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SUMMARY 

The electrical properties of bimolecular phospholipid membranes separating 
two aqueous electrolyte solutions were investigated. The membranes were formed 
from solutions of egg phosphatidyl choline or pure synthetic dioleyl phosphatidyl 
choline in n-decane. From measurements of the electrical capacity, the membrane 
thickness was calculated to be 7o4-1o A. In NaC1 or KC1 solutions the resistance of 
the membrane was very high (up to lO 8 Q.  cmi). When C1- in the solutions was ex- 
changed with I- ,  the membrane conductivity increased by a factor of about lO3; it 
returned to the original value when I -  was again replaced by C1-. With I -  solutions 
of different concentrations on both sides, a steady membrane potential of nearly the 
limiting value was observed. This membrane potential was almost unchanged even 
in the presence of a IOO- to IOOO-fold excess of C1-. A definite interpretation of these 
results is difficult before the mechanism of charge transport within the membrane 
(ionic or electronic) is established. 

INTRODUCTION 

The ability of certain lipid molecules to build up two-dimensional arrays plays 
an important role in the structural organisation of living cells. Lamellar arrangements 
of lipids are found not only in cell membranes, but also in such highly specialized 
structures as mitochondria, chloroplasts, and the photoreceptors of the vertebrate 
retina. Both electron microscopy 1-a and X-ray diffraction techniques 4,s have led to 
the conclusion that the thickness of the lipid layer in these lamellar systems is about 
5O-lOO A. This finding is consistent with the concept that the basic structure of the 
cell membrane includes a bimolecular sheet of lipid molecules, arranged so that the 
hydrocarbon tails constitute the interior of the membrane, whereas the polar end- 
groups point toward the outer mediumS, 7. It  appears that in many cases protein 
molecules are embedded in the bilayer or attached to its polar surfaces. In this way 
spatially ordered arrays of enzymes and other functional molecules can be built up. 
There is now considerable evidence that the fundamental energy conversion processes 
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like oxidative phosphorylation in mitochondriaS, 9 or photosynthesis in chloroplasts 1° 
take place in ordered systems of enzymes arranged on a lipid matrix. 

At the present time the processes occurring in natural lipoprotein membranes 
are only very poorly understood on a molecular level, because any attempt to make 
direct physical measurements on structures like mitochondria or photoreceptors 
meets with great difficulties due to the complexity and smallness of the object. In 
view of these difficulties experiments with artificial bimolecular lipid membranes of 
known composition offer many advantages. The first attempts to build up thin lipc)- 
protein membranes of macroscopic area were made by LANGMUIR AND WAUGH 11 w h o  

obtained films of lecithin (the major phospholipid component of many cell membranes) 
at the interface between benzene and an aqueous protein solution. These films were 
not very stable and no further experiments were reported. In 1962, MULLER et al .  ~2-~5 

described a simple method by which very thin lipid membranes with an area of a few 
square millimeters could be formed in an aqueous salt solution. The optical appearance 
of these membranes is similar to the so-called black soap films in air, whose thickness 
is in the order of ioo A. Compared with natural lipid membranes the artificial films 
show a very high electric resistance, but a capacitance lying well within the range of 
values found with cell membranes. Since the brain extract used by Mf3LLER and his 
co-workers was a mixture of several lipids and proteolipids, the composition of these 
membranes may have been rather complex. Recently it has been shown by HANAI, 

HAYDON ANn TAYLOR 16 that ,,black" membranes could be obtained with pure prepa- 
rations of lecithin (=  phosphatidyl choline) dissolved in a hydrocarbon such as n- 
decane. However, the structural requirements for the formation of stable membranes 
seem to be rather critical. HUANG 6, WHEELDON AND THOMPSON 17 found that membranes 
could be formed with a lecithin containing a high proportion of unsaturated fatty 
acid chains, whereas a completely saturated lecithin (such as synthetic g-g-dipalmitoyl 
phosphatidyl choline) failed to give stable membranes. By measuring the intensity 
of reflected light, HUANG AND THOMPSON is obtained a value of 72 4-IO2~ for the thick- 
ness of the black membrane. This value agrees fairly well with the thickness deter- 
mined from measurements of the electrical capacitance of the membrane~6,19, 2°. As 
the length of a fully extended lecithin molecule (with Cls fatty acid chains) is about 
30-40 ~t, it seems very probable that the artificial lipid membranes consist in fact of a 
bimolecular sheet of oriented lecithin molecules. 

