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ABSTRACT

Ab initio Hartree Fock self consistent field calculations are performed on retinal
analogs using the STO-3G basis set. Complete geometry optimizations are per-
formed. The ground state properties (bond lengths, bond orders, net atomic charge
distribution) of various cis and trans isomers of retinal analogs are studied in detai
Where necessary correlational effects are also taken into account by a simple model
of strictly localized geminals. The effect of protonation on the properties of retinal
Schiff base analogs is studied Convergence in various properties is studied with
increasing chain length justifying the use of smaller analogs mimicking retinal. C'on-
vergence, is howeve- slower for retinal protonated Schiff base analogs. The retinal
protonated Schiff base analogs show an increased conjugation in the viemity of tke
NH,* group. The cyclohexene ring 1s shown to have littl effect on bonding and
other prope-ties of the molecule, but causes local torsional distortions. Methyl groups
also cause torsional distortions as they introduce steric hindrance. The potential
encrgy surfaces for conformational change around the 6-s-bond and 12-s-bond are
studied in detail. The ntroduction of a methyl group at C13 leads to a skewed
geometry around C12-C13 and C10-C11 single bonds. The results indicate that for
retinal PSB the preferred conformation is planar Il-cis, 12-s-trans as compared to
Il-cis, skewed 12-s-cis in retinal. The introduction of methyl gronps on the

cyclohexene ring leads to two stable skewed 6-s-cis conformations, one at HR5

above the plane and the other at 65.0° below the plane, plane being defined by €'1-
C6-C5-C4. Planar 6-s-trans conformation is predicted to be a transition state for the
isolated chromophore.

After a complete study of ground state properties, grometry re ion studies

are performed in the lowest lying triplet (*B) excited state utilizing RIF and UIIF
methods. Since the UHF results suffer from significant spin contamination (even with

the split valence 3-21G basis set), only the RHF results are considered. The RHF



results on the other hand, lead iuto the hodol I difficulties ing the

intrinsic RHF instabilities. The 3B exci‘ed state results are also discussed from the
solid state physics point of view. The results suggest highly delocalized spin density
in the vicinity of the NI',* group. 7 — 7* excitation energies are calculated using
‘Singlet-triplet Approximation® and all singles doubles configuration interaction
(SDCI) caleulations. # — #° excitation energies are studied as a function of chain
length and rotation around the single bond. A red shift in the lowest 7 — 7" excita-
tion encrgy is obtained on going from planar trans to planar cis conformation around
a single hond or a double bond. Twisting around single bond leads to blue shift in
accordance with the torsion model. SDCI calculations predict the lowest lying excited
state to be ‘4‘\“-likc corresponding to the forbidden transition from the ground state.
Finally, based on ground and excited state results mechanisms for photocycles
of rhodopsin, isorhodopsin and bacteriorhodopsin are discussed. Structural informa-

iates (bathorhodopsi psin, met s

tion on certain interme

presented.
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ATP Adenosine tri-phosphate
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Definition of Terms
(i) Bleaching

In presence of light the colour of the visual pigment slowly fades. This process

is commonly referred to as ‘bleaching'.
(ii) Visual Purple

In earlier works the visual pigment was referred to as the vis

al purple.
(iii) C'arotenoids

Carotenoids are polyisoprenoid compounds linked ‘head to tail' except in the
middle of the molecule. The most common example of a carotenoid is J-earotene,

Clt

56"

(iv) Rods and Cones

The photoreceptor cells are of two types, which are called rods and cones

because of their characteristic shapes. Rod cells make it possible to form black and

white images in dim light; cones mediate colour or vision in bright light
(v) Opsin
Opsin is a single polypeptide chain of 348 linked amino acids.
(vi) Signal Transducer
Visual pigments that photoisomerize and subsequently lead to the generation of

an electrical signal are referred to as signal transducers. For example: Rhodopsin,



(vii) FEnergy Transducer
Visual pigments that convert light energy into a gradient of hydrogen ions
across the membrane which subsequently leads to the synthesis of ATP are referred

to as energy transd For example: Bacteriorhodopsi




1-
1. INTRODUCTION

1.1 Historleal Background

The first link between the ‘chemistry of vision' and nutritional night blindness
resulting from vitamin A deficiency came in the middle thirties when Wald made the
observation that on bleaching or fading, visual purple produced a ‘carotenoid’,
retinene, that could give rise to vitamin AL, After many attempts Wald was the first
to extract a photosensitive cone pigment working with chick retinas®. The structure

of vitanin A, resulted from the work of Karrer, Heilbron and others>®,

Vitamin A} (retinol )

A similar compound vitamin A, was also discovered”™ and its structure was studied:
NN /CHZOH

Vitamin A, (3 ~dehydroretinol )

1.1.1 Visual pigments (Rhodopsins)
At this point it was known that visual pigments are made up of specific pro-
teins, opsins, united with a prosthetic group based on vitamin A aldehydes, namely

retinal or 3-dehyd inal. The ph ptor protein of rod cells is rhodopsin. In

general, the visual pigments are referred to as rhodopsins (Rh). The nature of the

prosthetic group- protein linkage was elucidated by Bownds!® and Akhtar et al'l.
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They independently proved that the retinyl group is attached to the protein at an ¢

amino group of a lysy] residue via & Schiff base {SB) linkage. )
R-C=0 + HyN — OPSIN —— R—C=N-OPSIN + H20
. ' . '
¥ R

R—C=N-OPSIN *
|+
H ;
The general belief is that this Schiff base linkage is protonated!2 However, several

investigators suggested that the ground state is not prolonnted”‘ The five isomeric

forms of retinal were discovered!4!,

é@)\\/vk/om

1 ol - tans
X
b ch
N
N
N
cHo
o & ii-cis
W g-cis

RN

i

¥ 13-ch
Wald and Hubbard studied the different isomers of retinal for the synthesis of Rh
and thus differentiated between the ‘active’ and ‘inactive' forms of retinal for the
synthesis of Rla. The active form was first thought to be 11:13 di-cis, then either 7-
cis or 11-cis!® 16 based on the stereospecific synthetic work. Eventually the structure

t The conformation around the C6-C7 single bond is shown to be trans for historical rea-
sons.



was unambiguously shown to be 1l-cis'” .

I
A
+
\NIH
protein

Rhodopsin

1.1.2 Bacteriorhodopsin

In 1971, Ocsterhelt and Stoeckenius discovered that the bacterium Halobae-
terium  halobium when grown under anaerobic conditions develops a purple protein
pigment bacteriorhodopsin (bR), which turned out to be an isomer of Rh™!9. The
role of bR is to convert light energy directly into a gradient of hydrogen ions across

the membrane which subsequently leads to the synthesis of ATP. This discovery

showed that very similar chromophoric systeins are responsible for different roles in
different, organisms.

1.1.3  Other rhodopsins

ce then many other rhodopsins have been discovered: signal transducers such

as: isorhodopsin, iodopsin, porphyropsin, slow rhodopsin and energy transducers such

: halorhodopsin, found in mammals, invertebrates and bacteria. In this context it
may be useful to mention ‘squid rhodopsin' which is o visual pigment that is photo
sensitive but does not undergo *bleaching’. Squid rhodopsin has some importance in
the history of the subject becanse its peculiarity of not being bieached, permitted
Tubbard and St. George to establish the primacy of the 1l-cis to alltrans someriz-
tion in rhodopsin. It 1s nteresting to note that all these pigments contain differen,

isomers of retinal as the chromophore.



X
N
N
N
proltein
Isorhodopsin

1.1.4 Some features of Rhodopsins

The most intriguing fact about Rh’s is that they absorb over a wide range of
wavelengths. The pigments of human colour vision absorb at 447, 540 and 577 nm2®
while other vertebrate rhodopsins absorb as low as 417 nm?! and as high as 620
nin*2. Bacteriorhodopsin absorbs close to the upper limit at 568 nm. In contrast, sim-
ple retinal protonated Schiff bases (PSB) absorb at 440-450 nm and unprotonated SB
absorb at 390 nm. Thus, the spectral properties of these r*~dopsins reflect the sensi-
tivity of the chromophore to the environment provided by the surrounding protein
and the conformational differences between the chromophores.
1.1.6 Primary events in the vision process (Rh) and the energy transfer
process (bR)

Three basic steps were postulated for the reactions immediately following the
photon absorption by the molecule:
(i) a primary photochemical process;
(if) a dark reaction that replaced the decomposed photosensitive material, cither
from its products or from other precursors;

(iii) a second dark process by which the primary photoproducts, alone or with other



S
substances, initiated a nerve impuke”.

Conjugated polvenes and carotenoids are well known for their tendency to

FiationZd M,

undergo cis-trans i ization on i , the process of vision is
initiated by light not heat. Therefore, the involvement of an excited state that can-
not be reached by possible increases in temperature seemed justified. Cis-trans iso-
merization was suggested as the primary step?. However, it has been proposed that
proton-transfer could be a fast competing process, as nitrogen can easily form hydro-

d?*%, R is and kers found evidence for

gen bonds or become p!
rapid proton-transfer in rhodopsin following light absorption®3!, This led to the
suggestion that in the ground state the retinal SB is not protonated but only H-
bonded and the proton transfer takes place in the excited state as a result of photon

absorption. The proton transfer is then followed by the cis-Lrans isomerization.

Retinal PSB

In the last ten years, a lot of experimental work has been done to understand

3348 o summarize, we know that the initial conforma-

the primary process in vision'
tion of the chromophore in Rh is 11-cis. During the process the geometry of the 11-
cis retinal in Rh is changed to the all-trans form and in vertebrates the
chromophore- opsin linkage is broken!’ whereas in invertebrates the photocycle does

not lead to rupture of the chromophore-opsin bond®. In vivo the photoreaction is



followed by enzymatic processes regenerating the original 11-cis pigment.

+
NH
1
Protein

It -cis protonated retinal
SNt base. All - trons rsfinal +  protein

Primary event of the vision process in vertebrate rhodopsin .

In bR the chromophore is the all-trans (light adapted) or about 1:1 all-trans and

icis {dark adapted)'8, This is due to the fact that the light adapted bR,gg. in the

dark slowly converts to dark- adapted bR which contains an approximately equal

mixture of all-trans and 13-cis retinal PSB chromophores (denoted bR, and bRy g
respeetively).
NN+ SIS
NH +
| SNH
profein |
protein
R
bRsee b 548

Light absorption causes isomerization about the C13= C14 bond and the depro-
tonation of the Schiff base nitrogen. This results in the transport of protons across
the cell membrane. The pigment returns to the light adapted bRyg, in the dark in -
10 msee. This makes bR very convenient for biophysical studies. Like invertebrates.

in bR the chromophore does not detach from the opsin during the photocycle®®,



RN+ hyv
| NH — el

protein SN
+ H+ protein
All-trans retinal protonated 13-cis retinal Schiff base

Schiff base bRgeq

1.1.8 Intermediates in the photocycles of bR and Rh
During the photocycle a number of intermediates are formed which differ from

each other by isomerism, protonation-deprotonation, and their protein environment.

The intermediates are usually characterized by the wavelength (in nm) of their visi

ble absorption maxima, and their ri etime and lifetime. Some of the information

ized in

regarding the intermediates in the photoeyeles of bR and Rh has been summ

the flow charts on following pages:
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*Hypsorhadopsin has been observed only in the case of cattle thodopsia.
Absorption maxima (in am) and decay times (in seconds) of the intermediates are shown. Transi-
tion temperatures between intermediates are also listed.
Adapted from:

r Yoshizawa and S. Horiuchi in Biochemistry and Physiology of visual pigments , 73, Ed: H.
ser. Springer-Verlag, New York (1973)

and K. Nakanishi, New C
levier Biomedical Press, 289 (1982)
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Adagted from:
R.A. Mathies in Spectroscopy of biological molecules, Ed. C. Sandotfy and T. Theophanides, D.
Reidel Publishing Company, Holland, page 303 (1081)
T. Alsuth, P. Hi M.
dorfy and T. Theophanides, D.
R.R. Birge, Ann. Rev. Biophys. Bioeng., 10, 341 (1081)

in of biological molecules, Ed. C. San-
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1.2 Recent Experimental Results
1.2.1 Structure elucidation based on Infrared, Resonance Raman, NMR
and Absorption Spectroscopic data

Most of the spectroscopic work has been done to elucidate the structures of the
intermediates in the photocycles of Rh and bR and to determine where the
deprotonation/reprotonation takes place in the photocycle. Oseroff and Cal-
lender®®™ studied the structures of Rh, isorhodopsin (I) and bathorhodopsin (B)
using resonance Raman spectroscopy and showed that they were all protonated.
Based on their results they also suggested that B had a highly distorted geometry.
The structure of retinal chromophore in bR has also been studied using resonance
Raman spectroscopy®. Elegant vibrational analysis of the retinal isomers®® and the
all-trans retinal PSB® has been reported. Raman spectra of a series of all-trans reti-
nal PSB isotopic derivatives were obtained. The ‘fingerprint' assignments of all-trans
retinal PSB and all-trans retinal were compared and it was shown that the major
effect of the SB formation was a shift of the C14-C15 stretch from 1111 em™ in the
aldehyde to - 1163 em! in the SB. This shift was attributed to the increased C14-
C15 bond order that results from the reduced electronegativity of the SB nitrogen
compared with the aldehyde oxygen.

More recently, the vibrational analysis of the 13-cis retinal chromophore in the
fark-adapted bR® and the all-trans retinal chromophore in the light-adapted bR
have been reported. A detailed analysis of the ‘fingerprint region' led to the
identification of the spectral features and vibrational coupling patterns which are
diagnostic of the C13=C14 and C=N conformations in retinal pigments. The vibra-
tional analysis of the 13-cis retinal chromophore in the dark-adapted bR indicated
that the C13=C14 bond is in the cis conformation and the C15=N Schiff base bond

is in the syn conformation.
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Recent results, based on photolysis experiments®0, indicate that two B inter-
mediates are formed from Rh as well as I. Both the B intermediates comprise
strained all-trans structures with slightly different arrangements within their protein
pockets. B, decays to L, (lumirhodopsin 1) and B, decays to Ly (lumirhodopsin 2).

The picosecond flourescence kinetic data and quantum yield measurements from
bovine rhodopsin by A.G. Doukas et al’’ have further confirmed the cis-trans iso-
merization about the C11=C12 bond of retinal in the vision process.

The syn-anti isomerization of the imine function could play an important role in
the mechanism of vision. Using '3C solid state NMR and MASS technique Harbison
et al%® showed that the lyophilized dark-adapted bR is composed of a mixture of all-

trans, 15-anti (E) and 13-cis, 15-syn (Z) isomers.

Apart from the above spectroscopic studies more information on the structures

of intermediates came from the synthesis of artificial pigments.

1.2.2 ructu d based on synthesis of artifici:

Some evidence for the involvement of particular bonds in isomerization came
from the synthesis of artificial pigments with locked single or double bonds. J.M.

Fang et al®? synthesized fixed 13-ene structures that inhibited proton pumping.

RN R CHO
CHO

Based on their results they .uggested that 13-ene plays a more important role than
the ring site in initiating proton pumping in bR.

Later, in 1986 Albeck et al® based on their synthesis of artificial bR pigments



concluded that rotations around single bonds C12-C13, C10-C11 and isomerizations

AN CHO A CHO

A CHO

of C11=CI12 and C9=C10 are not rzquired either for initiating the photocycle of all

trans bR or for forming its M int~rmediate. C.H. Chang et al also arrived at

RN \o

the same conclusion from their study of the C13=Cl4 locked chromophore®".
1.2.3 Conformation of the 8-s-bond in bR

As cvident from the above results much of the present research has been on bR

due to a number of experimental advantages. In the context of bR it is important to

mention the recent work regarding the 6-s-bond ion. Since bR absorbs at
568 nm which is in the upper range, spectroscopists have tried to explain this
unusual ‘opsin shift' in bR that shifts its Amax t0 the red. It was noticed that the
spectra of bR were sensitive to modifications in the ring region of the molecule’ 3,
Sheves et al% studied the effects caused by introducing steric hindrance in the vicin-

ity of the bR ring. Harbison et al® and Childs et al®® used solid state '*C NMR
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spectroscopy to study the ring portion of the bR chromophore. Their results indi-
cated that in the solid state the chromophore has a B-s-trans conformation in the
protein in contrast to an energetically favoured 8-s-cis conformation for retinoids in
solution. They also showed that the chromophore conformation may be 25-307 6-s-
trans in solution®®. Locked 6-s-trans and cis chromophores synthesized by van der
Steen ot al% indicated that part of the opsin shift in bR arises when the chromo-
phore changes from a 40° twisted 6-s-cis to a planar 6-s-trans conformation upon
binding to the protein. However, the recent NMR and absorption spectroscopic data
indicated that a s-cis ring chain conformation in bR cannot be ruled out™,
1.2.4 X-ray analysis data

The above indirect methods have been used to determine the conformation of
retinal salts and related compounds as no reliable X-ray structure of a retinylidene
iminium salt has yet been reported in the literature. X-ray erystal structures of vita-

all-trans®, 11-cis™ " and

min A isomers are limited to the following compounds:
13-cis retinal’? ; all-trans retinoic acid’37%; Aionylidene crotonic acid’; all-trans
vitamin A acetate™ and methyl 7-cis, 0-cis retinoate””. It has to be noted that for a
given compound the ri:'g~ch:xin?4 conformation may change from s-cis to s-trans
depending on the method of crystallization. A very unusual case is in 13-cis retinal

where simultaneous presenc. of both conformers in one unit cell was reported’.
1.3 X, regulation in visual pigments: Models for Binding site

As we know, rhodopsins absorb over a wide range of wavelength, that is the

Mmax Varies a great deal from one species to the other. Despite a lot of effort, no

definite explanation has yet been obtained about the frequency regulation. The fac-
tors affecting X, can be divided into two: electrostatic and conformational.

78-82

Nakanishi, Honig and coworkers™®? studied the chromophore- protein interac-

tions by sy and d the external point charge theory.

They suggested the presence of a negative charge 3.0 A° above C5 and a positive
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charge 3.0 A* from the negative charge, that is, an ion-pair protein/chromophore

interaction near the f-ionone moielyu.

