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Abstract

Investigating the action of the fluorinated europium complex Eu(fod)3 on lipid membranes we found that the complex
facilitates the ion transfer through the membrane. Electric measurements on planar lipid membranes showed that the
membrane conductivity increases considerably by insertion of the complex into the membrane. The increase in the
conductivity was only obtained if both layers of the membrane were modified with the complex. 1H NMR spectroscopic
studies using DOPC liposomes gave information about the location of the modifier complex in the lipid membrane. From
chemical shift effects we concluded that the complex resides in the choline head group region of the membrane and also in the
membrane interior near the ^CNC^ lipid double bond, but not in the center of the bilayer. For understanding of the
mentioned conductivity effect we assume that the europium complex induces defects of yet unknown structure in the lipid
matrix which provide paths for the ion transfer through the membrane. As appropriate measurements revealed, these paths
seem to conduct cations predominantly. Investigating the current^voltage behavior of the modified lipid membranes in
dependence on the ion concentration we obtained different shaped current^voltage curves. Calculation showed that a model
with only one energy barrier inside the membrane is unable to describe these curves kinetically. However, by assuming two
energy barriers ^ one barrier in each membrane lipid layer ^ the observed curve can be described satisfactorily. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

The lanthanide complex tris-6,6,7,7,8,8,8-hepta-
£uor-2,2-dimethyl-3,5-octanedionato-europium (Eu
(fod)3) is widely used as a probe molecule for di¡er-

ent spectroscopic investigations. Because of the com-
plexing properties of the europium atom, the mole-
cule strongly interacts with nucleophile molecule
residues, e.g. with hydroxyl or amino groups. The
presence of the paramagnetic europium changes the
magnetic properties in the molecule under study con-
nected to a shift and an expansion of the nuclear
magnetic resonance (NMR) signals. Frequently, the
mentioned shift e¡ect enables a better separation of
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the NMR signals [1]. Besides in NMR spectroscopy
Eu(fod)3 is applied as a probe molecule in lumines-
cence techniques [2,3].

Eu(fod)3 can be used not only for the investigation
of single molecules in solution, but also for the study
of ordered structures like biological membranes
which consist of structurally and electrically di¡erent
parts, namely the polar surfaces and the non-polar
inner part of the membrane.

A question which has to be answered in connec-
tion with a possible use of Eu(fod)3 for biomembrane
investigations is that of the binding sites of the probe
molecule which could be located either at the mem-
brane surfaces or more in the membrane interior.
This problem is connected with the nature of inter-
actions between Eu(fod)3 and the membrane lipid
molecules. Another question we were interested in
was that of the Eu(fod)3 in£uence on the macro-
scopic properties of the membranes, like electric con-
ductivity or mechanical stability. As a probe mole-
cule Eu(fod)3 should have no signi¢cant in£uence on
the mentioned properties. The mentioned items con-
cerning the in£uence of the europium complex on
biomembranes are still not investigated as far as we
know.

For studying the interaction of Eu(fod)3 with bio-
membranes we used 1H NMR spectroscopy coupled
with a liposome techniques. The use of small lipo-
somes makes it possible to detect a binding e¡ect to
organic ions on di¡erent chemical groups of the
phospholipid membrane as demonstrated for the
large hydrophobic anion tetraphenylborate in a pre-
vious paper [4]. The electric behavior in the presence
of Eu(fod)3 was studied at single lipid bilayer mem-
branes by measuring the membrane current^voltage
curves and by impedance spectroscopy. Impedance
spectroscopy was recently used to estimate rate con-
stants [5] and energy barriers [6] of the transfer of
tetraphenylborate ions through lipid membranes of
di¡erent chemical composition.

2. Materials and methods

Most of the investigations mentioned above were
carried out with dioleoyl phosphatidylcholine
(DOPC) membranes, consisting of a phosphocholine
head group and of oleoyl hydrocarbon chains which

have a double bond between the ninth and the tenth
carbon atom of the chain. For one experiment we
used another phospholipid, namely diphytanoyl
phosphatidylcholine (DPhyPC), without any double
bond in the phytanoyl hydrocarbon chain. The
chemical structures of DPhyPC and the lanthanide
complexes used for the study are depicted in Fig. 1.

The lanthanide complexes di¡er in the £uorine res-
idues which are only present in the Eu(fod)3 mole-
cule. For the assignment of the shifted signals we
also used Pr(fod)3 in NMR studies.

