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ABSTRACT We have studied the wavelength dependence of retinal Schiff base absorbencies on the protonation state of the
chromophore at the multiconfigurational level of theory using second order perturbation theory (CASPT2) within an atomic natural
orbital basis set onMP2 optimized geometries. Quantitative agreement between calculated and experimental absorption maxima
was obtained for protonated and deprotonated Schiff bases of all-trans- and 11-cis-retinal and intermediate states covering a
wavelength range from 610 to 353 nm. These data will be useful as reference points for the calibration of more approximate
schemes.
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Retinal is the chromophore in several photosensitive proteins

where it converts light energy into structural changes (1): in the

visual pigments or rhodopsins, the light-induced isomerization

of 11-cis-retinal to all-trans initiates the visual cycle. In

bacteriorhodopsin, all-trans-retinal is transformed by light

into the 13-cis isomer, which starts the proton pumping cycle

across the bacterial cell wall of Halobacterium salinarium.
One particular aspect in retinal protein chemistry concerns

the ultraviolet-visible spectral changes in these pigments,

which serve specific needs: from ancient bacteria that use

sensory rhodopsins to test the composition of light (2) to the

human eye where three different rhodopsins enable the

perception of colors (3). Understanding the physical origin

of these changes has been a major challenge to theory ever

since the original concept of the external point charge model

has been introduced in the literature (4). Advances in x-ray

crystallography have provided a multitude of bacteriorho-

dopsin structures, including intermediates of the proton

pumping cycle (5) and have culminated recently in the three-

dimensional structure of bovine rhodopsin (6) and its first

photointermediate, bathorhodopsin (7). These structures,

which reveal the geometry of the retinal chromophore and its

environment in atomic detail, have been instrumental for

theoretical studies of retinal protein spectral shifts using

diverse quantum-mechanical schemes (8–13). The dilemma

that these studies face is exemplified by the fact that two of

them arrive at very reasonable values for the theoretically

calculated absorbance of rhodopsin, yet their results for the

simple 11-cis-retinal protonated Schiff base (pSb), which

forms the basis for the ensuing quantum mechanical and

molecular mechanical (QM/MM) calculations, differ by 0.56

eV or 176 nm.

Recently the gas phase absorption spectra of several

retinal Schiff bases in different protonation states have been

determined (14,15) and found to peak at 610/620 nm (trans-
pSb in Scheme 1), 487 nm (trans-SbN1), and 610 nm (cis-

pSb). These data define much needed reference points for the

calculation of retinal protein spectra, both for the protonated

chromophores in vacuo and for the effect of a positive charge

in a defined relative orientation to the chromophore. To

cover the short-wavelength region of retinal Schiff base

spectra, we also include the neutral species trans-Sb whose

absorbance in the nonpolar solvent 3-methylpentane peaks at

353 nm (16). In the following, we show that CASPT2 theory

at a very high level of sophistication is able to quantitatively

reproduce these data.

In view of the huge computational requirements, the

n-butyl group in Scheme 1 was reduced to methyl (the sol-

vent spectra of the two pSbs are essentially identical) (17)

and N(CH3)3
1 to NH3

1. Geometry optimization at the

CASPT2 level for systems of this size is still prohibitive in

computer resources. We therefore resorted to MP2 and its

analytical gradients, which allow for an efficient geometry

search with a correlated wave function. Starting with the

DFT-optimized structures (18), the chromophores were

reoptimized with MP2 using a 6-31G** basis set (19).

All four chromophores exhibit strong bond alternation

(Fig. 1), which is, however, significantly reduced between

C9 and N16 in the three positively charged systems. A fur-

ther reduction is observed in trans- and cis-pSb, where the

positive charge is part of the p-system. From C6 to N16, all

chromophores are essentially planar with the exception of

cis-pSb, which is twisted by 7� and 3� about the C11¼C12

and the C12-C13 bonds, respectively, and moves the C13-

N16 fragment away from the bulky b-ionone ring.

Ground and excited state energies were calculated with

the CASSCF method as provided by the MOLCAS set of

routines (20). Six-root state-averaged wave functions were

expanded in an atomic natural orbital basis set (21) with the
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contraction C,N[4s3p1d]/H[2s]. The active space was (12,12),

i.e., all pseudo p-electrons and valence pseudo p-orbitals

were considered. Second-order corrections to the CASSCF

energies were calculated with CASPT2. All core orbitals

were kept frozen during the calculations. To avoid the effect

of intruder states, the level shift was set uniformly to 0.3 au.

These parameters are identical to the ones we used in recent

studies on retinal model chromophores (22) and on the rho-

dopsin binding pocket (23,24). A summary of the calcula-

tions is given in Table 1.

