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Theory, Measurement, and Origin of Optical Activity
in Benzil Crystal

Jan Riha

Ivo Vysin

Hana Lapsanska

Department of Theoretical Physics, Palacky University,
Olomouc, Czech Republic

The three coupled oscillator model and its application to the explanation of optical-
rotatory dispersion and circular dichroism of benzil crystal is discussed. The
previously measured experimental data are approximated by the theoretical set
of formulas provided by this model. The twelve-term formula, which was computed
using our computer program, is derived from the interpretation of the optical-
rotatory dispersion of benzil. Similarly, the circular-dichroism data are analyzed.
Both the previously published experimental data and the latest measurements are
used for this reason. The obtained results are compared and discussed with respect
to the origin of the optical activity occurring in benzil crystal.

Keywords: benzil; circular dichroism; coupled oscillators; optical activity; optical-
rotatory dispersion

INTRODUCTION

The optical activity of crystals has two aspects that arise from the
interaction of the radiation with the matter—dispersive and absorp-
tive. The first aspect is the optical-rotatory dispersion, which means
the dependency of the rotation of the linear polarized wave per unit
length on the frequency w or on the wavelength A. The second aspect
is the circular dichroism, which is defined as the dependency of the
ellipticity per unit length of the wave radiating from the crystal on
® or on A.

These effects are based on the fact that the linearly polarized wave
is split into two circularly polarized waves in the optically active
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medium—into the left and the right circularly polarized waves. These
waves propagate through the optically active medium with different
velocities, and they are also absorbed differently. It means that the
optically active medium is characterized by different refractive indices
for these waves. The complex rotatory power p is used as the charac-
teristic of the medium and it is defined by the relation
W )

ﬁ=p+i6:%(ﬁl—ﬁ,):%[(nl—nr)+i(iq—rcr)], (1)
where p is the optical rotatory dispersion and ¢ is the circular dichro-
ism. The quantities n;, n, and k;, k, are the real and imaginary parts
of the complex refractive indices 77; and 7, of the medium for the left
and the right circularly polarized waves. It is known that the
optical-rotatory dispersion and the circular dichroism as the disper-
sive and the absorptive aspects are connected by the Kramers—Kronig
transforms:

o) =2 [ 57, (2)
o(h) = — 2 < NpA) g 3)

Cwi)o 12— A2

Benzil belongs to the small class of molecules that are not optically
active in solution but that gain their optical activity in only the crys-
talline state. The molecules are arranged in a helical form and they
can be translated from one to the other by a trigonal screw axis. The
position of molecules can be given by both the left-hand screw and
the right-hand screw. The optical activity of benzil is due to the
additional asymmetry obtained in the helical structure.

The crystal structure of benzil (CgHs - CO - CO - CgHs) was determ-
ined by Allen [1], Banerjee and Sinha [2], and also Brown and
Sadanga [3]. Later, a complete determination of the structure was
made. Benzil crystallizes in the trigonal trapezohedral class with
the space group of symmetry Dg or Dg. The other typical representa-
tives of this space group are o-quartz, cinnabar, tellurium, selenium,
and camphor. The optical activity of these crystals has the crystalline
origin; the only exception is camphor, which is optically active also in
solution.

The crystal of benzil is built upon a hexagonal lattice and the unit
cell accommodates three molecules disposed spirally around the tri-
gonal axis. Although benzil exhibits no optical activity in solution,
the molecules may be expected to be optically active because they have
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O- oxygen atom (- carbon atom

FIGURE 1 Configuration of benzil molecule.

a skew configuration. The a-diketone moiety of the benzil molecule is
twisted (O=C—-C=0 torsion angle is 108.8°), whereas the benzoyl
groups are nearly planar (O=C—C=C torsion angles are —4.0° in both
cases) [4]; see Figure 1.

