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Based upon a fixed partial charge approximation of Schellman, we present a linear response polarizabil-
ity theory for the bandshapes of vibrational circular dichroism (VCD) and vibrational absorption spectra of
biopolymers, where a polymer vibrational polarizability tensor is derived from monomer polarizability tensors
in terms of Green’s operator method within a dipole—dipole approximation. The new formalism can be easily
programmed by utilizing a quite similar algorithm appearing in the polarizability theory regarding electronic
CD, which was previously presented. However, the theoretical framework is shown to be essentially the same
as that in the excitonic treatment of the secular matrix equation method of Snir, Frankel, and Schellman, and
that of their version prescribed by Diem and co-workers as an extended coupled oscillator model. Using the
experimental data of the monomer transition moments of the amide I and IT bands, the VCD and IR absorption
bandshapes were computed for a-helical and 3-sheet polypeptides. The computed VCD bandshapes were found
to well predict the conformations of polypeptides. We also discuss whether an allowance is necessary or not for
multistate interband mixings between constituent monomers in VCD calculations, since it is generally believed
that the characteristic bands of constituent monomers can be used as localized probes to detect the conforma-
tions of biopolymers, if one follows the assumption of Schellman and co-workers that there are no interband
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interactions between different levels.

Before vibrational circular dichroism (VCD) became
capable of distinguishing secondary structures in so-
lution-phase and solid-phase (film) proteins by using
specific spectra of the amide residue,™* several the-
ories concerning VCD bands for small molecules and
polypeptides were presented in the 1970’s.5~" These
theories have provided a theoretical background for de-
veloping VCD experimental studies. Especially before
the advent of experimentally available VCD spectrom-
eters, the VCD spectra of the amide I and II bands
for a-helical and (-sheet polypeptides were first theo-
retically predicted by Snir et al.”’ by using a coupled
oscillator approximation between the same single levels
of different residues; their calculations have thus been a
guide to the various VCD studies of biopolymers. It has
been revealed along with this work that the VCD spec-
tra measured for biopolymers can provide good ground-
state properties and geometrical information concern-
ing the solution and solid phases,'™ if we properly
choose characteristic and finger-print vibrations of their
chromophores. This knowledge, that the characteris-
tic bands can be used as localized probes to observe
the conformations of biopolymers, is of course based
upon such an assumption that a characteristic band of
a certain residue interacts with the same characteristic
bands of the different residues, but may not drastically
interfere with any other bands. The separate use of the
‘amide I and II vibrations has been such a good example.
However, in this paper, not only single-state interband
coupling, but also multi-state interband couplings, are
formally taken into account.

Soon after Snir et al.,” calculations of the infrared
absorption bandshape spectra (IR) for the amide I vi-

bration of antiparallel and parallel 8-sheet polypeptides
were carried out by Chirgadze and Nevskaya®® using
the resonance interaction exciton theory of the transi-
tion dipoles, which can be related with the fixed partial
charge (FPC) model of Schellman et al.>™ Their reso-
nance interaction theory,®® in which a normal coordi-
nate analysis is unnecessary, has been shown to give a
realistic prediction of the IR absorption bandshapes.
For the VCD bands of DNA molecules, Gulotta et
al.!® and Zhong et al.'*) have re-described the Snir—
Frankel-Schellman scheme by a recipe called an ex-
tended coupled oscillator (ECO) approximation. This
version takes into account only vibrationally excitonic
coupling interactions between certain specific single lev-
els of monomer units in a polymer. Namely, a single-
state interband excitonic mixing only is also involved
in the ECO approximation. Furthermore, the ECO ap-
proximation has been applied to calculations of small
linear oligopeptides in order to determine their confor-
mation, so as to fit the observed rotational as well as
dipole strengths and the dipolar splitting.!? Also, in the
ECO approximation VCD calculations of a small cylic
oligopeptide have been shown to qualitatively predict
the VCD of the amide I band, which has been calcu-
lated for the torsion angles (¢,1) determined from X-
ray and NMR data.!® For large polypeptides, Birke et
al.!¥ have applied the ECO method to an analysis of the
VCD spectra of a random-coil poly(L-tyrosine) to find
its suitable conformations in terms of the backbone tor-
sion angles (¢,1). However so far, these VCD approxi-
mations have not been sufficiently capable of predicting
all of the features of the VCD bandshapes. For exam-
ple, regarding the observed monosignate bands, most
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of VCD calculations inadequately yield bisignate band-
shapes, which are oftern called conservative bands. Be-
sides, most of VCD models require an artificial intro-
duction of the bandshape functions. As a small step to-
wards a sufficiently good vibrational exciton approach,
we present a VCD formulation which is capable of nat-
urally introducing bandshape functions by making use
of Green’s operator method.