The agreement between calculated and experimental S0
/ S1 energies is extremely good, especially in view of the

fact that the calculations cover a wavelength range from 350

nm for the neutral Schiff base to 600 nm for the protonated

chromophore. Why another study (12) using the same

CASPT2 methodology as described here arrives at results

significantly different from ours—and from the experiment

—is a matter of speculation. It is possible that the smaller

6-31G* basis set employed there has not sufficient flexibility

for these kinds of systems. It may be interesting to note that

the first ever calculations on retinal Schiff bases more than

30 years ago using empirical and p-electron calculations

converged already on an absorbance near 600 nm for the

protonated species (25–27).

The hypsochromic shift of 116 nm, or 0.49 eV, from

trans-pSb to trans-SbN1 is a consequence of the positive

charge being moved from the Schiff base nitrogen to the

neighboring atom where it is no longer part of the conjugated

system and can interact only electrostatically with the chro-

mophore. However, this interaction is very effective judging

from the further 0.91 eV energy shift for the trans-SbN1 to

trans-Sb transformation. These data highlight the extraordi-

nary sensitivity of the retinal chromophore to the environ-

ment, where the movement of one positive charge suffices to

shift the absorbance maximum by almost 1.4 eV or 243 nm.

With respect to the formally forbidden S2 state, the sit-

uation is less clear-cut. In the protonated species trans- and
cis-pSb, we find this state ;0.8 eV above S1, somewhat

smaller than the value (1.2 eV) determined by Andersen (15).

In the neutral trans-Sb, this gap is significantly reduced, to

0.15 eV, but S2 is still above S1. In their study of a six double

bond polyene Schiff base, Palmer et al. found this state 0.4

eV below S1 (28), in line with results on other polyene

hydrocarbons (29). Grossjean and Tavan, in their semiem-

pirical studies on retinal models (30) have demonstrated the

importance of electron correlation for the correct description

of the S1/S2 gap. It appears that the setup that we have

applied in our CASPT2 treatment (size of the active space;

number of roots) is not sufficient to correctly describe the S2
state, especially in the neutral species (31).

A key to understanding the spectral shifts is the change in

the dipole moment as the chromophore is promoted to an

excited state (Table 1). This change is small in the case of the

neutral system trans-Sb but large in the presence of a pos-

itive charge and when the excitation is to S1: In trans-SbN
1,

SCHEME 1 Retinal Schiff base chromophores and their short

term notations.

Figure 1 MP2-optimized bond lengths along the conjugated

carbon chain of the retinal Schiff bases shown in Scheme 1.

TABLE 1 CASPT2 energies, oscillator strengths, main

contributing configurations with weight, and dipole moments

for the ground state S0 and two main excited states of the four

retinal chromophores shown in Scheme 1 and experimental

wavelengths (in bold, nm) of the optical transitions

Structure State CASPT2* f Configurationy mz lexp

trans-pSb S0 �871.2380 – (6a)2(7a)0 75 24.45

S1 2.07 (600) 1.3 (6a)1(7a)1 61 7.17 610/620§{

S2 2.85 (435) 0.1 (6a)0(7a)2 28 20.04 385

trans-SbN1 S0 �887.2138 – (6a)2(7a)0 67 35.48

S1 2.56 (484) 0.9 (6a)1(7a)1 45 19.82 487§

S2 2.76 (449) 0.2 (6a)0(7a)2 27 30.02

trans-Sb S0 �870.8470 – (6a)2(7a)0 69 2.02

S1 3.47 (357) 1.2 (6a)1(7a)1 68 3.94 353k

S2 3.62 (342) 0.0 (6a)0(7a)2 27 1.96

cis-pSb S0 �871.2306 – (6a)2(7a)0 75 22.75

S1 2.05 (606) 1.1 (6a)1(7a)1 61 6.70 610{

S2 2.84 (436) 0.1 (6a)0(7a)2 28 19.45 390

*S0 energies are in a u., S1 and S2 energies are in eV relative to S0, in

parentheses: wavelengths in nm.
yOnly p-type molecular orbitals are counted; weights (in italics) are in percents.
zDipole moments in Debye.
§Reference 14.
{Reference 15.
kReference 16.
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the moment decreases by almost 50%, and in trans- and cis-
pSb the decrease is even larger. This loss in Coulomb energy

stabilizes the excited state and results in huge bathochromic

shifts. Excitation to S2 states leads to a small but almost

constant decrease of the dipole moment, and accordingly the

S0 to S2 absorbance is largely unaffected by differences in

the charged environment.

Three mechanisms are generally discussed in connection

with the phenomenon of spectral tuning in retinal proteins:

the effect of the counterion, internal twisting of the chro-

mophore, and the polar environment due to the binding pocket.

In this report, we have concentrated on the latter aspect. We

have shown that the CASPT2 method with a basis set that

optimally treats correlation and polarization effects is able

to quantitatively reproduce the response of retinal Schiff

base absorption spectra to polar perturbations. The huge

computational resources necessary to perform this kind of

calculations will be prohibitive for their use as standard

application. However, these calculations provide the neces-

sary benchmark data for the calibration of the embedded QM

part in any of the widely used QM/MM schemes.
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