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The refractive indices of the bilayer-electrolyte system allow the membrane to operate as a light-guide. This 
system is then able to monitor, optically, the flow of ions across the bilayer. The light is coupled into and 
decoupled from a spherically bulged bilayer by means of optical, single mode fibers. The light wave travels 
along the curved bilayer for several millimeters. This light transmission depends critically on the angle of 
incidence between the fiber axis and the tangent to the film. Three transmission peaks were observed when 
the angle of incidence was varied between 0 ° and 90 °. The transmitted light intensity can be modulated by 
the application of an electric potential upon the bilayer. The center peak, with maximum light transmission, 
appears at an angle of incidence which is defined by the launching geometry. A quadratic field dependence 
(independent of the polarity) is observed, which originates from changes in the shape of the toms transition 
region. The transmission of the satellite peaks, which appear just before and after the central peak, can also 
be modulated by an external potential. This modulation signal reflects a linear dependence on the polarity of 
the external voltage. The phase of the modulation signal changes its sign at each satellite peak. It is shown 
that this modulation signal originates from the bimolecular area of the lipid film. We present evidence that 
this transmission modulation occurs as a result of ion transport through the lipid film. This provides the basis 
for the use of wave-guide spectroscopy to investigate membrane ionic fluxes. 

Introduction 

Up to now optical techniques have played a 
minor role in the investigation of transport phe- 
nomena in lipid bilayers. The main shortcoming of 
normal incidence spectroscopy is the modest path 
of interaction between the light and lipid film. The 
recently developed method of wave-guide spectros- 
copy [1] substantially increases this interaction by 
coupling a light wave to the bilayer and allows (see 
below) the use of optical spectroscopy for various 
membrane phenomena, including ion transport. 

In this case, with the light wave propagating in 
parallel to the surface of the lipid film, the posi- 
tion of the maximum light field is confined within 
the film, whereas it is exponentially attenuated 
along a distance of some ten wavelengths within 

the adjacent electrolyte. Therefore the volume of 
interaction is not only restricted to the bilayer 
itself, but extends into the adjacent bulk electro- 
lyte and therefore allows both regions to be inter- 
rogated. Since the publication of our first paper 
concerning wave-guide spectroscopy in lipid films 
[1], the technique has been considerably refined. 
Single-mode fibers, with very small numerical 
aperture, are now available and therefore light 
waves of zero mode order can now be properly 
launched, with a small angular spread of its inten- 
sity distribution. Provisions have also been made 
which allow a very precise positioning of the film 
with respect to the fibers. In the present study we 
show the existence of different types of guided 
light waves along the bilayer and then illustrate 
how they can be used to follow (a) changes in 
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membrane shape and thickness and (b) ion trans- 
port phenomena across the bilayer. 

Materials and Methods 

Light transmission experiments were made with 
black lipid films, either from phospholipids or 
from oxidized cholesterol. These black films were 
prepared according to the technique of Mueller et 
al. [2]. The lipids used were solutions of asolectin 
(Sigma) and dioleoylphosphatidylcholine (Sigma) 
in n-decane (Fluka, puriss.) at a concentration of 
2% w/v.  Oxidized cholesterol was prepared from 
cholesterol (Sigma) according to Tien et al. [3]. 
Various unbuffered aqueous alkali chloride elec- 
trolytes (Li, Na, K, Rb) with concentrations rang- 
ing from distilled water to 2 M solutions were used 
for the transmission experiments. 

The electrical circuit for charging the bilayer 
consisted of a triggerable pulse generator with 50 
12 output impedance, giving a bipolar voltage pulse 
with independent amplitude and time settings for 
each polarity. The amplitudes and pulse durationg 
were adjusted symmetrically in order to produce 
no net charge transport during one cycle of the 
voltage pulse. The current was measured by a 
current to voltage converter with a sensitivity of 1 
V per 1 • 10-7 A, an effective input resistance of 
approx. 1 kI2 and a bandwidth of 50 kHz. 
Ag/AgC1 electrodes of area 3 cm 2 were used, 
giving a path resistance in the electrolyte of 300 $2 
with 0.1 M NaCI. 

The experimental setup is depicted in Fig. 1A. 
A typical transmission experiment is shown, where 
the 514.5 nm emission from an argon cw-laser 
(Spectra Physics, Model 164) is focussed into 
single-mode fibers with very small aperture (Sie- 
mens AG Mtinchen, experimental type fiber, 
numerical aperture approx. 10 -2 , single-mode op- 
eration at 800 nm). The fibers were cut [4] into 
pieces of 10 cm to 20 cm length and the quality of 
the endfaces was visually inspected by a micro- 
scope. Light modes excited in the cladding were 
stripped by immersing the fiber in a fluid which 
has both high optically absorbance and high re- 
fractive index. The other end of the fiber is fed 
through a channel in the separator foil into the 
circular aperture of 2 mm diameter, where the 
membrane is formed (Fig. 1B). A similar fiber at 
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Fig. 1. (A) Scheme of the experimental setup. (a) cw argon ion 
laser, (b) lenses focussing laser intensity to a single mode 
optical fiber, (c) electrolyte cell, (d) separator foil containing 
with circular aperture an input and output fiber, (e) micrometer 
driven bar for electrolyte adjustment, (f) optical fiber, (g) 
Ag/AgC1 electrodes; an ac capacitance bridge (h) or a pulse 
generator (i) can be switched to the high-potential electrode. 
The low-potential electrode is terminated by a current-to-volt- 
age converter (k), (1) polarizer, (m) photomultiplier, (n) signal 
averager. (B) Scheme of the separator foil. (a) separator sheet, 
thickness 0.25 mm, polyethylene, (b) channel (40/~m diameter) 
containing the input fiber, (c) circular aperture (2 mm diame- 
ter), (d) output fiber. 

the opposite side of the aperture collectes the light 
from the lipid film. The fibers can be moved 
within the channels to adjust the angle of inci- 



dence with respect to the surface tangent of the 
film. Normally the black film does not rupture 
when the fibers are moved. 

