Ab initio study on the low-lying excited states of retinal
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Ab initio results for the electronic spectrum dll-transretinal and its truncated model
3-methylall-trans (10-s-cig-2,4,6,8,10-undecapentaen-1-al are presented. The study includes
geometry determination of the ground state. Vertical excitation energies have been computed using
multiconfigurational second-order perturbation theory through the CASPT2 formalism. The lowest
singlet excited state in gas phase is predicted to bamf character. The lowest triplet state
corresponds, however, to an* state. The most intense feature of the spectrum is due to the
strongly dipole-alloweds#* transition, in accordance with the observed maximum in the
one-photon spectra. The vertical excitation energies oBtfieand A-like states are found close,

the latter ~1 eV higher than the maximum in the two-photon spectra. Solvent effects and
nonvertical nature of the observed maximum in the two-photon spectra are invoked in rationalizing
the deviation with respect to the best present estimate foAjHee state. In addition, qualitative
aspects of the one-bond photoisomerization about thge=C;, double bond of retinal are
considered. The overall isomerization picture fromcldinto all-trans-retinal, as taking place
mainly along the triplet manifold, agrees with experimental evidencel986 American Institute of
Physics[S0021-960807)01803-5

I. INTRODUCTION grounds, elucidating the mechanismaié—trans isomeriza-
tion of retinal combined with opsin is necessary. As a first
A retinyl chromophore is a common feature of a biologi- step towards a theoretical study of this important photoi-
cally important class of proteins known as rhodopgiRE).  somerization reaction, results for the low-lying excited states
They are key proteins in vision and bacterial photosynthetiof retinal are examined in the present contribution. As far as
and phototactic functions:* we are aware, the study represents the first fully correlated
In most cases the chromophore of visual Rh iscisl-  ab initio determination of the electronic spectrum of retinal
retinal, which is attached to opsin in a Schiff base linkageand its isomerization.
through an amino group of lysine. Upon the absorption of  Retinal has been investigated in great detail by many
light, the chromophore undergoes a series of changes accomvorkers. Reviews covering different aspects of the problem
panying visual transduction. Bovine Rh is one of the mostare available in the literature? The absorption spectra of
extensively studied systems. That irradiation of bovine Rhretinals are characterized by three bahdi$he principal ab-
isomerizes the 1tisretinal chromophore tall-trans was  sorption band, which is broad and diffuse, even when re-
already established in the late 1960s. the primary photo- corded in a low-temperature matrix, has a maximum around
chemical event of vision, the isomerization process generatex3 eV (in hexane at room temperatiird he two additional
a bathochromically shifted photoproduct, photo-Rh, with atransitions at~4.4 and~5 eV are weaker. The isomer de-
highly distortedtrans conformation. The isomerization pro- pendence of oscillator strengths has been anal¥z&the
cess is essentially complete in 200 fshe thermally relaxed  synthesis and several spectroscopic properties of all 16 iso-
product of photo-Rh is subsequently formed, batho-Rh, witmmers of retinal have been recently reporté@he all-trans-
a distortedall-trans structure. The protein continues its ther- retinal (ATR hereafter has probably been the isomer more
mal relaxation to give further intermediateseading even- extensively investigated both experimentally and theoreti-
tually to theall-trans-retinal and the apoprotein opsirsince cally.
the originally orange-colored Rh becomes nearly colorless at Considering the molecular structure of ATRee Fig.
this stage, the whole process is called bleaching. dlke  1(a)], the nature of the low-lying excited states of the system
transretinal is then reduced to retin@litamin A), esterified, can be expected to resemble that of long polyenes, maintain-
isomerized to 1kis-retinol, which is oxidized to 1tiss  ing certain features intrinsic to aldehydes.
retinal, and recombines with opsin to produce Rh. aHe Although retinal belongs to th€, point group, the ex-
transretinal to 11eis isomerization occurs in retinochrome, cited states are usually classified in terms of the idealized
generating 1kis-retinal to be used by rhodopsin. Details of C,,, point group of even polyenes. The two lowest singlet
many of the crucial steps are still unknown. Understandingransitions in polyenes correspond to théBl, and 21Ag
electronic changes associated with excited-state chrastates, which lie within a small energy inter¢af-3 The tran-
mophore isomerization in these compounds is, therefore, sition to the 1'B,, state is the most important feature of the
problem of fundamental importance. In particular, to under{polyenes spectra; the intensity increases with the carbon
stand the initial process of visual excitation on theoreticalchain length. The 1B, state is mainly described by a one-
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of phosphorescence. Raubach and Guzzo concluded from a
singlet—triplet absorption spectrum of ATR that the lowest
triplet state lies 1.54 eV abov§,.>> Knowledge about the
electronic nature off ; has been obtained by electron spin
echd®?” and Ramaff'?° spectroscopies. These studies have
concluded that the lowest triplet state of ATR is ofr*
character. The electronic structure behaves as a polyenal
containing six double bonds, which demonstrates that in the
triplet state the double bond of the cyclohexene ring is part
CH, of the r-electron system. These findings give support to con-

sider 2,4,6,8,10-undecapentaen-1ND hereafter and its

methyl substituted systems as reasonable model compounds
X X X X X, for the ATR molecule. Spectroscopic data on UND are also
available03!

The role of the low-lying excited states in the photoi-
somerization reaction has been experimentally and theoreti-
FIG. 1. (a) All-trans-etinal atom labeling(b) truncated model employed, Cally analyzed. The 1tisinto all-trans “one-way” isomer-
3-methylall-trans(10-s-ci$-2, 4, 6, 8, 10-undecapentaen-1-al. ization takes place predominantly in the triplet manifbfd.

