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indicates that the skeletal relaxation initiated in the S1 
surface is likely to involve S1/S2 surface crossing. These 
results provide valuable insights for future studies of the 
SHUV-USB photoisomerization mechanism.
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1 Introduction

Visual perception is one of the most fascinating light-
induced processes, initiated by the conversion of photons 
into conformational changes of photoreceptors. These 
visual pigments are G protein-coupled receptors (GPCR) 
of the retinylidene protein family that are embedded in the 
lipid membranes of specialized neurons, including cones 
and rods of the retina of vertebrates. Rhodopsin (Rh), the 
visual pigment of rod cells, is responsible for peripheral 
and night vision and remains one of the most widely stud-
ied photoreceptors. Light is absorbed by the 11-cis-retinyl 
chromophore (λMAX 498 nm), which is covalently bound to 
the Rh Lys296 amino acid residue by a protonated Schiff-
base (PSB) linkage (Fig. 1) [1]. Light absorption triggers 
the retinyl 11-cis → all-trans photoisomerization, which 
corresponds to the primary photochemical event in verte-
brate vision.

Primitive nocturnal mammalians have UV-sensitive 
ancestral pigments [2, 3], currently widespread in the ani-
mal kingdom. Fundamental studies of vertebrate UV pig-
ments are, therefore, particularly important for understand-
ing the evolution of photoreceptors [4]. A distinct aspect of 
UV-sensitive pigments, when compared to visual rhodop-
sin, is that the chromophore is bound to the protein by an 
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unprotonated Schiff-base (USB) linkage in the dark state 
[5, 6]. Elucidating the fundamental interactions responsible 
for regulating the protonation state of the retinyl chromo-
phore in UV pigments and the underling dynamics trig-
gered by UV photoexcitation is critical for understanding 
the photophysics of these ancestral pigments as well as 
for the design of biomimetic UV photochromic switches 
[7–10].

A comprehensive time-resolved study has been recently 
reported for the Siberian hamster (Phodopus sungorus) 
UV cone pigment [6], suggesting that the photoactivation 
mechanism involves multiple changes in the protonation 
state of the Schiff-base (SB) linkage (Fig. 1). The dark-
adapted state is deprotonated. Upon photoexcitation, it gen-
erates an all-trans protonated intermediate, analogous to 
the bathorhodopsin intermediate of Rh, with spectroscopic 
fingerprints detected 300 ns after photoexcitation. The 
resulting protonated batho-like intermediate of the SHUV 
pigment equilibrates very quickly, in a timescale shorter 
than the spectral resolution of the experiment (ca. 7 ns) and 
of that observed in rhodopsin (ca. 40 ns), with a deproto-
nated blue-shifted intermediate (BSI). This observation 
implies the frequent occurrence of proton-transfer events 
in the early stages of the SHUV phototransduction mecha-
nism, delineating a different scenario from rhodopsins (see 
Fig. 1c, d). In bovine Rh, in fact, the PSB is preserved up to 
the meta II state, i.e., up to large conformational changes of 
the transmembrane protein helices that transmit the signal 
to the cytoplasmatic surface [11].

Mutagenesis studies and computational structural mod-
els of the SHUV pigment have also been reported recently 
[5], suggesting that an extended network of hydrogen bonds 
regulates the protonation states of the SHUV by an inter-
helical lock mechanism. The presence of a dark-state USB 
absorbing in the UV, the capability/propensity to change 
protonation states and the inter-helices interaction mecha-
nisms are features that clearly differentiate the UV cone 
pigment from rhodopsins, potentially suggesting a new par-
adigm of opsins phototransduction. While different from 
Rh-PSB, the SHUV-USB features experimentally observed 
are not very surprising for chromophoric systems such reti-
nals, with high spectral sensitivity and tunable photophysi-
cal properties [12]. Since these properties are generally 
controlled by electrostatics and other environmental fac-
tors, theoretical studies aimed at their understanding have 
to account explicitly for the surroundings. Here, we report 
a hybrid quantum-mechanism (QM)/molecular mechanics 
(MM) study of the SHUV-USB photophysical properties 
to elucidate the photophysical properties of the SHUV as 
compared to those of rhodopsin. The QM/MM approach 
adopted is based on the multiconfigurational complete 
active space self-consistent field (CASSCF) method [13] 
together with its second-order perturbation theory exten-
sion (PT2) [14]. This methodology and the less computa-
tionally expensive time-dependent (TD) density functional 
theory (DFT) method have been extensively applied to 
retinal chromophores and rhodopsins [15, 16]. For com-
parison, we report calculations at the TD-DFT level with 

