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The consequence of time-reversal symmetry in a general second-order optical process between de-
generate initial and final states is elucidated. The principle is applied to the pseudoscalar natural-
optical-rotation operator (Ry-M;), which involves the interference of an electric-multipole (Ry)
transition and a magnetic-multipole (M) transition. In addition to deriving point-group selection
rules, time-reversal effects on matrix elements between degenerate states of a chiral versus an achiral
molecule are compared and contrasted. Other non—time-reversal-degenerate states in chiral versus
achiral molecules (D, versus Cs, and D, versus D,,;) are also compared. The analogy to the Jahn-
Teller effect, which also involves (albeit first-order vibronic) matrix elements over degenerate states,
is mentioned, especially with regard to the formal “splitting” of the degenerate levels by the pseu-
doscalar optical-rotation operator. A comprehensive search among the point groups for
degenerate-state self-products that will give rise to the pseudoscalar function is conducted. Detailed
results for the coupling of (degenerate) irreducible representations for important point groups (and
their subgroups) are worked out for Ty (T), O, D¢y (D¢, D3, Cg,, Csy, Cs, C3, D2g), and Dyy. The
couplings to give dipolar (L =1), quadrupolar (L =2), and octopolar (L =3) pseudoscalars are
shown explicitly. Attention is called to the differences in the transformation of a magnetic-
multipole operator and an electric-multipole operator, even though they both belong to the same ir-
reducible representation. The resulting differences in coupling coefficients for degenerate states are
given to help determine nonvanishing optical-rotation matrix elements. A summary and a discus-
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sion of the conservation of parity and time symmetry in optical rotation are given.

I. INTRODUCTION

Natural optical rotation in random molecular systems is
due to intrinsically chiral molecules."? The observed ro-
tatory strength is proportional to the matrix element3—3
over R-M which is a pseudoscalar and is parity odd. In
terms of point-group-symmetry selection rules, the sym-
metry of the state wave-function self-products must
match the symmetry of the pseudoscalar operator R M
for this matrix element to be nonzero. Since most
ground-state molecules are nondegenerate, the direct self-
product of these ground-state wave functions yields the
totally symmetric irreducible representation. Therefore,
the observed pseudoscalar quantity R-M also belongs to
the same totally symmetric representation in naturally op-
tically active chiral molecules, as is well known.”~!! Few
studies have been made on degenerate ground or excited
states serving as the initial or intermediate states. For
many degenerate states, the direct self-product can yield
the symmetry to match that of the pseudoscalar operator
R-M whether the molecule is chiral or not. For example,
in an achiral molecule of C;, symmetry, R M belongs to
A, and EQE(=A,+A,+E) also contains A4,. Will
point-group symmetry alone be sufficient to ensure the
observation of optical activity in a molecule? This is espe-
cially pertinent when some degenerate states are time-
reversal degenerate!>~!* (e.g., E of C,). Will time sym-
metry be needed? In the case of the Jahn-Teller effect,
which is proportional to the first-order vibronic matrix
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element (T'; | (3H /3Q;)Q; | T; ), time symmetry is needed
to determine the selection rules. Even though some
direct-product representation of the degenerate state I';
may satisfy the point-group-symmetry selection rule, hav-
ing the same symmetry as the vibration Q;, some matrix
elements may still be zero.”!*!> This is because of the
“hidden” time-reversal symmetry which requires the
states with an even number of electrons to select only the
(permutationally) symmetric direct product [FJZ~]. Howev-
er, the Jahn-Teller effect is a first-order process while op-
tical rotation is a second-order optical process. The time
reversal of the latter involving four state vectors has not
been formally treated. Time reversal in first-order matrix
elements is relatively well known and some second-order
processes have also been treated as pseudo—first order” !¢
by lumping the two perturbations and the intermediate
states together as a single effective perturbation operator.
The questions we ask in this work are as follows.

(1) When a point-group-symmetry selection rule is satis-
fied, will the degenerate states of achiral molecules pro-
duce natural optical rotation or not, and why? Similarly,
how will the degenerate states of chiral molecules give op-
tical rotation? Will the contributions of the degenerate
components cancel or reinforce each other?

(2) In the case of time-reversal degenerate states, will
point-group symmetry be sufficient? What is the conse-
quence of introducing time symmetry? Because a single
component of the time-reversal degenerate state lacks time
symmetry, will a time-nonconserving property be observ-
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able for this component? What is this property? How
does it differ from the usual optical rotation due to the
parity-odd pseudoscalar R -M?

(3) In the introduction of time-reversal symmetry, how
does the time reversal in a second-order matrix element in-
volving four state vectors differ from that of the first or-
der? What are the requirements for the permutatlonal
symmetries of the degenerate components?

(4) A pseudoscalar operator for natural optical rotation
comes from the scalar contraction of one electric (Ey)
and one magnetic (M;) multipole.° When degenerate
states are considered, will each degenerate state contain all
orders (L=1,2,3,...) of multipoles? If not, which de-
generate state can contain which multipole? (The latter

affects the magnitude of rotatory strength.) What are the

irreducible representations of these higher multipoles in
various point groups?

(5) The higher magnetic multipoles are functlons that
contain angular momentum [ in addition to the usual po-
sitional variables and are seldom studied. How do these
mixed functions differ from the usual pure electric mul-
tipoles in transformation and coupling characteristics?
The latter determine the selection rules.

We shall start by deriving the effect of time reversal in
second-order processes in Sec. II [to answer (3) above].
Then we will apply the principle to optical rotation of de-
generate states in Sec. III [to answer (1) and (2) above].
We will then deduce the electric and magnetic multipoles
contained in the degenerate states in Sec. IV. We will elu-
cidate their symmetries, selection rules, and coupling coef-
ficients with each other in the same section [to answer (4)
and (5) above].

II. TIME-REVERSAL INVARIANCE
IN SECOND-ORDER OPTICAL PROCESSES

To consider time reversal, we introduce a general term
I in a second-order matrix element over the perturbation
H':

I=H,JXH ¥ =y, HYHWEH' ) M

where j is the initial and (identical) final degenerate-state
irreducible representation; u,v,m,n are the degenerate
components; and k is the intermediate degenerate-state ir-
reducible representation. In the absence of spin, the
time-reversal operator K reduces to complex conjugation
K, (or the Wigner’s time-reversal operator). In the pres-
ence of spin, the operator becomes K =UK,=0,Kj,
where o, is the Pauli spin matrix. With time invariance,
‘the operation of K on a component will give rise either to

the same component, except for a phase 8 when it is non- -

degenerate, or to another degenerate component!® multi-
plied by a phase factor, specxflcally when operating on the
spin functions K (%)= (‘8.

Therefore, there is no loss of generality in considering
another matrix element 7', which is proportional to I and
which can be rearranged by applying the “turn-over rule”
for matrices:'*
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I I'=HJEH = (K HyE) Ky, H'p)
=(H"Kyl, g H TKYE ) . ()

The operation by K which is an antiunitary operator
yields

KI'=(Ky},KH' Ky}, (K¢ KH' Ky
=(Kyf,KH' 'K K%l (K KH' 'K~ 'K 2y)
=a, kK Y, H'Yl, )a,k (K, H'yk)
—aa*H HH, J* | (3)

where a; and a, are, respectlvely, the “‘eigenvalues” for
KH' 'K ~'=aH’ for the first and second H'.

a, and a, are both unity if H' is the radiative interac-
tion operator —(e/mc)A-P. This is because both the vec-
tor potential and the momentum change sign under time
reversal (and the charge e is not changed). a is also + 1
for the vibronic operator (3H /98Q)Q. K*=(+i)*N
=(—1)" with N equal to the number of electron spins
and is also the eigenvalue for the twofold repeated opera-
tion of time reversal on any wave function, K 2¢=K2¢.

