If the relative energies in Table II are correct, octa-
hedral coordination should contribute negligibly to the
liquid structure of Li+ hydrates. The solvation en-
thalpy for Li+ at 298° is —227.6 kcal/mol; one could
imagine this is due to tetrahedral first coordination
sphere water (—107 kcal/mol), second coordination
sphere water (8 X —10 kcal/mol), and a substantial
contribution from more distant waters. Thus, we con-
clude that Lit+ has an important ordering effect on the
water at least through the third coordination sphere.
If one makes the (very drastic) assumption that the
E®(Nat- - -(Hy0)) = E®(Li*- - -(Hs0).), one finds for
Nat that octahedral coordination is approximately
equal energetically to tetrahedral coordination plus two
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external waters.” Further studies are in progress along

these lines.
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(7) We calculate a AE = — 80 kcal/mol for Na+t(H:0): (R = 4.5 auw)
and AE = —100 kcal/mol (R = 4.9 au) for Na*(H:0)s octahedral with
this very crude approximation. Reference 2 finds AE(Nat + 6H:0 —
Na(6H:0)) to be —92 kcal/mol. At the Na*-+-OH, separation of 4.5
au, we expect the attractive energy for a second coordination sphere
to be ca. — 10 kcal/mol, so one predicts the two coordination possi-
bilities (tetrahedral + 2H:O and octahedral) to be approximately equo-
energetic.

A Simple Two-Group Model for Rayleigh and

Raman Optical Activity

L. D. Barron* and A. D. Buckingham*

Contribution from the Department of Theoretical Chemistry,
University Chemical Laboratory, Cambridge, England CB2 1EW.

Received January 22, 1974

Abstract:
prised of two neutral optically inactive groups.

being of longer range than Kirkwood’s dynamic-coupling interaction that leads to optical rotation.
scattering increases with increasing separation of the two groups, whereas optical rotation decreases.

Rayleigh and Raman circular intensity differentials are calculated for a dissymmetric molecule com-
The dominant mechanism has no counterpart in optical rotation,

Differential
Predicted

magnitudes are of the order of those observed. The signs of the effects give the absolute configuration of the mole-

cule.

Recent theoretical and experimental work!=® has
shown that optical activity can be studied through
differential Rayleigh and Raman scattering of right and
left circularly polarized light. The Raman experiment
measures vibrational optical activity and provides in-
formation complementary to that obtained from the ex-
tension of optical rotatory dispersion and circular di-
chroism into the infrared, which has recently been ob-
served for the first time in simple molecules.”® Since
optical activity increases with the frequency of the ex-
citing light and vibrational frequencies are several
orders of magnitude smaller than visible frequencies,
vibrational optical activity is barely detectable through
infrared rotatory dispersion and circular dichroism;
it is accessible through the Raman CID (circular in-
tensity differential) because the Raman effect provides
vibrational spectra with visible exciting light. Also the
large and interesting effects associated with skeletal

(1) P.W. Atkins and L. D. Barron, Mol. Phys., 16, 453 (1969).

(2) L. D. Barron and A. D, Buckingham, Mol. Phys., 20, 1111 (1971).

(3) L. D. Barron, J. Chem. Soc. A4, 2899 (1971).

(4) L. D. Barron, M. P. Bogaard, and A. D. Buckingham, J. Amer.
Chem. Soc., 95, 603 (1973).

(5) L. D. Barron, M. P. Bogaard, and A. D. Buckingham, Nature
(London), 241,113 (1973).
; (6) L. D. Barron and A. D. Buckingham, Chem. Commun., 152

1973).

(7) G. Holzwarth, E. C. Hsu, H. S. Mosher, T. R. Faulkner, and
A. Moscowitz, J. Amer. Chem. Soc., 96, 251 (1974).

(8) T. R. Faulkner, A. Moscowitz, G. Holzwarth, E. C. Hsu, and
H.S. Mosher, J. Amer, Chem. Soc., 96, 252 (1974).

vibrations occur at lower frequencies; it has not proved
possible to extend infrared rotatory dispersion and
circular dichroism into the far infrared, whereas Raman
CID can give the entire vibrational optical activity
spectrum with a single instrument.