Fig. 1  Schematic representa-
tion of the 11-cis protonated 
(PSB) and unprotonated (USB) 
Schiff bases found in the dark 
state of rhodopsin (a) and 
Siberian hamster UV pigment 
(b). Early photointermediates 
experimentally detected in rho-
dopsin (c) and UV pigment (d) 
showing the preservation of the 
PSB in rhodopsin and the mul-
tiple changes of the protonation 
state in the UV pigment. The 
photorhodopsin intermediate in 
rhodopsin is omitted for clarity. 
Absorption λMAX reported in 
parentheses are taken from 
Refs. [6, 11]
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CAM-B3LYP formalism [17, 18]. In particular, we focused 
on the singlet excited-state manifold in the Franck–Con-
don region and in the spectroscopic excited-state mini-
mum, which has been characterized taking into account the 
occurrence of ultrafast proton-transfer processes. Our work 
aims to elucidate these photophysical properties to gain 
fundamental insights on UV visual perception.

2  Computational details

Our SHUV structural models are based on the DFT-QM/
MM optimized structure [5], obtained by homology mod-
eling based on the bovine rhodopsin crystal structure 
resolved at 2.2 Å [1]. We use the Rh structure residue num-
bering to facilitate the comparison between the two photo-
receptors, although the SHUV-pigment primary sequence 
has a 5-residue shift in the N terminus (i.e., rhodopsin resi-
due numbers are 5 greater than those of SHUV). We imple-
mented a QM/MM two-layer scheme that allows for a com-
bination of QM methods from different software packages 
[19]. The QM region involves the Glu113 counterion and 
the full retinal chromophore, which is linked to the rest of 
the protein, treated at the MM level with the Amber99ffSB 
[20] force field, by a hydrogen atom link [21] located at 
the N-Cε(Lys296) bond. Multiconfigurational wavefunc-
tions were built using the state-average (SA)-CASSCF 
methodology, as implemented in the Molcas 8.1 code [22], 
including 5, 7 or 10 states in the state-averaging procedure 
(i.e., SA5, SA7 and SA10). The relatively large state aver-
ages chosen are due to the fact that the spectroscopic state 
is not found among first five roots at the CASSCF levels 
and its root number is geometry dependent. SA-CASSCF 
calculations were followed by single-state (SS)-CASPT2 
calculations to account for dynamic correlation, employing 
the commonly used CASPT2/CASSCF protocol. Hereafter, 
we refer to SA10 calculations as SA-CASSCF, or simply 
CASSCF, while the use of smaller SA is specified in the 
text. The ionization-potential-electron-affinity (IPEA) shift 
[25] was set to 0.0 a.u., and an imaginary shift of 0.2 a.u. 
was used throughout [26]. Oscillator strengths (f) were cal-
culated making use of the complete/restricted active space 
state interaction method (CASSI/RASSI) [27, 28] employ-
ing the obtained CASSCF wavefunctions and CASPT2 
energies. The Cholesky decomposition approach [29] was 
used to speed up the computations [30]. The CASSCF 
active space includes the entire π system of the chromo-
phore, i.e., CAS(12,12), except for the calculations of the 
nπ* states, where a CAS(14,13) was used.

Configuration interaction singles (CIS) [31] calculations 
were performed with the Gaussian 09 software [32], as the 
TD-DFT calculations, for which we employed the CAM-
B3LYP exchange–correlation functional [17]. Mulliken 

charges have been considered for estimating the charge-
transfer differences between the ground state (GS) and the 
spectroscopic S1 state.