A Y T Y e W

o=z

Point charge meel for bR

However, the results of Sheves et al®® and Lugtenburg et al®* indicate that the major

role in X, regulation is played by the charge separation between the p
Schiff base and its opsin counterion. Blatz and coworkers correlated the X .. of pro-
tonated all-trans retinylidene n-butyl amine with some physico-chemical properties
of the counterions®®. Their results also indicated that Xm“ could be regulated by the
distance between the counterion (anion) and the protonated Schiff base (cation)
itsclf. Kakitani® suggested that a major factor in A s Tegulation could be confor-
mational: the twisting around double bond leads to the bathochromic shift (red shift)
and that around single bond leads to the hypockromic shift (blue shift) so that, the

1y 1

gl ion of the visual pi can be achieved by different combina-

tions of the double and single bond twistings.
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1.4 Mechanisms proposed

During the past years, a number of mechanisms have been proposed for the ver-
tebrate and invertebrate visual cycles, some of which are summarized below:

The first mechanism for the vision process was proposed by Warshel® in 1976,
He proposed a ‘bicycle peda! mechanism’ that involves concerted rotation around

parallel pairs of double bonds in the lowest excited singlet state.

‘Bicycle pedal’: One step concerted rotation
around the C11=C12 and C15=N bonds
The mechanism was proposed in order to take into account the fact that retinal is
bound to a restrictive active site in which the cyclohexene ring, at one end of the
molecule, is trapped in a hydrophobic cleft and the other end of the molecule is
bonded by a Schiff base bond to a lysine residue of the protein, that is the rotation
takes place inside the protein cavity.
Fransen et al%® suggested the proton transfer hypothesis that involved the

transfer of a proton from the methyl group at C5 to some site on opsin.
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»
0 Batho-Intermediate

Thermal
= - (cis~ trans)

Kropf®® synthesized 5-demethyl retinal which on combination with opsin still gave

rise to a batho intermediate.

R T T
M/\ + 0psin ——»-5 4 - Bathorhodopain
, (525 nm)

S-dm  retinal

This cxperiment does contradict the hypothesis proposed by Fransen et al but, does
not exclude the possibility of proton transfer taking place from some site other than
the 5-methyl. For example, proton transfer from 9-methyl could take place as shown

below
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Furthermore, it is not surprising that the 5-demethyl retinal PSB synthesized by

Kropf underwent photoisomerization as in general any conjugated polyene would
photoisomerize. Therefore, a few more experiments are suggested before any conclu-
sion can be drawn about the proton transfer hypothesis, for example, an experiment
involving a comparative study of rate of photoisomerizatiol_l and quantum yields for
the methylated and demethylated retinal PSB.

A mechanism for the proton pump in bR was suggested in 1978 by Schulten and
Tavan®, The mechanism is based on the fact that the PSB exhibits a high barrier
for thermal isomerization in the ground state but a low barrier in the excited state
and that the SB follows the reverse trend.

Liu and Asato®® proposed a mechanism for the vision process that involves
simultaneous twisting of two adjacent bonds called the concerted twisting process
(CT-n; concerted twist at centre n). It is also known as the Hula-twist process (HT-

n) and is a volume-conserving process.

CT-a /7 HT-a “Z
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The mechanism has been proposed based on molecular model construction and pho-

hemical and bi i ing. Specific for the intermedi in the
vision process have also been proposed.

Later, a combination of HT-n and a modified version of Warshel's ‘bicycle-pedal’

mechanism BP_ (bicycle pedal at centres m and n) was proposed to explain the

photocycle of bR and invertebrate and vertebrate rhodopsin photocycles®!™4,

Y
sy —— s
a’ b

BPayp

Modified version of Warshel's " bicycle - pedal "

HT-n is proposed to take place in the excited state as it involves rotation around a
formal single bond accompanied by isomerization of a neighbouring double bond,
whereas, the BP"m is proposed for all ground state conformational changes as it
involves simultancous rotation around two formal single bonds.

1.6 Theoretical Results!

Attempts to utilize computational chemistry for understanding the process of
vision in the past have been limited mainly to methods such as Huckel and Pariser-
Parr-Pople (PPP) r-electron methods. Crude theoretical models have been applied
largely due to the size of the molecule. More recently, INDO-CISD (intermediate

neglect of overlap fi ion i ion singles and doubles) and

t Please see appendix 111 for details of different theoretical methods.
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MNDOC (modified neglect of diatomic overlap correlated version) molecular orbital
methods have been applied. In most of the cases geometry optimizations were not
performed.
1.5.1 Conformational Studles

In 1970 Langlet et al®® applied the PCILO (perturbative configuration interac-
tion with localized orbitals) method to study the 6-s-cis/trans conformation of the
cyclohexene ring with respect to the side chain in retinal. The calculations showed
that the skewed-s-cis conformation is 2.5-2.8 keal mol™! more stable than the planar-
s-trans conformation. Honig et al® calculated the torsional potential of the
cyclohexene riag in retinal for rotation around the C8-C7 and C12-C13 bonds utiliz-
ing a LCAO-MO-CI semiempirical method of PPP type corrected for the nearest
neighbour overlap'". Further conformational investigation on retinal was carried out
by Dhingra and Saran® who utilized the PCILO method to study the preferred con-
formation around various single bonds and the relative stability of various isomers.
Based on their results they proposed structures of the intermediate species in the
photoreaction cycles of Rb® and bR'®.

1.6.2 Studles on charge distribution

Minimal basis set ab initio MO calculations with a 3x3 CI treatment were per-

formed by Salem and B on a lids yli

molecule!®102 Based on the calculated charge distributions in the ground and
lowest singly excited = 7" singlet states a specific hypothesis was suggested. Accord-
ing to their hypothesis the lowest 7 #* singlet excited state creates a sudden polariza-
tion within the molecule that triggers a sudden short lived electrical signal, causing
charge transfer from one end of the molecule to the other. Warshel and Dc;kynem

studied the effect of torsion, bond al tion and charge

on the ground
and excited state energies of retinal PSB using the QCFF /Pl method. Their results

indicated that the light energy may be used not only for cis-trans isomerization
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about double bonds but also for trapping charge stabilized intermediates. Hays et

al'™ studied the effects of dipoles and aromatic amino acid side chain models on the

hsorption of Rh by using p bation theory.

1.6.3 Barriers to isomerization

Being a photoisomerization problem there has been a continued interest in cal-
culating barriers to isomerization around various single and double bonds in the
ground and eycited states and to study the effect of countesion and other external
point charges on these barriers'®1%, Tavan et al'® used the MNDOC method to
study the effect of substituents at C13 on the barrier to isomerization around
C13=C14 double bond. Seltzer'% studied the energy barriers to cis-trans isomeriza-
tion in a model for retinal PSB utilizing the MNDO method. The study indicated
that in the ground state a negative charge n‘car C13 lowers the barrier to bicycle-
pedal isomerization but does not lower the barrier for Hula-twist. MNDO/CI calcula-
tions!® in the ground and excited states on a model of retinal PSB indicated that a
mechanism involving complete rotation around one double bond assisted by a partial
rotation of the second double bond is marc favourable as compared to a strictly
bicycle-pedal motion.
1.6.4 Other theoretical investigations

The INDO-CISD-MO theory coupled with the semiempirical molecular dynamics
procedures  has  been utilized to investigate the quantum yields for
photoisomerizaiion'%110, Force constant calculations have aizo been carried out for
some analogs of retinal PSB!'!112, Kakitani et al'!3! proposed the torsion model

to interpret the properties of Rh and its intermediates. Based on the model
(hey 115,116

analyzed the optical i gths, oscillator gths and

rotational strengths of visual pigments and intermediates at low temperatures.
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15,56 Electronle Spectra Calculations

‘The electronic spectra of conjugated polyenes in general have been investigated
thoroughly, for example, ethylene, cis/trans butadiene, hexatriene ete.

Taking the example of trans butadiene in the ground state the MO energy level
scheme for its x system under the simple Huckel approximation is:

by

b —H—
o —H—

Let us consider other configurations generated from the giound state configuration,
in which ouly one electron is excited at a time.

2 by e
03 ay —+ — :
&b —# 1 e
o o —¥ # —
N v, v, Vs Vs
‘Ag '8} Ay "y '8h
M.O.

energy level schemes for

the TT- system
of trans butadiene.
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Each configuration is labelled with a symmetry symbol. Symbols N and V; are
according to Mulliken’s notation which has not been universally adopted. The sym-
metry of each configuration (or sme)* is determined from the product represents-
tions of the MO wave functions (refer to appendix I).

The spin and symmetry of the states deterrnine which transitions are allowed.
According to spin selection rule: A S=0, and according to symmetry selection rule
(Laporte's rule) transitions betwecen states of the same parity, (u or g) are forbidden.
u— gandg — ubut g gandux u.

Based on the sbove rules in trans butadiene there are 4 x x* bands: two A g
'B“' bands (allowed) and the other two lA‘ — IA" transitions (forbidden). In cis
butadiene however, all the four bands are symmetry allowed.

For & MO wavefutction (with configuration interaction) the two IA‘
configurations will mix, leadihg to slA‘ + ‘A‘ — lA“" anda lA' - IA' - lA" (The
+ and - signs refer to the sign in the linear combination resulting from configuration
mising). If the mixing is large the ‘A" state can become lower than the 'B,* state

and be the lowest excited singlet state.

—A

‘a

increase _mixing

t The configurations may be referred to as states toa first approximation.



-23-

‘The ad of two-phot. py has made it possible to study the
lowest lying ‘A‘ state which ponds to the forbidd ition from the ground

state. In two-photon spectroscopy transitions of g — g type are allowed. Visual pig-
ments do not have the C,, symmetry but behave analogously to the simple conju-
gated polyenes and approximately follow the same nomenclature.

(CNDO/S) SCF-MO-Cl calculstions'” have been performed to study the

excited states of all-trans and 11-cis retinal. MRSD # CI and single excitation ¢ x CI

on 2,4-pentadienal and 2,4,8,8 | (all-trans and 11-cis forms of
aldehyde, SB, PSB of the model system) using a split valence basis set indicated
large energy lowering (- 1 ¢V) of the first allowed 7 #° excited state on protonation
of the SB!S, Birge and co workers'!® have utilized the INDO-PSDCI MO theory to
study models of the binding site, oscillator strengths of Rh and B, and barriers to

isomerization in ground and excited states. They have also calculated molecular two

photon ptivities based on the combined use of PPP x-elect method i

full SDCI (singles and doubles configuration interaction) and Monson and McClain's

two-photon ori ional ing p dures!2>1%, Their results indicated that

the ‘A“ covalent state is strongly two-photon allowed in long chain polyenes. All-
trans retinal and the retinal SB also have the 'A"—like lowest lying state. However,
in retinal PSB a reversal in the level ordering was noticed that makes the 'Il:-lih

state the lowest. This reversal in level ordering (also obtained by two-photon laser

i ore

d as an i

) was for the presence of a protonated SB in

Rbh.
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2. COMPUTATIONAL DETAILS: THE METHODOLOGY

Ab initio Hartree Fock self consistent field (HF SCF) MO calculations have been
performed throughout using the program MUNGAUSS'%.
2.1 The Hartree Fock Approximation

The essence of the Hartree Fock approximation is to replace the complicated
many electron problem by s one electron problem in which electron-electron repul-
sion is treated in an average way.

The ground state of an N-electron system can be written as a single Slater
determinant

1 %> = | ¥ f Wi g B>

where each spatial molecular orbital (] i=12,....N/2) is doubly occupied. Accord-
ing to the variation principle the best wavefunction is the one that gives the lowest
possible energy

Ep = <W¥o |H| ¥>

H is the full el ic Hamiltonian. The varistional flexibility in the wave function

is in the choice of orbitals. By minimizing Ej with respect to the choice of orbitals
one can derive the i ‘quations which determine the optimal orbitals. HF equations

are cigenvalue equations of the form
(1) %) = 6 ¥(1)
where f(1) is an effective one electron operator, called the Fock operator.
w =—-Lor— 3 2L owe n s o)
A=l T1A
The Fock operator f(1) is the sum of a core hamiltonian operator h(1) and an

effective one electron potential operator called the Hartree Fock potential VF(1).

V(1) is the average potential experienced by the electron 1 due to the presence of
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the other clectrons. Therefore, 111 (1) depends on the orbitals of the other electrons.

Thus, the HF equations are non-linear and must be solved iteratively. The pro-

cedure for solving the IIF equations is called the self consistent field (SCF) method.
The following flow chart gives a brief outline of the closed shell IF SCF pro-

cedure along with the geometry optimization procedure:
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2.2 Choice of basis set,

Mol 1

orbitals are expressed as a linear combination of a set of functions

K, v
w= 3 Co,
Pr=s)

Due to the large size of retinal the caleulations have been limited to the minimal
STO-3G basis set'*, Only in some cases has a larger split valence 3-21G basis sol
been used!?. In STO-3G basis set a linear combination of Gaussian type orbitals
(GTO) (contraction) is tailored to fit the shape of Slater type orbitals (STO). In gen-
eral, a contraction has the form

L
Oulr-Ry) = \:'1 Ay gplag, 1= Ry)
fy

ey and dp" are exponents and contiaction coefficients respectively. L is the length
of the contraction. For STO-3G L=3 and in 3-21G L=3 for core and 2 and 1 for

valence orbitals which are split into two.

Minimal basis Split-valence
H/He 1i/He

1s Is' 18"

Li = Ne Li = Ne

1s Is

25 2p, 2p, 2p, o' 2p,) 2! 2p,

At M a1 0
872 g F

Certain basis set exponents are optimized with the constraint that the 2s exponent is

equal to the 2p exponent (25s=2p) and similarly 3s =3d and so on. In th

the functions are referred to as 2sp and 3spd respectively.
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The basis size for the largest retinal PSB analog is shown below as an example:

I N"@

STO-3G basis set 321G basis set
number of basis functions 100 184
number of two electron integrals 12,753,175 579,377,820
number of one electron integrals 5050 34040

2.3 Closed Shell Hartree Fock: The Roothaan Equations

‘The Hartree Fock Hamilionian is defined as

LI
Ho = 3 1)
i=1
where [(i) is a Fock operator for the it electron.
The closed shell restricted (a and B spin orbitals are constrained to have the same

spatial function) ground state for an N- electron system can be described as:

| %> = | ¥u¥ o By Yy Bz >

Each of the occupied spatial molecular orbitals (v,| a=1,2, N/2) is doubly occu-

pied. As described before the Fock operator is a sum of a core hamiltonian operator

and an cffective one clectron potential operator called the Hartree Fock potential

JF().

1) = b(1) + (1) = (1) + Y2i,1) - K1)

J, and K_ are the coulomb and exchange operators respectively which are defined as

follows:

) = [ dnes(e) ﬁ %(2)
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KafD) () = [f dra 512 = 20} (1)
”

The coulomb term represents the average focal potential at r, arising from an elec-
tron in ¥, The exchange term arises from the antisymmetric nature of the single
determinant and does not have a simple classical interpretation.
The closed shell HF energy is given by

By = < ¥l ¥, >
The calculation of molecular orbitals now becomes equivalent to the problem of solv-

ing the spatial integro-differential equations.
(1) 4(1) = g (1) (1

Roothaan!® showed that by introducing a set of known spatial basis functions the
differential cquation could be converted to a set of algebraic cquations and solved by

standard matrix techniques. Introducing a set of K known basis functions {4(r)p

= 1,2......K} and expanding the unknown molecular orbitals in the linear expansion
L Y .
M Cuidyi= 12K 2
p=l

Substituting the linear expansion (2) into the lartree Fock equation (1) we got
()Y Cuidll) = 6 ¥ Cidll)
v v
Multiplying by ¢,5 (1) on the left and integrating
G [dr g1 1) 8(1) = 3 i [dr 8,7 (1) &, (1) (3)
v v
One can define an overlap matrix S, a K X K hermitian matrix, which has elements
Sue = [dry 6(1) 6,1)

Also defining a Fock matrix F that has the elements
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Fo = [dry 4;0) 11) $41)

It is also a K X K hermitian matrix. The basis functions {¢,} are not in general

orthogonal to each other and hence overlap with a magnitude 0 < |S‘W|$ 1. The

diagonal elements of S are unity and the off-diagonal elements are less than unity.

‘The sign of the off-diagonal terms depends on the relative sign of the two basis func-

tions, and their relative orientation and separation in space. With these definitions

the integrated HF equation (3) can be written as

‘These are Roothaan's equations which can be written as the single matrix equation.
FC = SCe (4)

CisaK X K square matrix of the expansion coefficients Cyi

Cn Cp Cik
Cy Cn Cox
C=|: 2 :
G Cixg Y
and ¢ is a diagonal matrix of the orbital energies [
il
€= & 0
0 B

As the Fock matrix depends on the expansion coeflicients the resulting

Roothaan equations are nonlinear
F(C)C = SCe

and are solved iteratively. (See Appendix IIa for details.) For an orthogonal basis set

i.e. S=1 Roothaan's equations have the form of the usual matrix eigenvalue problem
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and the eig C and ei \{ € are cal by di lizing F. There-

fore the procedures for orthogonalizing the basis functions are considered. (Refer to
Appendix IIb)
2.4 Openshell spin Restricted Hartree-Fock (RHF)

In the open shell RHF formalism all electrons except those that are explicitly
required to occupy open shell orbitals, occupy closed shell orbitals. The wavefunc-
tions thus obtained are eigenfunctions of the spin operator S%.

If the number of - electrons N, > number of 8- electrons Nj there are Ny
doubly occupied M.O.’s and (N Nﬂ) singly occupied M.O.’s. If K is the total
number of basis functions then there will also be (K-N,) unoccupied M.0.'s. For

example: The case of a five electron doublet is shown below

(¥10) (¥48) (¥20) (¥28) (¥30)

Given a basis set (¢‘| # = 1,2,..K} the doubly occupicd orbitals can be expanded
as

W= Cud i=12 ....N,
[

and (N -N p] singly occupied orbitals can be expanded as



v = Y Cxo,
]

N+ L

pression for the five electron doublet wavefunetion can be written as

S=(2hyy + Zhas ) + hyy + [ 20y, - Ky + 21
+(2y Kyg+ 20y Ky)
=2(hy+ha)+ 20+ Joa+ D3+ Jog ) - (K + Koo + Kyg + Kig )
4 hyy + 4 2K,

S + M - 2Ky )

= Bjoed + Fopen

In woneral, the cnergy expression for any wavefunction involving both closed shell

and open shell orbitals can be written as

B=0+ L gy + by ;)
7

g and by are referred 1o as the coupling coeflicients = 1 for closed

=2 and by

'
shell. The energy expression for the closed shell part (E) is written as

rb\g(rd cln\wd .

