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Resonance Raman spectra of chlorophylls dissolved in liquid crystal matrices

I. The interaction between chlorophylls and a liquid crystalline
MBBA + EBBA mixture
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The resonance Raman (RR) spectra of chlorophyll (Chl) a, Chl 5 and pheophytin a dissolved in a liquid-crystalline
MBBA + EBBA mixture were measured. The RR frequencies of chlorophylls in the liquid crystal (LC) are compared with those of
solutions of various chlorophyll monomers and aggregates taken from the literature. It is concluded that Chl a and Chl b in LC exist
largely as the solvated monomers, even at high concentration. The magnesium atoms in both Chl a and Chl b are pentacoordinated.

1. Introduction

Chlorophyll molecules exist in photosynthetic
organisms as the light-harvesting pigments and in
the reaction centers as well.

In recent years studying the properties of chlo-
rophylls in oriented systems by using different
techniques for orientation has became the interest
of many authors [1,2]. In this paper a nematic
liquid crystal (LC) has been used as a matrix to
obtain further information on the spectral features
of chlorophyll (Chl) a and Chl & 1n such aniso-
tropic surroundings.

We have previously studied the behaviour of
chlorophylls in a number of different LCs [3-9].
The perturbation of the polarization properties of
chlorophyll in this anisotropic environment was
indicated [5,6]). However, the mechanism of inter-
action between chlorophylls and LC molecules has
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not yet been definitively established.

A particularly useful method to elucidate inter-
molecular interaction and also molecular struc-
tures and conformations in both in vivo and in
vitro investigations is provided by resonance Ra-
man (RR) spectroscopy [10-14]. The frequencies
and intensities of RR bands make it possible to
draw certain conclusions about the aggregation
states of various chlorophylls. This technique de-
tects enhanced vibrational spectra with high selec-
tivity. It has been shown that the resonating modes
include stretching motions of the 9-ketone
carbonyl group of Chl a and Chl 5 and the
3-formyl carbonyl group of Chl b as well as the
central magnesivm atom. These groups are known
to play an essential role in the creation of aggre-
gates in vitro [15,16] and are factores in determin-
ing the different spectrally discrete species of chlo-
rophyll that result on complexation with protein
[17].

In the work reported here we have sought infor-
mation on the mechanism of interaction between
different chlorophyll molecules and LC molecules
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in which they have been embedded. For this pur-
pose we have compared our present result with
previous RR spectra of monomeric and aggre-
gated forms of chlorophylls in vitro as well as of
chlorophylls in vivo [10,17-21]. A separate pub-
lication will be devoted to the order parameters by
using polarized RR spectroscopy [22].

2. Materials and methods

Chl a and Chl b were extracted from spinach
leaves and column chromatographed on sugar
powder using the method of Omata and Murata
[23). The pigments were dissolved in an LC
mixture: p-methoxybenzylideno-p’-butylaniline
{MBBA) and p-ethoxybenzylideno-p’-butylaniline

(EBBA) (Riedel-de Haén), weight proportion 3: 2.
The samples were used without further purifica-
tion. The concentration of chlorophylls in the
MBBA + EBBA mixture was of the order of 1072
M. Sample degradation during the experiment was
avoided by degassing the solutions.

Resonance conditions for Raman spectra were
obtained with 441.6 nm (He-Cd laser) and 472.7
nm (argon laser) light for Chl a and b, respec-
tively. RR spectra were recorded at a resolution of
6 cm™!, using a double-grating Raman spectro-
photometer as described in refs. [10 and 17]. Sum-
mation of spectra in the 1500-1750 and 50-400
cm ™! regions was carried out in a multichannel

analyser, RR spectra measured at room tempera-
ture were collected for disordered samples of the
chlorophylls in the LC.
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Fig. 1. RR spectrum of Chl a4 in MBBA + EBBA (after subtraction of the LC spectrum). Excitation wavelength, 441 6 nm; resolution,

6cm L
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3. Results
3.1. RR spectra of chlorophylis

