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a b s t r a c t

The spectral and thermodynamic properties of bacteriochlorophyll c and dipalmitoylphosphatidylcholine
in binary mixed monolayers have been investigated. The model system of biological membrane was built
up of a mixture of phospholipids and pigments dissolved in chloroform, at several mole ratios. The iso-
therms of these samples were recorded and then the monomolecular layers on quartz plate were pro-
duced. For the Langmuir layer obtained on the air–water interface the thermodynamic parameters
were calculated. Additionally, by means of the absorption spectroscopy methods in natural and polarized
light, pigment–pigment and pigment–lipid interactions were studied. The information about the average
surface per molecule, aggregation properties and the molecular orientation of pigments in Langmuir–
Blodgett layers, was obtained.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

In vivo bacteriochlorophyll (BChl) c aggregates form the rod-ele-
ments of the chlorosomes of green photosynthetic bacteria and
works as a light-harvesting antenna [1–3]. The interaction between
the pigment molecules depends on their mutual orientation and
molecular ordering with respect to their anisotropic microenviron-
ment. The behaviour of various pigment forms is usually different.
In biological cell membranes, pigments and pigments–protein
complexes are oriented within lipid membranes in two ways:
uniaxially and/or in the plane of the membrane.

The Langmuir or Langmuir–Blodgett (LB) layers [4–6], two-
dimensional films, could be considered as a physical model of
the anisotropic biomembrane. These films were used to investigate
the behaviour and molecular orientation of BChl c in mixed pig-
ment–phospholipid monolayers on the air–water interface as well
as on solid substrate.

The photosynthetic pigments in LB films have also been of inter-
est, as a part of molecular engineering, from the point of view of
their use for industrial and medical applications [1,2,7]. Simple de-
vices such as a photoelectric cell, converting the light energy into
electric one, may consist of just one ordered pigment monolayer
located between the hole and the electron injecting electrodes. In
medical application, pigment molecules are introduced and ori-
ented into an anisotropic cell membrane and the LB technique al-

lows us to study the mutual pigments and pigment–environment
interactions at the molecular level. The purpose of the present
study was to gain a better understanding of the molecular orienta-
tions of BChl c influenced by the pigment–lipid interaction, in two-
dimensional organized assemblies which could be also adopted for
the study of in vivo chlorosome-like structure.

The pigment activity in medical or industrial applications de-
pends on a molecular organization (in particular the orientation
and aggregation) and intermolecular interactions in anisotropic
environment. In the present work, BChl c (Fig. 1a) and phospolipid
(dipalmitoylphosphatidylcholine (DPPC)) (Fig. 1b) in mixed Lang-
muir and LB films were characterised by the electronic absorption
(of the natural and linearly polarized light) spectroscopic method.
The stability and miscibility in a mixed molecular layer as well as
thermodynamic parameters (such as the excess areas (DAE), excess
free energies (DGE) and compression modulus (1/C)) were also
determined. Finally, the model of molecular arrangement of BChl
c in a monolayer was proposed on the basis of the results of the
experiments and calculations.

2. Materials and methods

BChl c and its Mg-free derivative – bacteriopheophytin (BPhe) c
were obtained from Prosthecochloris aestuarii. Extraction, purifica-
tion and identification procedures were described in ref. [3]. Syn-
thetic DPPC, in 99% purity, was purchased from Sigma (Aldrich).
The individual or mixed monolayers of BChl c (or BPhe c) and DPPC
were obtained by spreading the compounds or their mixtures at
various molar fractions (MF) of pigments, from a chloroform solu-
tion onto the water subphase (Tris/HCl buffer system, pH 8.2) [8,9].
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The stock solutions, of 0.1 mM concentration of pure pigments and
also DPPC, were used to make pigment–lipid mixtures.

The surface pressure–area (p � A) isotherms were recorded
using a KSV-5000 Langmuir system (KSV, Finland). Further exper-
imental details about preparation of the monolayer are given else-
where [8,10]. All experiments were performed in dim light. Surface
tension was measured by means of a platinum Wilhelmy plate. The
rate of shift of the teflon barriers compressing a given substance in
the bath for monolayer production has been established to be
3 mm/min. Stability tests were performed for Langmuir films
checking the area per molecule variation to keep the pressure con-
stant for 1 h. The films were found to be stable and each isotherm
was repeated at least twice to ensure good reproducibility.

On the basis of the p � A isotherms of the binary mixed mono-
layers, some thermodynamic parameters (such as DAE, A12

T, DGE)
were calculated from the following equations [11,12]:

DAE ¼ A12 � AT
12 ð1Þ

AT
12 ¼ A1x1 þ A2x2 ð2Þ

DGE ¼
Z p

0
DAEdp ð3Þ

where A1, A2 and A12 represent the molecular area of a monolayer of
each component and their mixture, respectively, while x1 and x2 are
the molar fractions of each component in the mixture.

In addition, the compression modulus of monolayers (1/C) is a
useful parameter to understand the phase behaviour and the
molecular interactions. It can be directly calculated using the iso-
therm data from the formula:

1
C
¼ �A

dp
dA

ð4Þ

The LB layers were fabricated onto a quartz plate with a hydro-
philic surface. The monolayers were transferred by the vertical dip-
ping method (at the rate of 2 mm/min) onto a plate at a constant
surface pressure. Successful deposition of one film layer onto the
quartz took place only by raising of the substrate (Z-type of LB).
Monolayers of BPhe c were transferred at fixed surface pressure
of 18 mN/m. The transfer ratio (1.0–1.3) was satisfactionary only
for first monolayer, hence for further analysis only one layer sam-
ples were taken into consideration.

Polarized absorption spectra of the films deposited onto quartz
plates were measured by a Carry 4000 (Varian) spectrophotometer
equipped with a Glan-Thompson polarizer and an angular sample
holder. Two absorption components A|| and A? were measured
with the light electric vector parallel and perpendicular to the
direction of the emerging LB layer, respectively. These components
were measured in two geometrical arrangements, i.e. with the light
beam (1) perpendicular to the sample surface (b = 0�) and (2) fall-
ing on the surface at the incidence angle (b) (Fig. 1c).

3. Results and discussion

3.1. Behaviour of Langmuir monolayers

The (p � A) isotherms of Langmuir monolayers at various MF of
pigment on the buffer subphase are shown in Fig. 2a. The iso-
therms for BChl c (Fig. 2a) and its Mg-free derivative (BPhe c)
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Fig. 1. Molecular formulae of BChl c (a), DPPC (b) and the direction of the polarized light incident on the substrate (c) as well as space coordinates (X,Y,Z) for expressing
pigment orientation (d); Y-axis: dipping direction, Z-axis: normal to the substrate, Z0-axis: the central axis of the pigment represented by the circular plate.
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