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Time-dependent density functional theory (TDDFT) calculations on the photoabsorption process of the 11-
cis retinal protonated Schiff base (PSB) chromophore show that the Fr&@uridon relaxation of the first
excited state of the chromophore involves a torsional twist motion gf-iba@one ring relative to the conjugated
retinyl chain. For the ground state, thgonone ring and the retinyl chain of the free retinal PSB chromophore
form a—40° dihedral angle as compared #®4° for the first excited state. The double bonds of the retinal

are shorter for the fully optimized structure of the excited state than for the ground state suggesting a higher
cis—trans isomerization barrier for the excited state than for the ground state. According to the present TDDFT
calculations, the excitation of the retinal PSB chromophore does not primarily lead to a reaction along the
cis—trans torsional coordinate at thg:€Cy, bond. The activation of the isomerization center seems to occur

at a later stage of the photo reaction. The results obtained at the TDDFT level are supported by second-order
Mgller—Plesset (MP2) and approximate singles and doubles-coupled cluster (CC2) calculations on retinal
chromophore models; the MP2 and CC2 calculations yield for them qualitatively the same ground state and
excited-state structures as obtained in the density functional theory and TDDFT calculations.

I. Introduction observe early photo products!® Fourier transformed optical

Rhodopsin is the photoreceptor protein responsible for vision °SOrPtion spectra of deuterated 11-cis retinal chromophores
and 11-cis retinal is the photoabsorbing chromophore embedded®hoWwed that the G—Cy, bond is not involved in the initial step
in rhodopsin. All carborrcarbon bonds in the conjugated retinyl  ©f the excitation-state dynamiésand that the excited-state
chain of the chromophore are in the trans position except dynamics of 13-trans-locked bacteriorhodopsin appears to be
between G; and Go. The photoabsorption reaction involving  Similar to that of the native bactgnorhodopsm up to 106¢fs.
the 11-cis retinal chromophore has been extensively stddfed. Recent femtosecond spectroscopic studies of the primary events
In the sixties, it was proposed that the primary absorption of in retinal-modified bacteriorhodopsin analogs indicate that the
the photon leads to an isomerization at the cis position yielding isomerization of the retinyl chain is preceded by preparatory
an all-trans retinyl chaift® The isomerization model was later ~ reaction steps’~?In the femtosecond spectroscopic studies of
questioned when it became apparent that the first intermediateshative and blocked retinal chromophores, it was found that the
in the absorption process were formed within 6 ps after restriction of the retinal motion at the isomerization center does
excitation. Such a short time was considered to be too fast for not change the initial photocycle mechanism.
a cis-trans isomerization proce$slowever, later spectroscopic The difference in the electron density between rhodopsin and
studies supported the isomerization mdtehich has become  bathorhodopsin, which is the first intermediate of the photo
the generally accepted model, after it was shown that the fixation reaction that can be trapped, has very recently been deduced
of the double bond between {and G in the cis conformation  from X-ray measurement.The density difference was found
leads to a passivation of the photo receftdf. The strongest  to show strong positive and negative areas aftienone ring
indication for the cistrans isomerization step was obtained by ang at the ¢—Cy, bond suggesting that the photoisomerization
blocking the isomerization process by connecting &hd Gs process is not just a simple one-bond flipSpectroscopic
with a CH, group thus forming a cyclopentene ring. The gy dies of rhodopsins also support this nofidm4 Nakamichi

observed slow rate of the internal conversion in the photo 5,4 okada found that the dihedral angle around the-Cy»
reaction of the 11-cis-blocked five-membered retinal was taken ;4 changes by 9Grom about—40° in rhodopsin to—155°

as a strong indication of the ei¢rans isomerization as the
primary reaction step?

The photochemistry of bacteriorhodopsin involves the isomer-
ization of all-trans retinal to 13-cis retinal. The reaction has
many similarities to that of rhodopsin but takes place on the
picosecond time scale, making it much easier to experimentally

for bathorhodopsiA! The excitation-state dynamics measure-
ments by Akiyama et df suggest two other reaction steps
before the incomplete isomerization forming bathorhodopsin
occurs. The almost temperature-independent initial reaction step
occurring within 20 fs can most likely be assigned to
Franck-Condon relaxatiot125Mathies et aP*found that the

* Corresponding author. E-mail: sundholm@chem.helsinki.fi. FAx: @bsorption of a photon takes the chromophore into the
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along Franck-Condon coupled modes such as C stretches
and methyl rock. The hydrogen-out-of-plane and carbon back-
bone torsions are not excited by the initial absorption; instead
these modes are activated 2800 fs after the photon absorp-
tion by the intramolecular vibrational energy redistribution
mechanisn#*

In this work, the Franck Condon step of the photoabsorption
reaction is studied by performing density functional theory
(DFT) and time-dependent density functional theory (TDDFT)
calculations on the ground state and the first excited state of @ ®
the 11-cis retinal protonated Schiff base (PSB) chromophore. Figure 1. The molecular structure of the ground state of (a) the native
The retinyl chain is terminated by a protonated Schiff base 11-§:is_ retinal PSB and (b) the 11-cis-blocked retinal PSB chromophores

Al . optimized at the B3LYP level.
yielding a net charge o#1 for the chromophore. Additional
insights are obtained from analogous studies of the retinal PSB
chromophore blocked in the cis form at;®y a five-membered
ring. Similar results also were obtained in DFT and TDDFT
studies of the 11-cis retinal PSB blocked by a seven-membered”
ring, the all-trans retinal PSB, and the 13-cis retinal PSB.
Similarities in the structure relaxation for the Franc&ondon
region are expected from the low isomerization selectivity of
the free chromophore in solutidhTherefore, the present results
are compared not only with experimental values for rhodopsin, (o) )
but also with experimental data for bacteriorhodopsin. The Figure 2. The molecular structure of the first excited state of (a) the
reliability of the employed DFT calculations was assessed by 11-Cis retinal PSB and (b) the 11-cis-blocked retinal PSB chromophores
performing comparative studies on retinal model compounds glrilt:amlzed at the B3LYP level. The nitrogen atom is marked with dark
at the second-order MglleiPlesset (MP2) and approximate '
singles and doubles coupled-cluster (CC2) levels.