S =9 g N (e <

E=2% byt & (20, Ky
P Pa

The generalized Fock operator is defined as

=fh; + S (ag J; + by K;)
i

As compared to the closed shell RHF in the open shell RHF the problem now

cannot be expressed as a single matrix equation. Therefore other iterative optimiza-
tion procedures are employed. An example of such optimization procedures is given
in ref. 129. Some multiconfiguration SCF (MCSCF) procedures are also based on

sueh optimization techniques. For open shell RHF different types of procedures have

heen emplor

1. For example, a procedure involving setting up three Fock matrices

which leads to three diagonalizations per iteration"™, This approach is computation-

ally expensive to use,
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2.5 Open shell spin Unrestricted Hartree-Fock (UHF)

In this approach, different spatial orbitals are

ned to o and g eleetrons,

There are two distinet sets of moleeular orbitals {15 | j=1.2..K} and {

i }. For example: The eleetron configuration for a five eleetron doublet

can be written as

(¥70) (u3) (g

a B

v o+ + ¢
¥ 2 4 @

Since the RHF is a special

e of the UHF function, according o the variation
principle the optimized UIIF energy is below the optimized RUF value. But, the
UIIF wavefunctions are not eigenfunctions of the total spin operator. Therefore, the
UIIF wavefunetions are contaminated by funetions corresponding to states of higher
spin multiplicity.

In UHF theory, the two sets of M.O."s are defined by two sets of coeflicients,

K i K\ 4
o= Y Cioy; o’ = Y Cio,
=1 n=1
These coefficients are varied independently, leading to UIF generalizations of
Roothaan equations'3!,
YFLC = " V8,00 j=12.K (5)
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TFLCE = ¢/T5,C8 j=12..K (8)
v v

The two Fock matrices are defined by,

Fo = HG" + ); L Pi(uw | o)) - P\ | ov) @)
.

and

Ff, = H3"+ }; L PS(uv | o)) - PL(u | ov) 8

The two density matrices are defined as,

No

P, = Y CACA)’ (9)
Ny

Pf, = Y Ci(CAr (10

The total density matrix is defined as PT= P® + P? and a total spin density matrix

is defined as P* = P - PA. The integrals S H'w"’" and (pv|o)) sppearing in the

w
UHF equations are the same as those defined in the Roothaan procedure for closed

shell calculations. Equations (5) and (8) lead to the following two matrix equations
FoC* = SC% ¢ (11)
FFCF = SCPéf (12)

¢ and ¢ are ¢icgonal matrices of orbital energies. C and C7 are KxK matrices of
expansion coefficients. The above equations (11 and 12) are referred to as the Pople-
Nesbet equations. Since F* and F? depend on both C* and C? the two eigenvalue
equations have to be solved simultaneously.
Solution to the Pople-Nesbet Equations

The procedure is essentially identical with the case of the Roothaan's equations.

An initial guess of both the density matrices P® anc P? is taken and F and F? are



formed. At each step of the werative procedure the two 1

rix eigenvalue probloms

(11) and (12) are solved for C* and ¢ and new P and P are formed. The pro-

cedure is repeated until self consistent solutions to both are obtained simultancously.

2.8 Mulliken population analysis and Bond orders

e
The total number of clectrons N = 2V} f(lr | vylr)

This divides the total

number of electrons into two eleetrons per MO. After substituting the

s expan-

ion we get,

N = $YP, 8, = VP8, = uls
b I3

It is possible to interpret (PS],, as the number of el

Lrons associated with 4. This

is called Mulliken population analysis. The above definition for the number of clee-

trons associated with ¢, is not unique as tr PS = tr 5P and

= \S"PS! ), for any n
W

For the Mulliken population analysis n=1. The number of electrons associated with

an atom in a molecule can be obtained by summing over all basis functions centred

on that atom, and the net atomic charge can be ealeulated as

o=z ¥ (S
ey

(13)

i

where 2 atomic number of atom A.

Bond orders (B, p) and atomic valency (V. cos have been ealenlated at the

P Bond order

optimized geometries according to the definition given by Mayer

index between atoms A and B is defined as

By = ¥ N (PS),, (PS), (1)
wA i

The valence of an atom in a molecule is given by the sum of bond orders formed by

the atom.
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Va= ¥ B (15)
B{gA)
2.7 Geometry optimisation using the optimally conditioned (OC)
optimization algorithm

Geometry optimizations have been perf d using a variable metric algorithm

proposed by Davidon!®®. For convergence the gradient length was required to be <
N

2
5.0 x 10 4 where the gradient length is defined as E—" where N = number
N

of optimizable parameters.

2.8 Singlet-triplet approximation (STA)

Singlet and triplet excitation energies have been calculated within the singlet-
triplet approximation as follows:
For k' — 1° transition

JAE = gr - - Jy*
'AE = - - Iy + 2K

where ¢ are orbital energies and J and K refer to the usual coulomb and exchange
integrals. The above formulae are derived by considering the gains and losses in
energies when going from one state of the molecule to another assuming a frozen
orbital approximation. An example for the CO molecule is given in ref. 134.

2.9 Strictly Localized Geminals (SLG) Approach

Correlational effects are taken into account in some cases by a model of strictly
localized geminals. This approach corresponds to a first order many body perturba-
tion theory with a corrclated, but fully localized reference state. The basis set is
partitioned by assigning cach basis function o a chemical bond possessing two elec-

trons (geminals). A zeroth-order wavefuncticn is constructed as an antisymmetrized
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product of two electron group wave functions (geminals) expanded in disjunct but
overlapping subspaces of basis orbitals. The geminals are obtained by solving the
two electron Schrodinger equations exactly for each chemical bond within the
corresponding local basis set. Therefore it gives a fully correlated description of two-

electron chemical bonds. A second ized ism of the above h is

given in ref. 135.

Obviously, the SLG method cannot describe any conjugational effect, thus its

error can be considered as a measure of the conjugation.
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3. RESULTS AND DISCUSSION
In the introductory part we have seen that any attempts to utilize computa-

tional chemistry for understanding the vision process in the past have been limited

mainly to methods such as Huckel and PPP #-electron methods. In this work we

have utilized ab initio Hartree Fock M.O. to study the properties of
retinal. Since retinal is a large molecule for ab initio calculations let us first consider
the approach to the problem, that is, the selection of the analogs.

The numbering of carbon atoms in retinal is shown below. The same numbering

shall be referred to throughout the text.

3.1 Selection of Analogs

A series of retinal analogs is investigated!%, starting with the smallest analog
from the heteroatom end and then gradually increasing the chain length up to and
including the doubl. bond of the cyclohexene ring. At first the methyl substituents
are not incorporated. Full geometry optimizations (no constraints) are performed in
cach casel. Similarly, the analogs of retinal SB and retinal PSB are also studied.
After studying the chain part of the molecule in detail the ring end of the molecule
is studicd separately. The cyclohexene ring is studied with an ethylenic branch at
C6. Finally, the optimized geometry for the largest chain analog is combined with

the optimized cyclohexene ring analog. The geometrical parameters common to both

+ When studying only the chain part it is assumed to be planar except in certain cases.
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units are averaged. Full retinal PSB is thus studied!® (without any methyl substi-
tuents).

3.2 Ground electronic state results

As a first step the properties of retinal, its SB and PSB are studied in its ground
electronic state. Convergence in bond lengths, bond orders and charge distribution is
studied as a function of chain length. This determines the smallest possible analogs
that can be used to study the properties of retinal, its SB and PSB respectively.

3.2.1 Optimized Geometries

‘The STO-3G optimized geometries of the various cis and trans analogs for the
chain part of the molecule are given in tables 1 to 15. The optimized geometries of
the analogs for the cyclohexene ring end of the molecule are given in tables 16 to 21.
‘The optimized geometries for the full retinal PSB analog (without any methyl substi-
tuents) are given in tables 22 and 23.

In general, the tables reflect the large difference in the behaviour of retinal ana-
logs and retinal PSB analogs. The retinal SB analogs however, behave very similarly
to the retinal analogs. The geometries of the various cis isomers are very close to the
geometries of their respective trans isomers, except for the bond angle involving the
cis bond which is 3-4° larger than the respective bond angle for the trans isomer.
For cxample, the bond angle C10-C11-C12 for the 1l-cis retinal chain analog is
predicted to be 127.2° (c.f. table 7) as compared to 124.1° (c.f. table 8) for the
respective trans isomer.

3.2.2 Bond lengths and bond orders for chain analogs

The C-C bond lengths for different analogs of retinal, retinal SB and retinal
PSB are shown in fig. 1 and the C-C bond orders for the same analogs are given in
fig. 2. In the case of retinal analogs, bond length (r,y) and bond orders (B,,) are

fairly independent of chain length, that is, they show a convergence with increasing



In the following tables the hydrogens labelled trans and cis are defined as fol-

lows



Table 1 Planar all-trans chain analogs

Bond Bond lengths (A°)

X=NIl X=Ni1}
13220

14272

1.3560

1.1648

1.3261

1.0986

1.0821 1.0870

1.0816 1.0868

10487 10273
- 1.0268

Bond Angles (degrees)

X=NII

5
C1
13




o

) P
2
15
\X
Table 2 Planar 13-cis chain analogs
Bond Bond lengths (A )

X=NII
1.2803
1.1934
1.3231
e

Bond Angles (degrees)
I

X=NIll

11,-C11-C12 ]
1-N-C15 -

HN-C15 -

C14-C15
C13-C




Table 3 Planar all-trans chain analogs

Bond Bond lengths (A°)
X X=NH{

1.3291
L4117
1.3685
L4412
1.3457
1.4723
1.3215

1.0973
1.0798
1.0926
1.0811
1.0902
4 1.0827
1.0819 1.0853

1.0814 1.0849
- 1.0253

1.0248
Bond Angles (degrees)
X=NH}

1-N-Cl5
HEN-C15




Table 4  Planar 11-cis chain analogs

Bond Bond lengths (A )

C15-X

C14-C15
c13-¢

“

H-C11-C12

fef=t=tejet=tc}
2 B8xEssE

I
H-C10-Cil
C10

S bhichowe o

5
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0 2 \u

I
X

Table 5 Planar 13-cis chain analogs

Bond Bond lengths (A°) N
N=NII

2

1.0
10854
1.0850
- 1.0256
- 10210
Bond Angles (degrees)

X=xit}




C12-C13-Cl4
CI1- 3
Cl

€9-C10-C11

= %8 =




7 9 n 3 15
A Y 0 5 Y

8 10 2 4

‘Table 6  Planar all-trans cham analogs

= 1.0234

Bond Angles (degrees)
X=NIl}

3
H-N-C15 - 12015






Table 7 Planar 1-cis chen analogs

Bond

X

1

1.

1.

1.

L

1.

[E
L4311
13116

1.1038

1.0235

Loz
Bond Angles (degrees)
X=NHF




H-CrC9
-G8

Cl10-C:11




Table 8

10819

1.0814 1.0839
- 1.0235
= Loz

Bond Angles (degrees) .
X—Ni




H-C10-CH 115.8
11-C0-C 10 1.3
118.0
122.1




Table 9
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Planar 13-cis chain analogs

Bond

02

0236
Bond Anzles (degrees)
=Nt




ongenona
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Table 10 Planar all-trans retinal PSE analog
Bond lengths (A°)

Cl5 \\V-”‘, Lo
CH-C15 N-lll 1.0225
CI3-C14 C15-11 1.0057
Cr2-C13 Cr-n 1.0702
- C13-11 1.0023
C1o-C11 Cr-i 1.0%04
9-C'10 CH-N1 1.0907
(R-C'9 C10-1 1.0R12
7-C” Co-1n 1.082%
Ci-C7 [} LORI2
5-C'6 -1 10872

Co-11 10K

('-'v-”‘ 1.08209

Ca-l 1.0824

11-N-Cl5 21,




“Table 11 All-trans, 5-methyl retinal PSB analog (C,)

13N
CH-CLS

ZortheIhnx

Bond lengths (A °)
1.3392

Bond Angles (degrees)
7.4 H-C9-C10

5
1-C10-C'9
Torsion Angles (degrees)
0.0 H-C13-C5-C6
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Table 12 Ll-cis, 12-5-trans, 13-methyl retinal analog ()

Bond lengths (A )

('0-”’:
Bond Angles (degrees)
H-C11-C12
11-C'10
H-C10-C'11
- A

120.0
1.6 20-C'13
nLy [-C12-C11
Torsion Angles (degrees)
H-C20-C13-C'14 0.0 1-C20-C13-11
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Table 13 Plees, 12esetrams, Kamethyl retinal PSH analog (€ )

Bond lengths (A ")
N,

u-Cc

Bond Angles (degrees)

H-C12-C13 3.1
H-C12-Cn 116.0
H-Cr1-c12 1.5
H-C11-C'10

H-C10-C11
H-C10-C9

C20-C18CT1 1,-C9-C10
C2-C13-012 11,-C0-C10
1020013 125 1-020-C13 109.5

Torsion Angles (degrees)
1-C20-C13-C 18 0.0 H-C20-C13-11 120.6







Table 14 Skewed 11-cis, 12-5- 13-methyl retinai analog

Bond lengths (A °)

&

¢

b

-

b7

o

%

(&1
Co-li,

1

It

Il

11 11-C1

(' HCIOCH
11-C10-C9

20-0'13-C
”(“’(l(li

H-C20-C113 109.7
-C20-C13 109.9
Torsion Angles (degrees)
H10-C10-C11-H11 189.6
C9-C10-H10-C11 180.9
19 -C9-C10-1110 180.0
119,-C9-C'10-1110 0.2
1.8 H20-C20-C13-1120 120.9
182.2 H12-C12-C13-C20 44.3
178.6 HI1-C11-C12-H12 2.1
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s. 13-methyl retinal PSB analog

Table 15 Skewed -cis, 12-5

Bond lengths (A *)
3203 N-"‘
NI

o,

Bond Angles (degrees)
II-N-(’I"x 1215

ne.1

4.3

121.8

116.3

119.7 Y

124 || ~C9-C10

137 “l -C9-C10
H-C20-C"13 13.7 11-C20-C13
H"-C20-C13 108.7

Torsion Angles (degrees)
180.5 C1o-Cri-H11-C12

H10-C10-CH1-H11

C9-C10-110-C'11
19 -C9-C10-1110

19, (D C l(HlIO

176.3
193.5

182.4
179.1
-1.3
-14
183.1
177.3
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Table 16 Cyelohexene ring (conformation 2) with an ethylenie branch at €6

(t-secis ring analog)

Bond lengths (A °)

noannNnan
o
2
&
S




- 69 -

e,
iy,

8
”"Ztnmnmn H

s S



-0 -

Table 17 Cyelohexene ring (conformation 1) with an ethylenic branch at C6

(6-s-cis ring analog)

Bond lengths (A° )

1.0887

109.6
121
109.1
Torsil

S5
o

1I8-C3-C7-11

C1-C6-C5-115
H1-C1-C6-C'5 -106.4
112-C2-C1-11
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Table 18 -ionylidene ring (conformation 1) with an ethylenic branch at Cé

(8-s-cis ring analog)

C6-C1-C2
C16-C1-C6
H-C16-C1
I-C16-C1
H"-C16-C1

1LC3-Ct
1-C3-C4

H18"-C18-C5-C6
H18-C18-C5-C6
H18-C18-C5-C6
C4-C5-C1

C16-C1-C6-C5

Bond lengths (A°)

1.5529
1.55290
1.5547
1.5355
1.5379
1.5322
1.3223
1.5084
1.3109
1.6275

Bond Angles (degrees)

C3-C4-C5
H-C4-C5
H-C4-C5
C4-C5-C18
C8-C5-C18

H-C8-C7
H-C8-C7

Torsion Angles (degrees)

2277
109.3
-11.8

H16-C16-C1-C6
H16"-C16-C1-H16
H16"-C16-C1-H16
C17-C1-C6-C5
HI17-C17-C1-C18
H17-C17-C1-H17
H17"-C17-C1-H17'
C2-C1-C6-C5
H2-C2-C1-C16
H2-C2-C1-C18
C7-C6-C5-C4



H8,-C8-C7-H7 1788 H7-C7-C6-C5 123.9
H8,-C8-C7-H7 -11 C8-C7-C6-C5 -58.5
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Table 19 A-ionylidene ring (conformation 1) with an ethylenic branch at C6

(6-s-cis ring analog)

Bond lengths (A°)

C1-C2 1.5538 C17-H
C1-C17 1.5535 C17-H'
C1-C16 1.5540 C17-H"
C2-C3 1.5359 C16-H
C3-C4 1.5373 C18-H'
C4-C5 1.5310 C16-H"
C5-C6 13212 C2-H
C8-C7 1.5107 C2-H'
C7-C8 1.3105 C3-H
C5-C18 1.5273 C3-H'
C4-H
C4-H'
C7-H
CS—Ht
Ceii,
C18-H
Ci8-H'
C18-H"
Bond Angles (degrees)
C6-C1-C2 111.0 C3-C4-C5
C16-C1-C8 109.0 H-C4-C5
H-C16-C1 110.3 H-C4-C5
11-c18-C1 110.4 C4-C5-C18
: 111.2 C6-C5-C18
110.7 H-C18-C5
H-CI17. 11L.5 H-C18-C5
ll’ (‘I7 ("l 109.7 H"-C18-C5
17-C1 110.9 C5-C6-C1
'l 108.0 C5-C6-C7
H' C2-C1 109.1 C8-C7-C8
N-C3-C4 109.9 H-C7-C6
H-C3-C4 109.8 H[C&C7
H_-C8-C7
Torsion Angles (degrees)
H18"-C18-C5-C6 132.5 C17-C1-C8-C5
1.8 H17-C17-C1-C18
-109.2 H17-C17-C1-H17
181.0 H17"-C17-C1-H17
743 C2-C1-C6-C5
-41.5 H2-C2-C1-C18
C3-C4: 196.0 H2-C2-C1-C16
ll'i—('&-(‘!—}ll -46.0 C7-C6-C5-C4
H3-C3-C4-114 -184.0 H7-C7-C6-C5
C1-C8-C5-C18 181.4 C8-C7-C8-C5

