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1. Introduction.—In a series of recent articles,'~* we have severally attempted
to use coupled-oscillator theory in order to understand the optical activity of poly-
peptides. This approach, the development of which stems from Born® and Kuhn,®
was first used in quantum mechanies by Kirkwood? as the basis for his polarizability
theory of rotatory power. In recent months we have been clarifying the relation-
ship between our respective treatments, leaving out of account differences which
stem from the specific means by which we have attained tractability. As a result,
we have been able to show that a general formula, derived by Kirkwood’” under
special (nondegenerate) conditions which do not apply to polymers, has a wider
range of validity and may also be used in the present context. But, paradoxically
enough, we have thereby found an error in Moffitt’s work,? one of the purposes of
which was to acknowledge explicitly the degenerate nature of this problem.

In the following section, Kirkwood’s formula is rederived under conditions apper-
taining to a sequence of identical residues. And in a final section this prescription
is more specifically applied to helices. Some discussion is given of the way in which
the result may be used. It appears that a particularly important factor (4,,) is
composed of two terms, one of which (4,.") was correctly assessed by Moffitt,
whereas the other (4,,?’) was absent from his earlier derivation. The reason for
this omission is analyzed and shown to originate, somewhat unexpectedly, in the
failure of the Born—von Kérmén boundary conditions which he had used in the
course of his exciton treatment.

We are forced to conclude that the close agreement between the data presented
by Moffitt and Yang,® and Moffitt’s calculations for the a-helix,* is illusory and
does not enable a definite screw sense to be assigned to these polypeptides. Moffitt’s
calculations were based on certain 4,," terms alone, and our estimates indicate
that the corresponding A, ? contributions are of the same order but of opposite
sign. However, since the qualitative form of the dispersion shown.by the various
partial rotations was correctly described in his work, this quantitative failure in
no way vitiates the empirical correlations put forward by Moffitt and Yang; any
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reservations we may have on this score have already been enumerated by these
authors.

2. Degenerate Coupled-Oscillator Theory.—In this section we shall rederive Kirk-
wood’s formula in such a way as to include, explicitly, the case of identical residues.
It is convenient to use a modified form of the notation employed by Moffitt;? thus
we adopt Section 2 of that paper, with only a change of phases (see below), and
those parts of Section 3 which precede the paragraph containing equation (24).
We shall avoid specifying the particular geometry of the polymer at this stage, so
that our results are equally valid for random coils and for helices.

Our polymer therefore consists of an array of N identical residues, each of which
is identified by a serial index m. The ground and excited states of the mth residue
are represented by the real functions ¢,, and ¢,,, respectively.® It is supposed
that the interaction between different residues is sufficiently weak—or that the
symmetry of the array is sufficiently high—that the respective excitation energies
€,m = €, are the same for all residues.

The ground state of the polymer as a whole is represented, in zeroth-order, by the
simple product IT yy,,(7,,), which we call |O) ; Tm Symbolizes the co-ordinates of the

electrons associated with the mth residue. At first, its excited states are also repre-
sented by simple products; if only one residue is excited (“fundamentals’),

|om) = [0) (Yum)~"Woms I

if two or more residues are excited (“overtones’” and ‘“‘combinations’),

lamm) = lO) (\LOm‘/’On)_l Yom¥rn

= Irnam), (n # m);

@)

and so on. Owing to the possibility of synchronizing the instantaneous charge
distributions in different residues, these functions must be combined linearly to
give the correct zeroth-order functions, namely,

oK) = X |om) (om| oK),
|¢71'K) >3 fam'r’n) (amrn' arlU), (3)

m n¥Em

where the concomitant transformations are all unitary and serve to diagonalize
the Hamiltonian locally: typically,

(oK|3¢| oK') = E, gbkx - 4)

The stationary states of the polymer, correct to first-order terms, are now repre-
sented by

0 = [0) + ZET[6r0) er0]0),
p T 5
| oK) = | oK) + Z,; | 7L) (rL||¢K) + Zz%;lapr) (e7pW|| oK), ®)
T#0 T P
with similar expressions for the upper states of combinations bands. Here

(prUJ|0) = —(prU|3|0)/ (e, + €,
(rL||eK) = —(+L| 5| oK)/ (e, — €,), (6)
(o7pW||eK) —(orpW JCI oK)/(e, + €.),
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and it has been assumed that the numerators are first-order small quantities with
respect to the denominators.