For all calculations, the 6-31G* basis set was used. 
CASPT2/CASSCF and TD-DFT vertical excitations were 
compared with the DFT-QM/MM results based on the spec-
troscopy-oriented configuration interaction (SORCI + Q) 
method, as previously reported [5].

3  Results and discussion

The photophysical properties of the 11cis-USB of the Sibe-
rian hamster cone pigment are investigated using CASPT2/
CASSCF and TD-DFT(CAM-B3LYP) methodologies 
within a hybrid QM/MM scheme. In the first section, the 
vertical excitation energies from the GS (S0) to the first 
(S1) and higher excited states in the singlet excited-state 
manifold have been calculated, along with their associ-
ated oscillator strengths (f). The nature of the bright spec-
troscopic state of the SHUV-pigment USB is compared 
with the ionic S1 state of PSB in rhodopsin. The electronic 
transitions associated with the covalent S2 and nπ* states 
are also characterized in the Franck–Condon region to 
evaluate the potential role of these states in the USB pho-
tophysics. In the second section, the characterization of the 
spectroscopic excited-state minimum is performed at dif-
ferent levels of theory and compared with the structure of 
the rhodopsin PSB S1 minimum. The energetics related to 
the protonation states of the SB in the ground- and excited-
state minima in the SHUV pigment is then reported in the 
third section. Finally, the energy level variations in the sin-
glet excited-state manifold upon relaxation along the spec-
troscopic state’s potential energy surface are analyzed in 
the last section. Here, the nomenclature of the SN states fol-
lows that initially defined in the FC region, even if surface 
crossings occur.

3.1  Franck–Condon region

The experimental UV–Vis spectrum of the SHUV pigment 
shows absorption maximum at λMAX equals to 359 nm (i.e., 
3.45 eV) [6]. Theoretical prediction of the absorption max-
imum based on a homology model (from the bovine rho-
dopsin X-ray structure [1]) and multireference DFT-QM/
MM (i.e., SORCI + Q/B3LYP/6-31G(d):Amber96) cal-
culations are red-shifted by only 0.09 eV from the experi-
mental value [5]. Using the previously reported homology 
model of the protein-embedded USB chromophore, we 
have evaluated the performances of other QM approaches 
widely employed in the photophysical and photochemi-
cal studies of retinal chromophores [15, 18], such as the 
TD-DFT(CAM-B3LYP/6-31G*) and the multireference 
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CASPT2/CASSCF(12,12)/6-31G* methods within a QM/
MM(Amber99) scheme [19], as described in Sect. 2. 
Table 1 shows the absorption maximum calculated at dif-
ferent levels of theory and the predicted oscillator strength 
of the bright S1 state in the FC region. Both CAM-B3LYP 
and CASPT2/CASSCF results are blue-shifted by <0.2 eV 
(i.e., 3.59 and 3.65 eV, respectively) with respect to the 
experimental absorption maximum, a deviation that is 
within the expected error for these techniques. The use of 
a multistate MS-CASPT2 treatment has been found to give 
more reliable (and red-shifted) transition energies than SS-
CASPT2 in rhodopsin when the QM model includes both 
the PSB and the negatively charged Glu113 counterion 
[12], a case in which the ionic S1 and covalent S2 states are 
found to be degenerated. In the QM region of our model 
the Glu113 counterion (Glu108 in the original SHUV-
pigment sequence) is included but in its protonated form. 
In such a case, the S1/S2 degeneracy is not occurring, and 
as shown in Table 1, the MS-CASPT2 transition energy 
is red-shifted by 0.36 eV with respect to the SS-CASPT2 

one, being 0.26 eV lower than the experimental value. The 
off-diagonal elements of the multistate PT2 Hamiltonian 
are found to be an order of magnitude larger than the upper 
limit (0.002 a.u.), indicating that the MS-CASPT2 treat-
ment is not recommended in this case and it will not be 
considered further in this work [33].