First, we assume a model Hamiltonian for biopoly-
mers within the FPC-like coupled oscillator approxima-
tion of Schellman.® Then, based on the non-interacting
part of this Hamiltonian, we derive the monomer vibra-
tional polarizability tensors, from which we can con-
struct the polymer polarizability tensor by taking into
account the dipole-dipole interactions. Once, the poly-
mer polarizability tensor is obtained, we can readily de-
rive the VCD and IR absorption bandshape functions,
since the theoretical structure for the VCD is quite sim-
ilar to the Fano-DeVoe type coupled oscillator model for
the electronic CD and electronic absorption spectra.'®
In the present paper we do not allow for excited elec-
tronic contributions to the IR and VCD bandshapes.
Namely, we do not take into account the mixings of
some electronic excited states with the ground elec-
tronic state due to vibronic couplings.!®” For check-
ing the present theory, VCD calculations were carried
out for the well-known structures of polypeptides deter-
mined by the dihedral torsion angles of the polypeptide
backbone (¢,1)) without considering any side-chain ef-
fects.

Vibronically Excitonic Model Hamiltonian for
Biopolymer

Let us represent the total ground vibronic state of a
polymer (N-mer) as follows:

N
leovg >= |1;[w0n(q,Q)¢8n(Q) >

N modes
= {Tvonta@ ("T] h@0)) >
modes
(¢8n(Q)= II xSn(Qk)), (1)

k

where 10,(q,Q) and ¢9,(Q) are respectively the nth
site ground electronic states and the vibrational ground
states. We symbolize the collective electronic and nu-
clear coordinates by q and Q, respectively. The suffices
0n of the nth-site electronic ground state dencte the po-
tential surface which determines its vibrational states.
Then, we construct such a v;th locally excited vibronic
state at an mth site as

|60U87I§z >= |'l/10m(q, H 1;[)011 Ch ¢0n(Q) >
n#m
modes
= (pom(q, Q)xos (@) 1 Xgm(Qj)>
J#k

N
X <H 1J"O’n(qv Q)¢8n(Q)> >

n#EmM
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(¢3§%(Q) Xom (Q) H Xgm(Qj)>- (2)
J#k

By x3,,(@x) and xok(Qk), we denote the vibrational
ground and the vxth excited state of the kth mode, re-
spectively. The harmonic-oscillator model is assumed
for vibrational wavefunctions. In terms of zero-order
vibrationally excited states, we expand the Lth level of
the total vibronically excited state of the polymer as

sites levels

|eov0L> = Z Z Cl(,

m vpEm

|60U0m >

sites levels L
_ v g
= E _;_ < eoupk, |eovy > |eovpk, >,
m ypeEmMm

<ZZ leovpk, >< ek, | = 1) . (3)
m, Vg
To say nothing of including a single-state interband
excitonic mixings, as in the ECO approximation,'®'"
Eq. 3 can involve a multistate interband excitonic mix-
ing effect, arbitrarily depending upon any model which
one may construct within the present theoretical frame-
work.
The model Hamiltonian is then assumed to be

levels sites
~ v v
E E hcvkukmleovofn >< eo’Uo,‘i1
v 0m
sites levels

33757 Jeovgk, > Vinkt < eovgh|

m>n Vg Y

Ho+ V., (E,Z;‘;l - <'uk n %) hcf/km) @

H =

where the first diagonal term is the sum of bra and ket
operators for creating and annihilating vibronically ex-
cited levels of Dg,, at site m. The second term is the
sum of bra and ket interaction operators for creating vi-
bronically excited states at site m and then transferably
annihilating different vibronically excited levels at site
n, or vice versa. The inter(sub)molecular interaction
between the mth and nth locally excited vibronic states
may be expanded about two common points (m and n)
as

charges

Vvkvz —<60'Uoml Z Z €s€t IeO'U

sEm,tEn Tst

o B
| Rmn 3
= <eoVgE |m* Umn - n |€0v04 >
= <t01001%02602*Pom Do, Yon Pon**YoN Gon |tm- U
%01 601%02802*Yom Bom +Yon bok -+ YoN BoN >
= <Pom ek, | m |[PomPom> + Umn+ <tondon|in[Pondos>,

