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Diehroism spectra of chlorophyll a, chlorophyll b and bacteriochlorophyll a in various nematic liquid crystals 
are reported. The initial orientation of chlorophylls in such a sample is determined by the interaction of the 
aggregate formed from the pigment and the liquid crystal molecules with the electrode surface on the cell 
windows. Reorientation is carried out by either an electric or magnetic field. The analysis of the circular 
dichroism spectra obtained from these samples on the basis of the Mueller matrix shows that the intensity is 
predominantly related to the texture of the sample. Chlorophyll molecules can be aggregated with liquid 
crystals in two ways: (1) through the chlorin magnesium atom, which results in the liquid crystal chain being 
almost perpendicular to the porphyrin ring, or (2) attached parallel to the line connecting the first and third 
pyrrole rings of the chlorin, the chlorin now lying in the plane of the liquid crystal chains. By comparing the 
dichroism spectra of various chlorophylls in the same liquid crystal we can draw conclusions concerning the 
preferred type of aggregation, not only with liquid crystals, but also with biological molecules. These liquid 
crystal systems are models of the orientation effects found for chlorophyll in lamellae. The model studied in 
this work is much simpler than the lamellar system but it does exhibit several common properties with the 
latter. Both systems are anisotropic and show much more intense dichroism signals, often of opposite sign, 
compared with those observed for photosynthetic pigments in isotropic solutions. Dichroism signals of 
organism fragments are much more complex than those of our model, which can either be related to the 
occurrence in the organism of several types of pigments or, for a given type of pigment, could be the result of 
exciton splitting. On the basis of our model it is shown that small changes in the anisotropy of the pigment in 
the surroundings have a strong influence on the sign and amplitude of the observed circular dichroism signal. 
Such effects may be responsible for the structure of the dichroism spectra observed for biological samples. 
Such structures can be partially related to the superposition of the dichroism signal from various 'domainS' of 
chromophore which are different in both pigment arrangement and in the anisotropy of the surroundings of 
the pigment molecules themselves. 

* To whom correspondence should be addressed. 
Abbreviations: Chl, chlorophyll; BChl, bacteriochlorophyll; 
DAB, 4-dimethylaminobenzonitryl; EBBA, p-ethoxybenzy- 
lideno-p-butylaniline; MBBA, p-methoxybenzylideno-p-buty- 
laniline; PCB, p-pentyl-p-cyanobiphenyl. In equations, CB and 
LB refer to circular and linear birefringence, respectively. 
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I. Introduction 

Analysis of the circular dichroism (CD) spectra 
of photosynthetic pigments has been widely ap- 
plied in the elucidation of pigment structures [1], 
intermolecular interactions [2], determination of 
the location of pigment in the photosynthetic ap- 
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paratus [3-5] and in anisotropic model systems 
[6,7]. The lamellar system is partially oriented and, 
therefore, can exhibit several optical effects: linear 
dichroism (LD), linear birefringence, CD and cir- 
cular birefringence. 

The dichroism spectrum of chlorophylls in vivo 
can be related to the following effects: 

(1) the asymmetry in the chromophore itself, or 
from the location of chromophore in the complex, 

(2) the helical organization of the lamellar 
membranes which results in a similar organization 
of the pigment transition moments, and 

(3) the combination of birefringence of any 
instrumental elements preceding the sample, as 
well as any LD of the sample itself [8,9]. 

The organization of the lamellar system is com- 
plicated and not well known. To elucidate the 
effects of the anisotropic orientation properties of 
the matrix containing the pigment on the mea- 
sured ellipticity of chlorophylls, we have con- 
structed a simple anisotropic model of known 
structure: this is a pigment-doped, liquid crystal 
cell [10-13]. 

In the first part of this paper, CD spectra of 
various chlorophylls, namely, Chl a, Chl b and 
BChl a, dissolved in three different nematic liquid 
crystal matrices of known orientation, are re- 
ported. In such systems no chlorophyll-chlorophyll 
aggregation is observed even at high (10 -3 M) 
concentrations, which allows us to investigate the 
interaction between close-lying, uniaxially ori- 
ented, but uniformly distributed pigment mole- 
cules. 

It has been shown previously on the basis of 
LD measurements [12,13] that in a liquid crystal 
matrix, the polarization of the chlorophyll absorp- 
tion spectrum strongly depends on the type of 
liquid crystal used. The same result is found even 
when the nonpolarized absorption spectra are al- 
most the same. The specific interactions between 
solvent and solute molecules can be changed by 
applying electric and magnetic fields to the mea- 
suring cell. A knowledge of the interaction of the 
chlorophyll with anisotropic surroundings and the 
perturbation of this interaction by electric and 
magnetic fields is of value in our understanding of 
the properties of these pigments in natural lamel- 
lar systems and in the interpretation of the dichro- 
ism spectra recorded for such systems. Our discus- 

sion of the dichroism spectra of anisotropic sys- 
tems will also be used in the interpretation of the 
magnetically induced optical activity of similar 
systems which will be presented in a subsequent 
paper. 

