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Conductivity of an inverse lyotropic lamellar phase under shear flow
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We report conductivity measurements on solutions of closed compact monodisperse multilamellar vesicles
(the so-called “onion texture formed by shearing an inverse lyotropic lamellay phase. The conductivity
measured in different directions as a function of the applied shear rate reveals a small anisotropy of the onion
structure due to the existence of free oriented membranes. The results are analyzed in terms of a simple model
that allows one to deduce the conductivity tensor of thephase itself and the proportion of free oriented
membranes. The variation of these two parameters is measured along a dilution line and discussed. The high
value of the conductivity perpendicular to the layers with respect to that of solvent suggests the existence of a
mechanism of ionic transport through the insulating solvent.
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I. INTRODUCTION yet published. In the absence of permeation between layers,
its value should be zero since for invelsg phases, the oll
Under shear flow, lyotropic lamellar phases present stasolvent being insulator. Therefore, determination of this
tionary states separated by dynamic transitidnss]. Atlow  quantity is very important since its value gives useful infor-
and high shear rates, the lamellas are generally oriented pemation about possible permeation mechanighs11].
pendicular to the shear gradient direction. For intermediate In the present paper, we propose a method to measure
shear rates, the bilayers rollup around each other to form simultaneouslyo; and o, in inverseL, phases. The idea
closed compact assembly made of monodisperse multilametonsists of performing conductivity measurements under
lar vesicles(referred to in literature as “oniong1]. These shear flow. This technique has been developed a few years
vesicles are not spherical but indeed polyhedral as revealeafjo and is widely used to probe the coupling between struc-
by cryofracture image$6]. Their size that results from a ture and flow in complex fluid§12,13. In the case oL,
balance between viscous and elastic stresses is fixed by tiphases, it has been used to discriminate between the different
shear rate. It and can be tuned continuously from a tenth of steady states of the orientation diagrab#] and more re-
micrometer to a few micrometers by changing the shear rateently to study the dynamics of formation of oniofik5].
[1]. This texture ofL, phases is of primary interest to inves- Hereby, the shear flow is used to form an onion phase in its
tigate the properties of such phases since the density of dstationary state and therefore to control perfectly the defect
fects is controlled and can be tuned continuously by merelylensity within thel , phase. The conductivity is measured in
changing the value of shear rate. This is why this method hathe three main directions of spat#ow, shear gradient and
already been used successfully to study the viscoelastic propertex directiongas a function of shear ratee., onion sizg
erties of monodisperse elastic spheres in a closed compaahd lamellar spacing. Some of us have already performed a
assembly(100% volume fraction[7]. It is known to be ex- similar experiment in & , phase made of sodium-di-2-ethyl-
perimentally difficult to determine the values of the elementshexyl sulfosuccinate and salt for which the solvent is con-
of conductivity tensor corresponding to such a lamellarducting[14]. This previous work has shown that the conduc-
phase, its conductivity being very sensitive to the orientatiortivity is isotropic in the onion phase region and varies
and density of defects. Therefore, the natural way to perforntinearly with the inverse of the onion size. In the present
such an experiment would require to avoid any defects an@aper, we study an inverde, phase for which the conduc-
indeed to align the lamellas between electrodes but this isvity is mainly due to the diffusion of ions in the water film
experimentally difficult to realize. However, by using a sim- inside the membrane since the solvent is now insulating. The
plified version of the effective medium theory, where theresults we obtain on this system differ considerably from
system is modeled as a collection of resistors coupled inhose of Ref[14]. In particular, we show that the conductiv-
series, it has been shown that the overall conductivity of arty in the onion phase region is not any longer isotropic due
inverse lyotropic lamellar powder can be relatedstg the  to the existence of some free oriented membranes along the
conductivity parallel to the plane of layef8]. This element flow. We analyze our results within a simple resistor model,
of the conductivity tensor can be also determined by measumwhich allows one to estimate the elements of the conductiv-
ing the conductivity of a sponge phase of same membraniy tensor of theL, phase itself and the proportion of free
composition[9]. To our knowledge, no direct determination oriented membranes. We derive a high value of the conduc-
of o, , the conductivity perpendicular to the layers, has beerivity perpendicular to the layersvith respect to that of sol-
vend that suggests the existence of some ionic permeation
between adjacent layers. We study these parameters as a
* Author to whom correspondence should be addressed. Emafunction of lamellar spacing and evoke some possible
address: ppanizza@cribx1.u-bordeaux.fr mechanisms of permeation.
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A. Material cells can be found in Ref§14,15. The position of elec-
Itﬁodes, which are mounted on the stator or/and rotor, is de-

made of sodium dodecylsulfat&DS), pentanol, dodecane, termined for each set on symmetry grounds. The electrodes
and water, with a SDS/water mass ratio of 1.55. The phas&'® connected to a lock-in amplifier, which allows measure-
diagram of this system has been extensively studied by Rou€Nts of the complex impedance in the large frequency
and Bellocg[16]. SDS has been purchased from Touzart &'@n9€ (1 Hz—15 MH2. The impedance measured by the