The optical-rotatory dispersion of benzil was measured by Chandra-
sekhar [5] for the first time for wavelengths ranging from 0.360 pum to
0.900 pym at the temperature of 300 K. The detailed experimental data
in the wavelength region from 0.400 um to 0.630 um were obtained by
Kizel, Krasilov, and Shamraev [6] at the same temperature. The
optical-rotatory dispersion curve was approximated by the sum of
terms provided by [7]:

KP 02 -3
2) = d DA 4
=2 (A2 =022 4122 “

i

where A; are the central dichroic wavelengths, I'; the damping con-
stants, and Ki()') the constants proportional to the rotational strengths
of the corresponding wavelength bands. Their result is noted in
Table 1. However, a comparison of this result with the experimental
data shows a considerable inaccuracy in the 0.340 pm—0.420 pm
region. This fact is well manifested by Figure 2, where the experi-
mental data and the theoretical curve from Table 1 are graphed.

The experimental data of circular dichroism of benzil crystal were
provided by Chaudhury and El-Sayed [8] at 77K in the direction of
the optical axis. They found two strong bands with the maxima at
0.3325 pm and 0.385 um and an extremely weak band with an unre-
solved maximum at 0.425pum. The more accurate measurement of
Perekalina et al. [9] in the 0.340 um—0.500 pm region showed the
possibility of the band with the maximum in the close vicinity of
0.3325 pm. However, the maximum of the second strong band lies at
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TABLE 1 Approximation of Experimental Data by Eq. (4)
[9], G = /S/N = 39.0deg - mm~!

)-i l“i
i (um) K; (um)
1 0.309 8.03 0.012
2 0.331 0.60 0.016
3 0.336 -2.07 0.021
4 0.346 0.81 0.016
5 0.380 -0.33 0.021
6 0.398 ~-1.11 0.016

0.398 um. The existence of the third weak peak was not confirmed.
Recently Moxon, Renshaw, and Tebbutt [11] addressed the problem
of measurement of the circular dichroism of benzil. This measurement
is consistent with those of Perekalina et al. [9] with the advantage
that Moxon, Renshaw, and Tebbutt’s results were obtained simul-
taneously for the circular dichroism and optical-rotatory dispersion
in one experiment. The last experimental study of the benzil-crystal
optical activity was made by Polonski et al. [12]. They compared the
circular dichroism spectra of the benzil crystalline inclusion complexes
with cholic and deoxycholic acids.

pldeg.mm™']
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FIGURE 2 Optical-rotatory dispersion curve given by Table 1 in comparison
with Kizel et al.’s [10] optical-rotatory dispersion experimental data of benzil
crystal (points).
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It is shown that the complete set of formulas for the optical-rotatory
dispersion given by our theoretical computations for the crystals
belonging to the space groups Dg or Dg can satisfactorily fit experi-
mental data not only in the immediate vicinity of the absorption band
but also in the wavelength region, where the Cotton effect occurs. The
obtained optical-rotatory dispersion formula is used to create the
circular-dichroism formula based on the connection of the optical-
rotatory dispersion and circular dichroism by the Kramers—Kronig
transforms (2), (3). This theoretical circular-dichroism curve is com-
pared with the available experimental data [9,12].

THEORY

We intend to use the theory of the optical activity based on the model
of coupled oscillators, where molecules or atoms in the crystal struc-
ture are represented by linear harmonic oscillators. The primary
Chandrasekhar model of two coupled oscillators [13] has been general-
ized, as it seems to contain two problems that should be solved in the
optical activity of crystals with space groups of symmetry Dg and Dg.

The Chandrasekhar model includes only the couplings between the
adjacent oscillators on the helix. However, in the practical cases,
where the diameter of the helix is comparable with the height of the
elementary cell, the distances between even or odd oscillators are com-
parable with the distances between adjacent oscillators, and therefore
the couplings between the even or odd oscillators on the helix can
result in the substantial influence on the optical activity. Further-
more, the groups of coupled oscillators are not independent as in
the Chandrasekhar model. In the model of two coupled oscillators,
the second oscillator of any couple of coupled oscillators is at the same
time the first oscillator of the next couple and the same conclusion
holds for the couplings between even or odd oscillators.

