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The  cur ren t -vo l tage  character is t ics  o f  p lanar  l ipid bi layers  c lear ly  
devia te  f r o m  l inear i ty  a t  high field s t rengths .  Models  fo r  c o n d u c t i v i t y  in 
bilaye:rs neglect  the  in f luence  of  t he  electr ic  field on  the  macroscop ic  shape  
and  microscopic  s t ruc tu re  o f  the  membrane .  Changes  in the  macroscop ic  
shape  and  microscopic  s t ruc tu re  of  the  bf layer  can  be  d e t e c t e d  by  cap~witance 
measuremen~s.  Usual  m e t h o d s  [1 ,2]  for  measur ing  capac i t ance  are s low and  
c a n n o t  r e v e ~  changes  in the  b i layer  p r o d u c e d  by  a rap id ly  vary ing  electr ic  
field. A ~,echnique t h a t  has been  used  fo r  measur ing hysteres is  in ferro- 
electr ics  ~s su i ted  for  th is  pu rpose  [ 3 ] .  By means  o f  th is  m e t h o d  a par t icu la r  
capacitsu~ee vol tage  behav iour  o f  mernbranes  is observed  which  seems t o  be  
c lose ly  re la ted  t o  the  b r e a k d o w n  of  t h e  m e m b r a n e .  

Fig. ]. shows t h e  measur ing c i rcui t  used in this  m e t h o d .  A c o n s t a n t  
capac i to r  Cc is p laced in series wi th  t he  bf layer  capac i t ance  CB~-~ which  
depends  u p o n  t h e  appl ied vol tage.  T h e  vol tage across t h e  bilayez is d i sp layed  
on  the  x-axis  o f  the  osc i l loscope  whi le  t h e  y-axis shows the  vol tage  d r o p  
across Cc which,  o f  course,  d e p e n d s  u p o n  the  po la r i za t ion  o f  C B L M -  When 
Cc "~s m u c h  grea ter  t h a n  C~LM, the  y-axis vol tage  is d i rec t ly  p r o p o r t i o n a l  
to  the  va lue  of  C B L  M . 

T h e  osc i l loscope  t races  in Fig. 2 show a d i s t inc t  hysteresis- l ike e f fec t  
which  appears  over  t h e  obse rva t ion  range of  1 Hz t o  1 kHz.  These  t races  

Fig. I .  TAe X a n d  Y ~ m t s  a~e a m p l i f i e d  b y  a T e k t r o n i x  d u a l  c h a n n e l  o p e r a t i o n a l  a m p l i f i e r  t y p e  O wil:h 
adJu~tabh~ i n p u t  res ls tanct ,  a n d  p h a s e .  F u n c t i o n  G e n e r a t o r ,  H e w l e t t - P a e k a z d  3 8 1 1 A ;  O s c i l l o s c o p e ,  
T e k t r o n i x  501~.; Ce ,  1 ~F .  
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Fig .  2.  D i s p l a y s  o f  t h e  c a p a c i t a n c e - v o l t a g e  b e h a v i o r  o f  b l a c k  l i p i d  b i l a y e r s  a t  2 8 ° G .  T h e  b i l a y e r s  w e r e  
p r e p a r e d  f r o m  a 2 %  s o l u t i o n  o f  l e c i t h i n  i n  n - d e c a n e .  E l e c t r o l y t e ,  0 . I  m K C I ,  s i l v e r / s i l v e r  c h l o r i d e  
e l e c t r o d e s ~  d i a m e t e r  o f  t h e  ~ i l a y e r ,  2 r n m t  b i l a y e r  c a p a c i t a n c e  ( U  • 0 ) ,  9 . 7  nF~  b i l a y e r  r e s i s t a n c e  
( U  = 1 0  r n V ) ,  1 . 2 - 1 0 9  ~ .  

were ob t a ined  f rom lec i th in  b i layers  t h a t  were  p repa red  f rom 1,2-diiso- 
s t ea ry l -3 -sn-phospha t idy lcho l ine ,  a syn the t i c  ful ly sa tu ra ted  leci th in  [ 4 ] ,  by  
a conven t iona l  m e t h o d  [5] w h e r e  a l e c i t h in /decane  solut ion is spread over 
a hole  in a t e f lon  foil, w h i c h  separa tes  t w o  c o m p a r t m e n t s  filled w i t h  
e lec t ro lytes .  

