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NtMMARY 

The response of lipid membranes  to a l t e rna t ing  electric fields has been investi-  
gated.  The electrical measurements  yield the equiva lent  paral le l  combinat ion  of con- 
duc tance  and capac i tance  seen by  the a.c. bridge. An a t t e m p t  has been made  to  
de te rmine  the film pa rame te r s  through the use of equiva lent  circuits  for the system. 
Both the fihn conductance  and capac i tance  showed a dispersion suggest ive of the 
presence of thin water  l a \ e r s  ad jacen t  t~ the membranes  where the  electrical  prot)er- 
ties differ froln those of bulk  water.  

1 NTI¢()I)I 'CTION 

111 principle a knowledge of the response of lipid membranes  to a l t e rna t ing  
electric fields can furnish useful infornlati~m rela t ing to film thickness  and dielectr ic 
constant ,  and to the organisat ion both ~f the molecules in the  fihns and of the i(ms 
in the electr ical  double  layers.  This awareness has p r o m p t e d  inves t iga t ions  into the 
I)ehaviour of the impedance,  as a function of frequency, of different types  of b i l a \ e r  
s v s t e l n s ]  7,. 

The preponderance  of exper imenta l  da t a  appears  to indicate  tha t  the capaci-  
tance of these sys tems is independent  of f requency at  least  up to 2oooo cycles/see 
and varies from about  o.33-o.38 / , l : . cnF  for leci thin in decane fihns 1,4 to tip D) 
o. 7 1.3 l/l : /cm2 for bovine bra in  l ipid membranes  e. 

The da t a  for membrane  impedance  as a function of f requency has been cus- 
tomar i ly  ana lysed  in terms of the equivalent  paral lel  combina t ion  of film c(mductance 
and fihn capacitance..MUELLF-R Ct' al. ° have repor ted  tha t  these pa rame te r s  remain  
cons tant  over  the f requency range I eoooo cvcles.'sec for bovine brain l ipid inem- 
branes.  H a x a I  ct al2  found no significant var ia t ions  for lecithin in decane membranes  
between 5 ° and 5'  z(/* cycles/see. On the other  hand  SCHWAN el a l )  found t ha t  a l though 
the capac i tance  of l e c i t h i n - t e t r a d e c a n e - c h l o r o f o r m - m e t h a n o l  membranes  was inde- 
penden t  of f requency between 20 cvcles.sec and zo kcycles/sec at  higher frequencies 
the  impedance  of the  sys tem became less than  tha t  of the ba th ing  solut ion and 
electrodes.  

The bulk  of the  work performed to da te  has been on membranes  of small  area 
(about  z mm'~). I t  would seem tha t  idealh" a ra t ional i sa t ion  of effects such as t ha t  
observed by  SCHWAN t'l aI. a can be achieved more easi ly  with larger  membranes .  The  
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present  repor t  is concerned with impedance  da t a  for membranes  of area about  4 ° mm". 
A reduct ion of impedance  at  high frequencies below tha t  which resul ted when no 
membrane  was present  was r epea ted ly  observed.  In t rac ing the origin of this  effect, 
the electrode aqueous-phase  iInt)edance character is t ics  were sub t rac ted  from those of 
the to ta l  circuit  in an a t t e m p t  to ot)tain the capaci tance  and conductance  of the film. 
The resul t ing values showed a s t rong dispersion which is anomalous  at least in so far 
as it  has not  been repor ted  elsewhere. Subjec t  to the  va l id i ty  of the sub t rac t ion  
procedure  the effect has been t e n t a t i v e h  a t t r i bu t e d  to a modificat ion of the electr ical  
proper t ies  of the aqueous phases ad jacen t  to tile membrane ,  to a det)th of about  

4 o ooo A. 

EXPERIMENTAl. METHOI)S 

The measurements  were made  using p la t inum electrodes (3 cm : 1. 5 cm) which 
had a fresh coat ing of p la t inum-black .  

In one series of measurements  the  f requency range o.3 5o kcycles/sec was in- 
ves t iga ted  using a W a y n e  Kerr  Model B22I  bridge. The a.c. signal was suppl ied by  
a s t anda rd  l abo ra to ry  signal genera tor  (Advance,  t ype  HI) .  The null was de tec ted  
with an Advac  wide-band  (15 cycles/sec 5 Mcyeles/sec) amplif ier  (Advance inst .)  
tile ou t tmt  of which was d isp layed on a ( ' .R.O. (see Fig. i) .  The measurements  yielded 
the equivalent  paral le l  combina t ion  of conductance  and capac i tance  for the svstem. 

