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Summary 

Most theoretical and experimental studies of electrical fluctuations in mem- 
branes so far have been devoted to noise associated with conduction processes. 
In this paper a different type of  noise is described which results from dipolar 
transitions in the membrane. Two mechanisms for the generation of such 
dielectric noise are analyzed: (a) conformational transitions of membrane pro- 
teins involving changes in dipolar moment  and/or polarizibility, and (b) rota- 
tion of dipolar molecules dissolved in the lipid. The spectral intensity of 
current noise calculated for the two models exhibits a characteristic depen- 
dence on frequency w with a decrease proportional to ~2 towards low fre- 
quencies and an approach to a frequency-independent (white noise) limit at 
high frequencies. For a given number of dipolar molecules in the membrane, 
the spectral intensity is inversely proportional to the square of the membrane 
thicknesss. 

Introduction 

Valuable information on elementary processes in membranes may be ob- 
tained from the analysis of electrical fluctuations [1--5]. Current and voltage 
noise have been studied with biological membranes and with artificial lipid 
bilayer membranes, and theoretical investigations have been carried out relating 
the observed noise to the microscopic parameters of the membrane. Most of  
these studies have dealt with noise resulting from conduction processes in the 
membrane, such as opening-closing noise [6,7] and transport noise [8,9] in 
ion channels, as well as noise from carrier-mediated ion transport [10]. 

Processes in which free charges move within the membrane are not  the only 
source of electrical fluctuations, however. In the following w e d e a l  with a 
different type of  noise which results from dipolar transitions i n t h e  membrane. 
If a membrane constituent,  such as a protein, is able to assume a number of  
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conformational  states differing in the dipolar moment  and/or the polarizibility, 
then transitions between the states will cause electrical fluctuations in an 
external measuring circuit. Such transitions involving a change of  dipolar 
moment  may be the basis of  the gating process in nerve [11].  A similar situa- 
tion arises when the membrane contains polar molecules which are able to 
rotate.  In this case noise in the external circuit will be generated by random 
rotational motions of  the dipolar molecules. The noise resulting from dipolar 
transitions or from rotation of  permanent dipoles may be termed 'dielectric 
noise', as these processes are closely related to the macroscopic dielectric 
properties of  the membrane.  

Transitions between discrete conformational states 

We assume that the membrane contains a protein species P which may be 
present in different conformational  states P1, P:, ..., P, .  We denote the com- 
ponent  of  the dipolar moment  of  state Pi in a direction perpendicular to the 
membrane surface by  Pi and the component  of  the polarizibility in the same 
direction by  ~i. The value of  tti is taken at an applied voltage of  zero and con- 
tains any contribution arising from the polarization of  state Pi under the 
influence of  an intrinsic field in the membrane.  (If the membrane is asymmetric,  
a non-zero electrical field may be present even wi thout  an externally applied 
voltage). If E is the field strength due to the external voltage, the change mij of 
the total (permanent and induced) dipolar moment  during the transition Pi -* 
P1 is given by 

ra i l  = l.lj - -  12 i + (olj - -  oQ ) E  (1) 

Implicit in Eqn. 1 is the assumption that  E is independent  of  position and 
directed perpendicular to the membrane surface and that  dielectric saturation 
effects are absent. In the following we discuss the behaviour of the system 
under the condition that  the applied voltage V is composed of  a stationary 
voltage V0 and a superimposed small a.c. voltage Vs: 

V(t )  = Vo + Vs(t)  = Vo + V~o cos cot (2) 

tV~o I < <  IV01 
where co is the angular frequency. The corresponding values of  the electric 
field are then given by E = V/d,  Eo = Void and Es = Vs/d (d is the membrane 
thickness). 

Denoting the average number  of  protein molecules in state Pi by  N i and the 
rate constant  for the transition Pi -~ P1 by  kii, the rate of  change of  Ni is given 
by 

dN~_ ~ k~jN~+ ~ kj~Nj (3) 
dt j =1 j =1 

(kii - 0). Here we have assumed (for generality) that  transitions from any state 
Pi to  any other  state Pj are possible. The net rate ~i] of transitions between Pi 
and P1 is given by  

~ i j  = k i j N i  - -  k j i N j  ( 4 )  
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According to the principle of  microscopic reversibility, the transition rate ¢ts 
vanishes in the equilibrium state of  the system: 

(~Pis)eq = ktsNi --ksiNj = 0 (5) 

N~ and N s are the equilibrium values of  N i and Nj, and kis and ksi are the rate 
constants at the voltage V0. Introducing the equilibrium constant 