The absorption maximum of the USB is referred 
to the GS → S1 transition, a bright electronic excita-
tion with oscillation strength calculated to be 1.62 at the 
SORCI + Q level of theory. Similar oscillator strengths 
are found at both TD-DFT and CASPT2/CASSCF lev-
els, being 1.60 and 0.97, respectively. This bright transi-
tion is associated with a ππ* one-electron excitation from 
the highest occupied molecular orbital (HOMO, H) to the 
lowest unoccupied molecular orbital (LUMO, L), as for 
the spectroscopic state of rhodopsin PSB. Figure 2 shows 
these frontier orbitals, along with the molecular orbital 
involving the N lone pair (n) of the unprotonated SB, as 
calculated at the CASSCF(14,13) and CAM-B3LYP levels 
of theory. The H → L electron excitation in the USB of 
SHUV is associated with a small charge separation from 
the SB side (N-side) to the β-ionone ring side (β-side). 
By defining the separation of these two sides at the cen-
tral C11=C12 double bond, CASSCF and TD-DFT calcu-
lations indicate a transfer of a 0.2 and 0.13, respectively, 
positive charge from the N- to the β-side associated with 
an increase of the permanent dipole moment of the USB 
by ca. 5.5 and 6.2 Debye, respectively. Therefore, the 
spectroscopic state of the USB has an ionic character with 
an intramolecular charge transfer (CT) that is much less 
pronounced than what observed in the PSB of rhodopsin, 
where 52 % of the PSB positive charge is transferred to 
the β-side upon vertical excitation [12] and the permanent 
dipole moment difference is ca. 15 Debye [34, 35]. These 

Table 1  Absorption maximum (λMAX in nm and excitation energies 
in eV) and the corresponding oscillator strengths (f) obtained at dif-
ferent levels of theory

The experimental and theoretical (SORCI + Q) data are taken from 
Refs. a  [6], b [5]

Method λMAX (nm) Excitation energy (eV) Osc. str. (f)

CAM-B3LYP 345 3.59 1.60

CASPT2/CASSCF 340 3.65 0.97

MS-CASPT2 389 3.19 0.92

SORCI + Qb 369 3.36 1.62

Exp.a 359 3.45

Fig. 2  Frontier orbitals of the 
unprotonated Schiff base in 
the SHUV pigment, including 
the N lone pair (n), calculated 
at the CASSCF(14,13) and 
TD-DFT(CAM-B3LYP) levels 
of theory
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results are in line with previous experimental and theoreti-
cal investigations on model systems [35, 36].

The frontiers and lone-pair orbitals depicted in Fig. 2 are 
those involved in the lowest three excited states of the USB. 
In fact, as shown in Table 2, the first three excited states 
obtained at the CASPT2/CASSCF level involve the H → L 
one-electron excitation (i.e., the spectroscopic S1 ionic 
state), the (H ⇒ L)2 double excitation (i.e., the S2 covalent 
state) and the n → L one-electron excitation (i.e., the S3 
nπ* state). In contrast to rhodopsin, the S1 and S2 states are 
relatively close to each other in the SHUV-USB, with a S1/
S2 energy gap of 0.33 eV (vs 1.06 eV in Rh). The GS → S2 
transition is found to be dark in the SHUV pigment, with 
exceedingly small associated oscillator strength, while the 
calculated oscillator strength of the GS → S1 transition is 
slightly higher in the SHUV-USB than in Rh-PSB.

In the singlet excited-state manifold of retinal Schiff 
bases, the main qualitative difference between an unproto-
nated and a protonated SB is due to the presence of nπ* 
states that appear when the N atom of the SB linkage is 
deprotonated. The lowest nπ* state in the SHUV pigment 
is calculated to be the third singlet excited state (S3) at the 
CASPT2/CASSCF(14,13) level, corresponding to a dark 
n → L electronic transition (with f = 0.01) lying at 4.40 eV 
from the GS. At the CAM-B3LYP level this transition 
energy is larger (4.78 eV) and slightly brighter (f = 0.12) 
with respect to the CASPT2/CASSCF results. The standard 
TD-DFT approach adopted in this work does not account 
for double singlet excitations; therefore, the (H ⇒ L)2 dou-
ble excitation is absent in the CAM-B3LYP singlet excited-
state manifold and the nπ* state is the closest singlet state 
to the spectroscopic S1 state. While both covalent and nπ* 
states are found to be dark and not degenerate with the S1 
state in the FC region, their role in the photophysics cannot 
be excluded based on the reported results. In the following 

sections, we characterize the structure of the S1 excited-
state minimum and evaluate the changes in the singlet 
excited-state manifold of the SHUV-USB.