The RR spectra of Chl ¢ and b dissolved in the
MBBA + EBBA mixture and excited with light in
the region of the Soret band maxima (441.6 and
472.7 nm, respectively) exhibit a complex struc-
ture with many resolved vibrational frequencies.
Overall views of the RR spectra of Chl a and b in
the LC are illustrated in figs. 1 and 2. The most
interesting regions in these spectra are those be-
tween 1550-1700 and 50-700 cm™!. These parts
of the spectra provide information about the C,
ketone (Chl a, Chl b) and C, aldehyde (Chl b)

carbonyl groups, and the magnesium atom, re-
spectively.

3.1.1. Carbony! region (1550-1700 cm ~1).

The carbonyl region of the Chl ¢ RR spectrum
exhibits four pronounced maxima at 1555, 1587,
1613 and 1691 ¢m™1. The major complication in
the spectra of chlorophylls in the MBBA + EBBA
LC matrix is the presence of a large contribution
of strong bands of the LC which mask the carbonyl
region (fig. 3). In particular, the MBBA + EBBA
mixture yields three bands at about 1624, 1594
and 1572 cm™!. The first of these is assigned to
the C=N stretching vibration and latter two are
involved with the benzene-ring vibrations [24-26].
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Fig. 2. RR spectrum of Chl b in MBBA + EBBA (after subtraction of the LC spectrum). Excitation wavelength, 472.7 nm; resolution,

6cem™L
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In the spectra of the sample pigmented with chlo-
rophylls, maxima arising from RR scattering of
the chlorophyll molecules and Raman bands of
the LC matrix are observed. The LC mixture does
not practically absorb in the region of Chl «
(441.6 nm and Chl b (472.7 nm) absorption. The
spectra of a pure MBBA + EBBA mixture are
subtracted from the spectra of chlorophylls in the
LC using a multichannel analyser. Thus, figs. 1
and 2 present spectra of Chl ¢ and b respectively,
in MBBA + EBBA, after subtraction of the LC
spectrum.

In the region discussed one may observe some
correlations between the RR spectrum of Chl ¢ in
polar solvent at room temperature [10,27] and Chl
a dissolved in the LC (fig. 1). However, all of the
observed frequencies in this region are down-
shifted with respect to Chl ¢ monomer bands
[10,27]. This shift may be due to the specific
influence of the local electric field due to LC
molecules on the chlorophyll.

It is expected that the 1691 cm™! frequency
arises from a stretching motion (shifted by —4

H

MBBA CHy0-¢-C=N-€>-C4Hq
*.'

EBBA CH{CHD-C>-C=N-€-CHq

cm~! with respect to the monomer) of the non-

bonded 9-ketone group of Chl a. The 1555, 1587
and 1613 c¢cm™! bands correspond to the 1560,
1585 and 1615 cm™! bands arising from C=C
stretching motions of the phorbin skeleton seen in
spectra of monomeric Chl 4 in vitro [10,15,27].
The band at 1527 cm™! lying close to the 1555
cm ™" band is described in section 3. 1.2.

The carbonyl stretching region of the RR spec-
trum of Chl b in the LC is reproduced in fig. 4.
This part of the Chl b spectrum contains a larger
number of RR bands compared to that of Chl «.
This is connected with the presence of the al-
dehyde group in addition to the ketone group in
Chl b whose stretching motions are also observed
in RR spectra. The stretching modes of the ketone
and aldehyde groups of monomeric Chl b in
acetone solution give rise to RR peaks at 1692 and
1661 cm™', respectively. These bands, involving
the modes of non-bonded ketone and aldehyde
carbonyl groups, arise from Chl b in the LC at
1700 and 1660 ¢cm™!, respectively. However, the
band peaking at 1700 cm ' is broad. It involves
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Fig. 3. Raman spectrum of MBBA + EBBA mixture. Excitation and resolution as in fig. 1.
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Fig. 4. Carbonyl stretching region of Chi 4 in MBBA + EBBA.
Averaged by summation. Excitation and resolution as in fig. 2.
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the 9-carbonyl group, either free or weakly inter-
acting with the environment. Also, the very small
contribution at 1638 cm ™! appears to exist on the
lower wavelength side of the 1660 cm ™! band. The
peak at 1615 cm ™! with the weak feature at about
1621 em ™! is due to C = C bond stretching of the
methine bridges whereas the strong band at 1565
cm™? (1562 cm™! in acetone solution) is assigned
to monomeric Chl b [10,17,27]. A medium-strength
band at 1703 cm ™! characteristic of the 9-carbonyl
mode is found in the RR spectra of free pheophy-
tin g (data not shown). The rest of the spectrum
does not differ from that of isolated pheophytin a
[10,27].