Kis - ~ - ~  (6) 

it is easy to show (using Eqn. 6) that the equilibrium concentrations may be 
represented by 

~ _ N ( 7 )  
n 

k,s 
i = 1  

(Ku - 1). N = N I  + N2 + ... + Nn is the to ta l  number  o f  prote in molecules. 
Both the equilibrium constants K~s as well as the rate constant k~s depend on 

the field strength E. As the electrostatic contribution to the change of free 
energy in the transition Pi -~ Pj is given by - - [ ( /~ i -  M~)E + ( ~ s -  ~i)E2/2 ] - wis, 
the relation 

Kijfk'lexpI(l~'--M')E+(a'--~i)E2/2t=Kijexp(--~)kT (8) 

holds, where k is Boltzmann's constant,  T the absolute temperature and ~7ii the 
value of  Kis at zero applied voltage. In order to describe the dependence of k~s 
and ks~ on E, we may assume that  the transition rate is limited by an activation 
energy barrier which, in the presence of  a field E, is changed by aiswts for the 
transition P~ -* Ps and by --(1 -- a~s)wij for the reverse transition (a u is a dimen- 
sionless factor smaller than unity,  0 < aly < 1). Thus, 

k,s = k,s exp[--ais ~ ] (9) 

( _ _ _  , Wis 7 ks~ = ks~ exp 1 " iss~-~]  (10) 

ki.i and ksi are the values of kis and ksi for E = 0. 
The spectral intensities S1(co) and Sv(w)  of current  (I) and voltage (V) 

fluctuations generated by dipolar transitions may be calculated using the 
Nyquist theorem [12--15] which relates $i(¢o) and Sv (~ )  to the frequency- 
dependent  admittance Y(¢o) of the system: 

SI(~)  = 4kT .  Re[Y(~J)] (11) 

S y ( ~ )  = 4kT .  Re IY---~] (12) 

Re means 'real part of' .  Nyquist 's theorem is valid for equilibrium states; it 
may even be applied to nonequilibrium situations here if it is assumed that the 
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dipolar molecules represent an equilibrium subsystem which is not  affected by 
simultaneously present dissipative processes (such as ion-flow through the 
membrane). 

In the presence of  a voltage V ( t )  = Vo + Vso cos cot the current I ( t )  in the 
external circuit resulting from the dielectric polarization of the membrane may 
be represented by 

I ( t )  = Io cos(cot -- ~b) (13) 

Io : Vsox/'Re-2- [ Y(co)] + Im 2 [ V(co)] (14) 

Im[ y(co)] 
tg¢ . . . . . . .  (15) 

Re[ Y(co)] 

where Im means 'imaginary part of'. I ( t )  is given by the time derivative of the 
dielectric displacement D: 

d 
I ( t )  = A = A ~ (eoE + P) (16) 

A is the membrane area, P the polarization and e0 = 8.85 • 10 -12 C • V -1 • m -1 
the permittivity of free space.. The calculation of P may be based on a simple 
model in which the membrane is described as a mosaic consisting of lipid 
regions and embedded proteins. The proteins may be represented as cylinders 
oriented normal to the surface and bridging the hydrophobic thickness of the 
membrane. If the polarizations of the lipid and protein phases are denoted by 
P~ and Pp, respectively, and if/3 is the fraction of membrane area occupied by 
lipid, then the average polarization P may be written as 

P = flPt + (1 -- 3)Pp (17) 

The lipid may be treated as a nonpolar medium of dielectric constant et. Thus, 

Pt = e0 (ez -- 1)E (18) 

The polarization Pp of the protein phase is obtained as the ratio of the electric 
moment  M v divided by the volume (1 -- 13)Ad of the protein phase [16] : 

_ 1 ~ Ni ( IA  i + a i E  ) (19) 
Mp 

PP ( 1 - - ~ ) A d  ( 1 - - ~ ) A d  i : 1  

(d is the membrane thickness). As shown in Appendix A, the following expres- 
sions are obtained from Eqns. 1--10 and 16--19 for the real and imaginary part 
of the admittance Y(co): 

n - - 1  

1 -~-1 CO2 r~01 (20) 
R e ( Y ) -  kTd2  z = l+-~2T~l  

rim1 
1 ~ 1  corzOz 

Im(Y) - k T d  2 : ~1 + co2 r~ + ¢OCm (21) 

