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Lipid layers exposed to 2,4,5 trichlorophenol (TCP) were studied
with Fourier Transform Infrared Attenuated Total Reflection (FTIR
ATR) spectroscopy, since the method is highly sensitive even in
aqueous systems and, using polarized light, gives access to
information about the structural order within the membrane [1].
TCP is an ubiquitous contaminant. Like a variety of hydrophobic
weak acids, it is toxic due to the ability to uncouple ATP production
from the pH gradient. Kinetic studies with chromatophores
suggest as active species a heterodimer consisting of the acid
and the deprotonated phenoxide [2].

INTRODUCTION

A germanium plate, used as multiple internal reflection element
and as substrate for the lipid layers, is divided into sample and
reference compartments. The IR beam is guided by a chopper
to pass alternately one of both. This set up is shown in Fig. 1.

MATERIALS AND METHODS

Materials.

Preparation of lipid layers.

Dipalmitoylphosphatidic acid (DPPA) and palmitoyl
oleoyl phosphatidylcholin (POPC) were purchased from Fluka,
TCP from Riedel de Haen with a purity of 99%. All chemicals
were used without further purification.

DPPA was transferred at 30 mN/m to
the Ge plate with the Langmuir-Blodgett (LB)-method from a
subphase containing 0.1 mM CaCl by means of a film balance.

For the preparation of bilayers with POPC as second leaflet
spontaneous adsorption at 25°C of POPC to the DPPA monolayer
from a vesicle solution was used. A 0.6-0.7mg lipid vesicles/ml
buffer solution was obtained by sonication with merely small
unilamellar vesicles (LB/vesicle-methode) [3]. The layers were
controlled with FTIR ATR spectra.
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Adsorption of TCP to the lipid bilayer and the monolayer.

Kinetic measurements of the adsorption to the POPC/DPPA
bilayer.

FTIR transmission measurements at pH 3 and pH 11.6.

The
DPPA monolayer and the POPC/DPPA bilayer were exposed to a
2.9 mM solution of TCP in 25 mM potassium phosphate buffer with
a total concentration of K of 100 mM at pH 6.0, and the adsorption
of TCP was monitored for several hours. After about 16 h the
solution was replaced by buffer with a peristaltic pump.

A 2.9 mM TCP solution was pumped into the cuvette with
0.5 ml/min and then recirculated with 0.2 ml/min in the system until
the concentration of the waste equals the one of the receiver.
Concentrations were checked with UV-Vis measurements.

The
FTIR transmission spectra of TCP solutions in diluted KOH and
HCl in a CaF cuvette (d = 10 µm) were recorded to get the

information about typical bands of TCP as acid (HA) and as
phenoxide (A ).
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RESULTS AND DISCUSSION

Orientation of TCP in/on the membrane. Analysis of parallel
and vertical polarized spectra with respect to the dichroic ratio R
and the transition moments revealed an isotropic adsorption on
the DPPA monolayer at the beginning followed by an orientation
process vertical to the layer. On the contrary, TCP adsorbed to a
bilayer seems to be oriented from the beginning.

Interaction between the membrane and TCP. In the CH
stretching region (2900 cm ) and in the C=O stretching region
(ester; 1750 cm ) an immediate reaction of the bilayer to
adsorbing TCP is visible (Fig. 2). Only with the bilayer negative
bands at 1100 cm and 1000 cm , where the phosphate groups
absorb, can be seen (Fig.5, a). After washing with buffer the
disturbance diminishes (b), especially for the phosphate signals.
For the DPPA monolayer (c), as the more rigid system, the effects
were smaller and remained after washing. Vertical polarized
spectra show negative CH stretching bands and parallel polarized
spectra show bandshifts. This can be related to a loss of order of
the lipid acyl chains or electrostatic field effects. The relatively
great negative band of the ester group is parallel to the
membrane, but does not show band shifts. Comparable
observations have been made with arachidic acid layers
reversibly deprotonated [4] and the changes of the IR signals have
been deduced to field effects.
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F i g . 1 : S i n g l e b e a m
sample reference (SBSR)
arrangement for a flow
through cuvette with two
compartments. A) The Ge
plate functioning as multiple
internal reflection element
(MIRE) and support for the
membranes is divided into a
s a m p l e ( S ) a n d t h e
reference (R) compartment
by the sealing of the
cuvette.

Fig.2: Time resolved FTIR ATR spectra of the adsorption of TCP to a POPC/DPPA
bilayer. A 2.9 mM TCP solution in 25 mM potassium phosphate buffer pH 6.0 with a total
concentration of K of 100 mM was pumped over the bilayer immobilized on a Ge ATR
plate. Parallel polarized spectra are arranged with ascending time from the bottom to the
top: 49, 98, 120, 245, 686, 1590, 3260 s. A green line marks the slowly increasing peaks
at 1446 cm and 1352 cm we assigned to phenoxide. Reference and measurement

conditions: POPC/DPPA bilayer buffer pH 6.0 (c K 100 mM), angle of incidence =

45°, number of active reflections N = 18.36, temperature T = 25°C;
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Fig.3: Proportions of TCP and the lipids POPC and DPPA. Sphere models of the
three molecules derived from the program Hyper Chem after geometry optimizing with
MM2. POPC; TCP; DPPA;Left: middle: right:

Fig.6: Parallel (II) polarized and vertical ( ) polarized FTIR ATR absorbance
spectra of a POPC/DPPA bilayer and a DPPA monolayer exposed to 2.9 mM TCP.
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SBSR absorbance spectra (S-R) S: TCP on POPC/DPPA bilayer; R: POPC/DPPA
bilayer; both in 25 mM K phosphate buffer pH 6.0 (c K 100 mM), ; as above

but with buffer; angle of incidence 45°; N = 18.36; SBSR absorbance

spectra (S-R); S: adsorbed TCP on DPPA monolayer after washing with buffer; R:

DPPA monolayer; both in 25 mM K phosphate buffer pH 6.0 (c K 100 mM); 45°;

N = 16.15; contact time
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Fig.5: FTIR transmission (TR) absorbance spectra of TCP solutions at pH 11.6 (a),
3.0(c) and FTIR ATR absorbance spectra of TCP over a POPC/DPPA bilayer (b). TR:
CaF cuvette; d=10µm; c (pH 11.6) 2.9 mM; c (pH 3.0) 3.0 mM; ATR: taken from

Fig.2; scaled down by f=0.2; details see Fig. 2;
2 TCP TCP

Adsorption of TCP to lipid layers. At pH < 7.0 the peaks at 1446
cm , 1352 cm or 1060 cm could only be observed with lipid
layers. On the other hand, FTIR transmission (TR) measurements
of TCP in diluted KOH display similar spectra, however, frequency
shifts of 5-10 cm exist. Fig. 5 compares TR spectra of TCP
solutions at pH 3.0 and pH 11.3 with ATR spectra of adsorbed
TCP. We conclude, that 1446 cm , 1352 cm and 1060 cm
represent A . Amount and HA/A ratio of TCP absorbed on lipid
layers depend on the kind of the lipid layer (see Tab. 1 and Fig. 5).
The surface concentration of HA was estimated at 1080 cm ,
whereas the curve fitting integrals of 1446 cm were used to
quantify A .
At the hydrophobic surface of the DPPA monolayer the highest
amount of HA and A could be retained. In contrast to the
behaviour of TCP adsorbed to the POPC/DPPA bilayer there is
nearly no loss after washing with buffer. For retained TCP the
HA/A ratio was found between 0.8-1.0 , thus
supporting the formation of heterodimers.
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Fig. 7: Curve fitting of two exemplary TCP signals. Spectra between 1510 cm and
1320 cm taken at 340 s (bottom) and 1200 s (top). The complex band between 1500
and 1400 cm-1 was split into 6 bands at 1488,1478 ,1462 ,1446 1405 and 1353 cm .
Widths and shapes of the peaks are listed in Tab. 2.
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Fig. 4: Kinetic fits of the adsorption and deprotonation of TCP on a POPC/DPPA
bilayer.Normalized integral absorptions at 1446, 1352, 1462 and 1080 from parallel
polarized FTIR ATR shown in Fig. 2. The complex signal between 1500 and 1320 cm
was separated into 6 components at 1488, 1478, 1462, 1446, 1405 (see
Fig. 4) with curve fitting. Each of both could be combined with integrals of separated
bands showing the same time dependence. Curves shown were calculated as
regressions with a simple exponential function.
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Kinetic analysis. Spectra of the time resolved measurement
depicted in Fig. 2 were analyzed by separating 6 bands at 1488,
1478, 1462, 1446, 1405 and 1353 cm between 1500 cm and
1320 cm by curve fitting. Parameters used are listed in Tab. 2 and
two exemplary curve fits are shown in Fig. 7.
Time dependence of the band at 1080 cm corresponds to that of
1462 cm .The slow increase at 1446 cm is comparable to 1353
cm (marked in Fig. 2 with a green line).
Curves shown in Fig. 4 are the result of a regression with a simple
exponential function. Time constants estimated are 13 min and 2
min, thus differing about one magnitude and justifying the simple
model as a first approximation.
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Tab.2: Parameters for the curve fit used in Fig. 4 and Fig. 7.

B) A paralleled incident beam from the light source (LS) is focused on the entrance
face of the Ge plate. Every reflection is accompanied by absorptions of the
membrane and the bulk. A chopper divides the single beam into a sample S and a
reference R beam before they pass a polarisator (POL) and impinge on the
detector (DET). Solutions and buffers are moved through the compartments by the
means of a peristaltic pump (P).
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Γphenol [mol/cm²]
1 Γ [mol/cm²]

2
Γphenol

TCP/bilayer (bulk =(bulk =

2.9 mM TCP)2.9 mM TCP) 1.14±0.2×10
-9

1.6±0.2×10
-10 20.5

TCP/bilayer (bulk =(bulk =

buffer) 1.6±0.3×10
-10

1.9±0.2×10
-10

0.9
TCP/monolayer (bulk

= buffer)= buffer) 4.8±0.5×10
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1) estimated at 1080 cm1) estimated at 1080 cm
-1

2) estimated at 1446 cm2) estimated at 1446 cm
-1

Γphenoxide
phenoxide

Tab.1: Quantification of adsorbed TCP. The surface concentration ( ) of TCP was

calculated with the thin film approximation (n =1.50, angle of incidence = 45°, N

18.36(POPC), 16.15 (DPPA)). For the phenol the 1080 cm-1 band ( d = 7.23 10 cm
mol [1085-1074cm ]) and for the phenoxide the 1446 cm band
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( d = 2.88×10 cm mol [parameters see Tab.2]) were used.
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