Many spectroscopic studies have therefore focused on

isomerization via the excited triplet st&fe**~8|n the case
electron promotion from the highest occupied molecular orof all-trans into cis, isomerization on a excited singlet sur-
bital (HOMO) to the lowest unoccupied molecular orbital face might, however, be importatit Theoretical studies on
(LUMO). It has therefore an “jonic” charactdin terms of  the spectroscopy of retinals have been carried out with semi-
valence bond structuresThe nature of the electric-dipole €mpirical methods-*?%%**° |t is worth mentioning that
forbidden 21Ag state is however “covalent,” with multicon- Semiempirical calculations have predicted the lowest singlet
figurational character, involving a nonnegligible contributionto be ofnm* character(see, e.g., Refs. 20,40The present
from doubly excited configurations. Due to the presence oftudy confirms these earlier theoretical results.
the carbonyl group, an additional low-lyingr* must also We report in this paper results froab initio calcula-
be assumed for retinal isomers. Based on previous studies $®ns on the low-lying singlet and triplet excited states of
formaldehyde and aceton&!® the state is expected to be all-transretinal and its truncated model 3-mettall-
described mainly by a single excitation from a lone-pair or-trans(10-s-cis-2,4,6,8,10-undecapentaen-1fMUND here-
bital of the heteroatom to &* orbital. For many years, the after, see Fig. (®)]. The study includes geometry determina-
excited singlet manifold of retinal has provided a challengingtion of the ground state. In addition, the potential energy
system and the relative ordering of the low-lying states hagurves for the ground and low-lying excited states have been
been matter of controversy. The three lowest singlet excite®Uilt with respect to the 1tis into all-trans-retinal isomer-
states are expected to lie very close in energy. The relativiZation reaction coordinate. The most important reorganiza-
ordering has been experimentally evidenced to be solveriton and correlation effects in the valence shell are accounted
dependent®!7 It is currently accepted, for instance, that the for by using the CASSCF methdd.The remaining correla-
lowest excited singlet state of free ATR iswf* character, tion contributions are considered within the framework of
while for the hydrogen-bonded retinal molecule it is of multiconfigurational second-order perturbation theory, the
m* nature and analog to the polyené/, state. Picosec- CASPT2 approacff-** The successful performance of the
ond time-resolved fluorescence experiments on ATR in hexCASPT2 method in computing differential correlation ef-
ane have recently revealed the existence of two fluoresceffects for excitation energies has been illustrated in a number
singlet excited staté€. The photoexcitation first produces Of earlier application§™*°Particularly relevant to the present
the optically allowedS, state B,-like), which relaxes to the study are probably the investigations carried out on polyenes
optically forbiddenS, state @, or nm*) within 1 ps. The (ethylene, butadiene, hexatriene, and octatetiarié*°
fast and slow fluorescence components have been assigng@idies on the spectroscopy of the carbonyl gr@apmalde-
to the S, and$S, states, respectively. However, the nature ofhyde and acetong**°as well as determination of the elec-
the S, state could not be determined in this experiment.  tronic spectrum of norbornadiefié.

The maximum of the most intense band in ATR is sol-
vent and temperature depend&ht’'°It has been located at
3.20 eV in EPA at 77 K at 3.31 and 3.37 eV in methanol
and in hexane at 5°&, and at 3.55 eV for retinal Full geometry optimizations were carried out at the
crystals?>~2*On the other hand, th%Ag—Iike state has been Hartree—FockHF) level using the 3-21G basis set, the va-
placed at 2.95 eV in ATR crystdland at 2.90 eV in solution lence contraction of the @p) Dunning primitive set
(EPA, 77 K) by two-photon spectroscofy.No direct ex- (D95V), and including in the latter polarization functions on
perimental estimate on ther* state is available. The study the carbon and oxygen atoms, hereafter cald&$Vvd. The
of the lowest triplet state has been hampered by the absentargest calculation on the retinal system comprised 371 basis

CH; CH,

4 CH,
(a)

®

II. METHODS AND COMPUTATIONAL DETAILS
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TABLE |. CASSCF wave functiongnumber of active orbitafs (number of The CASSCF/CASPT2 and CASSI calculations were
active electronsemployed to compute the considered transitions of ret|nal,perf0rmed using the MOLCAS:3 quantum chemistry

C,oH250, and 3-methyhll-trans(10-s-ci9-2, 4, 6, 8, 10-undecapentaen-1-al,

2028 y S( 9 p software?s
CyoH140.

Wave function States No. CoPf. Ngaes

lll. RESULTS AND DISCUSSION

CygH,60 (C1 symmetry

CASSCH11)(14) $,51,%,,S:,S, 32 670 5 In this section we shall present and discuss the results for
T1. T 50 820 2 ATR and its truncated model MUND. The present findings
CiHiC (C symmetry will be compared with previous theoretical results and avail-
gﬁ::g;giggg 1'A2 'ig':,A 47A ggg 2;3 i al_)Ie expgrimental data. Such a compa_lrison has to be seen
CASSCR1-10/(14) 11a7 13 860 1 with caution. On the one hand, experimental results were
CASSCK1-10)(14) 13A" 23 100 1 measured either in solution or in retinal crystal, whereas the

