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Abstract—After a review of the quantum mechanical formulation of vibrational-electronic coupling,
the adiabatic approximations for ordinary absorption dipole strength and circular dichroic absorption
rotatory strength are presented and interpreted. The expressions include the effect of two vibrational
quantum changes coupled to electronic excitation in addition to the more familiar concept of coupling
by a one quantum change. A polarizability theory of vibronically coupled rotatory strength is
presented which is comparable to the polarizability theory of rotatory strength without regard to

vibration.

INTRODUCTION

The thrust of most investigations using optical ac-
tivity has been toward a straightforward appraisal
of molecular structure that gives rise to chirality.
There has been a growing realization however that
such spectral information about the molecule in its
stationary equilibrium form is not always readily
discerned nor easily separable from dynamic
effects in the observed optical activity. Both natural
and magnetically induced optical activity, espe-
cially in the form of circular dichroism, have been
the subject of theoretical and experimental studies
along these lines.

The following material summarizes and integ-
rates the prior work on this subject. As well, it
introduces the most recent developments of the re-
search group in our laboratory. The reader who is
interested in more detail will want to consult the
original or, in some cases, forthcoming publica-
tions.

QUANTUM-MECHANICAL FOUNDATIONS:
THE BORN-OPPENHEIMER SEPARATIONt
Born and Oppenheimer showed' that in a molecu-
lar system, the electronic and nuclear motion oper-
ate on such different time scales that, to a certain
approximation, they may be regarded as occurring
independently. To achieve this result and define its
limitations, consider the Schroedinger equation for
combined electronic and nuclear motion

[#(q, Q) ~El¥(q,Q) =0 1)

“Taken in part from the doctoral dissertation of Edith
C. Ong, Tulane University (1973).

+This section draws heavily on the work of W. Moffitt et
al. See for example, W. Moffitt and A. D. Liehr, Phys.
Rev. 106, 1195 (1957,
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where q and Q are respectively the electronic and
nuclear coordinates. The molecular Hamiltonian ¥
can be written in two parts:

#(Q,Q =TQ) + ¥(q,Q @

where T,(Q) is the kinetic energy operator of the
nuclei and ¥.(q, Q) is the electronic Hamiltonian
which contains the kinetic energy operator for the
electrons, their potential energy in the field of the
nuclei, their mutual repulsions energy and the
mutual repulsions energy of the nuclei.

¥.(q, Q) is precisely the Hamiltonian used for or-
dinary quantum computations of molecular elec-
tronic properties. Such computations define an
eigenvalue electronic energy Vi (including the
coulombic nuclear repulsion) for each set of nuc-
lear positions which may be defined.

On the other hand, the eigenvalue E of Eq 1 gives
the combined energy of electronic motion, all
coulombic attractions and repulsions, together with
the energy of nuclear motion. The corresponding
eigenfunction ¥(q, Q) of Eq 1 gives a probablistic
interpretation of where moving nuclei, as well as
moving electrons, spend their time in the molecule.

For the purpose of solving Eq 1 the electronic
Hamiltonian, ¥., can be written as a Taylor series
expansion to the quadratic terms in the nuclear nor-
mal coordinates about the undistorted molecular
configuration; i.e., the nuclear equilibrium position,
Q. =0 for all r.

Cwee 3 () o Ls (2
20.Q=%+3 (5) 0 +3 3 (g ).Q0-

(&)

It is also possible to construct sets of functions
Vk(Q) and P.«(Q) which are power series in Q:

Vi@ = Vi + 3 hQ+5 SIRQQ. @
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P =P+ S PLQ+3 T PQQ. (9

It is further assumed that the eigenfunctions
¥’(q) to the electronic Schroedinger equation for
the undistorted molecule:

(%eo - on)wxo(Q) =0 (6)

form a complete set in the electronic coordinates q,
and that the eigenfunction, ¢’(q) can be extended
by the usual perturbation method about the nuclear

displacement coordinates:

¥x(a, Q) = ¥x'(@) + g;( Cx@Qu'@ (D

where

C@=Z CQ +3 T CHQQ. @

The coefficients Ci«(Q) are chosen in such a way
that, for arbitrary displacements Q,, the ¢i(q, Q)
form a complete orthonormal set with respect to
the electronic coordinates q.

Then Eqs 3-5 and 7-8 satisfy the equation

[x:(‘L Q) - VK(Q)] wK(Qv Q) = 2 PLK(Q)‘I’L(‘]& Q)-
&)

The coefficients [k Ik Pik and Pk of Eqs 4 and 5,
just like the coefficients Cix and Ci'x of Eq 8, are
defined by second order perturbation theory and
the matrix elements (V.°(3%./0Q)o|¥x") and
(P.1(3*%./3Q.3 Q)W)

The perturbation definition of terms in Eq 5
shows that P.x =0 for any L states that are not
degenerate with K. Therefore we see that Eq 9 is
the analog of the electronic Schroedinger Eq 6
when ¢« is non-degenerate. However, Eq 9 is
generalized to represent the eigenvalue problem
when the molecule is distorted, i.e., when Q # 0.
When ¢ is one member of a degenerate set, the
non-vanishing P.x are responsible for the peculiar
phenomena known as Jahn-Teller and Renner
effects.