Matignon Co.(Francé and has been used without any fur- lock-in amplifier can then be related to that of the sample.
ther purification. The distilled water is filtered through mil- 1h€ conductivity and dielectric constants of the sample at

lipores and its conductivity is 18 M&y *cm™*. The dode- frequencyv can be derived from the measured complex ad-

cane and pentanol have been purchased from Aldrich and af@ittanceY(v) of the sample

used as received. A lamellar solution composed in weight

percentage of 15.1 SDS, 23.35 water, 14.55 pentanol, and 47 Y(v)=Nio(v)+2mvNcege(v), 1)
dodecane is prepared. This lamellar phase can be seen as

constituted of water films surrounded by surfactant mol-where\, and\. are cell constants that have been determined
ecules and separated by a solvent which here is a mixture eheasuring the complex admittance of a series of salted water
91% weight fraction of dodecane and 9% of pentanol. Theand pure alcohol solutions, whose conductivity and dielectric
lamellar phase is stabilized by undulation interactjd@]  constant are known. The conductivity of thg phase shows
and therefore the intermembrane distance can be continuo frequency dependence in the range 1 kHz—15 MHz with
ously changed by dilution from 40 A up to a few hundreds.or without shear flow. All measurements were made at 10
To study the conductivity tensor along a dilution line of kHz. Since no frequency dependence is found, the results
membranes, we have diluted the initial lamellar solution withobtained at this frequency can be identified with the zero
the solvent(i.e., a mixture of 91% dodecane and 9% pen-frequency conductivity.

tanol in weight fraction The smectic spacing can be var- The experiment has been done as follows. Thephase

ied then continuously from 100 to 300 A. Along this dilution (corresponding to an intermembrane distanges loaded
path, the membrane thicknes$remains fixed and is 26 A into one of the measurement cells. In order to prepare an
[16]. The solvent conductivity is extremely low so the elec-onion phase, the material is sheared at a constant shear rate
trical conductivity of this phase results from the diffusion of (for which the onion phase is stabléor typically an hour
ions in the water film inside the membrane. An estimation ofafter a constant conductivity is reached. The value of the
the conductivity of the membrang,,.,is made by measur- conductivity is then measured.

ing conductivity of membrane of a sponge phase of same

membrane compositid®]. Such a sponge phase can be pre- 2. Small angle light scattering

pared by adding slightly some dodecane tolthephase. The A transparent Couette cell made of plexiglas cylinder was

electrical conductivity of this sponge phase,s is then seq for small angle light scattering. It consists of two con-
known to be two-thirds of that of the in-plane conductivity ¢entic cylinders whose radii are 24 and 25 mm. The inner
o) of the corresponding perfectly oriented, phase[9,14. ¢y jinder (stato) is kept fixed while the outer on@otor) ro-
Since for an inverse , phase, the conductivity of solvent is (5165 Depending upon rotor angular velocity, the shear rate
extremely low above that of the membrane, the conductivity.;n pe varied from 0 to 800 & The incident laser beam

of the membrane is simply related to that f and o3 (30-mw He-Ne laser which is parallel to the shear gradient
through the following relation: direction, probes scattering in the plagg (velocity direc-

d 2 d tion) and q, (vorticity direction. The diffusion pattern is
visualized on a screen at distaricédrom the scattering vol-
ume. In the onion phase, the diffusion pattern is a Bragg ring
whose radius is directly related to the characteristic size of
Using this experimental procedure, we have found for thehe onions. We measured the onion radius Bifer different
conductivity of the membrane of our system a value of 42shear rates of preparation and in agreement with reference

The lamellar phase that we studied is a quaternary syste

O memb— UIIE = 3 0'L3§ .

X103 (Qcm) L. [1], we have found that it varies according tB(um)
=13.08A/¥(s 9).

