamics play
a crucial role in driving the photoisomerization in Rh. Visual
Rh can be used for the design of bio-electronic devices and
optical memories.19,20 For such applications, it is crucial to
understand the atomic motions that drive the chemical reac-
tion in Rh. Previous experimental11,21–24 and theoretical25–30

studies have led to the conclusion that in Rh, the delocalized
torsional mode, the CQC ethylene stretch mode, and the
hydrogen wagging mode are essential for the isomerization
mechanism. More recently, transient absorption experiment
revealed the nuclear motions that drive the transition of the
11-cis isomer to the primary photoproduct in Rh.11 The authors
of ref. 11 reported photoisomerization dynamics on a sub-50 fs

timescale and concluded that a localized torsional mode repre-
sents the reaction coordinate in Rh rather than a delocalized
torsional mode. The experiment in ref. 11 was performed
using resonant ultrashort pulses (11 fs pulses in the blue
(450–495 nm)–green (495–570 nm) region). This spectral band-
width allowed for the observation of the evolution modes
coupled to the electronic states and probing up to the in-phase
ethylenic stretch vibrational mode during the isomerization.
This is different from the experiment in ref. 2 where Rh was
excited by a pump pulse with 10 fs duration centered at 520 nm
and then, probed by frequency resolved o20 fs pulses at the
visible (500–720 nm) and near-infrared (820–1020 nm) wave-
length. The probe pulse in the experiment of ref. 2 is, therefore,
not short enough to reveal the evolution of the nuclear motions
during the isomerization and only the electronic dynamics
during the isomerization of Rh was probed. Stock and co-
workers have proposed a minimal model that includes two states
(S0 and S1) and two modes (the ethylene stretch mode and the
delocalized torsional mode)27,31 and used this model to conduct
an exact time-dependent wave-packet calculation for the retinal
chromophore in Rh. This minimal model has been shown to
qualitatively reproduce the measured pump–probe spectra in
Rh.31 However, it was unable to reproduce the absorptive
features observed at short waiting times in the recently measured
two-dimensional electronic spectra (2DES) in Rh.24 Apparently, to
account for the multidimensional nature of the non-adiabatic
photoisomerization process in Rh, a more sophisticated model
should be employed.

Participation of the hydrogen out-of-plane (HOOP) mode
during the isomerization in Rh has been studied extensively,
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both experimentally and theoretically. From computational
studies, using ab initio multi-configurational quantum chem-
istry, it is expected that the photoproduct generation is
controlled by the HOOP mode.25,26,32 From experiment, using
10-fluoro, 12-fluoro, and 14-fluoro analogues of Rh, it was
observed that the rotation of the C12–H bond of the retinal
chromophore in Rh plays a major role in the efficient photo-
isomerization process.33 Further experiments using femto-
second stimulated Raman spectroscopy (FSRS) demonstrated
that the excited state decay through the CI is mediated by the
fast HOOP motion and that the HOOP mode facilitates the
internal conversion during the isomerization.21 A simulation of
the time-dependent FSRS21 revealed that the HOOP mode relaxes
on the photoproduct potential energy surface with a 140 fs time
constant.34 Moreover, recent experiments using ultrafast transi-
ent absorption spectroscopy indicated that the HOOP mode is
one of the major coupling modes of the system.22