The light-guide experiments were performed 
with curved wave-guides. This is necessary to avoid 
direct interaction between the input and the out- 
put fibers, which would ,;wamp the guided inten- 
sity with large amounts of directly exchanged light 
intensity. Thus the fibers are arranged so that the 
fiber ends and the lipid film form part of a circle. 

The angular position of the film with respect to 
the fiber axis is manipulated by bulging the lipid 
film. This is achieved by excerting hydrostatic 
pressure to one of the electrolyte compartment  s . If 
two open compartments  are used then a microm- 
eter driven bar dipping into the electrolyte will 
excert a hydrostatic force. However, the open cell 
arrangement is very sensitive to mechanical noise 
pickup, which causes irregular oscillations of the 
lipid film about its equilibrium position. Large 
fluctuations of the transmitted intensity result since 
the coupling conditions change with the uncon- 
trolled motion of the film. A significant improve- 
ment  in the noise level can be achieved by using 
one closed compartment.  In this case the pressure 
is controlled by a micrometer driven microliter 
syringe which is attached to the closed compart-  
ment. 

The condition of the bulged, black lipid film is 
monitored via its electrical capacitance, assuming 
that any increase in capacitance is proportional to 
the increase in bimolecular area. An ac capaci- 
tance bridge equipped with a lock-in null detector 
giving 10 -5 of relative resolution was used for this 
purpose. 

Fig. 2 shows a cross-sectional view of the sep- 
arator foil. The angle of incidence 0 i between the 
fiber axis and the tangent to the surface of the film 
was derived in the following way. A plane film 
shows minimum capacitance when 0 = 0. The an- 
gle 0 to the tangent of the film at the rim of the 
aperture of an arbitrarily bulged film (with respect 
to the plane film) is calculated from the relation- 
ship 

c( o)/c( o = 0) = 2/(1 + cos o) (1) 

Maximum light transmission should occur at opti- 
m u m  coupling conditions, if the light is launched 
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Fig. 2. Cross sectional view of the separator foil. (a) separator 
foil (polyethylene), (b) optical input fiber, (c) distance between 
the fibers, (d) output fiber, (e) wedge supports, 0 W = wedge 
angle, p = bending radius of the lipid film, 0 i = angle of inci- 
dence between fiber axis and the film tangent, t~ = angles where 
radiated intensity is observed, details given in Fig. 7. 

in a direction which is finally collinear to the 
surface tangent of the bulged film at the fiber end. 

Signal processing was performed with a mod- 
ified OMA II system (Princeton Applied Research 
Corp. 1215) where the signal from the photomulti- 
plier (1P28 RCA) was amplified to a voltage of 
maximal + 10 V (PAR 113 PRE-AMP) and fed to 
the AD-converter of the OMA head contr~ler  
(PAR 1216). The system works as a signal averager 
with 13-bit resolution, a minimum conversion time 
of 20/~s per channel and a maximum number  of 
3000 channels per frame. The pulse generator is 
triggered by a divider counter with the beginning 
of each frame. Typically 100 frames are averaged 
during one measurement. 

Results and Discussion 

Characterisation of the various wave-guided modes 
Initially we set out to characterize the 

transmitted waves with respect to their angle of 
incidence and their longitudinal attenuation along 
the bilayer. Fig. 3 shows the transmission through 
the bilayer as a function of the angle of incidence, 
0 i, between the fiber axis and the tangent to the 
surface of the film. The separator foil containing 
the fibers was mounted between a support wedge, 
made from PTFE, and its counterpart,  with an 
angle of 150 °. Three transmission peaks are ob- 
served. The angular spacing between the peaks is 
3.5 ° . The half-transmission points at both sides 
are separated by an interval of 11 °. As the length 
of the light path along the bilayer is increased so 
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Fig. 3. Light transmission along a black lipid film as a function 
of the angle of incidence 8 i. Lipid: asolectin in n-decane, 
prepared in a circular aperture of 2 mm diameter, 1 M KCl 
electrolyte, laser wavelength 514.5 nm. Optical pathlength be- 
tween the fiber ends: 0.9 ram. The angle of incidence was 
varied by bulging the bilayer under hydrostatic pressure (in- 
jecting an additional volume up to 500 nl into the closed 
electrolyte compartment). The angles of incidence were derived 
from the capacitance of the lipid film applying Eqn. 1. The 
labels A to E refer to the angular positions where subsequent 
transmission effects were observed. The dashed curve shows the 
transmission along an optical pathlength of 1.8 mm. 

the  i n t ens i t y  of  the  t r a n s m i t t e d  l ight  decreases.  

Th i s  c an  b e  expressed  as a t t e n u a t i o n  coef f ic ien t  de ~ 

in  the  d i r ec t ion  of  p r o p a g a t i o n .  , ~ h a s  b e e n  mea-  
su red  by  va ry ing  the d i s t ance  b e t w e e n  the fibers.  

