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The ion transport from one aqueous medium, W1, to another, W2, through a bilayer lipid membrane, BLM, was
investigated voltammetrically by scanning the applied membrane potential, AVw~w2, and monitoring the membrane
current, Iwi—w2. The shapes of voltammograms observed with a definite BLM depended on the hydrophobicity and
the concentration of the ion added into W1 and/or W2, and can be classified into four types. The transport processes
involved in each type of voltammogram were elucidated in the light of knowledge about ion transport processes through
liquid membranes and by taking into account the conjugated ion transfers at interfaces of W1/BLM and BLM/W2. The
shapes of voltammograms were also transformed when BLMs made of different lipids were employed. The spontaneous
condensation of objective ions from W1 and/or W2 to the BLM by the partition with counter ions, which depends on the
properties of objective ions, counter ions and lipids composing BLMs, is essential for the ion transport through BLMs.
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The ion transport from one aqueous medium, W1, to an-
other, W2, through a bilayer lipid membrane, BLM, has been
investigated extensively for the fundamental understanding
of ion transfers through biomembranes.!?

Though a BLM represents a high energy barrier for hydro-
philicions such as K*, Na*, or C1~,># the ion transport occurs
easily when a hydrophobic ion is added into W1 and/or W2 in
the presence of hydrophilic salts, even if the additive is fairly
dilute (e.g., 10~° M, 1 M=1 mol dm—3).>~? The mechanism
and energetics of the ion transport in the presence of the
hydrophobic ion have been discussed frequently.*—'" Most
authors™*® assumed the condensation of the hydrophobic ion
into the BLM, and attributed the rate-determining process to
the diffusion-controlled mass transfer of the hydrophobic
ion from the bulk of the aqueous medium, W, to the W/BLM
interface when the hydrophobic ion was dilute. When the
concentration of the hydrophobic ion was high, Le Blanc®
considered the saturation of the space charge in the BLM
with the ion, Bruner” and Ketterer et al.'” the saturation
of the interface by the adsorption of the ion, and De Levie
and Seidah'" the variation of concentration of the ion in the
stagnant (Nernst) and space charge (Gouy—Chapman) layers
in W due to the partition equilibrium or the first-order phase
transfer kinetics at the W/BLM interface.

If we adopt the diffusion-controlled process in case of the
dilute hydrophobic ion, however, it is difficult to explain
not only the extraordinarily large current caused by the ion
transport (10 to 100 times larger than the ordinary diffusion-
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controlled current) but also the cyclic voltammogram sym-
metrical about the origin (point of 0 V and 0 A) which is
observed by scanning the membrane potential (potential dif-
ference between W1 and W2) and measuring the membrane
current (current between W1 and W2) with the BLM system
in the presence of hydrophobic ion in one of two aqueous
phases. In order to overcome these difficulties, Kutnik and
Tien'? considered the transfer of hydrophobic ion, which had
been concentrated in the BLM, from the BLM to both W1
and W2, and applied the thin layer electrode theory to the
analysis of the voltammogram.

Reviewing previous works on the transport process, we
find that the role of the hydrophilic ions in aqueous phases
which must be distributed into the BLM together with the
hydrophobic ion as the counter ion in order to hold the elec-
troneutrality in the membrane and aqueous phases has not
been taken into account. Hence it seems difficult to under-
stand the different feature of the ion transport observed by
varying the kind or concentration of hydrophilic salts based
on the concepts so far proposed.

The present authors compared the voltammogram for ion
transport through a BLM with that through a liquid mem-
brane in a previous paper,'? and pointed out briefly that the
hydrophilic ion moves into the BLM spontaneously as the
counter ion of the hydrophobic ion; not the hydrophobic ion
but the hydrophilic ion transfers between W1 and W2.

In the present work, voltammograms for transports of var-
ious ions through BLMs of various compositions are inves-
tigated. Then, processes involved in the transports are eluci-
dated on the basis of the results of the previous work, taking
into account solution chemical properties of the transferring
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ion, the coexisting ion, and the constituents of the BLM.

Experimental

Chemicals. Lipids used to form BLM are lecithin (Merck,
No. 544274), (PC), which is a mixture of phosphatidylcholines with
different aliphatic groups, dioleoylphosphatidylcholine (Wako Pure
Chemical Ind., Ltd., No. 166-12803), (DOPC), phosphatidylser-
ine (Sigma Chemical Co., No. P-7769), (PS), phosphatidylethanol-
amine (Sigma Chemical Co., No. P-4264), (PE), sphingomyelin
(Sigma Chemical Co., No. S-7004), (Sph), and cholesterol (Wako
Pure Chemical Ind., Ltd., No. 087-21), (Ch).

Potassium tetraphenylborate, K*-TPhB™, potassium dipicryl-
amide, K'-DPA™, and crystalviolet tetraphenylborate,
CV*.-TPhB~, were prepared according to the procedure de-
scribed previously.'® Magnesium salts of TPhB~ and DPA™,
Mg?*-(TPhB™); and Mg**-(DPA ™ ),, were synthesized by the meth-
ods proposed by Ueno et al."” Aqueous solutions containing sul-
fates of tetraphenylarsonium, (TPhAs*),-S04>~, tetrapentylammo-
nium, (TPenA,*)z-SO42*, tetrabutylammonium, (TBA*)Z-SO42_,
tetrapropylammonium, (TPrA*);-SO,*~, tetraethylammonium,
(TEA*);:S0,2~, and tetramethylammonium, (TMA*);-SO4*~,
were obtained by titrating 0.05 M (mol dm™>) chloride solutions
of TPhAs*, TPenA*, TBAY, TPrA*, TEA*, and TMA* with 0.05
M Ag,SOs4 aqueous solution with the aid of a chloride ion selective
electrode (a product of Horiba Co.) followed by the filtration of
AgCl. An aqueous solution of magnesium picrate, Mg**+(Pic ™)z,
was prepared by titrating 0.1 M solution of picric acid with a
powder of Mg(OH), and monitoring the pH of the solution. In
order to get nitrobenzene solutions containing Mg?* or SO4>~,
10 ml of nitrobenzene solution containing 107> M Bis(diphen-
ylphosphiryl) ethane, (BDPPE), was shaken with 10 ml of aqueous
solution containing 5x 107° M Mgz’*-(DPA_)z, Mg2+-(Pic“)z, or
(TPenA*)z-SO42_ , respectively. BDPPE was obtained according to
the procedure proposed by Chatt and Hart'® and Umetani et al.'**”

The water used was purified by the triple distillations of deionized
water. All other reagents were of reagent grade and were used
without further purification.