Recently, two-dimensional photon echo experiments were
used to reveal the vibrational coherences of Rh during the iso-
merization.24 The measured spectra show two different kinds of
absorptive features, one at early waiting times (20–35 fs)
associated with the transition through the CI and the others
at delay times starting at 65 fs and persisting for all remaining
waiting times measured. The calculations of the two-dimensional
photon echo using the common two-state two-mode model
developed by Stock and co-workers27,31,35–38 did not repro-
duce the measured spectra.24 Therefore, we modified the fre-
quently used parameters (Huang–Rhys factor and the frequency
of the torsional mode) of the two-state two-mode model
Hamiltonian27,31 to achieve acceptable agreement with the
experiment in ref. 24 on which we are co-authors. The modified
Hamiltonian allowed the authors to reproduce the measured
spectra at delay times from 65 fs and beyond. The absorptive
features could be assigned to the absorption of the trans
photoproduct. With the modified model, however, it was not
possible to reproduce the spectra at the early waiting time24 and
speculated that the absorptive features in this time range could
be attributed to the HOOP mode which was absent in the
applied theoretical model.24 So far, independent theoretical
evidence is missing that the HOOP mode should be included
to properly simulate the 2DES of the retinal chromophore
in Rh, and thus, to fully understand the photoisomerization
reaction. A recent computational study using a hybrid QM/MM
approach based on a multi-configurational method investi-
gated the excited-state manifolds of the retinal chromophore
in Rh and has predicted that the transition from the first excited
state to other higher lying excited states is possible and is
expected.39 Unlike other systems such as bacteriorhodopsin,6,40,41

the higher excited states in Rh are not involved in the isomer-
ization mechanism,2,21,42,43 but are expected to give rise to
induced-absorption peaks in the spectral window observed
in the measured two-dimensional electronic spectra (2DES)
of ref. 24. This strongly suggests that an improved model
Hamiltonian should, in addition to the HOOP mode, also
include this bright excited state. The aim of this work is to
build on the model in ref. 24 and employ a model for Rh going

beyond the commonly considered two-state two-mode
models24,31,36,37,44 and use it to simulate the 2DES at early waiting
times to uncover the origin of the spectral features observed in the
measured 2DES of the retinal chromophore in Rh at early times
(20–35 fs), before the photoproduct formation.24

This paper is organized as follows. First, we present the
model Hamiltonian that is employed throughout the paper to
simulate the 2DES. Next, the electronic state population and
the cis–trans isomerization probability are investigated for the
model Hamiltonian employed; afterwards, the expectation
values for the coordinates of the normal modes are analyzed;
then, the 2DES are investigated and compared with the avail-
able experiments. Finally, we summarize and conclude.

2 Model and methods

Previous experiments using resonance Raman (RR) analyzed
the initial dynamics and the vibrational normal modes that
govern the photoisomerization in the retinal chromophore of
Rh.10 The RR spectrum exhibits a number of vibrational normal
modes (28 normal modes) that are active (i.e., they experience
shifts in their equilibrium geometry upon electronic excitation).
Strictly speaking, the retinal chromophore in Rh lacks symmetry
and belongs to the C1 point group. Previous studies approxi-
mated the point group in the planar 11-cis retinal chromophore
in Rh by C2v and the all-trans retinal by C2h.10,21 The symmetry
classification (C2v or C2h) is approximate to the symmetry group
of the polyene that has common spectroscopic features with Rh.6

Based on the measured RR spectra, we modify the existing
model Hamiltonian by Domcke45 and Stock.27,37 Two different
novel model Hamiltonians are constructed from the modulated
Hamiltonian. Model-I, where symmetry is not taken into account,
and model-II, where symmetry is considered. In both models, we
define a three-state model involving three vibrational modes: the
in-phase CQC ethylenic stretch mode with coordinate qt, the
HOOP wagging motion of the 11 and 12 hydrogen with coordi-
nate qc, and the reaction coordinate defined by the localized
C11QC12 torsional mode with coordinate y. These modes are
illustrated in Fig. 1.

Fig. 1 The 11-cis retinal chromophore in rhodopsin with illustration of the
three vibrational modes.
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We begin by introducing model-I. Adopting dimensionless
normal coordinates and neglecting the anharmonic mode-
mode coupling, our model-I Hamiltonian (h� = 1) in the diabatic
representation reads

Ĥ ¼
X2
n¼0

Snj i T̂ þ V̂nn

� �
Snh j þ S0j ilq̂c S1h j þ S1j ilq̂c S0h jð Þ (1a)

T̂ ¼ � 1

2I

@2

@ŷ2
� oc

2

@2

@q̂c
2
� ot

2

@2

@q̂t
2

(1b)

