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The potential-energy surface of the first excited state of the 11-cis-retinal protonated Schiff base (PSB11)
chromophore has been studied at the density functional theory (DFT) level using the time-dependent perturbation
theory approach (TDDFT) in combination with Becke’s three-parameter hybrid functional (B3LYP). The
potential-energy curves for torsion motions around single and double bonds of the first excited state have
also been studied at the coupled-cluster approximate singles and doubles (CC2) level. The corresponding
potential-energy curves for the ground state have been calculated at the B3LYP DFT and second-order Møller-
Plesset (MP2) levels. The TDDFT study suggests that the electronic excitation initiates a turn of theâ-ionone
ring around the C6sC7 bond. The torsion is propagating along the retinyl chain toward the cis to trans
isomerization center at the C11dC12 double bond. The torsion twist of the C10sC11 single bond leads to a
significant reduction in the deexcitation energy indicating that a conical intersection is being reached by an
almost barrierless rotation around the C10sC11 single bond. The energy released when passing the conical
intersection can assist the subsequent cis to trans isomerization of the C11dC12 double bond. The CC2
calculations also show that the torsion barrier for the twist of the retinyl C10sC11 single bond adjacent to the
isomerization center almost vanishes for the excited state. Because of the reduced torsion barriers of the
single bonds, the retinyl chain can easily deform in the excited state. Thus, the CC2 and TDDFT calculations
suggest similar reaction pathways on the potential-energy surface of the excited state leading toward the
conical intersection and resulting in a cis to trans isomerization of the retinal chromophore. According to the
CC2 calculations the cis to trans isomerization mechanism does not involve any significant torsion motion of
the â-ionone ring.

I. Introduction

The photochemical isomerization reaction of retinal chro-
mophores takes place in the femtosecond regime.1,2 Experi-
mental information about the evolution of the excitation wave
packet and the structural dynamics must therefore be obtained
by spectroscopical studies using femtosecond laser pulses.
Femtosecond vibrational spectroscopy provides structural in-
formation about the molecule as a function of time, that is, it
gives an understanding about the reaction pathway. For pho-
toreactions, Raman spectroscopy is a very powerful tool since
the electronic excitation initiates vibrational dynamics in the
vicinity of the reaction center of the photoabsorbing chro-
mophore where the reaction occurs, without significantly
affecting the surrounding protein and the less photoactive parts
of the chromophore. Mathies et al. have developed a femto-
second-stimulated Raman spectroscopy (FSRS) method and
applied it in studies of the photoreaction dynamics of retinal
chromophores in the visual pigment rhodopsin.3-5 Atkinson et
al. used in their retinal studies a different femtosecond vibra-

tional spectroscopy technique denoted coherent anti-Stokes
Raman scattering (CARS).6,7

Femtosecond time resolution of the photoreaction dynamics
can also be deduced from Fourier transformed optical absorption
(FTOA) spectra.8 By using FTOA spectroscopy, Akiyama et
al. suggested three main reaction steps in the isomerization
mechanism of rhodopsin and bacteriorhodopsin.9,10They found
that the initial step is completely temperature and isotopomer
independent and that it occurs within 20 fs.8-10 Thus, it can
most likely be assigned to Franck-Condon (FC) relaxation. The
dynamics of the second phase of the reaction is only slightly
dependent on isotope substitutions at the C11dC12 double bond
where the cis to trans isomerization of rhodopsin takes place,
whereas the third reaction phase indeed involves the isomer-
ization center.10 The FTOA measurements yielded qualitative
information about the reaction steps in the femtosecond regime.
However, no details about the changes in the molecular structure
in the three reaction steps could be obtained from the FTOA
experiments.