3.2  Excited‑state minimum

The first photoinduced event in the photoisomerization 
path of the 11cis-PSB in rhodopsin is the skeletal relaxa-
tion of the retinal conjugated system. Upon excitation to 
the spectroscopic (S1) excited state, the coherent wave-
packet motion from the photoexcited Franck–Condon 
region involves a primary bond relaxation and a subsequent 
torsional motion along the central C11–C12 bond that gives 
access to the conical intersection seam, leading to the all-
trans photoproduct [37]. The characterization of the mini-
mum energy path (MEP) of the photoisomerizarion reac-
tion of Rh-PSB has indicated the presence of a fully relaxed 
planar stationary point (energy minimum) [16]. Here, we 
have investigated the initial part of the photoisomerization 
MEP of the SHUV-USB by characterizing the S1 excited-
state minimum.

Figure 3a shows the differences between the ground (S0) 
and excited (S1) minima of the Rh-PSB and the SHUV-
USB, as obtained by geometry optimization at the SA5-
CASSCF(12,12) level. As expected, the GS geometries 
differ only by minimal bond-length changes in the terminal 
N–C15 region, due to the different protonation states of the 
imine group in the two Schiff bases. The single-/double-
bond alternation of the Rh-PSB ground-state geometry is 
almost completely inverted in its excited-state minimum. 
In contrast, the excited-state SHUV-USB minimum shows 
uniform bond-lengths along most of the retinal polyene 
chain. In particular, the sequence of ground-state single 
(C8–C9,C10–C11, C12–C13 and C14–C15) and double bonds 
(C9–C10, C11–C12, C12–C13) that show the largest bond 
inversion in the excited-state minimum of Rh-PSB have 
even bond-lengths (i.e., around 1.40–1.41 Å) in the SHUV-
USB excited-state minimum, a structural feature analogous 
to that of neutral polyenes.

In order to verify the consistency of the CASSCF geom-
etry optimization, which indicates uniform bond-lengths 
in the excited-state minimum of the SHUV-USB, we have 
performed computations also at the CIS and TD-DFT levels 
of theory. Both the CIS(6-31G*) and the CAM-B3LYP(6-
31G*) excited-state geometry optimizations provide a 
nearly identical S1 minimum, as depicted in Fig. 3b. The 
two different S1 minimum geometries found in Rh-PSB 
and SHUV-USB very closely remind the two different local 
minima recently characterized along the photoisomeriza-
tion path of artificial rhodopsin mimics [38]. Two S1 local 
minima structures with even bond-lengths (EBL) or alter-
nate bond-lengths (ABL) in the central part of the PSB 
(called LE and CT structures, respectively) were proposed 

Table 2  Vertical GS → SN (with 1 ≤ N≤3) excitation energies 
(in eV) and the corresponding oscillator strengths in the unproto-
nated Schiff base of the SHUV pigment calculated at the CASPT2/
CASSCF(6-31G*) and CAM-B3LYP(6-31G*) levels of theory

A CASSCF(14,13) active space was used for transition energy cal-
culation of the nπ* (n → L) state. SS-CASPT2/CASSCF(12,12) cal-
culations are compared with previously reported data of the PSB in 
rhodopsin at MS-CASPT2/CASSCF(12,12) level, a  Ref. [12]

Excitation Root # Excitation energy (eV) Osc. str. (f)