The matrix element I' may be expressed as the average
of (2) and (3) as follows:

=3 U+KI'=FH ' paja,H 1), @)

where we have taken care to keep the same order for the
first and second H' and where 14K is the projection
operator which generates the totally symmetric irreducible
representation of time inversion. The fact that we can
project out a nonzero time-invariant (time-symmetric)
component is, of course, a prerequisite (selection rule) for
the existence of the matrix element. It is seen that be-
cause of the simultaneous permutation of m,n and u,v,
there is no clear-cut symmetry or antisymmetry in the ap-
pearance of the indices, even if the first and second H'’s
are identical. However, if either the intermediate state or
the lmtlal state is nondegenerate, we can rewrite Eq. (4)
for 1//# Yr=yk as follows (the ensuing arguments also
apply to the sum over the same component serving as the
intermediate state):

I'=+(H,FH P +a 0, HFH, ) . 5)

This has permutation symmetry if the first H' is the same
as the second. For the radiative interaction
H'=—(e/mc)A-P, this means that after the photon
creation and - annihilation contained in A4 have been
evaluated,*!° the first and second A -P are replaced by the
same multipole-transition operator'®!” to give T, T
which may be equal to R;R; (both photons in the
electric-dipole mode), to M;M; (both photons in the
magnetic-dipole mode), to R,R, (both photons in the
electric-quadrupole mode), etc. These processes can give
rise to Rayleigh optical activity'®*~2° and optical rotation
in oriented systems.?! The time-reversal projection opera-
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tor in Eqs. (4) and (5) may be replaced by the following
permutation projection operator:

T(1+K)=5(1+ai{c*Py,) , (6
where «*=(+1)*
transition with identical operators (T ){T.), al=1.
Therefore, only the symmetric permutation, coming from
+(1+P,,), of the degenerate-state direct product is per-
mitted in the time-reversal selected second-order matrix
element between the same initial and final degenerate
states, regardless of whether the number of electrons is
even or odd. If one had taken an antisymmetric permuta-
tion for the wave function using the projection operator
%(I—Pm,, ), then superposition of the symmetric projec-
tion operator +(1+K) required by time-reversal invari-
ance would give a “null” matrix element. The necessary
wave functions, direct products for R1R;, MM, and
R,R, for the point groups, are derivable from character
tables. For a first-order matrix element involving only
two state vectors such as that in the Jahn-Teller effect,
with @, =1, k¥?=(+i)*Y=(—1), our results reduce to
|

27TkN0
o 3

=1 and where for the second-order
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I=+(1+K)H,¥
=11 4a kP H Y
=11+ (=D¥P,,, 1H,T . %)

In other words, only the symmetric direct product for an
even number of electrons and the antisymmetric product
for an odd number are permitted—a result in agreement
with that of Jahn and Teller.?>?3

III. TIME-REVERSAL INVARIANCE
AND THE MATRIX ELEMENT
OVER TIME-REVERSAL-DEGENERATE STATES

This permutation symmetry will not exist if the first
and second H”s are different multipole operators. Opti-
cal rotation for a randomly oriented (isotropic) system of
molecules!® is the case in which the first H'=R (electric
dipole) and the second H'=M (magnetic dipole). Because
the time-reversal operator is antiunitary'* and reverses the
order of states in a matrix, we choose to write the
optical-rotatory strength!® in a more symmetrical form as
follows:

S [(Ej—Ey+#ick) ™ +(E;—Ey +#ick) ' 1((j | &1 b) (b | M |j)+{j|M|b)<{b|&]j))
b

=F(Kj' | & |b)-(Kb"|1]|j)+(Kj'|I1|b){KDb'| & |j))
=F"((Kj'|Ry|b)(Kb'|M|j)—(Kj'|M|b)(Kb'|R{|j)), . : 8

where the #7’s stand symbolically for all the constants
and summations over appropriate states. Kj'=j, Kb'=b,
k=2mv/c, M =(e/2mc)l is the magnetic-dipole operator,
and (j| &,|b) is antisymmetric when the indices j,b of
its matrix elements are permuted. This is because of  its
proportionality to the antisymmetric energy factor
(E; —E,), viz. [Ref. 10, Egs. (17) and (A13)],
4 172
Gl glu|b>=(Ej_Eb)<j‘ Ser; Tw ]
i

- XY 1,(6;0;)

b>/ﬁck

As a result, under complex conjugation as well as under
time reversal, an artificial negative sign must be added,
making the transformation of the “effective” electric di-
pole, which is derived from momentum P, the same as
that of the magnetic dipole, as it should:

—=(E;—E,){R1j | b)* /fick

=(E;—E){b |R,|j)/tick

=—(b|& ), (9b)

|
K(Kj'| &,|b)=K(&Kj'|b)
=(Kb | K&K~'|K?%")
=—k*Kb|&,|j), (9c)

K{(Kj'|11b)=K(I'kj"| b)
=(Kb |KI'K-1|K?%").
=—k2(Kb|I|j') . (9d)

To illustrate the effect of degenerate states, we first use
the pair of C, and S, groups. The results for other
groups are given in tables. From Table I we see that in
C, the pseudoscalars R,/_ and R_I, (derived from
&14l_ and &,_I,) belong to 4, where R+ =FR 4.
The degenerate-state components ¥, (=K¥;) may be
generated by time rteversal from each other. The
degenerate-state product E®E contains %1, t¢* ¢_
=II_II, +IT II_ with the upper sign corresponding to
the time-symmetric component and the lower sign corre-
sponding to the time-antisymmetric component. But both
components belong to point-group symmetry A. Because
of this ambivalence of two A’s, point-group symmetry is not
sufficient to determine a nonvanishing matrix element
with respect to a pseudoscalar which also belongs to 4.
Therefore, time-reversal symmetry is necessary to deter-
mine which A, the one with symmetric combination or
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TABLE I. Transformation of electric and magnetic dipolar operator products and self-products of degenerate states and the ma-
trix elements®® thereof.

Operator/

states Definition - Cy C, Ss Cy, D, Dy Dy,
I,.=x+iy R, =¥,
M_=x—iy R_=WV_ E E E E E E E
=L +il, =M,
I_=IL—il, =M_ E E E E E E E
xx +py [v-w]* A A A Ay A A, Ay
xXy—yx [IPX¥]~ A A A A, A, A, A,
xy +yx [¥x¥]* E B B E E B, B,
XX —yy [v-¥]~ E B B E E B, B
xb +yl, [R-M]T A A B A, A, A, B,
xly—yl [RXM]™ A A B Ay A, A, B,
xl, +yly [RXM]+ E B 4 E E B, 4,
xl, —yl, [R-M]~ E B A E E B, A
O,I_+ (P-w)* A A A A, A, Ay A,
n_m, (P W)~ A A A A, A, A, A,
Mnm_1mn_+ (Pxw)t E B B E E B, B,
oI, (WX W)~ E B B E E B, B,
R I _+ (R-M)* A A B A, A, Ay B,
R_I, (R-M)~ A A B A, A, A, B,
R_I_+ (RXM)* E B A E E B, A,
R,1, (RXM)~ E B A E E B, A,
(ke )xx = Ol )y Wl )y — )y 0 Wl )y ¥l )y — )y
(Yl )xx = (xy)yy (x1)yy —(xly)yy 0 0 0 0
(1) )xx = — (Yl )y — () (Yl )y — (Yl )y 0 0 0
(Yl )xx = —(xly)y, —(x1,)yy (xly)yy 0 0 0 0
(MMl )44 = +#0 #0 0 —(Il_)__ (I, l_)__ (M, )__ 0
(MMl )ps = 0 0 0 0 0 0 0
(II_1_),4 = 0 0 #0 0 0 0 #0
(M) gy = 0 0 0 0 0 0 0

*By definition (yl, ) =(0|y |x){x |y |0) and (I1_1 ), . =0 |II_ | W, ){W¥, |/, |0), where O stands for the totally symmetric (4
or A,) state.