C16-C1-C6-C5 132.3 Hs -C8-C7-H7



L

H16"-C16-C1-C6 186.4 HSrCS-CT-IIT 0.7
H16"-C16-C1-H1¢' 119.5 H16-C16-C1-H16" -119.5
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Table 20 B-ionylidene ring (conformation 2) with an ethylenic branch at C6

(B-s-cis ring analog)
Bond lengths (A*)
C1-C2 1.5530 C17-H 1.0856
C1-C17 1.5647 C17-H' 1.0846
C1-C16 1.5520 C17-H" 1.0846
C2-C3 1.5358 C16-H 1.0857
C3-C4 1.5380 C16-H' 1.0854
C4-C5 1.5320 C18-H" 1.0848
C5-C8 1.3220 C2-H 1.0875
C8-C7 1.5000 C2-1 1.0877
C7-C8 1.3108 C3-H 1.0868
Cs-C18 1.5274 C3-H' 1.0877
C4+H 1.0884
C4-H' 1.0007
CT-H 1.0855
C&-H, 10813
C8-H, 1.0810
C18-H 1.0828
CI8-H' 1.0881
C18-H" 1.0869
Bond Angles (degrees)
C6-C1-C2 1107 C3-C4-Cs. 1134
C16-C1-C6 110.2 H-C4+-C5 100.1
H-C16-C1L 110.0 H-C4-C5 108.4
H-C186-C 1107 C4-C5-C18 112.6
H"-C18-C1 113 C6-C5-C18 124.1
C17-C1-Cé 109.6 H-C18-C5 121
H-C17-C1 110.2 H-C18-C5 1105
H-C17-C1 1108 H"-C18-C5 100.9
H"-C17-C1 113 C5-C8-C1 123.2
H-C2-C1 100.2 C5-C6-C7 1225
H-C2-C1 100.0 C6-C7-C8 1258
H-C3-C4 100.8 H-C7-Cs 1155
H-C3-C4 100.8 ll.—C&-Cl 121.8
H-C&CT 1224
Torslon Angles (degrees)
H18"-C18-C5-C6 130.6 C17-Cl- -136.8
H18-C18-C5-C8 0.8 H17- -63.0
H18"-C18-C5-C6 -1 H17"-C17-C1-H17 18
C4-C5-C18-C 179.2 HI7-C17-C1-H17 -119.6
H4-C4-C5-C18 42.1 C2-C1-C6-C5 =175
H4-C4-C5-C18 -735 H2-C2-C1-C!8 471.7
C3-C4-C5-C18 1647 H2-C2-C1-C18 164.7
H3-C3-C4-H4 -728 C7-C8-C5-C4 180.7
H3-C3-C4+-H4 45.0 HT7-C7-C8-C5 238.2
C1-C6-C5-C18 181.6 C8-C7-C8-C5 60.6
C16-C1-C6-C5 103.9 H8_-C8-C7-H7 181.4



H16-C16-C1-C8 181.6 H8,-C8-C7-H7 L3
Hig"-C16-C1-1116 120.2 H16-C16-C1-H16 -119.5
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Table 21 B-ionyli ring (confc ion 2) with an ethylenic branch at C6

/ y

(B-s-cis ring analog)

Bond lengths (A ")

1.5535 CI17-H
1.5540 CIT-H'
1.5535 C17-H"
1.5360 C16-H
1.5375 C18-H'
1.5310 C16-H"
1.3213 C2-H
1.5105 C2-H'
1.3108 C3-H
1.5274 C3-H'
C4H
C4+H'
CT-H
C&H,
C&-H,
Ci18-H
CIg-H'
CI18-H"
Bond Angles (degrees)
C6-C1-C2 111.0 C3-C4-C5
C16-C1-C8 110.8 H-C4-C5
H-C16-C1 109.7 H-C4-C5
H-C16-Ci 110.9 C4-C5-C18
n"-c16-C1 1115 H-C18-C5
109.0 H-C18-C5
110.3 11"-C18-C5
110.4 C18-C5-C8
112 C5-C6-C1
109.1 C5-C6-C7
109.0 C6-C7-C8
109.8 11-C7-C8
109.9 H-C8-C7
H-C8-CT
Torsion Angles (degrees)
18-C18-C5-C6 228.8 C17-C1-C6-C5
1118"-C18-C5-C8 108.5 H17-C17-C1-C18
H18-C18-C5-C8 -12.5 H17"-C17-C1-H17
-l-(‘S- IS CO 178.9 H17-C17-C1-H17
42.2 C2-C1-C8-C5
(‘ -73.6 H2-C2-C1-C18
C‘&-(‘-&-CS—CIB 164.6 H2-C2-C1-C16
H3-C3-C4-H4 714 C7-C8-C5-C4
13-C3-C4-H4 46.5 H7-C7-C8-C5
C1-C6-C5-C18 1785 C8-C7-C6-C5

C16-C1-C6-C5 108.0 H8 -C8-CT-H7

22

o e e e e e
8@88%88
2R
*IAFERE

L

1.0850



H16-C16-C1-C8 178.6 HE-CR-CT-HT -0.7
H16"-C16-C1-1118 120.3 e-C16-C1-118 -1
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Table 22 All-trans {6-s-cis) retinal PSB analog

Bond lengths (A°)
Nl

B

Fyig

¢
«
¢
«

(

«
(&
R
«
I
«
I

1212
Torsion Angles (degrees)

(5
le-( RCT-HT
H-Cl-C6-05

The €9 to N part of the chain is kept planar
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Table 23 Au-trans (6-s-trans) retinal PSB analog

Bond lengths (A °)
1.3107 N-l l‘
1.3898

1.3878
14

1
1
C 0-('[0 1
€89 1
7-C8 i
1
1
1
1
1L
L.
15
¢l
Gl
Bond Angles (degrees)
(B(l(" A (lr(:(S

C1-CB-
111-C1-C6-C5
The C9 to N part of the chain is kept planar.




Figure 1
Variation in the SCF optimized C-C bond lengii.3 for retinal, retinal SB (a) and
retinal PSB (b) analogs. The numbering of carbon atoms is as defined in the
text. The different analogs are identified with different (dashed, dotted etc.) hor-
izontal lines, for each bond; the vertical lines are just visual guidelines. Thick

horizontal solid lines indicate coincidence.
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Figure 2
Variation in the SCF optimized C-C bond orders for retinal, retinal SB (a) and

retinal PSB (b) analogs. For other notations, sec fig. 1.



- -

n
[

@

o
e

Bond —orders —=
S

o

= »
@ [

g
Bond - orders —>

ES

\TV\
X 14 12 10
A

Carbon Atoms —>



Figure 3
Variation in the SCF and MNDOGC (from ref. 138) optimized C-C bond lengths
for different analogs of retinal, retinal SB (a) and retinal PSB (b). Experimental
bond lengths (from ref. 69) for retinal are also shown. For other notations, see

fig. 1.
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chain length. In tum, the same quantities in case of retinal PSB show a slower con-
vergence, that is, slightly more varistion inr,, and B,,. As s consequence, the smal-
lest analogs (up to three double bonds) do not give a good estimation of the
corresponding properties of the larger retinal PSB analogs.

It is also evident from figs. 1 snd 2 that r_y snd B_, values for the retinal SB
analogs are very similar to those for the retinal analogs, while the corresponding
quantities for retinal PSB are rather different. In the case of the former two, the sin-

gle and double bonds are easily identified indicating s limited jugation along the

whole chain. In other terms, the C-C bond lengths of the retinal and retinal SB show
a strong regular alternation. Omn the other hand, the retinal PSB analogs show an

d d al

increased conjugation around the N'Il2+ group ifested in a

of bond lengths and bond orders. The conjugation subsequently dies off on moving
towards the cyclohexene ring end of the molecule. Experimental resultsS3 show an
increase in the frequency of the C14-C15 stretch on protonation of the Schiff base,
which is in agreement with the above results. The bond order of the C11-C12 dou-
ble bond is reduced considerably on protonation of the Schiff base thereby facilitat-
ing the rotation of the C11-C12 double bond or in other words facilitates the cis-
trans isomerization. (c.f. fig. 2)

In fig. 3 the oplimized geometries for the retinal and the retinal PSB analogs are
compared with the experimental and the theoretical data available from semiempiri-
cal ealculations. The bond lengths for the retinal analog are very close to the experi-
mental geometry for retinal obtained by X-ray crystallogiaphy®, The MNDOC
results'®® for the retinal SB predict a very long bond length for the C7-C8 double
bond and therefore predict the dihedral angle between the plane of the ring and the
chain to be 83° which is larger than the experimentally observed angle of 62° 69,
Also, MNDOC does not assign enough torsional stability to the C8-C7 r single bond

to compete with the ster12 inlers.ction between the methyl groups at C! and C5 and
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the hydrogens at C7 and C8. The present ab initio results for the retinal PSB analog
are in general agreement with the MNDOC results {c.l. fig. 3), though the latter
seems to overestimate most of the bond lengths.
3.2.3 Relative stabllities of various isomers of planar chaln anslogs

The relative stabilities of various isomers of planar chain analogs are given in
table 24. In each case the planar trans isomer is predicted io be the most stable. For
retinal analogs the 1l-cis isomer is more stable than the 13-cis isomer. Due to the
absence of methyl groups on these analogs the trend observed does not agree with
the trend reported by Dhingra and Saran® for retinal. It is to be noted that the reti-
nal PSB analogs show a different trend as compared to the retinal analogs. For the
retinal PSB analogs the 11-cis isomer is predicted to be less stable as compared to
the 13-cis isomer. This is due to the increased conjugation in the vicinity of the
NH," group in retinal PSB analogs.
3.24 Ring analogsand full retinal PSB geometry

The cyclohexene ring end of the molecule is studied with an ethylenic branch
(C7-C8) at C6. Two practically degenerate conformations of the cyclohexene ring are
optimized (tables 16 and 17) excluding the methyl groups at C1 and C5. The lowest
energy conformation is used to construct the full retinal PSB (tables 22 and 23) by
combining it with the optimized geometry for the largest chain analog. To starl with
the geometrical parameters common to both units are averaged. Then, all the
geometrical parameters are relaxed, except the C9 to NHZ"‘ part of the molecule
which is kept planar. Since the C9 to NH2+ part of the molecule is conjugated, no
significant torsional distortions are expected. (The gradients for the fixed angles are
all well within the convergence criteria.)

Fig. 4 illustrates the C-C bond length alternation for the 8-7-s-cis retinal PSB
structure along with those of the two building hlocks. The differences in the

corresponding bond lengths are essentially negligible. The cyclohexene ring simply
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Table 24 Total energies {a.u.) of various isomers of planar chain analogs. Relative

energies (kJ mol™!) with respect to the absolute minimum for that analog

are given in brackets.

ol ! X=0 X=NH X=NH,*
'\h arsnse -264.251123 -244.719182 -245.173513
\/\/\x (0.00) (0.00) (0.00)
o
N -264.247430 -244.716072 -245.169841
(9.70) (8.17) (9.64)
\X
-340.190000 -321.120012
A 2V s
= NNy (0.00) 0.06)
N
N {3, eoss -321.195333
(9.66)
\X
SN

-340.105341
(9.61) -221.125464
(9:32)

"
X
NN, 416146019
X (0.00) (-3%7.;131293
.00

NN Na
-416.144007
N (7.65) -397.077640
Sy (9.59)

A
o
-416.144024
- N ~ (760 Z397.077812
9.14)
\X
-416.143277
056 . famrrssy




Figure -4

Variation in the SCF optimized C-C bond lengths for the 6-s-cis retinal PSB

analog along with the C-C bond lengtls for the two building blocks. For other

notations, sce fig. 1.
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Figure 5
Variation in the SCF optimized C-C' bond orders for the G-s-cis retinal PSB ana-
log along w..h the C-C bond wxders for the two building blocks. For other nota-

tins, see fig. 1.
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causes local torsional distortions in the full retinal PSB. (c.f. table 22) The torsional
angle (C8-C7-CB-C5) between the plane of the ring and the chain is predicted to be
only 4°. For retinal in the solid state a value of 60° is observed™® whereas MNDOC
caleulations!3® predict a torsional angle of 83°. The larger values obtained from
experiment and MNDOC calculations are partly due to the steric interaction of the
methyl groups at C1 and C5 with the hydrogens at C7 and C8. The conformation of
the cyclohexene ring is characterized by the C2-C1-C8-C5 (and C3-C4-C5-C6) tor-
sion angle. The C2-C1-C6-C5 torsion angle measures 19° for the retinal in the solid
state® and is predicted to be 21° by the MNDOC caleulations'®. The ab initio
results (c.f. tables 22 and 23) predict the torsion angle to be 17° in the 6-7-s-cis reti-
nal PSB and 16° in the 6-7-s-trans retinal PSB in good agreement with the experi-
ment. Fig. 4 again shows the strong conjugational effect in the vicinity of the NII.J*
group which dies off near C9, as observed in the case of smaller analogs. (c.f. fig. 1)
The same trend is reproduced in the bond orders. (fig. 5) The MNDOC results ™8 are
in good overall agreement with the ab initio results except for the C5-C8 double
bond which is predicted to be longer (1.36 A.° as compared to 1.32 A°). The 6-7-s-
cis retinal PSB and the 6-7-s-trans retinal PSB show the same conjugation effect and
bond length alternation. (tables 22 and 23)
3.2.6 Effect of methyl substituents on the geometry and conformation of
the analogs

The geometry of the largest chain analog with the methyl substituent at C5 is
shown in table 11, The introduction of the methyl group at C5 slightly reduces the
effect of conjugation throughout the chain. All the C-C single bonds become slightly
longer and the C=C double bonds slightly shorter. (c.f. tables 10 and 11) This effect
is probably a result of electron donating properties of the methyl group to the m sys-

tem.

To study the effect of a methyl group at C13 the chain analog corresponding to
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four C-C double bonds is selected. The optimized geometries are given in tables 12-
15. In all the cases the 1l-cis isomer is studied to mimic the 1l-cis retinal chromo-
phore in rhodopsin. The cyclohexene ring end of the molecule is eliminated as it is

not expected to have any significant effect o this part of the molecule.

X=0, NHF

Tables 12 and 13 illustrate the optimi ies for 11-cis, 12-s-t (trans

orientation around the C12-C13 single bond) retinal and retinal PSB analogs with

the C, symmetry int. On the ies with their cor
demethyl analogs (c.f. table 4) we find that the introduction of the methyl group
increases the C12-C13 bond length by - 0.02 A° and the C13-C14 bond length by -

0.04 A*. Also, the corresponding bond angles are increased. This is due to the steric

between the hydrogens on the methyl group attached to C13
and the hydrogen at C10. To alleviate this strain it has beer ~uggested that the 11-
cis retinal chromophore in rhodopsin is distorted around C10-Cl11 or C11-C12 or
C12-C13 bonds'®. The rotation 2round C11-C12 is hard to accomplish because of
the large potential barrier associated with a double bond. Therefore, it is more likely
to be distorted around C10-C11 or C12-C13 single bonds. Dhingra and Saran® how-
ever suggest that the rotation around C10-C11 will not relieve the strain.

‘The optimized geometries for the distorted 11-cis, 12-s-cis retinal analog and
retinal PSB analog are shown in tables 14 and 15 respectively. In retinal analog the
torsion around C12-C13 single bond is predicted to be 44.3° and the torsion around
C10-C11 single bond is predicted to be 9.6° (table 14). The X-ray diffraction data
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for 11-cis retinal™ predicts the torsion around C12-C13 single bond to be 38.7°. The
present ab initio results on the retinal analog are in good agreement with the X-ray
diffraction data for 1l-cis retinal. On the other hand the X-ray data does not
predict any significant distortion around tue C10-Cl1 single bond but predicts a
slight distortion around the C14-CI5 single bond. The present sb initio results are
also in good agreement with the proton NMR results on 11-cis retinal'‘® that indi-
cate a skewed geometry around the C12-C13 single bond. The results for the retinal
PSB analog (table 15) indicate a distortion of 24.9° around the C12-C13 single bond
and an increased distortion around the C10-C11 single bond of 13.5°. The calcula-
tions also predict small distortions around the C13-C14 (5.9°) and C11-C12 (3.8°)
double bonds due to the reduced bond orders in retinal PSB. Therefore, the retinal
PSB analog is significantly more distorted than the retinal analog.

The potential energy surfaces for 11-cis retinal and retinal PSB analogs resulting

from rigid rotations around 12-s-bond are given in fig. 8. Fig. 7 shows the potential

energy surfaces after full geometry optimizati have been perfc d. The results
are compased with previous theoretical investigations®® %11 In all the previous
theoretical investigations only 11-cis retinal was studied and rigid rotations were per-
formed. Geometry relaxation was not taken into account. The aim of this study is
to see whether 1l-cis retinal PSB follows the same trend as 1l-cis retinal although

their conj ional properties are si ly different.

Rigid rotations around the 12-s-bond predict the 11-cis, 12-s-trans structure to
be more stable than the 11-cis, skewed 12-s-cis structure in both the cases: retinal
and retinal PSB. (c.f. fig. 8) However, the barrier to 12-s-trans/cis interconversion is
predicted to be much higher (47.2 kJ mol”! as compared to 15.9 kJ mol™) for the
retinal PSB analog as compared to the retinal analog. This is due to the increased
conjugational effect in retinal PSB analog that increases the bond order of 12-s-bond.