The complete set Y«(q, Q) are used to expand the
eigenfunction of Eq 1

¥(q,Q) = ; ¥x(@, Qxx(Q)

which with Eq 2 allows the equation of combined
electronic and nuclear motion Eq 1 to take the form

(10$)

; (%. + T.(Q) + Vk — Vi — E)g(q, Qxx(Q) = 0.
(11

After applying the commutation relationship

[Tu(Q), ¥x(q, Q=0 12)
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and after making further substitution of Eq 9 into
Eq 11, Eq 1 finally takes the form:

3 e, Q {T.Q + Vi@ - Bx@

xS W@ QPQ)=0. ()

Non-degenerate states
Taking a state function ¥y that is non-
degenerate, multiplying it into Eq 13 and integrating

owace
BIVVO.

[T Q@+ Vu(Q —Elxu=0

an harmonic oscillator eigenvalue problem. Only
one yu is defined for an E, therefore an eigenfunc-
tion of Eq 1 for a non-degenerate state M = K takes
the form

14

¥(q, Q) = ¥x(q, Qxx(Q) 15
where yx(q,Q) is a solution to the electronic
Schroedinger equation at various fixed nuclear con-
figurations, expressed as in Eq 7, and yx(Q) is any
one of the harmonic vibrational eigenfunctions for
the K electronic state function V«(Q).

Eq 15 is often expressed in its zeroth-order ap-
proximation:

¥(q, Q) = ¥"@xx(Q (16)

where (@) is the zeroth-order term of the
¥k(q, Q) expansion in Eq 7. But it is important to
note that the Born-Oppenheimer adiabatic approxi-
mation, Eq 15, is consistent with the harmonic
description of vibration to a level including wave
function coefficients Ix that depend on
3'%#.10Q.0Q,.

Degenerate states

For an example, we may consider a doubly de-
generate state with components . and . Multi-
plying ¢n and Y in turn into Eq 13 and integrating
will give coupled equations for the vibrational
eigenvalue problem:

[T(Q) + Vu(Q) — Elxm + Prrexre =0
Punmxu + [To(Q) + V(Q) — Elxnw = 0

A yn and a yw are defined for each value of E.

In such a case the eigenfunctions to Eq 1, defined
by specific values for the eigenvalue E, must be
expressed by two terms K=M, M’ in Eq 10. In
addition the vibrational wavefunctions yu and ym
will reflect the peculiar properties associated with
the dynamic Jahn-Teller and Renner effects.

an

Vibronic coupling
Two limiting cases of vibronic coupling, the in-
teraction of vibrational and electronic motions, are
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now readily defined. In the adiabatic approxima-
tion, the nuclei move and electronic motion is fully
adjusted to each instantaneous nuclear configura-
tion. The vibronic coupling is represented by the Q
dependence of yx(q,Q) in Eq 15.

In the non-adiabatic approximation the nuclear
motion is modified by the electronic motion. The
vibronic coupling can be represented entirely by
the vibrational wavefunctions of an expression

¥(g, Q) = ¥ (@xu(Q) + ¥ (@xu(Q)

where these vibrational wavefunctions yu(Q) and
xw(Q) are given by the coupled Eqs 17.

The most general expressions for vibronic coup-
ling must contain both types of representations.
Near degeneracies, rather than exact, may require
the general form of Eq 10, giving rise to pseudo-
Jahn-Teller effects and the like. On the other hand,
exact or essential degeneracies may require nuclear
dependence of the electronic wavefunction for a
sufficiently precise description, again achieving the
general form of Eq 10 in place of the limiting form
in Eq 18.

Very little work has appeared on the circular
dichroic properties of transitions between elec-
tronic states where the non-adiabatic approxima-
tion for vibronic coupling is required.”*> Much more
attention to this area is warranted. It must be consi-
dered in a compleie theory of natural and magneti-
cally induced circular dichroic absorption of
polymers and coordination complexes of metal
ions.

(18

ORDINARY ABSORPTION AND CIRCULAR
DICHROIC ABSORPTION

For transitions between states that are well sepa-
rated in energy from others, the adiabatic approxi-
mation is generally assumed to give the dominant
effects of vibronic coupling. The theory is more
complete in this instance.*’

The ordinary absorption and circular dichroic ab-
sorption between eigenstates of Eq 1 are then gov-
erned respectively by

Ne = [(Nn|p [KK)* (19)
the dipole strength, and
RA: = Im{(Nn|p [Kk) - (Kk|m|Nn)} (20)

the rotatory strength. In this notation for the
adiabatic approximation, the ¥(q, Q) are indexed
by K (or N for the ground state) which refers to Eq
9 in its non-degenerate form (P.x = 0). It is further
indexed by k (or n), referring to Eq 14 M=K (or
N). Here k indexes the various vibrational quantum
states possible in the given electronic state.

