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Measurements of circular dichroism upon a-helical poly-
peptides clearly reveal three rotatory bands between 185
and 245 mu. Since the frequencies of these bands cor-
relate well with those observed in the absorption spectra
of these molecules, the three rotatory bands are assigned
to the ni—w~ transition at 222 mu, the parallel-polarized
-7~ exciton transition at 206 mu, and the perpendicu-
larly polarized w'—m— exciton transition at 190 mu. From
absorption and circular dichroic spectra, estimates of
both oscillator and rotational strengths have been made.
The observed rotational strengths are —22 X 10=%9,
—29 X 1079, and +81 X 10~ erg cm.? rad, respec-
tively. The values agree in sign and order of magnitude
with theoretical predictions. Application of the Kronig-
Kramers transform to the circular dichroic data shows
good agreement between calculated and observed optical
rotatory dispersion in the Cotton-effect region. At
higher wave lengths, the transform indicates that the
parameters of the Moffitt equation are largely a result
of the peptide transitions between 180 and 245 mup.
Parallel studies upon disordered polypeptides reveal a
region of weak positive circular dichroism from 210 to
235 mu, contiguous with a region of strong negative
dichroism centered near 200 mu. Although the detailed
origins of the optical activity of the disordered polymer
are not known, the observed circular dichroism probably
arises from the amide n—w— and w'-m— transitions.
The circular dichroism of metmyoglobin also reveals the
three peptide rotatory bands characteristic of synthetic
helical polypeptides. This demonstrates that the elec-
tronic structure and, hence, the conformation of the
natural and synthetic polymers are largely identical.

Introduction

Optical rotatory dispersion between 300 and 600 mu
has been shown to be a sensitive indicator of the con-
formation of «-helical and randomly disordered poly-
peptides.? The primary dependence of the rotatory
dispersion upon molecular conformation rather than
upon side-chain constitution suggests that the electronic
transitions of the peptide group must be the dominant
source of the rotatory power of these molecules. How-
ever, dispersion measurements in this spectral region
do not reveal which electronic transitions of the
peptide group are important to the optical activity.
In order to determine the rotational strengths of the
individual electronic transitions, the measurements
of optical activity must be extended into the spectral
regions of the peptide absorption bands. Recently,
determinations of both circular dichroism*—® and
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rotatory dispersion’~!! have been reported for the
spectral region of the amide =°-7— and n—7— tran-
sitions,!2—!4 but these measurements have not yet al-
lowed an unambiguous assessment of the relative roles
of these electronic transitions. This was attributed
to difficulties of interpretation arising in part from a
lack of experimental information on the magnitude and
location of the n,—=— absorption band and in part from
the relatively poor precision of the circular dichroic
data.

In order to resolve these difficulties, an earlier inves-
tigation'® of the polarized absorption spectra of poly-
peptide films in the region of the n,—=— transition has
been refined, and an instrument has been constructed
which provides circular dichroism curves of consider-
ably greater precision between 185 and 250 my than
those previously reported.* This has led to new ob-
servations on both a-helical and randomly disordered
polypeptides. Before presenting these results, however,
it may be useful to review briefly the theoretical ex-
pectations for the rotatory power arising from the
known electronic transitions of polypeptides.

The importance of resonance coupling of electric
dipole transition moments to the optical activity of
helical molecules was first noted by Moffitt.’¥ He
showed that strong rotatory bands of equal intensity
but opposite sign, which one may term [R]y, and[R],,i,
should be associated with the parallel-polarized and
perpendicularly polarized exciton absorption bands!?
originating from each strong electronic transition such
as the 190-mu w%—7— band in polypeptides. It was
later shown!® that Moffitt neglected terms as important
as [R]y and [R],,L because the Born-von Karman
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culations of rotatory power. It should be noted in
passing that these additional terms were recently de-
scribed by Mason'®:® as being ‘‘significant only as an
end-correction,” but this claim is mistaken.?! More
relevant is the evaluation of these terms by Tinoco
and co-workers,??~? who show that for infinitely long
helices these terms lead to the prediction of another
pair of rotatory bands. These bands, which are of
equal strength but opposite sign, are located at fre-
quencies », + I'/v2 and », — T/VZ, where », is the
frequency of the perpendicularly polarized absorption
band of the helix and T is a ““damping factor” whose
value is difficult to predict. However, ' may be esti-
mated empirically from the absorption spectrum as the
full band width between the frequencies of half-in-
tensity. These additional rotatory bands may be
termed [R]r* and [R], respectively. Thus, the exciton
theory predicts that each strong electronic transition
in the monomer unit should in any helical arrangement
give rise to a total of four rotatory bands, if the mono-
mer moments are skewed with respect to the helix
axis.

The rotatory bands that arise in specifically «-helical
polypeptides from the 190-mu peptide x%-7— transition
have been theoretically treated by Woody.?® His
numerical calculations indicate that the four rotatory
bands should occur at 185, 189, 193, and 195 muy,
assuming a damping factor of 2500 cm.~!. In addition,
the n—n— transition of the peptide group, located
near 225 my, was predicted to be optically active in
these molecules.?* 2 Theoretically, therefore, a-helices
should exhibit as many as five rotatory bands between
185 and 230 mu, provided no other transitions are
concealed in this spectral region.

In testing these expectations against observations,
one finds that the experimental measurements to date,
both on the optical rotatory dispersion and on the
circular dichroism of «-helical polypeptides, are not
sufficiently precise to permit either an unambiguous
determination of the relative roles of the n—»— and
w0—x— transitions or a verification of the four separate
m'—7 rotatory bands predicted. As a result, the ap-
plicability of the exciton theory of rotatory power
remains in doubt, and divergent theoretical analyses
of the electronic origins of the rotatory dispersion of
polypeptides remain untested. In this situation it has
not been possible, for example, to decide between
Schellman and Oriel,® who argue that the n-=—
transition is a major source of rotatory power, and
Tinoco and co-workers, who assign greater importance
to the w-7— bands than to the n—=— transition.??% 2
The purpose of the present work has been to resolve the
roles of the n;—7— and =#%-7— transitions and to provide
firm evidence for at least two #%-7— bands.

(19) S. F. Mason, Nature, 199, 139 (1963).

(20) S. F. Mason, Quart. Rev. (London), 17, 20 (1963).

(21) See the Appendix to this article, where Mason’s analysis is
examined in some detail. Tinoco (private communication and foot-
note 22¢) has also found these errors in Mason’s work.

(22) (a) 1. Tinoco, Jr., Advan. Chem. Phys., 4, 113 (1961); (b)
Radiation Res., 20, 133 (1963); (c) J. Am. Chem. Soc., 86, 297 (1964).

(23) I. Tinoco, Jr., R. W, Woody, and D. F. Bradley, J. Chem.
Phys., 38, 1317 (1963).