Preparation of BLMs. The BLM used was obtained as a
black lipid membrane by brushing decane solution of lipid(s) on
the aperture of 1 mm in diameter created on a tetrafluoroethylene
resin sheet of 0.2 mm thick (a product of Mitsui Fluorochemical
Co.).>™ The decane solution was prepared dissolving 10 mg of a
single lipid such as DOPC, PS, or PE, or 20 mg of an 1 : 1 mixture
of lipids such as PC+Ch, DOPC+Ch, PS+Ch, PE+Ch, or Sph+Ch
into 10 ml of decane. The formation of a BLM was confirmed by
the microscopic observation of the area of the black lipid membrane
and the capacitance measurement.*"”

Voltammetric Measurement. The BLM system employed in
the present work is given in as Eq. 1.

(W1) (BLM) (W2)
0.1lor02M 0.10r02M
Hydrophilic salt Hydrophilic salt

(e.g., KCl, NaCl, MgCl,
K2S04, Na2504, MgSO4)

(e.g., KCl1, NaCl, MgCly,

K2S04, NazSO4, MgSO4)
Additive '
CEl RIEI

RE2 CE2

]
1)

The electrolytic cell used for the voltammetric measurement with

AVwiwz

TIwiwz
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a BLM was essentially the same as that proposed by Tien.>'" It was
placed in a Faraday cage during the measurement in order to de-
crease the noise generated by the environment. The voltammogram
for the ion transfer from W1 and W2 through a BLM was recorded
by scanning the potential difference between W1 to W2, AV -wa,
and by measuring the current between W1 and W2, Iwi—w2. Two
silver—silver chloride electrodes, RE1 and RE2, and two platinum
wire electrodes, CE1 and CE2, were used to apply AVw—w2 and to
measure Iwi—w2, respectively.

Voltammograms for the ion transfer through a liquid membrane,
LM, and at the W/LM interfaces were recorded adopting the cell
and the procedure described in previous papers.'*'?

All voltammograms were measured by scanning AVw—w> at
a rate of 0.01 Vs™' at 2540.5 °C unless otherwise mentioned.
The potentiostat, function generator, and X-Y recorder used were
identical with those used in the previous work.'?

Results and Discussion

The Stability of the BLM Observed with and without
Applying the Membrane Potential. BLMs composed of
DOPC, PS, or PE were stable for more than 5 h after their
formation in the cell of Eq. 1 with any hydrophilic salts, but
BLMs of PC or Sph were unstable and difficult to form. The
coexistence of Ch made all BLMs much more stable, and
even BLMs of PC or Sph were stable for several hours when
they were prepared from decane solution of 1:1 mixture of
PC or Sph and Ch. Similar results were reported earlier.**?

The BLMs once formed were broken down when the ap-
plied AV —w2 was scanned positively or negatively to cer-
tain voltages (breakdown voltages) which depended on the
composition of the BLM and the species and concentration
of the hydrophilic salt in aqueous phases. In this connection,
when W1 and W2 contain sufficient concentration of elec-
trolytes like in the present system (0.1 M), AVy—w, corre-
sponds to the membrane potential as mentioned previously.'®
Table 1 summarizes mean breakdown voltages of various
BLMs obtained by 10 repeated measurements with the cell
system consisted of W1 and W2 containing 0.1 M MgSO,.
The addition of 10~ M of a hydrophobic ion such as TPhB~,
DPA~, CV*, or TPhAs* made the absolute values of break-
down voltages larger in most cases as seen in Table 1, though
the concentration of the additive was very low. The abso-
lute values of breakdown voltages for all BLMs were rather
smaller when 0.1 or 0.2 M KCl was employed in place of 0.1

In the present work, potential ranges to observe voltam-
mograms were chosen from Table 1 to be those where BLMs
would never be broken.

Voltammograms for Transfer of Various Ions through
a BLM Composed of PC and Ch.  The voltammograms
were investigated by employing a typical BLM made from
decane containing a mixture of PC and Ch, and by choos-
ing ions in aqueous phases in the light of standard Gibbs
transfer free energy, AGy w_,or. from aqueous, W, to or-
ganic, Org, such as nitrobenzene, NB, or 1,2-dichloroeth-
ane, DCE, which are summarized in Table 2.2*?¥ Here, the
AGg w_,or 1s presumed to be a good measure of the hydro-
philic or hydrophobic property of an ion which determines
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Breakdown Voltages for Various BLMs with or without the Addition of a Hydro-

phobic Ion in One of Two Aqueous Phases Containing 0.1 M MgSQO,

BLM Breakdown voltage (absolute value)/V
Ton added (107% M)
None DPA™ TPhB™ cv*t TPhAs*
PC _— — — — —
DOPC 0.25 0.30 0.32 0.32 0.35
PS 0.12 0.17 0.18 0.18 0.18
PE 0.20 0.28 0.27 0.27 0.25
Sph — — — —— —
PC+Ch 0.13 0.20 .0.20 0.27 0.20
DOPC+Ch 0.20 0.25 0.25 0.27 0.28
PS+Ch 0.15 0.18 0.20 0.20 0.21
PE+Ch 0.31 0.34 0.45 0.39 0.32
Sph+Ch 0.36 0.40 0.38 0.41 0.42
Table 2.  Standard Gibbs Free Energies for Transfers, AGy,, of Various Ions from Aqueous,
W, to Nitrobenzene, NB, or 1,2-Dichloroethane, DCE
Ton W/NB W/DCE Category
AG2/kI mol ™! AG/KY mol ™!
DPA™ -394 v
TPhB™ -359 —35.1 v
Pic™ —4.6 III
ClO4~ 8.0 17.2 1I
Br™ 28.4 38.5 1
Cl~ 314 46.4 I
S04 >67.3 I
EV* ca.—44Y v
cv* —39.5 \"
TPhAs* =359 -35.1 v
TPenA* —-35.1 —34.7 v
TBA* —24.0 —-21.8 v
TPrA* —~10.0 -8.38 11
TEA* -5.7 42 11X
TMA* 34 17.6 1I
K* 23.4 I
Na* 34.2 I
Mg* 69.6

a) S. Kihara and O. Shirai, unpublished work.

in the ion transport. In Table 2, ions are classified into
five categories: i.e., hydrophilic ions with AGg w_,xp>10
(k) mol~!; category I); slightly hydrophobic ions with 10
>AGy w_ng 20 (K] mol~!; category II); rather hydrophobic
ions with 0>AGY, y_,xp>—20 (kJ mol~'; category II); very
hydrophobic ions with —20>AGg y_,ng=>—37 (KJ mol™!;
category IV); and extremely hydrophobic ions with —37>
AGY w_ g (KT mol™'; category V).