theoretical results should be compared to observed gas-phase
. data. The positions of the low-lying excited states of ATR
point groupCs. . . .
bNumber of configurations in the CASSCF wave function. strongly depend on the environment. Our excitation energies
“States included in the average CASSCF calculation. are calculated for vertical transitions. Therefore, when pos-
sible, we compare the computed results with the Franck—
Condon maxima observed for the corresponding bands. Ex-
functions with 141 degrees of freedom. An average of 8 fceptions, where the band maxima cannot be related to the
per cycle were required on a IBM RISC 6000/590 computetvertical transition are, however, known. The difference of the
and around 15 cycles were needed to complete a geometiertical excitation and 0-0 transition energies is substantial
optimization. The direct SCF algorithms implemented in thefor most of the bands considered here. These factors should
GAUSSIAN 94 package of programs were employed, using de-be borne in mind when judging the accuracy of the calcula-
fault criteria in all the case® tions. On the other hand, doubtless due to the large molecu-
The low-lying states of the considered systems werdar size, previous theoretical studies of the excited states of
computed using multiconfigurational second-order perturbaretinal were performed by using semi-empirical approaches,
tion theory through the CASPT2 meth&t’*® The reference  employing different parametrizations and degree of flexibil-
functions in the second-order perturbation treatment of eachy to describe the wave functions. Owing to the inherent
state were determined using the complete active space SQ@hRaracteristics of the semi-empirical methods, comparison
(CASSCH proceduré‘.1 Orbital relaxation and static correla- with the ab initio treatment is not straightforward.
tion effects are included at this level. The CASPT2 calcula- CASSCF wave functions have enough flexibility to de-
tions were performed using the full Fock matrix representascribe all type of excited states, independent of their nature,
tion of the zeroth order Hamiltonigl}. The energy of each valence, Rydberg, with singly or doubly excited character,
excited state is referred to a ground-state energy computestc., and the CASPT2 method gives accurate estimates of the
with the same active space. All electrons except the corerelative dynamic correlation energy. The statement is sup-
were correlated. ported by a number of studies, ranging from ethylene to free-
The molecular orbitals for the excited states have beebase porphin. A properly chosen one-electron basis set has to
obtained from state average CASSCF calculations, where thee provided. Calibration calculations indicated that at least
averaging includes all states of interest of a given symmetrybasis sets of split-valence plus polarization quality are re-
The number of states included in the state average CASSCguired for a quantitative description of valence
calculations, together with the number of configurations intransitions>*°® For systems of the size of retinal, with,
the CASSCF wave function, details on the active spacesymmetry, geometry optimizations at the HF level, even with
used, and the type of states computed are given in Table inclusion of polarization functions, have currently become
The selection of the active spaces is determined by the typeutine due to the development of efficient direct algorithms.
of states to be studied. In the present case the low-lyingrully correlated calculations of ATR using extended one-
singlet and triplet valence states. In certain cases the activelectron basis sets are, however, beyond the limit of what
space had to be enlarged in order to avoid intruder statpresent technology can handle. A minimal basis set was used
problems in the CASPT2 treatmefit?® in the analysis of the main spectral features of the ATR sys-
The transition dipole moments were computed by meangem. Such a calculation is not expected, of course, to yield
of the CASSCF state interactid®ASS) method®®**Inthe  accurate excitation energies but is able to show significant
formula of the oscillator strength the excitation energy com-rends. Previous work has shown that in spite of the large
puted at the CASPT2 level was employ¥éd® errors associated to the small basis sets, there are many simi-
In the CASSCF/CASPT2 calculations generally con-larities between the results employing minimal and extended
tracted basis sets of the atomic natural orbiflO-S) type  basis setgsee, e.g. Ref. 56In particular, the study can give
were used, which were obtained from the C,Onew insight to the electronic changes involved in the low-
(10s6p3d)/H(7s) primitive sets? The contractions lying excited states during @is—transisomerization process
C,d2slp]/H[1s] and C,3s2pld]/H[2s] were used in of retinal. In addition, the study of the ATR system is re-
the present study. quired in order to analyze the possibility of using truncated

aWithin parentheses the number of active orbitals of symmetra” of the
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molecular models, where larger basis sets could be emFABLE Il Geometrical parameters for the ground state of #fietrans-

. . . : . _retinal molecule computed at the HF lev@&lll geometry optimizatiohus-
ployed, yielding the usual accuracy in vertical transition en ing different basis sets. The crystal data for the selected parameters are also

ergies(two-tenths of an eY The truncated model used here jncjuded.
is the MUND molecule. The difficulties associated to Hie

initio study of a system of this molecular size have beerParametér 3-21@ D95V* D95 Vd X-Ray”
clearly illustrated in the work by Du and Davidson on related; c,_c,) 1.543 1.548 1.540 1.545
molecules’’ r(C,=Cy) 1.539 1.547 1.542 1.535
Geometry determination of ground-state retinal is firstr(C:—G) 1.532 1.530 1.524 1.420
considered. The vertical excitation energies of ATR and E%‘g‘;g iggi’ 1232 igi‘?‘ 1"518‘5‘
MUND are next analyzed. The photoisomerization ofcld - r(C:—Ce) 1328 1346 1338 1330
to transretinal is finally discussed. r(Ce=Cy) 1.491 1.493 1.495 1.482
L . r(C,—Cy) 1.325 1.340 1.332 1.315
A. Geometry determination of ground-state retinal F(Co—Cy) 1474 1477 1477 1467
Characterization of the ground-state geometry of retinaf(grclo) 1222 143121 i-igg 1-222
. . . . I — . . R B
to be employed in the spectroscopic study is presented in th|r C“’ 2113 1331 1345 1338 1338
. 11~ . : . .
section. We shall focus on the ATR system. A parallel studyc,_c,, 1.469 1.473 1.474 1.452
has been carried out for Iis(12-s-trangretinal leading to  r(C;3-C.) 1.334 1.351 1.343 1.344
similar conclusions. r(C1—Cis) 1.463 1.466 1.476 1.455
The gas-phase molecular structure might in several ged{C:~e 1.547 1.551 1.542 1.511
. : . r(C,—Cy9) 1.545 1.551 1.543 1.538
metric parameters deviate considerably from the crystal datp(cs_Cl K 1518 1518 1515 1506
due to pupker_mg dlsordé?._ The disorder originates from- r(Co—Cyo) 1515 1.514 1511 1.491
the rapid interconversion between two half-chairr(Cs—Cy) 1.517 1.516 1.513 1.495
conformer? The crystal data of this type of compounds are'(Cis—0) 1.215 1.228 1.197 1.200
£ (C5CsC7Cs) 67.97 59.11 64.11 62