charges

(Nm = Z etrmt;Rmn = Rn - Rm)y (5)

t

vy
)'“n|eov0n>

mn*Hn

where the coulombic interaction operators of the first
line are approximated by such a dipole—dipole interac-
tion operator, ptoy,* Upmn iy, as given in the second line.
By the dipole—dipole interaction operator with respect
to m and n, pickup of m,n-vibronic parts in the left
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vkth and the right v;th excited state functions and also
the orthogonality of the other state functions lead to
the last line of Eq. 5. U,,, defines the unit dipole-
dipole interaction tensor and R.,,, is the distance vec-
tor. However, in relation to the following Eq. 11, Eq. 5
is clearly awkward when we would like to consider any
multi-level interband mixings, since the transition mo-
ments of different levels are known to prefer different
adequate positions, so as to obtain good agreement with
the experimental bandshapes. The problem regarding
this difficulty is mentioned in the final section.

Following the fixed-charge approximation,® we as-
sume in Eq. 5 that the (sub)molecule can be regarded as
being an aggregate of oscillating atoms of fixed charge.
Therefore, the vibronic transition moment of an mth
site residue may be calculated by

< Pom ok, | Wm [ PomPom >

charges
— . 0
=< ¢Om¢g¢n] Z etrmt|¢0m¢0m >
t

charges

=< Yomdosl > ei(Bme+ pt)|thom@om >
t
charges charges

=<5 (Q) Do eRme+ D epldom(Q) >o

t t
= pgk), (6)

where 7,,,; is an instantaneous position vector associated
with an effective charged-particle e;. This position vec-
tor is then resolved into the equilibrium position vector,
R,.;, of atom ¢, and its instantaneous displacement, py,
from equilibrium. The latter is expressed in terms of
normal coordinates. The fourth line of Eq. 6 is obtained
after integration over q. The operator of the first term
means the permanent dipole moment, whose integration
over nuclear coordinates, however, vanishes because of
the orthogonality of the vibrational wavefunctions.

Experimentally, in the Gaussian band approximation
of a monomer band, a formula used to evaluate the
absolute value of the transition moment can be derived
from Bayley’s review'®) as

tl FFWHH
|va0 2 ~ 0.98 x 10—38 53’1‘& ka /2

om

Vkm

exptl
= 0.98 x 10738 5max e ((esy cm)?],  (7)

where 0.98 comes to be 0.92 for the Lorentzian band-
shape approximation.’>'® T[FWHH (efines the full-
width of the monomer IR band at the half-peak height
(FWHH) in units of wavenumbers. 7,, is a damping
factor related to Eq. 8 given below. The directions
of the transition moments are taken from Sandeman’s
analysis of the amide I and II bands in N,N'-diacetyl-
hexamethylenediamine.?® The use of the thus-obtained
model Hamiltonian is made to derive the vibrational
polarizability tensors.
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Vibrational Polarizability Tensor of Polymer

We are now in a position to derive the vibrational
transition polarizability tensor in order to describe the
VCD and IR absorption bands. From Eq. 4, a crude

“Green'’s operator for a polymer is defined as

1
hev — Ho + in
sites levels |eo,vg);n >< eO'Ugfn

~ ~ . b
T viem he(V — vklkm + i1,

Go(9) =

8)

from which we can define the vibrational transition po-
larizability tensors of monomers,

— < vy | pGo (7)) leovy >

sites [ levels _Ngvkﬂgko sites
= - m ZO0m = O (D).
7211.: (kae:m he(V — v km + vak)) ; m(®)
9)

In Eq. 9, 7,0k, and Ny, are defined in units of

wavenumbers and ugf,’f/ e is given in units of cm with
e?/hc=1.161385x1073.  Regarding the vibrational
quantum number (vg) in the present calculations, such
a one-quantum transition as Ox—1j is only taken into
account in Egs. 8 and 9.