T h e  solid curve  is m e a s u r e d  wi th  a spac ing  of  
0 . 9 _  0.1 m m  b e t w e e n  the  f iber  ends ,  whi le  the 

d o t t e d  t race  has  b e e n  recorded  at  a d i s t ance  of 
1.8 _+ 0.1 ram.  The  field at the cen te r  peak  shows 

a n  a t t e n u a t i o n  coef f ic ien t  o f  9 f ' =  0 . 6 5 / m m ,  

whereas  the  la tera l  peaks  p r o p a g a t e  wi th  a larger  

a t t e n u a t i o n  coef f ic ien t  of  9~'= 1 . 1 / m m .  Th e  labels  
A to E in  Fig.  3 i nd i ca t e  the  a n g u l a r  pos i t i ons  used  
in  the p roceed ing  e x p e r i m e n t s  o n  the l igh t - in t en -  

s i ty m o d u l a t i o n .  
The  l ight  t r a n s m i s s i o n  curves  r eco rded  for  the  

th ree  types  of  b lack  l ip id  f i lm dif fer  in  t ime  c o n -  
s t an t s  a n d  phase ,  wi th  respect  to the  exci t ing  vol t -  
age pulse.  The  i n f l u e n c e  of  the  ion ic  s t r eng th  of  
the  e lec t ro ly te  o n  the shape  of  the  t r a n s m i s s i o n  
curves  is re la t ive ly  weak.  Th e  a t t e n u a t i o n  of  the  
c e n t e r  peak  increases  wi th  i nc reas ing  c o n c e n t r a -  

t ion  of  the  electrolyte .  Also  the  a b s o l u t e  a n g u l a r  
pos i t ion ,  as well  as the  spac ing  b e t w e e n  the satel-  
l i te peaks  is changed .  These  pecul ia r i t i es  wil l  n o t  

be  d i scussed  in  this  paper .  

8 

i i 
# -  

t l J  
I ! L 

~ 0 100 200 l ime[ms]  

r "  

o 
t_.  

. 4 . -  

4 - -  

¢1/ 
t . .  

E 
L 

Fig. 4. Modulation of the light transmission by application of 
an identical voltage pulse. The sequence of time resolved 
transmission traces was recorded with varying angle of inci- 
dence. The bipolar voltage pulse (Fig. 4.1) is totally symmetric 
in its amplitudes ( _+ 100 mV) and pulse lengths (2 x 75 ms). The 
pulse is delayed for 35 ms and its duty cycle is 42%. The field 
polarity is always referred to the curved outside of the film. 
Vertical dot-dashed lines illustrate the temporal relation be- 
tween the exciting voltage pulse and the transmission records. 
Preparation and geometry are similar to Fig. 3. Fig, 4A was 
recorded at angular position A (0 i = 25.5 °) in Fig. 3. The 
transmission at zero potential is defined to be 100%. The fast 
components of the transmission signal reflect the timing of the 
exciting voltage pulse. Relative linear intensity modulations of 
Mj--5% are observed. This fast signal seems to ride on a 
slowly varying signal which increases throughout the whole 
pulse. The change in polarity of the exciting pulse is not 
reproduced by the slow signal. The quadratic modulation factor 
is denoted by Mq = 15%. Fig. 4B is measured at position B 
(0 i = 27.0°). The amplitude of the linear effect increases to 8%, 
the slow quadratic component is 18~. The trace at position C 
(0 i = 29.7 °) shows a large linear modulation signal of opposite 
sign (M I =15%). A pure quadratic effect is observed at the 
maximum position at the center peak, position D (0 i = 
32.2 °, Mq = 42%). The linear effect reverses sign at the falling 
slope of the transmission curve at point E (0 i = 38.6°). 

Figs.  4 A - 4 E  show how the i n t ens i t y  of  the 
t r a n s m i t t e d  l ight  d e p e n d s  u p o n  the angle  of  inc i -  
dence  at the  s ame  ex te rna l  vol tage  pulse.  T i m e  
co r re l a t ion  is i l lus t ra ted  by  the  i nc lu s ion  of  the  



exciting voltage pulse (Fig. 4.1). The polarity of 
the pulse is always related to the outside of the 
curved film. Black lipid films of asolectin, in 1 M 
KCI electrolyte, were used. 

The 'quadratic effect' 
Fig. 4D was recorded at the maximum trans- 

mission peak. Even though a bipolar voltage pulse 
is applied to the film, the transmission signal is 
independent of the polarity of the applied poten- 
tial. Voltage dependent capacitance measurements 
also reveal quadratic relationship between the 
capacitance and the applied potential. Electrostric- 
tive effects can occur on the shape of the torus and 
the average thickness of the bilayer or both. These 
have been discussed in the literature [5-7]. These 
effects share the common property of a quadratic 
response to the electric field and they are thus 
independent of the field polarity. Fig. 5 shows on 
a magnified scale a light transmission signal (trace 
a) and the corresponding record of the voltage 
dependent capacitance (trace b). The slow varying 
portions of the two signals are similar, but the 
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Fig. 5. Comparison between the quadratic effects in light 
transmission (b) and capacitance (a). Lipid: dioleoylphos- 
phatidylcholine, prepared in 1 M KCI. The light transmission 
curve was measured in position D. The change in capacity is 
monitored by the output of the zero voltage detector (phase 
sensitive detector) from a bridge, balanced at zero volt mem- 
brane potential C(u = 0)=8.013 nF. For small changes in 
capacity the detector output is linear. (In order to achieve a 
better time resolution the detector output was processed with 
the signal averager instead of a conventional RC low pass 
integrator). 
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capacitance trace also shows a more rapid compo- 
nent, which is due to a compression of the average 
thickness of the black film (microlens compression 
and orientational effects) [7]. If the bimolecular 
path of the guided intensity is shortened by mov- 
ing the fibers together, the slow quadratic modula- 
tion signal does not decrease. This indicates that 
the torus transition region is the origin of the 
slowly varying modulation. 