in general characterized by disorder of {Béonone ring. It
is evidenced in the ATR crystal structure for the shortsgong distances in A and dihedral angle in degrees. See Fagfdr atom
C,—GC; single bond distance of the cyclohexenyl ring. The labeling.
disorder limits the possibility to determine internal torsion :0:6"' e”efgyf—gz‘g-zgg g;‘? a-ﬁ;‘g Eas_is ]l:unc:_iogsSee also Ref. 61.
angles accurately. X-ray diffraction techniques may also I(_eadT‘;tzl Z?]Z:gi':_ 048,578 113 : Nart bgz'lz fﬂ:gt'lg r;
to an artificial shortening of carbon—carbon bonds witheciystal data taken from Ref. 59.
higher 7r-bond electron order than neighboring bonds. In ad-
dition, the technique is not suited to locate the hydrogen
nuclei. For these reasons, geometry optimization of groundwas performed in all the cases. For sake of comparison, the
state ATR was initially undertaken. Computed vertical exci-crystal data are also included.
tation energies in long polyenes likall-trans-1,3,5,7- The x-ray value 1.420 A for the single bond distance
octatetraene were found, using similar approaches, to b&,—C; is definitely too short. The conclusion is independent
sensitive to the geometry employed for the ground State. of the basis set employed. The computed results are more in
Thus an accurate determination of the gas-phase spectruatcordance with the assumed bond distance for cyclohexene
must be preceded by a geometry optimization of the grounéh gas phasé® A longer bond distance, 1.498 A, was deter-
state. mined in the crystal structure of Idsretinal, where the
The D95Vd basis set was chosen for the HF geometryB-ionone ring exhibits less amount of disord®A detailed
optimization in order to relate the accuracy of the presentomparison of th® 95V d results with the crystal data shows
computed bond distances to the findings obtained in octatethe computed C—C single bonds for the polyene chain to be
raene. The optimized HF carbon—carbon single bonds in thionger than in the crystal. Smaller deviations are found for
polyene were about 0.004 A longer than the CASSCF valuethe double bonds, except for the€Cy and G=Cg bond
(12 activew-orbitals, with thewr-electrons active The HF  distances. Based on the trends found in octatetraene, inclu-
C=C optimal bond distances were, however, underestimatesion of 7-valence correlation in the optimization procedure
by 0.020 A in octatetraen€.Similar trends can be expected should decrease the C—C bond distances of the polyene
for the ground-state parameters of ATR. To analyze the inbackbone, making a better agreement with the crystal char-
fluence of polarization functions on the carbon and oxygeracterization. The €C bond lengths should, however, in-
atoms, geometry optimization was also carried out employerease, resulting in even larger deviations with respect to the
ing the D95V basis set. Geometry optimization of ground- crystal data when ther-valence correlation contributions
state ATR using the 3-21G basis set has been recently revere considered. It is therefore concluded that the measured
ported by de Lera and co-workéts.They obtained the Cs=Cg4 (1.330 A and G=Cg (1.315 A) bonds are too short
skeweds-cis for the G—C; bond joining the cyclohexenyl (1.339 A in ethylene, see discussion in Ref).13
ring to be the most stable conformation for ATR. Table I With the three basis sets employed, the gas-phase mo-
collects the computed bond distances and the dihedral anglecular structure of ground-state ATR displaysans geom-
between the plane of the ring and the chain using the 3-21Gstry and forms a nearly planar polyene chain with s-€@s
D95V, and D95Vd basis sets. Full geometry optimization conformation rotated 59°-68° from the idealized planar
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s-cis arrangement. The polyene chain shows the expecteBABLE lll. Computed excitation energieén eV) and other properties of
bond alternation and decreases in the alternative character @fe vertical excited states afl-trans-retinal. The optimal ground-state HF/

the single and double bonds towards the center of the mol

95Vd geometry was employed. The ANO-S type €281p]/H[ 1s] basis
et was used in the spectral study. Within parentheses the results for a

ecule, the so called size effect. The energetic balance amonm@ncated model employing the same geometry and basissetthe tejt

the different covalent and ionic structurés the valence

bond sensestrongly depends on the details of the basis sets State CASSCF ~ CASPT2  u*  Osc. Str.
employed. They lead ultimately to pronounced differences in Ground state %,) 3.186
the computed bond distances. Compared to the most ex- Singlet states
tended basis set use®95vd), the results computed using Sy(n*) 346357 336340 1321  0.000
the valence basis sets 3-21G dp#5V yield, in general, too Sz(W'd'le 6.005.92 529526  5.992 0.130
. : : . Sy(nm,m* ) 5.91 5.35 1.154 0.000
ghort and. too long bonding distances, respecgvely. Polariza- g (7. 6.826.69 578596  8.043 1594
tion functions do affect the calculated bond distances. They Triplet states
are also expected to be important to properly describe the Ty(77*) 3453.25 279273  3.441
Ty(na*) 3.113.09 289294  1.157

bond and dihedral angles. Unless otherwise stated, the geom-
etry derived from the HF full geometry optimization using *Dipole mMomentCASSCH in Debye.
the D95Vd basis set has been used throughout. The bond