CRO 

I Wide Band 
Amptifier 

I Bridge 

Fi R . I. Schematic of expcriinental arrangement used in \Vaync Kerr bridge nteasurcmcnts. 

A second series of measurements  were made using a vector  impedance  mete r  
(Hewlet t  Packa rd  48ooA) tile analogue ou tpu t s  of which were d i sp layed  on digi ta l  
vol tmet res  (Digital  Measurements  DM2o22S). In  these measurements  the dependence  
<)i1 f requency of the impedance  and phase angle, was ob ta ined  over  a f requency range 
io  cycles/sec 50o kcycles/sec.  The da ta  was conver ted  to ti le equiva lent  paral le l  com- 
b ina t ion  of conductance  and capaci tance  on an IBM 36o/5o computer .  

Unless otherwise s t a ted  ti le membranes  were formed over  a 0.8-ram d iamete r  
hole in a t )o lycarbonate  septum.  
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D I E L E C T R I C  D I S P E R S I O N  I N  M E M B R A N E S  I 0 

R E S U L T S  

The total svslem parameters 
During  the per iod between deposi t ion of the  ini t ia l  th ick  film and  f rac ture  of 

the final b lack membrane  the low f requency capac i tance  CT of the to ta l  sys tem (i.e., 
film + septum + electrodes) underwent  character is t ic  changes which could be 
grouped  roughly  as follows: (I) an increase as the  film became black;  (2) a fur ther  
increase, by  about  25 °o dur ing the first 5 min af ter  black-fihn format ion;  (3) long 
term drif ts  or oscil lat ions dur ing the succeeding 2o-min to 2-h period, the changes 
usual ly  being less than  50o ; (4) a s t eady  s ta te ;  (5) a sharp  rise a few seconds pr ior  
to film rupture .  

I t  seems unl ikely  tha t  the rise in capaci tance  dur ing the second phase is as- 
sociated with a fur ther  increase in black film area  such as might  arise from a shr inkage 
of the  torus. Genera l ly  the  torus  was less than  0.02 nlm wide so tha t  torus  shr inkage 
cannot  account  for area  changes in excess of I °o whereas the film capac i tance  in- 
creased by  about  25 %. The effect has been a t t r i b u t e d  t en t a t i ve ly  to e i ther  a fur ther  
th inning  of tile membrane  or else a reorganisa t ion of the molecules wi th in  it. 

]rigs. 2 and  3 show the results  which were ob ta ined  for GT and ('T as a function 
of f requency when the e lectrolytes  were o.I ,  I, IO and IOO mM NaCI. I t  is seen tha t  
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Fig. 2. Results for conductance GT of total system (i.e., nlembrane + electrolyte + electrodes) as 
a function of frequency. 0 ,  o.i mM NaC1; ~k, i mMNaC1; I ,  IOnlMNaCland - , o . i  M Na('l. 

both  quant i t ies  exhib i t  a large dispersion, the  f requency range of which is dependen t  
on ti le e lec t ro ly te  concentra t ion.  Genera l ly  the  low-frequency capac i tance  values were 
reproducible  to wi th in  a few percent  while the  low-frequency conductance  var ied  by  
a factor  of less than  4. These exper iments  were carr ied out  a t  room t empera tu r e  which 
was be tween 2o and  23 °. The  appl ied  a.c. signal was less than  5o mV and in this  
range no dependence  of GT and CT on vol tage was detected.  
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l"ig. 4- l{csult~ lor  t he  f r e q u e n c y  d c p e m l c n c c  ol t h e  c a p a c i t a n c e  C e of t h e  s y s t e m  a f t e r  t i le m e m -  
b r a n e  h a d  l r a c t u r c d .  O ,  o.I  mM N a ( ' | ;  A ,  I m M  NaC1; m ,  lo mM NaCI a n d  ! , o . i  51 NaCI .  
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DIELECTRIC DISPERSION IN MEMBRANES 2 I  