The torus transition region is defined as that 
segment of the lipid film, where the thickness of 
the bilayer decreases from 500 nm along a distance 
of some 10 #m to the bimolecular thickness of 5 
nm [8]. This zone is the most sensitive part to 
change in shape under the influence of a field 
induced pressure. In light-guide spectroscopy the 
transition zone works as a coupler between the 
light modes of the fiber and those of the bilayer. 
The coupling efficiency, that is the ratio of light 
power in the desired mode relatively to the light 
power in the injected mode, depends critically on 
the shape of the coupler. Therefore changes in the 
shape of the transition region are reflected in the 
coupling efficiency for the zero mode of the fiber 
into the corresponding zero mode of the planar 
lipid bilayer. At zero potential the transition zone 
extends to some 10 #m, depending on the type of 
lipid, and decreases with increasing potential [8]. A 
shorter transitions zone reduces its coupling ef- 
ficiency, thereby scattering more intensity into 
other directions, than the direction of the mode to 
be launched into the lipid film. Therefore, electri- 
cally induced changes of the shape of the torus 
transition region can be monitored by simple mea- 
surements of transmitted light intensity. A 
mathematical treatment of the coupling efficiency 
of a tapered coupler as a function of its geometry 
is given in [9,10]. The application of the theory of 
tapered couplers to the torus transition region may 
help to separate the contribution of voltage depen- 
dent capacitance from the contributions of the 
torus transition and the bilayer region optically. 
Recent experiments with dioleoylphosphatidylcho- 
line [11], where the observed intensity modulation 
has been correlated to the change of the contact 
angle between the bilayer and the torus transition 
region, were in reasonable agreement to the data 
of Requena and Haydon [7]. 

The quadratic effect is always observed, if a 
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proper wave-guide mode is coupled to the bilayer 
[1]. Coupling to a proper (surface) mode is best, if 
the light enters the guiding structure collinearly. In 
the case of a bent wave-guide the best coupling is 
where the fiber axis and the surface tangent of the 
bulged film are collinear. Thus we expect the 
transmission maximum to occur when the angle of 
incidence is equal to that of the wedge support. 
This is true for very small wedge angles. For large 
angles, however, the transmission maximum i s  
shifted up. With a wedge angle of 15 ° the trans- 
mission maximum appears at 30 ° . This apparent 
discrepancy arises from effects in the torus region 
where the incident beam may be refracted as indi- 
cated in Fig. 2. 

The deconuolution of the quadratic and the linear 
effect 

In contrast to the quadratic transmission-volt- 
age relation of the center peak, a light transmis- 
sion with a linear response to the exciting field 
pulse is observed at the satellite peaks and on their 
slopes. All the traces A to E in Fig. 4 seem to be 
the result of the superposition of a linear effect 
and a quadratic effect. The origin of this quadratic 
effect is the torus transition region. The reduced 
coupling efficiency of the torus transition region 
under external voltage results in an enhanced 
scattering of light intensity into directions close to 
that of the electrically undisturbed torus. Since 
there is no light absorption by the media, an 
intensity being scattered out of the direction of a 
proper surface wave must appear elsewhere. Thus 
outside the centerpeak a quadratic intensity modu- 
lation of the opposite sign to that shown in posi- 
tion D is observed. Close to the center peak the 
quadratic effect is of the same sign as in the center 
peak; far away from this point the sign of the 
quadratic contribution changes. With larger angu- 
lar distance from the maximum transmission point 
8 D the quadratic contribution decreases. At the 
point of widest angular distance (Fig. 4E) the 
quadratic effect is almost inobservable. 

This superposition in a dioleoyl phosphati- 
dylcholine film is illustrated by the sequence de- 
picted in Fig. 6. These curves were recorded at 
point B in Fig. 3. The first trace was obtained with 
a polarity of the voltage pulse as depicted in Fig. 
6.5. The second trace was recorded with reversed 
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Fig. 6. Deconvolution of the linear and quadratic light trans- 
mission effect. Dioleoyl phosphatidylcholine in 0.1 M NaCI, 
angular position B, bimolecular pathlength 1.2 mm. Fig. 6.1 
was recorded with a voltage pulse of the polarity shown in Fig. 
6.5. Fig. 6.2 is measured with reversed polarity. Fig. 6.3 shows 
the average of the proceeding traces, whereas Fig. 6.4 is ob- 
tained by subtracting Fig. 6.2 from Fig. 6.1. 

polarity. By summing up both traces the linear 
contributions are canceled and the twice quadratic 
contributions remains (Fig. 6.3). By subtracting 
the two traces a linear signal remains which always 
reflects the change in polarity of the applied volt- 
age (Fig. 6.4). Thus, for a constant angle of inci- 
dence the intensity of the transmitted light de- 
pends on the polarity of the electric pulse. 

An examination of Fig. 6.4 shows a decrease in 
transmission intensity with the negative polarity 
outside, but an increase, when the outside is posi- 
tively charged. The light transmission rises to 105% 
under the positive potential. The rising and falling 
slopes of the transmitted intensity show a biphasic 
time dependence. The fast component of the rise- 
time is 150 + 20 /as with 5% relative amplitude, 
while the slow component has a risetime of 37 5:0.1 



ms with 95% relative amplitude. The rise and fall 
times are very nearly symmetrical. Though the 
amplitudes of the intensity modulations of the 
light increase with voltage, the ratios of the relative 
amplitudes of the two phases are constant. 

