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Electron Correlation Models for Optical Activity

E. G. Houn*
Richardson Chemical Laboratories, Depariment of Chemistry, Tulane University, New Orleans, Louisiana
AND
0. E. WEIcANG, Jr.T
Chemistry Laboratory A, The Technical University of Denmark, Lyngby
(Received 12 June 1967)

A two-system no-overlap model for rotatory strength is developed for electric-dipole forbidden as well as
allowed transitions. General equations which allow for full utilization of symmetry in the chromophore and
in the environment are obtained. The electron correlation terms are developed in full detail for an 14,14,
(Cyy) transition of a chromophore interacting with a nonpolar anisotropic perturber. It ensues that perturber
anisotropy of polarizability makes substantial contributions even in such zero-order forbidden transitions.
The correlation terms for a strong electric-dipole allowed transition (*4;-14,) of the same chromophore
gives sector rules that are decidedly different. An additive calculational scheme for the n-»* transition
rotatory strengths of ketones shows the anisotropy effect to substantially modify, indeed sometimes become
larger than, the simple octant rule behavior which occurs for isotropic perturbers. Since agreement with
experimental rotatory strengths is correct in magnitude and sign and follows closely the observed variations,
it appears that electron correlation is an important if not dominant perturbation mechanism for nonpolar
substituents. An experimental prototype of the incomplete-screening-of-nuclei perturbation is considered
which suggests that such a one-electron mechanism gives an incorrect sign of rotatory strength for the
ketone back octants. The significance of the absolute signs associated with the octant rules of other chromo-

phores are discussed.

INTRODUCTION

A detailed theory of optically active transitions in
molecules can assume one of two limiting forms. When
the part of a molecule primarily responsible for absorp-
tion of light in a particular frequency range is dissym-
metric without external perturbation, optical activity is
implicit straightforward in the description of the
chromophore transition. However, when a chromophore
is symmetric except for external perturbation, the
induced optical activity of the transition can be ex-
pressed in terms for the symmetric chromophore and its
molecular environment. As electron exchange between
a chromophore and its surroundings becomes appre-
ciable, the chromophoric system is accordingly enlarged.
Thus, the latter limiting case smoothly passes over to
the first through charge transfer and appreciable over-
lap between chromophore and environment. There are
many discussions in the literature on these classifica-
tions and the theory applicable to them, especially
most recently concerning the intermediate forms.'—1
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The purpose of this paper is to examine in some detail
the most general quantal model of optical activity for
the latter limiting case, the inherently symmetric
chromophore. Such has been reviewed quite generally
by Tinoco.2 And while a great number of expressions
suitable for application to experience have arisen from
this approach,’-1¢ there is little danger of having ex-
hausted its usefulness.

Two distinguishable models within the single latter
limit evolved at an early date, coupled oscillator and
one-electron'® theories. At that time the general con-
sensus obtained that coupled oscillator theory was
appropriate for strong electric-dipole allowed transi-
tions while one-electron theory was to be utilized for the
very weak transitions.

More recently, a modernization and extension of the
Kauzmann-Walter-Eyring formulation of one-electron
theory!” for optical activity in ketones applied by
Moscowitz to the semiempirical calculation of several
rotatory strengths' has been accepted generally as the
best theoretical basis for the ketone octant rule.!® How-
ever, criticism has been directed toward the magnitude
of screening constants necessary to give agreement with

1T, G. Kirkwood, J. Chem. Phys. 5, 479 (1937).

2W, Moffitt, D. D. Fitts, and J. G. Kirkwood, Proc. Natl.
Acad. Sci. U.S. 43, 723 (1957).

B 1. Tinoco, Jr., J. Chem. Phys. 33, 1332 (1960); 34, 1067
(1961); L Tinoco, Jr. and R. W. Woody, zbid. 32, 461 (1960).

1 J. A. Schellman and P. Oriel, J. Chem. Phys. 37, 2114 (1962).

%5 7. A, Scheliman, J. Chem. Phys. 44, 55 (1966).

1 E. U. Condon, W. Altar, and H. Eyring, J. Chem. Phys. 5,
753 (1937).

7W. J. Kauzmann, J. E. Walter, and H. Eyring, Chem. Rev.
26, 339 (1940).

¥ W, Moffitt, R. B. Woodward, A. Moscowitz, W. Klyne, and
C. Djerassi, J. Am. Chem. Soc. 83, 4013 (1961).
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observed rotatory strengths.®2 Furthermore, Schell-
man®® has raised the question of whether a variation in
rotatory strength sign by quadrants, rather than
octants, is not to be expected from the nature of the
perturbation. Though quadrants are supported by
general symmetry arguments, the detailed calculations
have decidedly given sign variation with each octant.

That coupled oscillator theory applied to the 14514,
transition of ketones also predicts an octant rule be-
havior? has not been as widely appreciated. Indeed, at
least one quite detailed calculation on an unsaturated
ketone shows just such terms as being dominant,?
denoting a primary interaction between the carbonyl
group and its ethylenic perturber via electron correla-
tion, rather than the incomplete screening of nuclei
invoked for one-electron theory. With their excited
states lying at only moderately higher energies, satu-
rated alkyl perturbers will produce similar effects.

Moreover, it appears that any model predicting
selection rules and detailed coupling mechanisms for
“forbidden character” in optical activity® is signifi-
cantly dependent on the relative importance of coupled
oscillator terms as compared to one-electron terms.
Thus it is important to examine as generally as possible
the suitability of electron correlation as a perturbation
mechanism in ketones dissymmetrically substituted
with nonpolar groups and to compare even its qualita-
tive features to those of the one-electron theory. No
@ priori reason can be given why the allowed com-
ponent of a rotatory strength cannot accidentally
(i.e., not through symmetry) vanish or at least become
very small while the forbidden component persists
and becomes relatively important. Some reliable basis
for predicting when such a situation might obtain is
highly desirable. A program such as outlined here may
indicate the course to be pursued in more extensive
calculations of broader application.