The electrochemical investigations were carried out
with planar lipid membranes (about 1 mm2 area)
using a standard technique which was described in
[5]. The Eu(fod)3 and Eu(dpm)3 concentrations in the
cell chambers were altered by the addition of equal
amounts of a stock solution to the electrolyte. The
adjustment of a new stationary state after the addi-
tion of the lanthanide complexes was controlled by
measuring the impedance of the membrane. Usually,
stationary conditions were reached 20^30 min after
adding the europium complexes. The electrochemical
measurements were performed with the Impedance
System IM6 from Zahner Electric Corp. (Kronach,
Germany).

Fig. 1. Chemical structure of the used lanthanide complexes.
Eu(fod)3 = tris-6,6,7,7,8,8,8-hepta£uor-2,2-dimethyl-3,5-octane-
dionato-europium. Eu(dpm)3 = tris-2,2,6,6-tetramethyl-3,5-hepta-
nedionato-europium (both substances were received from Fluka,
Germany).
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Liposomes of DOPC (Sigma, Deisenhofen, Ger-
many) were produced by the procedure described in
our previous paper [4]. The chloroform of the DOPC
solution was removed in a rotary evaporator at 40³C
and the remaining lipid ¢lm was exposed to high
vacuum overnight. The phospholipid (12.7 mM)
was then dispersed by addition of heavy water (Deu-
chem, Leipzig, Germany) at 99.8% D (0.1 M NaCl,
pD 5.5), followed by shaking. Small unilamellar
vesicles (SUV) were prepared by sonication (Sono-
puls HD200, Bandelin, Berlin, Germany) above the
phase transition under a stream of argon at 5³C. The
obtained solution was centrifuged in order to remove
titanium particles. The resulting bilayer vesicles have
a diameter of about 30 nm (see [7]).

The incubation of liposomes with the shift reagent
was performed using two methods: ¢rst, by adding a
small amount of a solution of the shift reagent (15
mg/ml) in acetone-d6 (Deuchem, 99.8% D) to the
liposomes, and second, by the following procedure:
a solution of the shift reagent in chloroform was
dried at 313 K on a rotary evaporator and then
evacuated for 3 h in a high vacuum. The liposomal
solution (3 ml) was added, and the vessel was shaken
for 30 min at room temperature.

The micellar solution was prepared using hexade-
cyltrimethylammonium chloride (HTAC) from Al-
drich (Deisenhofen, Germany).

1H NMR experiments were performed at 295 K on
a Bruker Avance DPX 250 spectrometer at the In-
stitute of Surface Modi¢cation, Leipzig, Germany.
Thirty-two scans were accumulated, using 32 000
data points. A 0.8 Hz exponential ¢lter was used
before Fourier transformation. Chemical shifts were
determined using DSS as an internal standard. Over-
lapping signals were analyzed by the computer pro-
gram PEAKFIT.

3. Experimental results

3.1. NMR results

Preliminary NMR experiments have shown that
the e¡ects of the shift reagents on the chemical shifts
of the phospholipid molecule are independent of the
mode of incubation of the paramagnetic complex
with the lipid suspension (see Section 2). To charac-

terize the hydrophobic properties of the complexes,
we determined the partition coe¤cient between octa-
nol and water, measuring the optical absorption in
both phases after mixing and centrifugation. Even at
high concentrations of the complex in the mixture
(0.1 mM) it does not show any absorption in the
UV-Vis region in the water phase. Therefore, both
europium complexes were characterized by an octa-
nol/water partition coe¤cient higher than 500:1. The
comparison of the optical absorption of both euro-
pium complexes (0.1 mM) in methanolic solution
and in HTAC micelles (80 mM) enables the detection
of di¡erences in the solubility in hydrocarbons. After
incorporation into the micelles the enhancement of
optical density in the case of the Eu(dpm)3 spectrum
was 20% more than that of Eu(fod)3. This behavior
[8] is an indication of the in£uence of £uorine groups
that means an accumulation of the £uor-free com-
plex Eu(dpm)3 within the hydrophobic core of the
micelles.

The interaction of Eu(fod)3 with the fatty acid
residues does not dramatically in£uence the structure
of the liposome, otherwise one would expect line
broadening e¡ects in the NMR spectra. The line
widths of all signals are not noticeably in£uenced
up to a concentration of 1.5 mM Eu(fod)3. However,
above a concentration of 2 mM a broadening of the
signals was observed, indicating a destruction of the
bilayer. This ¢nding is in accordance with observa-
tions on planar bilayer membranes used for the elec-
tric measurements. The line width of the water signal
(0.8 Hz), measured at 1 h after mixing, shows line
broadening e¡ects, namely 1.4 Hz for DOPC without
shift reagent, 2.7 Hz with 1.5 mM of Eu(fod)3, and
5.0 Hz in the presence of 1.5 mM of Eu(dpm)3. From
this result one may expect that at least one binding
site for the paramagnetic complexes is located at the
vesicle surface leading to magnetic interactions with
the lipid surface groups and with water from the
hydration shell. In fact, the europium complexes
induced up¢eld shifts for the proton signals of the
fatty acid chains as well as down¢eld shifts for the
choline residue. Additionally, we also determined
the Pr(fod)3-induced shifts on the lipid signals
(Fig. 2).