II. Materials and Methods 

11A. Sample preparation 
Solutions of chromatographically purified chlo- 

rophylls of concentration about 10-3M were pre- 
pared in the following liquid crystal solvents: (1) 
p-methoxybenzylideno-p-butylaniline (MBBA) + 
p-ethoxybenzylideno-p-butylaniline (EBBA); (2) 
MBBA + EBBA + 4-dimethylaminobenzonitryl 
(DAB); (3) p-pentyl-p-cyanobiphenyl (PCB). 

The first mixture of liquid crystals is char- 
acterized by a negative dielectric anisotropy (A~ < 
0), for the second and third this anisotropy is 
positive (Ac > 0) [14]. 

The chlorophyll solutions dissolved in the liquid 
crystal matrices were studied in specially con- 
structed optical cells. Each cell consists of two 
glass plates on which conducting layers were de- 
posited on the inner surfaces. For such electrodes 
the 'orienting' silicon oxide (SiOx) layer was de- 
posited under vacuum using the method of Jan- 
ning [16]. This procedure enables us to obtain 
uniform orientation of the liquid crystal molecules 
within the cell. The liquid crystal molecules are 
tilted at an angle of about 20 ° with respect to the 
electrode surface. Our method of measuring this 
angle has been given previously [12]. The optically 
transparent electrodes were assembled for use as a 
cell with a 20/~m Teflon spacer and then sealed. 
As a result of a strong interaction between the 
liquid crystal solvent molecules and the chloro- 
phyll molecules, the pigment molecules orient sim- 
ilarly to the liquid crystal molecules; this is essen- 
tially a 'guest-host' effect. This orientation was 
modified by applying an electric field that ranged 
from 0 to 106 V/m,  or a magnetic field that 
ranged from 0.0 to 5.5 T. 

lIB. Description of spectroscopic measurements 
Absorption spectra were recorded using a Cary 

219 spectrophotometer. A cell filled with pure 
liquid crystal solvent was used as a reference sam- 
ple. Dichroism experiments with and without an 



external magnet were carried out using either a 
Jasco J5 CD spectrometer equipped with Sproul 
SS-20 modifications (at the University of Western 
Ontario), a Jobin-Yvon Dichrograph Mark III 
(Paris, France) (in Poland), or with a CD spec- 
trometer constructed by W.R. Browett and M.J. 
Stillman at The University of Western Ontario. 
The essential elements of this machine are as fol- 
lows. A 500W xenon lamp (Photochemical Re- 
search Associates, London, Canada) is used to 
illuminate the entrance slit of a Cary 14 mono- 
chromator. The exit beam is collimated and passed 
through an MgF 2 Rochon prism (Karl Lambrecht, 
U.S.A.) and a photoelastic modulator operating 
close to 50 kHz (Morvue, U.S.A.). A programmed 
power supply and an Ithaco 391A lock-in ampli- 
fier provide two d.c. signals that are plotted 
simultaneously as the dynode voltage and CD 
signal, respectively, on a J.J. Lloyd CR 600 two-pen 
chart recorder (Southampton, U.K.). An Oxford 
Instruments (Oxford. U.K.) SM2 superconducting 
magnet provided a variable magnetic field for 
MCD experiments up to a maximum of 5.5 T. 

MCD signal intensities were calibrated by mea- 
suring the negative signal at 505 nm observed for 
aqueous CoSO4 solutions. In our case, a value for 
[0]M of - 62 . 0  degree .cm 2 . d m o 1 - 1 - T  -1 was 
measured, or in terms of A( M, --1.88-10 -2 l- 
tool-  1. c m -  1. T -  i. CD signal intensities were 
calibrated by measuring the positive signal at 291 
nm of (+)-10-camphorsulfonic acid using [0]--  
0.350 degree-cm2.dmo1-1 and the ratio 0~)91/ 
A289n m ~ 2.26 [16]. 

Duplicate spectra recorded on each spectrome- 
ter were very similar except at the wavelength 
limits of the Jasco spectrometer (X>690  nm) 
where the slit widths are necessarily large. The 
data presented here were all recorded on the Cary 
14-based spectrometer at the University of West- 

A. B. 
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Fig. 1. Scheme for the arrangement of liquid crystal molecules 
in electric (E)  and magnetic (H)  fields. 
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ern Ontario, using a fixed slit width of 0.3 mm 
which results in a spectral band pass of approx. 
1.5 nm in the visible region. The dynode voltage 
trace provides a convenient means of monitoring 
the single beam absorption spectrum of the sam- 
ple, and, under the conditions used for these ex- 
periments, 1 absorbance unit resulted in a deflec- 
tion of approx. 2 cm. This proved to be just 
sufficient to allow us to follow the changes in 
absorbance as the magnetic field was increased 
from 0.0 to 5.5 T. 