The 11-cis, 12-s-cis structure as expected is predicted to be an energy maximum due



Figure 6
The relative energy (kJ mul“) as a function of rigid rotation about the C12-C13

single bond. The torsion angle of 0° represents the [1-cis, 12-s-cis conformation.
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Figure 7
The relative energy (kJ mol™!) as a function of rotation about the C'12-C13 sin-
sle bond. Geometries for all the skewed 11-cis, 12-s-cis; 1l-cis, 12-s-trans and

is conformations have been fully optimized. Rigid rotations

planar 11-cis, 12-5

have been performed from the nearest optimized point. The torsion angle of 0°

12-s-cis conformation.

represents the planar 11
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to steric interaction between the methyl hydrogens at C20 and the hydrogen at C10.

The potential encrgy surfaces obtained after geometry relaxation (fig. 7) show
overall the same features as the results of rigid rotation (fig. 6) but the relative sta-
bilities of the two conformers are changed. For the retinal analog the 11-cis, skewed
12-s-cis structure is now predicted to be 7.0 kJ mol™! lower in energy than the planar
11-cis, 12-s-trans structure and the barrier to 12-s-cis/trans interconversion is
predicted to be -15.3 kJ mol'. The barrier for the conversion of one skewed 12-s-cis
retinal analog to the other through the planar 11-cis, 12-s-cis transition state is aiso
predicted to be of the same magnitude. The present ab initio results for this retinal
analog are in overall agreement with the previous theoretical investigations®-98141,
In all the cases skewed 12-s-cis structure was predicted to be lower in energy than
the 12-s-trans structure. IHowever, the earlier studies had reported the presence of

skewed 12-s-trans structure®®97.141

whereas the present results indicate the presence
of a planar 12-s-trans structure. The results obtained by Dhingra and Saran® using
the PCILO method also support the existence of a planar 12-s-trans structure. The
energy difference between the skewed 12-s-cis and 12-s-trans structures being very
small (in the range of 4.2-17.5 kJ mol'!) it has been suggested that 1l-cis retinal
exists as an equilibrium mixture of the two 12-s-cis/trans structures in solution. The
crystal structure being the skewed 12-s-cis. !H NMR studies on 1l-cis retinal in
acetone at low temperature suggest that a distorted 12-s-traus conformation is pre-
ferred®”. The solvent effect could shift the equilibrium towards one conformation or
the other as the energy difference betwzen the two is very small.

For the retinal PSB analog the planar 11-cis, 12-s-trans structure is predicted to
be 4.2 kJ mol'! more stable than the skewed 11-cis, 12-s-cis structure and the barrier
for 12-s-cis/trans interconversion is predicted to be -23.8 kJ mol™. The barrier for
interconversion from one skewed 12-s-cis to the other through the planar 1l-cis, 12-

s-cis transition state is predicted to be 5.4 kJ mol™. These results indicate that for
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retinal PSB the preferred conformation is planar 11-cis, 12-s-trans as compared to
11-cis, skewed 12-s-cis in retinal. This is due to the strong conjugational effects in
retinsl PSB. However, since the energy difference between the two conformations in
retinal PSB is small, the possibility of existence as an equilibrium mixture of the two
in solution cannot be ruled out. The solvent effect could shift the equilibrium

towards one or the other.

3.2.8 Effect of methyl substi on the conformation of the cycloh

ring

After studying the effect of methyl groups on the conformation of the chain part
of the molecule, let us now consider the effect of the methyl groups on the cyclohex-
ene ring end of the molecule, mainly their effect on the ring puckering and the tor-
sional angle ( C8-C7-C6-C5 ) between the plane of the ring and the chain. The chain
part of the molecule is not expected to have any significant effect on the conforma-
tion of this part of the molecule as the effect of conjugation dies off near C10. There-
fore only the 8- ionylidene ring with an ethylenic branch at C8 is studied and both

the possibilities for ring puckering (conf tion 1 and 2) have been considered.

The optimized ies f~r B-ionylidene ring with an ethylenic branch
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( C7=C8 ) at CB are shown in tables 18-21. Two skewed 6-s-cis conformations have
been obtained for each of the ring conformations. For both ring conformations the
planar 6-s-trans structure has been predicted to be the transition state. The two
skewed-B-s-cis structures correspond to 6-s-cis above the plane and 6-s-cis below the
plane, the plane being defined by C1-C6-C5-C4. It has to be noted that a planar 6-
s-trans structure is obtained when the methyl groups on C1 and C18 are replaced by
hydrogen atoms (c.f. table 23 and fig. 8). In table 17 the optimized geometry for the
cyclohexene ring (conformation 1) with an ethylenic branch at C8 is given. The tor-
sion angle C8-C7-C6-C5 is observed to be 22.7°. Table 18 gives the optimized
geometry for A-ionylidene ring (conformation 1) with an ethylenic branch at C8 (6-s-
cis above the plane). On comparing the geonstry for the S-ionylidene ring with the
loh

¥ di y ring jon (c.f. table 17) the major change

observed is in the torsion angle C8-C7-C6-C5 which changes from 22.7° to -58.5°
due to the steric hindrance intrc iuced by the methyl groups. Table 19 gives the
optimized geometry for f-ionylidene ring (conformation 1), 6-s-cis below the plane.
Similar to the 6-s-cis above the plane (c.f. table 18) the C8-C7-C6-C5 torsion angle is
now observed to be 65.0°.

Now we consider the effect of the methyl groups on conformation 2 for the
cyclohexene ring. Table 16 gives the geometry for the cyclohexene ring in conforma-
tion 2 without any methyl groups. The torsion angle C8C7-C8-C5 is noted to be
20.3°. Table 20 gives the optimized geometry for the Bionylidene ring (conforma-
tion 2) with an ethylenic branch at CB in the conformation 6-s-cis below the plane. It
is noted that in general the geometrics are the same (bond lengths and bond angles
are similar; c.f. table 16 and 20). The most significant effect of the addition of
methyl groups is on the torsion angle C8-C7-C6-C5 which changes from 20.3° to
60.6° for the B-s-cis below the plane. Table 21 gives the optimized geometry for the

/+ ionylidene ring (conformation 2) with an ethylenic branch at C8 in the conforma-



Figure 8
The relative energy (kJ mol™!) as a function of rotation about the (6-C7 single

hond. The torsion angle of 0 represents the G-s-cis retinal PSB.
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tion 6-s-cis above the plane. Similar to the 8-s-cis below the plane the C8-C7-C6-C5
torsion angle is now observed to be -64.0°.

Comparing these results to the X-ray crystallographic data reported so far in

the literature for retinal and related compounds

6-5-cls conformers C8-C7-C6-C5 Reference
Vitamin-A acid (triclinic)® 35° or42° 2
11-cis retinal 414° 70
Vitamin-A acetate 58° 76
All-trans retinal 62° 69
13-cis retinal 85.4° 72
Present results (ring analog) 58.5°

6-s-trans conformers
Vitamin-A acid (monoclinic) 8" 74

13-cis retinal 1749° 72

Thercfore, the only case where planar 6-s-trans structure has been reported is in
monoclinic vitamin-A acid or in 13-cis retinal where simultaneous occurence of both
B-s-cis/trans structures has been observed in a single unit cell. Once again not to for-
get that there is no X-ray data reported for the iminium salts of retinal.

The potential energy surface as a result of rigid rotations around the 6-s-bond is
given in fig. 9 and after full geometry optimizations is shown in fig. 10. The results
are compared with the previous quantum mechanical calculations. Langlet et al%
applied the PCILO method to study the rotation around 8-s-bond in the aldehydc of
crotonic acid which was chosen as an analog for retinal and reported 8-s-trans to be
10.5-11.7 kJ mol! less stable than the B-s-cis structure. A barrier of 33.4 kJ mol™

* The most common modification of vitamin A acid is 8 monoclinic one. This is a meta-
stable form which transforms irreversibly into the triclinic one at about 80° C.



Figure 9
The relative energy (kJ mol!) as a function of rigid rotation about the C6-C7
single bond. The torsion angle of 0° represents the planar 6-s-cis conformation.
The energies are relative to f-ionylidene ring (conformation 2) with an ethylenic

branch at C'6 in the G-s-cis conformation (6-s-cis above the plane).
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Figure 10
The relative energy (kJ mol™!) as a function of rotation about the C6-C7 single
hond. The torsion angle of 0° represents the planar 6-s-cis conformation. The
points where full geometry optimization has been carried out are shown in bold
(except. for the torsion angle under consideration for the points other than the
two minima). Rigid rotations have been done from the nearest optimized point
and are denoted by the some symbol. At the maximum there are two overlap-

ping points at 160° and 165°.
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was calculated for B-s-cis/trans i i Other i iga-

tions®98.12 1o suggest that a skewed-s-cis conformation is the most stable in reti-
nal. In all the previous theoretical investigations the geometry was adopted from the
X-ray data on retinal and rigid rotations were performed around 6-s-bond. In the
studies by Langlet et al®® and Pullman et al"¥2 the methyl groups were relaxed when
necessary keeping the rest of the geometry fixed. Honig et al® included the relaxa-
tion of bond lengths and bond angles in their study.

In the present study the results of rigid rotations as well as full geometry optim-
izations arc presented!3. In both the cases the potential eneigy surface reflect the
same features (c.f. figs. 9 and 10). Only the barriers to rotation are drastically
reduced after the geometry optimization. In both the cases two minima correspond-
ing to skewed-s-cis structures are obtained and the planar-s-trans corresponds to an
energy maximum. In fig. 10 the two skewed-s-cis conformations are observed at
58.5° above the plane and 65.0° below the plane. This is in agreement with the
reported crystal structures of all-trans and 11-cis retinal in which 8-s-bond is cis and
twisted by 40° to 62°. The results of rigid rotation from the two minima have also
been plotted. Rigid rotaticns have been done from the nearest optimized points to

avoid any artifacts due to fixed geometry &

T the rigid rotation. In the region of
the s-cis above the plane Langlet et al®® observed two minima at 45° and 75°
separated by a small barrier whereas we observe only one minimum corresponding to
skewed-s-cis above the plane (58.5°). The planar-s-trans conformation is 21.7 kJ
mol ™! higher in energy than the skewed-s-cis conformations. Several uther points
bave been fully optimized in the region of planar-s-trans to eliminate any artificial
features that may be introduced due to fixed geometry. In the region of the s-cis

below the plane, again only one mini cor ding to skewed-s-cis (85.0°

below the plane) is observed whereas Langlet et al observed two mi.. .a at 90° and

45° below the plane separated by a small barrier. The observation of two minima
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separated by a small barrier in both the skewed-s-cis regions could be due to partial
methyl relaxation that disappears on full geometry optimization.

The planar-s-cis conformation as expected, due to steric interactions wich the

methyl group at C5, is a saddle point ing the two skewed-s-ci: fc
with a calculated barrier of 18.9 kJ mol.

One would expect two barriers in the region of the 6-s-trans conformation,
corresponding to the two methyl groups on C1. However, the ring puckering disposes
one methyl group at C1 far from the rotating group and as a result only one barrier

(21.7 kJ mol™) is observed ding to the pl {rans ition state. The

differences in the geometry used and the partial relaxation of geometry as compared

to full optimization could be ible for the diffc between our results and

those of Langlet et al% and Honig et al%, The present ab initio results are in good
overall agreement with the results obtained by Dhingra and Saran using the PCILO
method®, However, the barrier to rotation around the 6-s-bond obtained in the
present study is drastically reduced (21.7 kJ mol™! as compared to -107 kJ mol™) due

to geometry relaxatior. The observation of two minima rorresponding to 6-s-trans

near the pl. trans i by Pnllman et al*? seems to be an
artifact of the extended Huckel theory. In the treatment by PCILO metbod such
minima corresponding to 6-s-trans structures are not observed. The plana -trans
structure was however noted to be an energy maximum in both the case 2% in
agreement with the present ab initio results.

The present results also clarify that merely changing the ring puckering will not
lead to an observation of the planar-s-trans minimum. The results of rigid rotation
with the different puckering (c.f. fig. 8) are the same except that the planar-s-trans
maximum is slightly shifted.

In section 1.2.3 some experimental results on the conformation of 6-s-bond in

bR were discussed. Recent solid state *C NMR and absorption spectroscopic data®
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indicate the possibility of a 8-s-cis ring chain conformation in bR. However, the solid
state '3C NMR spectroscopy results obtained by Harbison et a1 and Childs et a1%°
indicate the presence of a 6-s-trans conformation in the solid state. The present ab
initio results show that the isolated chromophore has a 6-s-cis ring chain conforma-
tion. The observation of 6-s-trans conformation in the experimente could perhaps be
due to certain protein-chromophore interactions that lead to s 8-s-trans ring chain
conformation.

3.2.7 Net atomle charge distribution

The net atomic charges of retinal, retinal SB and retinal PSB are often studied

because of their importance in und: ding the energetics of the i

between the chromophore and protein residual charges in simple electrostatic terms.
The atomic charge distribution is also useful in monitoring the changes in the elec-
tronic structure of different analogs. The atomic charges have been determined by
means of Mulliken's population analysis, which is expected to give reasonable rela-
tive values in the minimal basis set used.

In fig. 1i net atomic charges are plotted for various analogs of different chain
lengths. An alternation pattern of the atomic charges can be observed in each case.
‘The heteroatom is always strongly negative, C15 is positive, and the charge alterna-
tion on remaining carbon atoms decreases subsequently. However, similar to the
cases of bond lengths and bond orders, the retinal and retinsl SB analogs show a
rather different behaviour compared to retinal PSB. In the former case (fig. 11a), the
charges after C15 are all negative with a minor alternation while in fig. 11b for reti-
nal PSB analogs we sce a much larger alternation which keeps the odd-aumbered
carbon atoms slightly positive. The charge alternation is almost the same for cis and
trans isomers.

The alternation of atomic charges along a chain introduced by a heteroatom as

an ‘impurity’ is well known. It can be understood by simple topological Huckel-type



Figure 11
Variation in the SCF net atomic charges on the C,N, or O atoms for different
chain analogs of (a) retinal and retinal SB and (b) retinal PSB. The numbering

of carbon atoms is as defined in the text.
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Figure 12
Variation in net atomic charges on the C,N, and O atoms for (a) retinal, retinal
SB, and (b) retinal PSB analogs as obtained by ab initio SCF and SLG methods
and semiempirical MNDOC (from ref. 138) and INDO-CISD (from ref. 108) cal-

culations. The carbon atom numbering is as defined in the text.
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Figure 13
Variation in the SCF net atomic charges on the C and N atoms for the 6-s-cis
retinal PSB analog and the two building blocks. The numbering of carbon

atoms is as defined in the text.
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models!! or, alternatively, on the basis of the induction of local dipoles. The reason
of the remarkable difference between 11a and b is less obvious, though it has been
studied formerly in several cases. In fig. 12 some previous INDO-CISD and MNDOC
results have been collected from the literature!%8!138, The charges obtained by the
SLG wavefunction are also plotted. All the methods agree in the overall pattern of
the charges though the MNDOC results seem to overestimate the actual values. The
significance of the SLG method is important in this respect, because it does not take
into account any delocalization or conjugation effects, and still shows a similar
charge distribution. This implies that the essential difference between the charge dis-
tribution of retinal PSB and the retinal and retinal SB analogs reflected by fig. 11
and 12 is not to be attributed to the increased conjugation of the former. The
increased charge alternation in retinal PSB should be a consequence of the extra
positive charge on N which induces larger local dipoles in the bonds over the whole
molecule, an effect which is properly accounted for by the simple SLG wavefunction
where the bonds are electrostatically coupled.

Fig. 13 illustrates the net atomic charge distribution for the 8-7-s-cis retinal
PSB along with those of the two building blocks. An alternation pattern is observed
as for the smaller chain analogs (c.f. fig. 11), which is due to the local dipoles
induced by the heteroatom. Net atomic charges for the retinal PSB are superimpos-
able with those for the two building blocks. The differences are only at the terminal
atoms which are generally more negative. The induced dipole effect is more prom-
inent in the vicinity of the NH; group. C5 and C8 are predicted to be slightly more
positive as compared to C1-C4 keeping the overall net atomic charge on these car-
bons negative. MNDOC results predict more positive net atomic charges for the ring

carbon atoms!%,

An interesting difference in the charge alternation pattern has been observed

upon rotation around the C11-C12 ‘double bond' in the excited state!®8, The INDO-
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CISD calculations for the excited state predict an extra polarization at 90° of rota-
tion around the C11-C12 bond. However, the charges obtained by the properly corre-
lated SLG wavefunction do not show the spurious extra polarization at 90 ° reported

in refs, 108 and 101. The extra polarization is therefore most likely an artifact of the

leulati 1t should be hasized that the HF- based methods are incapable of
describing rotations around double bonds and do lead to charge polarization. There-
fore, based on these results the sudden polarization charge transfer hypothesis can be

d a3 a possible

in the vision process.
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4. >BEXCITED STATE RESULTS

To und d the photoi: ization process leading to vision or the energy
transfer process it is important to have a good understanding of both the ground
state and the lowest lying singlet and triplet excited state potential energy surfaces.
In the past, the excited state studies on retinal have been mainly concerned with the
prediction of absorption spectra i.e. excitation energies'!&123124.145 (5o0tion 1.5.5)
mainly due to its analogy with the simple polyenes. The photoisomerization process
in polyenes has been the subject of a number of theoretical studies!4!%, Geometri-
cal relaxation studies in several low lying excited states are important for proposing
mechanisms of photochemical reactions involving these relaxed species as intermedi-
ates. Therefore, the present study focusses on the geometry relaxation studies for
retinal SB and retinal PSB analogs in the lowest lying triplet ecxcited state'37.

are di d. The results are also discussed based on

the qualitative knowledge accumulated in solid state theory.
4.1 Review of Solid State Aspects

Recently polyenes have been studied by solid state physicists'*®1%%, The
theoretical analysis of various phenomena of polyenes is usually done b: rather prim-
itive models like the simple Huckel model. The basic picture of the excite! staie of

polyenes is concerned with the assumption of a local bond rupture process.

NANAN N ANAN
‘Localized' excited state indicating the rupture of a 1 hond.

However, the solid state physicists mostly deal with much more delccalized states

‘Delocalized’ excited state bling a solit isoliton pair,
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These excited states resemble bound soliton-antisoliton pairs, known in solid state

physics as el y excitati in long conj; d chains.