The electric and magnetic dipole transition mo-
ments by the use of Eqs 7 and 10 become
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(Nnlp [KK) = (N [K*Xallo + 3 €, (QUK)
+3 3 CIQQUI @n
(KKjm[Nn) = (K] NKkin) + 5 B, (kIQJn)
+3 3 Bu(KIQQIn) @)

where the nuclear normal coordinate dependent
terms are factored off to the right and integrated
over normal coordinate space. The left hand factor
in each term consists of integrals over the elec-
tronic coordinates only. (N°%u|K% and (K’|m|N°
are the transition electric and magnetic dipoles in-
herent for the undistorted molecule. C,, B,, C,,, and
B, are transition electric and magnetic dipoles
created by vibrational distortions.

The vibrational detail implied by Eqs 19 and 20 is
not always observable in an electronic spectrum.
Thus it is useful to consider the sum over such
spectral structure:

Dy =D D& 3)
k

R«= Y R (v2)]
k

where we have also assumed a low temperature
limit. The index No implies that only the zero-point
vibrational level is populated in the electronic
ground state.

Carrying out the required summation with some
quantum manipulation yields:’
Dx =Dk a+Dkr

~ (N KF + 2 CFE
+(Np K - X Caé
+1 2 (€ Cu+ 2ACPES D)

and

Rx=Rxa+Rkr

=Im {(N°IulK°) ~(KmiN) + Z C.- B4,
+3 [Ny - 3 8.+ S € oming e,

+ E Crr * B“ + Bn * Cu)glgl]

Q0| e

+ 2 (C.- B“)é,é.}- (26)

N =
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The parameter £, is a measure of the extent of
molecular distortion by the rth nuclear normal
coordinate.

Previous developments of the theory*® suggested
that vibronically coupled moments will not com-
bine effectively with moments of the undistorted
molecule to contribute to the total electronic rotat-
ory strength, It is apparent from Eq 26 that an
important contributing term to the net rotatory
strength can be %;C,, {K°lm|{N"¢,. This term
necessarily applies to molecules where two-
quantum vibrational transitions in the electronic
transition are responsible for generating electric di-
pole intensity, i.e., when there is two-quantum vib-
ronic coupling. Such two-quantum vibronic coupl-
ing terms are necessarily associated with the vibra-
tional integrals (0.JQ.’k,) and (0.0.JQ.Q.k.k,) of Eq
21 which in the simplest approximation are non-
zero only fork, = 0,2 and k, = k, = | respectively.

Eqs 25 and 26 each have a first term which can
produce absorption in the absence of effective
molecule distortion by vibration. Absorption of
such origin has been called *“‘allowed character” in
contrast to the vibronically coupled absorption of
the remaining terms called “forbidden character”?

So it would appear that a complete computation
of electronic circular dichroic absorption should
consider the magnitude of both *‘characters” as
well as their signs, which may or may not differ. It
should also be desirable to have some knowledge of
how each “‘character” distributes itself in the spec-
trum.

Thus it is appropriate to consider computational
models for the “‘allowed” and “forbidden charac-
ters”. While the models to be developed here have
an element of naiveness, their simplicity can reveal
the essential structure of more complete calcula-
tions. The models will apply to inherently symmet-
ric chromophores, where in a zero-order approxi-
mation the absorption of energy is limited to a
portion of the molecule. That portion taken alone is
optically inactive. The chromophore in a dissym-
metric molecule develops circular dichroism in its
absorption from interaction with the rest of the
molecule.

“ALLOWED CHARACTER” ROTATORY
STRENGTH®

The *“‘allowed character” rotatory strength of an
inherently symmetric chromophore is:

Rxa= Im«NO‘}‘- {Ko) : (Ko'm!No)}
== i{AoBclnlAmBo) N (AmBaImiAoBo>~

The correct wavefunctions can be expanded to the
first order of perturbation,

@n

*“Dynamic” in this context has been used® for purely
electronic effects, not to be confused with the molecular
dynamics accompanying nuclear motion.
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|AnBo) = |AnBo)
+ > (En— E,— E)) '(A.BJV|ALBJ)JA.B,) (28)

with m =0 for the expansion of the gound state
wavefunction |A;B,). The basis set |A,B,) consists
of the simple product of spectroscopic state real
wavefunctions of chromophore, A;, and an extra-
chromophoric perturber, B,. No electron exchange
and negligible diffe{entia.l overlap between the
chromophore and perturber are assumed. The per-
turbation V is the electrostatic energy of interaction
between the chromophore and perturber charge
distributions.