distances at this level are expected to be withid.01 A of

the actual gas-phase structure. It is partly described by a one-electron promotion from the
A parallel study has been performed to thed412s-  |one pair of the heteroatom to the LUM® orbital, which
trangretinal system. The total energy, from the full geom-has a weight of 58% in the CASSCF wave function. The
etry optimization HF procedure, of the tisisomer turns  states implying excitations with the system, are obtained,
out to be 0.269 e\3-21G), 0.252 eV P95V), and 0.264 eV as expected with such a limited basis set, at too high ener-
(D95vd) above the corresponding minima of thé-trans  gies. The second vertical state, denote®gsr-diex), has a
structure. The relative stability between the two rotamerssjzeable contributioi27%) of the doubly excited configura-
computed at the HF level, is thus not sensitive to the basis sgbn from the HOMO to the LUMO. It has a computed in-
employed. tensity of 0.13. A extremely weak transition is found next.
The main contribution to thé&; state is due to a mixed-
character double excitationm— 7* 7* with a weight of
37%. The fourth singlet excited state corresponds to the
The low-lying singlet and triplet vertical transitions have S,(7#*) state located at 5.78 eV, with a computed intensity
been computed, using the optimal HF geometry for theof 1.6. The singly excited HOMGLUMO configuration
ground state of the ATR molecule obtained with thecontributes 52% in the CASSCF wave function. It is for the
D95Vvd basis set. The CJ@slp]/H[1s] ANO-S type basis S,(w7*) state where the difference between the excitation
set has been used in the calculation of the spectral propertiesnergies at the CASSCF and CASPT2 levels is the largest
The number of roots in the average CASSCF calculation waé~ 1 eV), according to its ionic nature. Larger basis sets with
systematically increased for the singlet states to reach thgreater flexibility are certainly required for its quantitative
expected intense transition to ther* state. Not until the description. The lowest triplet stat€; (7 =*), is of = char-
number of roots was five the strong optically allowed transi-acter. The singly exciteg— #* configuration has a weight
tion was found. On the other hand, two lowest triplet statef 53% in the CASSCF wave function. TAg(n=*) state is
have been computed well below the nearest higher next trigfound energetically close, and is described by a CASSCF
let state. The study is therefore concentrated on the energyave function in which the weight of the singly excited
range up to the first strong dipole-allowed transition and om— 7* configuration is 71%.
the two lowest triplet states. These states are expected to The MUND system, as model of the ATR molecule, has
carry the relevant features for the understanding of the phaalso been investigated at the same lggaime basis set and
toisomerization of retinal. Eleven active orbitals with 14 active space as ATR Several calibration calculations have
electrons have been employed for all the states. The selectéaden performed to check the effect of different geometries on
active space enables a balanced treatment of the correlatithe excitation energies of the truncated model compared to
effects taken into account variationally and perturbationallythe ATR system. At the CASPT2 level, employing the opti-
reflected in the lack of intruder state problems in themized HFD95Vd geometry of ATR for the MUND mol-
CASPT2 step. The results for ATR are collected in Table lll.ecule (results within parentheses in Table))lthe T, and
The first column identifies the different states. The second, states are located at 2.73 and 2.94 eV, respectively. When
and third columns give the vertical transition energies obthe structure is forced to be planawith the same bond
tained by the CASSCF and CASPT2 calculations, respedengths and bond angles of AJRhe excitation energies are
tively. In the remainder of the table,, the dipole moment computed to be 2.66 eVT() and 2.98 eV T5). In addition,
computed at the CASSCF levéh Debye, and oscillator when the optimized HF geometry of MUND is employed
strengths are listed. (D95Vd basis, data not showra further decrease takes
The calculated lowest vertical excitation energy for aplace for theT, state, 2.60 eV, with no change for tfg
singlet state appears in ATR at 3.36 eV as$hen=*) state.  state, computed at 2.98 eV. These values represent a devia-

B. Vertical excitation energies
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TABLE IV. Computed excitation energiggn eV) and other properties of
the vertical excited states of 3-methgll-trans(10-s-cis)-2,4,6,8,10-
undecapentaen-1-al and for its isomer related tai$@l-2-s-trangretinal.

The corresponding optimal ground-state BB6Vd geometry was em-

ployed. The ANO-S type C3s2pld]/H[2s] basis set was used in the

spectral study.

1117

The results for MUND give further support to assign the
lowest singlet state of ATR to thg,(n=*) state, calculated
at 3.54 eV for theall-trans structure at the CASPT2 level.
The result is only 0.10 eV larger than the corresponding
minimal basis set result at the same level, employing the
same geometry. This finding seems to point out to similar

State CASSCF  CASPT2  w° Osc. Str energetic correlation contributions on both the ground and
all-trans the first excited state, which cancel each other in large extent.
Sir:gulztd:tzi(m) 3.367 A reasonable description of the first excited state can be
1LA"(n7*) 417 354 0215 Forbidden therefore achlevgd f(_)r ATR_, in spite the limited basis set
1A () 6.19 376 7.641 1.077 employed. The situation is different for the statesmothar-
3A’ (7r-diex) 4.64 3.89 3.842 0.002 acter. The 2A’(7#*) state is placed at 3.76 eV, with a
Tgipl/et Stgtes computed oscillator strength of 1.1. The singly excited con-
igﬁ,érfg*)) ggg ;gg ggig figuration HOMO— LUMO contributes 68% in the CASSCF
cis ' ' ' wave function. Slightly above is found thel&’(w-diex)
Ground state (1A") 3.483 state, which corresponds to a weakly dipole-allowed transi-
Singlet states tion. The main configurations describing thé/8 state are:
11A”(n7r*) 4.01 3.61 0.397 Forbidden HOMO—LUMO+1 (13%), HOMO—1—LUMO (15%),

2 A (m) 6.15 38l 7450 0966 on4 HOMO,HOMO-LUMO,LUMO (28%. That is, the
3'A’ (r-diex) 4.62 3.87 3.634 0.000 :

Triplet states electronic structure of the state clearly resembles that of the
LA (7)) 2.55 1.96 3.547 corresponding, state of a polyene. On the other hand, the
L°A"(nm*) 3.77 3.33 0.282 results on the triplet vertical excitation energies of the

@Dipole moment(CASSCH in Debye.

tion from ATR of —0.19 and 0.09 eV for thd,; and T,

MUND system certainly confirm thes* nature of the low-
est triplet state, placed at 1.96 eV above the ground state.
The 13A”(n7*) state is computed to be more than 1 eV
above the A’ (wm*) state.

The present results can be compared to the experimental

states, respectively. Towards planarity the vertical excitatiorinformation for the ATR systerff~2*as well as the available
energy of theT, state has a more pronounced decrease, bedata for UND3*%3! In the one-photon spectra of ATR the
cause the expected planarity of the triplet state makes theaximum is located in the energy range 3.20-3.37 eV de-
stabilization of the excited state larger than for the groundending on the solveft?! and at 3.55 eV for retinal
state. We conclude that MUND can be confidently used asrystal?>=2* A similar situation was observed in UNB.

reasonable model for ATR.