(24) D. F. Bradley, I. Tinoco, Jr., and R. W. Woody, Biopolymers, 1,
239 (1963).

(25) R. W. Woody, Dissertation, University of California, Berkeley,
Calif.,, 1962.

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

Experimental

Instrumental. Polarized absorption spectra were
measured on a Beckman DK-2A recording spectro-
photometer adapted in a manner previously described. !5
Circular dichroism measurements were obtained by
two different methods, both of which involved modi-
fications of the DK-2A spectrophotometer. The
first method, termed method I, utilized a quartz polariz-
ing prism and quartz retardation plate to produce
circularly polarized light in the sample beam of the
spectrophotometer. When identical solutions were
placed in the sample and reference beams, the in-
strument measured directly the difference in trans-
mittance of the sample toward circularly polarized and
unpolarized light. No absolute calibration of instru-
ment gain was required in this method. The second
method for measurement of circular dichroism, termed
method Il, involved an adaptation of the electro-optic
method of Grosjean and Legrand? to the Beckman
DK-2A spectrophotometer. Calibration of this method
was performed using data obtained by method I. This
calibration was tested against published values of the
circular dichroism of testosterone.?® The band in-
tensity obtained by method II fell within the limits of
error of the published value.

The accuracy of the circular dichroic measurements
is estimated to be =109 for wave lengths greater
than 200 mu and =209 for wave lengths less than 200
my, although the precision of measurements obtained
by method II is considerably better than these figures.
Adherence of the measured dichroism to Beer’s law
verified that stray light is not significant in the DK-2A
at the cell absorbances and wave lengths used
here. Measurements obtained by methods I and 11 are
compared in Figure 4 below. It should be noted that
instrumental errors for both methods may cause dimin-
ished but not increased absolute values of the measured
circular dichroism.?® A detailed description of both
methods for the measurement of circular dichroism
is being*published elsewhere.

Materials. Poly-L-glutamic acid, poly-L-lysine, and
copoly-L-Glu*?Lys*®Ala®, purchased from Pilot Chem-
ical Corp., had average molecular weights of 84,000,
324,000, and 74,000, respectively.®! The fluoride salts
of cationic side chains were prepared by dialysis
against sodium fluoride. Poly-y-methyl-L-glutamate3?
of molecular weight 600,000 was lyophilized from tri-
fluoroacetic acid. Metmyoglobin was prepared from
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Figure 1. The polarized absorption spectra of poly-y-methyl-

L-glutamate films: lower curves, obtained by averaging the normal-
ized measurements upon four different films; upper curves, deriva-
tive spectra calculated from the observed absorption spectra (no
scattering correction has been applied).

sperm whale muscle.?® Water was doubly distilled.
Trifluoroethanol was obtained from Eastman Distilla-
tion Products and used without further purification.

The polymer concentrations were in all instances
determined spectrophotometrically. The residue molar
extinction coefficients at the indicated wave lengths
used in these determinations were as follows: poly-L-
glutamic acid, helix, €(190) 420034; poly-L-glutamic
acid, disordered chain, €(200) 56603%¢; poly-L-lysine,
helix, (190) 440034; poly-L-lysine, disordered chain,
€(190) 7100%¢; poly-y-methyl-L-glutamate, helix, in
trifluoroethanol, ¢(190) 3200%%; copoly-L-Glu*?Lys?-
Ala%, helix, €(190) 4300%: sperm whale metmyoglobin
in 0.02 M phosphate buffer, pH 7.1, «280) 218.%

All measurements of spectral properties below 210 mu
were made in a l-mm. cell. Total cell absorbances
were kept below 1.4, For measurements between 180
and 200 my, nitrogen flushing was employed to re-
move oxygen from the light path.

Polarized Absorption Spectra. Before presenting the
principal results of this work, which deal with circular
dichroism, it will be useful to indicate briefly new meas-
urements of the ultraviolet spectra of oriented films of
polypeptide helices. I our previous study of this
problem,!? it was concluded that there were three
bands in the accessible region: these were centered at
191, 206, and 222 mu and were polarized perpendicular,
parallel, and perpendicular, respectively. The 191-
and 206-mp bands were assigned to the two allowed
m'-7~ resonance excitation interaction (exciton) bands
predicted by Moffitt,!® whereas the 222-mu band was
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assigned to the n—=— transition. However, the ob-
servations of the 222-mu band were much less satis-
factory than for the others, and in one published result
(Figure 3 of ref. 15) its perpendicular polarization was
by no means apparent. We have therefore obtained
a number of spectra in the 210- to 245-mu region in
order to establish the polarization of this band.

These spectral studies revealed a region of pre-
dominantly perpendicular polarization from 215 to
245 muy, thereby clearly showing the presence of a weak
absorption band centered at about 222 my in addition
to the two strong bands. This point is best conveyed
by presenting a spectrum in this region obtained by
averaging the results obtained on four oriented poly-
v-methyl-L-glutamate films. Such an average should
serve as a more reliable index to the spectra than any
single film might, because of variations in the scattering,
thickness, and per cent orientation of the films pro-
duced. This composite spectrum is shown in the lower
portion of Figure 1. The perpendicular polarization
and the shoulder near 222 myu are clearly evident, and
the original result is therefore confirmed.® The ratio
of perpendicular to parallel absorbance is only 1.5 near
222 mu in Figure 1, although values as high as 2 were
observed in individual spectra.

The location of the band producing the perpen-
dicularly polarized shoulder between 215 and 245 mu
can be made more precise by resorting to derivative
spectra.®® These are plotted in the upper part of Figure
1. A well-defined minimum is seen at 227 my, and a
less clear maximum occurs at about 216 mu. The in-
flection point is not well defined but the midpoint
between the two extremes is 222 mu. Hence this wave
length assignment can now be used with more con-
fidence in its precision; it is presumably correct to
within =2 mu. It is the overlapping =’-7— bands at
lower wave length that prevent a more precise location.

Circular Dichroism. As our earlier work has shown,*
the circular dichroic spectra of a-helical and disordered
poly-L-glutamic acid differ profoundly. This is evi-
dent in more recent results shown in Figure 2. The
improved precision now available shows that the a-
helical polymer exhibits not one but two negative di-
chroic peaks; these are located at 222 and 209 muy,
clearly separated by a distinct notch at 215 myu. There
is a single positive dichroic band with peak at 191 mp.
These findings for the a-helix contrast with those for
disordered polyglutamic acid, which reveal a region of
weak positive dichroism between 210 and 235 mu
contiguous with a region of strong negative dichroism
marked by an extremum at 202 mu. The new observa-
tions on polyglutamic acid differ from those reported
previously*; the earlier, less precise data did not show
either the 215-mu notch in the dichroism of the helix
or the weakly positive dichroism of the disordered

(38) The ambiguity in one of the previously published spectra,
Figure 3 in ref, 15, can now be explained. In this spectrum the parallel
absorbance was greater than the perpendicular one in the region of the
mi—7~ transition, unlike Figure 1 above. From this, one might con-
clude that the dichroism was parallel, but this was not done because
(1) the 222-mu band was much more clearly evident in the perpendicular
spectrum, and (2) other spectra did not show this kind of inversion.
We now believe that this displacement arose in this one case because
the film thickness in the parallel spectrum exceeded that in the per-
pendicular case, owing to an instrumental artifact which allowed the
sampled area to change upon rotation of the sample. Improvements
in the apparatus eliminated this problem and invariably showed per-

pendicular dichroism in this spectral region,
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Figure 2. The circular dichroism of poly-L-glutamic acid in 0.1 M
NaF. Helix (pH 4.3): the circles indicate method I whereas the
solid line indicates method II. Random coil (pH 7.6): method L.

chain. These observations are a measure of the
instrumental improvement that has been achieved.