V̂00 ¼
1

2
W0ð1� cos ŷÞ þ 1

2
ocq̂c

2 þ 1

2
otq̂t

2 (1c)

V̂11 ¼ E1 �
1

2
W1ð1� cos ŷÞ þ 1

2
ocq̂c

2 þ 1

2
otq̂t

2 þ Wq̂c þ kq̂t

(1d)

V̂22 ¼ E2 þ
1

2
W2ð1� cos ŷÞ þ 1

2
ocq̂c

2 þ 1

2
otq̂t

2 þ gq̂c þ zq̂t

(1e)

where |S0i, |S1i, and |S2i are the diabatic electronic ground
state, the first excited singlet state, and the second excited singlet
state, respectively. Here, |S2i is introduced in the simplest way
to represent the third electronic state in the model and it is
decoupled from the |S0i and |S1i states. Other states may exist
between |S1i and |S2i that are not visible in the spectroscopic
window of interest. We should mention that the simulation
of the 2DES (see below) is quite time consuming prohibiting
attempting to fit the experimental spectra including more
states involving additional free parameters. The presence of
other (dark) electronic states may potentially influence the
spectra and dynamics. A previous theoretical study, investi-
gating the excited electronic states of the retinal chromophore
of Rh, predicted that the S1 - S4 transition is bright.39 Thus,
in the present work, |S2i state is likely corresponding to that
|S4i electronic state. oc and ot are the frequencies of the HOOP
mode and the ethylenic stretch mode, respectively. W0, W1, and
W2 characterize the variation of the PES along the reaction
coordinate. The parameters W0 and W1 are chosen to reproduce
the photon-energy storage, the net change in energy (DE) in
going from the reactant (cis) to the product (trans), observed
in Rh, which amounts to about B30 kcal mol�1.46,47 I is the
moment of inertia for the torsional mode and it is determined
by taking into account the localized torsional mode frequency

oR = 570 cm�1 ref. 10, 11 and 24 oR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W0=2I

p� �
as suggested

by the measured 2DES in ref. 24. E1 and E2 are the vertical
excitation energies from |S0i to the states |S1i and |S2i, respec-
tively. W, k, g, and z are the gradients of the first and the second
excited state potential, which determine the displacement of
the excited state potential well. The dimensionless displace-
ment between the minima of the ground- and excited-state

harmonic well is given by
X=oið Þ2

2
, where X is W, k, g, or z and i is

t or c. The gradient W and k parameters are chosen such that the

S1 gradient for the HOOP mode and the CQC ethylenic stretch
are consistent with the RR spectra10 (i.e., the Franck–Condon
displacement are 0.57, 0.88 for the HOOP mode and the
ethylenic stretch modes, respectively). l is the interstate
coupling constant which mixes the diabatic electronic states
S0 and S1. The value of lambda was defined as in previous
theoretical works.24,31 Here, we assume that the HOOP mode
couple the two-electronic states S0 and S1.22 The parameters for
the S2 electronic state, on the other hand, were not fixed a priori
because no values are available from experiment or theory. The
parameters for the S2, thus, were chosen to reproduce the
measured 2DES24 best. The parameters of model-I are listed
in Table 1.

In model-II, we assume that the CI in Rh is symmetry
allowed. In this model, the CQC ethylenic stretch is totally
symmetric and the HOOP mode is classified to be non-totally
symmetric. Moreover, we assume that the electronic wavefunc-
tions for S0 and S1 transform according to different irreducible
representation of the symmetry group. Then, the gradient W will
be negligible and l is non-zero only along the HOOP mode. The
parameters of this model are the same as those in model-I (see
Table 1) except that W is zero. The corresponding adiabatic PES
of the model are shown schematically in Fig. 2. The adiabatic
PES in Fig. 2 are the eigenstates obtained from the diabatic
Hamiltonian. Here, Fig. 2(a) can be qualitatively compared with
the excited state manifolds along the minimum energy path
(MEP) of the retinal isomerization in ref. 39. In our model, the
system reaches the CI when y = p/2 in agreement with PES
obtained in ref. 39.