When an ion was added into one of two aqueous phases
in the presence of a hydrophilic salt, the voltammogram was
transformed depending on the property and concentration of
the added ion.

The voltammograms observed can be classified into four
types which will be denoted as Types A, B, C, and D here-
after.

Type A:  Voltammograms observed with the cell in the
absence of any extremely hydrophobic ion, very hydrophobic

ion, or rather hydrophobic anion in aqueous phases.

In the voltammogram which was obtained with W1 and
W2 containing a salt composed of hydrophilic ions (category
Lin Table 2), there was no peak indicative of the ion transfer.
As an example, curve 1 in Fig. 1 gives the voltammogram
recorded with W1 and W2 containing 0.1 M. MgSO,4 by
scanning AV —w, in the region between +0.1 and —0.1 V
and, simultaneously, by measuring Iw;—w;. Similar voltam-
mograms without any peak were observed when the hydro-
philic salt in W1 and W2 was NaCl, KCI, MgCl,, K»SOq,
or Na,; SOy instead of MgSO4. The voltammograms of Type
A were also observed when one of the slightly hydrophobic
ions (category II) or rather hydrophobic cations (category III)
was added in place of MgSOy.

Type B:  Voltammograms observed with the cell in the
presence of an extremely hydrophobic anion, an extremely
hydrophobic cation, or a very hydrophobic anion in W1 in
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Fig. 1. Voltammograms for the ion transfer through a BLM
composed of PC and Ch. Curve 1; 0.1 M MgSO; in both
W1 and W2. Curves 2 and 3; as curve 1, but in the presence
of 107* M DPA™ in W1 (curve 2) and 10~ M TPhB~ in
W1 (curve 3).

addition to the hydrophilic salt.

In the voltammogram of Type B which was obtained by the
addition of one of the extremely hydrophobic ions (category
V) or very hydrophobic anions (category IV) into W1 of
the system of Eq. 1 in the presence of a hydrophilic salt in
W1 and W2, well established positive and negative peaks
symmetrical about the origin (the point of 0 V and 0 A)
appeared, even though the concentration of the added hydro-
phobic ion was very dilute; less than 107% M, and the ion
was added into one of the two aqueous phases. The half-
peak potentials of both the positive and negative peaks were
around O V. An example of a voltammogram of Type B is
shown as curve 2 in Fig. 1; this was observed when 107°M
DPA~ was added as the form of Mg?*-(DPA ™), into W1 of
the BLM system in the presence of 0.1 M MgSOy4 in W1 and
W2. The peak current density was nearly proportional to the
concentration of DPA™ in the range between 5x10~% and
10~3 M and to the square root of the scan rate of AV —w»
in the range between 0.01 and 0.1 Vs~'. Itincreased slightly
with the increase of the concentration of the hydrophilic salt,
MgSOs4, in aqueous phases from 0.1 to 1 M, and increased
when the hydrophilic salt in aqueous phases was changed
from 0.1 M MgSO4 to 0.1 M K;SO4 or 0.1 M Na;SO4. Here,
the current density was calculated by dividing the current
observed by the area of the BLM measured microscopically.

Voltammograms observed by employing 0.1 M MgCl,,
0.2 M KCl, or 0.2 M NaCl in place of 0.1 M MgS0O,4, 0.1 M
K580y, or 0.1 M Na, SOy, respectively, were almost identical
with those with sulfates.

Adding TPhB~ instead of DPA™ as the form of
Mg?*-(TPhB™), into W1 of the system in the presence of
0.1 M MgSO,4 in W1 and W2, the voltammogram observed
was that of Type B as shown as curve 3 in Fig. 1. The char-
acteristics of the voltammogram were similar to those with
DPA™, except that the peak current density with TPhB~ was
smaller than that with DPA™, even though the concentration
of TPhB~ was the same as that of DPA™. Voltammograms
with dilute TPhB™ in W1 in the presence of 0.1 to 1 M

lon Transfer through Bilayer Lipid Membranes

MgSO0,, K>SOy, or Na,SO4 were identical with those in the
presence of 0.1 to 1 M MgCl,, KCl, or NaCl in W1 and W2,
which was reported in the previous paper.'?

The voltammograms of Type B were also observed by the
addition of dilute (5x 1077 to 10~> M) CV* or ethylviolet
ion, EV*, into one of two aqueous phases containing 0.1 M
MgSO4 or MgBr,, respectively. The peak current density
depended on the species of the anion in the hydrophilic salt,
but was practically independent from the cation in the salt.

The characteristics of the peak currents with DPA™,
TPhB~, or CV* are summarized in Table 3.

When an extremely hydrophobic ion or very hydrophobic
anion was added into both aqueous phases in the same con-
centration, the positive and negative peaks symmetrical about
the origin were larger compared with those observed when
the ion was added only to W1 (e.g., about 1.6 times when the
added ion was 107 M DPA~ and the hydrophilic salt was
0.1 M MgSOy).

Type C:  Voltammograms observed with the cell in the
presence of a very hydrophobic cation in W1 in addition to
the hydrophilic salt.

In the voltammogram of Type C which was obtained by
the addition of one of the very hydrophobic cations (category -
IV) such as TPenA*, TBA*, or TPhAs* in 107° to 1074 M
concentration into W1 of the system in the presence of 0.1
to 1 M hydrophilic salt such as MgSO4, K;SO4, or Na;SO4
in W1 and W2, a positive and a negative current of different
magnitudes appeared around the origin.