In order to ensure that the results for polyglutamic
acid depicted in Figure 2 were typical of a-helical and
disordered polymers rather than a manifestation of the
carboxylic side chains, measurements were performed
upon poly-L-lysine, a polypeptide also known to undergo
a helix-coil transition upon ionization.® The circular
dichroism of the two conformations of this molecule
are shown in Figure 3. Like poly-L-glutamic acid,
poly-L-lysine exhibits in the helical conformation
two negative extrema, at 207 and 220 my, as well as a
region of positive dichroism near 190 mu. The data for
randomly disordered poly-L-lysine show positive di-
chroism near 220 mu and strong negative dichroism
below 210 mp. Although the data below 200 mpu
were found to be less reproducible for polylysine than
for polyglutamic acid, it is clear that the two polymers
exhibit closely similar changes in dichroism upon con-
formational alteration. Consequently, it is reason-
able to conclude that the observed curves reflect the
properties of the amide groups and their mutual inter-
actions.

Inasmuch as the circular dichroic measurements were
performed by two different methods, it was deemed
important to compare measurements made by the two
techniques. Such a comparison is presented in
Figure 4, which shows the optical activity of an a-
helical polymer in an organic solvent. It is seen that
methods I and II are in good agreement above 200 my,
although method II is more precise and clearly reveals
the two negative peaks only crudely discernible in the
measurements by method 1. Below 200 my, method
I appears to give larger values of the circular dichroism
than method II; it is difficult to be sure of the origins
of this discrepancy, but inasmuch as artifacts are gener-
ally expected to produce absolute values of measured
dichroism smaller than the true values,?® it is probable

(40) J. Applequist and P. Doty in ‘“Polyamino Acids, Polypeptides,
and Proteins,” ref. 17, p. 161,
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Figure 3. The circular dichroism of poly-L-lysine in 0.1 M NaF.
Helix (pH 10.6-10.8): filled circles, method I; solid line, method
II. Random coil (pH 6.7): method I.
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Figure 4. The circular dichroism of e-helical poly-y-methyl-
L-glutamate in trifluoroethanol, as recorded by methods I and II.

that the measurements obtained by method I, although
less precise, are more accurate below 200 mu. Within
this discussion of instrumental accuracy, the discrep-
ancies between the circular dichroic measurements re-
ported here and the measurements reported by Brahms
and Spach® should be examined. When their data for
helical polyglutamic acid are reduced in absolute magni-
tude by a factor of 10, good agreement is observed
with our data from about 225 to 245 mu. Between
210 and 225 mu, however, our data show circu-
lar dichroism of considerably greater absolute mag-
nitude than their results suggest. The discrepancies are
all in the direction expected if their measurements are
adversely affected either by stray light or by bire-
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Figure 5. The circular dichroism of «-helical copoly-L-Glu+2-
Lys2%8Ala® at pH 3.1 in 0.1 M NaF, and the circular dichroism of
sperm whale metmyoglobin at pH 7.0 in 0.02 M phosphate buffer.
Both curves were recorded by method II. The open circles are
the extrapolated values of the dichroism of the synthetic polymer
used for the calculation of the Kronig-Kramers transform shown
in Figure 6.

——-Calculated fram
Circular Dichraism

. E Observed

{R'] (10"* DEG. cM?/DECIMOLE )

i

-3 1 1

I
180 200

| L 1 {
220 240 260

WAVELENGTH, my

Figure 6. The optical rotatory dispersion of a-helical polypeptides,
as calculated from circular dichroic data and as observed: the
calculated curve is based upon data shown in Figure 5 for poly-
L-Glu*2Lys?Ala30; the observed data shown were obtained upon
poly-L-glutamic acid in water at pH 4.3 by Blout, Schmier, and
Simmons.8

fringence depolarization.?® Inasmuch as our measure-
ments by two different methods agree, whereas their
measurements disagree in the direction predicted for
artifacts, we believe that their measurements for wave
lengths shorter than 225 mu should be disregarded.

In order to strengthen the connection between the
conformation-dependent optical activity of synthetic
polypeptides and the optical activity of proteins, the

circular dichroism of a water-soluble copolymer of
glutamic acid, lysine, and alanine, and of the protein
myoglobin, were measured. At low pH, the synthetic
polymer is completely helical,®' and its circular di-
chroism curve, as shown in Figure 5, is in excellent
accord with that of other helical polymers shown in
Figures 2-4. These data may be compared to those
of the largely helical protein metmyoglobin. The
circular dichroism of this natural polypeptide, also
shown in Figure 5, reveals clearly the two negative
dichroic peaks at about 208 and 220 my, as well as the
positive dichroic band near 190 my. Thus these two
features of the circular dichroism are basic character-
istics of the a-helix, either in synthetic polypeptides or
in proteins.

Analysis and Discussion

The absorption and circular dichroic spectra which
have been presented can be utilized in two different
ways. First, by applying a Kronig-Kramers trans-
form to the circular dichroic data, the rotatory dis-
persion arising from the observed dichroic bands can
be calculated.*"4? Comparison of such calculated
dispersion data to the observed rotatory dispersion can
then provide a measure of the reliability of both types
of measurement and, in addition, should show the
contributions of all the bands detected in the circular
dichroism to the rotatory dispersion. However, the
second and more important application of the circular
dichroic and absorption spectra is in determining the
spectral locations, rotational strengths, and oscillator
strengths of separate electronic transitions. With
such experimental parameters in hand, a critical evalua-
tion of our theoretical understanding of the optical
properties of a-helices may be possible.