Following the same procedure as in ref. 24 and 48, the
wavefunction of the system C(y,qc,qt,t) is numerically inte-
grated to solve the time-dependent Schrödinger equation and
the propagated wavefunction is described using the Discrete
Variable Representation (DVR).49 We employ the fast Fourier
transform DVR with 200 grid points to describe the torsional
mode y and two harmonic oscillator DVRs with 21 grid points
each to describe the ethylenic stretch mode as well as the HOOP
mode. The equation of motion is solved by a fourth-order
Runge–Kutta integrator and a time step Dt = 0.01 fs is employed.

Table 1 The parameters of the model-I Hamiltonian for the retinal
chromophore in Rh

Normal mode Parameter Value (eV)

Torsional mode y I�1 28.06 � 10�4

W0 3.50
W1 1.06
W2 2.00
E1 2.45
E2 4.61

HOOP mode qc oc 12.03 � 10�2

W 0.07
l 0.19
g 0.15

CQC mode qt ot 19.20 � 10�2

k 0.17
z 0.10
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The wavefunction Ci(y,qc,qt,t0) is initially prepared in the
ground state using the relaxation method.50 Unlike the
Landau–Zener approach,51–53 our model is a fully quantum
mechanical and the equation of motion is solved numerically.
Here, no approximations are needed when the wavefunction
approach the CI from the initially excited state and depart it to
return to the ground state. For the optical excitation, a vertical

transition from the initial ground state to the first excited state
is assumed

C(y,qc,qt,t0) = m̂01Ci(y,qc,qt,t0) (2)

where m̂01 is the electronic dipole moment operator, which
allows a vertical excitation of the initial wavepacket from the
ground state to the first excited state PES. The transition dipole
moment operator for the excitation from the first-to-second
excited state is m̂21 = 1.41m̂10 and the vertical transition is
given by

C0(y,qc,qt,t) = m̂21C(y,qc,qt,t) (3)

Here, the 1.41 scaling factor is added to scale the intensity of
the excited state absorption contribution to the 2DES spectra
and this value was adjusted to approximately reproduce the
measured spectra in ref. 24 and it is comparable in magnitude
to the S1–S4 transition dipole reported in ref. 39.

To characterize the isomerization dynamics, we calculate
the population of the electronic state in the adiabatic
representation45

Pad
k (t) = hC(y,qc,qt,t)|Sad

k ihSad
k |C(y,qc,qt,t)i, k = 0, 1

(4)

and the probabilities of finding the system in either the cis
�p
2
� y � p

2

� �
or the trans

p
2
o yo

3p
2

� �
conformation

PcisðtÞ ¼
ðp=2
�p=2

dy
ð
dqc

ð
dqt

X
k¼0;1

Sad
k

	 

C y; qc; qt; tð Þi


 

2 (5)

and Ptrans(t) = 1 � Pcis(t). |Sad
k i represents the k adiabatic

electronic state.45,54,55

To investigate the vibrational coherences during the iso-
merization process, we consider the expectation values of the
position operator that provide information about the nuclear
coherences of the system. The expectation value for the coordi-
nates qt and qc is defined as45

hq̂ti = hC(y,qc,qt,t)|q̂t|C(y,qc,qt,t)i (6)

and analogous for q̂c.
Different contributions to the 2DES spectra are illustrated in

Fig. 3. At early delay times, i.e., in the Franck–Condon region,
the 2DES consist of the ground-state bleach (GB), stimulated
emission (SE), and the excited-state absorption (EA) signals.
After the system passes through the CI (see Fig. 2), there is an
internal conversion of electronic population from the first
excited-state to the ground-state PES. As a consequence, the
SE and EA are vanishing and the 2DES have contributions that
come from the GB and photo-induced absorption (PA) signals.
The latter arise due to the formation of the trans photoproduct
in the ground-state PES. In the calculations, all these contri-
butions are accounted for. The full computational details for
the 2DES are presented elsewhere.24,48 The simulations of the
2DES are performed in the impulsive limit (i.e., assuming delta
function shape laser pulses) and are given by the sum of the
rephasing (R) and non-rephasing (NR) contributions to the