"From this table under Dj;, we see that (using additional matrix elements by permutation of indices)
Ryx = (XL )xx + (x1 )yy = (Yl )xx + (Y1, )y, =R,,, in agreement with L. D. Barron (private communication).

the one with antisymmetric combination, will give the ¥y (=Kuy) is nondegenerate] in the manner of Egs.
matrix element. We may write the rotatory strength for (1)—(4), we get the angle of rotation for the
each degenerate component separately. After taking the ¢, component, proportional to (¢, |&l|¢¥,)
average of time reversal [assuming the intermediate state (=(K¢_ | &1, )), as

bt =+(1+K)F(K_ | &,|0)-(KO|1 |, )+{(K¢_|I1|0)-(KO| & |9,))
=5 X (KY_| &, |0)(KO|I| ¢, )+{(K¢p_|I]0)(KO|&|¥,)
+(KY, |1|0)(KO| & |Y_)+(Kp, | & |0)-(KO[l|Y_)), (10a)

where we have made use of Egs. (8) and (9) and «*=(+i)*¥=(—1)>Y=1, regardless of an even or odd number of elec-
trons. For an odd number of electrons, however, because the operators are spin independent, care must be exercised to
use the states of the same spin for the matrix element. Similarly, we can write down the angle of rotation for the ¢ _
component,
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$o =7(1+K)X(KY, [ &1]0)(KO|I|¢_)+(Ke, |1|0)(KO| & |_))

which is seen to be identical to (10a). Therefore, in the
symmetrical -combination of the state self-product
[A]1=9" ¢, +¢ P_=(KY_V*Y, +(K¢P,)*Y_, the two
angles of rotations add to give nonvanishing optical rota-
tion for the time-reversal E state of a C, molecule. In the
antisymmetric state product {4}, the two contributions to
angles subtract to give a zero matrix element. This is so
even though the apparent point-group selection rule is still
satisfied; a similar use of time reversal also applies to oth-
er time-reversal-degenerate states. For example, in the E
state of the T group, for which EQE=A + {4} +E, only
the symmetric A=E* E_ +E* E_ will give optical rota-
tion. This result implies that the two opposite com-
ponents of E have the same natural optical activity for
random systems. This is different from the finding of At-
kins and Gomes?* for the opposite rotational optical ac-
tivity for |JM )-vs-|J-M ) components for oriented rota-
tors (see below).

For a molecule belonging to the S, point group, we see
from Table I that the pseudoscalars R . /_ and R_I be-
long to B. Similarly, the EQE state products ¥ ¢_
=II_II_ and ¢* ¢, =TI II, both belong to B and both
are symmetric. However, these products do not have can-
celled phases and are not the usual intermediate
| ¥+) {4+ | in second-order perturbation, nor are they the
usual (¢4 |¥+) which belong to A4, with coherent phase,
in the optical activity expression
do=2Im({1p |R|0)-{0O| M |¢4)). This is one reason
for the absence of optical rotation in the degenerate E
state in S4. To see the effect of time reversal, we take the
first state product ¢ ¢_=(K¢_)*¢_ and write the ma-
trix element for the “rotatory-strength” operation:

$o=1(1+K) X ((KY_|&1]0)(KO|I|9_)
+(KY_|1|0){KO| & |¥_))
=X ((KY_| &, |0)-(KO|I|yp_)
+{K¢_|1]0)-(KO| & |9_))
=(¢, | &,10)€0|1|y_)
+{Py |110)€0| & |9p_) . (11)

Strictly speaking, this is not a legitimate expression for
optical rotation as an observable because the “initial”
(¢_) and “final” (3, ) states have incoherent phases.
However, it will be a valid observable when it is squared

J

TH (K, | &110)CKO || ¢_)+ (K¢, |1|0)(KO| & |¢¥_)
+{Ky_|1|0)(KO| & |y, ) +{(KY_| & |0)(KO|I|¢,)),

(10b)

r

and the phase difference cancels as in Rayleigh and Ra-
man intensity formulas. Formally, since the optical-
rotation “perturbation” connects the two degenerate com-
ponents ¢ and ¥ _, it therefore splits the energy as in the
Jahn-Teller effect.

Even though S, symmetry means an achiral molecule,
it is seen that time reversal gives no obvious reason for the
lack of optical rotation. Furthermore, the apparent
point-group selection’ rule for S, is satisfied and the ma-
trix elements are not required to be zero. Because of the
phase-coherence criterion required for an observable, this
nonzero matrix element does not represent the usual in-
herent natural optical rotation for chiral molecules (see
Table II). Instead, it represents the splitting of degeneracy
by the optical-rotation operator. From the same table and
based on the above reasons, it can be concluded that none
of the degenerate states of achiral molecules gives optical
rotation, although the overt point-group selection rule is
satisfied. It may also be concluded that in chiral mole-
cules (C, and T) the time-reversal-degenerate states 9
and Y_ have the same optical-rotatory strengths. In
achiral molecules (Sy;,,,) the two time-reversal-
degenerate states are connected and are formally “split”
by the optical-rotatory-strength operator.

The above results, Egs. (10) and (11), are all for random
systems. For an oriented molecule, if the ¢, and y_ of E
can be separated, we consider the electric-dipole—electric-
dipole scattering (versus the electric-dipole—magnetic-
dipole scattering of natural optical activity) of light prop-
agating along the quantization axis z. If we define optical
activity as being proportional to the difference in scatter-
ing of right versus left-circularly polarized light we obtain
a result similar to that of Atkins and Gomes:**

do~F((j|R,|bY(b|R_|j)
—(j|R_|bXb|R,|j)), (12a)

where ¥ is a symbolic constant. This antisymmetric
combination of operator products (R, R_—R_R ) be-
longs to the irreducible representation 4 in C;. As men-
tioned before, the time-symmetric and antisymmetric state
products ¥ ¢, +¢* ¢_ also belong to A in C,;. There-
fore, point-group symmetry is not sufficient, because again
there is an ambivalence. Only the time-reversal operator
can resolve this. We start by writing the matrix element
over the ¥, component as in Egs. (10) and then note its
relationship to the matrix element of the ¥_ component:

¢ =7(1+KIC (P [R4 [0)CO|R_ ) (9, |[R_|0)CO| R, |¥))
=3C(KY_|R, |0)(KO|R_ |9 )—(K¢y_|R_|0)(KO|R, |9y )

+(K¢, [R_|0)(KO|R, |¢_) (K¢, |R, [0)(KO|R_|9_))

:_¢(')_ b

(12b)
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TABLE II. Matrix elements of pseudoscalar operators over self-products of degenerate states.>~°