We now compute, correct to first order, the matrix elements of a typical “one-
electron’ operator ®, such as the linear or angular momentum, corresponding to
the excitation of a fundamental. Setting

anvf = (Tnlgcl am),
(Pam (Ol (Pl am) = (a'm] (Pl 0)*’ (7)

we find, after a little rearrangement, that
O[oK) = Z{Cum — 2 Viun " Con*/2¢,
m n#Em
= X X V@0 (e, + &) + @/(e. — €)1} (om|oK). (8)

770 n¥EmM
With our phase choice, we may enumerate two particular forms which this expres-
sion may take, depending on whether ®,,, is real or imaginary. If ®is to represent
the total linear momentum P = Y, p,. (or, again, the total angular momentum
m

L), ®,n, = po.m 18 imaginary and therefore
<O|P| 7K> = Z {pam + ; paann‘w/Qev
=2 X Va'Dame/ (62 — &)} (em/ocK). (9)

%0 n¥Em
On the other hand, taking ® = Q = Y. ¢,,, where g,, is the sum of the position
m

vectors of all the electrons in residue m, we see that g,,, is real, so that
<0| Q| 0'K> = Z {qam - #Z qvannv’/25¢
=2 X V'@ (e — &2} (em/aK). (10)

T#0 n¥Em

Since Yo, ¥om are the eigenfunctions of a self-consistent field operator 3C,,

DPom = (Me/1h)€Gom, (11)

where m, is the electronic mass. Using this relation and the properties derived
above, it is now easily verified that, correct to the first order,

©|P| oK) = (m,/iH)E,x (0] Q| oK), (12)

where, for simplicity, we have taken as origin for the energy that of the ground state
in zeroth-order. Thus the internal consistency of our model allows us to use with
impunity either the dipole moment or the dipole velocity expressions relating to the
optical properties of the polymer.

It is a straightforward matter at this stage to write down, correct to first-order,
the rotational strength associated with any transition in the polymer. Since this
quantity is the scalar product of two vector matrix elements, namely, of Q and of
L, it is clear that, to our approximation, at least one of these elements must be non-
vanishing in zeroth-order. Accordingly, we may ignore the contributions from
overtones and combinations, confining ourselves to the fundamentals whose rota-
tional strengths are typified by
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R,k = (e2/2m)Im[0| Q| oK)+ (K| L|0)]. , (13)
Since L is referred to a fixed origin, we write L = . k,,, preferring to reserve the
symbol Z,, for the angular momentum of the electro':ls of the mth residue, referred
to an origin in that residue; we note that

kon = (0| L| om), (14)
like p,m, is a pure imaginary vector. Accordingly,
R.x = (ie*/2me) 2 X (om| oK) (K| om’
X {Gm - o + @) [Z dom - ke Vora™ = T don - B Vo]

n¥*m

-2 E (672 - 602)—1 [ Z 9om - km € Vm’n” + E qrn - kom' € an."]}- (15)

T¥%0 n#=m’ n¥m
The partial rotation, per residue, due to this transition is therefore
heF, v R,k
eK] = 16
mec) = (67 o =75 1o
where v,x = E,g/hc is expressed in wave numbers and we have set
48Noe? [n,2 + 2
h%c? 3 ’

N, being Avogadro’s number and n, being the refractive index of the medium at
frequence ».

If the frequency of the incident light is not too close to v, = ,/he, so that, for
all K, | v, — v| > | Vo — v,l , then the contribution to the residue rotation from
transitions to all states K in the exciton band ¥, — ¢, is proportional to

v? Z R.x
v 2v2p,2
(Va2 — P2) - ( _ V2)2 Z RVK(EVK ea’)/ev

F, =

an

The summation in the first term reduces to

(ie2/2mec)z {qu'kvm -2 Z Z (572 - 6‘2)——1 anaT
m 770 nFEmM

X (ea-qvm'krn + erqrm'kvm)};
and, dropping second-order terms, the summation in the second becomes

(iez/2mec)e,“1§ ; Qom Rom’ ; (om| oK) (cK|3 — ¢,| oK) (cK|om’)

Since 3C is locally diagonal, the last line is just

2 2 (om| oK) (oK|3 — ¢,| oK'} (oK'| om’) = (om|3e — & om’) = Vp*®
K K

which vanishesif m = m’. Accordingly, the summation in the second term becomes

(7'82/27”'66) Z E ea.—len qam ane

m n¥Em

As a last transformation, we now put
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kvm =lom+ 1w X bom = lvm + (maec/ih)rm X qom, (18)

where 1,,, is the appropriate vector matrix element of the angular momentum re-
ferred to a point r,,, fixed in the mth residue.
The partial rotation [m,] may therefore be written as follows:

o] = ] + ) + Imas) + ] + g 19
where

mal = (3o (””_ = T Gonclom

] = ( ) o 5T B B e e X )
mal = =3 (%) oo S D Vo = 1@ X ), 20
o] = = (o ) ST T Ve em Lo

ol = = (o) 6= 5 BB (o =

X (edqcm'lrn + efqrn'lam)