GENERAL THEORY

Electric-Dipole Forbidden~Magnetic-Dipole
Allowed Transitions

The theory is founded on the Rosenfeld expression
for rotatory strength of the chromophore transition
me0,

Rom:—i<AoBol y[ AmBo>‘ (A,,,Bolml AoBo) (1)
where the correct wavefunctions are expanded to the

1 M. V. Vol’kenshtein and M. P. Kruchek, Opt. Spectry. 9,
243 (1960). .

2 A, D. Liebr, Progress in Transition Metal Chemistry, R. L.
Carlin, Ed. (Marcel Dekker, Inc., New York, 1965), Vol. 2.

# Q. E. Weigang, Jr., and E. G. Hohn, J. Am. Chem. Soc. 88,
3673 (1966).

2 A, Moscowitz, A. E, Hansen, L. S. Forster, and K. Rosenheck,
Biopolymers, Symp. No. 1, 75 (1964).

8, E. Weigang, Jr., J. Chem. Phys. 42, 2244 (1965) ; 43, 3609

1965).
( u E) G. Hohn and Q. E. Weigang, Jr., to be published.
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first order of perturbation,
I AmB()): I AmBO)
+2. 2.(En—E—~E)~(4,B,| V| 4nBo) | 4,B.)

(2)

with m=0 for the expansion of the ground state wave-
function | 4¢Bo). The basis set | 4,B,) consists of the
simple product of spectroscopic state real wavefunctions
of chromophore, 4,, and perturber, B,. No electron
exchange and negligible differential overlap between
the chromophore and perturber are assumed. The
perturbation ¥ is then the electrostatic energy of inter-
action between the chromophore and perturber charge
distributions.

The transition dipole moment expressions for the
composite system, when the zero-order chromophore
transition is electric-dipole forbidden but magnetic-
dipole allowed, are then?:

(4oBo | u | AnBo)
= ; (—E) W A4A:By| V I AoBo) wmi

+ 2 (En—E) " (AiBo | V | AnBo) vor

k7#m

+ 20— (Ewt-E) ™ (4nB; | V | 4uBo) wo;
+;(E,,.— E)7HAoBi| V| AnBo)va  (3)

for the electric transition moment and
(AnBo | m | AoBo)=(AnBy | m | AeBy) =My (4)

for the magnetic transition moment, each to the lowest-
order nonvanishing terms.

Here m is the state of the chromophore which com-
bines with its ground state to give an electric-dipole
forbidden—-magnetic-dipole allowed transition; ¢ and &
indicate only those chromophore states which combine
with states 7 and 0, respectively, to give nonzero elec-
tric-dipole moments. Then j and / are only those states
of the perturber system giving nonvanishing electric
transition-dipole moments, which also can be mixed
into the zero-order transition. That the electric and
magnetic transition dipole moments on the right in
Egs. (3) and (4) are simply moments of the zero-order
subsystems follows from the assumed lack of electron
exchange and negligible overlap between them together
with the orthogonality of state wavefunctions for a
given system. The center of gravity of the chromophoric

% We have hesitated to remove from the first and second summa-
tions and display separately a “charge transfer” term® which
must be considered with caution in the light of comments by
Hameka and Goodman.?

% Reference 5, p. 306,

(1361.%1)' F. Hameka and L. Goodman, J. Chem. Phys. 42, 2305
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ELECTRON CORRELATION MODELS FOR OPTICAL ACTIVITY

subsystem has been chosen as the origin for the evalua-
tion of its magnetic-dipole moment.

This restriction of the perturbation treatment sum
over states in turn specifies that part of the total
electrostatic interaction between chromophore and
perturber which can effect a significant type of transi-
tion moment borrowing. The perturbation matrix
elements in Eq. (3) are equivalent to electrostatic
interactions between certain ‘“charge distributions,”
| 404») and | ByB;) for example. They could be
evaluated with the exact expression for the coulombic
potential between charge groups. But, besides requiring
detailed electronic wavefunctions based on some
computational model for the groups, no particular
generality would obtain. Alternatively and perhaps
preferably, the Coulombic potential is expanded in
charge multipole moments for nonoverlapping charge
distributions. For our purposes, the potential can be
written as®®:

V=2 e®(R+g), (8)

where ®(R-+4g,) is the potential arising from the
chromophore for an external point charge located at
R-+p.. V can be expanded in a Taylor series for small
o: about R. & is itself another expansion:

&= ¢ |R—1, |7 (6)

in a Taylor series for small r, about R. Final expressions
for some typical terms are given in Table I. There
R= | R| becomes the distance between the centers of
gravity of perturber and chromophore charge dis-
tribution; X, ¥, and Z are the signed components of
that distance. The sum over products of the electronic
charge with powers of electron coordinates relative to
the respective centers of gravity become charge (e),
dipole (u), quadrupole (©), and if necessary, higher
multipole components of the respective charge dis-
tributions | 4¢4,.), etc. These electron coordinates,
%, v, and 2 centered on the respective subsystems, have
the same spatial orientation as X, ¥, and Z.

A most important and desirable result is that sym-
metry arguments can be applied to the matrix elements
that ensue. As they are a generalization of the transition
dipoles considered above, they also reduce to transition
multipoles of the subsystems. Schellman has demon-
strated the technique in a most elegant fashion but with
exclusive consideration of the one-electron theory
perturbation by incomplete nuclear screening.??

28 H. Margenau, Rev. Mod. Phys. 11, 1 (1939).

2% Reference 15. It is worthwhile noting that Schellman’s
expansion of the interaction potential is a crystal-field-like de-
velopment of the total environment potential field evaluated at
the chromophore, in contrast to the inverted approach of Eq. (5).
The symmetry arguments are unchanged, but a sufficiently de-
tailed description of the field will often require evaluation of many
high-order multipoles; an approach which replaces, however, the

necessity for treating the perturbation by many subsystems
additively, as proposed in our work.

1129
Electric-Dipole Allowed Transition

If instead the m«—0 chromophore transition is elec-
tric-dipole allowed, the composite system transition
moments of interest will be

(4oBo | | AnBo)=(AuBs | 9| AnBo) =wom (7)
and
(4mBy | m | AoBo)=Mm0
- fg (—E)™(4:Bo | V | AcBo)mi,

+ 20 (En—E0) " (A4xBy | V| AnBo)my

k#~m

— 2~ (EwtE) 7 (4nB; | V| 40By)

X[ (wiE;/he) R x pp-+my]
+;(Em—Ez)_l(AoBz | V| AnBo)

X[(wiEi/hc)R % wpo+my], (8)

utilizing the relationship that m, = — #m;.