group at G seems to be inactive. The distance fromt€the
methyl group changes from 150.6 to 148.1 pm in the native
retinal and from 150.9 to 148.2 pm in the cis-blocked one. In
The molecular structures of the ground and first excited statesthe native retinal, the bond distances to the methyl groups at
of the 11-cis retinal PSB and the 11-cis-blocked five-membered C, change from 154.5 and 154.4 pm in the ground state to 157.0
ring retinal PSB were optimized at the DFT level using Becke’'s and 154.5 pm for the optimized structure of the first excited

II. Computational Methods

three-parameter hybrid functiodawith the Lee-Yang—Parr state. This could explain why the minimum requirement for a
correlation function&f (B3LYP). For the excited state, the B-ionone ring analogue that can activate rhodopsin is a structure
molecular structures were optimized at the TDB¥P level that includes a methyl group at, ©r Cs.383°

using the B3LYP functional. The molecular structures of the  The most apparent difference between the molecular struc-
ground state of the native retinal molecule and of the retinal tyres of the ground state and the first excited state is the dihedral
model compounds were optimized at the second-order MP2 levelangle between the retinyl chain and Béonone ring. For the
employing the resolution of the identity (RI) appro&éiror ground-state structure, the ring and the chain form a dihedral
the first excited state of the retinal model compounds, the angle of —39°, whereas in the first excited-state the ring and
molecular structures were optimized at the approximate singlesthe chain are perpendicular against each other with a torsion
and doubles (CC2) level employing the RI met#8& The angle of—94°. This applies to both the native and the 11-cis-
structures of the retinal chromophores obtained at the DFT andplocked chromophores. For the free chromophore, the retinyl
TDDFT levels were confirmed to be energy minima by chain is practically planar in the ground state as well as in the
Ca'CUlating the harmonic vibrational frequencies using numerical first excited state. The TDDFT calculations do not provide any
differences. The Karlsruhe triple basis sets augmented with  indications of a cis-trans isomerization of the &-Cy,» bond

one set of polarization functions (TZVP) were usé&: For in the Franck-Condon region. The activation of the isomer-
the retinal model compounds, we employed the newer Karlsruhejzation center seems to occur at a later stage of the photo reaction
triple & basis sets, denoted def2-TZVPAIl calculations have s also recently observed in femtosecond spectroscopy measure-

been done with TURBOMOLE. ments?* The more pronounced bond length alternation of the
retinyl chain obtained in the calculations suggests a higher cis
Ill. Results trans isomerization barrier in the excited-state than for the
A. Native and 11-cis-Blocked Retinal ChromophoresThe ground-state structure. The calculated Cdistances are given

molecular structures of the ground and the first excited statesin Table 1 and 2.

of the native 11-cis retinal PSB chromophore and of the 11-  The retinyl chain of the 11-cis-blocked chromophore is
cis-blocked five-membered ring retinal PSB chromophore strongly bent as compared to the native retinal chromophore.
optimized at the B3LYP level are shown in Figure 1 and 2. For the cis-blocked chromophore, the, €,;, and N atoms
The changes in the molecular structures of the native and 11-form an angle of 95 whereas in the native chromophore the
cis-blocked retinals upon excitation are very similar. The double angle is 139. Such a strong distortion of the retinyl chain can
bonds in the retinyl chain are slightly shorter in the excited- affect the functional ability of the protein.

state structures than in the ground state. The single bonds of The present calculations indicate that the photo reaction
the retinyl chain are longer than in the ground state. The methyl begins with a FranckCondon relaxation involving thé-ionone
group at G and one methyl group at,Qparticipate in the ring and that the isomerization center is activated at a later stage.
Franck-Condon relaxation process whereas the second methylHowever, steric effects might prevent the twisting of the
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TABLE 1: The C—C Distances (in pm) for the Ground TABLE 3: The Excitation Energies (in eV) of the Native

State (GS) and First Excited State (1ES) of the 11-cis Retinal 11-cis Retinal PSB, 13-cis Retinal PSB, All-trans Retinal

PSB Chromophore Calculated at the B3LYP Levéd PSB, and the 11-cis-blocked Five-Membered Ring Retinal

bond GS(B3LYP) 1ES(B3LYP) GS(MP2) PSB Chromophores Calculated at the B3LYP Level

Ci—Cs 1551 150.1 1528 molecule state  structure energy  osc str
Ci—C; 154.3 154.5 153.0 11-cis retinal PSB 1ES GS 2.34 1.24
Co—Cs 152.1 152.3 151.7 11-cis retinal PSB 2ES GS 3.10 0.45
Cs—Cy 152.5 152.5 152.0 11-cis retinal PSB 1ES 1ES 0.90 0.00
Ci—Cs 150.9 148.3 150.6 11-cis retinal PSB 2ES 1ES 2.72 1.29
Cs—Cs 136.5 142.5 136.3 13-cis retinal PSB 1ES GS 2.29 1.13
Cs—Cr 144.8 149.2 145.0 13-cis retinal PSB 2ES GS 3.11 0.56
C—Cs 136.6 133.3 136.2 13-cis retinal PSB 1ES 1ES 0.88 0.00
Cs—Cy 142.7 147.1 143.0 13-cis retinal PSB 2ES 1ES 2.66 1.18
Co—Cuo 139.5 135.9 138.4 all-trans retinal PSB 1ES GS 2.34 1.40
Cio—Cu1 140.0 143.6 140.7 all-trans retinal PSB 2ES GS 3.13 0.59
Cii—Cop2 139.4 137.8 138.4 all-trans retinal PSB 1ES 1ES 0.87 0.00
C1o—Cys 140.6 141.8 141.0 all-trans retinal PSB 2ES 1ES 2.73 1.51
Ci3—Cis 141.0 140.9 139.6 11-cis-blocked retinal PSB  1ES GS 2.36 0.92
Cuu—Css 137.7 137.5 138.4 11-cis-blocked retinal PSB  2ES GS 3.29 0.23
Ci5—Nais 1335 135.3 132.6 11-cis-blocked retinal PSB  1ES 1ES 1.06 0.00
Cs—Cs—C7—Cs —38.9 —94.3 —45.1 11-cis-blocked retinal PSB  2ES 1ES 2.69 0.71