However, these signal shifts were not uniform for
the considered chemical groups, but showed a split-
ting into two components. This is demonstrated in
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Fig. 3 for the methylene protons in K-position to the
ole¢nic group.

With the aim of interpreting this unexpected split-

ting behavior we performed a curve ¢tting procedure
with a Gauss line shape using two curves character-
ized by half widths of 0.11 ppm and 0.13 ppm, re-
spectively. The results of simulation of both bands
are presented in Fig. 3.

Table 1 summarizes the calculations of the fraction
of the areas of the strongly shifted signal component
in relation to the weakly shifted signal component
for two chemical groups of the liposome.

It is obvious from Table 1 that the fractions of the
areas correspond very well to fractions of phospho-
lipid molecules in the inner and the outer lipid layer,
valid for our conditions of liposome preparation by
ultrasound [7]. Therefore, the heterogeneous shifts
can be explained by an asymmetric distribution of
the shift reagent in the bilayer, namely, by an accu-
mulation of the additive within the inner lipid layer.
From the chemical shifts in Fig. 3 it can be estimated
that the molar ratio [shift reagent]/[lipid molecule]
within the inner lipid layer is more than three times
higher in comparison to that ratio for the outer lipid
layer.

Fig. 4 presents a compilation of lanthanide-in-

Fig. 2. 1H NMR spectra of DOPC (12.7 mM in D2O, 0.1 M
NaCl) in the presence of various lanthanide complexes (1.5
mM). The signal at 2.1 ppm refers to acetone-d5.

Fig. 3. 1H NMR spectrum of the methylene protons in K-posi-
tion to the ole¢nic group of DOPC liposomes. Top: without
Eu(fod)3 ; four scans below: with 2 mM Eu(fod)3, spectrum re-
corded 1 h after mixing.

Table 1
Ratios of the areas of the split NMR signals for a hydrophilic
and a hydrophobic group of DOPC (12.7 mM) in the presence
of lanthanide complexes (n.d. : not determined)

Complex structure [(N(CH3)�3 ]a [^CNC^]b

Eu(fod)3 0.59 þ 0.05 0.54 þ 0.04
Eu(dpm)3 0.58 þ 0.05 n.d.
Pr(fod)3 0.49 þ 0.05 n.d.
Model (see [7]) 0.49 0.49
a1.5 mM complex (see Fig. 2).
b2 mM complex (see Fig. 3).

Fig. 4. Chemical shift e¡ects of lanthanides (1.5 mM) on the
1H NMR signals of DOPC (12.7 mM).
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duced chemical shifts on the various chemical groups
of the phospholipid (using in each case the compo-
nent with the maximum shift, which can be inter-
preted as the shift e¡ect on the inner lipid layer
where most of the complex should be located).

For the europium complexes up¢eld shifts were
observed for all signals of the fatty acid residues,
whereas one fraction of the choline signals showed
large down¢eld shifts. According to Fig. 4, all the
Pr(fod)3-induced shifts show the expected opposite
sign.

However, at the methyl groups of the fatty acid
chains just small shift e¡ects were detectable. This
fact excludes an accumulation of the complex within
the center region between the two lipid layers.

The comparison of the NMR spectra of the cho-
line head group at di¡erent times after the addition
of the europium complex demonstrates the time

course of distribution of the shift reagent liposomes
(Fig. 5).

Immediately after the addition, the shift reagent
becomes bound to the membrane surface, character-
ized by line broadening and a down¢eld shift. Due to
the higher concentration of the Eu(fod)3 (in compar-
ison to the experiments described in Fig. 4) the
shifted component of the N(CH)�3 signal was broad-
ened beyond the detection limit. The remaining sig-
nal of the N(CH)�3 protons becomes more narrow
3 min after mixing and the splitting of the hydro-
phobic signals reaches its maximum (shown in
Fig. 3). In the presence of Eu(dpm)3 the choline sig-
nal remains broad even at 13 min after mixing, but in
contrast to Eu(fod)3 the second signal component
was detectable as a broad shoulder.