In this article, Rayleigh and Raman CID’s generated
by a dissymmetric molecule comprised of two neutral
optically inactive groups 1 and 2 are calculated. The
dominant CID mechanism has no counterpart in optical
rotation and circular dichroism, even in an anisotropic
sample.® In the Kirkwood model the optical rotation
generated by a dissymmetrically arranged pair of
groups involves dynamic coupling between the groups; 10
only forward-scattered waves that have been deflected
from one group to the other have sampled the dissym-
metry and can generate optical rotation and circular
dichroism on combining with the transmitted wave at
the detector!! (Figure 1). But the transmitted wave is
unimportant in Rayleigh and Raman CID, so inter-
ference between waves independently scattered from
the two groups provides chiral information (Figure 2).
Dynamic coupling is not required, although it can make
other less important contributions.

The relevant experimental quantity in Rayleigh and
Raman optical activity is a dimensionless circular in-

(9) A.D. Buckingham and M. B. Dunn, J. Chem. Soc. A4, 1988 (1971).

(10) J. G. Kirkwood, J. Chem, Phys., 5,479 (1937).

(11) P. W, Atkins and R. G. Woolley, Proc. Roy. Soc., Ser. A, 314,
251 (1970).
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TRANSMITTED WAVE

DETECTOR
FORWARD~SCATTERED WAVE

Figure 1. In the Kirkwood model, optical rotation is generated
through interference between transmitted and forward-scattered
waves that have sampled the dissymmetry of the two groups.

tensity differential
A= ({UR - IY)UIR+ IV ¢))

where I® and I* are the scattered intensities in right and
left circularly polarized incident light (right circular
polarization involves a clockwise rotation of the electric
vector when viewed toward the source of the light).
Expressions for the components of A for scattered
radiation polarized parallel (A,) and perpendicular (A,)
to the scattering plane yz are derived for the two-group
model from a consideration of the origin dependence of
the optical activity tensors.

Rayleigh CID

According to Barron and Buckingham,? the compo-
nents of the Rayleigh CID for radiation scattered in the
y direction are

Az _ 4(3010,,36/0,5 - OlaaG/aa - 1/3(.0010,560,7514755) (2a)

20(30ty500y5 — OLyyQiss)

Az _ 2(7010,56/0,5 + aaaG/ﬁﬁ + 1/3waa13€a75A755) (Zb)

C(7a75a75 + a'y'yaﬁﬁ)

where w is the angular frequency, a5 is the polariza-
bility tensor, G’ 4 is the electric dipole-magnetic dipole
distortion tensor, and A4 .4, is the electric dipole-electric
quadrupole distortion tensor; as is usual in tensor nota-
tion, a repeated Greek suffix denotes a summation over
the three Cartesian components. Time-dependent
perturbation theory provides the following quantum
mechanical expressions for the distortion tensors at
transparent frequencies 2

s = 27 (wpa? — @)t X
Rl D) = ap ()
G'as = =2 W) (wn? — 0~ Um((n|ua| /) jlmsin)) (3b)
Ay = zfz—lz(:ojn? — W1 X
] wnRe((|pal ){j[Opym) = Aays (30)

where 1) and |j) are the ground and excited molecular
electronic states, and u,, m,, and O, are the electric

dipole, magnetic dipole, and electric quadrupole
moment operators defined by
Mba = Z et (43.)
€
Mo = 25— €asyligPiy (4b)
90,5 = ‘/226¢(3riarm —_ r¢26a5) (4C)

(12) A.D.Buckingham, Advan. Chem. Phys., 12, 107 (1967).

DETECTOR

Figure 2. Rayleigh and Raman CID can be generated through
interference between waves independently scattered from the two
groups.

The subsequent development requires a knowledge
of the origin dependence of the optical activity tensors
G’ and A. If the origin is moved from O to a point O
4+ a, where a is some constant vector, the position
vector r; in the old coordinate system becomes r, — a
in the new. For a neutral collection of charges the
moments change to

Pa = o (5a)

Mg —> My — Ys€os,a50, (5b)

Ous —> Ous — apals — *lotig@a + pya,048 (5€)

Using the operator equivalents of these changed mo-
ments in the tensors (eq 3) it is found that!?