Atkinson et al. found in their picosecond time-resolved
coherent anti-Stokes Raman spectroscopy PTR/CARS studies
on bacteriorhodopsin pigments that the trans to cis isomerization
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step does not occur immediately after the photoexcitation but
happens at a later stage.7 They found that the J-625 intermediate
formed within 500 fs after the excitation has an all trans but
nonplanar structure of the retinyl chain, whereas the isomer-
ization has occurred for the K-590 intermediate 3 ps after the
excitation.7,11

In recent FSRS studies by Mathies et al., a very similar
mechanism was obtained for the photoisomerization reaction
in rhodopsin.4 They found that the reaction dynamics in this
case can also be characterized by a three-step mechanism where
the initial FC relaxation is followed by a fast evolution of the
excited-state wave packet along the phase-space orbit of
displaced FC coupled modes. The evolution is driven by the
relaxation along the carbon-carbon single- and double-bond
stretches and by the methyl rocking vibrations toward an excited-
state equilibrium structure. Thus, the isomerization reaction
mechanisms of rhodopsin and bacteriorhodopsin seem to be
similar. In their FSRS study, Mathies et al. found that the
nontotally symmetric modes such as hydrogen-out-of-plane
(HOOP) modes and carbon backbone torsions are not excited
in the initial absorption. These modes are excited 200-300 fs
after the absorption by intramolecular vibrational energy
redistribution from the displaced modes. The third step of the
reaction mechanism involving atomic rearrangements and
leading to the photo-isomerization surprisingly occurs on the
ground-state potential-energy surface;3 the conical intersection
along the reaction pathway is reached before the double bond
at the isomerization center is activated.

We have recently studied the gas-phase FC relaxation of the
11-cis retinal protonated Schiff base chromophore (PSB11) in
the first excited state at the time-dependent density functional
theory (TDDFT) and approximate singles and doubles coupled-
cluster (CC2) level.12,13In these studies, the FC relaxation does
not show the bond length inversion found in recent CASSCF
and CASPT2 studies.14,15 The differences in the molecular
structures obtained at different levels of theory have been
discussed in our recent studies.12,13

Here, we try to shed some light on the reaction mechanism
of the photo isomerization by studying the structural changes
in initial reaction steps of the isomerization of PSB11 by
employing density functional theory (DFT) calculations. The
changes in the molecular structure upon photoexcitation are
calculated at the TDDFT level. The present studies refer to the
PSB11 in the gas phase. They therefore provide little basis for
comparison to the previously proposed isomerization mecha-
nisms in the protein binding pocket such as the bicycle pedal
or hula-twist motion.16-18

In this work, we focus on the second reaction step following
the FC relaxation. The present reaction step is studied by
analyzing three key reaction coordinates: (1) the C5dC6sC7d
C8 torsion angle denotedφ, twisting theâ-ionone ring; (2) the
C9dC10sC11dC12 torsion angle denotedθ, twisting the single
bond adjacent to the isomerization center; and (3) the C10s
C11dC12sC13 torsion angle denotedγ, twisting the double bond
at the isomerization center.

The coordinatesφ and γ are analyzed by optimizing all
internal coordinates while keepingφ or γ fixed. The coordinate
θ is analyzed by single-point calculations while all other internal
coordinates are fixed at the value of the relaxed ground state
structure. The results of the present work are structured as
follows. In section III A, the optimized structures of the ground
and excited states are discussed. In section III B, the reaction
coordinateφ, predominant in the FC relaxation, is analyzed. It
is shown that the energy barrier for the coordinateθ vanishes

for specific values ofφ. In section III C, the coordinateθ that
leads to a conical intersection is analyzed. In section III D, we
analyze the coordinateγ along which the cis to trans isomer-
ization eventually takes place. In sections III A-III D, the DFT
and TDDFT calculations are compared to single-point MP2 and
CC2 calculations along the same reaction coordinate. In section
III E, the results are compared to those obtained in recent
CASSCF and CASPT2 calculations.

II. Computational Methods

The molecular structure of the ground state of the 11-cis
retinal protonated Schiff base (PSB11) was optimized at the
DFT level using Becke’s three-parameter hybrid functional19

with the Lee-Yang-Parr correlation functional20 (B3LYP). The
molecular structure optimization of the first excited state of the
PSB11 chromophore yielding the molecular changes due to the
Franck-Condon relaxation was performed at the time-dependent
density functional theory (TDDFT)21-23 level also employing
the B3LYP functional. The molecular structures were confirmed
to be energy minima by calculating the harmonic vibrational
frequencies using numerical differences. In the B3LYP calcula-
tions, the Karlsruhe triple-ú basis sets augmented with one set
of polarization functions (TZVP) were used.24,25