In this paper we present some further investigations on the electrical properties 
of black lecithin membranes. The electrical capacitances of tt~e membranes were 
determined by two different methods; the observed values confirm the earlier results 
of HANAI, HAYDON AND TAYLOR 16. In order to obtain information on the ionic per- 
meabilities, we measured the electrical conductivity in different electrolyte solutions. 
It was found that the I -  ion has a very specific influence on the electrical properties 
of the membrane. In I -  solutions the membrane conductivity is increased by a factor 
of about lO 3 compared with C1- solutions. Besides this, if the adjacent I -  solutions 
have different concentrations, membrane potentials of nearly the theoretical value 
are observed. 
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Materials 
Egg lecithin ( =  egg phosphatidyl choline) was prepared according to PANG- 

BORN zl and stored at - -18  ° as a 2 % solution in absolute ethanol. By means of glass 
beads the air space above the solution was kept as small as possible. The solution 
could be used for at least 8 months. 

L-a-Dipalmitoyl phosphatidyl choline (synthetic puriss.) obtained from Fhika 
A.G., Buchs, was used without further purification. 

L-a-Dioleyl phosphatidyl choline was synthesized using the well-known method 
of acylating L-a-glyceryl phosphoryl choline. L-a-Glyceryl phosphoryl choline was 
prepared according to the method of TATTRIE AND McARTHUR 22 with commercial 
lecithin (Merck) as starting material. The cadmium chloride complex of I.-a-glyceryl 
phosphoryl choline was allowed to react with oleyl chloride in the presence of pyridine. 
Oleyl chloride was prepared from oleic acid (from Fluka, ~>98 o/~) and thionyl chlor- 
ide 24. The reaction mixture was extracted with aq. NaHCO 3 solution and further 
purified on an ion exchanger (Amberlite IR-45 and IRC-5o in equal amounts) and 
two silicic acid columns ~5,26. The infrared spectrum of the synthesized phosphatidyl 
choline agreed with the spectrum reported in the literature 27. On the thin-layer 
chromatogram the product proved to be free of lysolecithin and fa t ty  acids (Kieselgel 
G, Merck, with chloroform-methanol-water  (65 : 25 : 4,v/v) as solvent ; the spray reagent 
was alcoholic rhodamin B and Dragendorff reagent). The gas-liquid chromatographic 
analysis of the fa t ty  acids obtained by hydrolysis of the synthetic lecithin showed the 
main peak of oleic acid (~-~96 °/o ) and some minor peaks (presumably 16: o, 18 : o and 
2o:1 fa t ty  acids). The specific rotation of the dioleyl phosphatidyl choline was 

Esl~ - -  + 4.8. 
Sphingomyelin (from beef brain, purified) was obtained from Sigma. In the 

thin-layer chromatogram the substance appeared as a single spot. 

Membrane formation 
I f  not otherwise indicated, a I °/o solution of egg phosphatidyl choline in n- 

decane was used. This solution was freshly prepared every day from the stock solution. 
The membrane was formed at 35 ° on a small ~:ircular aperture in the wall of a teflon 
cell (see below) which was immersed in an aqueous solution. By means of a short 
piece of teflon tube mounted on a i-ml injection syringe, a small portion of the phos- 
phatidyl choline solution was transferred under the water surface and spread over the 
aperture as a thin liquid lamella. Under the combined influence of gravity and capilla- 
ry forces most of the material was displaced toward the rim of the hole. When the 
aperture was observed with a low-power microscope in reflected light, intense inter- 
ference colours were visible during the thinning of the lamella. About I min later, 
,,black" fields appeared in the coloured area, indicating an abrupt  decrease in the 
thickness of the film. These fields slowly expanded until almost the total area of the 
hole was covered with a uniform membrane, showing only a feeble light reflection. 
Membranes formed in this way were usually stable for several hours. In most experi- 
ments the diameter of the hole in the teflon cell was 3 mm, but  membranes with a dia- 
meter  of 5 mm (F ~ 20 mm 2) could be formed without difficulties. In each experiment 
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Fig. 1. Cell for electrical measurements. C, teflon cell; E, calomel electrodes; G, glass cell; M, 
membrane; T, teflon tubes. 

the area of the black film (which usually was about IO °/o smaller than the total area 
of the hole) was determined with the aid of a meastiring eyepiece. 

The cell 
The arrangement for the electrical measurements is shown in Fig. I. I t  consisted 

essentially of an outer glass cell (G) (2 cm x 2 cm x 2 cm) and an inner cell (C) made 
of teflon. Both compartments were filled with an aqueous salt solution. The membrane 
was formed on the hole in the wall of the teflon cell. The glass cell was surrounded by 
a thermostated metal block with a window for observation of the membrane. For the 
measurement of membrane resistance or concentration potentials, saturated calomel 
electrodes (E) were inserted in the cell. The whole assembly (cell + electrodes) was 
carefully screened, the electrode in the outer compartment being at the same potential 
as the screen. 