B. Experimental section

1. Conductivity measurements C. Results and discussion

Conductivity measurements under shear flow have been .Flgurﬁ 1 Sho"Ys the evchIutlti.n of ;ht?] Condlfptéjv'% n thet
performed in temperature controlléct0.2 °C) Couette cells olnlon 'Ph afﬁ region a(sj_a '{!nc |or_:_r? € j‘ppt.'eft shear rate
whose stator and rotor radii are respectively, 27 and 28 mnfioNg e three main directions. The conduclivity Increases

Both rotor and stator are made of insulating material andVith shear rate along the flow and vorticity Z directions
equipped with electrodes. In order to access to the condusvhereas it decreases along the shear gradient dire€tian
tivity in the three main direction§.e., the directions of ve- This anisotropy seems to vanish if one extrapolates at zero

locity V, shear gradien¥V, and vortexZ), three different shear rate the conductivities measured in each direction. In-
set of cells have been designed. A detailed description of thdeed, a closer look reveals that the conductivities algng
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FIG. 1. Variation with applied shear rate of the conductivities s
gradVv

measured in the three main directions. Black diamonds, open circles
and closed circles represent, respectively, conductivities measured 10° (Ohm cm)

in the shear gradient, vertex and velocity directions. The composi-

tion of the lamellar phase, given in weight percent, is: 47% dode- 15
cane, 15.1% SDS, 23.35% water, and 14.55% pentanol. :

andZ are almost identical and vary linearly with the inverse : > 3
of the onion sizgFig. 2(@]. In the VV direction, the depen- ]
dence of conductivity with shear rate is different. In this
direction, it is the inverse of the conductivity that varies lin-

early with the inverse of the onion sizEig. 2(b)]. In order

to explain this anisotropy, we consider a simple model based

on the assumption that under shear flow, the onions organize . ]
into a stack of planes perpendicular to the shear gradient 05—y 55

direction(Fig. 3). The planes slide with respect to each other, (b)
and between them one assumes that some domains of lamel-

las are oriented along the flow and vorticity directions. Re-
call that theL , phase of this system orientates in a similar
way at high shear ratdge., beyond the shear rates for which

1R (um™)

FIG. 2. (a) Variation of the conductivities measured in the flow

(\7) and vertex ﬁ) directions with the inverse of the onion siRe

the onion phase is stablgL]. Therefore, if some lamellas are Closed and open circles represent the conductivities measured in
P ) ’ the flow and vorticity directions. The composition of the lamellar

presen_t between the_ onion stacking plar(a_as., _mon- phase is similar to that of Fig. 1. The best linear fit gives: 1.6
odomaing, they are oriented along the flow direction since’y § 4ar whereo andR are respectively, given in 16 (€ cm)~
the local shear rate is likely high in these sliding planes. Letg micrometers(b) Variation of the inverse of the conductivity
us denpteD, Ithe avera:jge fjhlckneszlof sliding _pIaIne§ betweer‘lﬂong the shear gradieRtV direction with the inverse of the onion
two onion pianes. Indeed, accor ing to optlca} MICTOSCOPYi7e R The composition of the lamellar phase is identical to that of
observations and sma_ll angle scattering experiments such 8). 1. The best linear fit gives: dragy=0.60+0.41R, where the
neutrons and x-ray, this proportion of oriented lamellas mustonqyctivity and the sizeR are, respectively, given in
be quite small since no noticeable anisotropy is revealed byp-2 () cm)~* and micrometers.

these techniquegl]. In what follows and for sake of sim-

plicity, one assumes that this structure is periodical along th?mpedance of an elementary cell,y, (Fig. 4), according to

. . . . ce . [l
shear gradientsee Fig. 3 Although, this last point seems at gpnyg jaw. In the zero frequency limit, the equivalent im-
first a rather strong assumption, it does not alter the pred'cﬁedance of the elementary cell, in the shear gradient direc-

tions of the model. In the onion planes, the struct(aed tion, is the association of two resistors in seffiég. 4),
therefore its conductivityis isotropic. The conductivity re-

lated to such_ plane_ corresponds to that of a single onion: Zg%”z Ronod R)+R(c, ,D,4R?), (1a
oonion- 1N the interstices between onion planes, the lamellas