Curve 1 in Fig. 2 is a typical example of Type C observed
with 10~* M TPenA* in W1 and 0.1 M MgSO; in both W1
and W2. The magnitudes of the positive and negative peaks
(or limiting currents) were proportional to the concentration
of the very hydrophobic ion added in the range between 10~>
and 10~* M, while the ratio of the positive to negative peak
(or limiting current) was almost constant. The ratio depended
on the kind of the hydrophobic cation added. Among cations
which belong to category IV in Table 2, the more hydro-
phobic ion gave the smaller ratio.

The characteristics of peaks or currents of Type C are

Iw1-wolpiA-cm2
+0.1

+0.1
AVwi-w2/V vs. RE2

4-0.1

Fig. 2. Voltammograms for the ion transfer through a BLM
composed of PC and Ch. Curve 1; 10~* M TPenA* in W1
and 0.1 M MgSO; in both W1 and W2. Curve 2; as curve
1, but in the presence of 10™* M TPenA* in W1 and W2.
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Peak Currents in Voltammograms of Type B Observed with the BLM Composed of

Table 3.
PC+Ch

Supporting Peak current density / pA cm™?
electrolyte Ion added in W1 (10_6 M)
in W1 and W2 DPA™ TPhB™ cvt
0.1 M MgSO4 0.204+0.03 0.10+£0.02 0.0440.01
1 M MgSOq4 0.23+0.03 0.1240.02 0.05+0.01
0.1 M K250, 0.60+0.10 0.254+0.03 0.041-0.01
0.1 M Na,;SO, 0.224+0.03 0.12+0.02 0.041:0.01
0.1 M MgBn; 0.214:0.03 0.124+0.02 0.0510.01
0.1 M MgCh 0.20+0.03 0.11+0.02 ca.0
0.2 M KClI 0.624+0.10 0.23+0.03 ca.0
0.2 M NaCl 0.19+0.03 0.13+0.02 ca0

Table 4. Currents at AVw,—w2=+0.1 and —0.1 V, I(+) and I(—), Observed in Voltammograms
of Type C with W1 and W2 Containing 0.1 M of Various Magnesium Salt

Salt in Current density / pA cm™>
W1 and W2 Ion added in W1 (1073 M)
TPhAs* TPenA* TBA*
1(+) 1(-) 1(+) 1(-) 1(+) 1(-)

0.1 M MgSO; 0.094+0.02 —0.05+0.01 0.04+0.01 —0.02+0.01 0.03+0.01 —-0.0140.005

0.1 M MgBr;

0.1 M MgCl, ca.0

ca.0 ca.0

0.15+0.03 —0.11+£0.02 0.06+0.02 —0.03+0.01 0.04+0.01

—0.02+0.01

ca.0 ca.0 ca.0

summarized in Table 4.

When the very hydrophobic cation was added into both
aqueous phases at the same concentration, the positive and
the negative peaks or currents were the same magnitude and
symmetrical about the origin. Curve 2 in Fig. 2 is the example
which was recorded by adding 10™* M TPenA* and 0.1 M
MgSO, in both W1 and W2.

Type D:  Voltammogram observed with the cell in the
presence of a rather hydrophobic anion in W1 in addition to
the hydrophilic salt.

In the voltammogram of Type D which was observed by
the addition of a rather hydrophobic anion (category IIl) in
fairly high concentrations such as 10™* to 10~3 M into W1
of the BLM system with W1 and W2 containing a hydro-
philic salt, a current decrease, which resembles the current
limiting the potential window (so-called the final descent),
and a small limiting current appear. Curve 1 in Fig. 3 is
a typical example observed with 10~* M Pic™ in W1 and
0.1 M MgSOy in both W1 and W2. Current densities at
AVwi—w2=—0.1 (the final descent) and +0.1 V (the limiting
current) depended on the concentrations of both Pic™ and
Mg?* in W1, as summarized in Table 5.

In this connection, the negative current (the final descent)
might reach a limiting value if a wide AVw,—w2 could be
applied, though it was not realized with the BLM composed
of PC+Ch because the breakdown potential of the BLM was
not wide enough. Actually, the limiting current was observed
with the BLM of PE+Ch, which is more stable than that of
PC+Ch.

When Pic™ was added into both aqueous phases at the
same concentrations, the final rise and the final descent which
were symmetrical about the origin were observed, as shown

Iw1-wa/uA-cm2

10.2 if

101 jf

w /
% _// +0:1

X/ !
LY AVw1.wa/V vs. RE2

Fig. 3. Voltammograms for the ion transfer through a BLM
composed of PC and Ch. Curve 1; 107> M Pic™ in W1 and
0.1 M MgSOy in both W1 and W2. Curve 2; as curve 1, but
in the presence of 10> M Pic™ in W1 and W2.

as curve 2 in Fig. 3.
Ion Transfer Processes Involved in Voltammograms
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Table 5.

lon Transfer through Bilayer Lipid Membranes

Currents at AVw—wy=+0.1 and —0.1 V, Observed in Voltammograms of Type D by

the Addition of Pic™ into W1 in the Presence of 0.1 or 0.5 M MgSO4 in W1 and W2

2

Concn of Concn of Current density / pAcm™
Pic™ in MgSO4 in Ale—wz—:'—O.] A\ AVWl—w2=+0.1 A\
Wi W1 and W2 (Final descent) (Limiting current)
1074 M 0.1M —0.25 0.03
1073 M 0.1M —1.90 0.40
1074 M 0.5M —0.29 0.09

through BLM:s. In the previous paper,'® the voltam-
mogram for the transfer of an ion from W1 to W2 through
an LM was analyzed by taking into account the ion trans-
fer processes at the W1/LM and LM/W?2 interfaces and the
mass transfer in the membrane. The voltammogram through
aBLM was also investigated and compared with that through
an LM. The ion transport process through a BLM was anal-
ogous to that through an LM, though the BLM was much
thinner than the LM.

In the following, the ion transport processes involved in the
voltammograms through BLLMs obtained in the present work
will be elucidated by using methods and concepts analogous
to those proposed in the previous work.'

Curves 1 in Figs. 4, 5, 6, and 7 are voltammograms for ion
transfers through LMs, VITTM, observed with LM systems
as Egs. 2, 3, 4, and 5, respectively, by scanning AVy—w2
and measuring Iywi-w>.