Finally examining the trace found at the angu- 
lar position E the linear component of the trans- 
mission modulation is of the opposite polarity as 
observed in position A. All other features remain 
unchanged. 

Transmitted and radiated light intensity 
The linear as well as the quadratic effects are 

observed as modulations of the transmitted inten- 
sity. Since there is no light absorption in the lipid 
or the electrolyte, the light must therefore be radi- 
ated out of the direction of propagation of the 
wave-guide. The following experiment determined 
the directions where this light intensity was radia- 
ted. 

A single mode fiber, acting like a photon pickup, 
was introduced into the electrolyte compartment 
of the convex bulged film. This fiber was posi- 
tioned at the same height as the fibers in the 
separator foil and could be moved at any angle 
and location with respect to the bilayer. The film 
was adjusted to an angular position B. A com- 
posite linear and quadratic signal was observed 
with the separator fibers in transmission mode 
(Fig. 7.2). When the pickup fiber was held in 
parallel and close to the output fiber (d in Fig. 2) a 
very distinct linear modulation effect could be 
detected on the radiated intensity (Fig. 7.1). The 
phase of this modulation was complementary to 
the modulation observed in the transmission mode. 
With successive inclination of the pickup fiber 
towards the bilayer surface less radiated intensity 
and modulation of that intensity was detected. The 
angle a where the modulation of the radiated 
intensity was detected is indicated in Fig. 2 at the 
right corner. A value of 5 _+ 2 ° was determined 
experimentally for a. 

The origin of the linear effect 
The most interesting question is whether the 

modulation of the light intensity is controlled by 
the voltage or by the current. Only if the modula- 
tion of the transmitted light is controlled by the 
current this experimental method will be useful in 
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Fig. 7. Signal modulation of the radiated intensity. The inten- 
sity being radiated from the bilayer wave-guide was collected 
by a freely movable single mode fiber. The fiber was mounted 
in the electrolyte at the same height and close to the position of 
the output  fiber in the separator, but inclined by an angle a. 
Film: asolectin in 0.1 M KCI. The angular position of the film 
corresponds to B. Fig. 7.1 shows the intensity modulation 
detected by the pickup fiber under an angle of inclination 
a = 5°; distance to the output  fiber: 0.2 ram. At angles larger 
than  15 ° , no modulation could be detected upon the radiated 
or scattered intensity. Fig. 7.2 demonstrates the transmission 
signal obtained by the output  fiber in the separator. 

the study of ion transport across the bilayer. This 
question can be answered unequivocally when the 
concentration of the electrolyte is varied drasti- 
cally. This was achieved by comparing 1 M KC1 to 
distilled water. The path resistance between the 
electrodes rises from 300 I2 (1 M KC1) to 7 .105 I2 
for distilled water. A time constant for charging 
the bilayer of about 6 ms resulted from the in- 
creased resistance. But this was fast enough to 
observe the main amplitude of the linear transmis- 
sion effect. The quadratic effect was always ob- 
served, and was used to allow the voltage drop in 
the electrolyte to be compensated. This was done 
by increasing the voltage up to a level where the 
same quadratic field modulation of the trans- 
mitted intensity was observed as in the case of a 
sufficiently conducting electrolyte. Nevertheless 
only very small linear contributions could be de- 
tected after extensive signal averaging. 

This experiment clearly shows that the presence 
of the linear transmission signal depends upon the 
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salt content of the electrolyte. No voltage depen- 
dent dichroic effects could be detected. This is to 
be expected since the membrane consists of two 
layers which are mirror images of one another. 
Any rotation of the light vector due to electrooptic 
effects in one layer will be compensated by the 
counter rotation of the other layer. Thus the net 
dichroic effect will be zero. 

The relationship between the linear transmis- 
sion modulation and the ionic current has been 
determined (Fig. 8). The angular position corre- 
sponds to point B in Fig. 3. Quasi-stationary mod- 
ulation amplitudes were recorded following the 
application of the electric potential for 200 ms. 
These modulation amplitudes were compared to 
the dc currents flowing through the film using a 
steady-state current-voltage curve. Within the 
accessible voltage range being 10 mV (minimum 
optical signal to be observed), and 100 mV (film 
rupture) the amplitudes of the transmission modu- 
lation are proportional to the dc current. At least 
for small currents (less than 10 -7 A//cm 2) there is 
a linear relationship between the ionic current and 
the observed linear transmission modulation. 

The experimental results presented show, that 
the current flowing through the bilayer is related 
to the 'linear' component of the transmission sig- 
nal. Ion transport across the hpid bilayer is associ- 
ated with a change of the refractive indices of the 
wave-guide. This change is monitored by the in- 
tensity of the guided light. 

A transport induced optical asymmetry in the 
black film waveguide will occur if either the index 
of refraction of the cation or the anion is different, 
or their transport properties (drift and diffusion) 
are unequal. Different products of ion concentra- 
tion and specific ionic refractive index result. 

Principles of wave-guides 

A short introduction to the principles of wave- 
guide optics is now presented to facilitate the 
discussion of the different wavetypes, which have 
been experimentally observed. 