[m,;] represents the intrinsic partial rotations of the individual residues, whose
electrons are subject to slightly asymmetric Hartree fields, arising from any asym-
metric centers they may possess or from their polymeric environment. If the
transition ¥y — ¥, is associated with a large change in magnetic moment, and there-
fore a small dipole moment,? it is said to have a high dissymmetry factor;!! for such
bands, [m,;] dominates the partial rotation, and the remaining terms in [m,] may
safely be dropped. [m,;], which shows the same dispersive behavior as [m,;], arises
from the first-order corrections, l ) — ]) due to the correlative interaction be-
tween states in different exciton bands. For strong electronic bands, this term can
be large; in general, it is of the same order as [m,;], though, in coupled-oscillator
theory, one is inclined to hope that it outweighs [m,;]. The third contribution,
namely, [m,;], shows different dispersion and is a unique feature of the degenerate
case; it arises from the correlative interaction between different residues, within
the same exciton band. It was at this term that Moffitt attempted to direct
attention.? The last two terms [m,; ] and [m,; ], are small with respect to their
imprimed counterparts, namely, [m,;] and [m,;], by a factor d,/ | Tm — r,,| , where
d, is the distance of r,, from the partial optic axis of the transition Yo, = Yem.®
Following Kirkwood,” we therefore drop both of these.

It may be noticed that, on summing over all exciton bands, the residue rotation
may now be written

m] = 2 [m,] = Z [ma:]

o

201'an¢1
+ = FZZZE I (r — 1) (@om X ), (2D)

m n>m o T —II2)(V.,_V)

where, by combining the [m,j] and [m,;] contributions, we have removed the re-
striction 7 ¥ ¢ from the summation over . Since v, = vop, v, = v, forallm,n
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it will be recognized that this formula is identical with that obtained by Kirkwood.”
But, whereas the validity of the original derivation was confined to the nondegener-
ate case, we see that this restriction has been removed by the present treatment.
If V,.,°" is replaced by an appropriate dipole-dipole approximation, the more par-
ticular results of the polarizability theory follow immediately.

3. Application to Helices.—Let us now specialize our discussion and suppose that
the successive residues are arranged to form a right-handed helix. The monomers
may then be located by the equivalent points r,, in each, namely, by

Tm = pCOS a, I + psin a,, j + mZk, (22)

where P is the number of residues per turn (and not necessarily integral), PZ is
the pitch of the helix, and «,, = 27m/P. Similarly, we may put ¢,, = |q,| €ym,
where e,,, is a unit vector whose radial, tangential, and vertical components, relative
to the circumscribed cylinder, are e,,, e, and e,,, respectively:

e,m = (€, COS @, — €4 8IN @)l + (e, SIN @, + €, COS @y)j + €,k (23)

We suppose the helix is sufficiently long that we may neglect end effects. To
simplify the discussion, we confine our attention to two transitions, Yo — ¥1 and
Yo — ¥, say, supposing that contributions from these dominate the residue rotation.
The optical rotatory dispersion is then described by

V21'11’2(A12+ A21) }+ 1'2V12A11

(n® = ) (n* — »?) (n? = v?)?

[m] = {[mu] +

1'21’21'1(1‘121 + A12) } v2r2 A9
ymad 4 IR IR )
or, equivalently, by
[m] = [my] + [ma]
1'21'12/111 V2V11’2(A12 + Azl)_ v2re2A g0 } (25)
(,,12 _ ,,2)2 (,,12 — ,,2) (,,22 _ ,,2) (,,22 — ,,2)2 ’
where
Av‘r = F,, (z: ) an‘"(rn - 7m)'(qam X Qm)~ (26)

In making a theoretical analysis of the ‘“observed” dispersion curves for such an
idealized system, one may adopt several different viewpoints which it is as well to
enumerate. ’

It should be recognized, first of all, that the calculation of termsinvolving 4,,
presents a very different problem from that of computing the [m,;}]’'s. The so-
called one-electron theory!! is primarily concerned with the latter task, whereas
the coupled-oscillator theory is best suited to the former. For the present, we
cannot attempt to assess the intrinsic rotatory parameters and are forced to regard
these as outside the scope of our work. We are therefore faced with two alterna-
tives.