Fig. 4 shows the results for the capacitance (Ce) Of the o.I,  I, IO and Ioo mM 
NaC1 systems of Figs. 2 and 3, but  after the membrane  had fractured. The corre- 
sponding conductances (Ge) were almost independent  of frequency and had values of 
o.5I "IO -5, o.6o. IO -4, o.53. IO -a and o.2. io-2,Q -1 in the o.I,  I, io  and IOO mM Na(' l  
solutions, respectively. The non-linearity between Ge and electrolyte concentrat ion is 
largely at t r ibutable to different volumes of electrolyte solution used in the different 
experiments. It  can be seen from Fig. 4 tha t  the electrode 4- aqueous system b\'  itself 
also displayed dispersive properties and in a frequency region which, to some extent,  
overlaps with tha t  in which the dispersion occurs when a membrane is present 
(Figs. e and 3). 

The results shown in Figs. 2-  4 resemble those of HAXAI et al. 1 in tha t  at suffi- 
ciently high frequencies GT -> Ge, CT :" Ce while at sufficiently low frequencies it seems 
that  GT > ,-r,'~ C,r ~ Cr where Gr and Cf are respectively the low-frequencv~ conductance 
(about Io-VD ~.eiu -2) and capacitance (about o.6 ffl:/cm 2) of the films. (They differ, 
however, from the results of HANM el al. in tha t  in the latter work Ce was a frequency- 
independent quanti ty.)  In Fig. 5 the equivalent circuit for the total system when 
a n~embrane is present, is given following HANAI ~'l al. 

In Fig. 5 Cs denotes the s t ray  capacitance of the leads and electrodes. The quan- 
tities Ge (1) and Ce (~) denote the equivalent parallel combination of conductance and 
capacitance for the aqueous phases in series with the fihn while Ge (2) and Ce (z) are the 
corresponding parameters in series with the septum, of parameters  G v and Cp. The 
parameters Gp and C v may be est imated from the known geometry,  resistivity and 
dielectric constant  of the septum. Similarly, rough estimates for Ge (2) and ('e Ia) may  
be obtained by supposing that  the values relate primarily to the water lax'ers perpen- 
dicular to the septum but  not to the hole. In practice all these parameters varied 
from experiment to experiment,  however, some typical values are shown in Table I. 

Ce (1) Cf 

Cs Cp + C s 

l : ig.  5. l : -qu iva l en t  c i r c u i t  for t o t a l  s y s t e m  w h e n  a mclnbra l ]C is p r e s e n t .  See t e x t  for de t a i l s .  

Fi,~. O. The  e f f ec t ive  e q u i w d e n t  c i r c u i t  for t he  t o t a l  s y s t e m .  

Ill Table I are also shown tile relaxation frequencies, fo, for tile set)turn in tile 
different electrolvte solutions. These values were calculated using the relation 

( ;p  : (;e('21 

"~(Cr, + CJ el) 

It is seen that  the relaxation process occurs at frequencies which are nmch higher 
than the frequencies at which the dispersions in GT and ('T were observed. It  wmfld 
seem therefore tha t  the units in l:ig. 5, which represent the septum in series with 
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22 H. G. L. COSTER, R. SIMONS 

the  aqueous phase,  m a y  be combined  wi th  the s t r ay  capaci tance.  "[hus for the fre- 
quency range of in teres t  the  circuit  of Fig. 5 becomes effectively t ha t  of Fig. 0. 
Fo r  this  circuit  the following relat ions applyL 

C* C ' - -  ]'C" ( I )  

Ce(1) * Ce (1) ~ Ge(II//tu (21 

Cr* Cr - -  Gr/] ,~  (3) 

where the  superscr ip t  * is used to denote  complex  capac i tance  and C* is the  complex 
capac i tance  of the  whole circuit.  Also 

Ce(l)(;[2 . Ge(1)2Cf Ce(lJCf 

CrCe (1) (Ge (1) @ Gf) 2 Ce (I) + C[ 
C' - + + (Cs + Cp) (4) 

Cr + Ce (1) I +- ~,)2r~ 

Ce(1)Gf e + Ge(1)2Cf Cett)Cf 

(Ge T Gf) 2 Ce el) -i- Cr Ge(1)Gr 
( 2 " -  v)r (5) 

i - oFT" ~o(G~(1) + Gr) 

Ce (1) ~ Cf I 
- (6)  

Ge (1) ! Gf 2~/o 

P r o v i d e d  t h a t  

Ge(lIGf 

~)(Ge (!) -- Gr) 

is sufficiently small  and  all quant i t i es  are f requency- independent  Eqn.  I gives a semi- 
circular  plot  on the  complex plane. 