4.1.1 Soliton-Antisoliton Pairs

Finite polyenes are known to have alternating geometries, that is, they consist
of consecutive double and single bonds. For longer and longer chains, the difference
between ‘single’ and ‘double' bonds tends to decrease, but many experimentallw and
theoretical 53161183 4 rouments show that some alternation persists in the infinite
chain. For very long chains the bond ‘ength alternation value lr -r | = 0.06 A* is
generally accepted®2 That is, a regular bond length alternation is characteristic for
long chains in their ground electronic state. An interesting defect in the bond length
alternation occurs in chains consisting of an odd number of carbons, because the

chain ends always prefer double bonds.
NN

Doublet Ground state bond length alternation in odd polyenes.

The odd chain is said to contain a neutral (spin carrying) phase kink or soliton. In
the above fig. the dot indicates the place of the soliton which corresponds to max-

64 confirm that maximum

imum spin density location. Recent ab initio calculations!
spin densities appear at the place of a phase kink. The origin of the term ‘soliton’ is
connected to ‘solitary wave' which appear as solutions of certain non-linear
differential equations. Such equations are useful to describe polyacetylene in a contin-
uum model'®, The soliton as described above appears as the ground state solution
of an odd chain, or as a special bond length alternation defect, phase kink, in long
chains. In finite polyenes containing an cven number of carbons, a special excitation
is observed if the geometry of the chain is allowed to relax in an electronically

excited state. The typical alternation pattern is shown below:



- 130 -

pair as an excitation in long even polyenes.

Bond lengths shown in A° were optimized by the model Hamiltonian of Surjin
and Kuzmany!%5.
The soliton-antisoliton pair (S§ pair) is considered as an elementary excitation in the

(CH), chain.

Th ical of such ph has been dealt with using simple -
electron models augmented with an empirical account of the core. Several models of
this type have been proposed in the literature!53:155.166-168 1y longer chains, it was
noticed that the solitons are rather delocalized in the sense that they affect the bond
lengths within a wide interval of approximately 15 carbons!®!. In recent eclectron

160,170

nuclear double resonance studies (ENDOR) of cis and trans polyac.iylene very

small averaz: spin densities were noticed due to the motion of the soliton. This
implied delocalization of the soliton over 25 C-C pairs. A recent ab initio study '
investigated models containing one kink and one unsaturated carbon end. It was
noticed that the triplet state becomes more stable as the distance hetween the kink

and the unsaturated end increases. It is in light of these solid state aspeets, that the

following ab initio results are discussed.

Since the solid state physicists mostly deal with singlet excited states,

case the two solitons can annihilate each other by allowing complete relaxation.
Thus the term ‘soliton-antisoliton’ pair (S5) is justified. In the present study we are
dealing with the lowest triplet excited state and therefore the two solitons cannot
annihilate each other. The same terminology is extended but we prefer to use the

notation SS in the triplet excited state as compared to S5 in the singlet excited state.
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4.2 Ab Initio RHF and UHF Results
As is evident from the previous section crude theoretical models have been used

to study polyenes. These modcls do not account for electron- electron interactions

explicitly, and the trestment of the ¢ core is also crude. In the previous ab initio

study geometry optimizations were not performed. In this section the ab initio RHF

and UHF geometry optimization results for some retinal analogs are presented in the

3B excited state. Only the following planar chain analogs are investigated

A

9 1 5

X= CH,, O, NH, NH,*
The molecules studied were kept planar except for a control case when the 90°
twisted conformation around the C11-C12 bond was studied in the 3B state in retinal
PSB analog. The results predict the 90° twisted conformation to be 13.1 kJ mol™
higher in cnergy than the planar trans conformation. In earlier studies the 90°

twisted conformation was assumed, idering the similarity with an ethylenic bond

rotation, to be a minimum on the potential energy surface. [B. Rosenberg in ref. 45]
The RHF optimized bond lengths with the STO-3G basis set for the retinal SB
and retinal PSB analogs are shown in fig. 14. The split-valence 3-21G results for the
same are given in fig. 15. Fig. 16 shows the UHF optimized bond lengths with the
STO-3G and the 3-21G basis sets for the retinal SB and retinal PSB analogs. In each
case the results obtained for the retinal analog and octatetraene are analogous to the
retinal SB results iud thus are not shown in these figures (refer to Appendix IV).
For the retinal SB analog four different minima have been located two of which
correspond to the localized SS structure and the other two correspond to the delocal-
ized picture. The retinal PSB analog is the exception where only the delocalized

structures are obtained. The retinal PSB analog also shows strong conjugation as



Figure 14
RIIF optimized bond lengths for different resonance structures in *B exeited

state of retinal SB and retinal PSB anajogs with the STO-3G basis set. The

resonance structures are shown schematically at the top of each diagram. The

dots represent maximum spin densities.
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Figure 15

RHF optimized bond lengths for different resonance structures in "B excited

state of retinal SB and retinal PSB analogs with the 3-21G basis set. For other

notations, see fig. 14.
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Figure 16
UHF optimized bond lengths for °B excited state of retinal SB and retinal PSB
analogs. The S® values obtained in the calculation arc shown. The expected

value for S is 2. For other uotations, see fig. 14.
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compared to the other analogs. Though a significant conjugation can be observed
even in the retinal SB analog, the double and single bonds are well separated. The
bond orders for octatetraene are shown as an example in fig. 17. With the split-
valence 3-21G basis set only the minima corresponding to the most stable delocalized
structures could be located.

However, at this point it is important to emphasize that the ab initio trentment
of this problem runs into the difficulty that different locations of the SS pair may
correspond to different minima on the same hypersurface. This leads to serious
difficulties in choosing the appropriate initial geometry and more importantly the
molecular orbitals to converge on the desired minimum. In fact, using the optimized
ground state geometries as the initial guess usually leads to localized SS pair solu-
tions. A very careful selection of the initial geometries and molecular orbitals permit-
ted us to locate each relevant minimum on the potential hypersurface.

The cnergetics of the various structures is collected in table 25. Summarizing
the RHF results, in each case the delocalized structures are lower in energy. For
octatetracne, the delocalized structure is 59.6 kJ mol! lower in energy than the
localized structure. In the retinal analog three different minima are observed, and the
two possible localized structures are higher in energy by 58.1 and 59.9 kJ mol'. The
situation is practically the same for the retinal SB case. In the case of retinal PSB
only the delocalized structures could be located on the hypersurface. The energy
difference between the two possible localized structures is very small: 1.8 kJ mol™ for
retinal analogs and 0.8 kJ mol’! for retinal SB analogs.

Considering the analogy betweer. the above results and the knowledge accumu-
lated through solid state physics the following points can be made:

a. According to the solid state physics the ‘soliton’ and the ‘antisoliton’ would not be
in close proximity as a soliton has a well defined extension or shape and even if the

SS pair is enclosed into a very short domain of a few number of bonds, and thus



Figure 17

RIIF optimized C-C bond orders for octatetraene in the °B excited state.
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have no room to expand to their optimum shape, they probably would prefer to be
separated from each other as far as possible. The above ab initio results are in agree-
ment with this as in each case the delocalized structures ( delocalized in the sense
that the soliton and antisoliton are far apart) are lower in energy.
b. The present results are also in agrcement with the previous ab initio results!®*
which predicted that the triplet state becomes more stable on increasing the distance
between the phase kink and the end defect.
c. The above ab initio results indicate a very small energy difference between the two
localized structures in each case. In the solid state language, this can be interpreted
by saying that there is practically no interaction between the SS pair and the
heteroatom. Strictly speaking, the small energy differences given above indicate a
weak repulsion. This ab initio result is in contradiction with previous semiempirical
studies'®! which predicted an attractive interaction between a soliton and a heteroa-
tom, although this may be the case for the singlet state.
d. The reason for the disappearance of the localized structures with the 3-21G basis
set at the RHF level is not clear. However, the problems with the initial guess have
been pointed out and the possibility that such minima could not be located cannot
be ruled out. This point will also be discussed furtiier in the upcoming sections.
4.2.1 UHF Results

In addition to the RHF results discussed above, URF calculations have also been
performed on the satae 3B state. The results obtained for the UHF calculations with
the STO-3G and the 3-21G basis sets are shown in fig. 16. The corresponding total
energies for the STO-3G results are also collected in table 25. The UHF calculations
are unable to account for the delocalized structures while the two localized ones are
almost the same energy, the difference being only 103 a.v. (2.6 kJ mol'!). It is evi-
dent from the S* values given in fig. 16 that the UHF wavefunctions suffer from

significant spin contamination (also at the 3-21G level) and are thus probably not



Table 25 RHF and UHF total energies at diflorent optimized nuclear configurations

in 3B state. The relative energies (kJ mol!) with respeet to the absolute

minimum for that model are given in brackets.

Molecule Egyr (8:u.)
STO-3G

== -304.8626.46
(0.0)

-304.830053

(59.6)

—— = -304.830053
(59.6)
-340.145535
(0.0)
m———— -340.122727
(59.9)
-340.123402
(58.1)

-320.613013
(10.3)
== —=NH -320.617834

(0.0)
-320.501501
(69.1)
-320.501211
(69.9)
-321.070532
(26.5)
-321.080613
(0.0)

= ——=—=NII}

—=NIi}

-301.031220

-30-4.931228

-340.224407
(0.0)

-320.680166
(0.0)

-321.110390
(0.0)

-321.107117
(8.6)
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suitable to calculate various physical properties like bond lengths, bond orders or
spin densities to an acceptable accuracy.
4.3 Analogy with the allyl radical and methodological implications

In contrast to the discussion based on solid state aspects in the above sections,
in this section the RHF results have been compared with some known results for the
allyl radical and simple polyenes. The methodological implications that arise due to
the comparison are also discussed.
4.3.1 The allyl radical structure and other related simple polyenes

The allyl radical has been repeatedly studied mainly due to the methodological

45 deccrih

in ing its structure L1721t is well known

problems
that in the case of the allyl radical at the RHF level two equivalent minima are

predicted corresponding to the following resonance structures:

AN\ [N

whereas the allyl radical is actually an equal mixture of these two structures.

This asymmetry in the allyl radical structure observed at the RHF level does not
occur in the allyl radical computed at the UHF and multiconfiguration self-consistent
field (MCSCF) levels and is related to the well known HF instability of RHF treat-

ments!7h,

In the case of triplet ethylene, the relative energies of the conformations are not
correlation sensitive. In contrast, it has recently been shown that for triplet buta-

dicne the relative energies of the various

require a lation energy
correction'®, It was also shown that at the RHF level, the geometry of the singly-

twisted allyl-methylene diradical triplet shows the same propert, - as those encoun-
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tered in the classic RHF instability of the allyl radical. The authors also concluded
regarding the use of RHF or Nesbet open-shell-optimized structures that the intrinsic

HF i ilities may be d in the si ions in which the structures can be

described as having allyl-like moieties!®. Further discussion on geometrics and rela-
tive stabilities of planar and twisted hexatriene conformations and other longer

polyenes has been given in ref. 147.
4.3.2 RHF Instability

Before going further it is important to realize what actually is RHF instability.
The instability of the RHF SCF solutions for the allyl radical (also referred to as the
‘doublet instability’) has been investigated by several authors at semiempirical and
ab initio levels!™179, McKelvey and Berthier'?® studied the instability of the RHF
solution for the allyl radical with respect to the size of the basis used in the calcula-
tion. The difference between the energies of the symmetry sdapted and broken sym-
metry solutions decreased with increase in size of the basis set. Therefore, it was
concluded that the instability of the HF solutions and symmetry breakings may be
associated with the inadequacy of the basis set and may disappear on approaching
the true HF limit.

However, Paldus and coworkers!™176177 guggest that symmetry dilemma and

related stability p are ly general ph in the RHF solution,

independent of the basis set used. Stability problems arise due to the existence of
multiple solutions for the RHF problem. Paldus and coworkers also suggest that
these phenomena are as pertinent to the exact HF solutions as to the approximate
ones.
4.3.3 Retinal analogs as allyl-like moieties

In this section the present ab initio RHF results on triplet retinal analogs are
compared with the above mentioned results for simple polyenes. A careful analysis of

the structures obtained for the retinal SB and retinal PSB analogs with the RHF
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wavefunction {c.I. figs. 14 and 15) indicates that these structures contain a number

of allyl type moieties joined together in different ways. For example,

=== o=y
e g |

|t —

allyl type moieties
‘This raises the question of whether the results obtained are due to RHF instability
giving rise to various minima on the same hypersurface corresponding to different
resonance structures for the same molecule. In this case the true structure would be
a mixture of the various resonance structures obtained. Before discussing the prob-
lems related to the search of the true structure a few more points can be made
regarding the present RHF results.

In the case of retinal PSB analog only two minima were observed corresponding
to the delocalized structures. (c.l. fig. 14) The spin density in the vicinity of the
NITE group is highly delocalized due to the strong conjugation near the NI} group.
Whereas, due to the lack of conjugation at the other end of the molecule two reso-
nance structures are obtained. Since the retinal SB analog shows less conjugation as
compared to the retinal PSB case (similar to the ground state results) spin density is
not so delocalized and as a result a larger number of resonance structures are
observed.

Once again, on comparing the STO-3G results with the 3-21G RHF results it
appears that at the split-valence basis set level the structures start showing further
resemblance to the allyl-type moieties as slightly more effect of delocalization can be
seen. This is in accordance with the observation of McKelvey and Berthier!”® that
the instability of the HF solutions may be associated with the inadequacy of the

basis set.



4.3.4 Requirements for the search of the true structure of triplet retinal
analogs

From the above discussion it is apparent that to describe the structure of triplet
retinal analogs adequately one has to use a more sophisticated level of theory taking
into account electron correlation effects. The basis set should also be preferably split

valence type. Unfortunately, these requirements make the search for the true struc-

ture of triplet retinal analogs putationally very d ling and expens

The above discussion also raises some intriguing questions regarding the solid
state aspects:

Do these different resonance structures generated by allyl type moicties
correspond to different locations of the soliton-antisoliton pairs? Since the solid state
physicists mostly deal with crude theoretical models as r-electron models augmented
with an empirical account of the core there is a possibility of methodological
artifacts. For this reason it would be interesting to study the SS pair at a higher
level of theory.

4.4 Projected Mechanistic Implications

Although it is realized that electron correlation would have to be taken into
account, some useful predictions can be made using the RHF results. After carefully
analysing the results, a reasonable structure can be predicted which could serve as a
better initial guess for higher level calculations.

Using the arguments that the spin density would be highly delocalized in the
vicinity of the NHY group and that the radicals would prefer to be as far apart as
possible due to the electron- electron repulsion. the following structure can be

predicted in the excited state
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This leads to some very interesting mechanistic implications as now a bicycle pedal
type mechanism around C9-C10 and C11-C12 bonds in the excited state would be
favourable. It is emphasized that these predictions would have to be confirmed after
performing further calculations in the excited state taking into account elcctron
correlation effects.

“The program developments along these lines are discussed in the following

chapter.
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5. PROGRAM DEVELOPMENTS FOR CONFIGURATION
INTERACTION AND NATURAL ORBITALS

In the previous chapter it was shown that the open shell RHF and UHF
methods alone are not capable of describing the structure of triplet retinal analogs
adequately. Therefore, a higher level theorctical treatment taking into account the

correlational effects may help, although this point is somewhat controversial. In this

chapter the most ly used p dure of confi

interaction (Cl) is dis-
cussed.
5.1 CI Wavefunction

After solving the Roothaan equations in a finite basis set, a set of 2K spin orbi-
tals { x;) is obtained. (c. section 2.3) The determinant formed from the N lowest
energy spin orbitals is the HF delerminant | Wu >. In addition to | ¥y > a large
number of other N- electron determinants can be formed from the 2K spin orbitals.
These determinants are the singly excited determinants | \V: > (generaied by replac-
ing spin orbital x, by x), the doubly excited determinants | W 1 > (generated by
replacing spin orbitals Xy and x, by X, and xl), ete. up to and including N-tuply
excited determinsnts. These determinants are now used 83 a basis to expand the

exact wavefunetion | &, >.

I#> = Gl¥o> + BGI¥>+ B Cf V>
st | grst ot rstu
+ abe | Yabe> + > Cobed | ¥abed™> *-
a<b<er<ace a<b<e<dr<eci<u

This is referred to as the full CI wavefunction.

6.1.1 Ce lonal CI P d and C lation Energy
The number of above mentioned N-tuply excited determinants is extremely

large even for small molecules with basis sets of moderate size. But some of these

.
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determinants can be eliminated by utilizing the fact that wavelunctions with
different spin (having different eigenvalue for S,) do not mix and linear combinations
of some determinants can be taken to form proper spin-adapted configurations which
are eigenfunctions of s

After forming the trial function the corresponding energies can be obtained by
using the linear variational method. The CI Hamiltonian matrix is set up and its
eigenvalues are calculated. This is referred to as the full Cl procedure. The lowest
cigenvalue is an upper bound to the ground state energy and other higher eigen-
values are upper bounds to excited states of the system. The difference between the
lowest cigenvalue [fD) and the IF energy (Ey) is called the correlation energy
(Bore)-

Eon = fu -k

5.2 Setting up the CI Hamiltonlan Matrix

The following points are taken into consideration when selling up the CI
matrix:
s According 1o Brillovin's theorem there is no mixing between the HF ground

stateand single excitations that is,
<Y | H|¥;>=0

b. Al matrix clements of the Iamiltonian between Slater determinaats which

differ by more than 2 spin orbitals are zero. For example:

<%|H|wm

o> =0

wd <V [H|VENS = o

but <¥ 12 |H| ¥'3%> 540 provided a,bE [c,d,e,f} and 1,5€ {z,u,v,w}
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¢. All the matrix elements can be calculaied using the following rules:
Matrix elements between determinants for one electron operators in terms of spin
orbitals are:
o = b
iml

QK> =

<K|OyK> = Sm|h|m]

(i) K> =|...mn...>

<K | O|L> = [m|h]|p]
(ifi) K> = |ompo..>
L> = [opgu>
<K[O;|L> =0

Matrix elements between delerminants for two electron operators in terms of spin

orbitals are:

NN
O = Y Y rj

il >0

0 K>

N >
1 NN
<K| Oz |K> =722[mm|nn]—[mn|nm]
m n

(ii) K> = |...mn..>
L> =

N
<K |0|L> = 3 [mp | mo] - [mn )
-



(i) [K> Lmn >

>

[

PG>
<K|0z|L> = [mp|nq]-[mq]|np|
The one and two clectron integrals above are given in chemists notation that is
lilhlil = Jdx; x'lxy) Hin) x;(x)
[ij 1K) = fdxy g xi"(%0) xj0%1) 0 AR(xg) X xa)

5.3 Practical Considerations

Full Clis computationally feasible only for very small molecules. As the number
of configurations grows very rapidly, the dimensionality of the full CI matrix
becomes computationally impractical. Therefore, the CI expansion for the wavefunc-
tion has to be truncated. Most popular of all the truncated Cl is the singly and dou-
bly excited €1 (SDCI) where only single and double excitations are considered. For

small molecules SDCI recovers the major fraction of E, .