The transition electric dipole moment for the
composite system has the leading terms:

(AoBol“ !AmBo> = “om
+ g (En— E) (AL Bo|VIA.Bo ot

+ 3 (En— E)"(AB/|VIALB) i
' (29

Here k indicates that states of the chromophore
which combine with the state 0 to give nonzero
electric dipole moments. Those states of the per-
turber system giving nonvanishing electric
transition-dipole moments are designated by I
Thus transition dipoles of the chromophore o
and of the perturber p. can be mixed into the
zero-order transition dipole p... If necessary, the
transition magnetic dipole can be expanded in a
similar way.

To evaluate the matrix elements of the perturba-
tion V in Eq 29, the coulombic potential of interac-
tion is expanded as shown in Table 1, There R is the
distance between the centers of gravity of per-
turber and chromophore charge distribution; X, Y,
and Z are the signed components of that distance.
Charge (e€), dipole (r), quadrupole (©), and if
necessary, higher multipole components of the re-
spective “‘charge distributions”, e.g., |A.A.) and
|B:B.), are required. Their electron coordinates, x,
y, and z centered on the respective subsystems,
have the same spatial orientation as X, Y, and Z.

Dynamic coupling*

When a transition of the inherently symmetric
chromophore of point group C,, is magnetic dipole
allowed and electric dipole forbidden (p., = 0) the
last term of Eq 29 contributes to an expression:

Rom = = 15iIR"XYZas®2hmb, E)

where

Wb

ap= 3

Z E, (E!I - Emz)-““ot 12
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for a perturber that is non-polar and has an iso-
tropic polarizability. A remarkable feature of this
expression 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 — 7* (3000 A) transition of the carbonyl group
in ketones. That is, i85,m;, is real, negative, and
large in atomic units. The coordinate system and
signed octants are shown in Fig 1. Eq 30 predicts
that any substituent perturber placed off the octant
nodal planes, thus rendering the molecule optically
active, will produce an allowed character rotatory
strength and circular dichroic absorption with the
sign shown in Fig 1.

Y
R
o,/ » X
Y4
Y
4
- I/
/
// .
4C) // @ »x

|
1
f =) }' D
/

4

Fig 1A. The molecular co-ordinate system for Table 1.
The origin is located at the center of the chromophore. A
molecular framework is depicted upon which a dissym-
metrically placed pertruber may be substituted. The addi-
tive effect, according to Eq 30, of the constituents of the
framework gives no contribution to rotatory strength. The
(usual) increment in polarizability upon substitution gives
a net rotatory strength.

B. The same molecular co-ordinate system with oc-
tant rule sectors depicted. The sign of rotatory strength
that results from the substituent falling in a given sector is

shown for each octant.

*The general structure of theory in this section was pre-
sented at the Ann Arbor meeting, National Academy of
Sciences (October 1967).
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When a transition of the inherently symmetric
chromophore of any point group is electric dipole
allowed (p.n#0) an expansion instead of the
magnetic transition dipole is required. The leading
term for rotatory strength will depend on aniso-
tropy in the polarizability of the pertuber. It is
convenient to represent such anisotropic polariza-
bility by an ellipsoid of revolution.

Orienting the transition electric dipole of the
chromophore along the Z coordinate axis with its
center at the origin and rotating the molecular sys-
tem about this axis can bring the perturber polariza-
bility ellipsoid axis parallel to the XZ plane. This is
depicted in Fig 2 and defines the angle 6.

The *‘allowed character” circular dichroism then
depends on the sum of two terms. When 8 = 90°, an
octant rule, as depicted in the upper right of the
figure, applies to the sign of circular dichroism that
depends on the perturber placement when oriented
as described. When the perturber is positioned to
lie on the octant nodal surfaces, circular dichroic
absorption will still result if 8 0, 90°. The circular
dichroism sign then depends on the perturber posi-
tion according to the conical sectors shown in the
lower figure. For more general conditions, both
terms will contribute.

Static coupling

The second term of Eq 29 gives rotatory strength
that depends on charges in the molecule. For a
transition of an inherently symmetric chromophore
of point group C,, that is magnetic dipole allowed
and electric dipole forbidden, the leading term is:

Ron=—3iR*XYe€s >, (En— E\) ' OFop 2smb.

kwm

32

The coordinate system of Fig 1 is applicable. The
summation term, like @5m,, of Eq 30, is a constant
of the inherently symmetric chromophore transi-
tion. Such static charges ez can arise from
substituent dipoles, incomplete nuclear screening,
and the like. According to Eq 32, they should lead to
a quadrant rule behavior.