Fig. 2 (a) The adiabatic potential energy surfaces for the three electronic
states (orange: S0, blue: S1, gray: S3) as a function of the reaction
coordinate y and the HOOP coordinate qc. (b) as (a), but now as a function
of the reaction coordinate y and the ethylenic stretch coordinate qt. (c) as
(a), but now as a function of the HOOP coordinate qc and the ethylenic
stretch coordinate qt.
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spectra56,57 after the Fourier transform with respect to the
coherence times t1 and t3,

PR o1; t2;o3ð Þ ¼
ð1
0

ð1
0

X4
n¼1

Rn t1; t2; t3ð Þe� t1�t3ð Þ2=2G2

� e� t1þt3ð Þ=Le�io1t1 eio3t3dt1dt3

(7)

PNR o1; t2;o3ð Þ ¼
ð1
0

ð1
0

X8
n¼5

Rn t1; t2; t3ð Þe� t1þt3ð Þ2=2G2

� e� t1þt3ð Þ=Leio1t1 eio3t3dt1dt3

(8)

where Rn(t1,t2,t3) is the response function in the time domain
and the numbers n running through the contributions in the
double-sided Feynman diagrams in Fig. 3. The inhomogeneous
(G = 1112 cm�1) and homogeneous (L = 667 cm�1) broadening
parameters account for the effect of the environment. These
parameters are chosen to reproduce the lineshape of the
measured 2DES in ref. 24.

The simulations of the 2DES are performed using the
response function approach, where the light matter interaction
is included through time-dependent perturbation theory. We
further assume the impulsive limit.58 In the experiment,24 the
2DES were measured with resonant 11 fs pulses in the blue-
green region for all excitations with sufficient spectral band-
width to allow for the observation of vibronic effects up to and
including the in-phase ethylenic stretch frequency.

3 Results and discussion

We first present our results for the time evolution of the
electronic state population and the cis–trans probability during
the photoisomerization in our three-state three-mode model
Hamiltonian. Fig. 4 presents the population of the adiabatic
ground and the adiabatic first excited state for both model-I

and model-II after excitation to the S1 state. As one can see, they
are very similar.

During the first 25 fs, the system is exclusively on the first
excited-state PES. At 30 fs, the population of the adiabatic first
excited state begins to decrease and at E70 fs, 80% of the
adiabatic excited state population is transformed to the adia-
batic ground state. By analyzing the probability of finding the
system either in the cis or trans configuration (see Fig. 4), it is
apparent that at 30 fs, the probability of the cis isomer in the
first adiabatic excited state starts to decrease, while the popula-
tion of the trans conformer in the adiabatic ground state begins
to increase. These results indicate that during the first 20 fs, the
wavepacket is in the Franck–Condon region; at 30 fs, it reaches
the CI; and at 70 fs the isomerization is completed. This fast
isomerization in the retinal chromophore is attributed to the
localized torsional mode, which is defined as the reaction
coordinate.11,24 The results in Fig. 4 are, thus, in agreement
with experimental studies11,24 and previous theoretical work
using the two-state two-mode model Hamiltonian.24 Thus, the
HOOP mode does not significantly change these early time
dynamics. Here, the analysis shows that the normal mode oscilla-
tions are concealed and difficult to extract from the time-dependent
population.

Next, we analyze the time evolution of the vibrational
coherences for the ethylenic stretch and the HOOP mode
during the isomerization process, see Fig. 5. The expectation
values for these coordinates are computed in the adiabatic
ground and the adiabatic first excited states. For the ethylenic
stretch mode, in both model-I and model-II, the expectation
values of the q̂t oscillates periodically in the adiabatic excited
state |S1i, during the first 40 fs. After 40 fs, there is a change of
the electronic state due to the radiationless electronic decay
(see Fig. 4) and we find that the coherent vibrational motion of
the ethylenic stretch mode continues to oscillate in the

Fig. 3 The eight Feynman diagrams for the third-order nonlinear
spectroscopy. GB denotes the ground-state bleach, SE is the stimulated
emission, PA represents the photo-induced absorption and EA refers to
the excited state absorption. The dashed vertical lines in the PA diagrams
indicate the internal conversion from the first excited-state to the ground-
state potential energy surface that may occur for longer waiting times. The
diagrams are labeled R1 through R8.