The  e lec t ro ly te  was 0.1 M KCI. The  series res is tance  of the  e lec t ro ly te-  
e lec t rode  p r o d u c e d  no observable  phase  shif t  even a t  t he  h ighes t  f r equency ,  
1 kHz.  C o n s e q u e n t l y  a t  low voltages t he  hysteres is  loop  is near ly  closed 
because  CBL M is near ly  c o n s t a n t  and  the re  is no res is tance phase  shift .  

The  area enc losed  by one  cycle  of  voltage is p r o p o r t i o n a l  to  t he  
electr ical  p o w e r  loss in the  bflayer and  hence  re la ted to  the  convers ion  of  
electr ical  energy  in to  t he rma l  and mechan ica l  energy.  C o n s e q u e n t l y  the  
par t icu lar  capacita~lce voltage behav iou r  of these  curves and especial ly  the  
m a g n i t u d e  of t he  enclosed area,  may  serve as a c r i te r ion  for the  s tabi l i ty  of  
the  bi layer .  

Actua l ly ,  t w o  d i f fe ren t  f r e q u e n c y - d e p e n d e n t  b r e a k d o w n  m e c h a n i s m s  
are observed.  At  low f r equency  (1 Hz) and vol tages above 120 m V  the  
o rd ina ry  elastic behav iour  of  t he  b i layer  is lost,  as s h o w n  at the  left  hand  side 
of  F i g  2. The  capac i t ance  increases as the  appl ied  voltage decreases.  For  
electr ic fields E sat isfying the  inequa l i ty*  
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* H e l f r i e h .  W. .  p e r s o n a l  c o m m u n i c a t i o n .  
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t he  m e m b r a n e  bulges  s p o n t a n e o u s l y ,  by  increas ing the  b i m o l e c u l a r  area. 
o d e n o t e s  the  no rma l  surface t ens ion  of  the  m e m b r a n e ,  ~ 1 d y n e / c m * ,  d is 
the  th ickness  o f  t h e  b i l ayer  and  e t h e  die lect r ic  cons t an t .  This  "n.~gative 
capac i t ance  vo l t age"  re la t ion  can  on ly  be observed  w i t h i n  a small  vo l t age  
range.  A t  s l ight ly increased vol tages  t h e  m e m b r a n e  a lways  r u p t u r e s  a t  the  
beg inn ing  of  the  negat ive  capac i t ance  region.  

At  h igher  f requenc ies  (60  t tz)  as s h o w n  at  the  r igh t  hand  of  Fig. 2, a 
less p r o n o u c e d  hys teres i s  curve  b u t  no  negat ive  capac i t ance  vol tage  d.ependenc~ 
is observed.  The  brev .kdown ~olt~'ge o f  app:rox. 250  m V  is in good  a g r e e m e n t  
wi th  t he  m o d e l  of  a b i layer  t r ea t ed  as an elastic dielectr ic ,  w h e r e  b r e a k d o w n  
occurs  in t he  bimoleculm- area [ 6 ] .  

There  are some  r,~asons for the  f r e q u e n c y - d e p e n d e n t  b r e a k d o w n  and  
hys teres is  effects .  (1) L~'he b i layers  ~re in equ i l i b r ium wi th  a large to rus  
vo lume.  The  t i m e  cons, tant  for  the  f i e ld - induced  mate r i a l  t r a n s p o r t  b e t w e e n  
b imo lecu l a r  area and  to rus  is 100  ms [ 7 ] .  A t  f r equenc ies  w h i c h  are low 
c o m p a r e d  to  the  t ime  c o n s t a n t  o f  mate r ia l  t r anspo r t ,  bu lg ing*  af fec ts  t h e  
mate r ia l  in the  b i l a y e r / t o r u s  interfac,~ y ie ld ing  an electr ical  b r e a k d o w n .  
Measu remen t s  w i t h  d i f f e r en t  ra t ios  o~ ape r tu r e  d i a m e t e r  and  t h i cknes s  o f  
t he  t e f lon  sepa ra to r  foil  acco rd ing  to  ref. 8 show,  t ha t  t he  b r e a k d o w n  
vol tage  decreases  and  t h e  hysteres is  area increases s t rongly  w i t h  the  r e d u c t i o n  
o~f this  geo~aetric pa rame te r .  