5.4 Direct CI

As mentioned above only a limited number of configurations can be used in the
C'T caleulation mainly due to the available space in auxiliary memory devices for con-
structing and saving the hamiltonian matrix for its subsequent diagonalization. The

2

time and space requirements increase as N o

{, where N, is the dimension of the
CT veetor. To avoid these problems several methods have been proposed in the litera-
ture for extracting the cigenvalues and eigenvectors directly from the list of molecu-
lar one and two electron integmlsm"'lsa. Such methods involve an iterative pro-
cedure and do not require the construction of the hamiltonian matrix explicitly.
These are referred to as the ‘Direct Cl' procedures. The major advantage with direct

CT methods is that they are capable of handling larger problems.



The direct CI method programmed in MUNGAUSS is a general direct CI pro-

posed by Handy et al'8®

and is capable of handling closed shell singlets and open
shell doublets, triplets, quartets. The iterative caleulation of the lowest eigenvalue

and corresponding eigenvector is based on the method proposed by Davidson

The
problem associated with this direct Cl is that it is designed for the caleulation of the
lowest eigenvalue and eigenvector only. However, for the purposes of the present
study it is of interest to calculate a few of the higher cigenvalues and their
corresponding eigenvectors as well, to be able to study excited states level ordering.
5.8 Program developments

Due to the problems mentioned above necessary program changes were made to

set up the full CI hamiltonian matrix and di

it. Presently the dimensions of

the matrix are set to handle 400 configurations.

5.8 One electron properties calculations from CI A

It has already been mentioned that from a mechanistic point of view it is impor-
tant to study the properties of retinal analogs in the lowest lying singlet and triplet
excited states. Due to the problems encountered in studying the retinal analogs in

the lowest triplet excited state (refer to chapter 4) with the RHF and UIIF

wavefunctions, in this section the program

for properties

with the CI wavefunctions are discussed.

Procedure

1 A SDCI calculation is performed.

2 From this wavefunction the reduced density matrix or the one matrix is
obtained and diagonalized to determine the natural orbitals within the SDCI
approximation.

3 Then the electronic properties are calculated utilizing the natural density

matrix.
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5.8.1 The reduced density matrix and natural orbitals

For the sake of simplicity the derivations in this and the following section will
be presented in the second quanuzed formalism. For an introduction to the second
quantized formalism the reader is directed to ref. 184. In second quantized notation a

one-electron operator is given as

0, = ¥ <ilh|i>a'a;
i

where af and a; denote the creation and annihilation operators respectively. The

matrix elements of the reduced density matrix are defined as

M)y = % = <®|af 5| &>

The density matrix is represented in the spin orbital space. In general, when & is not
the HF ground state wavefunction Wo, the reduced density matrix T' is not diagonal.
However since I is a Hermitian matrix, it is possible to find a unique unitary matrix

U which diagonalizes I'.

A = UTU

N = 8

N

i
The elements of the crthonormal set in which T is diagonal are called the natural

spin orbitals (N.O.'s) and tiT' = N = total number of electrons.
o= ;quki

where n; refers to natural spin orbitals and x, refers to spin orbitals. ), is called the
occupation number of the natural spin orbital n; in the wavefunction ®.
5.8.2 Setting up the reduced density matrix

Since the density matrix is represented in the spin orbital space the overall

structure of the density matrix is as follows:
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For closed shell cases ', = T's. Therefore, there is no need to construct both the
blocks. Some general derivations for setling up matrix elements of the a block are
discussed below in second quantized notation

The general expressions for a HF ground state, singly excited and doubly excited

determinants can be written as follows:

1 %> = |91 T By e g P>
|¥i> = [SE> = |¢dh -
[¥E> = [DE> = 0B oo By By STl Be>

where M = N/2, the number of doubly occupied M.O.'s in the ground state. All the
singly excited configurations are generated by exciting the 3 electrons. The possibil-
ity of generating the singly excited configurations by exciting the a electrons is not
considered as only the unique configurations are generated based on spatial orbitals.
The program does not deal with spin orbitals explicitly. All the derivations below are
specific to this scheme for generating configurations and for setting up the a block
only. a,b,c.... belong to the set of occupied orbitals and r.s,t.... belong to the set of

virtuals in each of the following derivations.



Contribution from | ¥, >

<olada,| o> =

Koy gy gy Ui ] aday OB BT Ty > =

Uy Ty Ty il | adag | e Sy yglng>

Ty

add number of permutations: even number of permutations

= C,C, where C is the Cl expansion cocflicient for ¥ .

Therefore the ground state 1F configuration contributes to all 7, where a =
1,250,
Contribution from singles

The singly exeited configurations will contribute to the diagonal terms of the a

block.

<S| afa, ] 8E>

Therefore the singly excited configurations contribute to all Taa Where a = 1,2... M.

A pair of two differert singly excited configurations will not contribute to the a
block.
Contribution from doubles

A doubly excited configuration will have the following contributions to the diag-

onal terms of the a block
<D o ay | DE>
= = -CHF CF

Therefore the doubly

ited configurations will contribute to all 7, where b =

{ exeept when b=a when it will contribute to 5



For all the diagonal elements considered above the sign will alw he negativ

as

either the bra or the ket will always lead 1o odd number of permutations. So far we

have considered only the diagonal terms of the I matrix, Considering the ol dia

nal terms for the I' - block, appropriate pairs of doubly excited configurations and

aivs of singly and doubly excited configurations will contribute to the oft diagenal

terms. Pairs of singles will not contribute to the off diagonal terms of the a block.

Pairs of doubles

onsider a pair of doubles which differ by only one spin orbital.

< Uy Uy,

e gl

= he=

It has to be remembered that by interchanging the bra and the ket it will contribute

‘The sign of the matrix elements in these cases depends on the relative positions of

to matrix element 7, rather than .. (This is abo true for other following ens

the orbital. The sign of the matrix elements will be negative if orbital b lies in

between orbital a and c. In other eases it will be positive as shown below by

ample

<DFlada |DE> =

ety N>

AR S TN EX N

T = (1-0) CECF =
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Another pair of doubles is possible which differ by only one spin orbital and would

contribute to the a block. Consider pairs of type
<Dff|als, |DE>
= w=-Ci Cf
The sign for matrix elements generaied with these types of pairs will always be nega-
tive irrespective of the relative positions of occupied orbitals.
Pairs of singles and doubles

Certain pairs of singles and doubles can also contribute to some off-diagonal

terms. Consider pairs of the type
<sflafs, | D>
= 2u= -Cf-Cf
It can be shown that for cases where b < a the sign for a matrix element will be
positive.
After forming the reduced density matrix following the above steps, it is diago-
nalized to obtain the natural orbitals. The density matrix over N.O.'s is formed.
NO
Dl = £ 6,00
i

where ), is the occupancy of N.O. i and Cj, and C,; are the corresponding M.O.
coefficients.
5.6.3 Mulliken population analysis and one electron properties

Multiken population can now be performed similar to the case of HF wavefunc-

tion. A measure of bond population between the atoms A and B can be estimated as

By = £ £00s,
vEA vEB



- 158 -

Dipole moment can be caleulated as follows:

O 7 4 (N0 .
<> = Sz S U D e de

A s ow
sty and g, can be caleulated similarly. Other one electron properties may be ealeu-

lated in analogy with the 1IF wavefunction using the ¢

sting program



8. APPLICATIONS OF CI AND STA TO RETINAL ANALOGS

As mentioned in the introductory chapter CI calculations have been extensively
applied to simple conjugated polyenes (c.f. section 1.5.5) to study their clectronic
spectra. Due to the analogy of retinal molecules with simple polyenes CI methods

have also been applied to retinal analogs but usually within the PPP or INDO for-

malisms.
8.1 Objectives of CI studies

It has to be emphasized that CI studies on retinal analogs could be concentrated
on a variety of aspeets:
a. Study electronic spectra, that is, excitation energies for several low lying excited
states and generate the excited states level ordering.
b. Change in excited states level ordering with the increase of chain length and rela-
tive excited states ordering in retinal and retinal PSB analogs.
c. Caleulate barriers to isomerization in the lowest lying singlet and triplet excited
states.
d. Caleulate oscillator strengths and rotational strengths.

e. Study the X regulation in visual pigments. It has been proposed that A ..

‘max

regulation can be achieved by different combinations of double and single bond

twistings®C.
I. Structure elucid and calculation of ic pronerties in excited states.
8.2 C ive study of energles calculated using CI and STA

Ab initio HF SCF SDCI calculations have been performed on various analogs of
retinal and retinal PSB. All singles and doubles CI calculations are performed with
x electrons only. STA (refer to section 2.8) calculations are also performed und com-
pared to the CI results. Calculated excitation energies for the lowest 7 — 7 transi-

tion are given in table 26.



Table 26 Excitation energies (eV) for lowest 7 -+ z° transition.

- 1n0 -

Planar HFSCF-SDCI STA
Analogs ( electrons only)
S0 5.24 802
hat 520 w7
0
[}
RSV 5.21 .
871
st
SN, 4.21 671
M 118
; o
SHR 6.62
*
NNz 1.05 6.53
.
N
S 3.20 -
+ 5
v)\mh 5.70
A
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‘The results indicate that a cis conformation around a single bond or a double
bond leads to a ‘red shift' in ¥ — " excitation energy, that is, the excitation energy
decreases. A larger ‘red shift' in ¥ — #°* excitation energies is also observed on going
from retinal analog to the respective PSB. Both the CI and the STA results show the
same trend. Although the STA values are overcstimated, it is encouraging to see that
it gives the correct trend. Present ab initio results are in agreement with the previ-
ous PPP-SCF-CI results on retinal'*!. The excitation energies obtained in the
present results are higher than the results of rel. 141 because the present study deals
with smaller analogs than full retinal. But the trend is the same.

In fig. 18 7 — 7* STA excitation energics for planar all- trans retinal and retinal
PSB analogs with varying chain lengths are shown. Results indicate a well known
phenomenon in which excitation energy a. 2ases as the chain length is increased.
6.3 x,m regulation

In fig. 10 STA 7 — =" excitation energies are studied as a function of rotation
around the C12-C13 single bond in a four double bond analog for retinal. Consider-
ing the lowest ¥ — #° excitation energy the results indicate that a successive ‘blue
shift' is observed as the rotation takes place from planar trans to the 80° twisted.
Maximum blue shift is observed in the orthogonal conformstion. On rotating further,

a red shift is observed until s-cis conf ion is reached. On the 7 — #°

excitation energies for s-trans and s-cis the known ‘s-cis red shift’ is observed. Fig. 20
shows 7 — 7° excitation encrgies calculated using a 4 x 4 SDCI calculation s a func-
tion of rotation around the C12-C13 single bond in retinal analog. Again considering
the changes in the lowest 7 — 7* excitation energy with rotation about the single
bond, CI results show the same trend as observed with STA calculations. These
results are in agreement with the former PPP-CI studies'#!85, The results also sup-
port the ‘torsion model’ proposed by Kakitani®® based on self consistent HMO calcu-

lations and optical spectra of visual pigments. The torsion model suggests that



Figure 18
Variation in the lowest 7 — 7* excitation energy (ealeulated using STA) with

the chain length.
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Figure 10

STA m — 7 excitation energics for a retinal chain analog as a function of tor-

sion angle 1113-C'13-C12-112. The torsion angle of 180" represents the 12
trans conformation. The excited states are labelled considering analogy with

simple polyenes having C,yy, symmetry.
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Figure 20

HFSCF-SDCI 7 — 7* excitation encrgies for a retinal chain analog as a function
of torsion angle H13-C13-C12-1112. The torsion angle of 180" represents the
12-s-trans conformation. The excited states are labelled considering analogy

with simple polyenes having C.,y symmetry.
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twisting around single bonds leads to hypochromic shift (blue shift) and twisting
around double bonds leads to bathochromic shift (red shift)®, However, to test the
torsion moderl completely, further calculations involving twisting around double
bonds would have to be performed.

8.4 Comparison of excited states level ordering obtained with STA and CI
calculations

Fig. 19 shows that the STA calculations predict the lowest 1 — 7° level to be
lBn-like, corresponding to the strongly allowed transition from the ground state. The
next two 7 — 7" levels are nearly degenerate lI\s-likc and correspond to forbidden
transitions from the ground state. (One of the two ‘A‘ states becomes allowed in cis
polyenes as the cis conformation destroys the inversion symmetry of the molecule.) It
has to be remembered that the above discussion is based on the consideration that
the retinal analog has the proper Cyy symmetry similar to simple polyenes. It is to
be noted that the 12-s-cis and 12-s-trans structures have the same level ordering (c.l.
fig. 19). At 90° in the twisted conformation the lowest 7 — " level is raised and
one of the lI\!-like states becomes nearly degenerate to the lowest ’B“—like state.

Fig. 20 shows the level ordering obtained with the SDCI calculations for the
same retinal analog. The lowest 7 — #* level now corresponds to the ‘l\ilikc state.
The next two near degenerate levels are the 1Bn-]iku states. The lowest x — 7° level
now corresponds to the transition which is forbidden from the ground state. 12-s-cis
and 12-s-trans structures show the same level ordering. Compared to the STA
results, the SDCI calculations in general reduce the gap between the lowest x — x°
level and the next two 7 — 7* levels. All the excitation encrgies obtained with STA
are overestimated due to the crude approximstion. For the 00° twisted conformation
the CI resuits also predict that the excitation energy for the lowest £ — x° transition
increases such that the 'A‘-like state now lies very close to the next higher 'B -like

state, but there is no crossing of the two states.
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Comparing the above results with some previous PPP-CISD calculations on reti-
nal'® and simple polyenes'®® the following points are noted
(1) Birge et all8 reported a conformationally variant level ordering whereas the
present HFSCF-CISD results show a conformationally invariant level ordering for
retinal. In other words, the 12-s-cis and 12-s-trans structures are predicted to have
the same level ordering. Both 12-s-cis and 12-s-trans structures bave the lA'-Iike
lowest lying excited state whereas the PPP-CISD calculations predicted that all 12-
s-cis structures have a lowest excited lB.-like state and ihe 12-s-trans structures
have a lowest excited ‘A‘-like state.
(2) Present STA results on retinal analog predict the lB“-like state to be the lowest
and 'A‘-]ike for the next higher near degenerate states. In contrast the CI results
predict the 'A‘-lika state to be lowest and lB“-‘.ike for the next higher near degen-
crate states in retinal analog. Schulten 2nd Kuylusm reported PPP-SCI and PPP-
SDCI results on octatetraene. It was noted that only singles CI was not adequate to
predict the level ordering. Only after including all the double excitations in the CI

calculation did the forbidden ‘A‘-like state become lower than the allowed lB.- like
state. Based on the present HFSCF-CISD calculations and the previous PPP-CISD
calculations on simple polyenes it can be concluded that STA is not adequate for

predicting excited state level ordering.



7. CONCLUDING REMARKS

The ground state properties of retinal are studied in dotail by utilizin

ab initio

Hartree Fock STO-3G ealenlations on retinal analogs. The ground state results ¢an

be summarized as follow:

studied

1. The convergence in bond lengths, bond orders and net atomie charges i
with increase in chain length for retinal, retinal SB and retinal PSB analogs. The
results indicate that it is possible to mimic some properties of retinal with a smaller
analog. This holds for retinal PSB analogs only 1o a lesser extent.

2. Protonation of the SB causes more conjugational effects (i.c. elongation of double
bonds and shortening of single bonds) in the vieinity of the Nllg" gronp which
slowly dies off on moving towards the exyelohesene ting end of the moleenle, This is

reflected by the bond lengths and bond orders,

The varions cis isomers show the same propertivs as the trans moleetles.
I The eyelohexene ting has little effoet on bonding and charse distribution in the

s loeal torsional distortions breaking the ¢

moleenle, but simply eaus

symnetry
the ehain.

5. The effect of methyl substituents at CL ¢35 and C13 on the

ometry of the ana-

Togs is studied in detail. In general the introduction of a methy b group in the chain

reduces the effeet of conjugation thronghout the ehain shghtly. Al the ¢ single

bonds beeome slightly onger and the C=C double bonds slightly shorter, Howeer,

or effeet of the methyl groups is reflocted in torsions around the neighbonring

single bonds which show distortion from plana This is beesse of the sterie hin-

drance introdueed by the presence of the methyl gronp, The introduction of a

methyl group at €13 leads to a skewed geometry aronnd C12-C13and CLO-CHL sin-

gle bonds for retinal and retinal PSB analogs. The results indieate that for retinal

PSB the preferred conformation is planar Fl-eis, F2-s-trans as compared 1o 11-eis,

skowod 12-s-cis in retinal. Sinee the energy difference hetween the two conformations
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of retinal PSB is small, it can exist as an equilibrium mixture of the two in solution.

The major effect of the addition of the methyl groups on the cyclohexene ring is
torsion angle around the C6-C7 single bond. Two stable skewed 6-s-cis conformations
are obtained, one at 58.5° above the plane and the other at 65.0° below the plane,
the plane being defined by C1-C8-C5-C4. The planar 6-s-trans conformation is
predicted to be a transition state for the isolated chromaphore. The barrier for inter-
conversion from one skewed-s-cis to the other is calculated to be 18.9 kJ mol™! if the
transition state corresponds to planar-s-cis and 21.7 kJ mol™! if the transition state
corresponds to the planar-s-trans conformation. The present results also clarify that
merely changing the ring puckering will not lead to an observation of the planar-s-
trans minimum.