Considering the expected bathochromic shift for the most

The actual optimal geometry of the MUND system be-intense transition in solutiolY, the best estimate vertical re-
longs to theC; symmetry. However, the optimized geometry sults, 3.76 eV, agree with the experimental data. A signifi-

within the constraints of th€ point group is isoenergetic cant deviation €1 eV) is, however, noted between the
(within 0.001 eV. It is not surprising since the polyene chain maximum observed in the two-photon spectra of ATR

is nearly planar and th€, restriction mainly affects to the 2.90 eV} and the computed vertical transition for the
methyl group. Within theC, symmetry, using the corre- 3!A’(w-diex) state in MUND(3.89 eVj. For UND, which
sponding optimized structure determined at the HF levehas the same number of double bonds like retinals, a low-
with the D95V d basis set, a study of the electronic spectrumlying weak transition has also been observed at a similar
was carried out with an extended basis set for the backbonenergy in both one-photon absorption and excitation spectra

The  ANO-S  generally  contracted basis
C,d3s2pl1d]/H[2s] (198 basis functionswas employed.
The same active space as in ATR was used forrthé

setin different solvent$! The change of dipole moment from

the ground state to ther-diex excited state is not so pro-
nounced as in the case of ther* state(cf. Table Ill and

states. It had to be enlarged, however, to 12 active orbitalsable IV). One would therefore on this ground not expect a

with 12 active electrons, for the* states in order to mini-

solvent redshift of 1 eV. It is, however, possible that other

mize the problem of intruder states in the CASPT2 calculaeffects than the solvent are important for the difference be-

tion. An active space comprising all valenee orbitals is
also the natural choice for a polyene chain. For the*

tween the spectrum of ATRor MUND) in gas phase and
solution. One possibility is a nonvertical nature of the ob-

states the lone pair of the heteroatom behaves as an inactigerved transition.

orbital. The occupation number is close to 2.0 when it is  In 1971 Raubach and GuZZolocated T, at 1.54 eV
treated as active. In addition, when exciting out from theaboveS, for the ATR molecule(1.37 eV was observed for
lone pair, the lowestr orbital can, to a good approximation, UND ten years earliet’ The lowest triplet state, vertically
be treated as inactive. The highest unoccupiedrbitals computed at 1.96 eV, is consistent with these experimental
have for this excitation a low occupation number and areexcitation energies, which were assigned to the 0-0 transi-
moved to the virtual space. The calculated vertical excitatiortion. A common feature, which has been obtained in a hum-
energies are compiled in Table IV. ber of studies ofrans polyenes, is related to the location of
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1118 M. Merchan and R. Gonzalez-Luque: Low-lying excited states of retinal

the 21Ag state with respect to the lowest triplet®R,, state.  all-valence-electron INDO-PSDCI calculations, employing
The vertical excitation energy of the12\g state was found, the crystal determined geometry of ATR, predicted a low-
within 0.1 eV, to be twice the vertical excitation energy of lying nm* state at 3.28 eV nearly degenerate with the lowest
the HOMO— LUMO triplet state. It can be rationalized from -diex state at 3.26 eV, which are slightly below ther*

the fact that the HOMO,HOMG; LUMO,LUMO configura-  state at 3.53 eV. The reverse trend, with a ealuD larger
tion, important in the description of thelAg state, is the for the 7-diex state than for therm* state &8 D), for the
result of two singlet coupled triplet HOMO LUMO excita-  dipole moments was obtainédAccordingly, solvent polar-
tions. For instance, at the CASPT2 level, the lowest valencéy changes were expected to affect both states similarly.
3Bu(lAg) states are placed at 3(@R7, 2.555.20, Similar excitation energies and properties were found for
2.174.38 eV for transbutadienetrans-trans-hexatriend?  the truncated model MUND of 1gis(12-s-trangretinal (cf.
andall-trans-octatetraené® respectively. A natural assump- Table IV). The correspondingis HF/D95Vd optimized ge-

tion is to assume that the same relation is fulfilled for theometry, located 0.23 eV above the MUND structure at this
systems considered here. Twice the best estimate fdevel, was employed in the spectral study. The same basis
T,(7#*) in MUND, 1.96 eV, is only 0.03 eV larger than the set, including up tal-type functions on the carbon and oxy-
actual computed value for the-diex state(3.89 e\). We  gen atoms, and the same active spaces were used. The
therefore conclude that the computed vertical transition fon7* state, located at 3.61 eV, was computed to be the lowest
the 7-diex state gives a reasonable gas-phase estimate. TR#glet excited state. The present results confirm, therefore,
large difference from the maximum observed in the two-thenz* nature of the lowest transition of dry retinals in dry
photon absorption spectra in solution is most probably due t#onhydrogen-bonding solverftsthe low-lying triplet states

a nonvertical nature of the observed transition. Geometr@f the 11¢€isisomer had similar transition energies and char-
relaxation of the excited state is expected to be of the sam@cteristics as theans conformer with:T,(w7*) at 1.96 eV
order as the deviation. It was computed to be 0.8 eV for th@nd To(n7*) at 3.33 eV. Thenw* nature ofS; and the

2 1A, state of octatetraene. It is also remarkable that for ther7* character off; are expected to have a substantial im-
same polyene the 0—0 transition to th&B], was only 0.1 eV pact on the photophysical properties and photoisomerization
below the corresponding vertical transition. Thus geometngharacteristics of the 1dis andall-trans-retinal.

relaxation of ther-diex excited state involves a larger ener-
getic stabilization than for ther7* state. The main factor ) ) .
explaining the difference between the computed and experc: Potential energy curves: 11- ¢is « all-trans -retinal

. i Isomerization
mental results for the optically allowed transition can be re-

lated to influence of the environment. For thediex state The aim of this part of the study is to obtain a qualitative
both geometry relaxation and solvent effects have to be takemnderstanding of the isomerization process taking place
into account. around the ¢;=C;, double bond of retinal. For this purpose

As can be seen in Tables Ill and IV, the computed dipolethe analysis have been performed at the CASSCF level, with
moment for the intense optically allowed excited state isthe same active space, geometry, and basis set employed in
nearly twice the dipole moment of the ground state. Thethe description of the vertical transitions of ATR. The impor-
result of ther#* excited-state dipole moment, 8.0 for ATR tance of the second-order corrections have, however, been
and 7.6 D for MUND, gives support to the experimentally monitored at certain twisted angles. The qualitative nature of
derived gas-phase value for retinalx7 D.°® Ponder and the conclusiongimposed from the beginning due to the lim-
Mathies also reported a solution-phase excited-state dipoliéed basis set usg¢abtained with the CASSCF energies did
moment of 19.8 0.7 D. Thus the dipole moment of the ex- not change at the CASPT2 level. Therefore, we mainly con-
cited state more than doubles upon solvation. These authocgntrate the discussion to the CASSCF results.
pointed out an implied unusually large reaction field factor =~ Potential energy curves with respect to the variation of
due to the large excited-state polarizability of retiffaDn  the dihedral angle &) defined between the planes
the other hand, the dipole moment for the* state is com- C;3—-C;,—C;; and G,—C;;—C;o were built in 30° steps. A
puted to be considerably less than that of the ground stat®rsional angle ®=0° corresponds to a 1dis(12-s-
with the components of opposite sign. It will create a repul-trangretinal. At 90° the 13-methyl is below the cyclohex-
sive interaction with the solvent leading to the expected solenyl ring, with G5 closer to G than at 270°. The remaining
vation blueshift. Since the ground state dipole moment pointgeometric parameters were fixed at the HF optimized struc-
toward the ionone ring, it indicates a shift of electrons fromture of ATR [all-trans (6-s-cigretinal® = 180°], using the
the aldehyde moiety in thes* excited state. It is reflected D95Vd basis set. The corresponding potential energy curves
on the population analysis performed with the CASSCHor the ground and the considered excited states are depicted
wave functions, where the oxygen atom bears a net charge of Fig. 2.