3.2. Electrochemical investigations

For studying the in£uence of Eu(fod)3 on the
membrane conductivity, we carried out di¡erent
measurements in sodium chloride solutions. At ¢rst,
we varied the Eu(fod)3 concentration. Fig. 6 gives the
appropriate impedance spectra.

The right parts of the spectra are governed by the
membrane capacitance as can be seen by the 345³
decay of the impedance at high frequencies whereas
the left part of the spectra is determined by the ohm-
ic membrane resistance.

Fig. 5. Incubation experiments of DOPC (12.7 mM) liposomes
(SUV) with the shift reagents (2 mM). 1H NMR spectra of the
choline head group were recorded at various times after mixing.
a: Eu(fod)3 ; b: Eu(dpm)3.

Fig. 6. In£uence of Eu(fod)3 on the impedance spectrum and
on the phase angle of a DOPC lipid membrane. Eu(fod)3 con-
centrations (in WM): a = 0, b = 10, c = 20, d = 30, e = 50; solid
line = impedance; dashed line = phase angle, electrolyte: 0.1 M
NaCl; membrane area: 1.5 mm2.
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In the case where no modi¢er is added (Fig. 6a),
the impedance spectrum is governed by the mem-
brane capacitance over the whole depicted frequency
range. Fig. 6 shows that the ion transfer resistance
decreases with increasing Eu(fod)3 concentration
whereas the membrane capacitance obviously does
not change.

For the experiments described above Eu(fod)3 was
given to both sides of the membrane. We also studied
the electric membrane behavior when Eu(fod)3 was
added only to one membrane side. In this case, we
frequently found no reduction of the membrane im-
pedance. Only when Eu(fod)3 was added to the other
side, a decrease of the low frequency impedance was
observed.

It should be mentioned at least that for large Eu
(fod)3 concentrations (s 100 WM) the mechanical
stability of the bilayer membrane in the Te£on hole
vanishes and the former planar membrane changes
to a more hemispheric one which slowly increases in
its diameter up to the destruction of the membrane.

In the following experiments, we varied the sodium
chloride concentration while the Eu(fod)3 concentra-
tion was held constant. The electrolyte concentration
was varied over three orders of magnitude.

Increasing the NaCl concentration decreases the
membrane resistance as illustrated in Fig. 7. The re-
sistance does not decrease to the same extent as the

concentration increases. Possible explanations for
this will be given in Section 5.

Fig. 7 also shows that the impedance at low fre-
quencies increases considerably. This increase and
the frequency course of the phase angle (Fig. 6a,
dashed line) which approximates to 330³ indicate a
di¡usion in£uence on the impedance spectra. As ex-
pected, this in£uence is most distinct for the lower
NaCl concentrations.

In the impedance spectra Fig. 7a,b, a second ohm-
ic component at higher frequencies occurs. This com-
ponent refers to the ohmic resistance of the NaCl
solution which increases with the decrease of the
electrolyte concentration.

In addition to the impedance spectra in Fig. 7, we
also registered the current^voltage curves of the
membrane (Fig. 8A^D).

The curves were measured under potentiodynamic
conditions. A variation of the scan rate in the range
of 0.5^5 mV/s changed neither the current nor the
hysteresis of the curves signi¢cantly. Most of the
curves have an exponential shape (Fig. 8B^D), but
sometimes we also measured curves with a distinctly
di¡erent current course as illustrated in Fig. 8E,F.

The curve in Fig. 8E which has only a slight non-
linear course was also registered in 0.1 M NaCl so-
lution as the curve in Fig. 8C with its exponential
shape. This di¡erence illustrates that the shape of
curves can vary from membrane to membrane.

Generally, the measured current^voltage curves
have roughly the same course in both current direc-
tions (symmetrical curve behavior).

The described experimental ¢ndings concerning
the shape of the membrane current^voltage curves
assisted us in choosing a suitable physico-chemical
model for the description of the Eu(fod)3-facilitated
ion transfer (see Section 4).

The experiments described above revealed a strong
in£uence of Eu(fod)3 on the membrane conductivity.
Eu(fod)3 obviously enhances the ion transfer through
the lipid membrane. In this connection, the question
arose of what kind of ion(s) are enabled to permeate
by Eu(fod)3.