In some experiments, after the membrane had been formed in a solution A, the 
liquid in one or both compartments had to be replaced by a second solution B. This 
could be done with the aid of four motor-driven injection syringes which were 
mechanically coupled, forming a push-pull arrangement. Each syringe had a capacity 
of 20 ml and was connected with the cell by a teflon tube (T). Small differences in the 
liquid levels during the exchange could be compensated by means of an additional 
syringe (not shown in the figure). With this arrangement the solution in one or both 
compartments could be completely exchanged within about 5 min without destroying 
the membrane. 

Electrical measurements 

The electric resistance of the membrane was measured with a variable voltage 
source and a Keithley 15o A microvolt-ammeter with a sensitivity of lO -l° A full 
scale. For the observation of membrane potentials the membrane was formed in an 
electrolyte solution of concentration cl; thereafter the electrolyte at one side of the 
membrane was replaced by a solution of concentration c2. After the exchange, the 
potential difference between the two solutions was measured using calomel electrodes 
and a Knick millivoltmeter with an internal resistance of >5"  lOll ,(2. 

The electric capacitance of the membrane was measured by two different 
methods. In the first method the membrane was made part of a RC-network, in which 
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an external resistance R of known value ties parallel to the membrane capacitance C. 
By means of a square-wave generator and a series resistance Rs>>R rectangular current 
pulses were applied to the network. From the rise time z = RC of the voltage across 
the resistance R, measured by a Tectronix 533 cathode-ray oscilloscope, the membrane 
capacitance C could be determined. The maximum voltage across R was 50 mV peak 
to peak. The cell was filled with o.I M KC1, and platinum electrodes coated with 
platinum black were used. Under these circumstances, the resistance of electrodes 
solution was much smaller than R, and the resistance of the membrane very high 
compared with R, so that the equivalent circuit of the cell was given by a single 
capacitance C. 

In a second series of experiments, the capacitance of the membrane was meas- 
ured with an alternating current bridge method 16. A Wayne Kerr B 221 bridge was 
used in combination with an external source (General Radio I210-C oscillator) and 
detector (General Radio I232-A tuned amplifier and null detector). Platinum elec- 
trodes as before were inserted in the cell. With the high sensitivity of the detector, 
a voltage of about 2o mV peak to peak was sufficient for balancing the bridge. With 
this arrangement, the impedance of the cell + membrane could be measured in terms 
of the equivalent parallel components of resistance and capacitance over a frequency 
range from 2oo cycles/sec to 2.104 cycles/sec. Since the membrane resistance was 
very high compared with the resistance R 0 of the electrodes + solution, and the 
capacitance of the teflon cell very low compared with the membrane capacitance C, 
the equivalent circuit could be approximated with sufficient accuracy by a series 
combination of R 0 and C. The values of R o and C could then be obtained from the 
measured values of the equivalent parallel components in the usual way. It  was also 
possible to measure the membrane capacitance while a d.c. voltage was applied across 
the membrane in addition to the small a.c. bridge signal. 

RESULTS 

Chemical composition and stability of bimoleeular membranes 
The first experiments were made with natural egg phosphatidyl choline which 

is known to be a complex mixture of molecular species differing in the nature of the 
fat ty acid residues. It  seemed therefore desirable to use a phosphatidyl choline of 
chemically uniform composition. From the experiments of HOANG, WHEELDON AND 
THOMPSON 17 it was already known that pure dipalmitoyl phosphatidyl choline with 
completely saturated fat ty chains failed to give stable bimolecular membranes. It  
appears therefore that a certain degree of unsaturation is essential for membrane 
stability. In fact, we found that with a n-decane solution of pure synthetic dioleyl 
phosphatidyl choline (one double bond per fat ty acid residue) one could obtain black 
membranes which were stable for several hours. With respect to their electrical pro- 
perties (see below) these membranes were not very different from the egg lecithin 
membranes. Likewise, a I : I mixture of dipalmitoyl phosphatidyl choline and dioleyl 
phosphatidyl choline also gave stable bimolecular membranes. However, as the bi- 
molecular film did not necessarily have the same composition as the bulk solution, 
the molecular proportion of saturated and unsaturated phosphatidyl choline in these 
membranes was unknown. 

In this connexion an interesting question arises, namely: what structural pre- 
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Fig. 2. Conduct ivi ty  change of an egg phosphat idyl  choline membrane  during replacement  of  
C1- by  i -  in the outer  medium. 

requisi tes  mus t  a molecule possess in order  to form bimolecular  films in an aqueous 
solut ion? This quest ion is compl ica ted  b y  the fact  t ha t  solvent  molecules (n-decane 
in our  case) m a y  cons t i tu te  a pa r t  of  the  m e m b r a n e  s t ructure .  A few a t t e m p t s  were 
made  to bui ld  up  b lack  membranes  wi th  l ipid molecules o ther  than  phospha t idy l  
choline, bu t  wi th  l imi ted  success:  only  sphingomyel in  which has the  same po la r  group 
as phospha t i dy l  choline wa~ found to give b imolecular  membranes .  These membranes  
were formed in the  usual  w a y  from a 1 %  solut ion of beef-bra in  sphingomyel in  in 
ch lo ro fo rm-decane  (I :I ,  v/v).  They  were s tab le  for only  a few minutes .  