C; Cq S Cy, D; Dy Dy

Rectangular coordinates

[R-M]* over [¥-¥]* AXxXA AXxXA BxA4 Ay X A, Ay XAy A1 XA B XA,
[R-M]t over [¥-W]™ AXE AXB BXB A, }XE A XE A X By B X B,
[R-M]* over [¥XW¥W]*t AXE AXB BXB A, XE A\ XE A X B, B XB,
[R-M]* over [¥XW¥]™ AXxA AXA BxA4 Ay X A, A XA, A1 XA, B, XA,
Polar coordinates

(R-M)* over (V-¥)* AXA AXA BXx A Ay X Ay A XA, A XA, B X A4,
(R-M)* over (VW)™ AXA AXA BxA Ay X A, A XA, A XA, B X A,
(R-M)* over (¥XW¥)* AXE AXB B XB A, XE A XE A XB, B{XB,;
(R-M)* over (¥ XW¥)~ AXE AXB BXB A, XE A\ XE A XB; B, XB,

*By definition [R-M]* over [W-W]~ means four terms: (xIy ) —(xIy ), + (], )xx —(¥),),,. Refer to Table 1, footnote a, for detailed
definitions. .

®See Table I for definition of the operators and degenerate-state products. In the entries here the direct products represent the sym-
metry of integrands in the matrix element. Nonvanishing matrix elements over off-diagonal components mean the formal splitting of
the degeneracy.

“Underlined terms represent possible nonvanishing matrix elements. However, note that for achirality (Cs,, Ss, and D,4) none of
these matrix elements represents the diagonal matrix elements with canceling coherent phases and contains the (symmetric) sum (rath-
er than difference) of degenerate components. These latter conditions are required for natural inherent optical activity (see the terms
in inherently active chiral groups, C3, C,, D3, Dy, for comparison).

where we have made use of the relationships with the results of the Faraday effect in which the two de-

KR,K~'=R% and R}, =R, which also account for the
fact that R, R_—R_R_, is Hermitian and time odd.
Equation (12) shows that the two opposite componénts of
E in C4, when oriented and separated, will have opposite
optical rotation expressible through the electric-
dipole—electric-dipole polarizability. This is in agreement

generate components are separated by application of an
external magnetic field. The same should be true of the
components of E; and E, of Cs and Cg, etc., up to the
limit of C_. In the limit of continuous symmetry this
approaches the case of separated and oriented rotors
|JM) and |J—M), which was shown by Atkins and

TABLE III. Irreducible representations and degenerate base products of electric and magnetic dipoles and quadrupoles® in hexago-

nal groups and subgroups.

Multipoles
and products Bases and products D¢y Dg Ce Dy, D Csy Cs /C5
R, z B, A, A, B, A, A, A/A
(x,y)E(Elx,Ely) E1 E] E1 E E E E[ /E
M, I, A A, A, A, A, A, A/A
(lxyly)E(Eslx,Esly) E; E, E, E E E E,/E
R1®M1 (xlz—zlx,ylz-—zly) E1=E1®A2=82®E5 E1 E1 E E E E1 /E
M,CR,®M,  [$(xl4zl), 3yl +21,)] E,=E;®4,=B,®Es E, E, E E E E,/E
E[Em,E;g]
M,CR®M,  [3(xl,+pl), 3 (xl.—yl,)] E,CE,®E; E, E, [45,4,] E E E,/E
E[E4xyE4y]
M2CR1®M1 %(le—‘xlx-yly) 3123281‘12 A] A2 Bl Al AZ A/A
B,CE,®E;
R1®M1 xly—ylx BzCE1®E5 Az A] Bz A2 Al A/A
R, [, 7 (x> —y)]=[EsEx]  Es E, E, [B,B] E E E, /E
Rz [xz,yz]E[Esn,E55] E5 El El E E E E] /E
R, 7(322—r)=4,, A, A, 4 4, A 4 A/4

*Transformations were first obtained in D¢;. Symmetries in lower point groups are obtained from correlation tables. (D,; has Cj
axis along x axis.) For correlation see J. A. Salthouse and M. J. Ware, Point-Group Character Tables and Related Data (Cambridge
University, Cambridge, England, 1972) and C. J. H. Schutte, The Theory of Molecular Spectroscopy 1 (North-Holland, Amsterdam,
1976).
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Gomes?* to have opposite optical rotation for light propa-
gating along the quantization axis. However, neither our
¥ pair (though they have no parity) nor Atkin’s |J+M)
pair (which have parity) can be called true chiral enantio-
mers according to Barron,'® in the sense of chiral isomers
giving natural optical rotation by the usual R‘M or
electric-dipole—magnetic-dipole mechanism. Barron de-
fined an enantiomer of a truly chiral object as that ob-
tained by charge conjugation plus space inversion (see
below).
IV. HIGHER MULTIPOLE PSEUDOSCALAR
AND SELECTION RULES OVER DEGENERATE

. . STATES
In this section we explore the distinction between dif-

ferent degenerate states (e.g., E, versus E; in Dg) in their
self-product in generating different pseudoscalars (dipole
R{-M, quadrupole R,-M,, and octopole R;-M;). We

2, 2
et e
R1 ‘M1 = —ch (xlx +yly +le)= %(Ele51x+E1yE5ly +Bz'A2)CB1,

2e%#
3mc

R2'M‘2=
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derive the transformations of the electric (R,) and mag-
netic (M,,) dipoles (n=1) and quadrupole (n=2) and oc-
topole (n =3) operators in point groups D¢y, T4, and Dyy
and then show how they transform in subgroups of these
reference groups. These are shown in Tables III-VIIL. It
is found that in chiral groups (for example, C¢ and Dy)
E, cannot generate a dipole pseudoscalar but can generate
quadrupole and octopole pseudoscalars. In achiral
groups, the higher the symmetry, the fewer degenerate-
state self-products that will give the pseudoscalar func-
tion. For example, in Dgy, only E % (not E % or E%) will
give the pseudoscalar B; and then only for the octopole
scalar. In Ty, only E? (not F? or F3) will give the pseu-
doscalar 4,. In Sg, E3 contains the quadrupole and octo-
pole but not the dipole component. The various pseudos-
calar products in D¢y are, using the symbols defined in
Tables IIT and 1V, given by

(13a)

[+(x2—p?)3(xl, —yl, )—+—xy-%—(xly +yl)+xz3 (xl, +21,)

+yz3(yl, +zly)+%(322——r2)%(2212 —xL—yl,)]

2e%#

3mc

= (ExEqy+EyEgx+EsyE 1y +EsgE ¢+ A4, ,B)CB, ,

(13b)

TABLE IV. Irreducible representations and degenerate base products of electric and magnetic octopoles in hexagonal groups and

subgroups.?