For a true Green’s operator, we can derive the total
vibrational transition polarizability tensor. By making
use of the relationships

— < eoug |G (P) uleovy >
— < eouy|p(hed — H +in) "  pleovg >

3 rana)
= — < eotd|p{Go () + Go(D)VGo(¥)
+ Go(D)VGo(D)VGo(P) + - - - }utleovd >, (10)

I

insertion of the resolution of identity given in Eq. 3
leads to the vibrational polarizability tensor of the
polymer,®

pa:zn(’;) = a:}nm(ﬂ)lsmn - a:nm (i})' Umn°a:}zn(i})
N
+ Z a:;mm(ﬂ)' Umk’aZk (17)' Ukn’QZn (’;) -
k=1

[1+ o (7)-Ulmn-ana (9),
(m,n=1,2,3,---,N), (11)

Il

where the sans serif type represent 3N x3N matrices.

Following theoretical treatments of the electronic CD
made by Applequist?? and ours,'® we can thus derive
the molar ellipticity of VCD per residue as

1 N N 1
o 2 -2 PaU (=
[6(9)] = 288" Nav ¥ m§=1n§=1 Im{—mRmn o (D)t €}y

(deg cm? dmole™ "), (12a)

where we follow the tensor notation of Applequist,V
and R,,, is defined in units of cm, Ny being Avogadro’s
number. After obtaining the left-hand side of Eq. 11,
calculations of Eq. 12a are performed by
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R nPa,, (D)€
(z,y,2)

= 2235 (R )i o (7)

(wyZ)

= Z Z Z(Rmn )iP ol (D)enjs

= zmn{pav zy(V) - pa:fngtz (V)}

+ ymn{pa:}nn (V) Pay, ZZ(V)}
+ zma{Pamn’ (7) = Pams’ (9)}. (12b)

Here ¢ is the Levi-Civita symbol. Correspondingly,
we obtain the bandshape function of the vibrational ab-
sorption per residue, i.e., the molar extinction coeffi-
cient as follows:

N N 1 ow -
;;Im[gTr A (D)),
(dm® mol ™' cm™?). (13)

Pe(i7) = (8n°Na/2302.6)7

Here, Tr means to take the traces of 3x3 block matri-
ces of the 3Nx3N polymer polarizability tensor ma-
trix. After all, bandshape calculations for Egs. 12b
and 13 are carried out by the point-by-point matrix
inversion of Eq. 11 against the wavenumbers (7). Here,
let us consider the relation of the present scheme with
Refs. 5, 6, 7, 10, and 11. In the first-order approxi-
mation of Eq. 11 with respect to interaction potentials
U,.. which is related with Eq. 5, Eq. 12b is derived to
be

RonPon, (7)€

levels levels v 0

—Vinh"! R Bome Bty €
VEEM v EN (he)? (¥ — viDkm + v, ) (P — vidin + i70;)

levels levels +Vn?$;,vl Ron- ”ka X v10
0n

~
~

vigm ven (he)2(V — vilkm + i0u ) (P — vilin + 00;)’
(14)

which demonstrates the familiar similarity found in
the secular matrix equation methods.>—"!%D Conse-
quently, Eq. 12a involves such various interactions as
those given in Eq. 5 up to infinite-order terms.

By making use of the rotation matrix R(¢,1), which
Pysh?22%) derived by following the method of QOoi et
al.,?¥ we can construct the geometries of polypeptides
(N-mers) with repeating chromophore units, such as
—[CoR(H)-(C'O)-NH],—, by putting the z,y-plane on
the ﬁrst amlde plane (C'ONH). The chosen polymer
coordinate system enables us to directly use monomer
spectroscopic data, such as the electric and magnetic
transition moments, without any transformation, since
we describe the z,y,z-components of these moments in
terms of the Cartesian coordinates assumed on the first
C’ONH-plane for the polymer coordinate system. A
more concrete algorithm is mentioned in the following.

Here, by using r,, we represent each atomic position
vector belonging to the nth residue. Also by using g,
we represent each vibrationally induced electric moment
belonging to the same nth residue. They can then be
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Sth residue .

s

2nd residue

1st residue

Fig. 1. Definitions of the dihedral torsion angles (¢,y)
of a polypeptide backbone and positioning of the
amide I transition moments of residues. The five
dashed arrows from the first residue to the second
one represent the rotational 3x3 matrix operations,
R(¢,9), of five atomic positions together with the
translations, Ttranslation, Of the five positions.

successively computed from the position vector and the
moment vector belonging to the preceeding (n—1)th
residue, starting from the position vector and the mo-
ment vector of the first site, 7, and pq, as follows:

Tn = R(¢» w)rn—l + Pranslation, and/or

Hn = R(¢71/))u'n—lv (15)

where 7y, 5, and Tyransiation are represented by column
matrices. The rotation matrix R(¢,%) is a function of
the conventional ¢ and % torsion angles. These rela-
tionships and parameters are illustrated in Fig. 1. The
second equation of Eq. 15 can be clearly derived from
the first one, since the head and tail of a certain vector
can be given by the coordinates of the amide plane to
which the vector belongs. However, in the expression of
Eq. 15, we make use of the transposed form of the rota-
tion matrix given by Pysh,?? since he has defined the
position vectors in terms of row matrices. In compu-
tations, we employ his starting coordinates for the first
residue, {7}, together with the pitch, ie., the z,y,2
components of Tiansiation (3.519—1.436, 0.0) in units of
A.

Results and Discussion

The vibrational polymer polarizability tensor has
been formulated for obtaining the VCD and IR absorp-
tion bandshapes of biopolymers. The calculations (as
shown in Figs. 2, 3, 4, 5, 6, and 7) were carried out by
considering only the same single-level exciton coupling
for each amide I and II band, which means neglecting
any interband mixing effects between different excited
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Fig. 2. Computed VCD curves of amide I and II regions for a-helical (36-mers), antiparallel 8-sheet (4 chainsx9-mers),

and parallel S-sheet (4 chainsx9-mers) polypeptides.
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Fig. 3.

Comparison of computed VCD curves of amide I and II regions for a-helical polypeptide (36-mers) with

the experimental VCD curve?” of o-nitrophenylthio(L-Met—L-Met—L-Leu)s—OEt, where AA for the right ordinate
represents, in arbitrary units, the experimentally observed difference of IR absorbances between the left and right

circularly polarized lights.

levels. Consequently, these calculations come to be es-
sentially the same as the excitonic treatments for the
secular matrix equation method of Snir et al.” as well as
the ECO approximation.'®—'% However, the two-level
interband mixings are taken into account in Fig. 8.
Throughout the present calculations, we made use
of the experimental data of the amide I band peaked
at 1650 cm~! and the amide band II peaked at 1550
cm~1.29 The transition moment of amide I, 0.29D, is
inclined at an angle 19° from the C'O bond towards
the C'O, bond, and the transition moment of amide
II, 0.22D, at an angle of 68° from the C'O bond to-
wards the C'C, bond. The damping factors (n; and
m1) were taken to be 17 cm™!. In separate calculations
for the amide I and IT bands from one another, we put
the two different transition moments at different posi-

tions in each residue, one being positioned at 0.4 *C'=0
bond length from the oxygeon atom, and the other at
a 0.5*NH bond length.”

In Fig. 2, the computed VCD bandshapes for a-heli-
cal and -sheet polypeptides are given. We compare the
computed VCD and IR absorption bands of a-helix with
the experimental bands®” in Figs. 3 and 4. As shown
in Figs. 2, 3, and 4, the VCD and IR absorption band-
shapes computed for a-helical and 3-sheet polypeptides
gave qualitatively similar results compared with those
bandshapes computed by Snir et al.”” While the present
calculations make use of the dipole—dipole potentials,
based upon experimental data concerning the transi-
tion moments, the calculations of Snir et al.” made use
of empirical potentials determined by the IR data of
Miyazawa and Blout.?® In the amide II region of the
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Fig. 4.

with the experimental IR absorption curves of amide I and II for o-nitrophenylthio (L-Met-L-Met-L-Leu)s—OE

Comparison of computed IR absorption curves of amide I and II regions for a-helical polypeptide (36-mers)

+27)

and correspondingly computed VCD curve of a-helical (36-mers), where A for the right ordinate represents the

experimentally observed IR absorbance in arbitrary units.
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Fig. 5.

Comparison of computed VCD curves of amide I and II regions for antiparallel S-sheet (4 chainsx9-mers),

and parallel B-sheet (4 chainsx9-mers) polypeptides with experimental VCD curves of poly(L—lysine)28> and poly(O-

acetyl-L-serine) and poly(y-benzyl L-glutamate),?®)

observed difference of IR absorbances between the left and

a-helix conformations, the calculations by Snir et al.”
for the coupling parameters of Miyazawa and Blout?®
gave different VCD profiles with a sign reversal from
their own results obtained by making use of the pa-
rameters of Krimm.?® Their calculations for the former
parameters?® are found to coincide with present calcu-
lations.