aThe MP2 ground state structure also is reported. THeGe—C;— . . .
Cs torsion angles (in degrees) of tidonone ring also are given. The ~ 'espectively. The corresponding values for the cis-blocked one
numbering of the atoms is shown in Figure 1. are 11.86 and 11.72 eV. Thus, the zero-point vibrational energy
corrections correspond to a redshift of the calculated absorption

TABLE 2: The C —C Distances (in pm) for the Ground maximum at 530 nm by 2030 nm.

State (GS) and the First Excited State (1ES) of the

11-cis-Blocked Five-Membered Ring Retinal PSB The obtained excitation and fluorescence energies including
Chromophore Calculated at the B3LYP Levef the oscillator strengths are summarized in Table 3. The oscillator
bond GsS 1ES strength for the transition between the first excited state and
the ground state in the perpendicular conformation, i.e., for the
&:gz igjg iggé excited-state structure, is only 19 the Franck-Condon
Co—Cs 152.0 152.4 relaxation of the molecular structure of the first excited state
Cs—C 152.1 152.5 efficiently prevents undesired luminescence processes.
Cs—GCs 150.4 148.2 The characteristic features in the Fran€kondon relaxation
Cs—Cs 137.5 142.4 of 1l-cis retinal PSB are reproduced in the excited-state
gj:g; ig‘;:g igg:g optimizations of the bacteriorhodopsin chromophore and its
Cs—Cs 1427 146.7 photo product, i.e., for all-trans retinal PSB and 13-cis retinal
Co—Cio 139.1 136.1 PSB, respectively?
Ci0—Cn 140.7 144.1 B. Retinal Model Compounds. The accuracy of the DFT
C11=Cro 139.2 137.9 and TDDFT calculations was checked by comparing the
&z:&i ﬁg:g iig:i optimized ground-state and excited-state structures of the all-
Cia—Cus 137.4 137.3 trans polyene (gHio) with the molecular structures obtained
Cis—Nig 133.6 135.5 in MP2 and CC2 structure optimizations. For the ground state,
C10—C17 152.2 153.4 the C-C distances obtained at the B3LYP and MP2 level agree
Ci13—Cyy 151.3 151.7 very well. The bond distances differ by less than 0.5 pm. The
Cs—Co=Cr=Cs —23.6 —109.8 bond lengths calculated at the complete active space self-
aThe G—Cs—C;—Cg torsion angles (in degrees) of tieionone consistent field (CASSCF) level are also in close agreement

ring also are given. The numbering of the atoms is shown in Figure 2. with the present resulfd. The bond length alternation is
somewhat larger at the CASSCF level. The B3LYP, CC2, and
B-ionone ring relative to the retinyl chain, in case the chro- CASSCF calculations yield for the first excited state largely
mophore is embedded in the protein. The effect of the protein equal C-C distances with a maximum deviation of 0.9 pm
has not been considered in this study because we believe thabetween the B3LYP and CC2 bond lengths; the largest
it is of ultimate importance to have a proper description of the difference between the B3LYP and CASSCF bond distances is
free chromophore and to understand its processes beforen.8 pm. The calculated-€C distances for gHip are compared
environmental effects are taken into account. in Table 4. The optimization of th&B, state of alltrans-1,3-

The vertical excitation energy for the native retinal chro- butadiene at the B3LYP TDDFT level leads to a structure of
mophore calculated at the B3LYP level is 2.34 eV (529 nm). Cs symmetry as also obtained in correlated ab initio calcula-
For the 11-cis-blocked retinal chromophore, the corresponding tions#243For all4rans-1,3,5-hexatriene, all-trans-1,3,5-octatet-
excitation energy is 2.29 eV. These energies can be comparedaene, and all-trans-1,3,5,7-decapentadiene, the B3LYP TDDFT
to the recently measured gas-phase value of 2.03 eV for 11-optimization of the!B, states does not break tg, symmetry,
cis-retinal PSB' The optimization of the first excited-state  which is in agreement with previous calculations at ab initio
involving a large change in the torsion angle at fhnone correlation level$!44The C-C bond distances and excitation
ring also results in a large FranelCondon shift of 1.44 eV. energies of the polyenes are compared to literature values in
The vertical deexcitation energy from the first excited state to Table 4. Judging by these calculations, it can be concluded that
the ground state of the native retinal chromophore is 0.90 eV. reliable molecular structures are obtained for the ground and
For the native chromophore, the zero-point vibrational correc- first excited state of the conjugated hydrocarbon chain at the
tions for the ground and excited states are 12.43 and 12.34 eV,B3LYP DFT and B3LYP TDDFT level, respectively.