In the search for a conical intersection, the potential-energy
surface for the first excited state was calculated at the B3LYP
TDDFT level as a function of the torsion angleφ (C5dC6s
C7dC8). In these calculations, all internal structural degrees of
freedom exceptφ were fully optimized. Total and excitation
energies for the first excited state were likewise calculated for
given values ofγ (C10sC11dC12sC13). In these calculations,
the remaining internal coordinates were fully optimized. A
similar procedure at the B3LYP DFT level was used in the
calculation of the potential-energy curves for the ground state.
For given values ofθ (C9dC10sC11dC12), the total and
excitation energies for the first excited state were determined
in single-point calculations using the DFT ground-state structure
as starting geometry. In these single-point calculations the
remaining coordinates were kept fixed. The numbering of the
atoms is shown in Figure 1.

The molecular structure of the ground state of the PSB11
chromophore was also optimized at the resolution-of-the-identity
(RI) second-order Møller-Plesset perturbation theory (MP2)
level using the new Karlsruhe triple-ú quality basis sets
augmented with two sets of polarization functions (def2-
TZVPP).26-28 The molecular structure of the first excited state
of PSB11 was optimized at the coupled-cluster approximate
singles and doubles level (CC2)29 using the RI method.30 The
potential-energy curves for torsion twists around selected single
and double bonds were obtained by performing single-point
MP2 and CC2 calculations. In these calculations, one torsion
angle was varied, whereas the remaining internal coordinates
were kept unaltered. In the single-point MP2 and CC2 calcula-

Figure 1. The enumeration of the skeleton carbon and nitrogen (16)
atoms in the PSB11 chromophore.
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tions, the def2-TZVP basis set was used which differs from
def2-TZVPP by having only one set of polarization functions
on the hydrogens. All calculations have been done with
turbomole.31

The B3LYP DFT and TDDFT results presented in the
following sections were validated by performing computation-
ally more expensive CC2 calculations because it is known that
TDDFT might have difficulties in treating states involving long-
range charge transfer accurately.32 The CC2 model might be
more reliable than TDDFT because it should not suffer from
any charge-transfer problems. On the other hand, it is not
obvious that the electron correlation effects are considered
accurately enough at the CC2 level. The method shows promise
because the recent CC2 study on PSB11 employing large basis
sets yielded excitation energies in close agreement with
experimental values.13

III. Results

A. Structures. The molecular structure of the ground state
of the retinal chromophore was optimized at the B3LYP DFT
and MP2 levels. The B3LYP optimized structure is shown in
Figure 2. At the B3LYP level, the retinyl chain is almost planar
in the absence of the protein environment. All dihedral angles
of the carbon backbone of the retinyl chain are close to 180°
(0° at the cis position), whereasφ is -39°. At the MP2 level,
φ is -45°. The ground-state structures optimized at the B3LYP
and MP2 levels are largely identical.12 The dihedral angles
around the isomerization center at the C11dC12 double bond
show that the retinyl chain is somewhat more twisted at the
MP2 level than obtained in the B3LYP optimization. The largest
difference in the dihedral angles calculated at the MP2 and
B3LYP levels is 15° which was obtained forγ.

For the molecular structure of the excited state optimized at
the B3LYP TDDFT level, theâ-ionone ring and the retinyl chain
are perpendicular to each other withφ ) -94°.12 The B3LYP
TDDFT structure of the first excited state is shown in Figure
3. These results for the excited-state structure were supported
by coupled-cluster calculations on retinal model compounds.
For the 2-cis-C7H8NH2

+ retinal model, the single bonds
calculated at the B3LYP DFT/TDDFT and MP2/CC2 levels are
longer for the excited state than for the ground state. This leads
to a torsional twist of the single bond adjacent to the cis double
bond. Coupled-cluster (CC2) optimization of the molecular
structure of the first excited state of the retinal chromophore
shows that the C10sC11 single bond next to the isomerization
center is the longest single bond in the retinyl chain for the
first excited state, whereas at the B3LYP TDDFT level the C6s
C7 single bond is the longest one leading to a torsional twist of
the â-ionone ring relatively to the retinyl chain. However, at
the CC2 level, we did not obtain any twist of the retinal single
bonds for the retinal chromophore even though the single bonds