Multipoles
and products Bases and products D¢ /D5 Ce, /C3yy Dy, D¢y Cs /C3
R;p +2(522—3r2) Ay /A4, A, /4, B, B, A/4
R3’i1 [x(522—r2),y(522——r2)] E1 /E El /E E El El /E
E[E‘lxzz’ElyZZ:]
Rg’i:; [y(3x2—y2),x(x2—3y2)] BzBl /AzA] B2B1 /AzAl E E3 BB/AA
=[Esp,E3]
Ry, [xyz, 72(x2—y*)|=[Eap, Ese] E,/E E, /E [41,4,]  Es E, /E
M3,i3 {[SIx(xz—yZ)—- IOIyxy], B1B2 /A1A2 BzB] /AzA] E E:’;” CE5®E2 BB /AA
[10L,xy +50,(x*—y*)]}
= {E% B ]
M; 4, ([~ L(x*—y?)—2Lxy], E,/E E,/E E EsCEs®E, E, /E
[—2Lxy +1L(x*—yH)]}
E{ESuyESv}
M; 4, [21,;(3zz—r2),21y(322—r2)] E,/E E,/E E EsCEs® A, E,/E
E[EquyESyu]
M3’i1 [Sszz,Sl,yz]E[E5,,,,,E5§,,] E] /E E1 /E E E5CA2®E5 El /E
My, 41,3z —r?)= 43 A4, /4, Ay /4, A, Ary=A,8 4, A/A
Mgo' -—8(lxxz+lyyz)EA§ A2 /A2 A2 /A, A, A,CEsQ®E;s A/A
M]XRZ lxyz—lyxz Al/Al Al/Al A1 A]CE5®E5 A/A
M;+, [40(L yz +1,x2),40( L, xz — ,yz)] E,/E E,/E [B1,B,] E,CEsQE; E,/E
E[E2M’E20]
M;4, [407,xy,20L,(x2—y?)] E,/E E,/E [B1,B;] E}'' =A4,8E, E, /E
=[E% ,E%']

2As a price to pay for insisting on the same degenerate components as base functions in the correlation from Dg; to nondegenerate
representation in Cs, /C3, (e.g., for E3), one must choose a different x axis and let o, pass through it in Cg, /C3,. There is no loss of
generality. However, D)4 has a C) axis along the x axis, the same as D and Dg,. Superscripts e and a on A4’s denote the origin of
A as coming from the product of E’s or the product of 4’s. Triple primes denote different transformation matrices for the E’s.
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TABLE V. Irreducible representations from degenerate base products of electric and magnetic dipoles (R;,M) and quadrupoles
(Rz,Mz )u in Td, 0, T, and S4.

Multipoles

and products Degenerate bases and products T (0] Ta Sy

Rl (x,y,z) F F] F2 E,B

M, (Ix, 1y, 1) F F, F, E. A

R['Ml xl,+yly+zl, ACFQF A]CF1®F1 AzCF2®F1 B

R|®M1 [(yl,—zl,),(zl,—xl,),(xly —yl,,)] [F]CF@F [F1]CF1®F1 F,CF,®F, E,B

M,CR,;®M, [l +21,), (2l +x1), (x], + 1] FCF®F F,CF,®F, F|CF,®F, E, A
=[My, M5, M ]

M,CR,®M, [%(Zzlz—xl, —yl,),(\/§/2)(xl,, —yly) ECF®F ECF,®F, E'"CF,®F, A,B
=lei"e;’]

R, [%(3zz—r2),(1/§/2)(x2—y2)]=[e,,,e,,] ECF®F ECF,®F, ECF,®F, A,B

R2 (yz,zx,xy)E(g,n,g‘) FCF@F FzCFIQ‘Fl F2CF2®F2 E,B

M,R, e, e, +e ' e, ACE®E A, CEQE A,CE'"'®E B

M,®R, e, "e,—e, e, [A]CE®E [4,]CE®E A, CE"'®E A

M,®R, [(1/V2)(—e, e, +e, " €), ECEQE ECE®E ECE"®E A,B

(1/V2)e) ey te) eu)]

M,®R, M2§§+M2,11’]+M2§§ ACFQ®F A\ CF,®F, A, CF,®F, B

M,®R, [%(ZMzgg‘—Mzgg‘—Mz,,n) ECF®F ECF,®F, E'"CF,®F, A,B
(\/5/2)(M2§§—M2-,,1])]

M,®R, [(M2"§+1]M2;),(M2§§+§M2§), FCFQ®F F,CF,®F, F\CF®F, E,A
(Mym+EM,)]

M,®R, [(Mayp—Mae),(MyeE— LMy ), [FICF®F [F{]CF,®F, F,CF,®F, E,B
(Mayen—EMyy)]

2E""" denotes a different transformation matrix from E.

TABLE VI. Irreducible and degenerate base products of electric and magnetic octopoles in T, and Sj.
Multipoles .

and products Bases and products Sa Ty

R; 30xyz ’ A A,

R; {x[(522—r) +(x2=3p)], — $y[(522—rD) + (> —3x2)],(»2—x )z} (E,A)} T,

={(z2—p2)x,(x2 =22, (p?—x2)z} = {T1x, Ty, T2}

R; {—+x[3(522—r?)—5(x2—=3p?)], — $y[3(522—r?)—5(»>—3x?)],(522—3r?)z} {E,B} T,

={(5x%—3r)x,(5p>—3r2)y,(522—3r)z} = { Tox, T2y, T2:}

M;, %(yzl,, +zxl, +xyl;) B A, CF,®F,
M33 M3 M, [(xply, +xzl,),(yzl, +xyly ), (xzl; +yzl, )] = [ F 15, F 1y, F1,] [E,A] F,CF,®F,
M33M31M32 [(xyly —-lez),(yzl, —‘xylx ),(xZIx —‘yZIy)]E[FZer2y5F22] [E:B] FZ C172®171

E,®M, [%(nylz —yzl, —2zxl, ),(V3/2)(yzl, —zxly,)] [4,B] ECF,®F,
MM Ms, ([(=V3/2)e, — e, 1l [(V3/2)e, — 1€, 11, e,1; ) [E,B] Fy CE®F,
CR,®M, =[(V3/2)(p>— 22, (V'3 /2) (22 —x2),, (V3 /2)(x2—p?)L,]
| =[F;_,F; F} |
M33M31M30 {["%eu"i“( 3/2)eu]lx)[_';_eu_(‘/s/z)evlly’eulz} [EiA] Fll CE@FI
CR,®M, =[+(3x2 =)L, +(3p?—r),, +(322—r?)L,]
=[F; ,Fi,F},]

M; {[—(20/V/3)F; —20F; 1,[—(20/V/3)F; —20F; 1,[—(20/V'3)F} —20F, ]} [E,B] Fy

=[F;,,F3 ,F3]

M; [(4F,X —4F1x ),(4F1y _4F1y ),(4F12 —4F‘z)] [E,A] F

E[le’Flnylz]

2Both T and F are used to denote the three-dimensional irreducible representation, T for electric octopole, F for magnetic.
YPrimes and double primes here are used to denote different bases for the same irreducible representation with the same matrix of

transformation.