are oriented. The conductivity of these regions must be refyhereR oo(R) is the equivalent resistor of a cubic onion of
resented therefore by a tensor whose elementsegfé™™  radiusR and R(o,L,S) is the resistance of an element of
=o2P= o and ¢2:P%"= ¢ , whereo; and o, corre-  lengthL, surfaceS, and conductivity. In the velocity and in
spond, respectively, to the conductivity parallel and perpenthe vorticity directions, the equivalent impedance of the el-
dicular to the oriented lamellas. The conductivity tensor ofementary cell is identical and the association in shunt of two

the solutiono can be derived from the electrical equivalent resistors(Fig. 4),
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— (—WT[ | TABLEdI.. The co;ppg;i:ion;of the different solutions and the
! ‘ 2R corresponding smectic distanogs
)o@ @) =)=
- D SDS Pentanol Dodecane Water P,
% ﬁ T [— . [ EiiiE (wt. %) (wt. %) wt.o%)  wt%) (%)  d(A)
1 @ @ @ @[ 15.1 14.55 47 23.35 41.0 103.7
N — 13.75 14 50.9 21.35 37.45 1158
@‘ {@J H@ {‘@J ”_@ { 12.75 13.65 53.85 19.75 34.4 127.9
{ l ‘ 11.15 13.05 58.5 17.30  29.7 152
10.20 12.70 61.25 15.85 27.0 170
9.28 12.34 64 14.38 24.3 1925
@ @ @ 8.4 12 66.6 13.00 21.85 218
- 7.4 11.65 69.5 11.45 19.1 254.9
Grad V 6.25 11.15 72.9 9.70 15.9 314.8
v and
FIG. 3. Schematic representation in our model of the structure 1 byy 1
of the onion phase under shear flow. The onions organize into a —~ay,+ = : (3b)
Ovy R Oonion  O1R

stack of planes perpendicular to the shear gradient direction. These
planes slide with respect to each other. The distance between two

adjacent planes iB.

1 - 1 B 1 . 1
Z_%eﬂ_ Z_%aﬂ - Ronion( R) R(O'” ,2R,2RD) ’

According to Ohm’s law, it follows:

O oniolR+ 0D
O RiD
and
T onion D
= 1+ —=].
7 14 D oonion R
R(TJ_

These predictions are in qualitatively good agreement
with our measurements provided the proportion of oriented
lamellas per onion plané.e., D) is constan{see Figs. &)

and 2b)]. Extrapolating at zero shear rafiee., R—x), the
conductivities measured in the three main directionsz,
andVV, in the onion phasgFigs. 2a) and Zb)] yields the
same valuew o~ 1.6x 103 (Q cm) 1. At this point, it is
worth mentioning that the assumption, we made in our
model (assuming the conductivity in the onion planes to be
isotropig, is experimentally checked. Indeed, in a more re-
fined version of our model, taking into account an eventual
anisotropy in the onion planes, the elements of the conduc-
tivity tensor are given by extrapolation of Ed8a) and (3b)

at zero shear raté.e., infinite onion sizg However, these
extrapolations lead experimentally to similar values of con-
ductivity whatever the direction of measurement is. The ex-

Within the inequalityD/R<1, these equations lead respec-Perimental derivation ob and o, [by Egs.(38 and (3b)]

tively to

D

v
o,= o~ at R = Ooniont UHE

electrical equivalent
network: Grad V direction

2R R..
Ron(®) seionl )
| @J 2R
R(6°,,DARY) = _[
. iD R(c,,2R,2RD)
GradV [
v

electrical equivalent
network: V direction

requires the determination of, by other means. Because the
solvent conductivity andr, are extremely low above the
membrane, this conductivity is simply related to that of the
membrane g memp by

o
o= d O membs (4)

wheresis the membrane thickness. For thg phase studied
here, we obtain a value of 10610 3 () cm)~ . Once this
value is known,D can be determined using E¢@a: D

=by /oy (b, is determined by fitting the conductivity data of
Fig. 2(a) according to Eq(3a). The value ofo; can then be
deduced by using Eq3b): o, =D/by; (by, is determined
by fitting the conductivity data of Fig.(B) according to Eq.
(3a). The value ofo, , 1.2x10 *(Q cm) ™, which is much
higher than that of the solvent and about 10%o09f sug-

FIG. 4. Schematic representation of the elementary cell of thgjests therefore the existence of a transport mechanism of
model described in Fig. 3 and its electrical equivalent networksons through the insulating solvent. Similarly, we find that on

along the shear gradient and the velocity direction.

average, there are a few oriented lamellas per onion plane.
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SinceR is of the order of a few micrometers adds 100 A,