The  plots  ob ta ined  for I and  IO mM NaC1 sys tems are shown in Fig.  7. (At the  
o ther  concent ra t ions  only par t s  of near-semici rcular  plots  were obtained.)  I t  is seen 
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Fig. 7" Plots of the complex capacitance of the total circuit in i mM (a) and IO mM (b) NaCI. 
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DIELECTRIC DISPERSION IN MEMBRANES 23 

T A B L E  I 

VALUES OF SOME OF THE VARIABLES INVOLVED IN THE a . c .  MEASUREMENTS 

Var iab le  o . I  m M  N a C I  r o  m 3 I  NaC1  

Ge (1) O.6-  IO -6 ~- -1  0 . 6 "  IO -4 (~-1  

Ce O) 0. 5 pF  0. 5 pF  
Ge(2) O . i 5 .  10--4 .Q--1 O . i 5 .  i O - 2  (~--1 

Ce(2) 13. 5 pF  I3. 5 p F  
(;p < io - l a /2 -1  < io- la  .(2-1 

C o 13. 4 p F  13. 4 pF  
Cs 3 p F  3 P Ie 
f0 o.2 Mcycles/sec 2o Mcycles/sec 

tha t  there are small though possibly significant deviations from semicircles. I t  seems 
unlikely tha t  these can be a t t r ibuted to the dispersion found for Ce since except at 
very high frequencies (i.e., f ~ fo), C' and C" turn out to be almost independent of Ce. 
A possible mechanism for these deviations is discussed in the next section. 

The overall film parameters 
If the equivalent circuit of Fig. 6 is valid and provided that  the intrinsic con- 

ductance and capacitance of the rest of the circuit does not alter after the membrane  
has broken, the parameters Gf and Cr may be calculated from the data  of Figs. 2 4 
using the relations 

Ge(I)GT(lt(Ge(1)-- GT(1)) + ~o2(CeI1)2GT I 1 ) -  CT~I)2Ge(1)) 
(;f - (7) (Ge(1)-- GT(1))2 @ O;2(Ce ( 1 ) -  CT(1))2 

Gel1 )2CT(1 ) __  GT{1)2Ce( I )  A_ (~)2CT(1)Ce(1)(Ce(1)  __  CT(1}) 
Cr -:  (8) 

(Ge(i) - -  GT(1))2 @ roe(Ce (1) - -  CT(1))2 

w h e r e  CT  (1) = CT - -  (Cs q-  Cp) ;  Ce (1) ~- (?e - -  (Cs A (;p) ; GT(1) = GT; and  Ge(1) = Ge. 

Results obtained in this way are shown in Figs. 8 and 9. At low frequencies (about 
zo cycles/sec) these were generally as reproducible as the corresponding values for 
GT and CT. Tile s teady levels at tained by Gr at high frequencies were fairly repro- 
ducible, the variability factor being about  2. However,  at sufficiently high frequencies, 
where there was only a small difference between the measured values of GT and Ge 
and of CT and Ce, the calculated values for Gr and Cr were frequently unreliable. 
As may  be deduced from Eqns. 7 and 8 small percentage errors in the measured 
parameters  can give rise to large fractional changes in the calculated values for Gf 
and Cf in this latter f requency region. 

i t  is seen that  both Gr and Cr exhibit a strong dispersion over frequencies which 
are about  3 times as large as those for the total system parameters (see Figs. 2 and 3)- 
This result cannot be a t t r ibuted in an obvious way  to inaccuracies in the experimental 
measurements  since at many  frequencies errors in excess of z5 % would be implied 
whereas the instruments  appeared to be reliable to about  z %. The low-frequency 
capacitances are independent of the concentrati(m of electrolvte. However, it is un- 
certain whether the same applies to the high-frequency capacitances. The latter appear  

F i o c h i m .  tdiophys.  A c t a ,  203 (t97 o) r 7- -'7 
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t() level off at values less than o. 3- I o s  F at least in the case (>f the ().I, i and I<) mM 
s()lutions. 
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l"i x.  8. R e s u l t s  f o r  t h e  o v e r a l l  t i ln t  c o n d u c t a n c e  (if as  a f u l m t i o n  o f  f r e q u e n c y .  O ,  o.~ i1]~[ N a ( ' l ;  
~ , ,  ~ m M  N a ( ' l ;  m ,  ] o  m M  N a ( ' l  a n d  } , o . i  M N a ( ' l .  