There is again a restriction of the perturbation sums
over states, this time to those states ¢ and % yielding
nonvanishing magnetic transition-dipole moments of
the chromophore and to those states 7 and 7 yielding
electric transition dipole moments for the perturber.
The result will be a basically different multipole
description of the chromophore—perturber electrostatic
interaction effecting significant transition moment
borrowing.

Both Egs. (3) and (8) contain terms which, on the
basis of the perturbation matrix elements, can be asso-
ciated with one-electron theory. In each case these are
the first two of the borrowed transition moments,
moments borrowed from the higher states of the
chromophore. The last two moments, moments
borrowed from the states of the perturber, are mixed in
by electron correlative effects. However, this partition
does not carry over to the second order of perturbation.
Thus, a variational treatment can be expected to show a
localization of effective transition moment in the
chromophore that arises to a degree from an electron
correlation mechanism.?

It can be ascertained that the rotatory strength
subsequently obtained from Egs. (3) and (4) or (7)
and (8) are, to the first order, independent of the
convenient origin to which angular momentum has been
referred,® the center of gravity of the zero-order
chromophore in every case. The Appendix contains the
pertinent arguments.

% For a detailed discussion see: A. Moscowitz, Modern Quantum
Chemdstry, O. Sinanoglu, Ed. (Academic Press Inc., New York,
1965), Pt. 3, p. 31.
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TasLE I. Expanded terms of Coulombic potential between two nonoverlapping charge distributions 4 and B.

Charge-dipole
V=ey(B) R Xpuz(A) + Yy (4) +Zp(4) ]

Charge—quadrupole

V=e(B) R*[(1/2) (3X2— R?) 6, (A) +(1/2) (3V2— R%)0,,(4)
+(1/2) (322~ R%)0,,(A) +3X ¥6,,(4) +3XZ20,.(A) +3VZ0,.(4) ]

Dipole—dipole
V=R3[(R*—3X%)p,(B) ~3X Yy (B) —3X Zp(B) Ju (4)
+[—3X Vo (B) +(R*—3V2) py (B) — 3V Zy,(B) Juy (4)
+[—3XZu.(B) ~3Y Zy (B) +(R2—32% 1, (B) Ju. (4)
Dipole-quadrupole

V=(3/2) R[(3RPX —5X*) o (B) + (R*Y — 5X* ¥} sy (B) + (R*Z—5X*Z)  (B) ] (4)
+[(RX—5X 1)z (B) + (3R*Y —5V®) sy (B) + (R*Z— 5 V?Z) . (B) 164 (4)
(R X —5XZ%) 4y (B) + (R2Y — S Y 2%) y(B) + (3R*Z— 52°) 1 (B) 16, ()
+2[(R*Y —5X2Y) o (B) + (R*X —5X V) uy(B) —5X Y Zs,(B) 104 (4)
+2L(R*Z—5X°Z) 11z (B) —5X Y Zpsy (B) 4 (R*X — 5X Z*) p,(B) 16 (4)
+20—5X VZp:(B) + (RPZ—5Y*2Z) 4y (B) + (R*Y —5Y 2%) 4, (B) 10, (4)

149¢-14; (C3) TRANSITIONS
Dynamic Coupling Terms®

The techiques and equations derived so far are
applicable in principle to chromophores of any point
group. To demonstrate further reductions which are
always possible, the expressions in Eqs. (3) and (4)
must be referred to a specific case. '4,'4, transitions
in the C., point group in particular have a wide range
of applicability to optically active systems. The n-n*
(3000 &) transition of ketones is an obvious and even
more particular example. Thus, certain conclusions of
the most specific nature, that should not be applied
indiscriminantely to other compounds, will be derived
for this transition of the carbonyl chromophore and
compared to the considerable body of empirical in-
formation available for ketones.

We refer now to the indexed states of Eq. (3), noting
that m,, is z-axis polarized (see Fig. 1). Since then only
z components of the electric transition moments wn,
Mo, Uoj, and me; are important to the rotatory strength
given in Eq. (1), the results of Table II are readily
inferred. We have assumed groundstate wavefunctions
totally symmetric for the point group of the subsystem,
whether chromophore or perturber. When the perturber
is taken to be nonpolar,® such as a methyl or other
alkyl group, the first nonvanishing terms of the ex-
panded potential give the rotatory strength:

Rom=6iR"Y_ Ej( Ep— E,2) [ (R2¥Y —5X2Y) o
2

-+ (R2X— 5X YQ) wo¥—5X YZ,uof]e()mx”uoz’mmo‘ (9)

3t We choose to use the names dynamic coupling and static
coupling terms rather than coupled oscillator and one-electron
terms. The latter often have been associated with particular,
though not unique, formulations while the former, as will become
apparent, are meant to be inclusive of diverse but fundamentally
related effects. Note also that we use the term electron correla-
tion in the sense of the exciton model rather than as an effect
transcending Hartree—Fock self-consistency.

# We also assume throughout that the subsystems are not opti-
cally active.

for a coordinate system oriented as in Fig. 1. Equation
(9) includes perturbation of the chromophore ground
state as well as excited state; that is, the third and
fourth summations of Eq. (3) are brought to a single
sum noting that (4.,B:| V| AeBo) = (A4eB:1| V | AuBo).
The components of electric-dipole moment of B (the
perturber) are yet referred to coordinates with the same
orientation as the carbonyl coordinate system.

Referring the perturber moments to a coordinate
system appropriate to the symmetry of the perturber,
each component of g, is written in terms of components
along new rotated coordinates (indicated here by
primes) and the related direction cosines.® The re-
sulting expression is considerably simplified by the
assumption of cylindrical symmetry, either actual or
virtual through free rotation about an axis, With this
averaging, particularly suitable for the concept of bonds
as the source of dissymmetric perturbation? the
rotatory strength is given by

Ron=3R7{[—~ (R*Y—5X2Y) sin26 cosy
4 (R2X —5X V2) in20 sinx 18 (vom) & (vom)
— 10X Y Z[ ;) (vom) cOs0+0rs(vom) 81020 ]} Opr™ M,
(10)
where
o) =0y = ZL:ZEz(EF—- E2)7 | uo® [

a=3(a;+2a1),

and B(ven) is a measure of the anisotropy of perturber
polarizability:

B=3(ay—as)/(a)+2as), (12)

# For definition of the direction cosines as functions of the
Eulerian Angles see E. B. Wilson, Jr., J. C. Decius, and P. C.
Cross, Molecular Vibrations (McGraw-Hill Book Co., New York,
1955), p. 285.