“FORBIDDEN CHARACTER” ROTATORY
STRENGTH™®

Instead of a more general development, we will
consider that part of the ‘forbidden character”
rotatory strength Rx 5, Eq 26 that arises from one-
quantum vibronic coupling. The perturbation de-
finition of Cix, Eq 8 yields:

C-B=2 (E.—~E)'(E.-E.)' (33

({AB).|H'|A.B.)(A.B.H|[AB].)(A.B.| [[AB].)
- ([AB)./m|AB,)

where [AB]. indicates either AB, or A.B, type
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Fig 2. A two-term rotatory strength for the “allowed character” of a dipole allowed transition. The

sectors are interpreted as in Fig 1. The trigonometric functions and polarizability anisotropy are

additional factors that control the sign of rotatory strength. The signs shown are for perturber aniso-

tropy (ay— a,)>0 and, for the conical surfaces, 0 < 8 < /2, where 8 is defined as shown in the
upper left.

terms and

H = [a(H*+ H®+ V)/3Q.].. (34)
The matrix elements H,, = ((AB].|H'|A.B.) can
be expanded by Eq 34. It can be shown that the
only important contribution to the transition rotat-
ory strength of a single r mode derives from the
perturbation Hamiltonian
H = [a(H"+V)/3Q. (35
This is due to the fact that for H' = [dH?/3Q.),, the
matrix element H.n. = (Bol(3H/3Q)o|B.)(Al|A.) or
(B:|(3H/5Q.)o|B.)(AolAr). The terms vanish due to
orthogonality of the chromophoric wavefunctions.
Therefore, one cannot expect forbidden character
to arise from a vibrational dependence of the prop-
erties of the perturber itself.

The nuclear normal coordinate Q, associated
with the distortions represented in Eq 33 gives an
in-phase movement to every nucleus in the
molecule. On the other hand the familiar concepts
of group vibrations and the existance of functional
group frequencies illustrate the fact that certain
nuclei of a molecule usually carry out more motion
than others for a given mode of vibration. It is
helpful to define certain limiting conditions for the
distribution of vibrational motion in the total
molecular system.

The normal coordinate Q, can be expanded:
QI’ = Q!A + Q’B

" (36)

- 2 lsAQlA + an
where Q,* is a symmetry coordinate of the subsys-
tem A. Q.* and Q.® are the parts of the normal coor-

dinate located in A and B. Then for one of the terms
in ((ABl.|H'|A-B.)

(MG )lar) - 2w (4] (o7

one may apply symmetry arguments to determine
the states a (or more specifically i) of Eq 33 which
will have non-vanishing (AJ{(3H*/8Q.*)|An).

Case III A will be defined as the limiting case
where 1,* are non-zero for symmetry coordinates of
more than one irreducible representation of the
symmetric chromophore.

Then “forbidden character” rotatory strength,
Eq 33, contains terms

A G

C.-B,=2> > (E.—E)'(E.—E)"

S & 38)
Wit (a|(285), (&),

Ak)"vou ¢ Myo.

Au)(An
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Note that both transition dipoles are of the inher-
ently symmetric chromophore.

For an inherently symmetric chromophore, the
scalar product p. - m,, must vanish by symmetry
whenever Q. and Q! belong to the same represen-
tations of the chromophore point group. The scalar
product need not vanish, however, when the rep-
resentations are different. Fig 3 details an example
of such ketone activity.

~. 9
\\
»

)

i
P
4

Fig 3. A dissymmetric vibration Q, resolved into compo-

nents that transform as a, and a, of the C,, point group.

According to Eq 38 and assuming the transition is the

n-ar*, a vibronic electric transition dipole paraliel to the

C==0 axis will be created by the a; component. A vibronic

magnetic transition dipole also along the C=0 axis will be
created by the a, component.

The limiting case represented by Eq 38 does not
depend at all on V, the perturbation required in the
formulations of allowed character rotatory
strength. The forbidden character rotatory strength
is that of a chromophore (or an even greater portion
of the molecular system) which remains electroni-
cally symmetric in its vibrational equilibrium posi-
tion, but undergoes dissymmetric vibration. A cal-
culation with Eq 38 requires a complete normal
coordinate analysis of the total molecular system to
obtain the terms 1,* and 12. Klingbiel and Eyring®
have carried out calculations of this type for bicyc-
loheptanone systems.

The calculation of matrix elements such as
(AJ(aH"3Q,")|A.) has been critically reviewed in
the work of Liehr." The definition of coefficients
Cix in Eq 8 calls for wavefunctions in the matrix
element that are exact for the undistorted (Q,=0)
molecule together with an infinite summation over
states i and k in Eq 38.

Liehr's work shows that with the usual limited
computational basis set of states, it is more exact to

*More precisely, the term measures the motion of per-
turber B relative to the chromophore A. Pople and Sid-
man' give examples of the rotational and translational
transformations that derives the term from the normal
coordinate.

1The relation of normal modes a,, etc. to coefficients 1.7,
etc. has been made ideally simple. Actually, an 8, mode,
for example, may have non-vanishing 1" as well as ",
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replace (A(3H*/3Q)i|An) by [3(AIHA/3Q.
while “floating” the atomic orbital basis set along
with the moving nuclei. In such a scheme, the im-
portant contributions of electrons adiabatically fol-
lowing nuclei, in addition to the contributions of the
moving nuclei themselves,”™" are preserved in
computing the vibronic coupling.”