8. Net atomic charges alternate along the chain. This alternation is a result of
induced local dipoles and is considerably stronger for retinal PSB analogs.

7. The charge distribution along the chain changes significantly at the SCF level
when rotating around a double bond. This sudden charge polarization is shown to be
ap artifact of ihe closed shell HF caleulations, which disappears if the properly corre-
lated SLG wavefunction is used.

Apart from ground state studies the piesent study also deals with geometry
relaxation in the lowest lying triplet excited state utilizing RHF and UIIF methods.
The results are compared with known results for simple polyenes and also discussed
in light of solid state physics aspects. The following points summarize the excited
state results:

1. The UHF wavefunctions suffer from significant spin contamination with both
STO-3G and 3-21G basis sets and thus are not suitable for the purposes of the
present study.

2. Geometry relaxation studies in the lowest tripht excited state using RHF

wavefunctions show problems related to the intrinsic RHF instability. The results
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indicate that the various minima observed on the same hypersurface may correspond
to different resonance structures for the same molecule. The true structure in this
case would be a mixture of the various resonance structures obtained. Despite these
methodological problems, a careful analysis of the results leads to interesting
mechanistic implications. The results suggest that a bicycle pedal type mechanism in
the excited state around C9-C10 and C11-C12 bonds would be favourable. This
suggested based on the results that the spin density is highly delocalized in the vicin-
ity of the NH," group and that the radicals prefer to be as far apart as possible.

3. The RHF results also raise the question whether the different resonance structures
generated by allyl type moicties correspond to different locations of the soliton-
antisoliton pairs,

4. STA and HFSCF SDCI calculations indicate that a ‘red shift’ ic cbtained in the
lowest 7 — #° excitation energy on going from planar trans conformation to planar
cis conformation around a single bond or a double bond. A larger ‘red shift’ in 7 —
#* excitation energies is also observed on protonating the retinal SB.

5. STA results correctly indicate the lowering of x — x* excitation energies with
increase in chain length.

6. STA and SDCI results predict a ‘blue shift' in the x — x* excitation energy on
rotating around the single bond, which supports the ‘torsion model’.

7. Both STA and SDCI calculatiuns predict a conformationally invariant level order-
ing for excited states of retinal analog. Both the 12-s-cis and 12-s-trans conforma-
tions have the same level ordering.

8. Present SDCI results predict the lA‘-like state to be lowest and lB“-like for the
next higher near degenerate states in retinal analog. Therefore the lowest lying

excited state ds to the forbid. ition from the ground state.

9. The results obtained from STA are encouraging realizing the fact that a STA cal-
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culation is cheaper and faster to perform than a CI calculation. STA can be used for
studying * — x° excitation energies as a function of rotation sround the single

bonds. However, STA cannot be used to study the excited states level ordering.

Based on the above ground and excited state results, the projected mechanisms

for Rh and bR photocycles are shown on the following pages.
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In the Rh photocycle the ground state is shown to be 1l-cis retinal PSB. For
isorhodopsin (I) the ground state is the g-cis retinal PSB. Based on the arguments
proposed by Sandorfy®® the possibility of the s13 being H-bonded cannot b- ruled
out. After the photon absorption the structure in the excited siate is based on the
arguments that the spin density would be highly delocalized in the vicinity of the
NH*-lys group and that the radicals would prefer to be as far apart as possible due
to the electron-electron repulsion. The Schiff base of the chromophore still remains
protonated as the conjugated Schiff bases are known to be more basic in the excited
state®”. Isorhodops'n gives ms: to intermediate B, which can undergo a bicycle
pedal type simultuncous rotation about C-C10 and C11-C12 bonds (BP.y ). Rh
gives rise to intermediate Bl which can undcrgo B.P. around C11-C12 and C13-C14
bonds. Bicycle pedal type siinultaneous rotation around two bonds is suggested as
compared to simple rotation about one bond because B.P. is a volume conserving
process. Recent calculations have also shown that B.P. involves a lower barrier as

105

compared to hula twist or simple isomerization process When intermediate B,

undergoes B.P.g |, it would give rise to an intermediate similar to B, (B,'). Small
differences between By and B’ could be arising due to clockwise or anticlockwise

rotations. Recent ph have d the presence of two batho

intermediates arising from Rh or 1%, B, was noticed as the long lifetime component
and B, as the short lifetime component. This can be explained if there is an equili-
brium between B, and B, as they can interconvert through B.P.g ;. B, and By’ then
undergo B.P., |3 giving rise to L, and Ly L, and L, again could be identical or
slightly different depending upon clockwise/anticlockwise rotations. L, and L,
undergo B.P.;; ;s and decay (radiationless deactivation) to the ground state giving
all-trans retinal PSB. There is an alternative pathway for the conversion of B, and
By’ to all-trans retinal PSB. B, and By’ could undergo B'P~n,15 giving all-trans reti-

nal PSB in one step. However, B.P.;; |5 would involve a slightly higher barrier as



compared to B‘P‘ll.L’S because in the excited stzte C15-N bond is expected to have
more double bond character as compared to C13-C14 bond. Also, BP.;, o does not
explain the presence of intermediates L; and L, At this stage deprotonation can
take place due to the reduced basicity of the Schiff base in the ground state and
perhaps due to the conformational changes. The SB is then hydrolysed and the pro-
tein is separated. Lat-r, through enzymatic processes Rh and [ are regenerated

In the case of bR the ground state is all-trans retinal PSB (light-adapted bR ..)
or a 1:1 mixture of : " trans and 13-cis retinal PSB (dark- adapted). After the photon
absorption the structure in the excited state is shown analogous to the case of Rh.
B.P. around the C13-C14 and C15-N bonds is suggested which would have partial
double bond characters. After isomerization the molecule decays to the ground state.
In the ground state due to the reduced basicity of the Schiff base, deprotonation
takes place and the proton is pumped outside the cell membraue. The molecule then
gets reprotonated by a surrounding proton donor giving 13-cis retinal PSB. In the
ground state th2 bond order of C13-C14 double bond is reduced due to the extra
conjugation in the vicinity of the NH*-lys group. Therefore the molecule can isomer-
ize thermally regenerating the all-trans bR g,

These proposed mechanisms obviously do not account for each and every mter-
mediate but give some insight about the structural aspects of certain intermediates.
Further experimental and theoretical work would have to be done. Some desired
further work is outlined below
1. Calculations of electronic properties in the excited states using CI wavefunctions
leading to complete structure elucidation and study of properties in the lowest

singlet and triplet excited states.

2. Complete understanding of the torsion model for ) regulation in visual pig-

'max

ments.



3. Study models for the binding site at the ab initio HF level using the CAMM
method of Sokalski and Poirier'®® or by studying the effect of external point charges
on X .. Some semiempirical work has already been done in this direction.

4. It would be very interesting to get reliable X-ray crystallographic data for some
salt of retinal PSB. The X-ray data could then be compared with the theoretical con-
formational studies and solid state '*C NMR data for retinal PSB salts.

5. Some experiments to investigate the proton transfer hypothesis are desired. For
example, comparing the quantum yields for photoisomerization of methylated and

demethylated visual pigments.
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APPENDIX I

Symmetry labelling for states of trans butadiene (Under the selectron Huckel

Approximation)
Wavefunctions for each state may be written as:
Vo= 8.7 oglby
2 1 1
‘V\«l =9yfa,)” oyby)" S4fa,)
vy = 8 (n,)? 40" 6,0,
1 2 1
v"a =9ylay)" Syb)" S4fa)
1 = 1
V‘.* =0y(a,)" 8,by)™ &,(b,)

The symmetry of each wavefunction is the symmetry of the product representations.

Wavefunction Product Product representation

1

Wy ag xa,x boxby A
1

W‘,l By X3y X bgxay B,
1

w‘,a ay X3y X bgxbg Ay
1

\P\vs ay Xbg x bexay A

1
vy, ay xbgx byxhy B,
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APPENDIX IT
a. Dependener of Fock matrix on Density matrix

‘The total ¢harge density in a closed shell molecule described by a single deter-

minant waveluaetion with each occupied M.0. ¥, containing two eledieuns is
N2 2
plr=2N o) | 2 (18)
a

“Ihe integral of this charge density equals the total number of electrons

N2
Jdrplr) = 2\__/:f-1r |lr) | ®
s

Inserting the M.O. espansion (2) in the expansion for charge density (16)

N/
E ‘_lld'ilr)u"n(r)

olr)=

[

R [
ERNNSHCHUANS
P r

94(T)

It

W
SRV, 2,0

[

NP 8,00 0.(r)

v

Therefore, the density matrix elements can be defined as
I Y G G

Nf2
P,, = 2V ¢, C (17)
v

Sinee the density matrix is directly related to the expansion coefficients, the results
of closed-shell HF caleulations can be characterized either by Cui or by the PUI" The

Fock matrix can now be expressed in teems of the density matrix.
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We know that the Fock matrix has the clements
Fuo= [dry 9;(1) 1(1) 0,(1)

Nj2
= [dr; 6,(1) h(1) 8,(1) + N3 Jdry 85(1) [20,(1) - K (1)] 8,(1)

— e+ ¥ o na)-(a | o)
2 - aaj-tpa ]
3

Inserting the linear expansion for the M.O.(2) into the two electron terms:

{2 | oN) - (| ow)]

Fln/ = "ysu + - S (ll
a
I
= 3"+ 5 Py, (v | aA) - o () | ov)]
Ao b
(1®)

= IIore 4 ¢
= 03" +G,,

The Fock matrix thus contains a one electron part ™" which is fixed, given the
t of

basis set and a two electron part G that depends on the density matrix and a s

two-clectron integrals.
T = [dr 800 b1 4,(1)
The elements of the core Hamiltonian matrix are integrals involving the one electron

operator h(1), deseribing the kinetic energy and nuclear attraction of an clectron

h(1)

(I 2
ERA P

Therefore, the kinetic energy integrals and the nuclear attraction integrals have to

be caleulated to get the core Hamiltonian matrix.

}Oulll

T, = [dr, o500) { L9}



~ e

v = fan s |- 5 —2 s
wo = 1% = Tri- Ry ¥

e / nuel
Ha™ = T+ Vi

ation of the basis:

b. Orthogona

Symmelric orthogonalization procedure has been used. It uses the inverse square
root of 8 as the transformation matrix.

sissli=50=
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APPENDIX I
Relationship between ab initio and Semi-empirical M.O. ealenlations

The various semi-empirical M.O. theories, which may be derived from the exact

SCF formalism, include approximations

and the use of empirical parameters to

different dogrees. The various approsimate methods make inere

a:

ngly drastic
assumptions about the integrals which appear in the expressions for closed shell 1F,
RIF and UHIF (see chapter 2 and appendix 11}, some being set equal to zero and the

others replaced by semi-empirical estimates.

The valence electrcn approximation

In this approximation all Is shells on the atoms c=stituting the moleeule are

considered to be part of an unpolarizable core and only the

alence clectrons

treated. Therefore, 11507 now becomes,

5
e = far o |- 2o vvan | eun
»: A

where V3 Va(r)is the electrostatic field of the core written sum of the potentials
A

V(1) for the various atoms in the molecule. 1t s to be noted that this method stif
comes under the category of ab initio methods. In the following paragraphs difforent

semi- empirical methods are discussed:

A. Neglect of diatomic differential overlap (NDDO)

The valence shell approximation is made and along with that the atomic orbi-

tals included in the b

et are assumed to form an orthonormal set. So that 8

8, In addition differential overlap in two clectron integrals s neglected. ‘This
means that the overlapping charge densities of basis orbitals on different atoms are
negleeted (jvAg) =0 unless u and v belong to the sume atom A and X and @ 1o 13

The remaining integrals may be calenlated from a small b

s set of atomie orbitaly

or chosen empirically. Dewar's MINDO method is also very simtlar to this method.
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B. Intermediate Neglect of Differential Overlap (INDO)

In this approximation all interatomic overlaps are ignored. All two electron
integrals which depend on the overlapping of charge densities of different atomic
basis orbitals are neglected, ie. (gr|]A@) =+ 0. Some one centre integrals are not

ignored example; \s

APxa) A0 D Pyl -Pyg)-
C. Complete Neglect of Differential Overlap (CNDO)

This approximation goes even one stage further than the INDO method. All

two-clectron  integ| which depend on the overlapping of charge densities of

different atomie basis orbitals are neglected, that is (p/Ao) = 0 unless g = v and A

= a in which eas

- the integral can be written as 4,y = (upe|AN). This is a fairly dras-

tie  approximation since  some  one-centre integrals are ignored, example

are assumed to be depen-

2pq) The eleetron interaction integrals 5

APy e
dent only on the atoms to which 0, and o, belong and not to the particular type of
momic orbital, As a result only a single set of integrals Yap I8 left which can be

interpreted as an average repulsion hetween an electron in a valence shell on atom A

and another valence electron in an atomic orbital en B. The matrix elements now

hecome

core | 5 -
Wy = 15" TP ma+ Y P+ 8 Pop
2 Y =2

B,
wlongs 5 Aa =N P
1t belongs to atom A and 1 = P
v

core ! - S -
ot = <ul 5 9 Valu> - 8 <u|Vplp>
= HZA

The first term is the energy of the atomic orbital 0, on A [can be estimated semi-

empirically) and the second term is the interaction of an electron in 6, with the

cores of ar s B,
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If ¢, and ¢, are on different atoms
H3' = B, = BRe" S
ﬂABO is a parameter depending only on atoms A and B. Now that most of the

atomic integrals have been eliminated or set equal to parameters the LCAO-SCF

equations can be solved.
D. Extended Huckel Theory (EHT)
It starts with the Roothaan equations but leaves the Hamiltonian undefined.
HCy; 8, = i P

The coeflicients C,,; and the orbital energies ¢ are obtained by solving the secular

determinant
[Hy -€S,,| =0

The explicit form of le is not sought and nearly all the integrals are represented by

empirical parameters. The complete secular determinant is treated, all interactions

are d for and the of-diagonal terms are retained. Matrix clements Il“ are
taken as measures of the electron attracting power of particular atoms. llw are
approximated as 0.5 K (HMM + HW' SW K is a parameter. Simple diagonalization of
the determinant yields ¢; and the M.O. coefficients. There is no self- consistency as
the resulting orbitals are not used in computing the matrix elements. Total Huckel
energy = 2€‘i for a closed shell system. The coeflicients are used to determine
approximate charge distributions in the molecule.
E. The n-electron approximation

There are a whole series of approximate M.O. methods that roughly follow the
hierarchy of complexity as the above methods but the 7-electron approximation is
used as an additional assumption. This has been applied mainly for conjugated sys-

tems.
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In this approximation a series of states of conjugated molecules are assumed to

have a constant g electron framework and it is assumed that differences are only due

1 the m-clectrons. The complete wavefunction is ¥ = I £ and IT are proper

antisymmetric wave functions describing the appropriate sets of electrons. The ham-
iltonians can be written as

=2+ N2+,

11,7 and 11, are of the usual Hartree-Fock form but =efer only to o and  elertrons

rospectively.

ne o1
Hy = 3 N —

T
0= HO+ 1,

Including 11, in the core

=

oo 4 B
>
i<j

-3

ol
Hartree-Fock operator is then 1T = h®™ + \7 (2 Ji- b heOT 4 G

To obtain solution to these equations further approximations are made. A brief
outline of some of the 7-clectron methods is as follows:
(a). The Goeppert-Meyer-Sklar method

This method works within the m-clectron approximation but makes very few
further assumptions. The M.O. are expanded in a basis of 2p, atomic orbitals
assumed to be orthogonal. The J and K integrals are calculated completely except
that three and four centre integrals are neglected, but h®'® is simplified by the fol-

lowing approximation. o-7 effects are neglected as are the effects of hydrogen nuclei.

how = _Lotimv,

B 2
- s
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and we assume b€ v = Wy vy

W

".'p ionization potential of carbon in an sp~ valence state.
(b). The Pariser-Parr-Pople method
There are several possible modifications of this particular scheme, but most are
at about the same level of sophistication. The starting point is the Roothaan equa-
tion in the form
{hm’” +2J; - KI} Y Cu
"

o = Y Cudy

"

The CNDO approximation is made, that is Sm‘ =46 and any integral of the form

nw

Jdry dry 6,1(1) 8,(1) ?l— By(2) 6,(2)
12

is set equal to 8, &, , %,

and Ty = fdrm 0"2(1) 9 )‘212) is taken as an empirical parameter.

For the core integrals a type of Goeppert-Meyer-Sklar approximation is made.
h,,©" = 0 if g = v unless j and v are on neighbouring atoms. If they are on

neighbouring atoms h,, ! #,, (another empirical parameter).
. L ¢ 5
b = [dr ¢i(1) [ Ve vu} aill+ % Jdry 6;00) Vb (1)
ity

The first torm is replaced by an empirical parameter I, = madified ionization poten-
tial and the sccond term = -, 1, which is electron-nuclear attraction with other

atoms.

V,, and V,, are potentials due to atoms st and v.



(c). The Huckel Method
This is a very well known method and is the most drastic of all the approxima-
tions. It is within the m-approximation and furthermore assumes an effective Hamil-

tonian H that does not treat inter- electrou repulsions specifically,

9,

HECI“%:eiECm ”
" u
This gives secular equations

v Cui (HW' € SW) =0
u

which have a non-trivial solution when

det [H,,, - €S,,| =0
To solve this determinant the following assumptions are made about matrix ele-
ments:

M, = a an empirical parameter
iehbiaiie)

ll‘“, = f(if p and v are defined

an

H,, = 0if p and v are not neighbours

Energies are normally quoted in 3 units.

In the abovz paragraphs the relationship between the ab initio M.O. calculations
and the semiempirical methods has been stressed and the position of each in the
hierarchy of complexity has been indicated. Each method has been the subject of a
lengthy monograph. For further details the reader is directed to references 120,

189-196.
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APPENDIX IV
RHF optimized C-C bond lengths for different resonance structures for octa-

tetracne and corresponding retinal analog with the STO-3G basis set.

Bond lengths (A °)




NOTES
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