Olgg —> Qigp (6a)

Glag —> G'op + Y200€5y300005 (6D)

Aaﬁ-y _—> Aaﬁ-y - 3/2(1@016,,.y - 3/20.(010,5 + agaagaa-y (6C)

We assume no electron exchange between the two
groups and write the distortion tensors of the pair as the
sum of the corresponding group tensors. The group
tensors must be referred to a fixed origin within the
molecule, which we choose to be the local origin in
group 1.

Apg = (091 ] + Aoaps +
static and dynamic coupling terms (7a)

G/aﬂ = Gl/als + G2/a6 - 1/2‘-06,375R217012a5 +
static and dynamic coupling terms (7b)

Angy = Alogy + Asagy + */2Ro15000, +
3/oRo1y 000 — Rorsoasdsy +
static and dynamic coupling terms (7c)

where @8, Gi'us, and 4.4, are tensors referred to a
local origin in the ith group, and Rz, = R; — R, is the
vector from the origin in 1to that in2. Even though all
components of G,'os and 4,5, may be zero when re-
ferred to local group origins, the origin-dependent parts
may not be. Also, although the groups are assumed to
be intrinsically optically inactive in the usual sense, for
certain symmetries (e.g., C,) there are nonzero compo-
nents of the optical activity tensors that can contribute
to Rayleigh and Raman CID.

(13) A. D. Buckingham and H. C. Longuet-Higgins, Mol. Phys.,
14, 63 (1968).
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Using eq 7, the relevant polarizability-optical activity
products in the CID components (eq 2) can be ap-
proximated by

0asGlag = — s wegy s RolyQlagOiose +
01agGo ag + apGi'ag  (82)
ViwaagtarsAyes = — fowegysRo1,Qgsttose +
Y 50001 ag€aysArys + Yswoaseaysdise  (8D)
0aaGlgs = 0 (8c)

where the higher order coupling terms have been
omitted. Notice that each of these equations is in-
dependent of the choice of local origins in 1 and 2, as
may be verified by the replacements Ry, — R, + Ar,,
Rga - Rga + Arga, R21a - R21a - Arla + Arga where
Ar; and Ar, are shifts of the local origins within 1 and 2.

If both groups have threefold or higher rotation axes
(which we take to be the 3 axis) eq 8 can be given a
tractable form. If the groups are optically inactive,
they cannot be pure rotation groups, and for the re-
maining groups the components of the second-rank
axial tensors G’ .5 and e,,s4,s are either zero or have
G/lg = —G/gl and 61751‘1752 = _627514761-12'“ The
terms o;,3G; os @nd @is€a454 5458 I (8) are then zero
because a,s = ag,. If the principal axes 1, 2, and 3 of
the ith group are associated with unit vectors s, ¢, and
u,, its polarizability tensor may be written

o = il — k)0as + 3otkilligliis )

where
« = (o3 — am)/3 (9a)
a = Yyan + om + am) (9b)

Then

eﬁ'yBRQl'yalaﬂaQ&z = 96675R217a1a2K1K2ulau2au16u25 (10)

We consider the simplest dissymmetric pair where the
principal axes of the two monomers are in parallel
planes (Figure 3). For this structure

€815 Ra1, g5, = — feRncicenike sin 26 (11)

From (8) and (11) the polarizability-optical activity
products required in the CID components (2) are

304sG 0 — CoaGlas — swog€nysAysg =
/swRaai0K1k, sin 20 (12a)
T0asG ap + 0uaGas + sw0ag€qysAyss =
18 wRacjokike sin 20 (12b)

We also require certain polarizability-polarizability
products. From (7a)

CofOlap = OlagOllas T C2agOogs + 20,8004 (13)
and from (9) we can write, for axially symmetric groups
QingQias = oty + 3aiamu(3uialijoligiyg — 1) =

3oy + 3haioge (1 + 3 cos 26,) (14a)
Qigalliss = d0tio; (14b)

Consequently
30ias0as — Ciaatps = °focticurix(l + 3cos268;) (15a)

(14) R. R. Birss, “Symmetry and Magnetism,” North-Holland Pub-
lishing Co., Amsterdam, 1966.
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Figure 3. The geometry of a dissymmetric dimer where the sym-
metry axes u; and u, of the monomers are in parallel planes.