Case III B will be defined as the limiting case
where all 1,*=0 except for one well chosen
symmetry coordinate Q. The lowest order terms
for “forbidden character™ rotatory strength in Eq
33 arises from

Cr * Br = % (Em_ Ek)_'(Em - El)_'

(e lae) (an2 (53,

(o - Mo+ pry - M)

(39

IR (A,,

An)(AnB.

AOB,)

where for the dynamic coupling matrix element:

(A8.| ()| aB:) =1 (a8, (35) |8
+17 (A.B, (g—%)“ AOB;)

+ 17 (A,..Bo (%)o A.,B,). (40)

Note that in Eq 39 one transition dipole is of the
chromophore, the other of the perturber.

The term 1* for example is related* to the coeffi-
cient of the X displacement coordinate (mass
weighted) of B in the rth normal coordinate.

The matrix element operator (3V/3X), can be
found in Table 1. For example, when V is the
charge-dipole term, the terms of (3 V/3 X}, consists
of the dipole—dipole terms for V that contain u, (B),
but with € (B) replacing u, (B). Similarly when V is
the dipole-dipole term, the terms of (3 V/3Z), con-
sist of the dipole-quadrupole terms for V that con-
tain 8,,(A), 6,,(A) and 60,.(A) but with u, (A) re-
placing .. (A), u. (A) replacing 8,, (A) and u, (A)
replacing ©,, (A). Such an evaluation of the matrix
element satisfies the criticisms put forward by
Liehr'' for the computation of vibronic coupling.
With these observations the same techniques which
yield models for allowed character rotatory strength
such as Eqs 30 and 32 will yield models for forbidden
character rotatory strength.

Assume now that the forbidden character is as-
sociated with the ‘A, « 'A, n-=* transition of a Cs,
symmetric carbony! function (A) of an optically ac-
tive ketone. The ketone activity is assumed to arise
from one substituent (B) creating dissymmetry, as
in a mono-substituted adamantanone. The four vib-
ration symmetries of the C,, point group give the
following  “forbidden character” rotatory
strengthst
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Table 1. Expanded terms of coulombic potential between two nonover-
lapping charge distributions A and B

Charge—dipole

V = e(B)R(Xp.(A) + Yiry(A) + Zps.(A))

Charge—quadrupole

V = e(BR[(1/2)3X" — R)6:x(A) + (1/2)3Y’ - R")8,,(A)
+(1/2)3Z* ~ R)6..(A) + 3XY 6,,(A) + 3XZ0..(A) + 3YZ8,.(A))

Dipole-dipole

V = R7{[(R* - 3X*)pa(B) — 3XY p1,(B) — 3XZ . (B)] u(A)
+[= 3XY uu(B) + (R* = 3Y")u,(B) — 3YZo(B)] 1, (A)
+[— 3XZpu(B)—3YZy,(B) + (R* - 3Z7) n.(B)] n.(A)}

Dipole—-quadrupole

V = G3/2R{GRX — 5X")u.(B) + (RY - 5X*Y)p,,(B)

+(R'Z - 5X°2)1..(B)]6,.(A)

+ [(R*X - 5XY")p.(B) + 3R*Y - 5Y*)u,(B)

+(R’Z~ 5Y°Z)u.(B)]18,,(A)

+[(R*X ~ 5XZ")po(B) + (R'Y - 5YZ")u(B)

+ (3R*Z — 5Z*) u.(B)16,.(A)

+2[R*Y - SX*Y)u,(B) + (R*X — SXY*)u,(B)

~5XYZy.(B)]6.,(A)

+2[(R’Z-5X*Z)p.(B) — 5XYZp,(B)

+ (R*X — 5XZ) . (B)]6..(A)
+2[— 5XYZu.(B) + (R*Z —

5Y’Z)u,(B)
+ (R?Y = 5YZ)(B)]16,.(A)}

Ry = — 1SIXY(R? = 7Z)R 2503, 1 M*" 1)
=3Y(R?*+ 10X*— 5Y)R 7 0s®%,.E.. }7;“1 TM*

42)

R¥e = 1SXYZR " ats@35nEre 22 1M @3)

R%, = — 1SXYZR” a.,Gé’,.,En,h 7 M (44)

where
Mb2 = Z (E.. —E)™ (A'l (: gﬁ:)o

M" is essentially a constant of the inherently sym-
metric chromophore for a given vibrational mode
of the given symmetry. M" is obtained by replacing
wi by uk%. For M™ and M*, n i and mj, respectively
replace wgi.

One must keep in mind that Eqs 4144, like the
equations for ‘“allowed character” rotatory
strength, are based on leading terms. Successive
terms and other terms depending on anisotropy of
polarizability, for example, are not given and might
contribute significantly in more complete calcula-
tions.