At  f r equenc ies  w h ich  are high c o m p a r e d  to  t he  100  ms  t i m e  c o n s t a n t  
t he  materiait t r a n s p o r t  is inact ive  and  the  b r e a k d o w n  occurs  s o m e w h e r e  in 
t he  b i m o l e c u l a r  region.  I t  seems as t h o u g h  t he  b r e a k d o w n  of  t he  b i l aye r  in t he  
low fzequency  case is associa ted  w i th  t h e  t r a n s p o r t  of  mater ia l .  E lec t ro  
c o m p r e s s i o n  and bu lg ing  ef fec ts  whe re  t he  b i l ayer  t h i ckness  decreases  and  
the  b i layer  area  increases  m a i n l y  c o n t r i b u t e  to  the  vol tage  d e p e n d e n c e  of  t he  
capac i tance .  

(2) In  add i t i o n ,  enc losures  o f  solvent  by  t he  b i l ayer  (micro lenses)  can  be  
d i s t o r t e d  by  t he  electr ic  field p r o d u c i n g  changes  in c apac i t ance  [ 9 ] ,  b, tt  th i s  
e f fec t  is p r o b a b l y  t o o  small  to  exp la in  t he  capac i t ance  changes .  

(3) The  field can  p r o d u c e  changes  in t h e  mic roscop ic  s t ruc tu re  o f  t he  
bflayer.  Lec i t h in  molecu les  can  be d i sp layed  f r o m  the i r  equ i l i b r i um pos i t i on  
t h e r e b y  chang ing  the  ionic p e r m e a b i l i t y  o f  t he  m e m b r a n e  w h i c h  increases  
t he  c o n d u c t i v i t y  and  electr ical  energy  loss o f  t h e  bi layer .  

With th,e m e a s u r e m e n t  o f  the  hys teres i s  of t he  capac i t ance  as a f u n c t i o n  
of  vol tage  and  f r e q u e n c y  a n e w  p a r a m e t e r  fox t he  s tab i i i ty  of  b i layers  in 
electr ic  field~ is i n t r o d u c e d .  The  t e c h n i q u e  u t i l i zed  here  is an a l t e rna t ive  to  
the  vo l tage  c l amp  t e c h n i q u e  [ 10]  for  m o n i t o r i n g  rap id  changes  in capac i t ance .  
The  me~hod  p r o p o s e d  in this p ap e r  a l lows the  ,~limination of  t he  in f luence  
of  s low effects ,  e.g. t h i n n i n g  or  15ulging of  t h e  m e m b r a n e  due  to  d i f f e r en t  
e v a p o r a t i o n  ¢,f t h e  e l ec t ro ly te s  in t h e  c o m p a r t m  ents  or o the r  m ic roscop i c  
changes.  

A d d i t i o n a l  m e a s u r e m e n t s  are necessaxy to  ~,lucidate t he  m e c h a n i s m  
respons ib le  for  t h e  changes  in c ap ac i t ance  report~ci here.  F o r  examp le ,  a laser 
h e t e r o d y n e  i n t e r f e r o m e t e r  [11 ] can  be ~sed to measu re  d i rec t ly  t h e  t h i cknes s  

*See foo tnote ,  opposite page. 
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o f  the  bi layer.  The  bi layer  under  a per iodical  external  f ie ld can m o d u l a t e  t h e  
phase  o f  laser radiation~ and this  m o d u l a t i o n  can be  d e t e c t e d  as a bea t  s~gnal 
f r o m  a p h o t o  d e t e c t o r  w i th  a quadratic  response  [ 1 1 ]  and related t o  the  
m e m b r a n e  th ickness  (Braun,  H.P.,  in preparation) .  

T h e  aut3~or wishes  to  thank  Dr. M.E. Michei -Beyer le  and Professor  
D.M. H a n s o n  for their  ~xce l l ent  advice  and Dr. E. S te f fens  for his t echnica l  
assistance.  T h e  lec i th in  was k ind ly  suppl ied  b y  Dr. R.C. M a c D o n a l d  f r o m  the  
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