3.1.2. Skeleton vibrations (7001550 cm ™)
The bands in this part of the spectra arise from

in-plane stretching and angular modes involving
C:=C and C=N bonds in the tetrapyrrole ring,
some being very sensitive to the formation aggre-
gates between chlorophyll molecules.

Comparing the spectra of Chl a in the LC (fig.
1) with those previously obtained for Chl a in
acetone solution [10,17,27], one can find bands
which match with the RR frequencies of the latter.
For instance, there are the strong bands at 1527,
1287 and 1184 cm !, the medium-strength band
at 1348 cm ™, and others. Among the many bands
in this part of the spectrum there are some which
are shifted only about 2-3 cm™! with respect to
those of monomeric Chl a [10,17,27}. The small
differences compared with the spectrum of mono-
meric Chl a in acetone can be related to the
electronic interaction between chlorophyll and the
LC molecules. On the other hand, (Chl a),
oligomers are known to exhibit characteristic
down-shifts of some bands with respect to those
of the monomers. Thus, for example, the 1527
cm™! band is shifted by —8 cm ™!, that of 1287
cm™! by —4 cm™! and that of 1264 cm ™! by —5
cm™~!, However, such large changes are not ob-
served for Chl ¢ in the LC. If oligomers existed,
the bands at 1287, 992 and 750 cm~! would be
more strongly enhanced with respect to the other
bands of this region. Moreover, the 694 cm™!
band should be decreased in intensity. Thus, it is
seen that the bands which are present in the
700-1550 em™! region of the spectrum do not
coincide closely with those of self-associated Chi
a. Therefore, it allows us to suppose that essen-
tially only monomeric Chl g exists in the LC
samples investigated.

Very similar features can be found for Chl b in
the LC (fig. 2). These include strong bands at
1439, 1347, 1292, 1269, 923 and 748 cm™!, al-
though the relative intensities of some are not
maintained (for instance, the 1394 cm ™! band is
too small compared to the 1439 cm™! band). The
bands mentioned above are particular sensitive to
oligomer formation. The observed intensity ratios
indicate that for Chl b, small amounts of oligomers
exist in the LC, but there are some bands belong-
ing to the carbonyl region (1700, 1660 and 1565
cm™!) attributed to free Chl b molecules.
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Fig. 5. RR spectra, 50-400 cm ™. (A) Chl @ in MBBA+EBBA, excitation wavelength 441.6 nm, (B) Chl » in MBBA + EBBA,
excitation wavelength 472.7 nm. Resolution 6 cm™!,
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Fig. 6. The second derivative absorption spectrum of Chl a in MBBA + EBBA.
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3.1.3. 50-700 cm ! region

Fortunately, the bands in this region are not
disturbed by the LC frequencies. The frequencies
observed arise from planar deformation of the
phorbin skeleton and vibrational coupling be-
tween motions of the Mg-N, grouping [10,17,27].
The results obtained for Chl @ and b in MBBA +
EBBA on excitation at 441.6 and 472.7 nm, re-
spectively, are reproduced in fig. 5 (and figs. 1 and
2).