Electrical resistance of the membrane in different electrolyte solutions 
In  NaC1 or KC1 solut ions the  electr ical  resis tance of  egg phospha t idy l  choline 

membranes  was ve ry  high bu t  of poor  reproducibi l i ty .  Al though  the res is tance of a 
given m e m b r a n e  was in most  cases fa i r ly  cons tant  over  a per iod of  about  2 h, the  
measured  resis tance values ranged between lO s and  i o  s / 2 .  cm 2 for different mem- 
branes.  One m a y  therefore  suspect  t ha t  the  observed resis tance values did  not  give 
the  t rue  res is tance of the  phospha t i dy l  choline films, bu t  r a the r  depended  on the  
presence of  t race  impur i t ies .  

However ,  a ve ry  p ronounced  and reproducible  effect on the  m e m b r a n e  conduc-  
t i v i t y  was observed  when in the  outer  solut ions the  C1- ion was replaced b y  the  I -  ion. 
A typ ica l  exper imen t  is represented  in Fig. 2. The membrane  was formed in a IO 3 M 
NaC1 solut ion and  showed a cons tan t  conduc t iv i ty  of  about  5" IOnS Q - l . c m - ~  af ter  
the  whole area  was in the  "b lack"  s ta te .  When  the medium on bo th  sides of the  
m e m b r a n e  was then replaced  b y  IO -3 M NaI ,  the  conduc t iv i ty  increased b y  a fac tor  
of abou t  lO 3. This change in the  electric res is tance of the  membrane  was reversible  : 
i f  the  original  s ta te  (10 -8 M NaC1 on bo th  sides) was recons t i tu ted ,  the  conduc t iv i ty  
r e tu rned  to a ve ry  low value. (As not  all I -  ions could be removed  in the  second ex- 
change,  the  conduct iv i t ies  a t  the  end and  at  the  s t a r t  of the  exper iment  were not  
exac t ly  equal.) The  s t rong increase in the  membrane  conduc t iv i ty  was observed also 
wi th  o ther  I -  solut ions regardless  of  the  cation. In  this  case i t  is ev ident  t ha t  the  
conduc t iv i t y  was a real  p r o p e r t y  of  the  b lack  film an not  caused by  border  leakage:  
when the  membrane  was formed in a I -  solution,  the  resistance was ve ry  high in the  
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Fig .  3. C u r r e n t - v o l t a g e  c u r v e  of  a f l io ley l  p h o s p h a t i f l y l  cho l i ne  m e m b r a n e  in  lO -2 M K I .  

early stage as long as only a thick coloured lamella was present, but  decreased by  
several orders of  magni tude  during the expanding of  the black area. 

A strictly linear relation between the applied voltage V and the current I 
through the membrane  was observed only at voltages V ~ 30 mV. This was true with 
C1- as well with I -  solutions. The resistance values given above refer to this linear 
region. A complete current -vol tage  curve of a membrane  in lO -2 M KI  is represented 
in Fig. 3. The current increased more rapidly than the voltage;  at V = ioo mV the 
deviation from linearity was more than IOO %. I f  voltages V >~ 200 mV were applied, 
dielectric breakdown occurred with most  membranes  after a few seconds. At this 
voltage the electric field s t rength in a IOO fli thick membrane  is 2. lO 5 V/cm, corre- 
sponding in order of magni tude  to the breakdown field s trength in hydrocarbons.  

M e m b r a n e  potent ials  
I f  a membrane  separates two solutions of the same electrolyte but  with different 

concentrat ions c 1 and c 2, an electrical potential  difference zl~p - ~p2--v?i is built up in 
general. The value ofz l~  depends on the transference numbers  n+, n_ of  the permeat-  
ing ions in the membrane.  I f  the membrane  is much more permeable to one ion than 
to the other, the potential  difference assumes its limiting value 

R T  ¢~ 
_d~p = 4 - - - I n - -  (1) 

F c 1 

(R = gas constant,  F = Fa raday  constant ,  T = absolute temperature;  the act ivi ty 
coefficients are bo th  assumed to be unity). Wi th  c2/c 1 = io  the limiting value of  A~ 
is 61.1 mV at 35 °. 