The description of the crystalline optical activity based on the model
of coupled oscillators can use the Drude—Sellmaier dispersion theory of
the refractive indices of the medium (represented by the coupled oscil-
lators) for the left and the right circularly polarized waves. The result-
ing expressions of these refractive indices can be substituted in the
relation (1) for the complex rotatory power followed by a derivation
of the optical-rotatory dispersion and circular dichroism. The problem
can be solved, as in the Chandrasekhar model, using the normal
coordinates. The characteristic frequencies of single oscillators are
split into n frequencies of the normal modes of vibrations, where n is
the number of coupled oscillators forming one compound oscillator in
the model. The oscillator strengths of the normal modes are used as



Downloaded by [University of California, San Diego] at 09:16 22 August 2012

186 J. Riha et al.

the characteristics of the normal modes. Differences between the
frequencies of normal modes and the corresponding characteristic
frequency depend on the coupling constants of the couplings between
oscillators. These coupling constants are presumed to be small. There-
fore, the final results can be expressed (in any proper approximation of
the oscillator strengths of the normal modes) in the dependency on the
characteristic frequency of the single oscillator. Using this procedure,
the results of the models of a different number of coupled oscillators
can be compared. The basic approximation of the oscillator strengths
of normal modes (it is shown that this approximation is valid for tel-
lurium) is the strict approximation of the linear harmonic oscillator
in which the oscillator strengths of the normal modes are equal.

Using this general procedure, the optical activity based on the mod-
els of three, four, five, and so on coupled oscillators was solved [14]. It
was proven that the effects of the couplings between adjacent oscilla-
tors can be held as additive when the terms containing higher powers
of the small coupling constant @ are not taken into account. For
example, one compound oscillator consisting of three coupled oscilla-
tors on the helix (but including the couplings only between adjacent
oscillators) leads to a two-fold optical activity in comparison with
two coupled oscillators if the terms of the order @Q? are neglected.
The models of three, four, five, and so on. coupled oscillators, when
the couplings among adjacent, even, and odd oscillators are con-
sidered, were solved, and also the additivity of the coupling effects
between even or odd oscillators was proven. The model of three
coupled oscillators is the lowest model, which can include couplings
between even or odd oscillators, except the couplings between adjacent
oscillators. Taking N/2 as the number of such compound oscillators in
the volume unit (Vis the number of single oscillators), all couplings
between adjacent oscillators and half of the couplings between even
and odd oscillators are considered. However, the couplings’ effects
are additive, and the couplings between all even and all odd oscillators
on one helix can be included very simply—by doubling the constant of
the coupling between even or odd oscillators in the final relations for
the optical-rotatory dispersion and circular dichroism. The accuracy
of this model (up to and including the terms containing the square
of the coupling constants) seems to be satisfactory for the real optically
active crystals.

It should be noted that the influence on the optical activity of other
possible couplings between the oscillators lying on one helix can be
neglected for the crystals with the space groups of symmetry Dg and
DS. The direction of vibrations of any oscillator on the helix (oscillator
number one) and the oscillator number four with respect to number
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one is accidentally oriented, and therefore the coupling between them
does not lead to the optical activity. The oscillators number one and
number five are too distant, and consequently the coupling between
them is negligible in comparison with the coupling between the adjac-
ent oscillators, which gives the optical activity of the same type. Also,
the couplings between the oscillators lying on the different helices are
usually neglected in the models of coupled oscillators. These oscillators
are somewhat more distant than the adjacent oscillators on one helix
and above all, the type of the couplings between the oscillators on one
helix is different from the type of the couplings between the oscillators
on different helices in many cases.

The following model of three coupled oscillators is used. For the
description of the optical activity let us consider three oscillators, each
of which has the mass m and the charge e, that lie on the helix, the
axis of which (the crystal axis c¢) is parallel with the z coordinate axis.
The second oscillator lies in the plane z = 0, its coordinates are x,y, 0,
and its direction of vibrations is described by the direction cosines
o, f,7. The first oscillator lies on the helix in the plane z = —d and
its direction of vibrations is rotated by the angle —0 around the z axis
with respect to the second one. Similarly, the third oscillator lies on
the helix in the plane z =d and its direction of vibrations is turned
by the angle +0 around the z axis with respect to the second one.
The angle 0 is of course 120° for the crystals belonging to the space
groups of symmetry Dg and Dg. All oscillators are assumed to be ident-
ical. In addition, the optical activity only in the direction of the crystal
axis where the optical activity is not screened by the birefringence is
studied. The positions of oscillators are illustrated in Figure 3. .