Some of the bands are present in the RR spec-
tra of chlorophylls in polar solvents and corre-
spond to modes active in chlorophylls in their
monomeric state. Nevertheless, for Chl a (fig. 5A)
changes in the relative intensities and positions of
bands are observed. The most intense band at 347
cm !, shifted about —5 cm ! with respect to that
of monomeric Chl & in acetone [10,17,27], is
thought to be characteristic of modes involving
motions of the magnesium atom as well as of the
nitrogen atoms. We have found the same result for
the 318 cm ™! band (shifted by —3 cm™!) which is
not as sharp as the previous one. In addition, a
small 308 cm~! shoulder and a weak band at 328
cm~! are observed. The band at 262 cm™! is
sharp as in the case of monomeric Chi « [10,17,27],
although it is less intense. Moreover, the RR spec-
trum of Chl a dissolved in the LC differs from
those in acetone solution in the presence of a
pronounced band at 380 cm ™, which is only weak
in the monomer spectrum [10,17,27). The bands at
470, 565 and 694 cm ! may correspond to mono-
mer bands.

The 50-700 cm ™! region of the RR spectrum
of Chl b is depicted in fig. 5B and is of a similar
character to that of Chl 4. In the case of Chl a
the RR bands may be divided into two groups.
The first exhibits maxima characteristic of the
monomer state, and the second, those indicative of
interaction with an undefined partner. For Chl b
in the LC the band at about 300 cm~! is broad
with respect to that of the monomer. Its halfwidth
is about 30 cm™!, while that of the monomer is
smaller than 25 c¢m™!. Furthermore the small
shoulder around 318 cm™! is on the long-wave-
length side of this band. The other frequencies
observed correspond to those for the Chl  mono-
mer.

3.2. Electronic absorption spectra

The absorption spectra of chlorophylls in the
LC show changes in the relative intensities of the
bands and also in their position by 10-20 nm
compared to those observed, for instance, in di-
ethyl ether [3-6]. The derivative absorption (DA)
spectrum of Chl a was also measured in order to
confirm the interpretation of the RR studies. The
DA spectrum of Chl 4, as an example, in MBBA
+ EBBA (fig. 6) shows a narrow band at 672 nm
and no shoulder is found, thus providing evidence
for the absence of aggregated Chl & in the LC
sample investigated [28].

4. Discussion

The present results allow some conclusions to
be drawn as to the nature of bonding interactions
between the chlorophyll molecules investigated
and their host solvent. The characteristic of the
carbonyl region of the RR spectrum of Chl 4 in
the LC strongly suggests that the 9-ketone groups,
vibrating at 1691 em ™!, are essentially free from
intermolecular bonding. The RR spectra of (Chl
a), oligomers in various solvents show that 9-ke-
tone groups bound to the magnesium atom of
another Chl a molecule have a stretching
frequency near 1650 cm™! [19,20]. However, this
band, attributed to oligomers, is found to be ab-
sent in the RR spectra of Chl a dissolved in the
LC. Our conclusion concerning the monomeric
state of Chl g in the LC is further confirmed by
examination of some spectral features of the
skeletal vibration region (700-1550 cm™'). This
region is known to be very sensitive to oligomer
formation not cnly because of structural changes
involving the vibrational groups but also because
of variations in the m-electron interactions. The
oligomerization affects the following pairs of
bands: 1348-1334, 1290-1185, 1226-1207,
1157-1147, 759-695 and 720-695 cm ™! (the 1226
cm™! band arises only for (Chl a), oligomers
[27]). In particular, one can observe variations of
the intensity ratios of these bands as a conse-
quence of the presence of oligomer. These inten-
sity ratios were compared with the data given in