n--1  

Ol = Tl ~ ~ q n P z ~  k r k N r ' ( r r t n j k n y  - -  rrtiykiy)~rtrk (22) 
i , k=  l j , r= l 
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_ e 0 A  [1 1 " ] 
C* = T +/3(ez -- 1) + - -  ~ Niol  i (23) 

e o A d  i = 1 

mij is the value of m u (Eqn. 1) for E = Eo, and k i i  = O. The quantities rz are the 
(n -- 1) time constants describing the relaxation behaviour of the system of the 
n conformational states P~,P2 . . . .  ,P~ after a macroscopic perturbation 
(Eqn. A15). The coefficients qn and Pzk are functions of the rate constants as 
defined by Eqns. A13 and A16. According to Eqn. A5, the quanti ty C* is the 
membrane capacitance in the limit of vanishing transition rates (k u - 0). 

The spectral intensity St(w) of current noise is obtained from Eqns. 11 and 
20 as 

~2 n-I G32T~ 
Sz(¢o) = ~ 0z (24) 

z=l 1 + ¢o2r~ 

It is seen that  St(co) declines with ¢o 2 toward low frequencies. This behaviour 
results from the fact that  the membrane is considered as a dielectric with 
vanishing stationary conductance [ Y(0) = 0]. (In a real membrane other noise 
components from conduction processes will predominate in the limit co -~ 0). 
On the other hand, the spectral intensity approaches a finite value at high fre- 
quencies. According to Eqns. A25 and A26: 

o - 1  

(25) 
l = l  i , j = l  

Between ¢o = 0 and ¢o -* oo, the spectral intensity has (n -- 1) dispersion regions 
centered at frequencies ¢oz = 1/rz. 

In the following, we illustrate the general result by considering a special case. 

T h e  c a s e  n = 2 

We assume that  the protein P has only two conformational states: 

k12 
PI ~ P2 

k21 

with permanent dipolar moments p, ,  P2 and polarizabilities a l, a2. In this case 
the relations 

1 
T 1 -~" T -- k12 -b k21 (26) 

and N1 = N/~21r, N2 = N/~12r hold, and Eqns. A13 and A16 may be satisfied with 
Pll = qll = 1. This gives (with/~2 --/~1 - A# and a2 - - a l  -= Aa): 

4N (Ap + EoAa) 2 ¢o2T 2 
St(co) = d2 (1/k12) + (1/k21) " 1 + ¢o2r 2 (27) 

The spectral intensity has components resulting from changes of the 
permanent dipolar moment  and of the polarizibility. These two components 
differ in their dependence on the applied voltage V o  = E o d .  If only the 
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polarizibility changes in the conformational  transition (Ap = 0), the relation 

$I(~)  ~ Y2o (28) 

is predicted from Eqn. 27 (at low field-strength E0, the rate constants k12 and 
k21 may be replaced by their voltage-independent values k12 and k21). On the 
other  hand, if the two states P~ and P2 have different  permanent  moments  
(/Xp ¢ 0), the spectral intensity approaches a finite value in the limit V0 -~ 0. 

Field~lependent transitions between two conformat ional  states P, and P2 of 
a membrane protein have been proposed as a mechanism for the gating process 
of  the sodium channel in nerves [11] .  In order to estimate the spectral 
intensity of  current  noise generated by the gating systems, we assume Aa = 0 
and Ap ~ 400 debye ~ 1.3 • 10 -27 C • m -1 (this value of  Ap is required in order  
to account  for  the voltage-dependence of  the sodium conductance  in the squid 
giant axon [11]) .  With N = 5 0 0 p m  - 2 = 5 - 1 0 ' ° c m  -2 [18],  kt2 ~k21 ~ 2 .  
103 s -~ [18],  and d ~ 5 nm, one obtains 

$I(~) ~ 1.4 • 10 -23 A 2 s • cm -2 

This value may be compared with the spectral intensity S~ of current  noise 
resulting from the resting conductance gr of  the axon membrane.  With gr 
1 mS • cm -2 [19] one finds 

S T = 4 k T g ~  1 . 5 . 1 0  -23A 2 s - c m  -2 

This comparison shows that ,  although the separation from other  noise sources 
seems difficult  in general, gating noise may be measurable under favourable 
conditions.  