The preceding plane electromagnetic wave of the wave vector Z,
parallel to the z axis, and the angular frequency w = ck interacts with
a quantum mechanical system. The Hamiltonian of this system can be
written

. 1[~ = 2
Hz—[ﬁ—qA<at>] V. (5)

2m

where ﬁ is the total momentum operator of all electrons in the system,

A is the operator of vector potential, q is the electric charge of the
system, V(r) is the potential operator, and the vector 7 includes all
coordinates describing the system.

The Hamiltonian equation (5) can be split into two parts:
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FIGURE 3 Scheme of the three-coupled oscillator model. The vibration
directions of oscillators are described by arrows.

where H, 0 is the Hamiltonian of the quantum mechanical system with-
out incidence of the electromagnetic wave and Hin(¢) is the interaction
Hamiltonian with the incident wave.

The first part Hy satisfies the relation

[\

A~

A~ p A~
H=2-+V(/. (7)

The interaction Hamiltonian can be reduced at the low-intensity limit
to the form [15]

o~
—

p-A (8)

~

Hint(t) = -

S

The operator A can be replaced by the classical expression
A':A'Oei(szwt) +A’Se7i(szwt) :A':A'Oei(szwt) +he., (9)

where A} is a complex vector constant, the symbol * denotes the
complex conjugate quantity, and the abbreviation “h.c.” means a
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hermitian conjugate part. Then, the electric field vector is

F— 08 _Feiteon  pe. (10)
ot
hence,
A= —iEﬂ'oei(szwt) +he =——F. (11)
w w

Therefore, the Hamiltonian for one compound oscillator, which con-
tains three coupled oscillators, in the field of the left and the right
circularly polarized waves has the form

1y 2 32 mozd
H :——Z——&-TOZI‘?-F[ﬂl(r17‘2+7‘27‘3)+l12r1’”3]
F= 4 =1

2m or
<
.3

+ [ S EYp.ent 1 he. (12)
mao £~ ¢ & ’

where ri, re, r3 are the displacements of the oscillators from their
equilibria, p(rire + rors) + usrirs is the potential energy of mutual
interactions of the oscillators, the connection with the previously men-
tioned coupling constant @ is provided by the relation y; = %, e is the
charge of electron, and EY and £ =1,2,3 are the electric-field vectors
of the left and the right circularly polarized waves. The upper indices
[,r hold for the left and the right circularly polarized waves and p; are
the momentum operators of all single oscillators. The small positive
parameter y, gives the possibility of adiabatic interaction at the time
t =—o0. This parameter ), describes the damping following from the
limited lifetime of oscillators in their excited states [16].

The problem is solved in normal coordinates g1, gs, g3, which are
connected with coordinates ry, ro, r3 by the following transformation
relations [17]

1 1 1
rn=——q1+—=qQ2 +——— qs,
J2+Ar T V2T oAl
r = q1+ As q
2 = 1 3 . 13
1/2+A% 1/2+A§ (13)
1
rsg =

1 1
—F—q1 — —= 2 + —F——= g3,
J2+A2 T V2T oAz



Downloaded by [University of California, San Diego] at 09:16 22 August 2012

190 J. Riha et al.

where

—Hz + /g + 8uf s e e+ 84 14

1= 2 bl 2 — 2

The Drude—Sellmaier theory of the dispersion of refractive indices for
the left and the right circularly polarized waves was used. The compu-
tation of the difference between complex refractive indices 7; — 72,
is possible, and with regard to Eq. (1), we obtain the optical rotatory
dispersion

1) 2
p(w) = Aw? Z{ K( (wh — @) +K1£0>[(wko w?)? — 4y30?]
3

(0Zy — o ) + 493 0? [(0F) — o ) +4V%UJ2]2

3
+K,£O)(w,%0 — 0?)[(0%y — w?)? — 12920?] (15)
(@2, — 02)? + 49302)° 7
and the circular dichroism
K ZK (w —w?)
2A/OCU3 Z k0 k0O .
(0 — @) + 45502  [(0f) - wZ) +4730?
3
Ky [B(o — @?)? ~ 47507 19
(w3 — w?)? + 4))%&)2]3

where wyg is the frequency of the quantum transition from the ground
state |0) to any excited state |k), A = 4nNde?/mc2(«® + ?)sin0 (N is
the number of single oscillators in the volume unit), and the constants
in the numerators are