CASPT2/CASSCF

 H → L 2 3.65 (2.50)a 0.97 (0.74)a

 (H ⇒ L)2 3 3.98 (3.56)a 0.00 (0.27)a

 n → L 4 4.40 0.01

TD-DFT

 H → L 2 3.59 1.60

 n → L 3 4.78 0.12
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to explain the two fluorescence bands of the rhodopsin pro-
tein mimics. It is worth noting that, in contrast with the 
ABL structure, the EBL minimum of the PSB in the rho-
dopsin mimics could not be found by optimizing the spec-
troscopic state at the CASSCF level, and a CASPT2 energy 
profile has been constructed to determine the presence of 
two flat minima on the S1 potential energy surface. These 
results indicate that the topology of the CASSCF potential 
energy surface, which does not account for dynamic elec-
tron correlation, could be significantly different from the 
more reliable CASPT2 surface [39]. For this reason, we 
have performed a rigid scan along a bond-length alternation 
(BLA) coordinate obtained by linear interpolation between 
the EBL and the ABL structures, as depicted in Fig. 4. The 
uphill energy profile derived at both the SA7-CASSCF 
and CASPT2/SA7-CASSCF levels, the latter representing 
an upper limit of the CASPT2 S1 potential energy surface, 
indicates that the ABL structure is destabilized with respect 
to the EBL minimum obtained at the CASSCF level. These 
results suggest that the spectroscopic state can be trapped 

in a local minimum with a relatively short (not elongated) 
C11–C12 bond that could slow down the photoisomerization 
process with respect to the Rh-PSB case, where the pres-
ence of an ABL minimum give rises to a barrierless clock-
wise rotation along the C11–C12 single bond. However, in 
order to achieve a more comprehensive picture of the pho-
toisomerization pathway of the 11cis-USB in the SHUV 
pigment, an extended analysis of the excited-state manifold 
at the spectroscopic excited-state minimum and an assess-
ment of possible changes in the SB protonation state are 
required.

3.3  Destabilization of a protonated Schiff base

Transient absorption measurements provided evidences 
of proton-transfer processes occurring during the early 
stage of the SHUV-USB photobleaching cycle [6]. In par-
ticular, the 11cis-SB is unprotonated in the dark state and 
gets protonated immediately after photoisomerization. The 
protonated photointermediate resembles the PSB bathorho-
dopsin intermediate of Rh (batho-like intermediate), and 

Fig. 3  a Bond-length alternation in the ground (S0) and excited 
(S1) minima of the PSB in rhodospin (Rh) and USB in UV pigment 
(SHUV) calculated at the CASSCF(12,12) level of theory. b Compar-
ison of the S1 excited-state minimum of the SHUV-USB calculated 
at different levels of theory, including the CIS, CAM-B3LYP (TD-
DFT), and the CASSCF(12,12) methods and using the 6-31G* basis 
set

Fig. 4  Bond lengths in the SHUV-USB S1(H → L) minimum hav-
ing even bond-lengths (EBL), in the rhodopsin-like structure with 
alternate bond-lengths (ABL) and in the linearly interpolated geom-
etries (IG1-6) along the EBL → ABL bond-length alternation path-
way (a). SA7-CASSCF (colored symbols) and CASPT2-corrected 
(black crosses) energy profile of the S1(H → L) state along the 
EBL → ABL path (b)
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it is in equilibrium with a blue-shifted intermediate (BSI) 
possessing a USB. The mixture of photointermediates 
with different protonation states equilibrates in a timescale 
(<10 ns) much faster than that of its formation (ca. 300 ns) 
and decay (few μs) to subsequent intermediates [6]. These 
results suggest that the occurrence of proton transfers in the 
early stage of the photoisomerization process is more likely 
in the SHUV than in Rh, where all the photointermediates 
preserve a PSB until the meta II intermediate is formed, in 
the ms timescale. Unfortunately, the reported time-resolved 
electronic spectroscopy experiments do not have enough 
temporal resolution (only 7 ns) to resolve the absorption 
properties of photointermediates earlier than the batho-like, 
such as the photorhodopsin detected in Rh, and to exclude 
the occurrence of proton transfers at the very early stages of 
the photoisomerization process, i.e., in the fs–ps timescale.