70({0,130[]'0,5 + Aigaljgs =
30015017 + 21/2011'01]%5;(]-(1 + 3 COS 20”) (15b)
Using (15) in (13), the polarizability-polarizability
products required in the CID components in (2) are
308008 — Caaligs = 18(cn’1? + o?ke?) +
onowkik(l + 3 cos 28) (16a)

TQagtas T Caatss = 30(ar? + aw? 4+ 2oqa0) +
42(on?? + @) + 2lonasard(l + 3 cos 26) (16b)

If groups 1 and 2 are identical, (16) and (12) in (2)
give the following Rayleigh CID components generated
by a dissymmetric dimer

_ 27 Ry sin 26
M5 +3cos26)

_ 24mRuw*sin 2
T OA[40 + 7«25 + 3 cos 26)]

where « is the group anisotropy. Notice that no
knowledge of the polarizabilities of the two groups is
required to calculate A.,.

It is instructive to compare the expressions in (17)
for Rayleigh CID with the Kirkwood expression for the
optical rotation generated by an isotropic sample of the
same dissymmetric pairs

A, (17a)

A,

(17b)

1 , 3w2uolN
0 - 3 leOlNG ae ™ 167T€0R212
where / is the path length and N is the number density of
molecules.® The Rayleigh CID increases with in-
creasing separation of the monomers, whereas optical
rotation decreases since it is generated through dynamic
coupling. Also, the absolute configuration of Figure
3 leads to positive Rayleigh CID’s and a positive optical
rotation (a clockwise rotation when viewed toward the
source of the light) at the same transparent wavelength.
The CID’s (17) are valid only for Ry << \.

If the dimer is a twisted biphenyl, the symmetry axes
u; and u, are along the sixfold rotation axes of the aro-
matic rings (for simplicity we disregard the fact that
the ring substituents required to constrain the biphenyl
to a dissymmetric conformation destroy the axial sym-
metry of the aromatic rings). With Ry ~ 5 A, § =
7/4, and N 5000 A, (17a) gives A, ~ 1.3 X 10—% Tak-
ing |«| = 0.18 for benzene,’ A, ~ 0.6 X 10~* Thus

(15) N. J. Bridge and A. D. Buckingham, Proc. Roy. Soc., Ser. A,
295, 334 (1966).

a?sin 260 (18)
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we expect A, to be at least an order of magnitude larger
than A,. These estimates only apply to gaseous
samples; in liquids a significant reduction in Rayleigh
scattering occurs through interference, the isotropic
contribution being suppressed much more than the
anisotropic contribution. !¢

Raman CID

The CID’s in (2) apply to vibrational Raman scatter-
ing if the polarizability and optical activity tensors are
replaced by transition tensors (f|ag|i), etc., between
initial and final vibrational states i and f. We con-
sider the Raman CID associated with coupled vibrations
of two identical monomers, not vibrations of the dimer
skeleton. The ground vibrational state |0) of the
dimer is the direct product of the ground vibrational
states |0;) and |0,) of groups 1 and 2,

0) = ]0:0,) (19a)

and the first excited vibrational state |[1,) involves
symmetric and antisymmetric combinations of singly
excited monomer states

1) = 27| 1h0s) = [041,)) (19b)

Interaction between the two singly excited monomer
states results in a ‘“‘phonon splitting” of their de-
generacy.

The required transition polarizability-transition opti-
cal activity products are now, for the 1, < 0 transitions
of the dimer