30 J. Phys. Chem. A, Vol. 111, No. 1, 2007

TABLE 4: Comparison of the C—C Distances (in pm)
Obtained at Different Computational Levels for the Ground
(*Ag) and First Excited State (B,) of all-trans-1,3,5-Hexa-
triene, all-trans-1,3,5,7-Octatetraene, and
all-trans-1,3,5,7,9-Decapentaenie

state C+C2 C2-C3 C3-C4 C4-C5 C5-C6 EP

level

hexatriene
B3LYP/
def2-TZvP
MP2/
def2-TZVP
CASSCF/
ANO-DZP?
octatetraene
B3LYP/
def2-TZvP
MP2/
def2-TZVP
B3LYP/
6-31G**
CASSCF/
ANO-DZP®
decapentaene
B3LYP
def2-TZVP
MP2/
def2-TZvP
CASSCF/
ANO-DZP?
hexatriene
B3LYP/
def2-TZVP
CASSCFH
ANO-DZP®
octatetraene
B3LYP/
def2-TZVP
Ccc2/
def2-TZVP
CASSCFH
ANO-DZP®
decapentaene
B3LYP/
def2-TZVP
CASSCF/
ANO-DZP?

1Ag 1337 1446 134.6 4.72

134.3 1446 1350 5.31

134.6 1456 135.6

133.8 144.3 135.0 1437 494

1343 1444 1355 1438 461

1344 1448 1355 144.1

1Ay 1347 1459 1359 1464

1Ay 1339 1442 1351 1434 1354 3.56

1Ay 1344 1443 1355 1435 1357 4912

1Ay 1347 1463 136.0 1456 136.3

138.4 1404 1424 4.20

138.5 140.0 140.6

136.9 141.1 1405 139.7 3.61

137.8 1405 1414 139.0 4.07

137.2 141.0 139.7 1393

1B, 136.1 141.7 1399 1399 140.3 3.19

B, 1365 1419 139.0 139.7 1395

aThe excitation energies to the 18ate (EE in eV) are also reported.
bThe experimental 90 excitation energies of hexatriene and octatet-
raene are 4.93 eé¥and 4.41 eV °Excitation energies also are reported
in ref 75.9The excitation energy is calculated at the CC2 letiekf
41.Ref 76.

A more realistic model system in this context can be obtained
by replacing one of the-CH, units of the polyene with an
isoelectronic protonated Schiff baseNH;. In addition we
chose, as in the retinyl chain, the third-C bond from the
Schiff base to be in the cis position yieIdinchC7H8NH;

Send and Sundholm

(a) (b)

(c) (d)
Figure 3. The molecular structures of (a) the ground state @i?-
C/HgNH; optimized at the B3LYP level, (b) the first excited state of
2-cis C7H8NH§ optimized at the B3LYP level, (c) the ground state of
2-cis C7H8NH;r optimized at the MP2 level, and (d) the first excited
state of 2eis C7H8NH2+ optimized at the CC2 level. The nitrogen atom
is marked with dark blue).
given in Table 5. A comparison of the obtained bond lengths
shows that the largest structural differences between the ground
and the first excited state is the long-€Cs bond of 148.2 pm
calculated at the B3LYP level and the95° twist of the torsional
angle around it. At the CC2 level, the corresponding bond length
is 145.6 pm with a—80° twist around the same formal single
C—C bond. This result indicates that Havinga’s nonequilibrating
excited rotamers (NEER) princigfe4’ is not valid for the
studied Schiff base species. The NEER principle states that the
barrier for rotations around single bonds is enhanced, and the
barrier for rotation around double bonds is lowered when the
excited state can be described as a single excitation from the
highest occupied molecular orbital to the lowest unoccupied one.
The ground-state energy of the twisted structure calculated at
the CC2 level is only 0.88 eV larger than for the planar one.
The loss in the self-consistent field (SCF) energy due to
destruction of the conjugation of the-@ bonds is only 0.98
eV, and the correlation energy of the twisted structure is
somewhat larger than for the planar one. However, at the CC2
level, the difference in the FranelCondon relaxation is 1.07
eV in favor of the twisted conformation making it 0.12 eV below
the planar structure. The CC2 excitation energy for the twisted
structure is 2.38 eV as compared to 3.62 eV for the planar one.
The excitation energy for the twisted structure is thus signifi-
cantly smaller than obtained for the untwisted one even though
one from a simple patrticle in the box argument would believe

The molecular structures of the ground and the first excited statethe opposité® At the CCS level, the difference in the Franek

of 2-cis C7H8NH;r are shown in Figure 3. For this retinyl chain

Condon shifts is only 0.61 eV. Thus, the CCS calculations

model, the B3LYP and MP2 structures for the ground state also suggest that the structure of the first excited state is largely

agree well. For the excited state, the B3LYP and CC2 bond
distances differ by at most 3 pm. Qualitatively, the same

structures are obtained at the B3LYP and MP2/CC2 levels. For

the ground state, the bond length alternation foci-
C7H8NH; is smaller than for the all-trans polyene. The
obtained G-C and C-N distances for Zis C;HgNH, are

planar, showing the importance of an accurate treatment of the
electron correlation.

The potential curve for the torsion around the single bond in
2-cis C7HgNH; is shown in Figure 4. The potential curve was
calculated at the CC2 level by fixing the torsional degree of
freedom and optimizing the rest of the internal coordinates. The

TABLE 5: The C—C and C—N Distances (in pm) Obtained at Different Computational Levels for the Ground (GS) and First

Excited State (1ES) of 2eis C7HgNH;

level state NtC2 C2-C3 C3-C4 C4-C5 C5-C6 C6-C7 C7-C8
MP2/def2-TZVP GS 130.8 139.7 137.1 141.1 136.7 143.3 134.5
B3LYP/def2-TZVP GS 131.6 139.3 137.8 140.9 137.1 143.1 134.4
CC2/def2-TZVP 1ES 135.9 138.9 139.5 145.6 140.6 140.0 138.2
B3LYP/def2-TZVP 1ES 135.2 140.6 136.1 148.2 138.1 140.9 137.9
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Figure 4. The potential energy curve (in kJ/mol) as a function of the

torsion around the single bond ofc®s C;HgNHS where the twist
occurs.