IlL Results and Discussion 

I l iA .  Introduction 
The dichroism spectra of Chl a, Chl b and BChl 

a in various liquid crystal matrices which are shown 
in Figs. 2-4, were measured with and without the 
electric field, E, applied to the cell. In addition, 
the influence of a weak magnetic field was also 
investigated and the changes in the dichroism 
spectra are shown in Fig. 5. 

A diagram showing the orientation of liquid 
crystal molecules in electric and magnetic fields 
for the case of negative and positive liquid crystal 
dielectric anisotropy is given in Fig. 1. The mag- 
netic anisotropy for all the liquid crystals studied 
here is positive, therefore, in the case of Ac < 0, the 
result of both E and H is 'antagonistic', whereas 
for A¢ > 0, the direction of orientation caused by 
both fields is the same. Liquid crystal molecules 
located very close to the window surface maintain 
their initial tilt angle because of the strong interac- 
tion with the orientating layer of SiO x. As a result, 
a slightly twisted structure may be formed (Fig. 1). 
The efficiency of reorientation caused by the ap- 
plied electric and magnetic fields can be evaluated 
in the case of mixture of MBBA + EBBA + DAB 
using the formula [ 17]: 

w.hex¢ z~( and A~ are the dielectric and magnetic 
permeability anisotropies, respectively. Taking A~ 
-- 1.23.10 -7 and Ac = 0.28, it was found that the 
action of an electric field of 1 V / c m  corresponds 
to the action of a magnetic field of 10 -4 T. In our 
experiments the application of 1 V to the cell gives 
E -- 5 • 103 V/cm.  The largest magnetic field used 
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in this work, about  5.5 T, orients the liquid crystal 
molecules almost perfectly uniaxially and is form- 
ally comparable  to a 10 V electric field. However, 
when an electric field is used some ionic processes 
occur which are totally absent with the magnetic 
field. 

IIIB. Influence of the fiquid crystal solvent on the 
chlorophyll spectrum 

Table I summarizes the positions and half 
bandwidths  of the chlorophyll  absorption maxima 
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Fig. 2. Absorption and CD (with a=0  °, for maximum H=0  
intensity) spectra of Chl a and Chl b in liquid crystal. (A) 
Absorption spectra: (l) Chl a in MBBA+EBBA (A¢ <0); (2) 
Chl b in MBBA+EBBA (Ac <0); (3) Chl b in PCB (Ac >0). 
(B) CD spectra of chlorophylls in liquid crystals with Ac <0: 
(l) Chl a in MBBA+EBBA; (2) Chl b in MBBA+EBBA. (C) 
CD spectra of chlorophylls in liquid crystals with Ac >0: (1) 
Chl a in MBBA+EBBA+DAB; (2) Chl b in PCB. 

recorded under different conditions: in various 
solvents, as monolayers,  in organisms and in liquid 
crystals. The positions of  the absorption maxima 
of  chlorophyll  in liquid crystal solvents more 
closely resemble those observed for chlorophyll  in 
monolayers  and organisms than those of  chloro- 
phyll in typical organic solvents. The narrow 
halfwidths of  the absorption bands  for the chloro- 
phyll in the liquid crystal solvents (Table I), as 
well as our previously published data [ 10,12], indi- 
cate that chlorophyll  molecules in liquid crystals 
are dispersed monomerical ly with a strong chloro- 
phyll-solvent interaction. As a result, the chloro- 
phyll molecules undergo a common  reorientation 
in electric and magnetic fields. With liquid crystals 
such as MBBA and EBBA, the at tachment  to the 
chlorophyll  porphyr in  ring is parallel to the direc- 

r 7~  7 . r a ~  

o41 2-- / ! ' / ,~ \ 

0.2 ___ 605 I / ~ ~. 

0 ~-'~ - i - ~  . . . . .  "r " - '~ ' -  . . . .  I n ~k i,~, 

I'! \~ 6 ~  // ,! 
1 / I  t; 

L / ~  ~[' \ 2~- / /  

i 2 . / /  " 
0 " ~ "  ~ ~ .- - "  ~ - ' - ' - ' - " ' ~  ""'~ 

- 2~ 570 605 

i L i i i i 

C . 780 150 ~ 
~00 J-~ 

50 5@3 700 

585 I 
- 50 \ / 6go A / 

-100 \X\  / I  

775 
-15C 

,~ [nm] " 

Fig. 3. Absorption and CD (a=0 °) spectra of BChl a. (A) 
Absorption spectra: (I) BChl a in MBBA+EBBA (AE <0); (2) 
BChl a in acetone; (3) BChl a in ethanol. (B) CD spectra: (l) 
BChl a in acetone; (2) BChl a in ethanol. (C) CD spectra: (l) 
BChl a in MBBA+ EBBA (A¢ <0); (2) BChl a in PCB (Ac >0). 