—0.313in the ground state, comparedt0.170 electrons in Inspection of the potential energy curves shows the sym-
the n7* state of ATR. The relative state ordering of the metric nature between the 0°-180° and 180°-360° ranges
nw* state is likely to be strongly influenced by the type of of the dihedral anglé. In spite the nonequivalent molecular
the solvent as proposed by several autt&rg:*® environment, steric repulsion effects affect in a similar way

The description given by the semi-empirical methods dethe studied states in both intervals. The potential curve for
pends on the details of the approach used. For instance, tliee S, state has a maximum at 90°. It is nearly isoenergetic
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changes associated to tles—trans isomerization of the
model system ethylene. In the simple two-electron two-
orbital picture, the valence states of ethylene are ground
N=|ma[, lowest-triplet T=|77*|, lowest-valence singlet
V=|ma*|+|7* 7] (apart from the normalization factor
and the doubly excited singl@=|#* 7*|. Twisted to 90°

©

% s s, ethylene forms a diradical, dimethylene. In terms of the per-
u pendicular atomic orbitals, denotedandb, Mulliken dem-
5 S N 4 A= onstrated in 1932 the existence of four electronic stites:

singlet diradical 'D=|ab|+|ba], triplet diradical
3D=|ab|, and two zwitterionic state$Z(—)=|aal—|bb]|
and 'Z(+)=|aal+|bb|. Correlation between the states of
the diradical and those of parent ethylene molecule is, how-
ever, complicated due to the presence of Rydberg states.
Without considering the possible avoided crossings, the fol-
lowing trends are present for the valence states. Ntand
Z configurations are degenerated at 90°. The minus and plus
combinations give rise to thtD and!Z(+) states, respec-
tively. Thus thelD state correlates with the ground state
N % 150 70 ethylene, the’D state originates from th& state of parent
molecule, whereas th&Z(—)«—V and'zZ(+)«—Z states are
equally related. Resemble of these trends can be visualized
along the G;=C,, twisting of retinal. At 90° the diradical
P s s o b oo e A e ey S ad Ty stales and neary degererate, whereas e
?4V6;fclz\lj: Seiactror)s using thepc,mslp]/H[ls] generally contracted Sz, S, gndSA, states are shown at higher energies. Due to
ANO-type basis set. The optimal ground-state BIgBVd geometry for  the localized nature of the HOMO and LUMO on the carbon
all-trans-retinal, obtained from the full optimization of the system, was atoms G; and G, at ®=90°, and 270°, together with the
employed throughout. limited flexibility of the one-electron basis set, the CASPT2
relative energies with respect &, are similar to that ob-
tained at the CASSCF level. For instance,dat90°, the
S1,S,,S;, and S, states are located 2.4029, 3.423.23),
3.453.30, 4.044.11) eV above S, at the CASSCF-
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at this point with ther; state. Atd =90°, bothS, andT, are
of w#* character, with the CASSCF wave function de-
scribed mainly by the HOM©: LUMO singly excited con-

figuration. The potential energy curves for the singlet ano(CASPTa levels, respec’_uvely.
triplet n7* states behave parallel and close to each other, Retinal can be considered a prototype system undergo-

with a maximum at 90°. The reason is the small overlapn9 to cis—trans isomerization and has been thergfore e_xten—
between the oxygen lone-pair and thé orbital. In a simple S|ve_ly studied. We shall concentrate on the av_allable infor-
molecular orbital model, the relative stabilization of the trip- Mation concerning the photoisomerization of dit all-
let with respect to the corresponding singlet is given by theransretinal. The 1leis isomer exhibits a extremely rapid
exchange integralK,,«. Due to the poor overlap between @nd efficient one-way isomerization into tladl-trans spe-
the orbitals involved, the relative stabilization of the triplet is €i€s, while that frontransinto 11<isis much less efficient.
small. Then—=* overlap progressively decreases with the The 11leis to trans photoisomerization takes place predomi-
twisting, resulting in near degeneracy between the triplet anfantly in the triplet manifold. This fact has been shown by
singletnm* states at 90°. The upper states vary smoothlyPicosecond time-resolved absorption spectroscdfaman
with respect to the torsional angle. For these states the conspectroscopie¥}*” and by determination of the quantum
puted dipole moments show larger variations along the readi€lds of triplet-sensitized isomerizatiofi?® This unique
tion coordinate. TheS, state at 90° is described mainly by isomerization property has been ascribed to the intrinsic

the closed-shell Hartree—Fock configuration with a zwitteri-structures of the 1tis molecule and theall-trans T,
onic nature, which has a dipole moment of 14 D. It is c|ear|yspeC|e§‘. The structure of the latter has been deduced to be

a case of “sudden polarizatior?* planar by Raman spectroscépy® and from electron-spin-
For the general understanding of the shapes expecteztho studie$®?” The so-called “triplet-excited region,”
along the torsion of a double bond is helpful to recall theabout six conjugated double bonds long, detected by tran-
situation in ethylene. Theis—-transisomerization of olefines sient Raman spectroscofyseems to determine the relative