1 2cos 0+ A, 2cos 0+ As
Ky = _TA%quo + fqoue €08 0 — TA%qukm
2cos 0+ A 7 2cos 0+ Ag
g2 _H| 200877 A, 22 0————"A
CUN, 9 +A% 8fquo + 0 fazmo COS 9 JrA% Vaso |
@) [(H1)2 Ug 2cos 6+ A,
Kyo = (%) {—M—lw auo

0 u22c0s0+A3

—2f 4310 €OS 02 +A2

3fq3k0} . (17)
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The symbols f;,,,, 1 = 1,2,3, represent the oscillator strengths of nor-
mal modes of vibrations

2m o (Ml |1o)|?
fapo =3 (18)

wyro are the transition frequencies of normal modes of vibrations.

For the practical usage in the approximation of the optical-activity
experimental data, the dependency on the wavelengths 1 is usually
used. Rewriting the optical-rotatory dispersion and circular dichroism
equations (15) and (16) in this dependency, we obtain

p(i) =

k

K2 = 2)  Kp2% - ) - T3
VR v (VR LS s Vel

Ky (0% = 2p)[(4 — i3)* — 3T327)
+ 12 2\2 21213 ’ (19)
(27 = 4)" + T34
)= K§, Ty Kg, 1,02 (2% — 73)
(=)t 2 (A2 - )7+ T
KT 2[3(2% — 22)% — T2
2 2\2 21213 ) (20)
(2% = 23)% + 1207

where new constants
1),
I, = yoi,%/nc, K7, :AK,EO)/L,%,
K}, :AK,i?/{,%/@nc)Q, K}, :AK,i?(’))ig(27rc)4 are used and  (21)
ka = K7, ng =2K3, ng =Kg; i

are the central dichroic wavelengths corresponding to the central
dichroic frequencies wp.

INTERPRETATION OF THE OPTICAL-ROTATORY DISPERSION
EXPERIMENTAL DATA OF BENZIL

As has been mentioned previously, the theoretical optical-rotatory dis-
persion formula given by the solution of the three coupled oscillators
model will be used. The optical-rotatory dispersion experimental data
are approximated using the set of theoretical formulas, which are
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single terms in the compound bracket on the right side of Eq. (19).
Splitting Eq. (19), the following set of formulas is obtained:

K5 (2 - )

P =E e e (22)
B Ké)k;»2[(/12 42)2 ]%/12]
P == T 23

[(i?‘ - k) MZ}

The influence of these terms is manifested by the modification of the
optical-rotatory dispersion curves, especially in the vicinity of the
dichroic wavelengths, that is, in the vicinity of the absorption range.
However, most experimental data of the optical-rotatory dispersion
are measured in the wavelength region far from the absorption. In
these cases the quantity I' is zero or it has a small neglectable value,
so that (12 — 22)% > I'2/2 and the formulas (22)—(24) are reduced to the
forms

K7,
o) =7 (25)
Kb, 2
p(4) = (222_71]%)2, (26)
K5t
p(4) = Uziw (27)

The formulas (25) and (26) are well known. The dependency given
by Eq. (25) is known as the Drude formula and it [and also the formula
(22), which is its generalization] plays a little role in the crystalline
optical activity. The formula (26) was derived by Chandrasekhar [13].

The principle of the adjustment of the theoretical optical-rotatory
dispersion formula is in general based on the minimization of the
sum of squares

2

N L 3
S = ZTH exp Zzptheor /Ln, _]k)Ak7Fk) , (28)

n=1 k=1 j=1



Downloaded by [University of California, San Diego] at 09:16 22 August 2012

Theory, Measurement, and Optical Activity in Benzil Crystal 193

where N is the number of the optical-rotatory dispersion experimental
data measured for the wavelengths 4,; n = 1,2,...,N; p*P(/,) are the
optical-rotatory dispersion experimental values, L is the number of
central dichroic wavelengths used in the approximation, and the types
of the terms for each central dichroic wavelength /; are denoted by the
index j. The expression pthe°r(An,I{Jk,Ak,F ») represents the result of
each optical-rotatory dlspersmn term for the experimental wavelength
/n, the central dichroic wavelength /;, and constants Kj;, and I'y. The
sum of squares (28) can contain the weight coefficients 7', by means of
which the importance of the single experimental datum can be
included. For example, by using these coefficients, the precision of
the measurements of the single experimental datum can be con-
sidered. Recently we used the same method for the interpretation of
experimental data of tellurium [18].
The initial theoretical optical-rotatory dispersion data in