T
A

B
L

E
 I

I 

T
H

E
 P

O
S

IT
IO

N
S

 A
N

D
 S

IG
N

S
 O

F
 C

D
 M

A
X

IM
A

 O
F

 C
H

L
O

R
O

P
H

Y
L

L
S

 I
N

 V
A

R
IO

U
S

 M
E

D
IA

 

M
ed

iu
m

 
h(

nm
) 

D
ie

th
yl

 e
th

er
 

M
B

B
A

 +
 E

B
B

A
 

M
B

B
A

 +
 E

B
B

A
 +

 D
A

B
 

P
C

B
 

C
hl

or
op

la
st

s 
E

th
an

ol
 

A
ce

to
ne

 

C
hl

 a
 

(+
) 

40
01

18
], 

(+
) 

42
8[

18
], 

(-
)6

57
[1

8]
 

(+
) 

67
3 

(+
) 

67
3 

(-
) 

67
0 

(-
-)

 6
78

[4
], 

(+
) 

69
0[

4]
 

C
hl

 b
 

(+
) 

47
11

29
1,

 (
--

) 
64

11
29

] 
(-

-)
 4

70
, 

(-
-)

 6
60

 

(-
-)

 4
61

, 
(-

-)
 6

50
 

B
C

hl
 a

 

(-
) 

57
11

27
], 

(+
) 

77
5[

27
] 

(+
) 

58
0,

 (
+

) 
78

0 

(-
) 

58
5,

 (
-)

 
77

5 

( -
 

) 
60

5,
 (

 +
 )

 7
70

 
( -

 
) 

57
0,

 (
 +

 )
 7

70
 



tion connecting pyrrole rings I and Ill, whereas 
for others, for example, PCB, the liquid crystal 
molecules interact with the central magnesium 
atom, resulting in an almost perpendicular orienta- 
tion to the pigment ring [ 12]. 

Comparison of the absorption red shifts and 
the band broadening (Table I) suggests that these 
liquid crystal molecules belong to the third class of 
solvent according to the terminology of Seely and 
Jensen [18]. Therefore, the broadening of the chlo- 
rophyll absorption bands is predominantly due to 
the fluctuating interaction between the transition 
moments of the solute and the electronic polariza- 
tion of nearby solvent molecules. 

IIIC. CD spectra 
Figs. 2 and 3 show dichroism spectra recorded 

for Chl a, b and BChl a in liquid crystal cells using 
the CD spectrometer described earlier. As dis- 
cussed below, only part of the intensity shown 
here will arise directly from the phenomenon of 
CD. Strong absorption by the liquid crystal 
solvents precludes the recording of the dichroism 
spectra of chlorophyll in the short-wavelength 
spectral region, therefore, in Figs. 2 and 3 this part 
of the spectrum is not shown. Table II summarizes 
the positions and signs of the dichroism maxima 
for chlorophylls in chloroplasts, liquid crystals and 
some organic solvents. Comparing the dichroism 
spectra in liquid crystals with those in organic 
solvents (Fig. 3), one can see that the bands in 
liquid crystals are red shifted and broadened. They 
are even broader than those of BChl a in vivo [4]. 

Fig. 4 shows the effect on the dichroism inten- 
sity of rotating three different liquid crystal thin 
cells around the optic axis, i.e., around an axis that 
is perpendicular to the plane of the transparent- 
electrode windows. The dichroism intensity is 
monitored at 673 nm in the Chl a spectrum in 
these liquid crystal solvents (Fig. 2B). The angle 
is zero for the vertical position of the cell, which is 
the same as the orientation angle set by the layer 
of SiO x on the windows. Thus, the vertical position 
(et -- 0 °) represents the preferred orientation of the 
liquid crystal molecules. Fig. 4A shows the inten- 
sity changes for Chl a in the mixed (MBBA + 
EBBA + DAB) liquid crystal solvent, and Fig. 4B 
and C shows traces from two samples of Chl a in 
the same mixed liquid crystal solvent (MBBA + 
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w i t h  r o t a t i o n  o f  a c e l l  f i l l e d  w i t h  C h l  a i n  l i q u i d  c r y s t a l  ( w h e r e  

a i s  t h e  a n g l e  b e t w e e n  i n i t i a l  o r i e n t a t i o n  a x i s  o f  t h e  l i q u i d  

crystal and the vertical direction): (1) before application of the 
voltage; (2) after application of the voltage but with the field 
off. (A) Chl a in MBBA+EBBA+DAB (Ac >0). (B) Chl a in 
MBBA+EBBA, sample 1 (A~<0). (C) Chl a in MBBA+ 
EBBA, sample 2. 