:\ capacitance value ()f o. 3- I o s  F for a 4o-mm 2 area of dielectric corresponds 
to a thickness of about  30oo :\  if the dielectric constant  e is 3 and 80000 A if e is 8o. 
The dielectric constant  of the inembrane is roughly 3 (ref. 6). However, its thickness 
as determined by optical  techniques is (mh' 5 ° A (ref. 7). It seems necessary therefore, 
either to regard the high-frequency capacitance value as an anomaly  which results 
from the subtract ion procedure being invalid or else to a t t r ibu te  it to water layers 
(a about  8o) adjacent  to the membrane  with electrical properties different from those 
of the bulk aqueous phases. In the case of o.I mM NaC1 ((-~o ab(mt o.3" xo s F) each 
laver w(mld have a thickness {)f about  400oo .\ while in I mM anti io mM Na('l 
solutions (Cot, : o.3" I o s  1:) the thickness might be greater. 

If there are indeed disturbed aqueous layers adjacent  to the film then the high- 
frequency conductance data of Fig. 7 might  be expected to agree, at least roughly, 
with the conductances of such layers as calculated from bulk solution resistivity data. 
The conductance of a centimetre cube ()f Na('l  s()lution ()f concentrat ion o.i mM is 
approx. 12 4' IO : Q  i (American inst .  of Physics Handbo()k). Thus the conductance 
of two layers of o.r mM Na('l solutions each of cross sectional area 4 ° nllll 2, in series 
and of combined thickness of 8oooo :\ would be about  0. It) :) ~Q ~. By c()mparis()n 
the value, found fl)r the high-frequency c()nductance Gr in o.I mM Na('l solutions 
\V~.tS a ] ) o l l t  I O  2 ~ 2  1. The figures appear in reasonable agreement when allowance is 
made for the variabil i ty in (Tr and the uncer ta in ty  as to what extent  the dielectric 
constant  and resistivity of thin water layers adjacent  to an interface might reflect 

Bt~ch~m. l~i<@hv<..-Icla, 2o~ (ic~7o) ~7 27 



])IEI.I.;CTI{IC DISPERSION IN MEMBRANI{S 2 5 

the proper t ies  of bulk solutions. I t  would seem therefore tha t  both the capaci tance  
and conductance  d a t a  are consis tent  with the wate r - laver  hypothesis .  
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Fig. 9. Results for the overall fihn capacitance Cr as a ftlnction of frequency. Q, o.i mM Na('l; 
A, I him NaC1; I ,  IO mM NaCI and :-,o.i M NaC1. 

Fig. lo. Plots of the apparent complex capacitance for tihns in ~ mM (a) and io mM (b) Na('l. 

The plots  for the complex capac i tance  (Ct*) are shown in Fig. io.  These results  
are fa i r ly  typ ica l  of the two types  of plot  obta ined .  In  the io  mM NaC1 case the  
points  lie ve ry  close to a circle with a depressed centre  suggest ing a d is t r i tmt ion of 
re laxa t ion  t imes 5. in  the  I mM NaC1 case, however,  the  exis tence of a single circle 
with depressed centre  cannot  be cons t rued  from the data .  

I)IS('USSION 

In tile previous section it was po in ted  out  t ha t  subjec t  to the va l id i ty  of the 
subtract ion procedure (Eqns. 7 and 8) the avai lable evidence supports the conclusion 

tha t  there are water  layers of thickness of 40o00 A adjacent  to the membrane  in 

which the electrical properties differ from those of the bulk aqueous phases. Support ing 
this conclusion were tile dispersion in the quant i t ies  Gr and Cf obtained by subtract ing 
the electrode and tmlk aqueous phase parameters  Ge and (Te from those of the total  

system G:r and CT and tile correspondence between tile thickness of such layers as 

de termined fronl the high-frequency capaci tances ((Tr) and the high-frequency c<)n- 

ductances (Gf). 
Evidence  which might  support  the subtracti(m procedure lies in the low-fre- 

quency capaci tance data  of Figs. 3 and 9. It  is seen tha t  whereas the low-frequency 
capaci tance (CT) for the total  system in o.I mM NaC1 is ()nix' about  one half of tha t  
for the other  systems the low-frequency values for ('r are all about  the same. It seems 
tha t  this agrees with the da ta  of HAN>,T CI al. t and also with the prediction of lgVI,:I(VFT 