of the retinyl chain stretch and the double bonds shrink upon
excitation. The molecular structure of the first excited state
optimized at the CC2 level is shown in Figure 4. The bond-
length alternation for the ground and first excited states
calculated at the MP2, TDDFT, and CC2 levels are compared
in Figure 5. Neither the B3LYP TDDFT nor the CC2 optimized
structures for the first excited state show any indications of a
cis to trans isomerization of the C11dC12 bond. In a recent
B3LYP DFT and TDDFT study, we found that the FC relaxation
mainly activates a torsion twist aroundφ and a bond relaxation
as indicated in Figure 5,12 whereas the CC2 calculations suggest
that the FC step activates only the CsC stretches of the retinyl
chain. From a dynamic perspective, the C-C bond relaxation
should be faster than the twist aroundφ. The atomic coordinates
are given as Supporting Information.

B. The â-Ionone Ring Twist O. The ground-state potential-
energy curve forφ is shown in Figure 6. In the B3LYP DFT
calculations, all internal coordinates exceptφ were fully
optimized. Three minima were obtained on the potential-energy
curve. The experimentally suggested structure of the retinal
chromophore in rhodopsin corresponds to the B3LYP minimum
at φ ) -39°. At the MP2 level, the corresponding minimum
was obtained atφ ) -45°. These values can be compared to

Figure 2. The molecular structure of the ground state of the PSB11
chromophore optimized at the B3LYP DFT level:φ ) -39°, θ )
178°, γ ) -2°.

Figure 3. The molecular structure of the first excited state of the PSB11
chromophore optimized at the B3LYP TDDFT level:φ ) -94°, θ )
179°, γ ) 0°.

Figure 4. The molecular structure of the first excited state of the PSB11
chromophore optimized at the CC2 level:φ ) -35°, θ ) -172°, γ )
10°.

Figure 5. Comparison of the bond-length alternation of the CsC bonds
of the excited state (ES) of the retinyl chain calculated at the B3LYP
TDDFT and CC2 levels. The bond lengths for the ground state (GS)
were obtained at the MP2 level. The bond length is given between the
integers labeling the corresponding carbon atoms.
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the experimental values ofφ ) -30.3°, φ ) -31.9°,33 andφ

) -44°34 for retinal embedded in the protein. At the DFT level,
another minimum was obtained atφ ) 33°. The barrier between
the two potential wells atφ ) -39° andφ ) 33° is 3-5 kJ/
mol depending on the direction. This barrier corresponds to a
temperature of only 380-580 K, which however is large enough
to prevent a thermal change of the conformation in solution.
The energetically lowest structure is located atφ ) 167°, and
it is separated from the two other minima by an energy barrier
of about 20 kJ/mol for the free chromophore. Such a high barrier
prevents a thermal conformational change between them. The
situation might be different for the rhodopsin chromophore
because the relatively small barriers obtained for the free
chromophore can be significantly altered by the presence of
the surrounding protein. These aspects are discussed in a recent
review.35

For the first excited state the situation is much more
complicated. When the torsion angleφ is fixed at a given value
and all internal coordinates exceptφ are optimized on the
excited-state surface, there are two types of outcomes for the
optimized structures: Type 1 has a geometry similar to that of
the fully optimized excited-state structure described in section
III A, differing mainly in φ; type 2 has a geometry with a highly
twisted torsion angleθ close to θ ) -90° and an almost
vanishing gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
(see Figure 7).

In fact, for type 2 structures the HOMO-LUMO energy
difference was too small for solving the Kohn-Sham equations,
thus preventing the completion of the structure optimization.
The potential-energy curve for type 1 geometries is shown in
Figure 8a. The type 1 geometries were obtained by relaxing
the structure of the excited state forφ values contained in the
potential-energy curves with the equally deep minima atφ )
90° andφ ) -94°.

The type 2 geometries for the excited state were obtained
when the initial ground-state structure has aφ angle between
the vertical bars of Figure 8a. The vanishing HOMO-LUMO

gap indicates a conical intersection. Even though the structure
optimizations for type 2 geometries could not be completed
because of the computational difficulties, the energy difference
to the ground-state structure dropped to less than a tenth of the
initial vertical excitation energy and the total energy is about
half between the total energies of the ground and excited states
calculated using the ground-state structure.