# For a clear discussion of the concept of bond interactions, see
I(E.gg‘é)Haugh and J. O. Hirschfelder, J. Chem. Phys. 23, 1778

1 .

(11)

alzax/zizayryp;
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all measured at the frequency of the m«0 chromophore
transition.

When the perturbing group is isotropic such that
@=ai1=&, the mean polarizability, Eq. (11) re-
duces to:

R()m= - 151R—7X YZC—K(VU,,,) Go,n"’mmo‘. (13)

A remarkable feature of this expression, noted earlier,23
is that the correct absolute signs of the octant rule
sectors for optically active ketones can be deduced from
the Mulliken-McMurry model for the n—x* (3000 &)
transition of the carbonyl group in ketones.® That is,
100m"¥Mmo® is real, negative, and large in atomic units.

Equation (10) gives two components for induced
rotatory strength, that depending on a weighted mean
polarizability and that depending on the polarizability
anisotropy of the perturber. Figure 1 shows these
component nodal surfaces, those locations for a per-
turber with respect to the carbonyl group where the
component rotatory strength vanishes. The well-known
octant rule surfaces obtain for the mean polarizability
component.

The components dependent on polarizability anisot-
ropy have nodal surfaces consisting of cones bisected
by a single plane. The pronounced polarizability
anisotropies evident from Kerr effects would seem to
require that such components be included for a com-
plete theory, contributing as they do on a scale equal to
that for the mean polarizability component. With such
consideration, anisotropic perturbers whose centers
lie on octant rule surfaces can make sizeable contribu-
tions to rotatory strength. Indeed, anisotropic per-
turbers close to the simple octant rule surfaces can give
contributions with signs reversed from those expected.

Static Coupling Terms and One-Electron Theory

In the case where the perturber is charged or polar,
additional terms supplement those developed to this
point. The first and second terms of Eq. (3) contribute
then and, strictly speaking, in our model, only then to
the rotatory strength. For a dipolar perturber group
with the static moment uw(B) defining its 2’ axis,
these additional terms reduce to:

RondiP=—3iR[— (R2Y —5X2Y) sinf cosy
+ (R2X— 35X Y?) sinf siny—5X Y Z cosf Juw? (B)
X[ 2 (— E) ™ 00 tim e
=0

+ 2 (B E) ' Opmugmme®].  (14)

k#m

Where the perturber carries a net charge (B),

% L. L. Jones, doctoral dissertation, University of Utah, 1961,
gives a considerably more limited analysis and comparison of the
coupled oscillator and traditional one-electron expressions.

# H. L. McMurry, J. Chem. Phys. 9, 231 (1941).

1131

-+
x

4

Fi1c. 1. (A) The coordinate system and perturber bond types.
The bond types of the cyclohexanone ring in the chair form serve
to indicate the possible angular orientations taken by bonds in
substituted cyclohexanones with idealized geometry (Ref. 18)
and methyl groups in the staggered conformation. (B) Perturba-
tion nodal surfaces and absolute signs of rotatory strength for a
14514, (Csy) ketone transition under the influence of a dy-
namically coupled Zsofropic perturber (X¥Z dependence), from
Eq. (10). (C) X-anisotropic nodal surfaces and absolute signs for
the same transition and an anisotropic perturber, from first term
in square brackets of Eq. (10), shown with signs for >0 and
sin20 cosx>0. [See Table IV for the values of sin28 cosy and
sin26 siny for the four bond types shown in (A).] The surfaces,
with their conical axis along the X axis, are pertinent for any
perturber with a nonzero component of its optic axis along the
X axis. The intersections of the X-anisotropic nodal surfaces with
the octant planes (b) are the lines ¥==4-2X and Z=4-2X. The
Y-anisotropic nodal surfaces, associated with sin20 sinx>0 [Eq.
(10)7] are obtained from a counterclockwise rotation of the sur-
face by x/2 around the Z axis.

Downloaded 24 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TaBLE II. The symmetry-restricted states of Eqs. (3) and (8).

Equation (3)

State Subsystem Representation Basis function

0 A 4, 2

m 4 4, Y, my= e/ 2me) (xpy—yp:)
¢ 4 A xy, mu= (e/2mc) (xpy—yp2)
k A Al 4

0 B Totally symmetric

j B} {Varies in each of Various components of

1 B various symmetries the polar vector

Equation (8)

State Subsystem Representation Basis function
0 4 VM 2z

m A A 2z

i 4 A xy, M,

k 4 As xy, My

0 B Totally symmetric

J B} {Varies in each of Various components of
k B various symmetries polar vector

these terms are

Ronhe=—3RSXVeo(B)[ D (— E:) 00 thim*Mimo?
70

+ 2 (En— B Om™uamm®].  (15)
ksm

Equation (15) has precisely the “quadrant rule”
character of Schellman’s analysis for a Cs, chromophore
in a dissymmetric field.”* However, for the result to be
applicable to optically active ketones requires the
assumption of incomplete screening of the nuclei of
uncharged nonpolar perturbers. Such a view is incon-
sistent with our uniform neglect of differential overlap
between the subsystems.

In order to examine certain aspects of one-electron
theory applied to ketones, we can relax this strict view
and give an inverse exponential variation with distance
to the parameter (B). Then a truncation of Eq. (15)
that considers only one excited state £ compares closely
to one-electron theory as it has been formulated pre-
viously for ketones.” The pertinent penetration
Coulomb integral has been expanded, of course, in
multipoles of the subsystems, but its symmetry char-
acteristics are preserved.