The results reported in the previous section suggest a 
scenario in which the photoinduced process of the SHUV-
pigment retinal chromophore is slowed down by the pres-
ence of an “inactive” excited-state minimum, i.e., an EBL 
minimum associated with a USB. This scenario contrasts 
with the common picture of the retinal isomerization 
of PSB in rhodopsin, which involves an ABL excited-
state minimum and it occurs in an ultrafast timescale (ca. 
200 fs). Since the reported time-resolved experiments do 
not provide information on the protonation states of the 
SHUV-USB in the ultrafast timescale, we have investigated 
the thermodynamics of the proton-transfer processes in the 
FC and spectroscopic excited-state minimum, as illustrated 
in Fig. 5.

Figure 5b shows the comparison between the S1 excited-
state relaxation of the SHUV-USB and SHUV-PSB, cal-
culated at both the CASPT2/CASSCF and CAM-B3LYP 
levels. The proton transfer from the Glu113 to the N atom 
of the USB in the UV-pigment ground state is associated 
with a total energy difference of +20.5 kcal/mol at the 

CAM-B3LYP level (+22.5 kcal/mol at the CASPT2/CAS-
SCF level), fully consistent with the experimental obser-
vation of a USB in the UV-pigment dark state [6]. The 
SHUV-PSB is predicted to absorb in the visible violet at 
425 nm (67.2 kcal/mol) at the TD-DFT level and 388 nm 
(73.6 kcal/mol) at the CASPT2/CASSCF level. As a con-
sequence, the PSB is found to be less stable than the USB 
also in the excited state at both TD-DFT and CASPT2/
CASSCF levels, with an uphill proton-transfer process 
requiring 5.0 and 12.0 kcal/mol, respectively. As in the FC 
region, the USB is calculated to be more stable than the 
PSB at the geometry of the S1 excited-state minimum, with 
a total energy difference of 9.1 and 3.5 kcal/mol at the TD-
DFT and CASPT2/CASSCF levels, respectively. Notably, 
the SHUV-PSB minimum of the excited state is an ABL 
minimum analogous to the Rh-PSB one. These results sug-
gest that the USB is very stable in the ground state of the 
SHUV pigment, in agreement with experiments, and that 
the photoinduced proton transfer is unlikely to happen on 
the S1 excited-state surface since at both FC and S1 geom-
etries the USB is energetically favored with respect to the 
PSB.

3.4  Singlet excited‑state manifolds

As mentioned in the previous sections, the PSB isomeriza-
tion in rhodospin involves wave-packet motion on a sin-
gle potential energy surface, the spectroscopic S1 excited 
state surface. However, other photochemical mechanisms 
exist and could be considered for the photoisomeriza-
tion of the SHUV-USB, including (allowed or avoided) 
surface crossing among singlet excited-state surfaces or 
inter-system crossing between surfaces with different spin 
multiplicities. These alternative photochemical mecha-
nisms would slow down the SHUV-USB cis–trans pho-
toisomerization, for which there is a lack of experimental 

Fig. 5  a Proton-transfer reac-
tion in the SHUV pigment with 
residue numbering based on 
the Rh structure. b TD-DFT 
energy profile comparing the S1 
excited-state relaxation pathway 
of the SHUV-USB (in red) and 
SHUV-PSB (in blue) species. 
CASPT2/CASSCF results are 
reported in parentheses
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information regarding the reaction timescale. Therefore, 
the presence of excited-state surface crossings could not 
be excluded a priori in the early stage of the USB photoi-
somerization. For this reason, we have characterized the 
singlet excited-state manifold of the SHUV-USB in both 
the ground- and S1 excited-state minima.