EBBA) but in two different cells. The plot of 
intensity vs. rotation angle, a, displays a 
cosinusoidal pattern in all three cases (Fig. 4A-C,  
line 1) as well as after application of the electric 
field but with E still zero (Fig. 4A-C, line 2). 
These results can be interpreted as showing that 
there are two main components in the observed 
signal at 673 nm. One of these components is 
harmonically modulated with the cell rotation, the 
other component is independent of this rotation. 
The differences between the Chl a samples used 
for Fig. 4B and C is that the initial tilt angle of the 
liquid crystal in the cell is different, resulting in a 
significant but constant offset in the cosinusoidal 
pattern of the 673 nm intensity. Interestingly, the 
sample used in Fig. 4C exhibited the greatest 
long-term change in signal following the applica- 
tion of the electric field (Fig. 4C, line 2). 
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The samples studied in this work exhibit a 
superposition of at least four effects: LD, CD, 
linear birefringence and circular birefringence. 
Each of these phenomena may contribute to the 
dichroism spectra recorded in this work using the 
CD spectrometer. LD and linear birefringence are 
caused by the uniaxial, homogeneous orientation 
of the pigment molecules; the 'true' CD and the 
circular birefringence are related to both the 
molecular asymmetry properties of the chlorophyll 
molecules and to the helical deformation of the 
uniaxial arrangement of the chlorophyll chromo- 
phores [8,9]. When the measured CD signal is due 
to LD or linear birefringence properties of the 
sample located in the modulated light beam of the 
spectrometer [8,9], this signal will change with a, 
the angle of the rotation, according to the for- 
mulae: 

LD = LDma ~. cos 2 X and LB = LBma ~. cos 2 l 

where X and l are the angles formed by pigment 
and liquid crystal orientation axes to the vertical, 
respectively. The linear birefringence intensity for 
the dye will be very small compared with the value 
of linear birefringence for the liquid crystal. 

Before the application of an electric field a 
regular cosinusoidal feature is observed for 0 vs. ct 
(Fig. 4, curve 1) which strongly suggests that the 
pigment and liquid crystal orientation axes are 
identical, i.e., X = l. HOwever, after application of 
an electric field to the cell, followed by measure- 
ment of the CD spectrum with the field off (Fig. 4, 
curve 2), we find that the relaxation process of 
chlorophyll-liquid crystal aggregates must be dif- 
ferent from that of the liquid crystal molecules 
alone because the O(a)  curve is deformed. 

The dichroism signal of the oriented samples 
studied here is of the order l0 9 degree-cm 2- 
dmo1-1. This is much higher than that observed 
for isotropic solutions of chlorophylls, typically 
approx. 10 5 degree, cm 2. dmo1-1. Which may be 
due, in part, to the effects of LD and linear 
birefringence on the CD signal of the anisotropic 
sample [8,9] (Fig. 4). 

The sign and amplitude of the recorded dichro- 
ism signal depend not only on the angle a (Fig. 4) 
measured in the plane of the cell windows, but 
also on the angle between the direction of the 

oriented transition moments and the direction of 
propagation of the light, and, additionally, on the 
degree of orientation of the transition moments. 
The latter two values may be different for the 
same pigment in different liquid crystal solvents. 
An example of this is presented in Fig. 3C, where 
for the same pigment, BChl a, a positive dichroism 
signal is observed with MBBA + EBBA (curve 1), 
while a negative signal is observed for PCB (curve 
2), both curves being measured at a = 0 °. It is 
clear from Fig. 3C that the sign of the dichroism 
signal in these two cases is opposite. Therefore, by 
comparing the dichroism spectra of various chlo- 
rophylls in the same liquid crystal solvent one can 
draw conclusions concerning the preferred type of 
aggregation. For example, Chl a and BChl a ex- 
hibit positive dichroism signals in MBBA + EBBA 
(Table II, Fig. 2B and C), whereas Chl b exhibits a 
negative signal in both MBBA + EBBA and PCB 
solvents (Fig. 2B and C), which suggests that its 
preferred aggregation is through the magnesium 
atom. It seems likely that the projections on the 
plane of the cell window of the Qx and Q y  transi- 
tion moments of chlorophylls in PCB are similar 
to one another because the CD spectrum in this 
solvent is almost independent of a, i.e., O at 0 ° = 8 
at 90 °, which results in a flat line in plots similar 
to those shown in Fig. 4. The extent of any LD 
intensity on the measured CD signal might well be 
different in each of the solvents because the inten- 
sity depends on the pigment-solvent association. 