<O‘,aa6“i><l:§:1‘6/aﬂl0> =
T 1 jweg, sRo1, (01| a1 as| 11){ 15 0254 02) =
Y01 arag| 10{12| Go 0/ 02) =
1/2<02‘a2aﬂg12><11[Gl/a6[01> (20a)
Y 50(0| 0| 1) 1| €aysd 25| 0) =
F 1/ weg, s Ro1,{01| 1 g 10(1s] a2sa| 02) £
/6w(01] 1] 1)(12] €avs2y25] 02) =
1/6w<02La2a5\12)(11\%75/11755\01} (20b)
(Olataa| 15014/ G'g5/0) = 0 (20c)
If the two groups have threefold or higher rotation axes,
<Oilaia6\\1i><llej/a13‘Oj> and <O1laiaﬂl1i><17l€a75‘47755l0]’>
in (20) are zero, and the transition polarizabilities can
be written in a form analogous to (9); we then obtain
equations analogous to (12) but incorporating a factor
of £ 1/2.
Also
(0lctas! Lo)(1sl0tas|0) = Y2(Or]tras| 11)( 11| ! Or) +
Y205 0t2ag| 12)(12| 2] 02) &= (01t 11)(12] tzesl02)  (20d)
so that
3<Oiaa/3“+><1+£aaﬁl0> - <Olaaall+><l+laﬂﬂlo> =
9/2\<11‘ OliKil‘Oi> 2(5 + 3 cos 20) (213.)
30| o] 1-X(1~| 20} — (Oetaq| 1-)(1-|ag40) =
/o[ (s k|0 (1 — cos 26) (21b)
70|l 1+)(1+] 0|0y + (O] ara| 143(1 ] g/ 0) =
3/,040[(1 e 012 4+ 7|(14|etixil0:)|2(5 + 3 cos 28)] (2lc)

(16) 1. L. Fabelinskii, “Molecular Scattering of Light,”” Plenum Press,
New York, N, Y., 1968, Section 19,

70| 0t o5 1)1~ 0t 0) + (O]orga| 1-)(1=| ctgg|0) =
88/, (1las| 00121 — cos 26) (21d)

The relative intensities of the two bands in circularly
polarized incident light are then

I=-  3(1 — cos 26)

= 5 F 3cos 26 (222)
L= 21;(1 ok, |0) (1 — cos 26) (22b)
II+ - 40\(113011}01)\2—4— 7|<11 Qi ¢ OL> 2(5 + 3C0520)

These expressions indicate that, if the two identical
groups are parallel (§ = 0), all the Raman intensity goes
into the 14+ < O transition; this would appear as a fre-
quency shift on going from monomer to dimer, with
the band intensity for a single dimer equal to that for
two monomers. The direction of the shift depends on
the sign of the coupling energy; if positive, the 1+ <« 0
transition shifts to higher frequency. As the groups
move out of parallel, a doublet appears as intensity
shifts from the 1+ < O transition into the 1- < 0
transition, although the coupling energy probably de-
creases with a consequent decrease in the resolution of
the two bands. A similar situation is encountered in
electronic spectra.’” The depolarization ratios of the
two bands in circularly polarized incident light are

I+
p+ = E_ =

6\<11 OZ{KL‘LO» 2(5 + 3 cos 29) (23 )

4011 e 02 + 71 awi]0) (5 + 3 cos 28) 2

pm =L~ /,- ="* (23b)

Thus p~ is /; for all values of 8 and all allowed species
of monomer vibrations; whereas o™ has a maximum
value of %/, being less for totally symmetric monomer
vibrations since (1/a;0,) is then nonzero. If the
dimer is part of a larger asymmetric structure, all vibra-
tions are totally symmetric to some degree, so the sym-
metric band should be polarized more than the anti-
symmetric band.

The Raman CID components associated with the
two bands are

27 R sin 26

o e
A= 505 1 3 cos 26) (24a)
_ 27 Ry sin 20 27 Ry cot §
AT = TR —cos20) a3
A =
247 Ral(1,| o, 0,)] 2 sin 26 (240)
N40[(1] a0 + 7/ 025 + 3 cos 26)] ¢
A- = 8T Ry sin 26 87 Ry cot 6§ (24d)

TN = cos 20) ™

The divergence of (24b) and (24d) at § = 0 is not mean-
ingful since there is no scattered radiation in this ap-
proximation and the higher order terms remove the
singularity. Notice that A,* and A,~ are independent
of the symmetry species of the monomer vibrations and
are of opposite sign. A," and A, are also of opposite
sign, and it is remarkable that only A,* depends on the

(17) J. N. Murrell, “The Theory of the Electronic Spectra of Organic
Molecules,” Chapman and Hall, London, 1963, p 137.
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symmetry species of the monomer vibrations. If the
sign of the coupling energy is known, the symmetric and
antisymmetric bands can be identified. This identificd-
tion could also follow from the polarization characteris-
tics of the two bands, in which case the sign of the cou-
pling energy could be deduced. The sign of the two
Raman CID bands then gives the absolute configura-
tion of the dimer; that of Figure 3 leads to a positive
CID in the symmetric band.