A resulting quadrant rule or octant rule for dissym-
metric ketones is then related to the evaluation of
O1"?. In the usual molecular-orbital treatment for the
carbonyl group, & is taken to be a state such that the
matrix element is equivalent to 4.+ where! (in our
coordinate system)

7*=A2p, o+ B2py.c,
d=C3ds; 0+ D3ds; c. (16)

Neglecting two-center overlap (i.e., three-center
terms in the penetration integral), the quadrupole
moment Og.»*¥ vanishes. An octopole moment con-

necting the two orbitals does not vanish and the
further expansion of the potential will give XVZ
(octant rule) dependence for the first nonvanishing
terms. The resulting matrix element has been shown to
be correct in sign.® However, with the inclusion of
reasonable overlap, 0,,+*¥ gives an X ¥-dependent com-
ponent which must at some distance, apparently near
5 A, become larger than the term containing X¥YZ
dependence.

If % is taken to be the m»* state, as suggested by
Schellman,’® then the one-center contributions of the
quadrupole O,,*¥ are large in atomic units and the total
moment is insensitive to a reasonable extent of overlap.
The lower inverse power of R and the proximity of the
am* state to the nr* state would produce a very signifi-
cant bias toward quadrant (XV) rule behavior. Yet
many more appropriate states might be considered,
and as well the perturbation of the chromophore
ground state.

Thus, the one-electron formulation is ambiguous on
the sector rule behavior,?” as is, unfortunately, much of
the experimental data on the point. But it seems

CHs

N T
t _-:55—1

F16. 2. The lycopodine molecule. See Footnote 38,

CHs

o

% It is the basic structure of the theory and a fortuitous circum-
stance of the carbonyl chromophore that the dynamic coupling
does not have a similar ambiguity regarding absolute sign. The
one-center quadrupole moments associated with On.*% are large
in atomic units and quite insensitive to inclusion of overlap while
the sum of states is in this case absorbed in the perturber polariz-
ability. Any developments of this nature for other chromophores
must take heed of magnitude and sensitivity of the coupling pa-
rameters.
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possible to test its correctness of sign by empirically
evaluating the entire sum over states. Equation (15)
suggests that the effect of a real positive static charge is
prototypic of the incomplete screening perturbation.
The effect of a static dipole, though slightly more com-
plex analytically, involves the same sum over states
coefficient whose sign is to be determined.

What experimental evidence is available in fact
argues that incomplete screening as a mechanism
produces the sncorrect sign of rotatory strength for the
back octants of ketones.?® (Also see Fig. 2.) The inter-
pretation is actually independent of a detailed analytical
formulation; it assumes only the physical equivalence of
the perturbations. The interpretation at the same time
implies what finds support in some detailed calculation,”
that an electron correlation mechanism is dominant.

14,14, (Cy») TRANSITIONS
Dynamic Coupling Terms

The expressions in Eqs. (7) and (8) are now applied
to an electric-dipole allowed transition of the chro-
mophore, polarized parallel to the C-O direction (z
axis). Again, one of the ketone transitions, the =—=*,
may be taken as an important example, though an
assignment is less than certain. Table II contains the
specifications of symmetry for significant contributions
to rotatory strength, Eq. (1).

For nonpolar perturbers, the leading terms of the
expanded potential give a rotatory strength®:

Ron=(7/h¢) RE,[3Z(Y?— X?) sin’f sinZx
—31X(R2—32?) sin29 siny—% ¥ (R?—3Z?) sin26 cosy
—~3X Y Z sin2 cos2x 18 (vom) @ (vom) | sem® |2 (17)

# The molecule lycopodine has been assigned the absolute con-
figuration shown in Fig. 2 on the basis of a strong positive rotatory
strength in dioxane and cyclohexane solvents.® The perchlorate
of lycopodine in methanol and water solutions gives a dichroism
band (with nearly identical band shape for the former) about # the
magnitude and negative in sign. The addition of aqueous HCl to a
methanol solution of the lycopodine free base causes a continuous
decrease of rotatory strength from positive to negative values
(without an obvious appearance of mixed-sign dichroism, bands) .
It seems most straightforward to relate the change in rotatory
strength to the highly specific effect of the proton on the nitrogen.
Consideration of less specific contributions would not seem to
account for the observation. For example, a reasonably oriented
ion-pair dipole could produce the observed effect only if the effect
of a positive charge were also to decrease the rotatory strength.
The effect related to the ion-pair polarizability would enhance'®
rather than decrease the positive rotatory strength. Neither are
assumptions of incorrect absolute configuration or conformational
change with protonation without severe difficulties for a plausible
explanation.

#®W. A. Ayer, J. A. Berezowsky, and D. A, Law, Can. J. Chem.
41, 649 (1963).

4 We are indebted to Dr. Erik Larsen, H. C. @rsted Institute,
Copenhagen, for arranging for the determination of the circular
dichroism, to Dr. Ayer for providing a sample of lycopodine and
its perchlorate, and to Dr. Pierre Crabbé, Syntex, S. A,, for
bringing the work of Ayer et al. to our attention.

41 The only contributing terms are taken to be from the explicit
vector product terms of the third and fourth summations, based
on the assumption that, in Kirkwood’s!! notation, g(1) can be
neglected in comgarison to g(0). Moffitt has commented on the
relative magnitude of these terms.#? The same neglect holds for
the case where mmo does not vanish and its scalar product is
formed with Eq. (7) expanded as in Eq. (3).

8 W. Moffitt, J. Chem, Phys. 25, 467 (1956).
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Fic. 3. Perturbation nodal surfaces for a 14,14, (Cs.) ketone
transition upder the influence of a dynamically coupled per-
turber. Signs are shown for 8 and the trigonometric functions
>0. (A), (B), (C), and (D) are obtained from the first, second,
third, and fourth term in brackets of Eq. (17), respectively.
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Tasie III. Experimental and calculated rotatory strengths.®