(W1) (NB-LM) (W2)
0.1 M MgSO4 103 M BDPPE, 0.1 M MgSO4
0.1 M CV**TPhB"
(2
as Eq. (2) + as Eq. (2) + as Eq. 2)
5x10°M 5x10°M
Mg**«(DPA’), Mg* «(DPA)2 3
as Eq. (2) + as Eq. (2) + as Eq. 2)
5x10°M 5%x10°M
(TPenA*)29S04> (TPenA*)70804% @
asEq. 2) + as Eq. 2) + as Eq. (2)
5x10*M 5x10°M
Mg™ «(Pic')2 Mg?*(Pic) )
CEl REI RE3 REA RE2 CE2

AVwiwz

I:AVWIILM_] L~AVuwwzj |
Iwiwz : l

The LM consisted of NB into which CV*-TPhB~ and
BDPPE were added as a supporting electrolyte and a neu-
tral ligand to stabilize Mg?* in the LM and to facilitate the
transfer of Mg?* from W1 and W2 to LM.?® The supporting
electrolyte in aqueous phases was 0.1 M MgSO,. Potential
differences at the W1/LM and LM/W?2 interfaces, AVyy /1M
and AVia w2, were measured as the potential of RE1 vs.
RE3 and that of RE4 vs. RE2, respectively. Here, RE3 and
RE4 were TPhB™ ion selective electrodes'® placed in LM
near the interfaces. :

Curves 2 and 3 in Figs. 4, 5, 6, and 7 are voltammograms
for the ion transfer at the W1/LM and LM/W?2 interfaces,
respectively, recorded by monitoring variations of AVy/1m
and AVp v w» as the function of Iy —w> during the measure-
ments of VITTMs.

Ton transfer reactions involved in voltammetric waves
at the W1/LM and LM/W?2 interfaces (curves 2 and 3 in
Figs. 4, 5, 6, and 7) were assigned to those indicated in
Figs. 4, 5, 6, and 7 by consulting with voltammetric results
on the ion transfer at the aqueous/nitrobenzene interface,
which were obtained by changing concentrations of ions in
W1, LM, or W2 (cf. Ref. 13).

According to the results on the VITTM reported in the pre-
vious paper,'? the relation of Eq. 6 holds among AV i—w2,
AVyyiim, and AVp vy ws in curves 1, 2, and 3, respectively,
regardless of the magnitude of Iy —w>.

AVwi—w2 = AV jim + AVimywa + Iwi—wa2R. (6)

Here, R means the sum of the resistances in aqueous phases
and membrane phases. When W1, LM, and W2 contain suffi-
cient concentraitons of electrolytes as in the present systems,
the contribution of Iy—w2R to AVyw—w; is not significant,
and the 3rd term in the right hand side of Eq. 6 can be ne-
glected. The relation of Eq. 6 suggests that the membrane
potential in the presence of sufficient electrolytes in each
phase of the membrane system is primarily determined by
the potential differences at two interfaces, which depend on
ion transfer reactions at the interfaces.

Taking into account ion transfer reactions at the W1/LM
and LM/W?2 interfaces and the relation of Eq. 6 in a similar
manner to that in the previous paper,'? the final rise in the
VITTM (curve 1) in Fig. 4 is considered to be composed of
the transfer of Mg?* from W1 to LM (the final rise in curve
2) and those of SO4%~ from W2 to LM and CV* from LM
to W2 (the final rise in curve 3). The final descent in the
VITTM is attributable to transfers composed of the transfer
of Mg?* from W2 to LM (the final descent in curve 3) and
those of SO42~ from W1 to LM and CV* from LM to W1
(the final descent in curve 2).

Transfer reactions responsible for VITTMs (curves 1) in
Figs. 5, 6, and 7 are estimated as those indicated in these
figures.

Each VITTM observed with the LM shows the following
characteristics:

VITTM (curve 1) in Fig. 4. Since highly hydro-
philic Mg?* and SO, are not easily transferred from W to
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Fig. 5.
Mg*-(DPA™), in LM.

LM and highly hydrophobic CV* and TPhB~ are not easily
transferred from LM to W even in the presence of BDPPE
in the LM, a wide polarized region (potential window) is
observed.

VITTM (curve 1) in Fig. 5.  Since DPA™ is too hydro-
phobic to transfer from LM to W within the potential window,
the transfer of DPA™ from LM to W1 and that from LM to
W2 are not observed. Since the concentration of DPA™ in
W1 is very low, the transfer of DPA™ from W1 to LM is not
observed.

VITTM (curve 1) in Fig. 6.  Since the positive current
peak is due to the composite transfers of TPenA* from W1
to LM, SO42~ from LM to W1, CV* from W1 to LM, SO,%~

Voltammograms the same as those in Fig. 4, but in the presence of 5x 107" M Mg2+~(DPA_)2 in W1 and 5x107° M

from W2 to LM, and CV* from LM to W2, the peak height of
the negative current due to the composite transfers of SO,2~
from W1 to LM, CV* from LM to W1, CV* from W2 to LM,
and SO4%~ from LM to W2 is a half of that of the positive
current.

VITTM (curve 1) in Fig. 7. Since Mg?*+(Pic™), is
added in W1 in a fairly high concentration (e.g., 5x10~*
M) and in LM in a concentration less than that in W1 (e.g.,
5% 1075 M) as Eq. 5, a fairly large negative current peak and
a positive limiting current of which magnitude is less than
the negative peak (about 1/10) appear at potentials apart from
the origin in the VITTM.

The shapes of curves 1 in Figs. 4, 5, 6, and 7 in the po-
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tential region between +0.1 and —0.1 V resemble those of
voltammograms of Types A, B, C, and D (curves 1 and 2 in
Fig. 1, curves 1 in Figs. 2 and 3), respectively, observed with
the BLM. Therefore, it may be natural to consider that the
processes of ion transfers through BLMs are analogous to
those through LMs. Taking into account that BLM systems
do not contain CV*-TPhB™, ion transfer reactions respon-

AV mmwa/V vs. RE2
(for curve 3)

Voltammograms the same as those in Fig. 4, but in the presence of 5x10™* M Mg?*"-(Pic™), in W1 and 5x107°

sible to voltammograms of Types A to D were assigned as
follows;
Type A:  Few ions composing the hydrophilic salt in
aqueous phases transfer to the hydrophobic BLM. Therefore,
the ionic current flow through the BLM is negligible when
the applied membrane potential is not very large, such as
between +0.1 and —0.1 V. In this case, the contribution
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of the ohmic drop [Iw;-w2R in Eq. 6] on AVy—w, should
also be taken into account, since the BLM contains little
electrolyte and the resistance of the BLM is large.