°The definition of e,,e, from electric quadrupoles has been given in Table V.
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) 3
R3'M3= 2 (—l)mRSmM3—m

m=-—3
3e’# e a E E E
= 3ome [B2(A43+A2)+E,| 2Esy+Esyy+Esx)+E | 2(Esy+Esg,+Esy)
+E3E}) E3 Eyy' +E4(Eyy+E% )+ Es(Ey+E5")]CB; . (13¢)
The various pseudoscalar products in Ty are, using the symbols defined in Tables V and VI, given by
1
RyM= 3 (—1)"R\,M,_,=F,"F|CA4,, (14a)
m=-—1
2 V73 V73
Ry M,= ifnf —%(322—42)%(2212 —xI, —yly)—i—T(xz—yz')——z—-(xlx —yl,)
3
+5-[yz(ylz +zly) +zx (2l +x1,) +xy(xl, +yl, )]
2e2ﬁ ree v (14b)
= 3me (eye,' ' +eyey' ' +FoeF x+FopFiy+FyF1;)C Ay,
3 2ﬁ e’ e ! e e rr
R3'M3 =?2%‘n‘c‘(A1’A2+T1xF2x +T1yF2y -+ T12F22 +T2xF1x +T2yF1y + T22Flz )CAZ . (140)
The pseudoscalar products in D4, are obtained from Tables III, IV, and VII as follows:
25
RI.M1=2%;(E1,¢E3,X +EEy +B,4,)CBy , (14d)
Ry-My—= 2R 5,y By Byt EsyEvy +ExeErg+ A, 2B)CB (14e)
2 2=3mc( wkox+EyE)y+EsyEvy+E3eE g+ A,,.B,)CB,y , e
3e?% "y "y
RyM;3;= 3jnc [Bo(A5+ A5 +E, 2(Esy+Espy+Esa)+E | 2(Eyy+Eyg+Esp) +EseEly)’ +EscEl,
+E(Eyy+Ey" )+ Es(Ey+Es )]CB; . (14f)

The correlations to lower point groups are given in the
corresponding tables. The “selection rules” of these pseu-
doscalars over the components may be perceived from the
definitions of the electric (R, ) and magnetic (M,) mul-
tipoles,m’zs

" 172
4
R, _py=er” 41 Y, _m(6,4), (15a)
efi
My = (4m)' 2
1
X ¥ Cnm—-1,1,n;M—m,m,M)
m=-—1
xrr-ly, (6,¢) | ——+S
n—1,M—m\Y> »n+1 m ’
(15b)

where C is the Clebsch-Gordan coefficient and L,, and
S, are orbital and spin angular momentum operators,
respectively, with m=+1, —1, and O corresponding to
raising, lowering, and z-component operators. The matrix
element we consider is symbolically [referring to Eq. (8)]
given by

TABLE VII. Equivalence of the symmetry designations® of'
electromagnetic multipoles in D¢z and Dy,.

Equivalent
transformation
D¢y Dyy matrix in Dyy
B, B,
(Elx’Ely) (Elx’Ely)
(Esi,Esi) (E3lcE;ly)
(El'lpElg) (ElmElg)
(E4x’E4y) (EZx’EZy)
B, B,
(EZS’E2¢) (E2:rE2c)
(Esy,Es¢) (E3q, Ezg)
22 Alz2
(Elxzz’Elyzz) (Elxzz’Elyzz) (Elx’Ely)
(E36,E3¢) (E39,E3¢) (E3pE3g)
(E49,Ese) (E29,E»¢)
(Eyw',E%") (Evw'>EW") (Erg,Ern)
(Esy, Esy) (E3us E3p) (Eslx,Eazy)
(Esxu> Esy) (E3xu> E3p)
(E5.,,u,E5§,,) (E3"“,E3gu)
A% A5
A3 A3
(E2u)E2v) (EZmEZv)
(B’ E3") (E3',E%")

2See the definitions in Tables III and IV.
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¢052Cn<riRn'Mn I F>

=C{T|Ry"M;|T)+ -

=C1<F

1/2
e’
2mce

A
3

1
X 2 (——I)MrYl,_MLM

=—1

(16a)

I‘>+... ,

where the C,’s are constants.!®?® The general selection
rule is Al <2n—1, Am;=0 if the intermediate state is a
function of r only. The largest contribution will come
from the leading dipolar-pseudoscalar term shown expli-
citly. The latter has the selection rule Al=+1 and
Am;=0. For the D¢ point group, the E; irreducible rep-
resentations contain Y4, (or, x,y) as well as Y, 4+; (or
xz,yz) and Y3 4+ (xz2, yz?, etc.). The wave function |T)
may therefore be represented symbolically as a linear
combination,

D) =t¢p=p @Y 4 +d 1@ (F)Youy+ -,
(16b)

where p; and d; are constant coefficients and the @’s are
functions in radial coordinates, all of which are special to
the particular potentials of the molecule. The relative
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amount of s, p, d, or f orbitals (proportional to Y,
Yim> Yoms or Y3,) in a given linear combination of
atomic orbitals (-molecular orbitals) belonging to the E,
irreducible representation may be estimated, for example,
from the perturbed united-atom Rydberg orbitals to
which these E;’s correlate.?%?” The leading dipolar pseu-
doscalar matrix element is then proportional to

¢z, =C1p1di (@i Y14y [Ry" My | @)Y 4 )4 -,
(17

we assume from now on that the intermediate state has no
angular dependence. This may be compared with the E,
irreducible representation in the same D¢ point group, in
which the lowest spherical harmonics are second order,
ie., Yy 15 (as x2—y?, xy). Thus,

| D) =g, =d205 (1) Y3 02+ F202 () Y3 12+ -+,
(18a)
¢%2EC1d2f2<¢(22)(r)Y2,1-2 |Ry"My | @(P) Y3 100+ - -,

(18b)

where d, and f, are constant coefficients.
When intermediate states are considered, the coupling
coefficients in Table VIII and other direct-product

TABLE VIII. Coupling of multipole degenerate irreducible representations®® in D¢y and Dgg.

. Transformation® matrix
“Pure”

Mixed electric and “Mixed” “Mixed”
magnetic multipoles Pure electric multipoles Dy Dgy Dy
EyE3, +EsEy,’ E3Ezg—E3cEse Ey B, B,
EE;," —EsE5,’ EjypE3c+E3E3 E). B, B,
EyE;," +EsES5’ EjpE3.—E3.E3 A, A4, Ej
ExE5" —EsESy, E3xpE39+E3cE;e A, A4, Ey,
EEy+E4E, EyEs+E4E> A4, E) A4,
EE;,—E4E,, EpE)—EyE), A4, E, A,
E4Esy+E4Ey, EpE)—E 4 Ex B, B, B,
EEy—EsE, EE)+EsE) B, B, B,
E\Esl,+EEsl, E\Ess+E,Es, Ey E, Ey
EleSlx —ElyESIy ‘ EleSW"‘EIyE5§ Ele E4y E2y
EleSIx +E1yE51y Elesg‘—ElyESW Bl Bl Bl
EleSIy _ElyESIx EleSn +ElyE5§ BZ BZ BZ
LE—Lm M +&€ A4, 4, A4,
Ln+1LE nE—&n A4, A4, Ay
lx§+1y77 7]§+ §77 EZs E2u E2u
lxn_lyg 77”’7—§§ EZL' E2u E2u
EEy+EEyy EE +EEq B, Ey B,
EpE —EE,, EE—EsE. B, E4 B,
EpEy+EsE,, EE —E Es A, A, A,
EyEw—EEy EE 0+ EscEse A4, A, A,

2The definitions of the degenerate components are given in Tables III and IV.
°The degenerate transformation matrix is given only for the mixed electric- and magnetic-multipole case in Dg;y. (The pure electric-
multipole product has'a 2 X2 matrix differing by a sign from the mixed case for c¢; and o4.) Corresponding definitions in D¢, and

D4 are in Table VIL
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tables?®282% will aid the determination of selection rules.
The symmetries of the multipole pseudoscalars given in
the tables not only serve to deduce the selection rules, but
also will guide the derivation of magnetic pseudoscalar po-
tentials® for asymmetric perturbations.’!