D/d
10 — it is interesting to note that this last result confirmposte-
i riori the approximatiorD/R<1 that we made previously.
gL ] We have performed a systematic study along a dilution
i line for the membranes. In order to do so, the initial lamellar
6l 1 phasewhose composition in weight fraction is: 15.1% SDS;
. 23.35% water; 14.55% pentanol, and 47% dodec@neli-
1 luted with a mixture of 91% weight fraction of dodecane and
4r . - 9% of pentanol. The variation of the smectic distadagith
i . ] membrane volume fraction on this system has previously
20 e e v ] been measured by Freyssing¢a8] using small angle x-ray
{ j scattering. These authors have shown that for a weight frac-
0 -~ : : : ‘ ‘ tion water/SDS-1.55d varies according to
0 50 100 150 200 250 300
(a) d (angstromS) 35.6- 7.9 |r(q)m)
dA)=——g—",
m
01
0.3 - . ’ } I where® ;, is the volume fraction of membrane. This relation
r ] takes into account the logarithmic correction due to the ex-
025 ] cess area surface induced by the strong thermal fluctuations
¥ ] [16] of the membrane. Table | gives the compositions, the
02f 7 membrane volume fractions and the smectic distances of the
; ] different solutions we have studied.
015 . ] For each solution, we have measured the conductivities in
o1 r .~y - . * 3 the three main directions and the sRef the multilamellar
T * ] vesicles as a function of applied shear rate. Fitting the con-
0.05 - ] ductivities according to Eq$3a) and(3b) gives the values of
; # a(z), b(z), a(V,) andb(V,). We have calculated; from
0 b = ! - Eqg. (1) and have deduced the average thicknBssf the
0 50 100 150 200 250 300 sliding planes from relatiori3a): D=b(z)/o,. Figure %a)
(b) d (angstroms) shows the variation ob/d (i.e., the average number of ori-
G ented lamellae per sliding planeas a function ofd. D/d
onion seems to be independent on membrane concentration and
2.5 , e close to 2. This result appears therefore to be an intrinsic
i e 1 property of the onion texture. Such a small quantity of ori-
2 F | ] ented lamellagless than 1%has not be observed with other
; \J j techniques such as small angle x-ray or small angle neutron
15[ ¢ ! ! 3 scattering. Thus, conductivity measurements under shear
k e _F._____‘i ] flow is a very powerful technique to probe small anisotropy
1 [_ MY Lr— j in low conducting materials. Combining Eq&a) and (3b)
A = . ] permits to derive an expression for the conductivity perpen-
05 t ST . J dicular to the layers:
r 4
I SR __ b2
0 50 100 150 200 250 300 S oob(V,)
© d (angstroms) Figure 8b) shows the variation of, as a function ofl. The

high value ofo, (compared to that of solventeveals the
existence of an ion transport mechanism through the insulat-
lamellas per onionwith smectic distanceg. (b) Variation of o, ing solvent. This transport of ions may result frofd) dy-

with d, the smectic distancéc) Variation of the effective conduc- Nnamical contacts between adjacent layers due to thermal
tivity of onion o ypnen With the distance between adjacent membranefluctuations(the L, phase of this system is stabilized by
d. Units on the y axigcorresponding to conductivityare given in  undulation interaction (2) “handle” type defects connecting
102 (Ohm cni'Y). Black circles correspond to the valuesafion, adjacent layersj3) Burger’s vector 2 screw dislocations
determined by extrapolating, for each dilution, Equatié3® and  [19,20; and; (4) the presence of microemulsion droplets in
(3b) at zero shear rate. Inset: value of the effective conductivity ofthe continuous phase.

the onion computed numerically from the model detailed in the  Our experimental results show that is almost indepen-
Appendix. dent ond. This likely rules out the first mechanism since the

FIG. 5. (a) Variation of D (the thickness of domains of oriented
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D,=2R,=2(n+1)d the proportion of oriented membranes. The value
T (10”4 (Q cm)~1) much higher than that of the solvent and
independent on membrane concentration, reveals the exis-
tence of a conduction mechanism between successive layers

likely due to the existence of microemulsion droplets or to
] defects in the continuous phase. Finally the proportion of
fis] = | % . - T
L@ free oriented membrane per onion, which is constant and
I independent of dilution, appears to be an intrinsic property of
— the onion structure under shear flow in this system.
FIG. 6. Schematic representation of an onion of radtys:(n ACKNOWLEDGMENTS