The excitation energy calculated as a function ofφ is shown
in Figure 8b where the conical intersection area is again
indicated with vertical bars. It shows that the excitation energy
is almost independent ofφ angle when it lies in the [-125°,
-50°] and [50°, 125°] intervals. However, it also shows that a
large Stokes shift of about 1 eV is obtained for rather small
changes inφ angle of about 10°. According to the DFT
calculations, the vertical excitation of the retinal chromophore
leads to a structure balancing on a sharp edge of the potential-
energy curve in the first excited state. Structural relaxations
toward larger torsion angles yield a minimum of the excited-
state structure with a perpendicular orientation of theâ-ionone
ring, whereas a relaxation toward smaller torsion angles leads
to the conical intersection. This could explain why the isomer-
ization reaction is more efficient in the protein than in solution.
The protein might adjust the dihedral angleφ to a slightly
smaller value and thereby increase the probability for the
relaxation toward the conical intersection resulting in a higher
quantum yield for the retinal embedded in the protein than for
the chromophore dissolved in, for example, methanol.

The CC2 potential-energy curve for the excited state with
respect to theφ coordinate differs significantly from the TDDFT
one. At the TDDFT level, the optimization of the first excited
state leads to a perpendicular orientation of the ring with respect
to the retinyl chain, whereas the CC2 optimization of the first
excited state results in only a small change of 10° in φ as
compared to the ground state. For the optimized CC2 structure,
theφ angle is-35°. The CC2 single-point calculations of the
potential-energy curve with respect toφ did not show any
indications of a conical intersection, whereas the TDDFT
optimizations yielded practically vanishing deexcitation energies
for smallφ angles. The potential-energy curves obtained in the
single-point CC2 calculations are given in Figure 9. However,
the CC2 potential-energy curve cannot directly be compared to
the TDDFT one, because in the single-point CC2 calculations
the remaining internal coordinates were unaltered. At the
TDDFT level, the structure was reoptimized for each given value
of φ. Secondary effects such as twists of other retinyl bonds
cannot occur in single-point calculations. Note that the second
excited state seems to have a minimum for the perpendicular
orientation of theâ-ionone ring at the CC2 level, that is,
similarly as obtained for the first excited state in the TDDFT
calculations.

C. The C9dC10sC11dC12 Single Bond Twist θ. The
B3LYP TDDFT calculations show that the restriction of the
internal coordinateφ can lead to a torsional rotation aroundθ
for certain values ofφ. These structural changes are reminiscent
of the FC relaxation mechanism obtained for the 2-cis-C7H8-
NH2

+ retinal model.12 Because the twist aroundθ does not occur
spontaneously in the FC relaxation step of the retinal it must
be prevented by an energy barrier. The experimentally observed
ultrafast dynamics indicates that the energy barriers are very
low.36-40 The height of the torsion barrier along theφ coordinate
was calculated at the B3LYP TDDFT level. The potential-energy
curves in Figure 10 were obtained for given values ofθ. In the
calculations, the remaining internal coordinates were kept fixed.
Figure 10a shows that the potential curve of the ground state

Figure 6. The ground-state potential-energy curve for the PSB11
chromophore as a function of theφ angle calculated at the B3LYP
TDDFT level.

Figure 7. The molecular structure of the PSB11 chromophore in the
vicinity of the conical intersection calculated at the B3LYP TDDFT
level: φ ) -4.2°, θ ) -90.3°, γ ) 0.5°.
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has a huge torsion barrier of more than 100 kJ/mol, whereas
the corresponding potential curve for the excited states, also
enlarged in Figure 10b, is very shallow with an energy barrier
of about 10 kJ/mol. The corresponding B3LYP excitation
energies are given as a function ofθ in Figure 11. The graph
shows that the B3LYP excitation energy decreases and ap-
proaches zero when rotating out of the plane along theθ
coordinate.

The potential-energy curves calculated at the CC2 level given
in Figure 12 show that the torsion barrier for rotations alongθ
is very small for the first excited state. The barrier is even
smaller when the CC2 excited-state structure instead of the
ground-state structure is used as the starting geometry in the
single-point calculations. The energy barrier of about 4 kJ/mol
is more than 1 order of magnitude smaller than that obtained
for the ground state. The corresponding potential-energy barrier
calculated at the B3LYP TDDFT level is about 10 kJ/mol. In
this case, the TDDFT and CC2 calculations yield qualitatively
the same result. For the ground state, the MP2 torsion barrier
with respect toθ is about 75 kJ/mol as compared to the almost
vanishing ones obtained for the first excited state.