V. CONCLUSIONS AND DISCUSSIONS

We have searched among common point groups of in-
terest for degenerate-state self-products that contain the
pseudoscalar symmetry. These degenerate states are given
in Table IX. The pseudoscalar operator is found to paral-
lel the vibronic operator of Jahn and Teller?>?? in that it
can connect components of degenerate states. For these
degenerate states we can now answer the questions raised
in the Introduction. The answers are summarized below.

(1) Degenerate states of achiral molecules will not yield
natural optical activity, even if their self-products contain
the pseudoscalar symmetry thus satisfying the point-
group selection rule. This is because only incoherent
products of (different) components constitute the pseudo-
scalar symmetry component. This point is made clear by
contrasting chiral versus achiral point groups (Tables I
and II), C, versus S, (both of order 4), D; versus Cj,
(both of order 6), and D, versus Dy, (both of order 8). It
is also quantitatively illustrated for E of S, in Sec. III. In
Sec. III it is shown that the two degenerate components of
C, contribute equal natural optical-rotatory strength in
random molecular arrangements. The same is true for
other E degenerate states of C;, D3, and D, molecules
(Tables I and II). Thus, the two components reinforce
each other.
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(2) For time-reversal-degenerate components, e.g., the
¥, and ¥_ of C; and C,, it is shown (Sec. III) that
point-group symmetry alone is not sufficient to arrive at
the above result. There is an ambivalence which only the
time-reversal operation, converting 1+ to 13, can resolve.
In addition to the natural optical activity proportional to
the pseudoscalar R-M, the time-reversal component is
shown (Sec. II) to have “oriented” optical activity propor-
tional to R, R_—R_R_ when light propagates along
the quantization axis of ¥, and _. The former (R-M),
which is parity odd, is observable because of the chiral
molecule’s lack of parity symmetry. The latter
(R.R_—R_R ), which is time odd, is observable be-
cause of the single time-reversal component’s (¢, or ¥_)
lack of time symmetry. It is also seen that the lack of
time symmetry in one of the time-reversal-degenerate
components, such as ¢ in the E, is not the source of iso-
tropic natural activity in C4. This is because the similar
component of E in S, produces no natural optical activi-
ty.

(3) In Sec. II, we show that for a second-order optical
interaction, time reversal does not give additional spin
selection rules as in the Jahn-Teller effect.”>?3 It is shown
that the permutation of degenerate components, however,
is meaningful when the operators in each of the second-
order processes are the same, e.g., for Rayleigh scattering
when both radiative interactions are in the electric-dipole
mode. The formalism developed in this section permits
the later consideration of optical rotation in degenerate
states with even and odd numbers of electrons.

(4) The various degenerate states differ in the order of
the electromagnetic multipoles they contain. We have de-

TABLE IX. Degenerate irreducible representations and pseudoscalar self-products.

I'? does not contain a pseudoscalar:
I'? contains a pseudoscalar.

Cuns Dnns Danyr,as S22n+1)s On-

CHIRAL GROUPS

No time-reversal degeneracy:
contains dipole pseudoscalar A;:

Ds(E), D¢(E;), T(F), O(F,).

contains quadrupole pseudoscalar A,: Ds3;(E), D¢(E\,E,), O(E,F,), T(F).

contains octopole pseudoscalar A4;:

Time-reversal degeneracy:

Ds(E), D4¢(E,,E;).

contains dipole pseudoscalar A4: Ci(E), C¢(E;), C4(E).
contains quadrupole pseudoscalar A: C3(E), C¢(E(,E;), T(E), C4(E).
contains octopole pseudoscalar A: C¢(E,E,), C4(E).

ACHIRAL GROUPS

No time-reversal degeneracy:
contains dipole pseudoscalar B; or A,(27):

contains quadrupole pseudoscalar B; or A(Z7):

contains octopole pseudoscalar B; or A,(Z7):

Time-reversal degeneracy:

contains dipole pseudoscalar B: S4(E;).
contains quadrupole pseudoscalar B: S3(E,).
contains octopole pseudoscalar B: S3(E,).

C3(E), CelE,), Dyy(E).
C3(E), Ce(E\,E;), Dyy(E), Dyy(E;3), T4(E).
C3y(E), Ce(E\E;), Dy(E), Deg(E3), Dyy(E>).
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rived self-products of degenerate states that not only give
rise to a dipolar pseudoscalar (RM ), but also quadru-
polar (R,°M,) and octopolar (R;:M;) pseudoscalars in
important point groups (Sec. III). Because the occurrence
of these pseudoscalars differs from group to group, we
have derived the most general pseudoscalar products in a
higher symmetry and exhibited their correlation upon des-
cent into groups of lower symmetry [Sec. III, Egs. (13)
and (14), and Tables III and VI]. Furthermore, since
different-order pseudoscalars represent natural optical ac-
tivity of different orders of magnitude, we considered the
selection rules (Sec. IV) for various degenerate states
which have a unique correspondence to a given order of
pseudoscalar (e.g., in D¢ and D4y, E,®E, admits only
quadrupolar and octopolar pseudoscalars and not dipolar
pseudoscalars [see Table IX and Eq. (18)]).

(5) In order to handle the direct products involving a
new type of basis function (the magnetic multipoles), we
have derived the difference in transformation between two
functions which belong to the same irreducible representa-
tion, but one of which has the axial vector (L ) incorporat-
ed [e.g., M, of Eq. (15)] while the other has none [e.g.,
R, of Eq. (15)]. The resulting difference in coupling coef-
ficients (Table VIII) is important in the selection rule due
to pseudoscalar-potential perturbations of achiral mole-
cules. ,

Last, we would like to offer a few words in a philosoph-
ical vein. Throughout this work, the chiral molecules we
consider are molecules without parity (no S, symmetry),
yet interactions with polarized light in optical rotation
and (degenerate) electronic energetic considerations in
chemistry all involve electromagnetic interactions which
conserve parity. We are, therefore, assuming that optical
isomers with given handedness belonging to the chiral
groups (see Table IX) all have long lifetimes (compared to
radiative interaction time) due to a high potential barrier
for inversion (i). Namely, the molecules are prepared in a
left- or right-handed state ¥, or ¥z. Only a linear com-
bination®3? generated by the parity projection operator
will give truly parity-conserved states ¥ *:

=y

—l'E___tt/ﬁ ie-—iEit/ﬁ

- 1

v i=72(¢L¢¢R e ; (19)
where E, is the energy for the even (+ ) or odd (—) pari-
ty state. At any given time, an arbitrary state is a linear
combination of the two parity-conserved states W* with
appropriate time developments. Thus by inverting Eq.