Fig. 4 Upper panel: Time evolution of the population of the electronic
ground (S0) and first excited (S1) states in the adiabatic representation.
Lower panel: Time-dependent probability of finding the system in either the
cis or trans conformation in either one of these two adiabatic electronic
states.

PCCP Paper

Pu
bl

is
he

d 
on

 1
8 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

 o
n 

9/
5/

20
22

 1
1:

16
:0

8 
A

M
. 

View Article Online

https://doi.org/10.1039/c8cp00638e


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 12746--12754 | 12751

adiabatic ground state |S0i. For the HOOP mode, however, the
coordinate q̂c only in model-I oscillates periodically in the
adiabatic excited state |S1i and the adiabatic ground state |S0i
as in the ethylenic stretch mode. The expectation values of the
HOOP mode q̂c in model-II vanishes as expected due to the
symmetry. The data obtained for model-I in Fig. 5 are thus in
agreement with previous experimental works.10,21,22 We fit
the coherent oscillation in Fig. 5 to the sinusoid function
A sin(Bt + f) + P and the fitted parameters are presented in
Table 2. We find that the vibrational frequencies in the adia-
batic ground and excited states are different. This difference
arises from the interstate coupling (l) between the surfaces.48

The linear absorption spectrum obtained with the present
model is presented in Fig. 6. The Franck–Condon progression
is more clearly resolved at this level of theory than in the
experiment and previous calculation. This is due to the absence

of the other 25 Franck–Condon active modes which were
observed in the measured resonance Raman spectra and were
added as a weakly coupled quantum bath to the total Hamiltonian
in the previous theoretical study.24 The inclusion of these modes
to the total Hamiltonian as a harmonic bath can be expected to
broaden the peaks in the linear spectra and 2DES, but this is
not expected to significantly affect the dynamics of the system
nor the presence of absorptive features. In the current study, we
neglect those additional bath modes to allow for a tractable
computational speed.

Fig. 7 and 8 introduce the 2DES during the first 35 fs (i.e.,
before the isomerization). At T = 15 fs, the wavepacket of the
system is in the Franck–Condon (FC) region and the spectra have
a contribution from the GB, SE, and EA signals. At T = 20–25 fs,
the wavepacket starts leaving the FC region and the contribution
from the SE and EA contributions start to decrease. At T = 30–35 fs,
the wavepacket evolves out of the FC region and through the CI
before it arrives at the photoproduct PES and the contributions
from the SE and EA spectra decrease due to lack of population
in the first excited state. For analysis purposes, we compute the
2DES in the absence of the S2 electronic state (i.e., neglecting
the EA contribution) and in the presence of this state (i.e.,
including the EA contribution). Comparing the results of
model-I and model-II with each other as well as with the
measured 2DES (Fig. 4 in the supporting information of
ref. 24) allows us to uncover the effect of the HOOP mode
and the EA contribution on the total 2DES and reveal the origin
of the spectral features observed in the measured 2DES of the
retinal chromophore in Rh.24

The calculated 2DES in the absence of the EA for model-I
and model-II are presented in Fig. 7. Here, the 2DES have
contributions that derive only from the GB and SE processes.
The 2DES in model-I are similar to the 2DES in model-II. We
notice that the 2DES exhibit well-resolved bleach peaks (red
contours) with clear vibrational structure along the diagonal line
and cross peaks both above and below the diagonal line. These
peaks are dominated by the in-phase ethylenic stretch mode.

Fig. 5 Time evolution of the expectation values of the position for the
ethylenic stretch (CQC) and the HOOP modes in the adiabatic ground and
the adiabatic first excited state.