Figures 5, 6, and 7 compare the VCD and IR
bands for antiparallel and parallel 3-sheet polypep-
tides with the experimental VCD and IR bands.?® In
the amide II region of antiparallel 3-sheet structures
as (shown in Fig. 5), it is revealed that not only our
CD calculations with the dipole-dipole interaction po-
tentials, but also the CD calculations of Snir et al.”
with the IR empirical potentials predict the experimen-
tally observed negative—positive bisignate curve viewed

where AA for the right ordinate represents the experimentally

right circularly polarized lights in arbitrary units.

from low wavenumbers.?¥) Such an observed bisignate
VCD curve, however, is found to be at the higher
side of wavenumbers shifted from the computed curve,
whereas the observation sometime gives a positive-neg-
ative bisignate curve.?® In relation to this, this discrep-
ancy in the model calculations demands us to rescru-
tinize the parameters of monomer transition moments
as well as the molecular structures represented by the
polypeptide backbone torsion angles (¢,1/). We must
also consider any changes in the transition moments
due to a side-chain effect in our calculation scheme. Fig-
ures 6 and 7 compare the correspondingly computed IR
absorption bands with the experimental ones,?® which
require considerations of any disagreements in the IR
absorption bandshift as well as the VCD bandshifts of
Fig. 5 in future work.
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Fig. 6. Comparison of computed IR absorption curves of amide I and II regions for antiparallel B-sheet

(4 chainsx9-mers) polypeptides with experimental IR absorption curves of poly(L-lysine)?® and poly(O-acetyl-L-

serine) and poly(y-benzyl L-glutamate)2®

and correspondingly computed VCD curves, where A for the right ordi-

nate represents the experimentally observed IR absorbance in arbitrary units.
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Fig. 7. Comparison of computed IR absorption curves of amide I and II regions for parallel 3-sheet (4 chainsx9-mers)
polypeptides with experimental IR absorption curves of poly(O-acetyl-L-serine) and poly(y-benzyl L-glutamate)?®
and correspondingly computed VCD curves, where A for the right ordinate represents the experimentally observed

IR absorbance in arbitrary units.

Equation 11, derived from Eq. 3, can involve any in-
terband mizings between different vibrational modes.
However, when we take into account the interband mix-
ings in Eq. 11, there is such a limitation that different
transition moments within a residue must be located at
the same common places on account of the definition
of Eq. 5. For such cases in which we like to position
different transition moments of each residue at differ-
ent positions within each residue, we must require a re-
interpretation of Eq. 11, as is mentioned below. Al-
ternatively, we must develop a more sophisticated for-
malism, which will be presented elsewhere. In Fig. 8,
the different level interband mixings of the amide I and
IT bands between monomers were taken into account.
If we take different numberings for all of the monomer
transition moments in order to put the different transi-
tion moments of certain residues onto different positions
within the residues, and if we do not take into account
intra(sub)molecular interactions, the present formalism

can then be safely used. Thus, as shown in Fig. 8, al-
though the two-state interband mixing effects give no-
ticeably different bandshapes, there are no changes in
their qualitative features. For instance, the bisignate
VCD amide II band computed for a-helix comes to be
a skewed bisignate type, which is considered to be a
result of intensity borrowing due to the two-state in-
terband mixings. It appears possible to expect that we
can predict the experimentally observed monosignate
band through multistate interband mixings if we prop-
erly choose the parameters involving the structural fac-
tors in relation to inter(sub)molecular interactions. For
a certain case, the interband interactions may become
more serious than the results given in Fig. 8 indicate.
The present VCD formalism excludes any asymmet-
ric effect of a residue, such as intrinsic optical activ-
ity or the asymmetrically induced couplings of mag-
netic transition moments with the vibrationally induced
transition moments through dipole—dipole interactions.
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Fig. 8. Computed VCD curves in amide I and II regions for a-helical (36-mers) by allowing for two-state interband
mixings.

Furthermore, it is difficult to obtain information con-
cerning these magnetic moments, the importance of
which is generally recognized.>”:39) If we can establish
how to estimate the vibrationally induced magnetic mo-
ments correctly, and/or if the correct vibrationally in-
duced magnetic moments are experimentally available,
the present theory may be extended to involve intrin-
sic asymmetric effects of residues by following a similar
treatment of electronic CD theory.3")
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