perpendicular structure is seen to be 12 kJ/mol below the planar
one and the two structures are separated by a tiny barrier of
about 1 kJ/mol, whereas the torsion motion is barrierless at the
B3LYP TDDFT level. Most likely, the tiny barrier disappears
at ab initio levels when considering higher-order correlation
effects. A small potential barrier of 1 kJ/mol has no chemical
consequences, whereas the optimization algorithms might have
difficulties to find the minimum. We can conclude here that
the results obtained at the B3LYP TDDFT level are thus

supported by the calculations at the CC2 level. ; ) ) ) . 8
Igg e andyOIivucé? studied the molecular structures of the p-ionone ring with the retiny| chain replaced by-€CH=NH, unit
9 optimized at the B3LYP DFT level. The molecular structure of the

ground state of linear Schiff base polyenes at the CASSCF, first excited state optimized at the (b) B3LYP TDDFT and (c) CC2
CASPT2, MP2, and B3LYP levels. Their calculations showed levels, respectively. The nitrogen atom is marked with dark blue.
that the CASSCF calculations onldEllzNH;r yield a signifi- ) _
cantly larger bond length alternation than that obtained at the Moment corresponding to an electron transfer fromtenone
other computational levels, whereas very similar molecular fing toward the Schiff bas& At the B3LYP level, the charge
structures were obtained at the CASPT2, MP2, and B3LYP transfer changes the dipole moment from 13.9 D for the ground
levels. At the CASSCF and CASPT2 levels, they obtained a State to 5.3 D for the optimized first excited state. The change
smaller bond length alternation for the ground state than for in the dipole moment of 8.6 D can be compared to the
the first excited state thus supporting the results of the presentexperimental value of 12.% 1.4 D> The sensitivity of the
study. In the structure optimizations, they constrained the Schiff charge transfer due to external perturbations was assessed by
base polyenes to be planar by assun@agymmetry. This could studying the excitation process with the chromophore stabilized
be the reason why they did not obtain any twisted conformation by two methanol molecules and also by stabilizing the proto-
in the CASPT2 study. nated Schiff base with a point charge of chargé. The

The Franck-Condon relaxation mechanism also was studied corresponding dipole moments obtained for the retinal chro-
for a retinal model compound consisting of théonone ring ~ Mophore with one methanol molecule hydrogen bonded to the
with the retinyl chain replaced by &CH=NH; unit. The Schiff base a}nd one to tffé-lonone.nng are 14.4 and 6.3 D.
molecular structures optimized at the B3LYP and CC2 levels 1€ change in the dipole moment is only 0.5 D smaller in the
are shown in Figure 5. The B3LYP and MP2 optimizations of presence of t_he two methanol molecules. Thgs, to simulate the
the ground-state structure of the model retinal chromophore large blue shift of 150 nm observed for the retinal chromophore

yielded a planar orientation of theCH=NH;r unit relative to

(c)

Figure 5. (a) The molecular structure of the ground state of the

in methand®® requires more than two solvent molecules.
the -ionone ring; at the B3LYP level, thes€Cs—Cr—N g Stab[llzgt]on of the Schiff bas_e b_y a negative point charge does
dihedral angle is Dand the MP2 value is 27 The TDDFT not significantly affect the excitation process either. In that case,
B3LYP optimization of the first excited state leads to a rotation the dipole moment for th? ground state is 13.5 D as comlpared
ot . . S to 5.4 D for the fully optimized structure of the first excited
of the —CH=NH,, unit (or of the s-ionone ring) yielding a state
dihedral angle of-79". At the CC2 level, the dihedral angle is Thé first excited-state seems to be well described at the
64°. A perpendicular orientation of the Schiff base is obtained

at both the CC2 and the B3LYP TDDFT levels. For the retinal B.3I.‘YP. level even though it is k”OW.” tha’g TDDFT might have
. : difficulties to accurately treat states involving long-range charge
model compound, the FraneiCondon relaxation mechanism

. : . transfer?354 TDDFT calculations have a tendency to give too
is analogous to the one obtained for the chromophore with a .
X . ) low energies for charge transfer staté3he B3LYP and CC2
full retinyl chain. The change in the molecular structure due to . . - S
Franck-Condon relaxation is similar to the twisted intramo calculations on the retinal model compound yield qualitatively
; the same FranekCondon mechanisms even though the excited-
lecular charge transfer (TICT) mechanism that has been found

8 X state structures slightly differ. At both levels, the substituent
to be responsible for the double fluorescence of 4-(dimethyl)- ™ h th hiff ists f | f
aminobenzonitrilé®st with the protonated Schiff base twists from a planar conforma-

tion to perpendicular position. This is exactly the same mech-
anism as obtained for the retinal chromophore at the B3LYP
level. For the model compound, the distance between the Schiff
The excitation of the retinal chromophore to the first excited base and th@-ionone ring is significantly shorter than in the
state is known to involve a significant change in the dipole retinal chromophore. Therefore, in this case charge transfer