In Figure 11, the CC2 excitation energies of the first and
second excited states are also given as a function ofθ. For the
perpendicular orientation with torsion angles of aboutθ ) (90°,
the first excitation energy is significantly smaller than obtained
for the ground-state structure. However, judged from the CC2
calculations it is not obvious that a conical intersection can be
reached by twisting the C10sC11 single bond. One should though
bear in mind that single-point CC2 calculations might have
problems in accurately describing the approach of a conical
intersection.

D. The C10sC11dC12sC13 Double Bond Twist γ. The
photochemical reaction of the retinal chromophore results in a
cis to trans isomerization, which is experimentally found to

occur after the conical intersection has been reached.4 These
recent experimental results were investigated by calculating the
torsion barrier as a function of the twist angleγ. The potential-
energy curves shown in Figure 13 were obtained at the B3LYP
DFT and TDDFT levels for the ground and first excited state,
respectively. In the calculations, the remaining internal coor-
dinates were fully optimized. The potential-energy curves with
respect toγ show that the torsion barrier for the excited state is
at least as high as for the ground state. The shape of the potential
curves for the ground and excited state are identical for small
torsion angles, indicating that the isomerization center is not
activated at an early stage of the reaction. Thus, these
computational results support the recent experimental findings
that the C11dC12 double bond is not involved in the initial
reaction steps of the isomerization reaction.4,7,8 The calculated
torsion barriers are larger than 100 kJ/mol for both the ground
and the excited states. That barrier is large enough to prevent
the isomerization through a one-bond flip. This notion is also
supported by recent X-ray measurements of the electron-density
difference between rhodopsin and bathorhodopsin.41 It should
be noted that the exact shape and magnitude of the barrier is
uncertain. Because of the difficulties of DFT and TDDFT
methods to describe states with pronounced multireference
character, it makes no sense to calculate the potential-energy
curve with a better resolution around the energy maxima in
Figure 13. The sparse grid of points leads to the sharp cusps in
the potential-energy curves. However, the calculations indeed
suggest that the isomerization does not occur immediately after
the excitation.

The CC2 energy barriers for the twist along theγ angle are
shown in Figure 14. The ground-state potential curves were
obtained at the MP2 level. The CC2 and MP2 calculations show
that for the first excited state the energy barrier for theγ twist
is about 1 order of magnitude larger than forθ rotations. The
energy barrier is somewhat higher when the excited-state
structure is used as initial geometry in the single-point calcula-
tions than with the ground-state structure as starting point. At
the B3LYP TDDFT level, the obtained energy barrier with
respect toγ is around 100 kJ/mol, whereas the CC2 energy
barrier is about a factor of 2 smaller. The large energy barrier
of 50-100 kJ/mol prevents the torsion twist, that is, the
isomerization of the C11dC12 double bond for the excited state.
The 50 kJ/mol reduction in the energy barrier for the double-
bond twist of the excited state obtained at the CC2 level might
be considered to be preliminaries for facilitating the isomer-
ization step.

In Figure 15, the CC2 excitation-energy functions of the first
and second excited states are compared to the B3LYP TDDFT

Figure 8. (a) The potential-energy curve and (b) the excitation energy for the first excited state of the PSB11 chromophore as a function of the
φ angle calculated at the B3LYP TDDFT level.

Figure 9. The CC2 potential curves as a function of theφ angle have
been calculated for the three lowest states. The molecular structure of
the ground state has been the starting geometry for the single-point
CC2 calculations. The absolute energy scale of all states has been set
to 0 kJ/mol at the MP2 ground-state minimum atφ ) -45°.
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ones. The CC2 excitation-energy curves agree well with those
obtained at the B3LYP TDDFT level. The excitation energies
were calculated as a function of theγ angle with all remaining
coordinates kept unchanged. For comparison, both the CC2 and

the B3LYP TDDFT calculations in this graph have the MP2
ground-state structure as starting geometry.