Eq 44 for R}, closely resembles the “allowed
character” expression, Eq 30, even predicting an
octant rule. The term im,,, of Eq 30 is replaced by
E.. (2m/hc) |’M". By some rearrangement

Anr)

Enpmim -3 e -6 (4] (357),
:1). (46)

) Bouié (45)

X 1!(\‘) : ]2 ( yg 1 2mehEnv

The term in brackets is a dimensionless quantity
that governs ordinary absorption vibronically
coupled dipole strength. We may compare the re-
maining term to a magnetic transition dipole im;,...
Since e/2m.c is the gyromagnetic ratio, 1'¢,'? takes
the place of a radial distance and 2m.E..p5/2h is a
momentum perpendicular to the radial vector. Eq
42 for R}, having a sector rule other than octant-
like, could yield “forbidden character” rotatory
strength where the ‘“‘allowed character” according
to Eq 30 is minimal.

The B-axial substituted adamantanones synthes-
ized by Snatzke et al."* should follow closely the
assumptions of the model. Their circular di-
chroisms show anomolies that are readily accom-
odated as “‘forbidden character”.

THE DISTRIBUTION OF “ALLOWED” AND
“FORBIDDEN CHARACTER"*’

When considering for example the n — #r* transi-
tion of a ketone, Eq 30 defines the integrated total
“allowed character” rotatory strength Ry .. As Eq
24 implies, this integrated total represents the sum
over such detailed structure in the electronic UV-
visible spectrum as can be ascribed to the *“‘allowed
character’” mechanism.

In a similar way Eq 44, for example, represents
the integrated total ‘‘forbidden character’ R r aris-
ing from a b, chromophore vibration. While Eq 44 is
limited to “one quantum” vibronic coupling, *‘for-
bidden character” will also obtain from the “two
quantum” coupling mechanisms involving C. and
B.. terms of Eq 26.

Where do the “allowed character” and “forbid-
den character” RE: fall in a spectrum? It is possible
to define such things as the center of gravity and the
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Fig 4. A schematic distribution of K'N absorption band
“spikes’” and the parameters for characterization of the
distribution. Each spike has the area DXx and is centered
at the frequency wne. D« is the total area under the spikes.
The mean frequency @, is the center of gravity of such a
distribution. The width Awx is a measure of the spread of
the distribution. If the distribution is Gaussian, the width
is one half of the frequency interval between the two
points where the intensity falls to 1/e of the maximum. In
many cases, the conditions of observation yield a smooth
curve for the distribution.

spread or width of their distribution. (See Fig 4.)
While this still avoids an answer feature for feature,
it is advantageous for a number of reasons. As al-
ready mentioned, the vibrational detail represented
by a discrete peak for each RX: may not be discerni-
ble in a spectrum broadened by solvent effects or
extensive overlap of peaks. Secondly, even if a
given detail RK! is discernible, part of its intensity
may be “allowed character’” and part “forbidden
character”. Finally, it seems likely that such ex-
pressions can be used to analyse in a broad sense a
broad curve of solution circular dichroism, some-
what as detailed vibrational analyses are made of
discrete ordinary absorption spectra recorded from
the vapor phase.

The spectral distribution of “‘allowed character’,
as given by its center of gravity and its width, is the
same for circular dichroic absorption as it is for
ordinary absorption. Moreover the peaks RYX: and
DEE for each k (Fig 5), if discernible, will have the
same relative intensity as well as position in fre-
quency.

The center of gravity or mean frequency is given
by:

Ba= V41 (S 0 - S ) + @) B o8
1

+ Z 2 (u’, - wv(v))2/wr(‘r)- (48)

The first two terms define wie the position of the

0-0 vibrational band. The last two terms move the
center of gravity to higher values. They reflect the
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Fig 5. Upper panel: The nuclear potential surfaces Vi
and Vy (cf. Eqs 9 and 14) for a molecular system as a
function of one normal co-ordinate Q..,. The origins of
the potential surfaces are separated by the energy Vi™.
The levels contained in the parabolas correspond to eigin-
values of Egs 1 and 14. In this case the normal mode co-
ordinate in the upper state is given by Q, = Q.,, + 8, indi-
cating a change in molecular size or shape accompanying
electronic excitation. Normal mode frequencies are w, =
ww.,. These conditions correspond to no mixing of modes
accompanying electronic excitation.

Middle Panel: The ‘“‘allowed character’” spectrum that
arises from the set of potential surfaces. Several sets may
contribute in a spectrum. For both ordinary and circular
dichroic absorption, all such features will have the same
sign. When 8, =0, only very small portions of the 2-0,
4-0, 6-0, etc. bands will appear in addition to the 0-0
band if w,# w«.,. The “allowed character’” distribution
has some mean frequency @x.. The frequency wxg
designates the location of the real origin, the 0-0 band.