Type B:  The VITTM of this type was observed when
one of the extremely hydrophobic ions or very hydrophobic
anions was added in W1. In this case, the hydrophobic ion
(e.g., DPA™) may easily be accumulated by the spontaneous
distribution into the hydrophobic BLM. The distribution
should be accompanied by the transfer of the hydrophilic ion
(e.g., Mg?*) as the counter ion of the hydrophobic ion in order
to hold electroneutrality in both W1 and BLM. If we accept
this assumption, the BLM system for Type B is analogous
to the LM system of Eq. 3, and hence the transfer reactions
involved in the VITTM of this type can be considered to be
identical with those for the VITTM in Fig. 5. The positive
current peak is due to the transfer of Mg?* from W1 to BLM

and that of Mg2+ from BLM to W2, and the negative current,

peak due to the transfer of Mg?* from W2 to BLM and that
of Mg?* from BLM to W1.

The ion transfer through a BLM of Type B has been in-
vestigated voltammetrically by several authors.®'>26—2% A]]
of these authors assumed the transfer of the hydrophobic ion
such as TPhB~ or DPA™ in their explanations of the cur-
rent peaks in the VITTM. On the other hand, based on the
above described analysis of the VITTM, we consider that
hydrophilic ion which has been concentrated in the BLM
with the aid of the hydrophobic ion transfers from the BLM
to W2 (or W1), and, simultaneously, the same amount of
the hydrophilic ion in W1 (or W2) transfers to the BLM.
During the transfer of the hydrophilic ion, the hydrophobic
ion concentrated in the BLM remains there, behaving like a
mobile site for the hydrophilic ion. Consequently, the con-
centration of the hydrophilic ion in the BLM maintains at
constant. Adopting the mechanism presented here, the char-
acteristics of the positive and negative current peaks in the
VITTM such as AVy—w, where peaks appear, the mutually
symmetrical peaks, the extraordinary large current peaks,
and the dependence of magnitudes of peaks on the kind or
concentration of the hydrophilic ions in aqueous phases can
be understood easily. Also the potential difference between
two peaks and its dependence on the scan-rate of AV —w2
can be understood, as will be discussed later.

Type C: The hydrophobicity of the added ion in W1 for
this type is a little weaker than that for Type B. Hence, the
addition of the ion to be a concentration higher than that in the
case of Type B is required to concentrate the added ion into
the BLM at a concentration identical with that of the ion in the
BLM for Type B. When a proper concentration (e.g., 5x 10~*
M) of the ion (e.g., TPenA*) is condensed spontaneously in
the BLM together with the hydrophilic counter ion (e.g.,
S0427), the BLM system for Type C is analogous to the LM
system of Eq. 4, and hence the transfer reactions involved
in the VITTM of this type are analogous to those in Fig. 6.
Therefore, it is concluded that the positive current peak of
the VITTM is composed of the transfer of TPenA* from
W1 to BLM, that of SO4?>~ from BLM to W1, and that of
SO4%~ from W2 to BLM, and the negative current peak of
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the VITTM the transfer of SO42~ from W1 to BLM and that
of SO42~ from BLM to W2. Since the current due to the
transfer of SO4%~ from BLM to W1 is equal to that of SO42~
from BLM to W2, the magnitude of the positive current
density, /(+), which includes the current due to the transfer
of TPenA* from W1 to BLM in addition to the current due
to the transfer of SO42~ from BLM to W1, is larger than that
of the negative current density, /(—), which is caused by the
transfer of SO42~ from BLM to W2 alone.

When Br~, which is more hydrophobic than SO4%~, is
used instead of SO42~ in the BLM system of Eq. 4, the
concentration of Br~ distributed into the BLM is expected
to be larger than that of SO4%~. Hence, the currents due to
the transfer of Br~ from BLM to W1 and that from BLM
to W2 may be larger than those observed with SO4>~. This
consideration may explain the result in Table 4 that I(+)
caused by both the transfer of Br~ from BLM to W1 and
that of TPenA* from W1 to BLM and I(—) caused by the
transfer of Br~ from BLM to W2 are larger, and the ratio of
I(+) to I(—) is smaller and closer to unity than those observed

‘with SO42~. Here, the current due to the transfer of TPenA*

is considered to be unchanged by the use of Br~ instead of
SO42_ .

When Cl~ was used instead of SO4>~, I(+) and I(—) were
nearly zero and the VITTM was of Type A, which means that
not much C1~ is transferred between W1 and W2 through a
BLM in accordance with the work on the anion permeation
across BLMs.*” This result indicates that the distribution of
Cl1~ to the BLM is less than that of SO42~, even though CI~ is
more hydrophobic than SO42~. Though further investigation
is required, we think that specific interaction between S04~
and the component of the BLM is responsible for the result.

Type D:  The added anion in W1 for this type is not
very hydrophobic. Hence, the ion is not concentrated into
the BLM at a concentration identical with that of the ion in
the BLM for Type B or C unless a rather high concentration
of the ion is added to W1. When a proper concentration (e.g.,
5x10~* M) of the ion is condensed spontaneously into the
BLM together with the hydrophilic counter ion (e.g., Mg**),
the BLM system for Type D is analogous to the LM system of
Eq. 5. Hence, the transfer reactions involved in the VITTM
of this type are considered to be identical with those for the
VITTM in Fig. 7. The positive limiting current is due to the
transfer of Pic™ from BLM to W1, that of Mg?* from W1
to BLM, that of Pic~ from BLM to W2, and that of Mg?*
from BLM to W2, and the negative current which looks like
the final descent is due to the transfer of Pic™ from W1 to
BLM, that of Mg2+ from BLM to W1, that of Pic™ from
BLM to W2, and that of Mg?* from W2 to BLM. Here,
the negative current is attributable to a part of a negative
current peak such as that in curve 3 in Fig. 7 which might be
observed if AV —w, could be scanned to a more negative
value than —0.1 V. This could not be attained here because
of the breakdown of the BLM.