To answer this question we carried out measure-
ments of the membrane potential resulting from
NaCl gradients across the membrane. In the experi-
ments, the concentration in one chamber was held
constant while the concentration in the other cham-

Fig. 7. In£uence of various NaCl concentrations on the impe-
dance spectrum and on the phase angle of a Eu(fod)3-modi¢ed
DOPC membrane. NaCl concentrations (in M): a = 0.001,
b = 0.01, c = 0.1, d = 1; solid line = impedance; dashed line =
phase angle; Eu(fod)3 concentration: 50 WM; membrane area:
1.1 mm2.
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ber was varied by the addition of appropriate
amounts of NaCl stock solution. We found that
the membrane potential changed by about 70 mV
by changing the quotient of both concentrations by

a factor of 10. Furthermore, we observed that the
potential of the chamber with the low NaCl concen-
tration became positive in comparison to that of the
chamber of the high concentration. The mentioned

Fig. 8. A^D: Current^voltage curves for various sodium chloride solutions: A = 0.001, B = 0.01, C = 0.1, D = 1 M; scan rate: 2 mV/s.
The arrows in A show the mode of curve registration (start at zero potential); Eu(fod)3 concentration: 50 WM; membrane area: 1.5
mm2 ; current in ampere, membrane voltage in millivolt. E^H: Experimental and calculated current^voltage curves. E = 0.1 M NaCl
(other membranes as in curves A^D). F = 0.1 M EuCl3. Eu(fod)3 concentration: E: 50 WM; F: 20 WM; membrane area: 1.5 mm2 ;
current in ampere, membrane voltage in millivolt. G = calculated curves according to Eq. 4 with variation of the symmetry factor K.
a: K= 0.1, b: K= 0.15, c: K= 0.2, d: K= 0.25, e: K= 0.4. H: Some curves from G in an extended potential scale. a: K= 0.1,
b: K= 0.15, c: K= 0.2. Current axes in G and H represent the quotient j/j0 according to Eq. 4, membrane potential in millivolt.
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¢ndings show that the membrane potential results
from the transfer of sodium ions across the mem-
brane. Carrying out analogous studies with other
electrolyte solutions (KCl, CsCl) we found shifts of
the membrane potential in the same direction and in
the same order of magnitude as described above for
NaCl.

For another experiment we used Eu(dpm)3 instead
of Eu(fod)3 for modi¢cation of the membrane (see
Fig. 1 for the chemical composition of the europium
complexes). The investigations showed that even for
concentrations as large as 200 WM, Eu(dpm)3 does
not enhance the membrane conductivity signi¢cantly
although this complex is also located in the mem-
brane interior as found by NMR experiments.

Then, we carried out experiments with another
membrane forming lipid, namely DPhyPC, which
has no double bond in the hydrocarbon chain. The
experiment answered the question of whether the in-
teractions of Eu(fod)3 near the double bond of
DOPC which were proposed by the NMR measure-
ments are responsible for the incorporation of Eu
(fod)3 into the membrane. Provided this is true
then Eu(fod)3 would not show any in£uence on the
conductivity of the DPhyPC membrane. The experi-
ment de¢nitely showed that the conductivity of Eu-
(fod)3 modi¢ed DPhyPC membrane increases to the
same extent as observed for DOPC membranes.

Finally, we carried out experiments with other
electrolytes (0.1 M solutions of KCl, LiCl, CsCl,
Na2SO4 and EuCl3). The current^voltage behavior
of the Eu(fod)3-modi¢ed membranes in the changed
electrolyte is ^ with the exception of the europium
electrolyte ^ analogous to those described for NaCl.
In the case of EuCl3 (Fig. 8F), the curves have a
distinctly lower current amplitude than for NaCl as
well as another curve shape which is converse to the
other curves.

4. Theory

An important result of the NMR investigations
was the ¢nding that the Eu(fod)3 molecules penetrate
into the hydrocarbon part of the membrane but also
interact with the hydrophilic part of the bilayer.

This ¢nding supports the idea that the modi¢er
molecules are able to form an ion conducting struc-

ture (defect structure) inside the membrane which
facilitates the ion transfer through the membrane.

For the macroscopic description of the membrane
ion transfer, two types of models are suitable: kinetic
and thermodynamic model ideas. The thermodynam-
ic ideas are based on the Nernst^Planck equation [9].
Integration of the latter di¡erential equation by
omitting the inner membrane charge gives the Gold-
man equation [10]. The application of the Goldman
equation to our experiments with equal ion concen-
trations on both sides of the membrane would give
linear current^voltage curves. Indeed, our measure-
ments gave exponentially and other non-linear
shaped current^voltage curves (see Fig. 8B^E). This
¢nding suggests kinetic model ideas for the descrip-
tion of the Eu(fod)3-facilitated ion transfer. The basis
of these ideas is the assumption of potential-depen-
dent energy barriers for the ion transfer across the
membrane (see Fig. 9).