Lower Panel: A schematic “forbidden character”
spectrum that arises in part from the potential surfaces
shown. The progression 0.-0, 1,-0, 2.-0, 3,-0, 4.-0, etc.
represents one- and two-quantum coupling when §, # 0.
The appearance would be similar but not identical if only
one-quantum coupling were important. The progression
1,-0, 3,-0, 5.-0, etc. represents one-quantum coupling
with &, =0, w, # @y, The feature 1,1,-0 arises from
two-quantum coupling. The sign in circular dichroism for
the one-quantum coupled component and the two-
quantum coupled component, like the sign for the “al-
lowed character”, are given by the respective terms in Eq
26. Each feature could serve as a “‘false” origin, its inten-
sity being distributed in the progression that gives rise to

the “allowed character’ distribution.
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influence that vibrational progressions obviously
will have in locating the distribution center of grav-
ity. As one might expect, the same parameters that
define the contribution of vibrational progressions
to mean frequency define also a width:

Boxa= @) 3 178700

173
S @ wllel| - @9

“Forbidden character’ has a width and center of
gravity that differs from that for the allowed
character. Indeed the two-quantum coupled “‘for-
bidden character” has a width and center of gravity
that differs from that for the one-quantum coupled
“forbidden character”. Furthermore, one can ex-
pect that these differences are not exactly the same
in circular dichroic absorption as they are in ordi-
nary absorption.

The difference in circular dichroism between the
mean frequency for the one-quantum coupling and
the *‘allowed character” is:

O% s — Bra = @ + Ny, — 0) 0+ A (50)
The difference for ordinary absorption is the same
except that A replaces A’. Without A or A°, the one-
quantum coupled “forbidden character” will be at
higher frequencies almost exactly as expected from
its displacement of false origin by «w, from the true
origin, the 0-0 vibration band (Fig 6). The second
term depending on frequency difference is com-
paratively small.

The terms A and A® depend in a complex way on
the change in size or shape of a molecule that can
accompany the electronic excitation of the transi-
tion. The circular dichroism term A°® depends in part
on the factor C{K’im{N"5,. Thus if the reshaping
indicated by 8, corresponds in motion to a vibron-
ically coupled vibrational mode, it can influence
the distribution of one-quantum coupled rotatory
strength. A and A° are not equal and can be
separately positive, negative, or zero.

Ignoring relatively small frequency difference
terms that arise from w, # ., the difference be-
tween “forbidden character” and "allowed charac-
ter” width of distribution can approximately van-
ish. But in case one encounters molecular reshaping
such as contributes to the A® of Eq 50, the width of
one-quantum coupled ‘“‘forbidden character’ can be
up to half again as large as that of the allowed
character. More exactly, if there is only one
vibrational mode involved in the molecular reshap-
ing, and if that vibrational mode is also vibronically
coupled

(Aw?QF(v)) = 3(Aw?(.A)2 +I° 1)

I'* depends on the same parameters that defined A°.
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Fig 6. Upper Panel: Potential surfaces as in figure § but
with Q, = Qm)

Lower Panel: A schematic electronic spectrum which
may arise from the potential surfaces. The “allowed
character’ spectrum consists of the dashed portion of the
00 band. The one-quantum coupled ‘“forbidden
character” spectrum consists of the 1.-0 band. The two-
quantum coupled “forbidden character” spectrum con-
sists of the 2,~0 band and upper portion of the 0-0 band
or the 1,1,-0 band alone (w, > w.) where Q,, is the nor-
mal mode coordinate of another set of potential surfaces.
Again each signed feature could serve as a “‘false” origin,
its intensity being distributed in the progression that gives
rise to an “‘allowed character” distribution like that shown

in Fig 5.

The width for ordinary absorption is the same ex-
cept T replaces I,

The two-quantum coupling contributions to mean
frequency and width of “forbidden character” are
all the more complex. In the case of mean fre-
quency, when there is only one coupled mode and it
is not related to molecular reshaping on electronic
excitation, the two-quantum component is centered
at a frequency higher than the “allowed character”
by approximately 4/3 w,. The corresponding value
for one-quantum coupling was approximately «. (cf
Eq 50). These mean frequency characteristics for
two-quantum coupling are illustrated in Fig 7.

It would appear that the identification of *‘charac-
ters” by the uniquely different properties of their
spectral distributions may well be feasible. Com-
parable data on a closely related set of molecular
systems would aid such “spectral analyses™.
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Fig 7. The two-quantum coupling bands (cf. Fig 6) and

their mean frequencies @..,, and @ x..,. The two-quantum

vibrational integrals of Eqs 21 and 22 show that the inten-

sity of the 27-0 band is twice that of the vibronically
coupled part of the 0,—0 band.

The distribution of intensity in magnetically in-
duced circular dichroism of non-degenerate states
should lend itself to similar treatment.” Except for
terms that will be the analogs of A’ and I, it is clear
that similar effects should be observed. And
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moreover, the intensity of ketone n - #* “forbid-
den character” should be more prominent than in
natural circular dichroism." "
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