Table 2 The fit parameters for the oscillation in the adiabatic excited state
and in the adiabatic ground state. The frequency is in cm�1 and the average
period in parentheses is in fs

State Time region

Model-I Model-II

CQC HOOP CQC

S1 0–40 fs 1544 (21.6) 1062 (31.4) 1573 (21.2)
S0 75–110 fs 1509 (22.1) 796 (41.9) 1530 (21.8)

Fig. 6 The linear absorption spectra of Rh as obtained from the model-I
and the model-II Hamiltonian and from experiment.24
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In model-I, we do not see any significant additional structure due to
the presence of the HOOP mode compared to model-II. In model-II,
the HOOP mode is a non-totally symmetric mode; as a conse-
quence, the coherence vanishes by symmetry as discussed above.
The concealing of the HOOP mode in model-I is likely due to the
overlap between the peaks that arise from the coherence of the
ethylenic stretch and the HOOP modes and the anharmonic
character of the HOOP mode in the vicinity of the CI.22,59 Thus, it
is difficult to distinguish between these two coherences in the
total 2DES. By comparing the 2DES in Fig. 7 with the calculated
2DES in ref. 24, we find that the 2DES in Fig. 7 are comparable
to the calculated 2DES from the two-state two-mode model (see
Fig. S1, ESI†). This demonstrates that the HOOP mode does not
significantly affect the 2DES. In the experiment,24 the measured
2DES show that the positive peaks, which correspond to the GB
and SE, are sharply defined and in addition, several negative

peaks are prominent. The calculated 2DES for the two-state
three-mode model in Fig. 7 do not exhibit these absorptive
features. These results show that the observed features in the
measured 2DES cannot be attributed to the HOOP mode as was
previously suggested.24

The 2DES calculated including the EA contribution are shown
in Fig. 8. We only show the 2DES for model-II and similar results
are expected for model-I. Here, the 2DES have contributions that
result predominantly from the GB and SE processes (red contours)
and the EA process (blue contours). There is an absorptive con-
tribution (blue contours) at C17 500 cm�1, similar to the one
observed in the experiment. This peak shows a clear vibronic
progression that contains contributions from both the HOOP and
the ethylenic stretch modes. Further analysis shows that the 2DES
do not change significantly when varying the Huang–Rhys factor
of the HOOP and the ethylenic stretch modes on the S2 PES.

Fig. 7 The calculated two-dimensional electronic spectra for the two-states (S0,S1) and three-mode (qt,qc,y) model of the retinal chromophore in the
impulsive limit. Upper panel: Model-I. Lower panel: Model-II. Contours for the simulated spectra are drawn at �10% intervals of the maximum of the
simulated spectral amplitudes (the spectra were normalized to the peak height for each individual waiting time).

Fig. 8 The calculated two-dimensional electronic spectra for the three-states (S0,S1,S2) and three-mode (qt,qc,y) model of the retinal chromophore in
the impulsive limit for model-II. Contours for the simulated spectra are drawn at �10% intervals of the maximum of the simulated spectral amplitudes
(the spectra were normalized to the peak height for each individual waiting time).
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The calculated 2DES spectra for our new three-state three-
mode model are in good qualitative agreement with the experi-
mental spectra of ref. 24. The remaining discrepancy between
the calculated and the measured 2DES could be due to the
contributions from other higher excited states,39 the present
approximation for the linebroadening, and from neglecting effects
of finite pulse durations.60,61 These effects may deform the experi-
mental spectra and eliminate spectral contributions involving
transitions with energies outside the laser bandwidth. The 2DES
in Fig. 8 confirm that the spectral features that were experimentally
observed in the 2DES at early waiting times are due to the
contribution of the EA spectra, i.e., the third electronic level,
to the total 2DES.