The electrostatic energy barrier which a small ion
like the sodium ion has to overcome to be placed
inside the membrane is quite high (curve A in Fig.
9). According to Born's equation [11] an energy for
the ion transition from the solution into the mem-
brane interior of about 170 kJ/mol results for a
monovalent ion of 2 Aî radius [12]. Regarding the

Fig. 9. Hypothetical energy schemes for the membrane ion
transfer. Curve A: electrostatic energy barrier of the membrane
for small ions; curve B: assumed reduction of the energy bar-
rier by Eu(fod)3. x = distance from the left membrane surface,
L = thickness of the membrane interior.

BBAMEM 77855 24-7-00

K.D. Schulze, H. Sprinz / Biochimica et Biophysica Acta 1467 (2000) 27^3834



action of the modi¢er molecules on the energetics of
the ion transfer, one may assume that Eu(fod)3 re-
duces the energy for the ion transfer in both lipid
layers to the same extent as depicted in curve B in
Fig. 9. The energy barriers for the Eu(fod)3-assisted
ion transfer could be the result of either geometrical
constraints, e.g. a narrow pass in the assumed defect
structure which requires a dehydration of the sodium
ion, or speci¢c interactions of the permeating ion
along its way through the membrane. It cannot be
excluded that the possibility of more than two bar-
riers exists which in£uence the ion transfer. Never-
theless, the two-barrier model seems to be the sim-
plest model which is kinetically equivalent to the case
under consideration. Assuming both barriers are at
the same distance from the membrane surfaces, the
rate of the membrane ion transfer can be described
by the following current^voltage equations:

j1 � zF c1 k
!

1eK P B3ci k
 

1e3�0:53K �P B
h i

;

j2 � zF ci k
!

2e�0:53K �P B3c2 k
 

2e3K P B
h i

�1a;b�

with j1 and j2 as the currents through the both mem-
brane monolayers, the (inner) membrane potential B
and P= zF/RT (z = ionic charge, F = Faraday con-
stant, R = gas constant and temperature T). The
rate constants ki in Eq. 1a,b are governed by the
energy barriers according to barrier ideas which
were applied in the past successfully for the descrip-
tion of the kinetics of electron transfer at electrodes
[13], for the ion transport in solutions [14] and for
the ion permeation through narrow protein channels
in biomembranes [15]. The relationship between rate
constants and energy barriers will not be further dis-
cussed here.

The membrane surface concentrations c1 and c2

are assumed to be obtained from the bulk concen-
trations c1b and c2b according to the following equi-
librium relations: c1 = K1c1b and c2 = K2c2b with equi-
librium constants Ki which also depend on the
amount of modi¢er inside the membrane. Another
important parameter in Eq. 1a,b is the symmetry
factor K which governs the location of the energy
maximum xmax inside the membrane (K= xmax/L).
The symmetry factor has a considerable in£uence
on the course of membrane current^voltage curves
as will be shown below.

The substitution of the rate constants ki by both
exchange current densities:

j0
1 � zFc0

1 k
!

1 � zFc0
i k
 

1

and

j0
2 � zFc0

i k
!

2 � zFc0
2 k
 

2

with c0
1 and c0

2 as the surface concentration in the
zero current case yields the current^voltage relation-
ships Eq. 1a,b in a more general form:

j1 � j0
1

c1

c0
1

eK P B3
ci

c0
i
e3�0:53K �P B

� �
;

j2 � j0
2

ci

c0
i
e�0:53K �P B3

c2

c0
2

e3K P B
� �

�2a; b�

Eq. 2a,b contains the unknown ion concentration ci

in the energy minimum of scheme Fig. 9B. This con-
centration can be calculated from the steady-state
condition j1 = j2 = j by using Eq. 2a,b. Assuming
that the concentrations c1 and c2 in Eq. 2a,b are
independent of the current j and j01 = j02 = j0, the con-
centration ci results as:

ci � c0
i W

eK P B � e3K P B

e�0:53K �P B � e3�0:53K �P B �3�

Introducing the calculated ci into Eq. 2a or Eq. 2b
gives the following stationary current^voltage rela-
tionship of the membrane:

j � j0W
e0:5P B3e30:5P B

e�0:53K �P B � e3�0:53K �P B

� �
�4�

In the borderline case of either K= 0 or K= 0.5, the
quotient of Eq. 4 leads to the tanh function or the
sinh function, respectively.