98 D. Wrébel / Resonance Raman spectra of chlorophylls dissolved in liquid crystal matrices: I

ref. 27. The majority of these ratios support our
first suggestion concerning the state of Chl a that
there are no oligomers of Chl a or only very few
in the LC sample. Nevertheless, Subramanian et
al. [29] could not exclude the association of ag-
gregate formation among Chl a molecules in
dodecylcyanobiphenyl. Additional confirmation is
found in the derivative absorption spectra. Previ-
ously reported CD spectra of Chl a in the LC also
indicated that this pigment is at least predomi-
nantly in its monomeric state [7,8]. Chl a in its
monomeric form in solution is necessarily bound
to solvent molecules [30]. The magnesium atom in
Chl ¢ when dissolved in a polar solvent is thus
most probably bound to two solvent molecules
[10,31,32], so that this atom is in a hexacoordinated
state and no 310 cm™! band is evident in the RR
spectra of monomeric Chl a. The number of
ligands on the Mg atom of Chl a4 in the LC
cannot be definitively ascertained from the RR
spectrum because of the specious signal at about
328 cm™!. The low-frequency band set (50—400
cm ') help only tentatively in indicating the prob-
able number of ligands. Thus, the band at 318
cm™! is broader than that observed for typical
monomeric Chl a and exhibits a shoulder near
308 cm™. A 308 cm™! component would be ob-
served if only one extramolecular ligand were
bound to the magnesium, i.e., it indicates pentaco-
ordination of the magnesium atoms of Chl a
molecules in the LC. These fifth ligands on the
magnesium may be LC molecules in view of the
electron-donor properties of the latter [30] (or
maybe a small trace of coexisting water). The
nitrogen atoms of the LC molecules have an avail-
able lone pair of electrons which may be donated
in bonding magnesium atoms.

In the RR spectra of Chl b, we attributed the
1700 and 1660 cm ™! frequencies to the stretching
modes of the 9-ketone and 3-aldehyde groups,
respectively. We are thus led to the same conclu-
sion as for Chl a: both ketone and aldehyde
groups are free from intermolecular bonding. This
result permits us to deduce that the majority of
Chl b molecules are in the monomeric form. How-
ever, the weak component at 1638 cm™! would
possibly indicate that a small number of Chl b are
bonded through their aldehyde groups. Moreover,

some of the characteristic intensities of bands in
the skeletal region are intermediate between those
observed for monomers and oligomers [27)]. These
values would indicate intermolecular interaction
with MBBA + EBBA and/or other Chl b mole-
cules but the 1660 cm™' value definitively indi-
cates a free vibrator. The frequencies at 1439 and
1565 cm™! are those of monomeric Chl b and
additionally support the conclusion that most Chl
b molecules are monomers with free aldehyde and
ketone carbonyls. It is generally accepted that the
magnesium atom of chlorophyll assumes a penta-
coordinated rather than hexacoordinated state
[30,33-35]. The question of the coordination be-
haviour of Chl b in the LC can be resolved using
the low-frequency sets of RR spectra. The bands
at 305-320 cm™! are known to be sensitive to the
number of ligands bound to the magnesium
[10,18,20]. The band at about 300 cm ™! of Chl &
in the LC is broad with a halfwidth which is
increased with respect to monomeric Chl b. This
feature and the shoulder around 318 cm™! indi-
cate that many Chl b molecules have pentacoor-
dinated magnesium atoms. This result has also
been confirmed by Fujiwara and Tasumi [35]. The
single external ligand may be the LC molecule as
in the case of Chl a.

Nevertheless, Frackowiak et al. [7,8,36,37] have
observed different spectral properties of Chl a
and b in MBBA + EBBA mixture. The CD signals
previously observed for Chl a and b are opposite
to each other [7,8]. Also, the dielectric properties
of Chl @ and b solutions in the same nematic
solvent have been found to be different [36], as
have the linear dichroic ratios [37], suggesting that
the LC must interact differently with both Chl a
and b. The only indication that we have from RR
data that Chl a and b may behave differently in
the LC is from the relative band intensities in the
skeletal regions. These suggest that Chl b may
experience a stronger interaction with the LC
molecules than does Chl a, but this problem
seems to remain open.

The present RR results provide evidemce that:

(1) most Chl a and b species are monomeric
even at the high concentration used,

(2) the magnesium atoms in both Chl ¢ and &
are pentacoordinated.
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