On the one hand, we may hope that the [m,;]’s are appreciably smaller than the
coupled-oscillator terms. In this case, we attribute the main part of the optical
rotation to those terms of equation (25) which have been inclosed in braces. We
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then base our calculations on the polarizability theory or make some other use of
the optical properties of the individual residues—in particular, of their absorption
spectra. This approach has been adopted by Fitts and Kirkwood in their work on
polypeptides.* 2

Alternatively, we may observe that [m,;] shows the same frequency dependence,
namely, »?/(»2 — »?), as the term accompanying it in braces in equation (24); and
similarly for [my;]. The other two terms, which involve A;; and Az, show an un-
usual dispersive behavior, however. We may therefore hope, on the basis of the
observed frequency dependence, to distinguish between these two different sets of
dispersive terms. Adopting this approach, we attempt empirically to separate
contributions to the rotation due to the terms in braces from those due to the re-
mainder of equation (24). The latter are amenable to calculation, and we are
enabled to avoid the [m,;] difficulty without having to neglect it. This avenue
has been explored by Moffitt and Yang® in the present context.

It should perhaps be added that neither method is very satisfactory. Thus
it may be questioned whether the existing data actually succeed in separating the
abnormally dispersing terms from their normal counterparts. And, again, it is
by no means clear that the [m,;]’s make a negligible contribution to the observed
rotation. However, while making these reservations, we continue to pursue such
work, since it is unlikely that progress is to be made in any other way.

Returning to the helical problem, we evaluate A,, by using equations (22) and
(23). Itisfound that

4,, =4, + 4,2,
Ado'(l) = _4FV qa| 2pevtew Z anﬂ, sin? [W(n - m)/P],
n(>m)

0| Z (e + €?) Z) (n — M)V, sin [27(n — m)/P]. (27)
n(>m

4,,2 =F,

This expression for A4,, should be compared with that derived by Moffitt,? under the
same assumptions. (It will be recalled that this term arises from correlative inter-
actions within the same exciton band and is therefore directly related to the correct
zeroth-order functions | ¢K).) He found only the term A4,,, so that his analysis
is in error. Since his mistake is rather interesting, we shall conclude by showing
how it arose.

Moffitt considered the helix as a one-dimensional erystal and employed exciton
theory. By this method, the coefficients (em/oK) of equation (3), which deter-
mine the correct zeroth-order functions, are evaluated by adopting the Born-—
von Kdrmén cyclic condition, which leads to

(em| oK) = N~"* exp (2ximK/N), (28)

where K runs from 1 to N, the total number of residues. The procedure is standard
in the treatment of the optical properties of molecular crystals, as well as in almost
all of crystal physics. It is not, however, quite correct, when the crystal is not
in fact re-entrant.

It is easy to see that the error incurred in the calculation of (0| Q| +K) by adopt-
ing this boundary condition is of order N~ "%, although the main part of this term is
of order N'/* and correctly given. In computing oscillator strengths per residue,
which are proportional to N=!| (0| Q| ¢K)|?, the error is therefore of order N1,
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which is indeed negligible. However, in the present context, we wish to compute
rotational strengths per residue, which are proportional to N —1(0| O| aK) | (eK | L| 0).
Now (¢K I LI 0) involves the moments of the electronic displacements about some
fixed (but arbitrary) point in the molecule; it therefore contains terms of order
N2 as well as of order N2. (The former were innocuously symbolized by N'"*a,,
N'/8, in Moffitt’s equations [48],% although, since the difficulty was not foreseen,
they were not explicitly evaluated.) The scalar product of the N terms of
(eK | LI 0) taken with the N/ terms of (OI QI oK) vanishes identically—as, clearly,
it must, because the residue rotation is not proportional to the number of residues.
The predominant N"/* terms of (OI QI oK) and the N"* terms of (¢K|L|0) yield
a contribution to the residue rotation of order unity, namely, the term involving
A,, 7. But the scalar product of the N—/* errors of the former taken with the
N terms of the latter does not vanish and is therefore of order N; this again leads
to a contribution of order unity to the residue rotation, namely, the neglected term
A,.?. Tt may be noticed that the N”* terms of (¢K|L|0) can involve only per-
pendicularly polarized components of g,, whose cylindrical direction cosines are
e,, and e,. These large moments are also perpendicularly directed, so that the
neglected term cannot involve the vertical component e,,. Looking at equations
(27), it is therefore clear why A ,, was correctly assessed but 4, was missing.

We may conclude that whereas the application of the Born-von K4rman bound-
ary conditions leads to a correct picture of the spectra of molecular crystals, they
may not be used with impunity. In particular, they fail to give an accurate
account of the optical rotatory properties of long helices.
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