Kronig-Kramers Transforms of the Circular Dichroic
Data. Electronic optical rotatory dispersion and
circular dichroic curves have been shown*! to obey
dispersion relations of the Kronig-Kramers type, sub-
ject only to two easily satisfied conditions. The
Kronig-Kramers transform for the calculation of the
optical rotatory dispersion function [¢’(M)]x arising
from the partial circular dichroism [8’(A\)]x of the Kth
band may be written 42

[0’ Nk = 2/7) f ORI = M AN (D)

The prime (') in the expressions [¢'(A)] and [0'(N)]
indicates that these quantities are assigned their vacuum
values; observed data [¢(A\)] and [8(})] are usually
related to the vacuum parameters by the Lorentz factor.
For example, [8’(\)] = 3[6V))/[n(M)? 4+ 2], where n is
the refractive index of the solvent. Thus from circular
dichroism such as that shown in Figures 2-5, the optical
rotatory dispersion arising from the band(s) may be de-
termined. For complex circular dichroism curves,
however, the accurate evaluation of the integral (I) is
feasible only by digital computer. In the IBM 1620
computer program used here, the integral was approxi-
mated by a summation over intervals of | mu, and the
point at A = X’ was eliminated.

(41) W. Moffitt and A. Moscowitz, J. Chem. Phys., 30, 648 (1959).
(42) A. Moscowitz in ‘“‘Optical Rotatory Dispersion,” C. Djerassi,
Ed., McGraw-Hill Book Co., Inc., New York, N. Y., 1960, p. 150.
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Using this procedure, the optical rotatory dispersion
arising from the circular dichroism of copoly-L-
Glu‘?Lys*Ala® as shown in Figure 5 was determined.
It is important to note that no assumptions have been
made in this transformation from circular dichroic data
to rotatory dispersion, either in the number of bands
or in their shapes. The only assumption involved is
the minor one in the extrapolation between 175 and
185 mu of the positive circular dichroic band evident
at 190 mu; the extrapolation adopted is shown in
Figure 5. The calculated optical rotatory dispersion
is shown in Figure 6 together with observed data for the
similar helical polymer poly-L-glutamic acid. A de-
tailed comparison shows that the agreement between
calculated and observed rotatory dispersion curves is
excellent as to the location of peaks, troughs, cross-
over points; and inflection poirits, although the magni-
tude of the calculated curve at the 198-mu rotatory
dispérsion peak seems to be about 309 lower than the
observed curve. This discrepancy may arise from a
steeply rising positive background term, from an un-
derestimation of the magnitude of the 190-mu rotatory
band; or, perhaps, from errors in the dichroic or rota-
tory data. It is the improvement in the precision of
the circular dichroic measurements and the develop-
ment of a computer program for the exact evaluation
of the Kronig—Kramers transform that has led to the
considerably better fit to the observed dispersion data
than was reported earlier.* In particular, the shoulder
in the dispersion curves is now clearly reproduced.
This agreement between calculated and observed dis-
persion curves, which are here based upon quite dif-
ferent experimental techniques, argues strongly for the
reliability of both sets of measurements.

Comparisons between calculated and observed rota-
tory dispersion over the spectral range from 300 to
600 mu are most conveniently carried out in terms of
the parameters Ay, ag, and b, of the Moffitt equation.? *3
These parameters can be determined rapidly and with
accuracy by means of standard statistical procedures
using a digital computer.** The only variable in the
computed values arises from the extrapolation of circu-
lar dichroism between 175 and 190 mu. We have ap-
plied two linearly decreasing extrapolations from the
observed value of [6] at 190 my to values: (a) [0] =
0 at 180 my, and (b) [6] = 3.5 X 10* deg. cm.? deci-
mole~! at 180 mu. In both extrapolations [] was set
equal to zero for wave lengths shorter than 180 mp.
The true values of the circular dichroism should fall
between these extreme values if the 190-mu rotatory
band is symmetrical in shape. From these extrapola-
tions one finds that A\, for poly-L-glutamic acid falls
between 209 and 212 my; this is in excellent agreement
with the observed values, which fall between 210 and
213 mu.*3—4 The value of a, derived from transforms
of the circular dichroic curves lies in the range —290
to —800°, depending strongly on the choice of the
extrapolation, if A\, is set at 212 mu. From rotatory
dispersion one finds that a, is about —150°, again
using A = 212 mu. The agreement in the value of b,

(43) W. Mofhtt and J. T. Yang, Proc. Natl. Acad. Sci. U. S., 42, 596
(1956).

(44) M. Sogami, W, J. Leonard, Jr., and J. F. Foster, Arch. Biochem.
Biophys., 100, 260 (1963); W. J. Leonard, Ir., and J. F. Foster, J. Mol,
Biol., 7, 590 (1963).

(45) P. Urnes, private communication.

Calculated from circular

4 dichraism, pH7.3in 0.1 M NaF
& Qbserved, pH 7.3 inO.IM NaF
o Observed, pH 7.1 in water
[Blaut, Schmier and Simmens,
JACS 84, 3193 (1962)]
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Figure 7. The optical rotatory dispersion of randomly disordered
poly-L-glutamic acid, as calculated from circular dichroism and
as measured. The calculated curve is based upon data shown in
Figure 2. The observed data were obtained under the following
conditions: A, pH 7.1 in 0.1 M NaF; O, pH 7.1 in water. The
data in water were reported by Blout, Schmier, and Simmons.?

is considerably better; the value of b, derived from
transforms of the circular dichroic data falls between
—465 and —582°, which may be compared to observed
values of —600 to —650°. The close agreement in b
allows one to say that at least 70 to 909 of the ob-
served b, value for helical polypeptides appears to arise
from the peptide rotatory bands between 180 and 245
mu. This observation shows that the dominant
contribution to the rotatory dispersion of helical poly-
peptides does indeed arise from electronic transitions
of the peptide group. It was Moffitt and Yang*?
who originally suggested that the complex nature of the
rotatory dispersion of helical polypeptides probably
arises from contiguous regions of circular dichroism
of nearly equal intensity but opposite sign peculiar to
the peptide backbone. The circular dichroic curves
reported here, and the agreement in the calculated and
observed parameters b, and X, largely support this
suggestion.

The circular dichroism of randomly disordered poly-
mers may be analyzed in a manner parallel to that of
the helix. By application of the Kronig-Kramers
transform to the circular dichroic data of poly-L-
glutamic acid shown in Figure 2, the optical rotatory
dispersion arising from the observed dichroic bands can
be obtained; this is shown in Figure 7, together with
observed data obtained in part under somewhat dif-
ferent solvent conditions. The position of the strong
negative band is confirmed by both types of measure-
ment, although the rotational strengths of the bands

(46) It is not surprising that the values of a¢ obtained by transforma-
tion from circular dichroism, and the values of ao obtained from rota-
tory dispersion, differ more strongly than do the values of the parameter
bg, because the contributions of rotatory bands to the first term of the
Moffitt equation vary as (A2 — Xo2)~1, whereas the contributions to the
second, or bg, term vary as (A2 — Xo?)~%  Thus it is to be expected that
transitions below 180 mu, which are not taken into account here, will
make larger partial contributions to ao than to boin the observed
rotatory dispersion curves.
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differ by about a factor of two. Furthermore, the
weak positive dichroic region near 220 mu accurately
reproduces the flattened region between 230 and 240 my
observed in experimental dispersion curves.*"8

For randomly coiled polypeptides, a comparison
between the calculated and observed rotatory disper-
sion between 300 and 600 my is conveniently carried
out in terms of the Drude equation.? The character-
istic parameters R and A, have the values —12 X 10—%
erg cm.? rad and 202 my from circular dichroism;
the values from the observed dispersion between 300
ahd 600 my are —6 X 10=% and 204 mu when correc-
tion is made for the dispersion of the Lorentz factor.
The close agreement in the parameters suggests that
the rotatory dispersion in the visible spectrum reflects
largely the rotatory bands of the peptide group which
occur between 190 and 230 my.