E. Comparison of ab Initio and DFT Methods.Our recent
CC2 calculations of the vertical excitation energies of the retinal
chromophore yielded values of 2.10 and 3.17 eV for the two
lowest excited states.13 These energies are in good agreement
with the recently measured gas-phase values of 2.03 and 3.18
eV.42 The vertical excitation energy of 2.34 eV calculated at
the B3LYP TDDFT level is thus 0.3 eV larger. The full B3LYP
TDDFT optimization of the first excited state results in a large
shift of 1.44 eV. Thus, the optimization of the excited-state
structure reduces the vertical excitation energy by 0.9 eV,12

whereas at the CC2 level the Stoke shift is 0.28 eV. The CC2
model has proven to be useful in studies of excited states insofar
as large basis sets are employed.43 The CC2 method is therefore
used here to assess the reliability of the B3LYP TDDFT
potential-energy surface of the first excited state of the retinal
chromophore.

It has also been argued that the excitation process of retinals
cannot be described at the TDDFT level44 mainly because the
results do not agree with those obtained at the complete active
space self-consistent field (CASSCF) level in combination with
multiconfiguration second-order perturbation theory (CASPT2)
calculations.45 However, a comparison of CASSCF/CASPT2
excitation energies with gas-phase data indicates shortcomings
of the CASSCF/CASPT2 approach in retinal studies.14 There
might be several reasons for the difficulties of the CASSCF/
CASPT2 method to describe the isomerization process.14,46-51

First, the often employed 6-31G* basis set is indeed small for
ab initio correlation calculations. Second, the more serious flaw
in the CASSCF calculations on retinals is probably due to the
necessary limitation of the active space to 12 electrons in 12
orbitals. The present CC2 calculation of the natural occupation
numbers shows that the differences between the orbital occupa-
tion numbers are very small at the boundaries of the active space.
According to the CC2 occupation numbers, it is not obvious
why the 12-in-12 active space, on the basis of chemical intuition,
should be large enough for an accurate or at least for a balanced
treatment of the most important electron correlation effects. Most
likely, more than 12 electrons in 12 orbitals have to be included
in the active space to get an accurate molecular structure at the
CASSCF level. In Figure 16, the orbital distribution function
of the particle-hole occupation numbers is given. The natural
orbitals obtained at the CC2 level are sorted according to
descending occupation. The vertical lines denote the 12-in-12
active space. The occupation numbers for many of the orbitals
outside the 12-orbital active space are of the same size as for
those correlated at the 12-in-12 CASSCF level.

Figure 10. (a) The potential curve as a function of theθ angle calculated for PSB11 at the B3LYP DFT and B3LYP TDDFT levels for the ground
and first excited state, respectively. The molecular structure of the ground state has been the starting point for the single-point B3LYP DFT and
B3LYP TDDFT calculations. The absolute energy scale has been set to 0 kJ/mol at the lowest points of each, the ground and excited-state curve.
(b) The potential curve of the excited state is zoomed in.

Figure 11. The excitation energy as a function of theθ twist angle
for the PSB11 chromophore calculated at the B3LYP TDDFT and CC2
levels, respectively. The molecular structures of the ground state
optimized at the B3LYP and MP2 levels have been the starting point
for the single-point B3LYP TDDFT and CC2 calculations, respectively.

Figure 12. The potential-energy curve as a function of theθ angle
calculated at the CC2 level. The molecular structures of the ground
state (GS) and first excited state (ES) have been the starting point for
the single-point CC2 calculations. The absolute energy scale of the
ground- and excited-state curves has been set to 0 kJ/mol at the
minimum of the ground-state curve.

Figure 13. The potential-energy curves for the ground and first excited
states of the PSB11 chromophore as a function of theγ angle calculated
at the B3LYP DFT and TDDFT level. All internal coordinates other
thanγ have been fully optimized. The absolute energy scale has been
set to 0 kJ/mol at the lowest points of each, the ground- and excited-
state curve.
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The electron correlation effects omitted at the CASSCF level
can be considered by performing CASPT2 calculations. How-
ever, the molecular structure optimized at the CASSCF level is
usually adopted in the CASPT2 calculations. The CASPT2
calculation improves the treatment of the electron correlation,
whereas single-point CASPT2 calculations cannot correct the
errors introduced by the use of a less accurate CASSCF
molecular structure. This holds especially when studying
changes in molecular structures due to electronic excitation
processes.