1111). E v a l u a t i o n  o f  t he  ' true" C D  e f f e c t  

In order to estimate the component of the true 
CD in the measured dichroism signal, the follow- 
ing formalism described by Jensen et al. [9] was 
used. The polarized light is described by the Stokes' 
vector. S, having the following four components: 

2_~_ 2 
s o = a x a y  = I x + Iy;  s I = 2 a x a y  cos 8; s 2 ---- 2 a x a y  
sin 8; s 3 = a 2 - - a  2 = 1 x - - l y ,  where ax ,  ay a n d  lx, 
I y  are amplitudes and intensities of the compo- 
nents of light polarized in the x and y directions, 
respectively. In general, this means that a sample 
which cannot be treated as very thin will exhibit 
dichroism intensity due to: 

LD=ln IO(A x -- Ay) / /2  

LB---- 2~r(n x --  ny)/• 0 



C D = I n  10( .4 L - A R ) / 2  

C B  = 2~r(n  L - -  n R ) / / h 0  

L D  l = I n  10 ( A 4 5 - -  A t 3 5 ) / 2  

LB 1 = 2 o r ( n 4 5 -  n 1 3 5 ) / • o  

where Ax and Ay represent absorption of plane 
polarized light along the x- and y-axes, A L and A R 
represent absorption of circularly polarized light, 
and A4s and AI35 represent absorption when the 
liquid crystal orientation axes afign at either 45 or 
135 ° with respect to the x-axis. The Mueller ma- 
trix, M, represents the optical operation on the 
components of the Stokes vector, S, which de- 
scribes the incident light, and which yields the 
components of the final Stokes vector, Sf, accord- 
ing to 

s, =MS (2) 

Taking into account that in each of the CD spec- 
trometers used here the light incident on the sam- 
ple is modulated (by the Pockel's cells or by the 
photoelastic modulator), one obtains from the out- 
put of modulator [30]" 

s lcSio:i] (3) 

where 8 is the instantaneous value of the relative 
phase shift induced by the modulator for radiation 
polarized in the direction of its two axes. Taking 
8 - - 8  o sin fi, where f is 2rr times the frequency of 
the modulator oscillation, one can express cos 8 
and sin 8 in terms of Bessel functions [9]. 

We experimentally verified that for each sample 
we used the signal intensity arising from the aniso- 
tropic LD was much greater than that from the 
isotropic CD by rotating the sample about the 
optical axis. In each case we obtained data similar 
to those shown in Fig. 4. In addition, because the 
dichroic absorption at 45 and 135 ° was found to 
be close to zero (Fig. 4), the contribution from 
LD ~ must also be close to zero. Similarly, LB 1 will 
also vanish. We can, therefore, use a simplified 
Mueller matrix in the calculation of linear birefrin- 
gence, LD, circular birefringence and CD, in which 
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LD I -- 0 and LB ~ = 0. The results of this calcula- 
tion are shown in Table III. When the Mueller 
matrix is multiplied by the Stokes' vector of the 
incident light, we obtain values for s which can be 
compared with the experimental CD signal accord- 
ing to the formula: 

t a n  2 0  --  s2 (4a )  

(s~+s~) ':2 

and 

Sl 
- -  = tan  2 a ( 4 b )  
$3 

where 0 is the ellipticity, a the angle between the 
long axis of the elliptically polarized light and the 
x-axis, and 0 = 33 AA, where AA = A  L - A  R. 

The limiting cases were calculated, (1) assuming 
that the true CD = 0 and that all the measured CD 
is caused by secondary effects, and (2) assuming 
that all the measured signal arises from true CD. 
The calculations were carried out taking 8 for the 
Pockel's cell; in this experimental arrangement 
there is a greater influence of the modulator on the 
resulting dichroism. The calculation gives the dif- 
ference between the two limiting cases of A0 = 
0.005 ° compared with the measured dichroism sig- 
nal intensity of approx. 0.400 ° (Fig. 2). This indi- 
cates that the true chlorophyll CD is much smaller 
than the observed dichroism signal. Therefore, the 
observed dichroism intensity must be related to 
the texture of our sample. It follows from the 
discussion of theorigins of Eqns. 2 and 3 and the 
Mueller matrix (Table III) that for a completely 
homogeneous, planar orientation of the transition 
moments in a plane perpendicular to the direction 
of propagation of the circularly polarized light, the 
textural dichroism signal that is related to the LD 
and linear birefringence of the sample must vanish. 

It is possible that in the liquid crystal cells 
studied in this work, a twisted structure is formed 
as a result of the different orienting forces: (i) the 
strong interaction between the electrodes and 
nearby molecules which are oriented by the layer 
of SiO x at a tilt angle of about 20 °, and (ii) the 
stronger interaction of the electric or magnetic 
field on molecules well inside the cell and away 
from the electrode surfaces. Only a small fraction 
of one 'pitch' of a helix may be located between 
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TABLE III 

MUELLER MATRIX FOR A M E D I U M  WITH LD, LB >>CD, CB. L D ' = L B = 0 [ 9 ]  

cosh LD 2 ( -  LD.  CB + LB. CD).  
[cosh2(LD/2) - cos2(LB/  
2)] / (LD 2 + LB 2 ) 

2(-- LB. CD + LD. CB)- cos LB 
[cosh2(LD/2 ) -  cos2(LB/  
2)] / (LD 2 + LB 2) 