IV. Discussion
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problems eventually should play a less significant role than for suggesting that more electrons correlatingdtienone ring need

the molecule with the full-conjugated retinyl chain. Perhaps, a to be included in the active space. In the CASSCF optimization
more definitive answer would be given by the corresponding of the molecular structure, the—s interactions are considered
CC2 calculation. However, the CC2 optimization of the mo- at an uncorrelated level and these effects are taken into account
lecular structure of the first excited state of the full retinal later by employing single-point CASPT2 calculations. Obvi-
chromophore consisting of 51 atoms @ symmetry is a ously, such a CASSCF/CASPT2 study on the full retinal
formidable task but feasible if enough computational resources chromophore might also yield inaccurate molecular structures
are available. A single-point CC2 calculation using the molecular and properties. Program implementations of CASPT2 gradients
structure of the first excited state optimized at the B3LYP are rare/! whereas in the CASPT2 studies on retinal chro-
TDDFT level yields an energy that is only 0.36 eV larger than mophores, the molecular structures are often optimized at the
that obtained for the ground-state structure optimized at the MP2 CASSCF level and dynamical electron correlation effects are
level. Such a small energy difference indicates that a fully accounted for by using single-point CASPT2 calculations.
optimized twisted conformation can indeed lie below the Sekharan af? pointed out that geometry optimizations at the

untwisted one also at ab initio levels. CASPT2 level are still computationally too expensive for
The full retinal chromophore embedded in the protein also 'etinals. _

has been studied at the CASSCF Ié¥éfhe CASSCF calcula- A recent CASPT2 study on the retinal chromophore employ-

tions yield a torsion angle of54° between thgs-ionone ring ing an atomic natural orbital (ANO) basis set and a MP2/

and the retinyl chain, which can be compared to the Hartree 6-31G** optimized structure yielded excitation energies of 2.05
Fock (HF SCF) value of-58. In the most recent study by ~—and 2.84 eV for the two lowest excited statésn a previous
Cembran et al., an even larger dihedral angle-6#8° was CASPT2 study employing a 6-31G* basis set and a CASSCF/
obtained The experimental values for tifietwist angle inthe ~ 6-31G* optimized structure, the corresponding excitation ener-
protein are-30.3, —31.%, 57 and—44° 58 suggesting that the ~ gies were 2.28 and 3.49 eV, respectiv@iThe use of a slightly
torsion angles obtained at the HF SCF and CASSCF levels arelarger basis set red-shifted the two first transitions by 0.23 and
too large. The validity of comparisons to the calculated values 0.-65 eV, respectively. The first excitation energy obtained in
in the gas phase is of course limited. However, fii@none the CASPT2/ANO calculation is in excellent agreement with

angle of—45° for the free retinal PSB chromophore obtained the experimental value obtained in a recent molecu_lar beam
at the MP2 level is closer the experimental value than the measuremerff; whereas the energy of the second excited state
CASSCF one. The MP2 structure should be accurate, becausds 0-34 €V smaller than the experimental result.
according to the D1 diagnostR®sl1-cis retinal PSB having a
D1 value of 0.05 is dominated by one configuration. The active V. Conclusions
space used in the CASSCF calculations might be too small for 1,4 present DFT and TDDFT calculations show that the
a correct description of the correlation effects at fi@none 1401 condon step of the photochemical event of the retinal
ring. It is important to remember that CASSCF calculations on pgpg chromophore involves a 66hange in the dihedral angle
retinals are extensive and that they are not routinely employed ot veen thes-ionone ring and the retinyl chain. The Franek
on molecules of this size. They can thus suffer from unexpected cqnqon relaxation increases the bond length alternation making
computational difficulties and. do not necessarily provide o conjugated double bonds in the retinyl chain somewhat
accurate reference data for retinal chromophores. shorter for the excited state than for the ground state. The
CASSCF calculations in combination with second-order increased bond length alternation indicates that the energy barrier
perturbation theory (CASPT2) is a popular means to study for the cis-trans isomerization at might be even higher in
molecular excitation process&s-or small organic molecules,  the excited state than in the ground state suggesting that the
the approach undoubtly has been very succe8sfHowever, dynamics of the isomerization reaction is more involved than a
for more extended molecules it has indeed some seriousone-bond flip.
limitations®® Because of the rapidly increasing size of the  The calculations do not provide any information about the
configuration interaction space with the number of active photoreaction mechanism after the Fran€ondon step. One
electrons and the number of the active orbitals, their numbers can Specu|ate that the wave packet moves a|ong the retiny] chain
must be Severely restricted at the cost of the re“ab”lty of the to the isomerization center as also Suggested by Mathie€%t al.
calculation; the selection of the active space might introduce a Steric effects might hinder the torsional motion of f@none
biased description of the system. Until recently, one has studiedring in the protein, but the angular momentum of the ring twist
model retinal compounds and focused mainly on the isomer- can be transferred along the retinyl chain to the-C;, double
ization center to circumvent the problems with the exponential hond assisting the isomerization step.

growth of the size of the CASSCF calculatici$* % Based The reliability of the DFT calculations was assessed by
on their CASSCF calculations, Olivucci et®l*°7%"have  ca|culations on retinal model compounds. MP2 and CC2
suggested a two-state, two-mode model, according to which thecajculations yielded for them qualitatively the same ground state
relaxation from the FranckCondon region takes place via a and excited-state structures as obtained at the DFT and TDDFT
shallow energy plateau with CC-stretching motions toward a |evels, respectively. The changes in the molecular structure upon
planar saddle point. Of course, such studies can provide noexcitation are found to be very similar for the native and 11-
information about movements of titeionone ring. cis-blocked chromophores as well as for the other retinal
In the most recent CASSCF calculations on the full retinal isomers. The photoreaction seems to begin with a Franck
chromophore, the active space has been chosen to consist o€ondon relaxation involving a twist of thionone ring relative
12 electrons in 12 orbitaf$:56 This is the smallest acceptable to the retinyl chain. Thus, the present computational study
active space correlating only theelectrons of the conjugated indicates that the excitation of the retinal chromophore does
double bonds. Yet, the experimentally obtained change in the not primarily lead to a reaction along the €isans torsional
electron density upon excitation indicates significant changes coordinate. The activation of the isomerization center seems to
of the electronic structure in the vicinity of tifeionone ring?* occur at a later stage of the photo reaction. These findings also