The wave-guide mode (center peak in Fig. 3) 
The electromagnetic field in a wave-guide with 

a given geometry is fully determined by solving the 
Maxwell equations with the appropriate boundary 
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Fig. 8. Intensity modulation versus voltage and current. Film: 
asolectin in 1 M KC1 in angular position B. The amplitudes of 
the transmission modulations have been plotted versus the 
exciting voltage pulses and the dc current which would flow 
under similar permanent voltages. 

conditions [12]. The wave-guide consists of an 
infinite layer of thickness 2d and an index of 
refraction n~, surrounded by homogeneous media 
of refractive index n 2. The analytical expression of 
the amplitude for the symmetric transverse electric 
(TE) wave inside and outside the wave-guide is 
given by (the harmonic oscillations in time and 
space are omitted): 

Ixl ~ d: gy = A.cos(ux/d); u = 2~. (d/X). (n 2 - g 2)1/2 

(2a) 

Ix I ~ d : E y = A . c o s  u . e x p ( ± q ~ q x / d ) ;  

q = 2 ~ . ( d / X ) . ( N  2 - n22) 1/2 (2b) 

)~ is the vacuum wavelength of the guided fight and 
N is the refractive index of the waveguide in a 
certain mode. Only TE-modes will be discussed, 
the transverse magnetic waves are found in the 
literature being cited. Eqn. 2b describes the trans- 
versal attenuation of the wave in the surrounding 
medium with a characteristic width w = d /q .  

A description in terms of ray optics with con- 
structively interfering planar waves running in 
'zig-zag' mode is equivalent to wave calculations 
as long as peculiar properties such as the Goos- 
H~inchen shift at the total reflecting phase 
boundary are taken into account [13]. 

Fig. 9 shows the cross-sectional view of a planar 



waveguide and the ray path of a bound mode. The 
prerequisite for wave-guiding, i.e., total reflection, 
requires that n~ is always greater than n 2. The light 
beam enters the guide at A and is reflected at B. 
The amplitude of the reflected wave is the product 
of the amplitude of the incident wave times the 
Fresnel reflection factor R, at B. The reflection 
coefficient R as a function of the angle of inci- 
dence 81 is shown in Fig. 10. For angles greater 
than O~ we get total reflection. R is a complex 
number with an absolute value of 1. For 01 less 
than 0~ R is real and less than 1. 

RTE=(nl.cosO,--n2cosO2)/(n, cosOl+n:cos02) (3a) 

01 and 02 are related by Snell's law of refraction. 

n I • sin 01 = n 2" sin 02 (3b) 

The critical angle of total reflection is defined by: 

sin 0 c = n2/n I (3c) 

In the case of total reflection R is complex with 
an absolute value of 1. The totally reflected beam 
suffers some phase shift • with respect to the 
incident beam, because the reflected wave 
penetrates a distance Ax into the less denser 
material and returns to the phase boundary after a 
lateral shift of A z. This is the Goos-H~nchen shift. 
Another phase shift occurs within the layer, when 
the light passes under an angle 0 M through the 
lipid material with an index of refraction n~. This 
is simply the optical thickness. Obviously the wave 
energy is not exclusively confined to the physical 
thickness 2d of the wave-guide but is spread over a 
lateral distance 2d + 2Ax. This represents the ef- 
fective thickness of the wave-guide d e f  t . In the 
wave picture dee f is equivalent to the sum of 2 d / q  
plus 2d. Energy may be transported in the z 
direction, if one reflection cycle along the points 
A-B-C is a multiple of 21r. This phase match 
condition leads to the characteristic equation which 
defines a bound wave-guide mode by counting the 
number M of nodes of the light field within the 
geometry of the wave-guide. 

4.(2~rd/h).n 1 cos0  M - 4  tan-l(q/u) = 2~-.M (4) 

The solution of Eqn. 4 selects the discrete 'zig-zag' 
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Fig. 9. Ray picture of a light guiding structure. The ray 
impinges under the angle of propagation, 0 M, of the guided 
mode at the totally reflecting phase boundary nl/n 2 (n I > n2). 
It experiences a Goos-H~nchen shift Az. The right part of the 
scetch shows the field distribution of the TE mode in the 
equivalent wave description. Ax  corresponds in the ray picture 
to the 1 / e  point of  the transversal at tenuated wave. The sum of 
the physical thickness 2d  and 2Ax  denotes the effective thick- 
ness of the wave-guide. 

angle O M for a mode. The central and the evanes- 
cent parts of the mode travel with a common 
velocity expressed by a system-index N: 

N = n 1 . sin 0 M (5) 

Modes of this types are known as surface waves in 
literature. 

The data for  the lipid bilayer wave-guide 
We can now consider some aspects of a lipid 

membrane wave-guide. The refractive index of a 1 
M KCI electrolyte, n 2, is 1.34 [15]. A commonly 
accepted value for the refractive index, n~, of the 

IR4 E 
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0 67.5/+~ () C 
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90 ° 0 

Fig. 10. Reflection coefficient as a function of the angle of 
incidence. The insert shows the definition of the angle of 
incidence. For 01 < 0c R is real and less than unit. For 01 > 0r R 
is complex and its absolute is unity. The arrow indicates the 
position of the angle of  propagation of the TE surface mode. 
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lipid film is 1.45 and its physical thickness 2d = 5 
nm is only about 1% of the guided wavelength 
(using light of )~ = 500 nm) [14]. Therefore only the 
lowest order mode with the maximum light field 
centered within the wave-guide can be supported 
by the film. In this situation the wave-guide index 
of refraction N is nearly equal to n 2 (N  - n 2 = 4.  
10 -5 for ~, = 500 nm). A further consequence of 
the small value of the d/X ratio is a 'zig-zag' angle 
very close to the critical angle (0¢ = 67.53872 °, 
00-rE = 67.54227°). Therefore the angular spread of 
the lossless surface mode must be twice the angu- 
lar difference 0or E - 0 c = 0.01 o, otherwise the total 
reflection condition would be violated. The char- 
acteristic length, 1, of one reflection cycle between 
A and C consists of the ray path within the layer 
and the Goos-H~'achen shifts. It can be calculated 
as the projection of the ray path onto the surface 
of the layer. A simple formula (for 0 M = 0 c with 
0 M > 0c) is given in Ref. 16. 