Calculated® pX10%
Observed (Rom/ iOom™ Mme?) (obs/calc)
Compound Rom X104 %1078 X10% R (aniso) /R(total)e d
2, 5-Dimethyl-cyclohexanone (di-eg.)® +1.67 -+0.81£0.005 2.06 +0.2404-0.012
2,2, 5-Trimethyl-cyclohexanonee: & +6.21 +2.594+0.22 2.40 —0.8434-0.078
trans-9-Methyl-1-decalonee +2.50 +1.2640.21 2.01 —1.43740.269
trans-9-Methyl-3-decalonee: £ —3.34 ~1.244 2.68 —0.031
¢is-9-Methyl-6-decalone (steroidlike)e: & m ) 0.676 -+0.90 0.752 —0.473
¢is-9-Methyl-6-decalone (nonsteroidiike)e: & m] * —3.22 —0.210 —0.166
18,98-Dimethyl-trans-decalone-3¢ —0.65 —0.43-£0.00s 1.51 —0.35740.043
cis-10-Methyl-1-decalone® —0.686 —0.376+0.42b 1.83 —6.965-:8.686
883,98-Dimethyl-trans-decalone-2e +4.73 +6.22£0.49 0.76 —0.24240.075
Lycopodinei +11.40i +1.05 10.85 —0.570
Dehydronorcamphork +52.73 +6.120 8.62 +0.246n
Dimethyldibenzsuberone! +95.3 +12.27n 7.77 —0.459n

& All entries are in cgs units.

b From Eq. (10), the average of staggered and eclipsed methyl group
conformations as well as the corresponding deviation are given.,

¢ R(aniso), contribution from anisotropy-dependent part of Eq. (10);
R (total), from the entire equation.

d The average of this ratio for the staggered and eclipsed methyl con-
formations as well as the corresponding deviation are given.

€ Reference 1, p. 97, and references cited therein. The observed values
of reduced rotational strengths reported in Ref. 1 were converted into cgs
units by multiplication with the proper factor.

f Reference 18, and references cited therein.

g C. Djerassi and W. Klyne, J. Chem. Soc. 1963, 2390.

b Value obtained for nonsteroidlike conformation.

i Reference 40.

where polarizabilities [Eqs. (11) and (12)] and
moments are all referred to convenient coordinates for
the symmetry of the subsystems. Actual or virtual
cylindrical symmetry of the perturbers has been
assumed. Perturbers must be anisotropic to produce a
rotatory strength that will be proportional to the
ordinary absorption intensity of the zero-order chro-
mophore transition. Equation (17) contains many of
the features of Kirkwood’s polarizability theory," but is
stated in terms of a single rotatory strength. The nodal
surfaces of each term in the brackets are shown in
Fig. 3. Contrary to the case for symmetry deduced
static coupling terms,'® dynamic coupling does not at
all give identical sector rules for electric-dipole for-
bidden and allowed transitions.

Static Coupling Terms

An additional perturbation due to static charge, or
alternatively the mechanism of one-electron theory,
can be developed in the manner illustrated above. It
does not seem profitable to dwell on such at this time
except to note the following. The effect of a static
charge on the '4y—'4, band varies simply as X7V, as
Schellman’s analysis’® shows, and can be expected to
be in a range of magnitude similar to the effect on the
1414, transition.

For the other allowed transitions of the C., point
group, such an effect should be substantially larger,
since charge-dipole rather than charge-quadrupole

i From CD or ORD measurements, using the approximations given by
C. Dijerassi, in Optical Rotatory Dispersion (McGraw-Hill Book Co., New
York, 1960), Chap. 12, p. 165.

k K. Mislow and J. G. Berger, J. Am. Chem. Soc. 84, 1956 (1962). For
the calculation, Gervais® coordinates were used (H. Gervais, thesis, Paris,
1966).

IE, L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison, Con-
formational Analysis (John Wiley & Sons, Inc., New York, 1965), p. 170.
Each phenyl ring was considered as a single perturber, using the polariza-
bility values 63.50 and 147.83 for | and a4, respectively [Landolt-Bérn-
stein, Zahlenwerte und Funkiionen (Springer—Verlag, Berlin, 1951), Vol.
1, Pt. 3, pp. 509 et seq.].

m Footnote 47.

B Jsotropic methyl groups assumed in this calculation.

coupling obtains in the perturbation matrix elements.
Thus a possibly useful criterion for distinguishing
between alternative spectral assignments of allowed
bands is suggested.

CALCULATIONS

A limited computational program has been under-
taken to compare experimental ketone rotatory
strengths to those calculated with Eq. (10), the only
expression for which available data justify such an
effort. The consideration of perturber anisotropy,
though certainly implicit in certain special calculations,
has not received explicit attention in any generalized
form. In just what manner it may modify a simpler
octant rule is of considerable interest and importance.

Table III gives the results of calculations on ketones
with nonpolar substituents. The molecules in the only
extensive and reliable listing of molecular rotatory
strengths! have been utilized. Added to the table are
three cases of special interest, even though the rotatory
strengths may be known less reliably or the conditions
of determination may not be comparable.

Since we have found that calculations on more
“correct” geometries™!® reveal little change in the
features we wish to emphasize here, we have assumed
idealized cyclohexanone geometry with tetrahedral
angles where applicable (see Table IV). As a result, it is
possible to read off X, ¥, Z coordinate values quickly
from models without resorting to measurement (except,
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of course, in the cases of dehydronorcamphor and
dimethyldibenzsuberone). Methyl groups were put in
both the staggered and eclipsed conformations. The
average and the deviation from average of these two
calculations are reported. One may note there is often a
significant dependence, in the case of ¢is-10-methyl-1-
decalone a total sign dependence, on such an apparently
minor conformational feature. Carbon-carbon bond
lengths were assumed to be 1.54 A and carbon-hydrogen
were assumed to be 1.09 A. The origin of the coordinate
system was taken to be 0.6 & from the carbonyl carbon
atom toward the oxygen atom.

Denbigh’s values for components of the diagonalized
polarizability tensors for C-C, C-C, and C-H bonds,
were used® with a 109, increase to account for the
dispersion of polarizability from static values. The
polarizability values for the C-N bond were taken from
Le Févre and Le Fevre.