In summary, Kronig-Kramers transformations of
the circular dichroic curves, as discussed in the para-
graphs above, have provided mutual support for the
reliability of the circular dichroic and optical rotatory
dispersion data. At the same time, they have provided
evidence that the rotatory bands between 180 and 245
my are the dominant source of the dispersion curves in
the visible spectrum. It is then of interest to attempt
an assignment of the observed data to particular elec-
tronic transitions.

Estimation of Oscillator and Rotational Strengths.
Comparison of Theory and Experiment. Complex
circular dichroic curves such as those shown in Figures
2-5 are not of themselves adequate for a unique
assessment of the locations, shapes, and magnitudes
of their component rotatory bands because such bands,
being signed, may largely cancel one another in regions
where they overlap. However, the shapes and spectral
locations of circular dichroic and absorption bands
have been shown both experimentally and theoretically
to be closely related to one another.*%¥ Consequently,
it may be possible, through a simultaneous analysis of
both the absorption and circular dichroic spectra, to
resolve the experimentally observed spectra into a
unique set of rotatory and absorption bands assignable
to particular electronic transitions. Once such a reso-
lution has been made, theoretical and experimental
rotational strengths may be compared.

The theoretical investigations#4! indicate that the re-
lationship of circular dichroic to absorption band shape
and location will depend on the type of electronic
transition involved. Observed bands are expected to
be related in one of the following three ways.

(a) The absorption and dichroism may simply be
proportional to one another. This is Moffitt and Mos-
cowitz’s Case 1*!; it is expected to hold for all electric-
dipole-allowed transitions. The partial circular di-
chroism [flx and partial absorbance ex for the Kth
electronic transition are then related by an expression
of the form [6(\)] = cxex()\), where cx is a positive or
negative constant. The bands [R],, and [R], in the
a-helix are presumed to fall into this case.

(b) The absorption and dichroic bands may be of
similar shape but the band centers may be shifted
slightly relative to one another. This is Moffitt and
Moscowitz's Case II*!; it is expected for magnetic-

(47) See, for example, W. Kuhn, Ann. Rev. Phys. Chem., 9, 417
(1958), and references therein.

dipole-allowed, electric-dipole-forbidden transitions
such as the n—7— transitions in amides. 4

(c) Finally, we come to a case theoretically pre-
dicted by Tinoco and co-workers?2-23:25 to arise in the
perpendicularly polarized absorption bands of helical
polymers. In this instance, Case III, the absorption
band, with a single peak, is associated with circular
dichroic bands [R]y* and [R]y~ exhibiting positive and
negative dichroic peaks antisymmetric about the ab-
sorption maximum. In this situation, the absorption
and circular dichroism are obviously not proportional
to one another throughout the band. According to
Woody's analysis,?® the 189-my perpendicularly polar-
ized absorption band of the «-helix is expected to
exhibit Case III dichroic bands [R];~ and [R]+ super-
posed on a Case I band, [R]"L

A. The a-Helix. Inspection of the absorption and
circular dichroic spectra of the a-helical polymers sug-
gests that both can be fitted by three bands centered
at 222, 206, and about 190 mu.® The 206-mu band
is expected to fall into Moffitt and Moscowitz's Case
I. A comparison of the slopes of the absorption and
circular dichroic curves from 230 to 245 mu shows ex-
cellent agreement; this observation suggests that the
222-myu absorption and circular dichroic bands are
fortuitously also of identical shape and location.

The third rotatory band near 190 mu is predicted to
consist of a sum of Case I band [R],,i and one limb,

[R]r—, of the Case III bands. Since these two rotatory
bands are of the same sign but are centered about fre-
quencies v, and v, — T'/v2, the dichroic band is ex-
pected to display maximum values at somewhat longer
wave lengths than the maximum of the perpendicularly
polarized absorption band.

Inasmuch as the 222- and 206-mu circular dichroism
and absorption bands are of identical shape and loca-
tion, and, in addition, the 190-my circular dichroic band
contains a strong Case 1 contribution, ¢ and [6(\)] are
related by the expressions

3
(M) =KZ &) (In

and
3

[Vl = > . cxex(N)

K =

(111)

These three bands should then collectively account for
the magnitude and shapes of both the absorption and
optical activity. As noted earlier, neither the absorp-
tion spectrum nor the circular dichroic curve alone
allows a unigue subdivision of the observed curves.
However, the requirement that the bands simultaneously
satisfy relations II and III severely restricts the freedom
available in subdividing the bands.

The procedure adopted to find the band shapes was
as follows. First, the absorption spectrum was sub-
divided according to relation Il into three roughly
symmetrical bands centered at about 189, 206, and 222

(48) See M. Kasha in *“Light and Life,”” W. D, McElroy and B.
Glass, Ed., Johns Hopkins Press, Baltimore, Md., 1961, p. 31.

(49) See also Schellman and Oriel, ref. 26.

(50) J. P. Carver, E. Shechter, and E. R. Blout have informed us that
they have developed a computer program for determining the number
of parameters of Gaussian circular dichroic bands required to generate
an observed rotatory dispersion curve, They find that three bands

between 190 and 230 my, plus background terms, give a very good fit
to the observed optical rotatory dispersion of «-helical polymers.
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Figure 8. Absorption spectrum of o-helical poly-y-methyl-L-
glutamate in trifluoroethanol, showing the proposed resolution
into parallel and perpendicularly polarized #°-»— exciton band
and an n-7~ band.

mu.  The intensity of the 222-my band was largely
fixed by assigning to it all absorbance for wave lengths
greater than 230 mp. This procedure was required
by the observations, noted earlier, that the circular
dichroism and absorbance were proportional from 227
to 245 mu and that the absorbance in this spectral
range was therefore associated predominantly with the
222-mu absorption band. Appropriate values of the
parameters cx were then selected such that, using rela-
tion III, the observed circular dichroic curve was ap-
proximated as closely as possible. Inspection of the
deviations between the observed and the fitted circular
dichroic curves then suggested alterations in the original
subdivision of the absorption spectrum, and the entire
cycle was repeated until, by successive approximations,
the circular dichroism calculated from relation III
agreed closely with the observed data.