3
Zp heor )”n7K]k7 ks rk) (29)

1j=1

Mh

>
Il

that is, the number L of central dichroic wavelengths 1, the number
and the types of the single theoretical terms for each A,, and also
the initial values of /; and the constants Kj;, and I', have to be esti-
mated. The final values of all these parameters are improved by the
minimization of the sum of squares (28) using any proper minimiza-
tion procedure. The residual value of the sum of squares is considered
as the first criterion of the correctness of the used type of a formula in
comparison with the residual sums of squares, which we obtain using
other types of formulas. The second criterion is the physical reality of
all computed values of the parameters. For example, the central
dichroic wavelengths should lie inside the absorption region of the
crystal, or the ratios of the constants Kj, for any & have to correspond
to their definition given by the theory [17], for example, in the case of
crystalline optical activity origin the absolute values of the constants
Ky, and K3, should be smaller than the absolute value of the constant
K, and so forth.

The used unit of the optical-rotatory dispersion p(1) is deg - mm™1,
the unit of 1 isum that is conventional. The used method of mini-
mization of the sum of squares is the Marquardt-Levenberg method
[19]. Using this method we obtained a very fast convergency of the
sum of the least squares.

If the sum of squares is computed for the formula (4) with the
experimental data of benzil given by Chandrasekhar [13] and Kizel
et al. [10], the result gains the value S =9.58.10% This sum is



Downloaded by [University of California, San Diego] at 09:16 22 August 2012

194 J. Riha et al.

considered as a large value and the obtained theoretical formula can
be qualified as insufficient.

Several possibilities of combinations of formula types (22), (23), and
(24) were tested by the computer program VYSAG [20], which was
designed for the interpretation of the optical-activity experimental
data. The experimental data were measured for the wavelengths
whose spacing is not equidistant. The weight coefficients T}, are cho-
sen proportional to the size of intervals between neighboring mea-
sured values of wavelengths, therefore the sum of weight coefficients
is equal to the number of experimental. The twelve-term formula

Ky, Kp? Kyt
B—0p (=03 (2- 2P
N Z Ky, (2 —i5) K527 = 3)* — T3]
S\ -3+ (P =)+ T
+K§k)‘4()‘2 — DI = 2)* = 31327
(02 =022 + 12,2 ’

p(4) =

(30)

has been fit to the data to give minimal value of the sum of least
squares S = 834.4. The central dichroic frequency 1; = 0.2621 um cor-
responds with the short-wave absorption band; the frequencies
Ao = 0.3423 um, A3 = 0.3782 pm, and 14 = 0.3949 um lie in the immedi-
ate vicinity of dichroic peaks. The aggregate entry of the result is made
in Table 2. The graphical comparison of the experimental data and
that given by our computation is presented by Figure 4.

The comparison of the available experimental circular dichroism
data [9] with the theoretical circular dichroism curve is given by Eq.
(20). This equation consists of three term types:

K{, T4

le(/l) = (;Lz _ )L}ZE)Z + 1_%12 ) (31)

TABLE 2 Our Approximation of the Optical Rotatory Dispersion
Experimental Data, G = \/S/N = 3.6deg - mm !

i I;
i (km) K7, K;, K3, (pwm)
1 0.2621 —5.1834 10.0225 —0.0009 —
2 0.3423 —2.1436 0.1525 —-0.0071 0.0265
3 0.3782 0.6827 0.1584 0.0275 0.0497
4 0.3949 —1.7541 —0.1594 0.0391 0.0516
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FIGURE 4 Graphical comparison of our result summarized in Table 2 with
Kizel et al.’s [10] optical-rotatory dispersion experimental data of benzil crys-
tal (points).