No attempt was made to calculate the zero-order
observable and constant of the transition, 0p,*¥#me®.
Instead, the table lists for each molecule a semi-
empirical value, p, obtained from the calculation by
comparison to the experimental rotatory strength. The
latter was measured in a solvent, introducing a solvent
field correction f, traditionally given by (n?+2)/3.46

The average value of p= (10p,"¥mmo?) f from the data
of Table III, excluding ¢is-9-methyl-6-decalone ¥ and
the last three compounds, is 1.893<107% cgs units. It
would appear that an actual value must rather certainly
lie in a range from 0.7 to 9.7 X 107 cgs units, based on
the following considerations. The value of im® is
rather reliably set at 0.93X10~% cgs units,*®* though
SCF MO calculations give only half that value.® Calcu-

# K. G. Denbigh, Trans. Faraday Soc. 36, 936 (1940). Smith
and Mortensen* have criticized Denbigh’s partition of molecular
anisotropy of polarizability into bond values, contending the
ratio of >90 for parallel to perpendicular polarizabilities of the
C-C bond is totally unrealistic. They show that only the value of
Toc =Bectoc— 2Bcudicn, for which they obtain a best value of 1.7
A3, is directly obtainable from experiments on an homologous
series of paraffin hydrocarbons, The ratio of C-C bond polariza-
bilities would have to be reduced to less than 10 before it would
sensibly change the value of Boc@ce which is used in Eq. (10).
But it is apparent that the partition of anisotropy is important
since the bond polarizability values of Le Févre®s give decidedly
more scattered values for 0p.®mme* f which range about a larger
average value. As Denbigh’s values give I'cc equal to only 1.45 A3,
either the anisotropy of C-H is lower or it has been given the
wrong sign. Le Févre’s values give I'cc=0.7 A% and the C-H bond
is considered isotropic, thus definitely underestimating the
anisotropy.

(136%5 P. Smith and E. M. Mortensen, J. Chem. Phys. 32, 508

4 C. G. Le Févre and R. J. W. Le Févre, Chem. Ind. (London)
1955, 1121; J. Chem. Soc. 1956, 3459.

% 0. E. Weigang, Jr., J. Chem. Phys. 41, 1435 (1964).

4 For c¢is-9-methyl-6-decalone the steroidlike conformation is
suggested by Moffitt ef /.18 as the most probable one, On the other
hand, Eliel e¢ ol. (in Footnote 1 of Table ITI) discuss the possi-
bility of both conformations occurring together in a nearly 1:1
ratio. From the results of our calculations it does seem likely that
the observed value of —0.744 is a weighted mean of the values
associated with the steroidlike and the nonsteroidlike conforma-
tion.

8 Reference 1, p. 109.

49 8. F. Mason, Mol. Phys. 5, 343 (1962).

1135
Tasre IV. Euler angle functions of ideal
cyclohexanone geometry.
Bond types sin20 cosy  sin26 siny cos?6b sin%b
I 0.9428 0.0 3 2
I 0.0 —0.9428 1 2
1t —0.9428 0.0 3 2
v 0.0 0.9428 % 2

8 See Fig. 1(A) and Footnote 33. The C~0O axis has been taken to be
along the z axis, the perturber bond axis along the Z axis (in the notation
of that reference).

b Note that by a fortuitous circumstance of the geometry, the mean
polarizability can be factored from the XY Z term of Eq. (10).

lated values of 9y, may range from 0.6 to 8.1X10~%
cgs units, the former value from SCF MO’s,% the latter
value corresponding to the simple one-center 2p.—2p,
hydrogen transition model that gives the correct
experimental value for immo?. The value of f according
to the traditional Lorentz factor is about %.

Considering the uncertainties, other than computa-
tional they include solvent correction and molecular
conformation, the results are as affirmative for the
importance of dynamic coupling terms as one can
expect. The correct absolute sign obtains, the order of
magnitude is correct (even though the charge dis-
tributions are not very much smaller than the distances
between their centers), the quite constant value of p
suggests the analytical expression of the octant rule is
near correct. The calculational tests of one-electron
theory certainly have been no more stringent.

Table IIT also gives the result of calculations on
lycopodine, an unsaturated camphor derivative,?? and
on dimethyl dibenzsuberone®® The agreement with
experiment is not the same as for the alkyl perturbed
ketones though the order of magnitude is also accept-
able. In fact, it is our opinion presently that actual
solvent corrections are especially large for the saturated,
less polarizable alkyl systems.’? Proper solvent correc-
tions taking account of a dissymmetric solvent field, we
believe, will go a long way to minimize the difference
between these sets of data. But regardless, it is note-
worthy that the electron correlation perturbation which
by detailed calculation® suffices to describe the optical
activity of dehydronorcamphor is also adequate to
describe the extremely large rotatory strength (and
absorption intensity) of dimethyldibenzsuberone.

Table III also shows the degree to which the anisot-
ropy terms have contributed to the respective calcu-
lated rotatory strengths. They are most often a small
part of the algebraic total, either enhancing or de-
creasing the value for the isotropic terms. Three cases

% Those of P. L. Goodfriend, F. W. Birss, and A. B. F. Duncan,
Rev. Mod. Phys. 32, 307 (1960) were used. One-electron molecu-
lar orbitals from L. C. Cusachs’ program at Tulane University
yield nearly identical results.

% K. Mislow, M., A, W. Glass, A. Moscowitz, and C. Djerassi, J.
Am. Chem. Soc, 83, 2771 (1961).

20. E. Weigang, Jr. (to be published).

Downloaded 24 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



1136

©
X
-5 3 4 5
®
A
Y
5
»
@
© /./;'i 'P;,\\
((\\ \(,'//I ,
5 -4 -3 T N~ 3 a4 5
W £}
AN 3
@ S = \::/ @
-3
-a
-5 B
X

F1c. 4. Contours of rotatory strength for a dynamically coupled
anisotropic perturber. 8 is equal to 1.50; bond type I is considered.
(A) Parallel to XV plane at Z=-1. (B) Parallel to ¥Z plane at
X =+41. (C) Parallel to XZ plane at ¥=+1.

are distinct exceptions. frans-9-Methyl-1-decalone and
2,2,5-trimethylcyclohexanone have ratios near unity
and negative, denoting very significant anisotropy
contributions against larger opposite signed isotropic
contributions. cis-10-Methyl-1-decalone is unique for
the eclipsed methyl conformer. For this conformer there
is a positive ratio greater than unity showing an anisot-
ropy term much larger than the isotropic term. The
rotatory strength for the one conformer is thus in the
main anisotropy dependent according to this calcula-
tion,

E. G HOHN AND O. E. WEIGANG, JR.

The cumulative effect of a dissymmetric array of
bonds is thus quite complex as to whether anisotropy
contributions tend to cancel or to reinforce. In these
cases, anisotropy has not produced inversions from what
is expected by the qualitative application of the octant
rule (i.e., the isotropic term). An inversion from what
has been predicted by qualitative application of the
octant rule does occur with our calculation for the
steroidlike form of c¢is-10-methyl-1-decalone. The
qualitative prediction!® is that the steroidlike form is
negative while our calculation gives a positive rotatory
strength for the steroidlike form of the absolute con-
figuration in Table I1I. However, there is no experi-
mental evidence for a significant population of the
steroidlike form, hence it is the nonsteroid conformation
of the same absolute configuration which is reported in
Table ITI.