Membrane potentials with a fixed concentrat ion ratio of cdc  1 = IO were meas- 
ured with several electrolytes. In  the case of NaCI, KC1 and K I O  3 inconstant  and non- 
reproducible potentials in the order of 3o mV were obtained. A well-defined membrane  
potential  was observed, however, with iodide solutions. Fig. 4 represents the potential  
difference AW between the outer solutions of  an egg phosphat idyl  choline membrane  as 
a function of  t ime (for pure dioleyl phosphat idyl  choline membranes  the result was 
almost the same). At  the s tar t  of the experiment bo th  solutions contained lO -2 M KI,  
and d~p was zero (apart from a small a symmet ry  potential). When  solution I was ex- 
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Fig. 4. P o t e n t i a l  difference A~a = y~, -- ~1 
and  end of the  e x p e r i m e n t  bo th  so lu t ions  
is replaced by  IO -s M KI.  

across an egg p h o s p h a t i d y l  choline membrane .  At  s t a r t  
con ta in  lO -2 M K I ;  in the  i n t e rmed i a t e  p a r t  so lu t ion  i 

changed with lO -3 M KI, a steady potential difference of 5o mV was observed, which 
remained constant over at least I h. I f  then solution I was again replaced by IO -~ M 
KI, the potential returned to nearly zero. 

This result may be interpreted by the assumption that the membrane is much 
more permeable to the I - i o n  than to the K ÷ ion. The previous conductivity experi- 
ments suggested that a similar difference exists between the I -  and the C1- ion. This 
was confirmed by membrane-potential measurements in which on both sides a large 
excess of KC1 was added to the KI solution. In the arrangement 

i • IO -s  M KI  ] I o .  lO-8 M KI 
m e m b r a n e  

9 9 " I o - S M  KC1 I 9 o . I o  - s M  KCI 

the K+ concentration on both sides was the same, so that only C1- and I -  could give 
rise to a membrane potential. I f  the membrane were equally permeable to C1- and I -  
the potential difference should have been zero because the total anion concentration 
was the same in both solutions. If, on the other hand, the membrane was much more 
permeable to I -  than to Cl-, a membrane potential near the limiting value A~p = 61.1 
mV of the iodide concentration potential should have been observed (as the ionic 
strength was the same on both sides, the activity coefficients cancel each other out in 
Eqn. i). In fact, a steady membrane potential of 61.o mV was obtained under these 
conditions. Even with I M KC1 on both sides in addition to IO -a M and IO -~ M KI 
respectively, the observed potential difference still remained 55-58 mV. Thus, a 
phosphatidyl choline membrane is capable of detecting activity differences of iodide 
in a ioo- to IOOO-fold excess of chloride. 

Capacitance measurements 
Within the limits of error both types of capacitance measurements yielded the 

same results, but the most accurate values were obtained with the bridge method. 
The capacitance of egg phosphatidyl choline membranes in o.I M KC1 was found to 
be independent of frequency in the range of 20-20 ooo cycles/sec and had a value of 
0.33+0.02 #F/cm 2. Membranes formed from pure dioleyl phosphatidyl choline gave 
almost identical results. A somewhat higher, but equally frequency-independent 
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value of  0.384-0.0I  # F / c m  2 was ob ta ined  by  HANAI, HAYDON AND TAYLOR16,19. In 
con t ras t  to the  poor  reproduc ib i l i ty  of conduc t iv i ty  measurements ,  the  capac i tance  
was a wel l - reproducible  p r o p e r t y  of the  phosphol ip id  membrane .  Var ia t ions  in the  
capac i tance  values (per cm ~) from one membrane  to another  were within a few per  cent 
and  resul ted  p robab ly  from errors in the  de te rmina t ion  of the  membrane  area. Be- 
sides normal  capac i tance  measurements  in which the vol tage  across the  m e m b r a n e  
was a lways  below 25 mV, the  influence of  a s t e ady  d.c. vol tage  on the membrane  capa-  
c i tance was also s tudied.  I t  was found t ha t  the  capac i tance  increased b y  about  I0 % 
when a d.c. vol tage  of  I00 mV was ma in t a ined  across the  membrane  in add i t ion  to the  
small  a.c. br idge signal. As the  capac i tance  is a measure  of  the  membrane  thickness,  
the  resul t  indicates  t ha t  the  m e m b r a n e  is compressed under  the  influence of  the  
electric field. 

DISCUSSION 

I t  is in te res t ing  to  examine  whe ther  the  measured  electr ical  proper t ies  of  the  
phospha t i dy l  choline film suppor t  the  p roposed  b imolecular  s t ruc ture .  F r o m  the  ve ry  
low conduc t iv i ty  one can conclude t ha t  the  grea ter  pa r t  of  the  membrane  is inaccessi-  
ble to  inorganic  ions. In  fact ,  wi th  a m e m b r a n e  th ickness  of  about  IOO A (see below), 
the  observed  resis tance of  IO s Q -  cm 2 corresponds to a specific resis tance of  lO 14 Q .  cm. 
This would agree wi th  the  assumpt ion  t ha t  the  in ter ior  of the  membrane  is formed b y  
the hydroca rbon  chains of the  phosphol ip id  molecules. 