In order to make the above described similarity of the ion
transfer process through BLLM to that through the LM con-
vincing, the mass transfer in the BLM should be comparable



3160 Bull. Chem. Soc. Jpn., 69, No. 11 (1996)

to that in the LM. It has been often believed based on the
permeation coefficient, P, that a hydrophilic ion transfers
through a BLM only with difficulty, though a hydrophobic
ion transfers easily.>® However, this argument does not nec-
essarily mean that the mass transport (diffusion) of the hy-
drophilic ion in the BLM is very slow. Taking into account
the fact that P is composed of diffusion coefficient of the ion,
D, distribution coefficient of the ion between W and BLLM,
K4, and the thickness of the BLM, d,*'-3?

P=K4D/d, @)

the main reason for the low transferability (small P) of a
hydrophilic ion through a BLM is attributable to the low dis-
tribution (small Ky) from W to the BLM. The mass transport
of the hydrophilic ion once distributed into the BLM with the
aid of a hydrophobic ion, which is assumed in the explanation
of VITTM of Types B, C, and D in the present paper, is con-
sidered to be faster than a hydrophobic ion since the size of
hydrophilic ion is much smaller than hydrophobic ions (cf.,
Einstein—Stokes Eq. for D**). In fact, Hauser et al. reported
D of Na* in a BLM composed of phosphatidylcholine as
1.1x1077 cm? s~ ! based on aradio isotope technique.* This
D is comparable to D of DPA™ in BLMs (1x 10~ 7cm? s~!%)
but smaller than D of Na* in NB (11076 cm?s™").

The Ion Transfers through BLMs Composed of Vari-
ous Lipids.  As described above, the peak height of the
voltammogram of Type B is controlled by the concentration
of the hydrophilic ion in a BLM which has been distributed
spontaneously into the BLM as the counter ion of the hydro-
phobic ion. The distribution of the added ion with the counter
ion is determined by AGy, of these ions from the aqueous to
the BLM which may depend on the interaction between the
distributed ions and lipid(s) composing the BLM.

Table 6 summarizes peak current densities observed in
voltammograms recorded with the cell system of Eq. 1
equipped with BLMs of different compositions. In this in-
vestigation, a hydrophobic ion such as EV*, CV*, TPhAs*,
DPA—, or TPhB~ was added in 10~% M concentration into
one of two aqueous phases containing 0.1 M MgSO4. The
indication of C or D in the table means that the peak of Type
B was not observed when the hydrophobic ion was 10~ M
but the current of Type C or D appeared when the concen-
tration of the hydrophobic ion was increased to be 10™* M
or more.

The followings can be read from Table 6: (i) In accordance
with the results summarized by Flewelling and Hubbell,*® the
peak current density was larger when the more hydrophobic
one between two cations (CV* or EV*) or between two anions
(TPhB ™~ or DPA ™) was adopted as the additive irrespective of
the composition of the BLM. (ii) The peak current density
with TPhB~ or DPA~ was larger than that with TPhAs*
or CV*, respectively, though the hydrophobicity of TPhB~
or DPA™ are almost identical with that of TPhAs* or CV*
(cf. AGy, in Table 2), respectively, suggesting that hydro-
phobic anions are distributed into most of BLMs more easily
than hydrophobic cations of hydrophobicities similar to the
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anions. (iii) The peak current density with TPhB~ or DPA™
increased and that with CV* decreased when BLM composed
of DOPC+Ch or PE+Ch was used instead of BLM composed
of DOPC or PE, respectively. When BLM of PS+Ch was
used instead of BLM of PS, peak current densities with all of
hydrophobic ions (TPhB~, DPA~, TPhAs*, CV*, or EV*)
increased.

The variation of the current density, which is strongly
related to the condensation of the added ion into a BLM,
with various BLMs of different lipids has been discussed by
several authors.>®)

Reviewing these works, we find that all of authors as-
sumed the positive potential in the BLM near to the W/BLM
interface or in the bulk of the BLM which is induced by
functional groups oriented at the interface. They explained
the preferable condensation of hydrophobic anion based on
the interaction between the hydrophobic ion distributed in
the BLM and the positive potential inside the BLM. How-
ever, no attention has been paid to the hydrophilic ion which
moved into the BLM as a counter ion of the hydrophobic ion.
Adopting their explanations, it is difficult to understand not
only the dependence of the peak current density on the kind
or concentration of the hydrophilic ion in W1 or W2, but also
the ion transfer reaction which must occur at the W/BLM in-
terface other than where the transfer of the hydrophobic ion
proceeds in order to hold the electroneutrality in aqueous and
membrane phases.

Distinct from previous authors, the role of the hydrophilic
ion which distributes in the BLM as the counter ion of the
hydrophobic ion has been found in the present work to be
important to explain the ion transfer reaction through the
BLM as well as the condensation of both the hydrophilic and
hydrophobic ions into the BLM. Especially when the ion
transfer is of Type B, the current flowing through the BLM is
carried mostly by the hydrophilic ion (when Type C or D, the
hydrophobic ion participates in the transfer in addition to the
hydrophilic ion). In this connection, if the BLM is regarded
as an organic phase, Org, the following relation proposed for
the ion-pair extraction may be a good guide to understand
the distribution of an ion into a BLM together with a counter
ion. Equation 8 holds between distribution ratios, Dy and
Dx, of a cation, M*, and an anion, X~, and standard Gibbs
transfer free energies of M* and X~ from W to Org, when W
containing a salt, M*.X ™, is equilibrated with an equivolume
of Org.®

In Dy =1n Dx = —(AGS.p + AG)/2RT ®)

Here, Eq. 8 was derived by neglecting ion-pair formations in
both W and Org.

Based on the present work,'® the characteristics (i) to (iii)
observed in VITTMs with various BLMs can be explained
as follows: (i) Since not only the distribution ratio of the
hydrophobic ion from W to BLM but also that of the hy-
drophilic ion are estimated to be larger when a hydrophobic
ion of smaller AGy, is added to W in the presence of hy-
drophilic ion, peaks in VITTM of Type B which depend on
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Table 6. Peak Currents in Voltammograms Observed with BLMs of Various Compositions
W1 Contained 0.1 M MgSO, and 10™° M of an Additive.