(sinh LD.(LB.  CB + LD. sin LB 
CD) + sin LB. (LB. CD 
- LD.  CB)) / (LD 2 + LB 2) 

-- sinh LD (sinh L D . ( L D . C B - L B -  
CD) + sin LB. (LB- CB 
+ LD.  CB)) / (LD 2 + LB 2) 

(sinh LD. (LB.  CB + LD. 
CD) + sin LB- (LB. CD 
- LD.  CB)) / (LD 2 + LB 2) 

- sin LB 

cos LB 

2( - LD. C D -  L B .  C B ) .  
[cosh2(LD/2) - cos2(LB/  
2)] / (LD 2 + L B  2) 

- sinh LD 

(sinh LD.  (LB. C D -  LD.  
CB) + sinLB. ( - LB- CB 
- LD- C D ) ) / ( L D  2 + LB 2) 

2( - LD.  C D - -  LB. CB). 
[ cosh2 (LD/2 ) -  cos2(LB/2)] 
(LD 2 + LB 2) 

cosh LD 

the two opposite cell windows, but each applica- 
tion of E or H results in a deformation of this 
irregular 'helix', and we have found that the cell 
contents exhibit a memory effect for these defor- 
mations for rather a long time. On the basis of the 
data in Table III and Eqns. 2 and 3, we expect a 
large contribution to the measured signal intensity 
from the linear birefringence generated by such a 
structure. 

IIIE. Dependence of the dichroism on applied elec- 
tric and magnetic fields 

The model for the orientation of chlorophyll 
molecules in a liquid crystal cell proposed in sub- 
section IIIC is in agreement with the dependence 

80( 

60t 

20( 

i 

-20(  

Fig. 5. Ellipticity O vs. magnetic field: (1) at h =673 nm (near 
the absorption max imum of Chl a; (2) at ~ =750  nm (outside 
the Chl a absorption band); a = 0 ° ;  the liquid crystal solvent 
used was MBBA + EBBA. 

of the CD signal on an applied magnetic field 
(Fig. 5). It has been shown by Wooster (quoted by 
Hartshorne [31]) that a helical arrangement of 
molecules rotate the plane of polarized light even 
when the molecules themselves are not optically 
active. This effect is dependent on both the angle 
made by the row of molecules arranged in a spiral 
with a helix axis, and on the relative hands of the 
helix and the circularly polarized light. 

We can calculate the intensity of the dichroism 
expected for the liquid crystals aligned in our cells 
by using the equations derived by De Vries [32] for 
the change in the angle of plane polarized light 
after passing through cholesteric or twisted nematic 
liquid crystal layers. Substituting the parameters 
for the (MBBA + EBBA) liquid crystal mixtures 
gives a result of 0.150 ° for the predicted signal. 
This is quite close to the values observed. 

The alignment of liquid crystals is sensitive to 
the application of magnetic fields. In Fig. 5 we 
show the change in dichroic intensity as a mag- 
netic field is applied parallel to the optic axis. In 
curve 1 of Fig. 5 the signal at 670 nm arises from a 
combination of Chl a and the liquid crystal, 
whereas curve 2 shows that a similar but far 
weaker signal is observed for the liquid crystal 
alone, 750 nm being outside the absorbing region 
of the Chl a (see Fig. 2). In all the experiments 
with the magnetic field we observed that there was 
considerable realignment at lower field strengths 
(less than 0.7 T) which took some seconds before 
being completely established, resulting in quite 
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Fig. 6. (A) The dependence of 0 (at ~ = 673 nm) on the voltage 
applied to the cell filled with Chl a solution dissolved in: (1) 
M B B A + E B B A + D A B ,  a = 0  °, A t > 0 ;  (2) M B B A + E B B A +  
DAB, a = 9 0  °, A t > 0 ;  (3) MBBA+EBBA, a = 0  °, A t < 0 ;  (4) 
MBBA+EBBA, a = 9 0  °, A t < 0 .  (B) 0 vs. applied electric 
potential, in the presence of a weak magnetic field, for Chl a in: 
(1) M BBA + E BBA+DAB,  H = 0 . 7  T, a = 0  °, A t > 0 ;  (2) 
MBBA+ EBBA, H = 2 . 0  T, a = 0  °, Ac <0.  

complex signal patterns that changed significantly 
with only small (less than 1.0.10 -2 T) changes in 
the magnetic field strength. However, at higher 
magnetic fields (greater than 1.0 T) we observed 
only gradual and systematic changes in the di- 
chroic signal (Fig. 5). At these field strengths al- 
most all the liquid crystal and dye molecules are 
oriented perpendicularly to the plane of the 
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windows, so that the tilt angle approaches 90 ° . 
The measured dichroism is now the MCD that is 
inherent in the liquid crystal and dye molecules in 
the absence of any textural effects. As the liquid 
crystal solvent does not exhibit an MCD spectrum 
in the absorbing range of the Chl a we only 
observe the weak MCD spectrum of the dye (here 
Chl a, Chl b or BChl). 