Kg T30 —)2)
oop(N) = —2k LZARY 32
Zk( ) [(}2 7/1,%)24»1_‘}%/12}2 ( )

KT 2[3(2% — 22)% — 124
(42 = 2)" + T3P

o3k (4) = (33)

It has been previously proven that the corresponding terms p;, and
oi, are connected by the Kramers—Kronig transforms (2) and (3) on
condition (21). For this reason, by substituting the values of constants
K3, T', and characteristic wavelengths 4, from Table 2 to Egs. (31)-
(33), the circular-dichroism curve can be modeled.

The modeled circular-dichroism curve is mapped out in Figure 5.
This theoretical result is compared with the experimental circular-
dichroism data measured by Perekalina et al. [9]. Evidently the com-
puted dichroic band at 0.3949 um corresponds with the measured
values. Because Perekalina’s measurement was made for the wave-
lengths in the interval 0.340 pum—0.500 um, the start of the second
dichroic peak at 0.350 um was observed. This peak was previously
measured by Chaudhuri and El-Sayed [8] particularly because the
higher-energy side of the spectrum had some degree of uncertainty
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FIGURE 5 Graphical comparison of computed circular-dichroism curve (the
solid line) and Perekalina et al.’s [9] circular-dichroism experimental data
of benzil crystal (points).

caused by to an instrumental noise. The position of this band at
0.3325 um corresponds very closely with the computed peak.

INTERPRETATION OF THE LATEST MEASUREMENT OF
CIRCULAR-DICHROISM EXPERIMENTAL DATA OF BENZIL

Recently the solid-state circular-dichroism spectra were measured for
the crystal of benzil [12]. The circular-dichroism spectra were obtained
with freshly prepared KBr disks and recorded with a Jasco-715 dichro-
graph. The mixture of the sample and KBr was formed into a disk
0.5mm thick and with radius of 15 mm.

Two samples were prepared for this purpose—one as a mixture
of 1.33mg of the benzil crystal and 320 mg of KBr (sample A), the
other as a mixture of 3.2mg of the benzil crystal and 260 mg of KBr
(sample B). The circular dichroism exhibits an intense Cotton effect
near 0.400 um with a shoulder at 0.375 um and a much weaker band
of the same sign at 0.340 um in both cases.

The number of 109 (sample A) and 104 (sample B) experimental
values in the wavelength interval 0.330 um—0.500 ym were chosen
from this measurement. The result for the circular dichroism provided
by the two coupled oscillator model [21] and then by the three coupled
oscillator model [17] were used to be compared with the experimental
data. As in the previous section, three dichroic wavelengths were
considered and the weight coefficients were set T}, = 1.
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TABLE 3 Approximation of the Circular Dichroism Experimental
Data—sample A, G = \/S/N = 0.54 mdeg

i I;
i (nm) Kj, Ky, K3, (nm)
1 0.3360 0.3009 —0.0008 0.0013 0.0279
2 0.3731 1.6604 0.0247 0.0044 0.0371
3 0.4067 —3.7972 0.5898 0.0043 0.0845

At first the six-term formula

3 1 3712 12

K¢ rkA K;kl"k), (} - /Lk)

a1k (4) = o 5+ " (34)
;{(12 SRR YV (VR RS v Vol

was fitted to the data to minimize the sum of the least squares
S =261.2 for the sample A and S = 940.3 for the sample B. This
formula consisting of the terms (31) and (32) is the result of the
Chandrasekhar model of two coupled damped oscillators, which
adjusted in our paper [21] and was used by Janku [22].

The usage of the nine-term formula

4 3[ 92 12
A 3 Ky Ty KTy (z zk>
g1\ A | = Z

2 2 2
k=1 <12 - /1,3) + 1272 [(12 - z,%) + r,%ﬁ]

2
K 1307 [3 (;F - i,%) - r,%;?}

2 3
Kﬂ - z,%) + rgﬂ]

provided by the approach to the crystalline optical activity by the
model of three coupled oscillators minimizes the least squares con-
siderably better: S = 31.6 for the sample A and S = 202.6 for the
sample B. Tables 3 and 4 show this result for both samples. The
graphical comparison of experimental data and computed theoretical
curves is presented in Figures 6 and 7.