Photochemical Reaction of Rhodopsin

J. Phys. Chem. A, Vol. 111, No. 1, 20033

are supported by recent femtosecond spectroscopic and excited- (27) Becke, A. D.J. Chem. Phys1993 98, 5648.

state dynamics studies on rhodopsii%.20.22.23.25

Acknowledgment. This research has been supported by the
Academy of Finland through its Centers of Excellence Pro-
gramme 2006:2011. We acknowledge financial support from

the European research training network on “Understanding

Nanomaterials from a Quantum Perspective” (NANOQUANT),
Contract No. MRTN-CT-2003-506842, from the Nordisk

Forskerakademi network for research and research training

(NorFA Grant No. 030262) on “Quantum Modeling of Molec-
ular Materials” (QMMM). Professor Reinhart Ahlrichs (Karlsru-
he) is thanked for an up-to-date version of the turbomole
program package, Professor Christdfttita(Bochum) for the
ricc2 gradient program, Dr. Filipp Furche for the helpful

discussions, and CSC, the Finnish IT Center for Science, for

the computer time.

Supporting Information Available: Cartesian coordinates

for the molecules are available free of charge via the Internet 219.

at http://pubs.acs.org.

References and Notes

(1) Kukura, P.; McCamant, D. W; Yoon, S.; Wandschneider, D. B.;
Mathies, R. A.Science2005 310, 1006.

(2) Kandori, H.; Furutani, Y.; Nishimura, S.; Shichida, Y.; Chosrowjan,
H.; Shibata, Y.; Mataga, NChem. Phys. LetR001, 334, 271.

(3) Becker, R. S.; Freedman, K. Am. Chem. Sod.985 107, 1477.

(4) Kakitani, T.; Akiyama, R.; Hatano, Y.; Imamoto, Y.; Shichida, Y.;
Verdegem, P.; Lugtenburg, J. Phys. Chem. B998 102, 1334.

(5) Yoshizawa, T.; Wald, GNature1963 197, 1267.

(6) Wald, G.Nature 1968 219 800.

(7) Busch, G. E.; Applebury, M. L.; Lamola, A. A.; Rentzepis, P. M.
Proc. Natl. Acad. Sci1972 69, 2802.

(8) Fukada, Y.; Shichida, Y.; Yoshizawa, T.; Ito, M.; Kodama, A.;
Tsukida, K.Biochemistryl984 23, 5826.

(9) Mao, B.; Tsuda, M.; Ebrey, T. G.; Akita, H.; Balogh-Nair, V.;
Nakanishi, K.Biophys. J1981, 35, 543.

(10) Buchert, J.; Stefancic, V.; Doukas, A. G.; Alfano, R. R.; Callender,
R. H.; Pande, J.; Akita, H.; Balogh-Nair, V.; Nakanishi, Riophys. J.
1983 43, 279.

(11) Kandori, H.; Matuoka, S.; Shichida, Y.; Yoshizawa, T.; Ito, M.;
Tsukida, K.; Balogh-Nair, V.; Nakanishi, BBiochemistry2001, 28, 6460.

(12) Mizukami, T.; Kandori, H.; Shichida, Y.; Chen, A.; Derguini, F.;
Caldwell, C. G.; Bigge, C. F.; Nakanishi, K.; Yoshizawa, Aroc. Natl.
Acad. Sci.1993 90, 4072.

(13) Kandori, H.; Shichida, Y.; Yoshizawa, Biochemistry (Moscow)
2001 66, 1197.

(14) Mathies, R. A.; Lin, S. W.; Ames, J. B.; Pollard, W.Annu. Re.
Biophys. Biophys. Chemi 991, 20, 491.

(15) Gai, F.; Hasson, K. C.; Cooper McDonald, J.; Anfinrud, P. A.
Sciencel998 279, 1886.

(16) Akiyama, R.; Yoshimori, A.; Kakitani, T.; Imamoto, Y.; Shichida,
Y.; Hatano, Y.J. Phys. Chem. A997, 101, 412.

(17) Atkinson, G. H.; Ujj, L.; Zhou, YJ. Phys. Chem. 200Q 104,
4130.

(18) Abramczyk, HJ. Chem. Phys2004 120, 11120.

(19) Atkinson, G. H.; Zhou, Y.; Ujj, L.; Aharoni, A.; Sheves, M.;
Ottolenghi, M.J. Phys. Chem. 2002 106, 3325.

(20) Ye, T.; Friedman, N.; Gat, Y.; Atkinson, G. H.; Sheves, M,
Ottolenghi, M.; Ruhman, Sl. Phys. Chem. B999 103 5122.

(21) Nakamichi, H.; Okada, TAngew. Chem., Int. EQ00§ 45, 4270.

(22) Borhan, B.; Souto, M.; Imai, H.; Shichida, Y.; Nakanishi3¢ience
200Q 288, 2209.

(23) Ebrey, T. G.; Kumauchi, MBiophys. J.2005 88, L41.

(24) McCamant, D. W.; Kukura, P.; Mathies, R. A. Phys. Chem. B
2005 109, 10449.

(25) Akiyama, R.; Kakitani, T.; Imamoto, Y.; Shichida, Y.; Hatano, Y.
J. Phys. Chem1995 99, 7147.

(26) Send, R.; Sundholm, D. Helsinki, Finland. Unpublished work, 2006.

(28) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 78.

(29) Bauernschmitt, R.; Ahlrichs, Ehem. Phys. Letl996 256, 454.

(30) Furche, F.; Ahlrichs, RJ. Chem. Phys2002 117, 7433.

(31) Weigend, F.; Hser, M. Theoret. Chem. Acd.997, 97, 331.

(32) Christiansen, O.; Koch, H.; JargensenCRem. Phys. Lettl995
243 4041.