Fig. 6 shows the effect of applying electric and 
magnetic fields on the intensity measured at 673 
nm for Chl a in a liquid crystal cell. An increase in 
the electric field intensity applied without H (Fig. 
6A) causes a decrease in 0 for liquid crystals with 
Ac > 0, and an increase in 0 for liquid crystals with 
A~ < 0, both changes occurring for the same order 
of magnitude of electric field, i.e. between 6 and 
7 V. Above 7.5 V, the signal intensity decreases for 
both types of liquid crystal. In the first case (Ac > 
0) the molecules are reoriented, while in the sec- 
ond case (Ac < 0) the orientation is at first im- 
proved, but then the orientation is perturbed by 
the formation of so-called 'Williams domains' [ 17]. 
For liquid crystals with Ac > 0, application of a 
low, but constant, magnetic field (Fig. 6B), to- 
gether with an electric field, initially improves the 
ordering, but at higher electric field values, the 
ordering becomes perturbed as above. In the case 
of A~ < 0, a stronger magnetic field (2 T) causes a 
decrease in the initial orientation. An increase in E 
reorients the molecules, changing the sign of 0. 

IV. Comparison between the CD spectra of chloro- 
phylls in liquid crystal model systems and in iamel- 
lae 

Although these liquid crystal model systems are 
much simpler than the lamellar system, the liquid 
crystal model does have several properties in com- 
mon with the lamellar system. Both systems are 
anisotropic and exhibit much more intense dichro- 
ism signals, often of differently sign, than are 
observed in the spectra recorded for photosyn- 
thetic pigments in isotropic solutions. The CD 
signals of organism fragments are much more 
complex than that of our model. This is partially 
related to the occurrence of several types of pig- 
ments and partially as a result of exciton splitting 
caused by the pigment-protein interactions [4,29]. 

The liquid crystal model is birefringent, simi- 
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larly chloroplasts exhibit negative monoaxial dou- 
ble refraction caused, predominantly, by birefrin- 
gence because this effect decreases and the CD 
sign changes after the chloroplasts have dried. The 
CD signal of lamellar fragments is also changed 
when artificial pigment-protein detergent com- 
plexes are denatured [29]. All these results suggest 
strongly that the CD signal of the natural systems 
is structure dependent, and the signal intensity 
arises in part from birefringence and other effects 
connected with an anisotropic molecular distribu- 
tion. The origin of the CD signal in vivo is usually 
explained as a result of exciton splitting [29]. Our 
models do not exhibit strong pigment-pigment in- 
teractions and, as a result, do not show any exci- 
ton splitting. From other work it has been found 
that strong anisotropic interactions with the sur- 
roundings are the source of the perturbation of 
LD and polarized fluorescence spectra [12,12]. In 
the CD spectrum this interaction is shown only by 
the broadening of the signal. From the analysis of 
the final Stokes' vector Sf, it follows that the 
largest influence on the amplitude and sign of the 
CD spectrum is found when the ordering of the 
liquid crystal molecules changes, this means that 
the signal changes are due to linear birefringence. 

The CD spectrum observed for natural photo- 
synthetic complexes [29] is composed of two shifted 
Gaussian curves of opposite sign which arise from 
exciton splitting of the dimer states. Let us sup- 
pose that we can construct a 'mixed' cell with two 
types of domains from various liquid crystals pig- 
mented by the same type of chlorophyll. As a 
result of the contributions from the two types of 
differently oriented domains the observed CD sig- 
nal will be a superposition of two shifted Gaussian 
curves of opposite sign. In the biological sample, 
the anisotropy of the various regions of the chloro- 
plast can be different, this means that the observed 
CD spectrum will be the sum of the sum of the 
CD spectra of the chlorophyll molecules located in 
each of these regions. It is quite likely, then, based 
on the results of our liquid crystal studies, that 
both the magnitude and sign of the CD spectrum 
from these different regions will be different, and, 
under some circumstances, two or more CD bands 
may be observed. 

Such a model can be useful in the interpretation 
of the results reported by Pearlstein and Hemenger 

[33] which show that BChl-protein complexes 
possess CD structure which cannot be explained 
simply by exciton splitting. These authors pro- 
posed two possible explanations: (1) that in BChl 
a the lowest energy transition moment is 'x- 
polarized', opposite to the more usual y-polariza- 
tion; (2) that there is some systematic error in the 
protein structural model. 

We now show a third possibility, the CD signal 
splitting can be related to the optical anisotropy of 
the surroundings of the pigment together with the 
anisotropic location of the pigment itself, both of 
which can change the CD spectrum expected for 
the various types of BChl molecules. Even in mac- 
roscopically unoriented samples, such an effect 
can be observed as the result of photoselection by 
the measuring light beam which gives a signal for 
the average orientation of the transition moments 
of the various types of pigments. 
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