Rota t ion  o f  dipolar molecules 

As a fur ther  possibility for  the occurrence of  dielectric noise we consider 
here the case that  the membrane contains dipolar molecules which are able to 
rotate .  In order  to describe the rota t ion of  molecules within a lipid matrix,  one 
generally has to take into account  the shape of the rotat ing molecule and the 
anisotropic nature of  the lipid medium [20].  For an estimate of  the order  of  
magnitude of  the spectral intensity and in order  to simplify the discussion we 
consider in the following the special case of  spherical molecules which rotate  
isotropically. Fur thermore ,  we assume that  all orientat ions of  the rotat ing 
molecules in the membrane are equally probable (in the absence of  an external  
electric field), thus neglecting, for  instance, the influence of  image forces near 
the membrane-solut ion interface. The rota t ion of molecules in a viscous medium 
is described by a frictional coefficient  fr which relates the torque Mr acting on 
the molecule to the resulting angular f requency of  rota t ion cot, in the stat ionary 
state: 

Mr (29) 
cot fr 

fr in turn is related to the relaxation t ime r of  the orientational distribution 
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func t i on  [21]  : 

r -  h (30) 
2 k T  

The  die lect r ic  b e h a v i o u r  o f  a d i lu te  so lu t ion  o f  d ipo la r  molecu les  in a n o n p o l a r  
m e d i u m  has been  t r ea t ed  b y  D e b y e  [21 ] .  Using the  D e b y e  equa t ions  
( A p p e n d i x  B), the  real  and  imaginary  pa r t  o f  the  a d m i t t a n c e  Y ( ~ )  are o b t a i n e d  
as 

/22 N ~2 r2 
Re(Y)  = -~ltTd2 r 1 + w 2 r  2 (31) 

/22N w~ 
Im(Y) = -~kTd2r 1 + ¢o2~ 2 + ¢oC~., (32) 

/2 is the permanent dipolar moment, N the number of dipolar molecules in the 
membrane, and C~ the membrane capacitance in the limit of high frequencies 
(~or > >  1). 

The  spect ra l  in tens i ty  o f  cu r r en t  noise ,  as ob t a ined  f r o m  Eqns .  11 and  31: 

4/22N ¢02 r 2 
Sr(~o) =~d  2 r " 1 + ~2 r2  (33) 

shows the  same f r e q u e n c y  d e p e n d e n c e  as the  two- s t a t e  s y s t e m  cons ide red  
above  (Eqn.  27) ,  i.e. an increase  wi th  ¢o 2 a t  low f requenc ies  and  an a p p r o a c h  to  
a f r e q u e n c y - i n d e p e n d e n t  value in the  l imit  ¢o -+ = .  I f  the  r o t a t i o n  o f  the  d ipole  
is desc r ibed ,  to  a first  a p p r o x i m a t i o n ,  in the  same  way  as the  r o t a t i o n  o f  a 
m a c r o s c o p i c  sphere  in a m e d i u m  o f  v iscosi ty  77, the  r e l axa t ion  t i m e  r b e c o m e s  
[21] :  

41rT?a 3 
r -~ - (34) 

leT 

where  a is the  radius  o f  the  sphere .  Tak ing  77 ~ 3 P = 0.3 J • m -3 • s -1 as repre-  
senta t ive  fo r  the  mic rov i scos i ty  o f  a lipid b i layer  [ 2 2 ] ,  the  r e l axa t ion  t i m e  o f  a 
molecu le  o f  radius  a = 0.5 n m  b e c o m e s  o f  the  o rder  o f  r ~ 0.1 ps  (at  T = 
300 K).  This  means  t h a t  up  to  f requenc ies  o f  100 k H z  the  re la t ions  w2r  2 < <  1 
and  

4/22 N r  2 
S~(co) ~ ~ co (35) 

hold .  F o r  small  po la r  molecu les  (such as n i t r o b e n z e n e ) t h e  d ipo la r  m o m e n t s  
m a y  be  o f  the  o rde r  o f  5 d e b y e  ~ 2 • 10 -29 C • m .  I f  we  a s sume  tha t  N = 1012 
d ipo la r  molecu les  are dissolved in 1 c m  2 o f  a l ip id-bi layer  m e m b r a n e  o f  th ick-  
ness d = 5 n m  (co r r e spond ing  to  a b o u t  one  d ipo le  pe r  300 lipid molecu les ) ,  the  
spec t ra l  in tens i ty  a t  a f r e q u e n c y  o f  f = ¢o/27r = 1 k H z  b e c o m e s  

Sz(1 kHz)  ~ 1 • 10 -28 A 2 s " cm -2 (36)  

This  value is t o o  small  to  be  de t ec t ab le  wi th  the  p re sen t  sensi t iv i ty  o f  cur ren t -  
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noise measurements.  This means that  the observations of dielectric noise from 
freely rotating small dipolar molecules in a bilayer will be extremely difficult. 
The possibility remains, however, to observe the restricted rotation of  polar 
molecules bound to the membrane-solution interface. In this case the rotation 
may be slowed down by activation energy barriers so that the relaxation time 
r in Eqn. 35 becomes larger. 