A Z = 2~" tan 0c/[2 ~r. n 1 • (sin20M -- sin20c )] (6) 

A Goos-H~nchen shift Az of 86 wavelengths is 
obtained with both methods. Thus the characteris- 
tic length is dominated by the Goos-H~.nchen shift. 
The mode is weakly guided and spreads over a 
wide transverse distance; the points where the 
light field decays to a value of 1 / e  are separated 
by 33 wavelengths. Therefore the plane wave ap- 
proximations for the description of waveguide 
phenomena in bilayers are not an over-simplifica- 
tion of the problem. 

The radiation loss with a curved wave-guide 
The propagation of a surface mode in non 

absorbing media is virtually without loss. For the 
sake of simplicity a plane wave-guide has been 
discussed, but the experiments were performed 
with spherically curved wave-guides, where un- 
guided light interference can be avoided. The ef- 
fect of the curvature is discussed below. Another 
reason for the use of curved guides is that the light 
wave carried by a planar and symmetric wave- 
guide does not report upon which side a change in 
refractive index takes place. In order to distinguish 
sidedness, it is necessary to 'label' one side of the 
symmetrical wave-guide with respect to its wave- 
guiding properties by bending the guide. The re- 

fractive index, which is experienced by a guided 
wave at the outside of a curved slab, increases with 
the radial distance from the slab [17]. The wave 
portion running at the outside of the curvature has 
to travel a longer path than the inner portion in 
order to maintain a phasefront which is perpendic- 
ular to the wave-guide axis. 

The curvature of the wave-guide introduces 
radiation losses for the surface wave mode. Energy 
leaks out continuously from the convex side of a 
bent guide [18]. An estimation of these losses can 
also be given on the basis of the ray model. 

' In general, when a plane wave is incident upon 
a curved interface, it is only partially reflected. 
The transmitted wave in medium 2 appeares to 
originate at a distance Ytp from the curved outside 
(p = bending radius from the curved outside). 

Oi > 0c: Ytp = P [ (s in  0 i / s i n  0 c ) - 1 ] ( 7 )  

0 i __< 0c: Ytp = 0 (8) 

Thus we can view the apparent origin of the 
transmitted wave at Ytp > 0 as a form of elec- 
tromagnetic tunneling. Tunneling arises because 
the phase velocity of the (bound) wave in medium 
2, parallel to the curved interface, is less than the 
velocity of a plane wave in medium 2 for y < Ytp. 
At the position y = Ytp these two velocities become 
equal and the field disassociates itself from the 
interface by radiating into space' (quoted from 
Ref. 18). 

The location Ytp is identical with that point 
where the outward refractive index n(r) is equal to 
N. This will change the real transverse attenuation 
constant into an imaginary one and the field starts 
to radiate (Eqn. 2b). 

The loss of a single reflection at a curved inter- 
face is calculated by the generalized transmission 
coefficient [18]. It is given by the absolute of the 
Fresnel transmission factor T in Eqn. 9 multiplied 
by a curvature factor C in Eqn. 10. 

TTE = 4(COS20c//COS20i -- 1) '/z (9) 

In the case where the angle of incidence is close to 
the angle of total reflection, C is given by: 

C=exp[-4~rpnl.(cosZOc-cosZOi) 3/2 /3sin20i] (10) 



The total radiation loss at the bend in the wave- 
guide is calculated by ray tracing at a succession of 
single reflections at the concave interfaces along 
the whole guiding structure [19]. If 1 is the length 
for one reflection cycle and L the total length of 
the curved guide, the losses sum up to: 

aP/P = (1-  r .c)  L/=' (11) 

At the concave curvature there is no tunneling and 
the Fresnel coefficient for the plane interface is 
valid. The radiation loss computed by this method 
is in quite good agreement with calculations made 
with the help of the WKB method [20]. The radia- 
tion loss of the bound TE mode along a black film 
wave-guide of 1 mm length with 2 mm radius of 
curvature at 500 nm wavelength is approx. 47%. 

The leaky wave (satellite peaks in Fig. 3) 
Eqn. 4, which defines a wave-guide mode can 

also be solved for complex angles of propagation. 
Admitting those angles, the refractive index of the 
wave-guide, N, turns out to be complex, too. The 
imaginary part of N accounts for propagation 
losses of the guided light intensity. This attenua- 
tion, however, is due to the leakage of light energy 
out of the z direction of the wave-guide geometry; 
it is not due to the absorptive dissipation of light 
intensity as commonly associated with a complex 
index of refraction in optical absorption spectros- 
copy. The incident rays which constitute the wave- 
guide modes by constructive interference during 
one reflection cycle are no longer plane waves with 
a homogeneous amplitude distribution. The com- 
plex component in 0 introduces a spatial ampli- 
tude attenuation in the x and z direction of the 
ray. An inhomogeneous wave of this type can be 
visualized as a spatially confined ' ray bundle'. The 
direction of energy propagation is no longer in 
parallel to the wave-guide axis, but occurs under a 
certain angle with respect to it. If the amplitude 
distribution of the incident beam is known, the 
above zig-zag ray picture can be extended to com- 
plex rays. A complex reflection coefficient R can 
be derived by inserting the complex angles 81 and 
82 into Eqn. 3a. The reflected and the transmitted 
field can be calculated, as well as the characteristic 
length of one reflection cycle. The longitudinal 
attenuation of the leaky wave is calculated similar 
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to Eqn. 3a [19]. The complex solutions are out- 
lined in Ref. 21 and a detailed discussion of surface 
and leaky waves is given in [22,23]. 