(33) Hatig, C.; Weigend, FJ. Chem. Phys200Q 113 5154.

(34) Scher, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100,
5829.

(35) Weigend, F.; Hser, M.; Patzelt, H.; Ahlrichs, RChem. Phys. Lett.
1998 294, 143.

(36) Weigend, F.; Ahlrichs, RPhys. Chem. Chem. Phy&05 7, 3297.

(37) Ahlrichs, R.; Ba, M.; Haser, M.; Horn, H.; Kidmel, C.Chem. Phys.
Lett. 1989 162, 165.

(38) Crouch, R.; Or, Y. SFed. Eur. Biochem. Soc. Lett983 158
139.

(39) Bartl, F. J.; Fritze, O.; Ritter, E.; Herrmann, R.; Kuksa, V;
Palczewski, K.; Hofmann, K. P.; Ernst, O. P.. Biol. Chem.2005 280,
34259.

(40) Nielsen, I. B.; Lammich, L.; Andersen, L. Rhys. Re. Lett.2006
96, 018304.

(41) Blomgren, F.; Larsson, Sheor. Chem. Ac003 110, 165.

(42) Szalay, P. G.; Karpfen, A.; Lischka, i&hem. Phys1989 130,

(43) Szalay, P. G.; Bartlett, R. J. Chem. Phys1994 101, 4936.

(44) Boggio-Pasqua, M.; Bearpark, M. J.; Klene, M.; Robb, M.JA.
Chem. Phys2004 120, 7849.

(45) Havinga, E.; Schlatmann, J. L. M. Aetrahedronl961 16, 146.

(46) Jacobs, H. J.; Havinga, Bdv. Photochem1979 11, 305.

(47) Mazzucato, U.; Momicchioli, FChem. Re. 1991, 91, 1679.

(48) Wanko, M.; Hoffmann, M.; Strodel, P.; Koslowski, A.; Thiel, W.;
Neese, F.; Frauenheim, T.; Elstner, 81.Phys. Chem. R005 109, 3606.

(49) Page, C. S.; Olivucci, Ml. Comput. Chen2003 24, 298.

(50) Rappoport, D.; Furche, B. Am. Chem. So@004 126, 1277.

(51) Kohn, A.; Hatig, C.J. Am. Chem. SoQ004 126, 7399.

(52) Mathies, R.; Stryer, LProc. Natl. Acad. Scil076 73, 2169.

(53) Wanko, M.; Garavelli, M.; Bernardi, F.; Miehaus, T. A.; Frauen-
heim, T.; Elstner, MJ. Chem. Phys2004 120, 1674.

(54) Dreuw, A.; Head-Gordon, MChem. Re. 2005 105, 4009.

(55) Andruniaw, T.; Ferfe N.; Olivucci, M. Proc. Natl. Acad. Sc2004
101, 17908.

(56) Cembran, A.; Goritez-Luque, R.; Altoe P.; Mercha, M.;
Bernardi, F.; Olivucci, M.; Garavelli, MJ. Phys. Chem. 2005 109, 6597.

(57) Okada, T.; Sugihara, M.; Bondar, A. N.; Elstner, M.; Entel, P.;
Buss, V.J. Mol. Biol. 2004 342, 571.

(58) Gasca, J. A,; Batista, V. SBiophys. J2004 87, 2931.

(59) Janssen, C. L.; Nielsen, I. M. Bhem. Phys. Letll998 290, 423.

(60) Andersson, K.; Malmgvist, P..ARoos, B. OJ. Chem. Physl992
96, 1218. i

(61) Roos, B. O.; Andersson, K.;"Baher, M. P.; Malmqvist, P. A
Serrano-Andres, L.; Pierloot, K.; MerahaM. Adv. Chem. Phys1996,93,
219.

(62) Roos, B. OAcc. Chem. Red.999 32, 137.

(63) Christiansen, O.; Gauss, J.; Stanton, J. F.; JgrgensénChem.
Phys.1999 111, 525.

(64) Garavelli, M.; Celani, P.; Bernardi, F.; Robb, M. A.; Olivucci, M.
J. Am. Chem. S0d.997, 119, 6891.

(65) Lee, H. M.; Kim, J.; Kim, C. J.; Kim, K. SJ. Chem. Phys2002
116, 6549.

(66) GonZéez-Luque, R.; Garavelli, M.; Bernardi, F.; MerahaM.;
Robb, M. A.; Olivucci, M.Proc. Natl. Acad. Sci. U.S.200Q 92, 9379.

(67) Ferfe N.; Olivucci, M. J. Am. Chem. SoQ003 125, 6868.

(68) Cembran, A.; Bernardi, F.; Olivucci, M.; Garavelli, Mroc. Natl.
Acad. Sci. U.S.A2005 102, 6255.

(69) Vreven, T.; Bernardi, F.; Garavelli, M.; Olivucci, M.; Robb, M.
A.; Schlegel, H. BJ. Am. Chem. S0d.997, 119, 12687.

(70) Garavelli, M.; Vreven, T.; Celani, P.; Bernardi, F.; Robb, M. A;;
Olivucci, M. J. Am. Chem. S0d.998 120, 1285.

(71) Celani, P.; Werner, H. J. Chem. Phys2003 119 5044.

(72) Sekharan, S.; Weingart, O.; Buss, Blophys. J.2006 91, L07.

(73) Leopold, D. G.; Pendley, R. D.; Roebber, J. L.; VaidaJMChem.
Phys.1984 81, 4218.

(74) Heimbrook, L. A.; Kohler, B. E.; Levy, |. J1. Chem. Physl984
81, 1592.

(75) Grimme, S.; lzgorodina, E. Chem. Phys2004 305 223.

(76) Catala, R.; de Paz, J. L. Gl. Chem. Phys2004 120, 1864.