The extension of this theory to a dimer consisting of
two lower-symmetry groups in an arbitrary dissym-
metric relative orientation is complicated. Extra
terms involving components of intrinsic optical activity
tensors of the monomers must be included to maintain
origin invariance (for example, G'1; # — G’y in Cy,),
and the polarizability tensors cannot be reduced to the
simple form of (9). Nonetheless, some of the general
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features of the simple dimer treatment may extend to
more complicated situations. In fact, Raman CID
bands have been observed® which could originate in
this mechanism. In a-pinene, a large A, couplet exists
in two barely resolved bands centered at ~780 cm~—L
The relative intensities, depolarization ratios, and CID’s
of the two bands are of the orders deduced above.
Since the bands fall in the CH, rocking region, these
CID’s could originate in coupling between CH, rock-
ing vibrations on the two starred groups, which together
constitute a rigid, highly dissymmetric structure.

* *

Unfortunately, a detailed analysis of this situation is
subject to all the fearful complexities mentioned above.
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Absolute internuclear distances between all of the protons of cis- and trans-crotonaldehyde in solution

have been obtained by measuring the 'H{'H} nuclear Overhauser enhancements between all of the spins and the

'H and '*C nuclear spin-lattice relaxation times for all of the spins.

The results are compared with the reported

microwave structure for trans-crotonaldehyde and a theoretically optimized structure (starting from the X-ray struc-

ture) for cis-crotonaldehyde.

The internuclear distances involving the methyl protons are used to test two models

for the effective position of the methyl protons when internal motions are considered.

he potential of the nuclear Overhauser effect! for

providing information on the conformation of
molecules in solution was first demonstrated by Anet
and Bourn.?* The widespread chemical applications of
the NOE which followed this initial report have re-
cently been reviewed in detail by Noggle and Schirmer. ?»
Of particular interest are the paper of Bell and Saun-
ders,® reporting a direct correlation of NOE enhance-
ments with internuclear distance, and a series of papers
by Noggle and coworkers,* demonstrating how relative
internuclear distances can be quantitatively determined
on systems of three or more spins from the NOE

(1) (a) Abbreviations used: nuclear Overhauser effect, NOE;
nuclear magnetic resonance, nmr; nuclear spin-lattice relaxation time,
Ti. (b) In this paper unless stated otherwise NOE enhancements will
refer to *H{!H} double resonance experiments.

(2) (@)F. A.L. Anet and A. J.R. Bourn, J. Amer, Chem. Soc., 87, 5250
(1965); (b) J. H. Noggle and R. E. Schirmer, “The Nuclear Overhauser
Effect,” Academic Press, New York, N. Y., 1971.

(3) R. A, Beltand J. K. Saunders, Can. J. Chem., 48, 1114 (1970).

(4) (a) R. E. Schirmer, J. H. Noggle, J. P. Davis, and P. A. Hart,
J. Amer. Chem. Soc., 92, 3266 (1970); (b) ibid., 92, 7239 (1970); (c)
R. E. Schirmer, J. P. Davis, J. H. Noggle, and P. A. Hart, ibid., 94,
%1596_}2)(1972); (d) R, E. Schirmer and J. H. Noggle, ibid., 94, 2947

measurements. Noggle and Schirmer? have also
stressed the value of an understanding of the nuclear
spin-lattice relaxation.

We have been interested in the application of the NOE
to the determination of the conformation in solution of
the visual chromophore, 11-cis-retinal.>¢ As a model
system to test the quantitative aspects of the NOE ap-
proach, we have studied the molecules cis- and trans-
crotonaldehyde, I and II below, respectively. The cis-

H

)\/\\o CHS/\'/\O
H H
(1) (1)

crotonaldehyde is analogous to the terminal fragment
(C13-C15) of retinal. One question in particular which
arose in the NOE studies of the retinals®® was what

(5) B. Honig, B. Hudson, B. D. Sykes, and M. Karplus, Proc. Nat.
Acad, Sci. U. §., 68, 1289 (1971).

(6) R. Rowan, A. Warshel, B. D, Sykes, and M. Karplus, Biochen-
istry, 13, 970 (1974).

Rowan, McCammon, Sykes | Internuclear Distances in cis- and rrans-Crotonaldehyde