XXl( HAYDON ~ that  the capaci tance ()f the membrane  should be independent  of the 

Hioc/dm. IHophy,<. Acia, 2o 3 (t97 o) 17 27 



2 6  H. G. L. COSTER, R. SIMONS 

concentration of the adjacent electrolyte solutions at least in so far as electrical 
double- layer  effects are concerned. 

To the authors  knowledge there have been no previous reports  confirming the  
existence of the  water  layers,  discussed above,  for membranes  which separa te  identical  
solutions of electrolyte .  I t  might  be considered on these grounds,  t ha t  the present  
results  are suspect.  However ,  it  might  be note wor thy  tha t  measurements  of the  
mechanical  proper t ies  of water  (and other  liquids) ad jacen t  to quar tz  and glass sur- 
faces, indicate  the presence of b o u n d a r y  layers  of thickness  of about  Iooo A (ref. 9). 
Fu r the rmore  the  t he rmodynamic  and mechanical  proper t ies  of water  in capil lar ies of 
small  radius  (up to 2o_ ~) appear  to be different from those of normal  water  'a. In view 
of the  current  lack of under s t and ing  of these effects, it seems conceivable,  tha t  the  
proper t ies  of tile aqueous regions ad jacen t  to the membrane  may  have been modified 
to a dep th  of 4oooo A and tha t  the a.c. technique provides a very sensi t ive me thod  
for their  detect ion.  

On the other  hand  there remains  the poss ibi l i ty  tha t  the  sub t rac t ion  procedure  
is invalid.  This would be the  case if the equivalent  circuit  of Fig. 6 is invalid.  I t  could 
also be the  case if the  electrical  character is t ics  of the electrodes were sensit ive to 
tile change in current  or local vol tage when a film is formed. However,  the largest  
changes occur at  low frequencies where, as pointed out  above, the  subt rac t ion  pro- 
cedure seen> more l ikely to be valid. 

Inva l ida t ion  of the  sub t rac t ion  procedure  could also result  from variat ions,  (ff 
significant magni tude ,  in the direct ion of the local current  lines, brought  about  by  
the presence of the fihn. Such var ia t ions  would be expected  in the  region near  the 
fihn's torus  where the impc(lance is p resumably  very  large. However,  they  might  also 
arise if the bulk nf the current  passes through a few "ac t ive  pa tches"  in ti le membrane  
or else th rough  a few microleaks at  the b o u n d a r y  between the fihn and the septum. 

The remarks  of the preceding pa rag raph  suggest the  t)ossible relevence of per-  
forming measurements  on films of different areas. This was done for meml)ranes  
formed in i ln~I NaC1 and of areas  of 2.7 and 7.o mm'L The ca lcula ted  values for 
('r and Gr were in the  same range as those for tile 4o-nlnl 2 membranes  for frequencies 
,,~ such tha t  ('r(e~) Cr(m :o)/e.  However,  the independence of these pa ramete r s  on 
membrane  area was uncer ta in  at higher frequencies, there being large errors invoh 'ed  
in the  calculat ion because of the d iminut ion  in the difference between G,r and  Ge and 
between CT and Ce. 

The finding tha t  the low-frequency capaci tance  is independent  ~f the e lectrolyte  
concent ra t ion  agrees with the  results  of HANAI ~'t al. 1. 

As poin ted  out  by  these authors  this result  appears  to imply  tha t  the capaci tance  
is not  of t i le MAURO type  TM so tha t  a rough idea for the dielectr ic cons tant  of the film 
ma\ '  be ob ta ined  by  t rea t ing  it as a paral le l  plat(: capaci tor .  The membrane  areas 
were about  4 ° mm 2 so tha t  the capaci tance  per unit  area is 0.57 ,ulg/cm 2. Using the 
th ickness  es t imate  of 5 o A and t rea t ing  the membrane  as a homogeneous dielectric 
the value 3.e, a r r ived at  for the low-frequency dielectr ic cons tant  is in fair agreement  
with theore t ica l  predictions~L 
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