Eq. 4 is a mathematical function which depends on
two parameters, namely j0 and K. The shape of the
current^voltage curves is determined by the symme-
try factor K. Fig. 8G shows the in£uence of this
model parameter on the curves. As shown in the
¢gures the calculation gave very di¡erently shaped
curves. For Kv 0.25 the curves have an exponential
course which is more signi¢cant the larger K is. The
more interesting curves results for K6 0.25. At the
beginning the current increases relatively fast but
then the slope of the curve decreases. The curves
pass a point of in£exion with a pronounced linear
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curve shape at both sides. This linear range increases
with decreasing K. After passing the in£exion point
the current increases exponentially towards higher
potentials.

In summarizing the model investigations, it should
be pointed out that by using the kinetic model intro-
duced above current^voltage curves with di¡erent
shapes can be calculated, analogous to those curves
observed in the experiments. In all cases the curves
have the same course in both potential directions as
predicted by Eq. 4. The relationship Eq. 4 can also
be used to estimate the exchange current density and
the symmetry factor from experimental curves. Table
2 shows the parameters of the model curves which
best ¢t the experimental curves with regard to a min-
imum of the sum of the squared residuals.

Table 2 illustrates that j0 increases with increasing
NaCl concentration, but not as much as predicted by
the model. The symmetry factor also changes with
the electrolyte concentration. This means that ac-
cording to our kinetic model the location of both
energy barriers inside the membrane varies depend-
ing on the concentration and kind of electrolyte used
in the experiments.

The calculation of the membrane impedance re-
quires the alternating current j¬ which results from
the voltage perturbation: vB=vB0eig t. The current
j¬ is composed of the transport current j (according to
Eq. 4) and the capacitative current jc :

~j � j � jc � j � igCMvB �5�
with the membrane capacitance CM and the angular
velocity g= 2Zf (f = frequency).

Because of the small vB used in impedance spec-
troscopy, the exponential terms in the transport cur-
rent j can be linearized. For the zero membrane po-

tential which was the actual dc potential in the
impedance experiments, the linearization of Eq. 4
yields j = 0.5j0PvB for B=vB. By using this current,
the impedance Z is obtained according to:

Z � dB

d~j
� 1

0:5P j0 � igCM
� 1

1
RM
� igCM

�6�

Eq. 6 re£ects the dependence of the membrane im-
pedance on the di¡erent model parameters. The
equation also illustrates that Z is equivalent to a
parallel circuit of the membrane capacitance and
the membrane resistance. The resistance RM is
coupled with the exchange current density j0 accord-
ing to RM =vB/j = 2/Pj0. This interdependence can be
used to calculate j0 from the low frequency part of
the impedance spectrum. It should be mentioned that
the impedance in Eq. 6 does not regard the in£uence
of ion di¡usion in the layer adjacent to the mem-
brane on the ion transfer. The consideration of dif-
fusion would require a time-dependent calculation of
the membrane surface concentrations (c1 and c2 in
Eq. 1a,b) according to Fick's second law.

5. Discussion

Preliminary studies had shown that the £uorinated
europium complex Eu(fod)3 enhances the electric
conductivity of planar lipid membranes. This surpris-
ing observation caused us to start di¡erent experi-
ments for investigating the mentioned membrane ef-
fect.

UV-Vis experiments concerning the partition of
Eu(fod)3 between octanol and water showed that
the complex is preferably located in the hydrophobic
liquid. An analogous partition behavior was ob-
served in aqueous solutions of DOPC liposomes.
We found that most of the modi¢er molecules were
resorbed by the liposomes.

1H NMR measurements on the liposomes should
answer the question of the localization of the modi-
¢er at the membrane. The measurements revealed
that the europium complex induces a shift of the
proton NMR signals at di¡erent parts of the mem-
brane lipid.

Although the NMR measurements provided some
information about the location of the modi¢er at the

Table 2
Model parameters derived from the measured membrane cur-
rent^voltage curves

Experiment Solution j0 (A cm32) K

Fig. 7B 0.01 M NaCl 7U1037 0.42
Fig. 7C 0.1 M NaCl 5U1036 0.38
Fig. 7D 1 M NaCl 2.3U1035 0.28
Fig. 7E 0.1 M NaCl 1.1U1035 0.24
Fig. 7F 0.1 M EuCl3 1U1036 0.15