Conclusion 

In the preceeding sections two mechanisms have been analyzed by which 
dielectric noise may be generated in lipid bilayers, namely: (a)conformat ional  
transitions of proteins involving changes in dipolar moment  and/or polarizibility, 
and (b) rotation of  dipolar molecules dissolved in the lipid. A further potential 
source of  dielectric noise not  considered here consists of  fluctuations in the 
conformat ion of  the polar head-groups of lipid molecules [23].  The spectral 
intensity of  current noise calculated for the two processes exhibits a character- 
istic frequency dependence with a decrease proport ional  to ~2 towards low fre- 
quencies and an approach to a frequency-independent  (white noise) limit at 
high values of  co. The spectral characteristic of  dielectric noise is thus com- 
pletely different from the familiar Lorentzian behaviour of  noise resulting from 
open-close processes of ion channels [2,3], but  similar to the noise observed 
with hydrophobic  ions in lipid bilayer membranes [24].  So far, dielectric noise 
in membranes has not  been studied experimentally. Interesting potential 
applications concern the gating system in nerve [11,18],  as well as  transition 
between conducting and non-conducting states of synthetic ion channels 
involving changes of  dipolar moments  [26,26].  At a given number N of dipolar 
molecules in the membrane,  the spectral intensity is inversely proport ional  to 
the square of  the membrane thickness d (Eqns. 24, 27 and 33), and therefore 
very thin membranes may be used for such experiments.  Numerical estimates 
of  the spectral intensity given in the previous sections show that dielectric noise 
wilt be rather difficult to observe. Artificial lipid bilayer membranes with a low 
level of background noise from conduction processes seem to be the most  
favourable system for the study of dielectric noise. 

Appendix A 

D e r i v a t i o n  o f  Eqns .  2 0 - - 2 3  
In the presence of  a small a.c. field Es( t ) ,  the total field strength is given by 

E ( t )  = Eo + Es(t) = Eo + Eso cos cJt (A1) 

For [Esl < <  [Eo l the values of  Ni remains close to the equilibrium value N/, so 
that  we may write 

N i ( t )  = Ni  + x i ( t ) ;  bci l < <  N~ (A2) 

Neglecting the term proportional to x i E  s (which is small to the second order), 
Eqn. 19 is obtained in the form (with p, + aiEo - mi): 

(giff2i + Nio t iEs)  (A3) 
1 

(1-- /3)  P P - A d  i=1 
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Using the identity 

mik i iN j  = mjk i jN i  (A4) 
i,j  = l i,j  = l 

as well as Eqns. 3, 16--18 and A4, the current I( t )  is obtained as 

1 ~ dV 
I( t)  = - d i d  =1 ~nijkijNi + C~a d--[ (kii = 0) (A5) 

e0A[1  1 ~ J Cm =- + fl(et -- I) + - -  /Vio~ (A6) 
d eoAd i = I 

where m u = r n j - m i  is the value of mij (Eqn. 1) for E=Eo, and k u - O .  

According to Eqns. 1, 9 and A1 the dependence of the rate constants kij on the 
a.c. field Es(t ) may be expressed by (for small LE s l): 

kiJ ~ kiJ ( 1-~" aijmijkT ES) (A7) 

With the relations kijNi = k~iN i (Eqn. 5), m o = --rnji and mu - 0, it is easily seen 
that the identity 

~ ff2i~ kuNi  = 0 (A8) 
i , j = l  

holds. Using Eqns. 2, A1, A2, A5, A7, A8 as well as the relation a~i = 1- -a i r  
(Eqns. 9 and 10), the current I( t )  is obtained in the form 

n 1 n 
I( t )  - Vso cos cot ~ k u N i ~  j + ~ i ~ - ~  

n2 i ] k i j x  i - -  C m  Yso co sin cot (A9) 2kTd  2 i,i = 1 

A set of  differential equations for the quantities xi is obtained from Eqns. 3 
and A2. As the sum of all Ni is constant,  the relation x, + x2 + ... + x ,  = 0 
holds. This means that  only n -- 1 variables xi are independent.  By elimination 
of xn on finds 

n--1 
dxi 

- g ; e o s c o t +  z J  bux j 
dt j = l  

Vs° ~ k i y N i m i  1 
gi = - - k T d  j=l  

kji -- kni n 

I = 1  

(i = 1, 2 . . . .  , n - -  1) (A10) 