The capac i tance  measurements  m a y  be in t e rp re t ed  b y  regarding the  whole 
sys tem as a paral le l  p la te  condenser  in which the  e lec t ro ly te  solut ions on bo th  sides 
of  the  membrane  are the  conduct ing  pla tes  and  the m e m b r a n e  is the  dielectric.  I f  C is 
the  capac i tance  and ¢m the  dielectr ic  cons tan t  of  the  membrane ,  then  the th ickness  d 

of  the  membrane  is given b y  

I 8m 
d = - -  x - -  (2) 

4~ C 

Since the  dielectr ic  cons tan t  of mos t  a l iphat ic  hydrocarbons  ranges between 2.o and  
2.2 (for ins tance  e = 2.o6 for n -hexadecane  at  2o°), we use em- -2 . I  as a mean  value.  
W i t h  the  measured  capac i tance  C = o.33" IO -~ F / c m  2 ( =  2.97" lO5 cm-1 in electro- 
s ta t ic  units) one ob ta ins  d = 56 A. Three  possible  sources of error  have  to be con- 

s idered in this  calculat ion" 
I. The membrane  is not  a homogeneous  phase  bu t  has ra the r  to be t r ea t ed  as a 

mul t i - l ayer  dielectr ic  wi th  a centra l  apola r  core and two po la r  surface regions. I t  can 
be shown 2°, however,  t ha t  the  polar  layers  which have a much grea te r  capac i t ance  
t han  the  hydroca rbon  core con t r ibu te  ve ry  l i t t le  to the  capac i tance  of  the  membrane .  
Therefore d is the  th ickness  of hyd roca rbon  layer ,  and  one has to add  5-1o A on eitheI 
side in order  to ob ta in  the  to ta l  th ickness  of the  film. 

2. I t  is ques t ionable  whe the r  the  dielectr ic  behav iour  of the  hydroca rbon  layer  
can be character is~d b y  the  dielectr ic  cons tan t  of  a bu lk  hydrocarbon .  As wa te r  
molecules are poss ib ly  incorpora ted  be tween the  f a t t y  acid chains,  this  m a y  be the  

most  serious error. 
3- Even  if  the  m e m b r a n e  can be considered as a homogeneous film wi th  th ick-  

ness d and  dielectr ic  cons tan t  ern, which is on bo th  sides in contac t  wi th  an e lect rolyte  
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solution, the measured capacitance C is not identical with the geometrical capacitance 
Cm = em/4~d of the membrane. The reason is the following: When a voltage V is 
maintained between the two electrolyte solutions, the electric charge C. V is not con- 
centrated in the surfaces of the film (as it would be in the case of an ideal condenser 
with metallic plates) but  rather spread out in the solution over a distance of the order 
of the Debye-Htickel  length. By solving the Poisson-Boltzmann equation the differ- 
ence between C and Cm can be calculated (see APPENDIX). I t  turns out that  under the 
conditions of our experiments the difference is negligible. 

I f  the thickness of a single polar layer is assumed to be 7 A, the capacitance 
measurements lead thus to an estimated value of 7o4-1o/~ for the total thickness of 
the membrane (hydrocarbon core + two polar layers). HANAI,  HAYDON AND TAYLOR 16 
obtained in a similar manner from their capacitance measurements a value of 48 4-I  
for the thickness of the hydrocarbon part  of the lecithin film. These results are in 
agreement with recent calculations based on stereomodels 28 yielding a value of 34 A 
for the length of a single phosphatidyl choline molecule (with C18 chains) in a bilayer. 
HUANC AND THOMPSON ls determined the thickness of a black phosphatidyl choline 
film by  measuring the intensity of reflected light and found 72±1o/~ .  By low-angle 
X-ray diffraction measurements FINEAN 5 obtained values of 48-51/~ for the distance 
of opposite phosphate planes in fresh, unfixed myelin. A similar thickness (41.7-44.9 
A) of the lipid layer was found in a s tudy of the lamellar phase in a concentrated phos- 
pholipid-water mixture 29. 

The most remarkable result is the specific influence of iodide ions on the electri- 
cal properties of the membrane. Both the strong increase of the membrane conductivi- 
ty in the presence of I -  and the occurrence of a concentration potential in I -  solutions 
can be explained by the assumption that  the membrane is much more permeable to I -  
than to other ions. This explanation, however, remains questionable, as long as the 
mechanism of charge transport  in the membrane is not established. For the present it 
is still unknown whether the membrane conductivity is ionic (charge transport  by  
migration of I -  ions) or electronic. The assumption of an electronic conductivity 
mechanism would imply that  under the influence of the applied electric field the I -  
ion is discharged on one side of the bilayer, giving off an electron which migrates 
through the membrane and combines on the other side with H20 or H+. A decision 
between the two conductivity mechanisms should be possible with the aid of isotopic 
tracer techniques. Experiments of this kind are now in progress. 