DISCUSSION

It was shown that the theoretical connection of the optical-rotatory
dispersion and circular dichroism as the real and imaginary part of
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TABLE 4 Approximation of the Circular Dichroism Experimental
Data—Sample B, G = /S/N = 1.39mdeg

i T;
i (nm) K7, Ky, K3, (hm)
1 0.3365 0.5359 —0.0037 0.0019 0.0259
2 0.3734 4.0851 0.0724 0.0124 0.0383
3 0.4031 -9.6101 1.0710 0.0999 0.0800

the complex rotatory power (1) by the Kramers—Kronig transforms (2)
and (3) can be considered to be valid for the particular case of the
optical-rotatory dispersion and circular-dichroism data of the benzil
crystal. Therefore, the optical-rotatory dispersion curve gives us
important information about the circular-dichroism curve, although
the circular dichroism was not measured.

The only differences are in the maximum circular-dichroism value
of every peak and in the widths of the bands. These differences
are not large. They could be the result of various samples of benzil
crystal used by Kizel et al. [10] and Perekalina et al. [12]. In particular,
the preparation methods of samples or their thicknesses differed.
Perekalina et al.’s [12], Chaudhuri and El-Sayed’s [8], and Kizel et al.’s
[10] measurements were also realized at different temperatures.
Chaudhuri and El-Sayed [8] performed the experiment at 77 K; unfor-
tunately Perekalina et al. [9] did not specify the temperature.

o[mdeg]
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1) B oem I enet-o }\'[um]
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FIGURE 6 Graphical comparison of our result summarized in Table 3 with
circular-dichroism experimental data of benzil crystal—sample A (points) [12].
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FIGURE 7 Graphical comparison of our results summarized in Table 4 with
circular-dichroism experimental data of benzil crystal—sample B (points) [12].

Although benzil molecules are optically inactive in solution, they
may be expected to contribute considerably to the optical activity of
crystalline benzil because of their geometry (see Fig. 1). The absence
of the optical activity in solution can be caused by a small value of
the potential barrier between leavorotatory and dextrorotatory forms
of these molecules. This leads to a fast racemization, which is
restrained by the potential field of the benzil crystal.

The wavelength dependence derived for the optical-rotatory disper-
sion and circular dichroism of molecules [7] or for delocalized molecu-
lar aggregates [23] corresponds to the terms (22) and (31). The
description of the crystalline optical activity using the two coupled
oscillators model provides the sum of terms (22) and (23) for the
optical-rotatory dispersion and (31) and (32) for the circular dichroism.
The terms (24) and (33) are added to the optical-rotatory dispersion
and circular dichroism respectively using the three coupled oscillators
model.

The previous results [9,13] and our computations showed that the
optical-rotatory dispersion of benzil crystal cannot be modeled by the
only first (22) or by the sum of the first (22) and the second (23) terms
satisfactorily. The addition of the third term (24) is necessary,
although the term of type (22) plays a dominant role in this results
and the influence of the molecular optical activity is appreciable.

A similar situation is observed in the case of the recently measured
circular dichroism spectra of benzil crystal with KBr disks. The
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discrepancy between the experiment and calculation can be described
by the quantity G = \/S/N (S is the sum of squares, N the number of
experimental data), which represents the average difference between
the experimental and calculated values. This average difference is
close to the level of inaccuracy of the measurement and therefore is
not of a systematic nature. Conversely if the third term (33) is not
contributed, the average difference increases threefold.

This result is not specific to benzil crystals only. Recently the
importance of the third term (24) was proven for the optical-rotatory
dispersion of tellurium [18], where the experimental data provided
by Brown and Forsyth [24] were analyzed. A similar successful result
was obtained for the circular-dichroism peak of sodium uranyl acetate
crystal in the wavelengths range from 0.47304 uym to 0.47359 pym [17].

The comparison of approximations of the circular-dichrosim experi-
mental data measured by Perekalina et al. [9] and the new data
provided by Polonski et al. [12] shows that all central dichroic wave-
lengths do not differ substantially. Conversely, the Cotton effect
observed by Polonski et al. [12] at 0.340 um is much weaker than the
peak at the same wavelength obtained by Perekalina et al. [9]. This
discrepancy leads to the conclusion that this band could be attributed
to the transition in the benzoyl moiety [12,25], whereas Chaudhuri
and El-Sayed [8] expected that the peak is caused by the second
n — n* transition resulting from the intramolecular interaction of the
two carbonyl groups of the benzoyl units in the benzil molecule.
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