have received considerable attention by many differenenergies of the 1tis and theall-trans isomers and to func-
groups. Classic references to key studies can be found, fdion as a driving force of isomerization in thg manifold.
instance, in the book of Salem entitled “Electrons in Chemi-The 11¢is conformation should be least advantageous in ac-
cal Reactions: First Principles” published in 1982We  commodating the triplet-excited region. The short lifetime of
shall only consider the basic aspects of the electronithe 1leis triplet together with the selective decay of the
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11<cis triplet to theall-trans conformation have suggested a larly interesting. The relaxation energy from the Franck—
skewed torsional surface with no, or a small, barrier surCondon T,(7#*) state to its optimal geometry can be
rounding the 11ais triplet.3*~3¢ Sensitized photoisomeriza- predicted around 0.4—0.6 eV. That is, the difference between
tion studies have concluded, on the other hand, that ondhe best theoretical estimate on the vertical excitation energy
photon one-bond isomerizations are domin¥nt. (1.96 eV} and the 0-0 experimental data for the singlet—
The computed potential energy curves and properties dfiplet transition for ATR(1.54 e\}?° or for the UND system
the involved states are consistent with the current experimer(1.37 e\).*° The prediction is consistent with the relaxation
tal picture. For the 1Lisisomer, transition to ther* state  energy computed for th€,(7#*) state of the UND system,
will carry most of the excitation energy owing to its strongly 0.770.67) eV at the CASSCECASPT2 level. It automati-
allowed Franck—Condon character. In condensed phasescally leads to a well-defined minimum arourl=180°
radiationless conversion from ther* to theS;(n7*) state  along theT, hypersurface. Th&, state may eventually relax
can be expected to be extremely f¥sThat the lowest sin- to the ground-stat&, all-trans-retinal.
glet state has a=* character plays a fundamental role inthe ~ The lowest path along the triplet hypersurface can be
understanding of the efficient photoisomerization, because dfelineated as an energy surface descending fromislT; to
the possible efficient occurrence $f(nw* )~ T, (77*) in- all-trans T; passing through a perpendicular conformation.
tersystem crossing. The quantum efficiencies of the lowesthe all-trans to 11<is along the triplet surface is hindered
triplet occupation are known to be relatively high for retinalsby the shape of the potential energy surface, which enables
(0.4—0.7 at room temperature in nonpolar solvehtddore-  instead an efficient relaxation to the ground statelbfrans-
over, the intersystem crossing efficiencies of retinals are corfetinal.
siderably decreased in polar solvents, in accordance with the
expfcted plpeshift of thean* state and t_he redshift of_the IV. SUMMARY AND CONCLUSIONS
7a* transition. The Franck—Condon triplet for the &is-
isomer should be higher in energy than thi&trans con- In this paper, we have presented results for the vertical
former as a result of steric crowding, which can be assumedxcitation energies and properties on the low-lying excited
to be of the same order as the @is-ground state. It is states ofall-trans-retinal, which are particularly relevant for
qualitatively reproduced in the calculation and further con-the understanding of possible photoisomerization mecha-
firmed employing the ground-state optimized did-geom- nisms. The calculations involve geometry optimizations for
etry. Notice that to build the potential energy curves thethe ground state. The present results for the ground state are
ground-state geometry of ATR was employed. For this reain agreement with the experimental crystal data, expect for
son, the 1leis ground state is place¢1 eV higher. As a certain bond lengths which are predicted somewhat longer in
consequence the slope of the curves indhénterval from  gas phase. It is probably due to both, puckering disorder in
0° to 90° is high. In the interval 0°-90°, the potential en-the crystal and certain underestimation of double bonds dis-
ergy curves have been also computed employing the groundances intrinsic to the x-ray technique.
state 1leis geometry. The 1Lisground state is then located Vertical excitation energies using the optimized ground
at 0.25 eV above thall-trans, in accordance with the previ- state geometry have been computed for four singlet excited
ous estimate at the HF levésee Sec. Ill A. The excited states and two triplet states with the CASSCF/CASPT2
states suffer a proportional decrease at 0°. Bhestate at method. The results obtained fafl-trans-retinal, together
90° computed with the 1tis geometry is located at higher with an extended treatment performed on its truncated model
energy than when calculated with the ATR ground-state ge3-methylall-trans(10s-cig-2,4,6,8,10-undecapentaen-1-al,
ometry, which is below the Franck—Condon location of 11-show that the lowest singlet excited state has’ character.
cis T;. Thus, even if the slope of the curves from 0° to The lowest triplet state is, however, described by the singly
90° is not so pronounced in the lowest-energy path as showexcited configurationra*. The most intense feature of the
in Fig. 2, the qualitative trends are maintained. Thecikl- spectrum corresponds to the expecigdlike transition of
T, can subsequently relax to Xis § or to trans T,. Effi- polyenes. The computed dipole moment for the stai8 D)
cient one-way isomerization along tAg surface could be confirms previous experimentally derived gas-phase data.
understood with a deep well around tians structure. Oth-  The best estimate for the verticd)-like state places it close
erwise, if there was &, potential minimum at the perpen- to theB,-like state. The present theoretical description of the
dicular conformation, it would cause efficient relaxation tostates is consistent with experimental evidence, except for
Sy at this position, leading to both ground-stateandtrans,  the placement of thé-like state. It is vertically computed
contradicting experimental evidence. As shown in Fig. 2,~=1 eV higher than the maximum observed in the two-
perpendiculail; andtrans T, are nearly isoenergetic. It also photon absorption spectra in solution. Based on previous ex-
holds at the CASPT2 level, with a difference between thenperience on related systems and the magnitude of the calcu-
of only 0.1 eV. We have to recall that Fig. 2 representslated dipole moments, such deviation is suggested to be
simply a cut of a complex hypersurface. Relaxation of otherelated to the nonvertical nature of the observed band in the
geometric parameters can be also important to determine thevo-photon absorption spectra, in addition to the influence of
lowest-energy path along,. Determination of the optimal solvent effects.
structure of the lowestr#* triplet state, as well as its rela- Qualitative aspects on the Iis into all-trans-retinal
tive energy with respect to ground-statiétrans, is particu-  photoisomerization have also been considered. The overall
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