~ U  L 

x=-d x=O 

Fig. 5. Thin isolating film in contact  wi th  two electrolyte solutions. Electrical potent ial  ~ as 
funct ion of  the distance x in the presence of  an external  potential  difference U. 
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A P P E N D I X  

Capacitance of a thin film between two electrolyte solutions 
Consider a th in  isolat ing film of  th ickness  d and dielectr ic cons tan t  em which is 

a t  x = - d  and x = o in contac t  wi th  a I :I e lect rolyte  solut ion of concen t ra t ion  c 
(Fig. 5). Wi th in  the  film, the  e lec t ro ly te  concent ra t ion  is assumed to be zero. When  a 
po ten t i a l  difference U =- ~v, = ~--~v . . . .  is ma in t a ined  be tween the solutions,  a space 
charge  layer  is bui l t  up in the  v ic in i ty  of the  planes x = - d  and x ~ o. Fo r  x~>o the  
concen t ra t ions  c+ and  c_ of the  cat ions  and anions are given by  the Bo l t zmann  
relat ions 

c+ = c e -*(x)  a n d  9 (x) ~ F [ ~ ( x )  - -  y~(oo)]]RT (3! 

c_ ~ c e cp(x) 

where  ~p(x) is the  electr ical  po ten t i a l  a t  d is tance  x. Eqns.  3 are s implif ied in two 
respects .  F i r s t ly ,  t h e  (very small) influence of  pressure on the  po ten t ia l  energy of  an 
ion is neglected.  Secondly,  image  forces resul t ing from the d i scon t inu i ty  of the  di- 
electr ic cons tan t  in the  plane x = d/2 are not  t aken  into account .  As the  d i s tu rbance  
of the  ionic d i s t r ibu t ion  due to image  forces is confined to a d is tance  of  2-3 A from 
the  b o u n d a r y  3°,al, thei r  influence on the  capac i tance  is l ikewise small.  W h e n  Eqns.  3 
are inser ted  into the  Poisson equat ion  

d~v 4zt F(c+ -- c-) (4) 

d x  2 e 

(e ---- dielectr ic  cons tan t  of  water) ,  one ob ta ins  

8xt F a 
d2tP - -  K 2 s i n h  9 ,  Ks --  - - - -  c (5) 
dx  ~ e R T  

where K is the  reciprocal  of the  D e b y e - H t i c k e l  length. The solut ion sa t i s fy ing the 

b o u n d a r y  condi t ions 

~(c~) = U/2 a n d  ~ x = ~ o  = o (6) 

is given b y  
U R T  I - -  t a n h  ( a /2 )e -~X 

~p(x) = - -  + 2 - - I n  (7) 
2 F i + t a n h  ( a /2 )e  -Kx 

a ~ V[V /2  -- ~f(o)]/2RT (x > o) 

The po ten t i a l  ~0m within  the  membrane  is a l inear  funct ion of  x; this  follows from 

Eqn.  4 wi th  c+ = c_ = o. Therefore 

2 x + d  
~,, = ~(o) (--d < x < o) (8) 

d 

W i t h  the b o u n d a r y  condi t ion 

= e (9) 
8 m \  dx  ] x = o  ~ - x  x = o  

one obta ins  from Eqns.  7 and  8: 

e UF 
x d - -  s i n h  a + 2 a  = (IO) 

era 2 R T  
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Now, the capacitance (per cm ~) of the film is C -~ ~I/U, where ~ signifies the total  

charge per cm~: 

oo 
4cF 

a F I (c+ c_)dx = --  = s inh  a ( i i )  
J K 
O 

The integration was carried out using Eqns. 3 and 7. Finally we introduce U from 
Eqn. IO and obtain 

s inh  a 
C -= Cm (I2) 

2~X 8m 
- -  - -  + s inh  a 
Kd 

where Cm ----- Sm/4~d is the geometrical capacitance of the membrane per cm ~. Hence, 
Cm is always greater than the measured total capacitance C. For a given potential 
difference U the value of a can be determined by  graphical solution of the trans- 
cendental Eqn. IO. However, for small values of U, i.e. U<<RT/F~_25 mV, a is also 
a small quant i ty  according to Eqn. IO. In this case the approximation sinh u'ma 
holds, and Eqn. 12 becomes 

Cm 
C . . . . .  (i2a) 

2 8m 

K d e  

I n  a 0 . I  M s o l u t i o n  o f a  I : I  e l e c t r o l y t e  I /K  is  a b o u t  IO A .  P u t t i n g  d ---- 6o  A ,  e m =  2.1,  

e ---- 81 ,  w e  o b t a i n  C = o . 9 9 8  "Cm. A s  l o n g  a s  t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  is  r e l a t i v e l y  

h i g h  ( I /K  s m a l l ) ,  t h e  d i f f e r e n c e  b e t w e e n  C a n d  C m  c a n  t h u s  b e  n e g l e c t e d .  