Figure 6 shows the positions of the S2 and S3 excited 
states along the potential energy profile of the S1 excited-
state relaxation pathway of the SHUV-USB calculated at 
both CASPT2/SA5-CASSCF (Fig. 6a) and CAM-B3LYP 
(Fig. 6b) levels of theory. As described in Sect. 3.2, the low-
est three excited states of the USB in the FC region are the 
spectroscopic S1 ionic state, the S2 covalent state involv-
ing a (H ⇒ L)2 double excitation and the S3 nπ* state. At 
the structure of the S1 minimum, CASPT2/SA5-CASSCF 
calculations indicate that the S2 excited state lies below 
the spectroscopic state minimum while the S3 nπ* state 
energy level is unaffected. Therefore, while the nπ* state is 
almost unperturbed by the skeletal deformations along the 
S1 relaxation pathway, the (H ⇒ L)2 double excitation is 
highly stabilized and a S1/S2 surface crossing could occur 
prior reaching the EBL S1 minimum. It is worth mention-
ing that CASSCF energy profiles significantly differ from 
the CASPT2/CASSCF ones, with all excited states signifi-
cantly destabilized with respect to the GS minimum when 
the dynamic correlation is not accounted for. In particular, 
at CASSCF level the covalent S2 and nπ* states are found 
at 11–15 kcal/mol higher energies with respect to CASPT2/
CASSCF profiles at both FC and S1 minimum geometries, 
while the destabilization of the ionic S1 state is significantly 
larger, being +55 and +63 kcal/mol at the FC and the S1 
minimum geometries, respectively. These results indicate 
strong differential correlation effects that certainly reduce 
the accuracy of the CASPT2/CASSCF results. Neverthe-
less, it has been previously shown that, even when strong 
differential correlation effects take place, the CASPT2/
CASSCF protocol is capable of yielding a qualitatively right 
picture of the energetic profiles [40]. More rigorous inves-
tigations require computations of CASPT2 gradients, and 

future work will focus on the quantitative effects of employ-
ing CASPT2 gradients by using novel approaches [39].

The outcome opens to a scenario where an “active” ABL 
structure can be reached on the S2 on the potential energy 
surface, its investigation being currently in progress. Nota-
bly, the CAM-B3LYP results match the CASPT2/CASSCF 
energy trend of the S3 nπ* state, but the (H ⇒ L)2 double 
excitation cannot be described using such standard TD-
DFT approach. Thus, considering the role that the S2 state 
could play on the SHUV-USB photoisomerization we con-
clude that a methodology that accounts for double excita-
tions is mandatory for an appropriate study of the photoi-
somerization pathway of the SHUV pigment. Finally, the 
occurrence of singlet/triplet inter-system crossings cannot 
be excluded a priori and future investigations in this direc-
tion would provide other important pieces of information 
for the elucidation of the USB photoisomerization in the 
SHUV pigment.

4  Concluding remarks

We have investigated the basic photophysical properties of 
the Siberian hamster ultraviolet (SHUV) visual pigment, 
containing an UV-active unprotonated retinal Schiff base 
(SHUV-USB) chromophore, using multiconfigurational 
and multireference perturbative methods within a hybrid 
QM/MM scheme based on a previously reported homology 
model of the pigment. Multireference calculations have been 
compared with time-dependent density functional theory 
results, showing good agreement in the description of the 
ionic nature of the (S1) excited state, analogous to the rho-
dopsin PSB. The excited-state minimum energy configura-
tion exhibits a weak bond-length alternation in the central 
region of the retinal polyene chain, in contrast with rho-
dopsin where the minimum energy photoisomerization path 
involves an alternate bond-length minimum with a central 
“active” C11–C12 single bond. We have also analyzed the 
singlet excited-state manifolds in both the Franck–Condon 

Fig. 6  Evolution of energy 
levels of the singlet (SN) excited 
states of the SHUV-USB along 
the S1 relaxation pathway calcu-
lated at both CASPT2/CASSCF 
(a) and CAM-B3LYP (b) levels 
of theory
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region and the S1 minimum. Our results suggest the pres-
ence of a S1/S2 excited-state surface crossing during the skel-
etal relaxation on the S1 potential energy surface, indicat-
ing involvement of the covalent S2 state in the SHUV-USB 
photochemistry. These results provide the basis for further 
studies of the SHUV-USB photoisomerization mechanism, 
which requires an appropriate description of the two-electron 
excitation associated with the covalent S2 state.
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