*1)d and of its equivalent electrical network. The authors would like to thank F. Nallet and P. Sierro for

) . fruitful discussions.
average distance between thermal contact &d the con-

ductivity should therefore vary a$™ 2. However, it agrees
conversely with the possible existence of microemulsion APPENDIX

droplets, which should act as charge carriers through the con- Let us consider a cubic onion made rokuccessive con-
tinuous phase, or with the existence of defects: handles coRuntric lamellas. Its size corresponds thereftfig. 6) to:

necting adjacent layers or Burger vector'2 screw di5|ocaDn:2(n+1)d. To compute the effective conductivity of
tions. If defects (_handles or  Screw dlsl_ocatlohsare this onion, in terms ofr; and o, (the conductivity parallel
responsible fo_r the ion transport between qd]acent layers, ﬂ?nd perpendicular to the layers of the constituting lamellar
s_urfa(/:e den_sr|:]3_/ Of. I%efect@ls can d be edsnmatfedh, bybs . phasg, one has to evaluate its impedanZg:. This calcula-
&‘TL Ugdem' d IS _y|e" S z;vha ue ('jn epfeno ent of the smecliCjnn can be made if one notices that the onion impedance is
|stancd an tyhplci %’ oht erc])r erl%_l/o.f del the association of two impedances in shunt. The ions can
In order to check further the validity of our model, we y.o 6| 1y the external membrane of the onion or by inside.

have estimated the equivalent conductivity of an onion Ofryg jmpedance associated with the conduction along the ex-
size R, oonion(R), in terms of o (d) and o, (d). Qualita-  {ornal membrane is given by,
tively, the value of this conductivity should lie between

and o, . In order to evaluate it, one derives the equivalent
onion conductivity by computing the equivalent impedance = =
of an onion of sizeR, modeled as a cube made of concentric Rex(N)  Texd(N)
layers(see the AppendixAbove a few tens of layerghere-

fore for onions of micrometer sizenumerical evaluations The impedance associated with the conduction trough the
show that theoy,o(R) does not depend anymore on the onion inside is

onion size. The value of this equivalent conductivityyion

typically 10 3 (Q cm) ! is in good agreement with the ex- 2d

perimental values deduced by extrapolating at zero shear rate Ri(M)=2r+2Z, 1=
(or infinite onion siz¢ the curves depicted in Figs(e88 and

3(b). Nevertheless, its variation with dilution shows some ) ) ] ]
deviations compared to experimental results. Indeed in OuWherer represents the electrical resistor associated with the
model the onion conductivity varies according tg,,,, o0 transfer between layerand layem—1. _

«1/\d (see inset in Fig. &) whereas experimental results ~ BY combining Eqs(A1) and (A2), one obtains the fol-
yield a stronger variation witil (a fit leads tod~1). This  owing recursive relation,

difference is not surprising considering the simplicity of our

+d|.

1 2 (anl D

D,

Y. +Zn-1, (A2)
1=(n-1)

onion model. In particular, this model does not take into i_z al 14 Dn—1 N 1 (A3)
account for the variations of the smectic distance between Z, ol N 2d
the center of the onion and the outer layers. Znat o D2 .
o, Vn1
Il. CONCLUSION The electrical resistance correspondingnte0 can be evalu-

. . - ated since it corresponds to that of a cubic vesicle of radius
Due to their large sensitivity, conductivity measurementsy/> and membrane thickness

performed under shear flow reveal the existence of a small
anisotropy in the onion phase, contrary to small angle light, x s
rays or neutron scattering experiments. This anisotropy re- Zo= 5+ 5.
sults from the existence of some oriented lamellas between Tmenfd—0)° o, (d—9)
onions. A simple model based on an equivalent association

of resistors allows one to measure for the first time as far aln order to compute the effective conductivity associated
we know, the conductivity perpendicular to the layersand  with an onion of sizeD,,, one uses Ohm’s relation,

(A4)
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Tmems=42x 1073 (2 cm)~1. Whenn tends to infinity, the
Tonior N) = D.Z, (AS)  value converges. Indeed, fo= 100, the effects of finite size
are negligible. Therefore for smectic distances of a few tenth
We compute this value numerically taking:, (d)=0.06 of angstroms, the effective conductivity of onion of mi-
x10 3 (Qcm) ! and oy=0opmemy/d with 6=26A and crometer size is independent of their size.
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