ACKNOWLEDGEMENTS 

The authors wish to thank Professor Dr. K. BERNHARD for the gift of several 
lipids and Dr. P. LESCH and Dr. H. H. A. LINDE for helpful discussions. 

REFERENCES 

i F.  S. SJOSTRAND, Rev. Mud. Phys., 31 (1959) 3 ol .  
2 J.  D. ROBERTSON, in B. KATZ AND J .  A. V. BUTLER, Progress in Biophysics, Pergamon ,  New 

York,  i96o,  p. 343. 
3 H. FERN/~NDEZ-MOR~N, Circulation, 26 (1962) lO39. 
4 F. O. SCHMITT, a .  S. BEAR AND K. J. PALMER, J. Cellular Comp. Physiol., 18 (1941) 3. 
5 J. B. FINEAN, Circulation, 26 (1962) 1151. 
6 E. GORTER AND F. GRENDEL, J .  Exptl. Med., 41 (1925) 439. 
7 H.  DAVSON AND J. F. DANIELLI, The Permeability of Natural Membranes, Cambr idge  Uni-  

ve r s i ty  Press ,  Cambridge ,  1943. 
8 A. L. LEHNINGER, Rev. Mud. Phys., 31 (1959) 136. 
9 D. E. GREEN AND S. FLEISCHER, in A. C. FRAZER, Biochemical Problems of Lipids, Elsevier,  

A m s t e r d a m ,  1963, p. 325 . 
io  M. CALVIN, Rev. Mud. Phys., 31 (1959) 147. 
I I  J.  LANGMUIR AND D. F. WAUGH, J. Gen. Physiol., 21 (I938) 745. 
12 P. MOLLER, D. O. RUDIN, H. TI TIEN AND W. C. WESCOTT, Nature, 194 (1962) 979. 
13 P. MULLER, D. O. RUDIN, H. TI TIEN AND W. C. WESCOTT, Circulation, 26 (1962) 1167. 
14 P. M~2LLER, D. O. RUDIN, H.  TI  TIEN AND W. C. WESCOTT, J. Phys. Chem., 67 (1963) 534. 
i5 P. MOLLER, D . O .  RUDIN, H. TI TIEN AND W. C. WESCOTT, in J.  F. DANIELLI, G. K. A. 

PANKHURST AND A. C. RIDDIFORD, Recent Progress in Surface Science, Vol. I, Academic  Press,  
New York,  1964, pp.  379-393. 

Biochim. Biophys. Acta, 135 (i967) 20-32 



3 2 P. LAUGER ct a]. 

16 T. HANAI, D. A. HAYDON AND J. TAYLOR, Proc. Roy. Soc. London, Ser. A, 281 (1964) 377. 
17 C. HUANG, L. WHEELDON AND T. E. THOMPSON, .]. Mol. Biol., 8 (1964) I48. 
18 C. HUANG AND T. •. THOMPSON, J. 2"~I01. Biol., 13 (196.5) t83; ~0 (r966) 576. 
19 T. HANAI, D. A. HAYDON AND J. TAYLOR, J. Gen. Physiol., 48 (~965) 59- 
20 T. HANAI, D. A. HAYDON AND J. TAYLOR, J. Theoret. Biol., 9 (1965) 278- 
21 M. C. PANGBORN, J. Biol. Chem., 188 (I95t) 471. 
22 N. H. TATTRIE AND C. S. MCARTHUR, Biochem. P~'ep., 6 (1958) 16. 
23 E. I3AER AND D. BUCHNEA, Can. J. Biochem. Physiol., 37 (1959) 953- 
24 C. F. m. ALLEN, J. R. BYERS AI~'D W. J. HUMPHLETT, Org. Sy•., 37 (1957) 66. 
25 V. I{0GL, G. n .  DE HAAS AND L. L. M. VAN DEENEN, Rec. Trav. Chim., 79 (196o) 661. 
26 J. FOLCH, M. LEES AND G. 12[. SLOANE STANLEY, J. Biol. Chem., 226 (1957) 497. 
27 E. BAER, D. BUCHNEA AND A. G. ~J~EWCOMBE, ,]. All2. Chem. Soc., 78 (1956) 232. 
28 V. A. VANDENHEUVEL, J. A~z. Oil Chemists' Soc., 4 ° (1963) 455. 
29 V. LUZZATI AND F. EIIJssoN, J. Cell Biol., 12 (1962) 2o 7. 
3 ° C. WAGNER, Physik. Z., 25 (1924) 474- 
31 L. ONSAGER AND N. N. T. SAMARAS, J. Chem. Phys., 2 (1934) 528. 

Biochim. Biophys. dcta, 135 (1967) 20-32 