K= symmetry factor, j0 = exchange current density, according to
Eq. 4.
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membrane we have no information about the de-
tailed arrangement of the Eu(fod)3 molecule(s) in
the lipid matrix and about the resulting defect struc-
ture inside the lipid matrix which enables the ions to
pass the membrane. The ester group of the lipid may
be considered one binding site for the complex. How-
ever, the opposite direction and the magnitudes of
the shifts for the hydrophobic and the hydrophilic
proton groups demonstrate two di¡erent orientations
of the probe in the liposome. The angle between the
principal symmetry axis of the complex and the vec-
tor metal/proton is smaller than 54³ for the groups
near the ole¢nic bond but greater than 54³ for the
choline head protons. Additionally, the observed dia-
metrically opposed changes of the NMR data (Figs.
4 and 5) for the head group signal and the signals of
the ole¢nic region going from Eu(fod)3 to the more
hydrophobic Eu(dpm)3 refer to the existence of two
independent binding sites. Using the above NMR
data the partition of the lanthanide complexes within
the SUV can be schematically presented as in Fig. 10.

The formation of ion conducting membrane de-
fects is dependent on the structure of the europium
complex. Using the europium complex Eu(dpm)3 ^
without any £uorine groups ^ no enhancement of the
membrane conductivity occurs, although this modi-
¢er also penetrates into liposomes, as NMR mea-
surements revealed. In agreement with our partition
study in micelles it can be concluded that the intro-

duction of CF2 and CF3 groups reduces the lipophi-
licity and favors the partition within the hydrophilic
part of the membrane.

The preferential accumulation of the hydrophobic
paramagnetic complex in the inner lipid layer may be
caused by the geometric packing constraints in small
vesicles. The cone-like arrangement of lipid mole-
cules favors an enrichment between the fatty acid
chains of the inner lipid layer. However, the unex-
pected enrichment of the probes at the internal cho-
line head group could re£ect deviations in the struc-
ture of the enclosed small water droplet in
comparison to the outer hydration shell of the lipo-
some.

The increase in the conductivity does not occur if
the Eu(fod)3 molecule is added to only one side of
the membrane. This ¢nding is a hint that the forma-
tion of an ion conducting path through the mem-
brane requires the presence of the modi¢er in both
lipid layers. The modi¢er molecules could act as a
kind of wedge which loosens the lipid matrix provid-
ing a path for the ion transfer through the mem-
brane. The observation that only Eu(fod)3 is able
to transport cations could be explained with the the-
sis that the £uorine groups of Eu(fod)3 mediate the
transition of cations from the surface into the lipid
layer. This thesis would explain the observation that
Eu(dpm)3, without any £uorine groups, is unable to
enhance the ion permeation through the membrane.

Impedance measurements showed that the mem-
brane conductivity increases approximately with the
Eu(fod)3 concentration. This ¢nding can be under-
stood by an appropriate increase of the Eu(fod)3-in-
duced defect structures inside the membrane. In-
creasing the ion concentration increases the electric
conductivity of the modi¢ed membrane not to the
same extent as the electrolyte concentration in-
creases. This refers to a limitation of the ion trans-
port which could be due to a limitation of the per-
meation rate of ions along the assumed defect
structures inside the membrane.

Another reason could be a deviation from the as-
sumed equilibrium partition of the ions between the
solution and the surface compartment of the mem-
brane according to the model ideas discussed in Sec-
tion 4.

However, measurements of the current^voltage be-
havior of Eu(fod)3-modi¢ed membranes in depen-

Fig. 10. Model of the partition of the lanthanide complex with-
in the liposome. For demonstration of the two di¡erent orienta-
tions of the principal magnetic axis in relation to the lipid layer
the octahedral structure of the complex was not considered.
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dence on the ion concentration gave di¡erently
shaped curves. We found not only exponential cur-
rent^voltage curves but also curves with a more com-
plicated shape.

This ¢nding and the observation that both lipid
layers have to be modi¢ed for the realization of the
ion permeation suggest a kinetic model with two en-
ergy barriers for the ion transfer inside the mem-
brane. The current^voltage curves derived by the
use of this model enable the calculation of the di¡er-
ent types of current^voltage curves observed at Eu
(fod)3-modi¢ed membranes. For the interpretation of
the curves it has to be assumed that the location of
both energy barriers of the kinetic model can vary
with the concentration and the kind of the electro-
lyte. This variation might be due to changes in the
structure of the assumed membrane defects for the
ion transfer.

By comparing the experimental current curves with
calculated model curves, we estimated the two model
parameters: the exchange current density j0 and the
symmetry factor K which describes the barrier loca-
tion inside the membrane. The kinetic parameter j0 is
coupled with the rate constant for the ion transfer
across the membrane. Indeed, the rate constant can-
not be separated because of the unknown equilibri-
um constant for the ion distribution on the mem-
brane surfaces.
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