(i ~= j) 

(i =j )  

(All) 

(A12) 

Using the transformation 

n--1 

Yi = ~ P i k X k  ; 
k= l  

n--1 

xj = ~ qjkY~ 
k= l  

(A13) 
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Eqn. A10 may be obtained in the form [17] : 

n - - 1  

dyi _ Y_i__+ ~ Pi~g~ cos cot (A14) 
d t  Ti k = 1 

The relaxation times r~ are given by the roots of the equation 

Det(bi~ + 5iJT) = 0 (A15) 

where 6ij is Kronecker's delta. In order to transform Eqn. A10 into Eqn. A14, 
the coefficients q~k have to be chosen in such a way that  

n - - 1  

(bij + 6ii/rk) qik = 0 (A16) 
j = l  

By virtue of Eqn. A15 this equation has a non-trivial solution. We now replace 
the functions y; by complex functions ~ with Re(~i) = y;: 

n--1  

d r h _ _  rh + ~ Pikgk exp(jcot) (A17) 
dt ri k = 1 

where j is the imaginary unit. It  is easily verified that  the solution of  Eqn. A17 
is given by 

~7i = Ai exp(jcot) (A18) 

. - - 1  

1 - - j c o T  i ~ P i k g k  (A19) 
A i = % f+-wh T--~i h = 1 

Instead of the real current I (Eqn. A9) we introduce a complex current J with 
Re(J) = I: 

J(t) = Y(cd) Vso exp(jwt) (A20) 

V,o exp(ja~t) 
J(t) = 2kTd 2 i,i["J = 1 kiiNfi;~i 

n - - 1  
1 

+--  ~ ~ (miikii - - m , y k ,  j) ~i + jcoCm Vso exp(jcot) (A21) 
d i = 1  1 = 1  

The complex quantities ~f(Re(~i) = xi) are obtained from the functions ~?i by 
the transformation A13: 

n - - i  n - - I  

~x = ~ qi~rh = ~ qitAt exp(jwt) (A22) 
1 = 1  I = 1  

Introduct ion of the ~ from Eqn. A22 into Eqn. A21 and comparison of the 
real and imaginary parts of  Eqns. A20 and A21 leads to the following relations: 

a - - 1  1(  0 t Re[Y(co)] - kTd2 Q -- ~ (A23) I = 1 1 + CO 2 r~ 
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n - - 1  
_ 1 ,~1 ¢ortOz 

Im[Y(~)]  kTd 2 = 1+ o)2r~ + ¢oC~ (A24) 

Q -  ½ ~ k , i g , ~ j  (A25) 
: , l  = 1 

0z is given in Eqn. 22. Under the assumptions of the model, the d.c. con- 
ductance of the membrane is zero: Re[ Y(0)] = 0. This means that 

n - - 1  

0z : Q (A26) 
l = l  

1 . - 1  ¢o=r?O z 
Re[Y(~)] - kTd2 ~ 1  1 + ¢o2r~ (A27) 

Appendix B 

Derivation o f  Eqns. 31 and 32 
The frequency<lependent orientation of dipolar molecules in an alternating 

field E c = (Vo/d) exp(jo~t) is usually described by introducing a complex dielec- 
tric constant e [16,21]: 

e = e ' - - ie"  (B1) 

The (complex) displacement D ¢ is then equal to 

De = eoe Ee (B2) 

According to Eqn. 16, the electric current J in the external circuit is given by 
J = A(dDe/dt).  Comparison with J = Y(~)Vo  exp(]~0t) shows that 

A 
Re(Y) =-d ~e0 e" (B3) 

A 
Im(Y) = -d- U)eo e'.  (B4) 

For a dilute solution of spherical molecules with permanent dipolar moment # 
in a nonpolar medium, e' and e" are given by the Debye equations [15,20]: 

/~2 n 1 
e' = e~ + 3kTe---~o 1 + ¢o2r 2 (B5) 

3kTeo 1 + ~02r 2 (B6) 

e~. is the dielectric constant of the solution at high (optical) frequencies, n the 
number of dipoles per unit volume and r the relaxation time defined by 
Eqn. 30. Introducing the membrane capacitance C~ = eoe.A/d at infinite fre- 
quency and the number N =nAd of dipoles in the membrane and inserting 
Eqns. B5 and B6 into Eqns. B3 and B4 yields Eqns. 31 and 32. 
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