(19) we get
1 - =
=—=(V+t4W¥~—
P 3 ( + )

1 -
=y

—i(E_—E 0/, —iE t/#
b

Je (20)
which yields ¥, at t=0 and ¢ at t=h/[2(E_—E)].
The latter is the time for inversion. This is the classic
double-well potential problem3»** and E_—E_ is the
splitting due to “tunneling” and is dependent on the
height of the barrier separating the two wells. For an in-
finite barrier, the splitting E_ —E_ =0 and the inversion
time is infinite. For most such molecules the inversion
barrier is of a vibrational nature. For molecules belonging

to the D; group (e.g., twisted C,Hg) or C; group (twisted
CCI;CH3), it would be interesting to look into the rota-
tional barrier for interconversion, especially for C3, which
has time-reversal degeneracy. In any case, allowing for
inversion of left-to-right isomers and vice versa takes into
account conservation of parity for electromagnetic in-
teractions. The concomitant time-reversal symmetry>>3¢
for such an interaction is also adopted. It is within this
framework that we used the time-reversal operator to
search for additional selection rules (Secs. I and II).
Strictly speaking, left- and right-handed isomers in the
real world may not be of the same energy, and the linear
combination coefficients in Eq. (19) may not be equal (i.e.,

" 5£1/V2), thus destroying the parity of the states. This is

due to the weak neutral-current coupling®3’—3° of the
electromagnetic interaction to the weak nuclear interac-
tion ¥V, which is parity nonconserving. However, since
we confine ourselves to one isomer, all of our symmetry
arguments for optical rotation remain valid. This weak
neutral-current coupling mainly operates on the electron-
spin singlet S through spin-orbit interaction (¥, ) and an
intermediate spin triplet 7 state,®3%3 viz,,

(S| Vone | TXT | Vo |SY/AE
~(S|op|T)X{T|o'l|S)/AE
=(S|p|T)(T|I|S)/AE+--- , 1)

where p is the linear momentum, [ is the orbital angular
momentum, o is the Pauli spin operator, and the matrix
element is different for left and right isomers. The opera-
tor pl is also a pseudoscalar. Therefore, the selection
rules for the natural-optical-rotation operator over degen-
erate states also apply to this coupling. 1t is conceivable
that this coupling may also give a nonzero matrix element
for the two time-reversal-degenerate components of
achiral molecules, thus splitting the degeneracy by a mag-
nitude® of around 10~ !¢ eV.

ACKNOWLEDGMENTS

The author wishes to thank colleagues and staff at the
Institute of Chemistry, Academia Sinica (Nankang,
Taiwan, China) for their helpfulness during his stay there.
It was during this three-month stay that the author em-
barked on this work. The hospitality of Dr. Wei-Chuwan
Lin, Director of the Institute of Chemistry, and the late
Dr. Shih-Liang Chien, former President of Academia Sin-
ica, who was instrumental in guiding the author towards
the study of chemistry, was deeply appreciated. Thanks
are also due to Professor J. H. Wang of State University
of New York, Buffalo for guidance and for encouraging
the author’s visit to Academia Sinica. The author is also
indebted to Dr. Laurence Barron of University of Glas-
gow and Dr. Elliott Charney of the National Institutes of
Health for their discussions of materials related to degen-
erate states. Their kindness in supplying the author with
up-to-date references is gratefully acknowledged. Thanks
are also due to Dr. William Sanders for reading the
manuscript with suggestions for improving the English
and presentation. Part of this work was presented at the
38th symposium on Spectroscopy at Columbus, Ohio.



32 DEGENERATE STATES IN OPTICAL ROTATION AND TIME-REVERSAL INVARIANCE

IE. U. Condon, W. Altar, and H. Eyring, J. Chem. Phys. 5, 753
(1937); W. J. Kauzmann, J. E. Walter, and H. Eyring, Chem.
Rev. 26, 339 (1940); D. J. Caldwell and H. Eyring, Annu.
Rev. Phys. Chem. 15, 281 (1964). .

2J. G. Kirkwood, J. Chem. Phys. 5, 479 (1937); W. Moffitt, D.
D. Fitts, and J. G. Kirkwood, Proc. Natl. Acad. Sci. U.S.A.
43, 723 (1957).

3W. Kauzmann, Quantum Chemistry (Academic, New York,
1957).

4H. F. Hameka, Advanced Quantum Chemistry (Addison-
Wesley, Reading, Mass., 1965).

SD. J. Caldwell and H. Eyring, The Theory of Optical Activity
(Wiley-Interscience, New York, 1971).

SE. Charney, The Molecular Basis of Optical Activity (Wiley-
Interscience, New York, 1979).

7L. D. Barron, Molecular Light Scattering and Optical Activity
(Cambridge University, Cambridge, England, 1982).

8S. F. Mason, Molecular Optical Activity and Chiral Discrimina-
tions (Cambridge University, Cambridge, England, 1982).

9R. M. Hochstrasser, Molecular Aspects of Symmetry (Benjamin,
New York, 1966).

10y, N. Chiu, J. Chem. Phys. 50, 5336 (1969), and references
therein.

UR. L. Flurry, Jr., Symmetry Groups (Prentice-Hall, Englewood
‘Cliffs, 1980). '

12M. Tinkham, Group Theory and Quantum Mechanics
(McGraw-Hill, New York, 1964), pp. 141—147.

13§, Sugano, Y. Tanabe, and H. Kamimura, Multiplets of
Transition-Metal Ions in Crystals (Academic, New York,
1970), pp. 179—182.

14M. Lax, Symmetry Principles in Solid State and Molecular
Physics (Wiley-Interscience, New York, 1974), Chap. 10.

I5C. J. Ballhausen, Introduction to Ligand Field Theory
(McGraw-Hill, New York, 1962).

161.. D. Barron, Mol. Phys. 43, 1375 (1981).

17Y. N. Chiu, J. Chem. Phys. 52, 1042 (1970).

2269

181, D. Barron and A. D. Buckingham, J. Am. Chem. Soc. 96,
4769 (1974).

19p, W. Atkins and L. D. Barron, Mol. Phys. 16, 453 (1969).

20L. D. Barron, in Advances in Infrared and Raman Spectros-
copy, edited by R. J. H. Clark and R. E. Hester (Heydon and
Son, London, 1978), Vol. 4, pp. 271—331.

21A. D. Buckingham and M. B. Dunn, J. Chem. Soc. A 1971,
1988.

22H. A. Jahn and E. Teller, Proc. R. Soc. London A161, 220
(1937). .

23H. A. Jahn, Proc. R. Soc. London A164, 117 (1938).

24P. W. Atkins and J. A. N. F. Gomes, Chem. Phys. Lett. 39,
519 (1976).

25Y. N. Chiu, Phys. Rev. A 20, 32 (1979); Y. N. Chiu, A. V.
Kenney, and S. H. Brown, J. Chem. Phys. 73, 1422 (1980).

26G. Herzberg, Electronic Spectra of Polyatomic Molecules (Van
Nostrand, Princeton, 1966).

27Y. N. Chiu (unpublished).

28J. A. Salthouse and M. J. Ware, Point-Group Character Tables
and Related Data (Cambridge University, Cambridge, Eng-
land, 1972).

29C. J. H. Schutte, The Theory of Molecular Spectroscopy 1
(North-Holland, Amsterdam, 1976).

30Y. N. Chiu (unpublished).

313, A. Schellman, J. Chem. Phys. 44, 55 (1966); Acc. Chem.
Res. 1, 144 (1968); Chem. Rev. 75, 323 (1975).

32L. D. Barron, J. Am. Chem. Soc. 101, 269 (1979).

33R. A. Harris and L. Stodolsky, Phys. Lett. 78B, 313 (1978).

34Y. N. Chiu, J. Phys. Chem. 80, (1976), and references therein.

35E. P. Wigner, Sci. Am. 213 (No. 6) 28 (1965).

36L. D. Barron, Nature (London) 235, 17 (1972).

37L. D. Barron, Chem. Phys. Lett. 79, 392 (1981).

38Y. Zel’dovich, D. B. Saakyan, and I. I. Sobel’man, Pis’ma Zh.
Eksp. Teor. Fiz. 25, 106 (1977) [JETP Lett. 25, 94 (1977)].

39R. A. Hegstrom, D. W. Rein, and P. G. H. Sandars, J. Chem.
Phys. 73, 2329 (1980).