The final resolution of the absorption spectrum,
showing the shapes and sizes of the three bands, is
shown in Figure 8. All three bands are seen to make
significant contributions to the absorbance. The com-
ponent circular dichroic bands, and the sum of the
three component bands, as obtained from relation 111
using the absorption bands shown in Figure 8, are dis-
played in Figure 9. Also shown in Figure 9 is the ob-
served circular dichroism; the agreement between the
fitted and the observed data is excellent above 200 m,
supporting the hypothesis that the absorption and circu-
lar dichroism are proportional to one another at the
206- and 222-mpu bands. The agreement in the spec-
tral region of positive circular dichroism is less satis-
factory and suggests that the actual circular dichroic
band may be shifted to the red of the absorption band,
as expected. This point is further discussed below.

From the resolution of the absorption and circular
dichroic spectra shown in Figures 8 and 9, the experi-
mental oscillator and rotational strengths can be readily
evaluated. The experimental band intensities can then
be compared to the theoretical predictions discussed
above. In the paragraphs which follow, we shall
consider, in turn (a) the oscillator strengths of the
-7~ bands, (b) the absorptive properties of the

7w 77" bond, perpendiculor'y
polorized in gbsorbance

[6] , ELLIPTICITY (16" DEG. CM2/DECIMOLE)

\ j=—TSe " bond, porciiel-

N polorized in obsorbonce
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Figure 9. The circular dichroism of poly-y-methyl-L-glutamate
in trifluoroethanol, showing the proposed resolution of the ob-
served data into three rotatory bands associated with observed
bands in the absorption spectrum. The solid line is the measured
circular dichroism (see Figure 4). The shape and intensity of
each of the component rotatory bands has been obtained from one
of the component absorption bands shown in Figure 8 by applica-
tion of the relation, [6(A)lx = cxex(\). The filled circles indicate
the sum of the three component rotatory bands shown.

n-7 band, (c) the rotational strength of the n-n—
band, and (d) the rotational strengths and spectral
locations of the 79—~ bands.

The observed oscillator strengths of the 189- and
206-myu -7~ bands are found to be 0.10 and 0.03;
these intensities may be compared to predicted values,
0.16 and 0.09.5' The two strong 7'-7— exciton bands
are thus in roughly the expected intensity ratio and,
furthermore, their energy separation, about 4000 cm.~?,
compares favorably with the calculated value, about
2700 cm.—!, as noted earlier. 52

The observed oscillator strength of the n—=— tran-
sition, 0.007, is substantially larger than the calculated
intensity,®® which is only 0.0001. However, this
discrepancy is hardly surprising inasmuch as vibrational
effects and highly probable n-electron delocalization
are entirely neglected in the calculations. Further-
more, it should be noted that the observed perpendicu-
lar polarization of the n,—7— band is consistent with the
vibrationally induced polarization of the similar n—r*

(51) See Tinoco, Halpern, and Simpson, ref. 17. The theoretical
values are based upon a subdivision of the peptide 7%-7= oscillator
strength observed in the random coil. Correction for the hypo-
chromicity of this transition would diminish the predictions for the
intensities of both bands by an identical factor and thus would not
affect the relative band intensities.

(52) See ref. 15 and 17. The experimental energy separation be:
tween the m%~r= bands is about 4000 cm.~! and not 2700 cm.~! as given
in ref. 15, The error arose from an arithmetic mistake and not from
different data.

(53) The value used here is a corrected value calculated by Schellman
and Oriel.?¢  Their published value of the electric-dipole transition
moment of the m—7~ band in a-helical polypeptides is five times too
large because of an error in the calculation (J. A. Schellman, private
communication),
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band in formaldehyde.®* The observed polarization
might at first sight appear to be in disagreement with
the theoretical predictions of Schellman and Oriel.?
However, the dichroic ratios are such as to be entirely
consistent with a parallel-polarized n,—7— oscillator
strength of 0.002, which is considerably larger than the
theoretically predicted value. Thus, although the ob-
served oscillator strength and polarization do not sup-
port the theoretical calculations, they do not necessarily
invalidate them.

The rotational strengths of the circular dichroic bands
of poly-y-methyl-L-glutamate may be readily obtained
from the data of Figure 9 by suitable integration over
each partial rotatory band.*' It is clear from Figures
2-5 that other «-helical polymers would yield rotational
strengths differing by 209 at most from those of the
methyl glutamate polymer. The observed rotational
strength of the n;—7— band, —22 X 10~% erg cm.? rad,
is of the predicted sign and rougly also of the predicted
magnitude,?> %% —3.4 X 109, A correction for sol-
vent polarizability has not been applied to the data
because the dispersion of the refractive index of the
solvent is not known. Inasmuch as such corrections
would always decrease the absolute value of an ob-
served rotatory band, however, their application would
improve the agreement to the calculated n,—7—rotational
strength. In view of the approximations made in the
amide wave functions and in the estimation of the
electrostatic field of the helix in the process of the cal-
culations, this agreement can be regarded as satis-
factory. It is therefore probable that the source of the
optical activity of the n—=— transition has been cor-
rectly identified.

Proceeding from the n;-=— transition to the w°-7-
bands, one finds that the observed rotational strength
of the 206-mu band is —29 X 10-%; the calculated
rotational strength!6.25.54 jg — 126 X 10—%, Although
there is agreement as to both the sign and the order of
magnitude of the band, the differences in band intensity
are greater than might be expected from a semiempirical
theory which does not require the use of accurate wave
functions. The origin of the discrepancy is not known,
but the neglect of vibrational effects upon the electronic
interactions may well prove significant in the calculations.

Turning from the optical activity of the parallel-
polarized w°-=— transition to that of the perpendicu-
larly-polarized 190-my transition, one finds that the
observed rotational strength is +81 X 10-4: this
value may be compared to the theoretically predicted
value,?® 4242 X 10-%, The theoretical value arises
from the two bands [R],, and [R]r~ which have intensi-
ties +126 X 10% and +116 X 10-%, respectively.
The strength of the band [R]y~ depends strongly upon

(54) See G. W. Robinson and V. E. Di Giorgio, Can. J. Chem., 36,
31 (1958), and references therein,

(54a) NOTE ADDED IN PROOF. J. A. Schellman (private communi-
cation) has pointed out to us an additional source of rotatory power
in a-helical polypeptides. By general arguments based upon pertur-
bation theory, he has shown that if a magnetically-allowed transition
acquires electric-dipole transition moment by configuration interac-
tion, then the opposite must also occur. Thus, if the magnetically-
allowed ny—= ~ transition acquires a rotatory strength of —22 X 10~4
from the 79—7~ band, then the parallel-polarized #%-#~ band must ac-
quire positive rotatory power by the same mechanism. Consequently,
one should expect the observed 206-mu rotatory band to arise from
negative rotatory power arising from exciton coupling and positive
rotatory power arising from static coupling. The theoretically ex-
pected rotatory intensity should then be increased from — 126 X 10~%
to approximately — 104 X 10~40.

the selected value of the “damping factor” I'. As with
the 206-mu band, theory and experiment are in accord
as to the sign and order of magnitude of the band, but
the quantitative agreement is poor.