2

Lipid Peak current density / pA cm™

composing Ion added in W1 (10~ M)

BLM DPA™ TPhB™ EV* Ccv* TPhAs*
DOPC 0.40+£0.05 0.10+0.01 0.12+0.03 0.071+0.02 ©
PS 0.20£0.02 0.10+0.01 0.11+£0.02 0.06£0.01 ©)
PE 0.09+0.01 D) ©) (D) D)
DOPC+Ch 0.50+0.10 0.14+0.02 0.09+0.02 0.05+0.01 ©
PC+Ch 0.20+0.03 0.10+0.02 0.07+£0.02 0.04+0.01 ©
PS+Ch 0.09+0.01 (D) 0.2540.04 0.15+0.02 ©
PE+Ch 0.15+0.03 0.061+0.01 ©) (D) (D)
Sph+Ch 0.18+0.03 0.07+0.01 © D) (D)

the concentration of hydrophilic ion in the BLM are larger
when a more hydrophobic ion (with smaller AGy) is added
to W1. (ii) The short-range interaction (complex formation)
between hydrophilic ions such as Mg?*, Na*, K*, SO4%~,
or C1~ and functional groups, —OH or —C=0, in lipids com-
posing BLMs is expected from the comparison of AGy, of
hydrophilic ions from W to various alcohols with those from
W to NB or DCE in the absence of the functional groups.***!
Since the interaction for hydrophilic cations which distribute
into BLM as the counter ions of hydrophobic anions is larger
than that for hydrophilic anions which distribute into BLM
with hydrophobic cations, the concentration of hydrophilic
cation (and hence hydrophobic anion) in BLM is larger than
that of hydrophilic anion (and hence hydrophobic cation).
This explains the reason why the peak in the VITTM of Type
B is larger when a hydrophobic anion is added into W1 of
the BLM system than when a hydrophobic cation is added,
even though the hydrophobicity of the hydrophobic anion
is identical with that of the hydrophobic cation. (iii) One
reason for the increase of the peak by the coexistence of Ch
in a BLM is considered to be the stabilization of hydrophilic
ions through the short-range interaction with —OH [cf., (ii)]
of which concentration in BLM increases by the coexistence
of Ch. Another reason may be the structural change of BLM
caused by the coexistence of Ch which may be remarkable
especially for the BLM composed of PE. The BLM of PE
is reported to be highly structured,***® and hence it requires
more energy to form a cavity to immerse a bulky ion in the
BLM than other weakly-structured BLM. This means that
the distribution of a hydrophobic ion and its counter ion (hy-
drophilic ion) into the BLM of PE is smaller than that into
other BLM. When Ch coexists with the BLM of PE, the
structure of the BLM is weakened and the distributions of a
hydrophobic ion and its counter ion become larger. There-
fore, larger peaks were observed in the VITTM of Type B
with the BLM in the presence of Ch. The effect of Ch
observed when a hydrophobic cation (CV* or EV*) or a hy-
drophobic anion (TPhB™ or DPA™) was added to the system
equipped with BLM of DOPC or PS, respectively, can not be
understood by the above-described explanation, and requires
further consideration.

Effect of Concentration of the Additive or Scan-Rate
of Membrane Potential on the Peak Potential. The

peak potentials observed in the VITTM of Type B shifted,
and hence the potential difference between the positive and
negative peaks varied, when the peak currents were altered
by changing the concentration of the additive in W1 or the
scan-rate of AVyw,—w;. e.g., Potentials of positive peaks
observed with the cell of Eq. 1 in the presence of DPA™ in W1
were 0.040, 0.043, 0.046, and 0.055 V when concentrations
of DPA~ were 5x1077, 107, 2x1075, and 5x107¢ M,
respectively. The potentials with the cell in the presence of
10~ M DPA~ were 0.043, 0.044, 0.047, 0.049, and 0.053
V when scan-rates of AVyw—w> were 0.01, 0.02, 0.05, 0.10,
and 0.20 Vs™!, respectively.

Similarly to the result observed with the BLM system, the
peak potentials in the VITTM observed with the LM system
of Eq. 3 shifted when the concentration of Mg?*+-(DPA™), in
the LM or the scan-rate of AV —w, was changed. However,
the peak potentials in voltammograms at the W1/LM and
LM/W?2 interfaces which were recorded simultaneously with
the VITTM were independent of the concentration or the
scan-rate indicating that the ion transfer reactions at these
interfaces were controlled by the diffusion of Mg?* in the
LM (i.e., reversible).

The shift of peak potential in the VITTM observed with the
LM can be explained on the basis of Eq. 6 as follows. In this
discussion, the positive peak in curve 1 (VITTM) in Fig. 5 is
taken as an example. The peak appears due to the compos-
ite transfer of Mg?* from W1 to LM which is observed as
the final rise in the voltammogram at the W1/LM interface
(see, curve 2 in Fig. 5) and that Mg?* from LM to W2 which
is observed as a peak in the voltammogram at the LM/W2
interface (see, curve 3 in Fig. 5). When the concentration
of Mgz’r in LM or the scan-rate of AVyw—w2 is increased,
the peak current increases though the peak potential in curve
3 remains at a definite AVyy/w,. Since magnitudes of cur-
rents at two interfaces should be the same in a membrane
system, when the peak current at the LM/W?2 interface in-
creases, the corresponding current at the W1/LM interface
increases along the slope of the final rise in curve 2, result-
ing in the shift of AVy1m, wWhich brings about the shift of
the peak potential in the VITTM [cf. Eq. 6]. Of course, the
ohmic effect, Iw;—w>R in Eq. 6, contributes to the shift of the
peak potential in the VITTM in addition to the shift of the

AV /im-
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The above consideration may hold even for the shift of the
peak potential in the VITTM observed with the BLM.

Conclusion

In the present paper, the transport process of ions from
one aqueous medium to another through a BLM was inves-
tigated based on the voltammetric concepts and methods,
and the process has been demonstrated to be analogous to
that through an LM when the BLM as well as two aqueous
phases contained sufficient electrolytes, though the BLM is
much thinner than the LM. The process is largely due to
the concentration of the hydrophilic ion distributed sponta-
neously into the BLM as the counter ion of the hydrophobic
ion added in the aqueous phase, and the concentration is de-
termined by the hydrophobic/hydrophilic natures of both the
added and counter ions and the characteristics of the lipid
composing the BLM.

The authors wish to thank Professors Tetsuya Hanai and
Kouji Asami of Institute for Chemical Research in Kyoto
University for their useful comments.
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