In a recent study, we found that the ground-state structure
obtained at the CASSCF level differs significantly from the MP2
and B3LYP DFT structures suggesting that the limited size of
the active space might introduce significant errors. In the
CASSCF/CASPT2 study by Sekharan et al.,49 the use of an
atomic-natural-orbital (ANO) basis set in combination with an
MP2 optimized molecular structure yielded a rather accurate
value for the first excitation energy, whereas the second
excitation energy was 0.34 eV too small as compared to the
experiment.42 A similar study using the CASSCF molecular
structure14 overestimated the two lowest excitation energies by
0.3 eV as compared to the recent gas-phase values.42

IV. Conclusions

The TDDFT calculations indicate that the photoreaction for
the free chromophore begins with a Franck-Condon relaxation
involving theâ-ionone ring and the retinyl CsC stretches. Thus,
the isomerization center at the C11dC12 double bond is activated
at a later stage. However, when the chromophore is embedded
in the protein, steric effects might prevent the twist of the
â-ionone ring relative to the retinyl chain. The single bonds
stretch and the double bonds shrink upon excitation. The torsion
barrier for the cis to trans isomerization of the C11dC12 double
bond of about 100 kJ/mol is about as large for the excited state
as obtained for the ground state. The torsion barriers for the
single-bond twist around the C9dC10sC11dC12 (the θ torsion
angle) practically vanishes. The twist aroundθ leads to a drastic
reduction of the deexcitation energy indicating that a conical
intersection is reached that way. When the conical intersection
is being approached about half of the excitation energy has been
made available for the isomerization step. The calculations
suggest that the isomerization occurs after the conical intersec-
tion, that is, on the potential-energy surface of the ground state
as also observed experimentally.3

The CC2 calculations roughly support the TDDFT results.
At the CC2 level, the torsion barrier with respect toθ is less
than 5 kJ/mol, which is even smaller than the energy barrier of
10 kJ/mol obtained at the TDDFT level. According to the CC2
calculations, the torsion barrier with respect to the rotation of
the C10sC11dC12sC13 torsion angle (theγ angle) is reduced
by a factor of 2 for the excited state, but it is still very high
preventing the isomerization on the excited-state potential-
energy surface. Because of the reduced barriers, the retinyl chain
can easily deform in the excited state as also observed
experimentally.3,7,36,52The main difference between the B3LYP
and CC2 reaction mechanisms is that the CC2 calculations
suggest that theâ-ionone ring plays an unobtrusive role, whereas
according to the TDDFT calculations theâ-ionone ring par-
ticipates actively in the Franck-Condon relaxation step. The
CC2 calculations on the other hand suggest that the FC step
activates retinyl CsC stretches which from a dynamic perspec-
tive should also be faster than the twist of theâ-ionone ring
(the φ angle twist). The reaction step involving theâ-ionone
ring could though explain the significantly larger quantum yield
obtained for the chromophore embedded in the protein. The
enhanced quantum yield could either be due to steric interactions
preventing the twist ofφ or alternatively the protein lowers the
torsion barrier for the twist aroundθ. The protein can also favor
the trans structure when the reaction is passing the conical
intersection. A combination of all these mechanisms is likely
since they do not exclude each other.

Figure 14. The CC2 potential-energy curves as a function of theγ angle has been calculated for the three lowest states. (a) The molecular structure
of the ground state (GS) has been the starting geometry for the single-point CC2 calculations. (b) The molecular structure of the first excited state
has been the starting geometry for the single-point CC2 calculations. The absolute energy scale of the ground- and excited-state curves has been
set to 0 kJ/mol at the minimum of the ground-state curve.

Figure 15. The excitation energy as a function of theγ angle for the
PSB11 chromophore calculated at the B3LYP TDDFT and CC2 levels,
respectively. The molecular structure of the ground state optimized at
the MP2 level has been the starting point for the single-point B3LYP
TDDFT and CC2 calculations.

Figure 16. The particle-hole occupation numbers for the retinal
chromophore calculated at the CC2 level.
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