To further define this anisotropy influence, Fig. 4
gives contours of net rotatory strength induced by a
single nonpolar anisotropic bond at various positions
with one of the four possible orientations of idealized
cyclohexanone geometry (Fig. 1). The distortion of the
ordinary octant rule surfaces is clearly discernible. In
some planes, additional nodal surfaces have appeared.

COMMENTS AND CONCLUSIONS

Various chromophore point groups and transitions
will generate greatly diverse routes in the reduction of
the initial equation. Depending in part on the detailed
electronic structure of the chromophore at hand, certain
of the resulting expressions seem to produce unambig-
uous predictions regarding sector behavior and absolute
sign.2 This is true especially when the first nonvanishing
term of the potential expansion involves coupling
transition multipoles that are large in atomic units.
The expressions are most applicable to the lowest
lying electronic transitions of the chromophore.

Even within the specific development of dynamic
coupling for an !Ay—'4; (Cs,) rotatory strength, a
variety of situations can arise in the qualitative aspect
of predicting octant rule signs. If there is a simple
molecular orbital description of the chromophore
transition, the sign of 7Qum*¥mme® can usually be inferred
from the one-center terms.

Robin et al3® have developed a molecular-orbital
description of the cis-azoalkane system nt—r*
(1Byx—'4.) lowest spin-allowed transition from exten-
sive calculations including configuration interaction.
Though symmetry allowed, the calculated electric-
dipole transition moment is very small in atomic units.
If it is so small that dipole-dipole coupling may be
neglected, the rather large electric quadrupole and
magnetic dipole moments expected give a development
nearly identical to that for '4y—'4;. An octant rule

88 M. B. Robin, R. R. Hart, and N. A. Kuebler, J. Am. Chem.
Soc. 89, 1564 (1967).
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with signs opposite those for ketones results when the
z coordinate lies along the C, symmetry axis and the
molecule lies in the xz plane.

The “mystery band” of the ethylene chromophore
can be considered in the appropriate Dy point group.
The CH—x* “Berry assignment”™ should give an
octant rule with signs the same as for ketones when the
% coordinate lies along the double bond and the molecule
is in the xz plane. On the other hand, the »—CH*
“anti-Berry assignment”® is electric-dipole allowed out
of plane and results in the anisotropy dependent
analysis of Eq. (17) and Fig. 3. Even though the
transition is only moderately strong, the dipole-dipole
coupling in the latter assignment is here likely to persist
as the dominant perturbation. This follows because the
electric quadrupole moment of the transition vanishes
strictly for this assignment, in contrast to the case for
the cis-azoalkane transition.

It will be interesting, and of potential usefulness for
assigning spectral transitions, to see whether such
predictions are qualitatively correct. The basis, of
course, is a quite simplistic model considering only one-
center terms and the assumption that dynamic coupling
terms remain dominant for nonpolar perturbers of the
chromophores.

The complications of the model seem scarcely more
serious than those concerning neglect of differential
overlap in the chromophoric system, incompleteness of
basis set, and neglect of configuration interaction in
more complete molecular orbital models. The generally
stated additive perturbation expressions will more
readily lend themselves to inclusion in the complex
formulations of vibronic coupling and will more closely
parallel the extant vibronic treatment of the formalde-
hyde 14,14, transition,’
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APPENDIX: ORIGIN INDEPENDENCE OF
ROTATORY-STRENGTH EQUATIONS

On shifting by a constant vector 1, the coordinate
origin to which the Rosenfeld expression is referred,
Eq. (1), becomes

Ron=—1(46Bo | o' | AnBo)*1o
% (e/2mc) (/i) (AmBo | V' | AoBo)
—i{4oBu | ' | AnBo){4nB; | m’ | 4oBo),

where primes indicate the new origin.

If only dynamic coupling terms are important, the
first-order perturbation expression for the electric-
dipole moment, cf. Eq. (3), is generally

(4oBy | v | AnBo)=(4AeBy | ¥' | AmBo)
+ 2 2E(Eni— Ef)™
X (AeBo | V| AnBi) (4oBo| u| 4oBy) (A2)
while the corresponding dipole velocity is
(4oBo | V' | AmBo)=(4cBo |V | AnBi)
+zl:2Em(E,,.2— Ep)—

(A1)

X(4oBo| V| AnBi) (4oBy | V | AoBy) (A3)

from the property that
(AoBo | V | A0Bi) =— (AoB: | V | 4oBy).
Then
(#2/m) (AuBo | V' | AnBo)=En{4cBo | W' | AnB)
(A4)

is obtained with the relationship
(B2/m) (46Bo | V | AoBi) =Ei(AoBo | w| 4eBy).  (AS)

This is so since | 4oBo) and | 4oB;) are exact wave-
functions for a Hamiltonian which is the sum of
Hamiltonians for 4 alone and B alone.

The colinearity implied in Eq. (A4) for the two
vectors as they are defined is a sufficient condition to
ensure that the first term of Eq. (A1) vanishes.

For the static coupling terms no such colinearity of
vectors can be implied from the first-order expressions.
Nevertheless, for the case of chromophore transitions
that are electric-dipole forbidden~magnetic-dipole
allowed, the first term of Eq. (A1) vanishes to a first-
order approximation. Higher-order corrections could
give contributions that become comparable to the
second term only for magnitude of 1t near 100 X. But
for the case of static coupling chromophore transitions
electric-dipole allowed, independence of origin cannot
be as conveniently argued. It would obtain insofar as
the first-order wavefunctions, Eq. (2), are exact solu-
tions for some Hamiltonian.
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