In experiment, the spectral linewidths are broader than in the
present simulations. For the linear absorption spectra, it was
already shown that this can easily be accounted for by includ-
ing the Raman active modes of the chromophore.24 The
experimental 2DES exhibit surprisingly narrow features. This
suggests that the bath coupling for the higher excited state,
here denoted S2, is very similar to that of the S1 state resulting
in narrowing of the EA features. To justify this theoretically,
joint quantum/classical mechanics calculations are needed to
determine both the coupling between the system and protein
degrees of freedom and the magnitude of protein structure
fluctuations similar to what have been done for other simpler
systems.62,63 The present work demonstrates the need for high
level ab initio calculation of the S1 and in particular the S2

state for determining a model that gives a quantitatively
accurate description of the 2DES.

4 Conclusion

In summary, we modified the existing three-state three-mode
model Hamiltonian for Rh and employed it to investigate the
origin of the spectral features observed in the measured 2DES
of Rh at early waiting times. Unlike previous studies employ-
ing a two-state two-mode model, our model Hamiltonian
includes a higher lying electronic excited state recently
reported from ab initio calculations39 as well as the HOOP
wagging motions that plays a crucial role in facilitating the
internal conversion during the isomerization. The calculated
2DES showed that although the HOOP mode is coherently
active, the origin of the absorptive spectral features that were
observed in the recent experiment is the excited state absorp-
tion and not the HOOP mode as was previously suggested.
We found that the HOOP mode does not significantly affect
the 2DES, even though it is involved in the isomerization.
The features observed from the higher electronic state are only
observable in the Franck–Condon region and disappear as
the system moves through the CI. The disappearance of the
absorptive features is thus correlated with the arrival of the
vibrational wave-packet at the CI. Our findings stress that
caution must be taken when interpreting 2DES spectra solely
in terms of coupled two-level systems, because higher electro-
nic excited states may contribute to these complex spectra.
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2 D. Polli, P. Altoè, O. Weingart, K. M. Spillane, C. Manzoni,

D. Brida, G. Tomasello, G. Orlandi, P. Kukura, R. Mathies,
M. Garavelli and G. Cerullo, Nature, 2010, 467, 440–443.

3 S. Matsika and P. Krause, Annu. Rev. Phys. Chem., 2011, 62,
621–643.

4 B. G. Levine and T. J. Martinez, Annu. Rev. Phys. Chem., 2007,
58, 613–634.

5 S. Gozem, A. I. Krylov and M. Olivucci, J. Chem. Theory
Comput., 2013, 9, 284–292.

6 F. Bernardi, M. Olivucci and M. Robb, Chem. Soc. Rev., 1996,
25, 321–328.

7 Q. Wang, R. W. Schoenlein, L. A. Peteanu, R. A. Mathies and
C. V. Shank, Science, 1994, 266, 422–424.

8 M. Liebel, C. Schnedermann and P. Kukura, Phys. Rev. Lett.,
2014, 112, 198302.

9 M. Liebel, C. Schnedermann, G. Bassolino, G. Taylor,
A. Watt and P. Kukura, Phys. Rev. Lett., 2014, 112, 238301.

10 S. W. Lin, M. Groesbeek, I. van der Hoef, P. Verdegem,
J. Lugtenburg and R. A. Mathies, J. Phys. Chem. B, 1998, 102,
2787–2806.

11 P. J. M. Johnson, A. Halpin, T. Morizumi, V. I. Prokhorenko,
O. P. Ernst and R. J. D. Miller, Nat. Chem., 2015, 7, 980–986.

12 G. G. Kochendoerfer and R. A. Mathies, J. Phys. Chem., 1996,
100, 14526–14532.

13 O. Weingart and M. Garavelli, J. Chem. Phys., 2012, 137, 22A523.
14 J. P. Kraack, T. Buckup and M. Motzkus, J. Phys. Chem. Lett.,

2013, 4, 383–387.
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25 O. Weingart, P. Altoè, M. Stenta, A. Bottoni, G. Orlandi and
M. Garavelli, Phys. Chem. Chem. Phys., 2011, 13, 3645–3648.

26 I. Schapiro, M. N. Ryazantsev, L. M. Frutos, N. Ferré,
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