Because the 190-mu band is expected to arise from
two rotatory bands [R],, and [R];~, it would be signifi-
cant if the observed band exhibited a red shift relative
to the absorption band with a maximum near this wave
length. Such a red shift would be good evidence for
the band [R]y~ predicted by the Moffitt-Fitts-Kirk-
wood-Tinoco-Woody theory. Some of the circular
dichroism curves shown in Figures 2-5 do appear to
show a maximum value to the red of the absorption
maximum, which occurs at about 189 mu for these
helical polymers, but it must be realized that all arti-
facts in the circular dichroic measurements would be
such as to show a false red shift in the peak of the
circular dichroic bands.?® Consequently, it is felt
that the present data provide suggestive but not con-
clusive evidence for the band [R]y—. Further evidence
favoring the presence of this band is the observed dif-
ference in absolute intensity of the 190- and 206-mu
rotatory bands. Such a difference is not predicted
by Moffitt’s earlier theory,' which neglected the band
[R]r—, but is a feature of the more recent theory. How-
ever, convincing evidence for the bands [R]r" and [R]~
must await more precise measurements below 200 my,
or further penetration into the ultraviolet region of the
band [R], or measurements upon oriented but iso-
lated helical molecules.

In conclusion, then, the new measurements provide
strong evidence for the involvement of both the n—=~
and the #'-7 transitions in the optical activity of a-
helical polypeptides. Although the measurements of
circular dichroism are not sufficiently precise for a
clear determination of the presence and magnitude of the
Moffitt-Fitts—Kirkwood-Tinoco-Woody bands [R]*
and[R]/—, the two strong m°—7~ rotatory bands which are
observed are in agreement as to both sign and order of
magnitude with the predictions of the exciton theory.
The experimental findings and theoretical predictions
for both the absorption spectra and the circular di-
chroic spectra of «-helical polypeptides are summarized
in Table 1.

B. The Randomly Disordered Chain. The absorp-
tion spectrum of disordered polypeptides shows only a
single strong band with a peak at 191 mu3* which is
presumably the #%-#— band. The weak n—7— tran-
sition must also be present,!* but is thought to be
masked by the stronger neighboring band. The
circular dichroic spectra reveal regions of weakly posi-
tive dichroism near 220 mu and strong negative di-
chroism about 200 mu. It is not clear whether the ob-
served dichroism results from two strong overlapping
bands of opposite sign near 200 mu, or whether there is
a single strong negative band (strength —19 X 10-%)
at 200 mu and a weak positive band, of strength +0.8
X 1040, at 220 mu. If there is indeed a band near
220 mgy, then this is most probably the n—=— band.!!
In either case no ready explanation for the 200-mu
band is at hand. Possibly this band may arise from
coupling of w%-7— moments; this is not unexpected
in view of evidence that supposedly disordered poly-
mers have some net secondary structure.’® Again,

(55) See A. Katchalski, Biophys. J., 4, No. 1, part 2,9 (1964); see
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Table I. Ultraviolet Optical Properties of the a-Helix
— Rotatory bands————
. Absorption bands- — Rotational strength,
—Wave length, mp— . —Oscillator strength— —Wave length, my— 10~ erg cm.? rad
Transition Theory® Exptl. Theory?® Exptl. Theorye* Exptl. Theory? Exptl.
n-m" 210-230 222 0.0001 0.007 210-230 222 -3.4 -22
m—m—, parallel polarized in 198 206 0.09 0.03 198 206 —126 —29
absorbance
m9—m—, perpendicularly 188 189 0.16 0.10 191 190 +242 +81
polarized in absorbance
m0-7~, rotatory band only 185 —115

@ For the n,—7~ band, see Ham and Platt!3; for the -7~ bands, see Moffitt!® and Tinoco, Halpern, and Simpson.!?
band, see Schellman and Oriel®?; for the »%-~=~ bands, see Moffitt!¢ and Tinoco, Halpern, and Simpson. 7

and Platt!®; for the w7~ bands, see Moffitt!¢ and Woody. 25
bands, see Moffitt!®* and Woody. 26

the optical activity of the disordered chain could arise
from hitherto unsuspected electronic transitions. It
is clear that further experimental work on randomly
disordered polymers is necessary.

C. Metmyoglobin. The similarity of the circular
dichroism of metmyoglobin to that of the helical
synthetic polymers, as shown in Figure 5, has been
noted above. This similarity is significant for three
reasons. First, it suggests an identity of rotatory
band energies and relative band intensities. This
argues strongly that the natural and synthetic poly-
mers are largely in an identical conformation. Second,
the integrated intensity of the negative dichroic band
of myoglobin is between 65 and 80 %] of that of the com-
pletely helical polymers shown in Figures 2-5. The
intensity of the circular dichroic bands, like the ap-
propriate parameters of an optical rotatory dispersion
curve,?® should serve as an index of helix content in
polypeptides and proteins of mixed conformation.
Thus, the circular dichroic measurements of myo-
globin suggest that 65 to 809 of the peptide groups in
this protein are in a helical conformation. This helix
content is consistent with that observed in myoglobin
crystals; X-ray analysis shows that 779 of the myo-
globin peptide residues are in the «-helical fold.s®
Furthermore, the absence between 190 and 245 mu
of major rotatory bands arising from the heme group
and side chains supports the more precise measure-
ments of helix content of metmyoglobin which are based
upon rotatory dispersion measurements between 240
and 300 mg.? Third, the circular dichroism of myo-
globin sheds some light upon the question of whether
helical polypeptides in dilute solution adopt the a-
helical structure or the 3, conformation. The evidence
favoring the o-helical structure in dilute solution® has
recently been questioned on the basis of small angle
X-ray measurements.’® Inasmuch as it is highly un-
likely that the myoglobin molecule changes from 77 %
a-helical to a similar percentage of the 3 helix upon
dissolving, the similarity of the myoglobin measure-
also J. A. Schellman and C. Schellman in “The Proteins,” 2nd Ed.,
H. Neurath, Ed., Academic Press, New York, N, Y., 1964,

(56) J. C. Kendrew, H. C. Watson, B. E. Strendburg, R. E. Dicker-
son, D. C. Phillips, and V. C. Shore, Nature, 190, 666 (1961).

(57) See ref. 37 and references contained therein.