A solution of Eqn. 4 for complex N yields leaky 
waves which propagate with an angle of _+ 3.3 ° 
towards the surfaces of the wave-guide. This is 
exactly the angular separation of the lateral peaks 
from the center peak which has been found in Fig. 
3. The calculated attenuation coefficient of 
0 .34 /mm is somewhat smaller than the observed 
one, but curvature losses and radiation due to 
wave-guide imperfections have not been taken into 
account. 

The origin of the change of the linear intensity 
modulation 

A leaky wave is excited by a spatially confined 
ray bundle where the beam field is distributed 
with a small angular spread about the main direc- 
tion of incidence. This beam can be decomposed, 
by Fourier optics [24], into a spectral distribution 
of plane waves. A fraction of partial waves of this 
bundle will experience partial reflection when it is 
launched at the angle of the satellite peak. As can 
be seen from Fig. 10, R is a very sensitive function 
of 01 on approaching 0 c from the real side. In our 
experiments the angle of incidence 0 i will be fixed 
but the index of refraction n 2 is changed by the 
ion transport. Thus the critical angle of total re- 
flection and the angle of mode propagation will 
change with respect to the fixed angle of incidence. 
A varying portion of the ray bundle may experi- 
ence partial or total reflection, depending on which 
side the refractive index of the electrolyte is in- 
creased or reduced by ion transport. At the transi- 
tion point from partial to total reflection, in closest 
proximity of 0 i ~ Oc, R becomes a steep rising 
function of n 2. This calculation has to be done for 
all the partial rays of the bundle. The losses must 
be weighted and summed up according to their 
spectral amplitude in the bundle. The characteris- 
tic length for one reflection cycle is mainly 
governed by the Goos-H~nchen shift of the totally 
reflected partial waves of the incident beam. The 
attenuation coefficient of the leaky wave is calcu- 
lated, similar to Ref. 19, as the sum of the reflec- 
tion losses from partial reflections versus the length 
of the reflection cycle. 

Since there is no phaseshift with partial reflec- 
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tion, the amplitude of the incident wave will be 
attenuated to the amplitude of the transmitted 
wave (transmission loss) within a fraction of one 
wave length. Thus the partially reflected waves 
monitor the distribution of the refractive indices in 
the closest proximity of the phase boundary be- 
tween electrolyte and lipid film. 

There are no reliable data about the ion trans- 
port through pure films. The concentration profile 
of monovalent electrolytes at the phase boundaries 
of a neutral lipid film has been calculated when 
the film is charged by an external electrical poten- 
tial [25,26]. Near the positive phase boundary the 
concentration of the chloride ions increases and 
the potassium concentration decreases, while on 
the other side the ratio of ion concentrations is 
reversed. This exchange of charges across the bi- 
layer is accompanied with a change in the refrac- 
tive indices at both sides. The space charge is 
screened with the Debye-Hiackel length towards 
the infinitely extending electrolyte. The refractive 
indices are easily calculated by multiplying the net 
molar ion concentrations at each side with the 
specific molar refractive index of the ion species. 

The specific index of refraction for aqueous 
solutions of potassium, sodium and chloride ions 
are derived by comparison of equimolar solutions 
of chloride electrolytes with small cations like 
H ÷, Li ÷ [15]. The specific index is calculated by 
decomposing the total index of refraction of the 
solutions into aqueous, cationic and anionic con- 
tributions. 1 M C1- yield 8.2.10 -3, 1 M K ÷ or 1 
M Na ÷ yield 1.4-10 -3 of additional refractive 
index. 

The variation of the refractive index at the 
phase boundary is converted into a modulation of 
the transmitted light intensity by the loss mecha- 
nisms of partial reflection and radiation from 
bendings in the wave-guide. The change of the 
refractive index is relatively small, approx. 10 -7 
for a 10 -3 M NaC1 solution, but its effect upon 
the transmitted light intensity is amplified by mul- 
tiple reflections along the optical path. The linear 
modulation signal in Figs. 4 and 6 thus monitor, 
according to our model, the temporal development 
of the ionic space charge at the phase boundaries. 

The leaky wave and the surface mode differ 
vastly with respect to their penetration into the 
electrolyte. Due to total reflection the proper 

surface mode extends some tens of micrometers 
into the electrolyte, whereas the partial reflections 
of the leaky wave take place in the immediate 
proximity of the phase boundary. 'Leaky-wave' 
spectroscopy, therefore, enables investigation of 
immediate border-layer phenomena, with ex- 
tremely high sensitivity to changes of the refractive 
index in this layer. 

Carrier mediated ion transport in black lipid 
films has been well described and reliable data on 
this topic exist [27]. Light transmission experi- 
ments were carried out with various carriers. The 
results which agree with those obtained by electri- 
cal methods will be published in the next paper in 
this series. 

Conclusions 

Wave-guide spectroscopy on black bimolecular 
films proves to be a very sensitive technique for 
the investigation of ion transport. The ions are not 
detected by their electric charge but by their re- 
fractive index. A light wave propagating along the 
guiding structure senses the variation in refractive 
index generated by the ion transport. The phase 
information about the refractive index distribution 
modulated on the wave is converted into an inten- 
sity modulation of the transmitted light by the loss 
mechanisms of the leaky wave and the radiation 
loss from the curved wave-guide. The technique is 
applicable to optically absorbing as well as to 
non-optically absorbing ions. It is well suited for 
the investigation of current relaxation experiments 
~t short times, where electrical methods are limited 
ay the capacitive charging spike. 
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