(58) P. Doty, J. H. Bradbury, and A, M. Holtzer, J. Am, Chem. Soc.,
78, 947 (1956); see also P. Doty and W, B. Gratzer in ‘‘Polyamino
;Ahceiisi,n Polypeptides, and Proteins,”” ref. 17, p. 111, and references

(59) See V. Luzzati, M. Cesari, G. Spach, F. Masson, and J. M.
Vincent, Ibid., p. 121.
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b For the nj-n—
¢ For the nj-r— band, see Ham

4 For the nj~7— band, see Schellman and Oriel®3 and Woody?5; for the w0—m—

ments to the measurements upon helical synthetic
polymers provides further evidence that in the solvents
utilized here the synthetic polymers must also be in the
a-helical conformation.

The investigations reported in the present work may
now be summarized briefly. More precise measure-
ments of the circular dichroism of a-helical polypep-
tides have revealed fine structure in the curves between
185 and 245 mu. The circular dichroic data provide
a basis. for resolving the absorption and circular di-
chroic curves into three separate peptide electronic
bands, namely an n,-7— band near 222 my and two
'~ peptide exciton bands at 206 and about 190 mu.
Oscillator and rotational strengths obtained from the
data are in rough accord with the predictions of the
exciton theory for the 77— bands and with calcula-
tions for the ni—7— transition as well.

The optical rotatory dispersion arising from the ob-
served circular dichroic bands reveals that the char-
acteristic parameters of the rotatory dispersion in the
visible are largely determined by the peptide transitions
here investigated.

Parallel circular dichroic studies on the disordered
polypeptide chain reveal quite different optical proper-
ties from those observed for helical polymers. The
circular dichroism of metmyoglobin closely agrees to
that observed for the helical polypeptides. This finding
underlines the common, conformation-dependent elec-
tronic origin of the optical properties of the natural and
synthetic polymers.
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Appendix

In the discussion of the theory of the rotatory power
of helical macromolecules above, it was noted that
Mason!®? has demoted to “‘end-corrections’’ the addi-
tional rotatory terms found by Moffitt, Fitts, and Kirk-
wood®® (hereafter designated as MFK) in their critique
of Moffitt’s theory.' MFK, however, specifically
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asserted that the additional terms were important even
for infinite helical polymers. Examination of the work
of the authors listed above has revealed two errors in
Mason’s work. These are as follows.

(a) Mason utilizes only the exciton wave functions of
Moffitt’s original work,'® terming these wave functions
the “‘symmetric”’ and *“antisymmetric coupling modes.”
MFK showed, however, that these wave functions are
inadequate in first order for calculations of rotatory
power.

(b) Mason’s calculations for the rotatory power of
coupled dipoles (eq. 4-7 in ref. 19), although correct
in themselves, lead to mistaken conclusions that some
terms cancel one another. For the symmetric coupling
mode, the rotational strength R°,, .+, of two dipoles
at loci m and m + n in a right-handed helix is

Rvman = 4dgeg sin? (a,f2) —
nZ(g:> — g.» sin (a,) (V)

Here d is the helix radius, g, g, and g, are the radial,
tangential, and vertical components of the electric
dipole transition moment, Z is the pitch of the helix,
and «, = 2mn/P, where P is the number of dipoles per
turn of the helix. In contrast to Mason’s conclusion,
both the first and second terms in (IV) are even func-
tions of n, so that summations of the form (R%, ,ny. +
R’ m - ) do not lead to cancellations of terms.

It may be noted that a summation of paired terms of
the form (R’ ;m+n + R’mm—») Occurs in the article of
MFK in going from their eq. 20 to their eq. 21. Their
vector analysis, which is correct, also shows that a
cancellation of terms does not occur.

Magnetic Circular Dichroism and

Magnetic Optical Rotatory Dispersion

John G. Foss and Michael E. McCarville

Contribution from the Department of Biochemistry and Biophysics, Towa State

University, Ames, Iowa.

The relative merits of magnetic circular dichroism and
magnetic optical rotatory dispersion are discussed and
some examples of dichroism spectra are presented. These
spectra appear to be of two classes which are designated
as (1) Zeeman splitting and (2) perturbation. Possible
applications of magnetic circular dichroism are considered

briefly.

A recent paper of Shashoua! describes some measure-
ments of the optical rotatory dispersion of samples in a
magnetic field (MORD), i.e., the dispersion of the
Faraday effect. These dispersion measurements were
made through absorption bands most of which exhibited
a magnetic Cotton effect; i.e., there was a characteristic
anomaly similar to that observed in the absorption bands
of naturally optically active molecules. Associated
with this anomaly is a “magnetic circular dichroism”
(MCD), and the object of this paper is to report some
measurements of MCD and comment on their relation-
ships to the work of Shashoua.

The experiments were made using a commercial
Jouan circular dichrometer which is capable of measur-
ing differences in the absorbance of right- and left-
handed light of about 10—4 The sample was mounted
between iron pole pieces attached to a permanent
magnet and with a gap of approximately 2 mm.; the
average field was 8.1 kgauss (as determined by Faraday
rotation measurements on water at 436 my). For all
measurements reported, the samples used were 1 mm.
thick.

Basically there appear to be two general types of
MCD spectra. These are the spectra obtained (1) by
a longitudinal Zeeman splitting and (2) by a magnetic
perturbation giving a small difference in the absorption

(1) V.E. Shashoua, J. Am. Chem. Soc., 86, 2109 (1964).
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of right- and left-handed light. Splittings can be
recognized by characteristic positive and negative peaks
(located approximately under the steepest portions of
the absorption band) with a cross-over point at the
same wave length as the center of the ordinary absorp-
tion band. By analogy with the convention adopted for
optical rotatory dispersion (ORD) for naturally active
compounds,? the splitting will be called positive if the
molecular extinction coefficient of left-handed light is
greater than that of right-handed light (e, > er) for the
peak with the longer wave length. It can easily be
shown that positive splitting will lead to a characteristic
three-peaked MORD curve with positive, negative, and
positive peaks on going from longer to short wave
lengths. This type of MORD curve is called type I1I by
Shashoua. A negative splitting will give a similar curve,
but will be reflected through the wave length axis.
MCD spectra with a “‘perturbation origin’ consist of a
single peak centered at approximately the same wave
length as the ordinary band. 1If ¢ > ¢z, the associated
MORD curve has the appearance of the ordinary posi-
tive anomalous dispersion curve; i.e., on going from
long to shorter wave length, the curve is first positive
and then negative. This is referred to as type I by
Shashoua, and the corresponding negative dispersion
is called type II.

It can easily be shown that splittings are most readily
detected in absorption bands with very narrow band
widths. For this reason, and because compounds with
varying degrees of paramagnetism could be studied, the
MCD spectra of several rare earths were measured. As
an example, Figure 1 shows the splittings obtained with

(2) C. Djerassi, “‘Optical Rotatory Dispersion,” McGraw-Hill Book
Co., Inc., New York, N. Y., 1960.
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