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Abstract: The transfers of hydrophilic ions between aqueous and organic phases are ubiquitous in biological
and technological systems. These energetically unfavorable processes can be facilitated either by small
molecules (ionophores) or by ion-transport proteins. In absence of a facilitating agent, ion-transfer reactions
are assumed to be “simple”, one-step processes. Our experiments at the nanometer-sized interfaces
between water and neat organic solvents showed that the generally accepted one-step mechanism cannot
explain important features of transfer processes for a wide class of ions including metal cations, protons,
and hydrophilic anions. The proposed new mechanism of ion transfer involves transient interfacial ion paring
and shuttling of a hydrophilic ion across the mixed-solvent layer.

Introduction Although facilitated IT of cations is more common, assisted
transfers of anions have also been repotied.

Simple IT processes are one-step reactions not involving any
facilitating agent:

The transfer of ions from water to organic phases is, in most
cases, energetically unfavorable. This property is essential for
many biological and technological systems. For example, living
cell membranes, whose interior can be compared to hexadkcane,
inhibit ion crossing thus enabling selective transport through

pores and ion channetdn separation systems, the differences s arge group includes practically important transfers of metal
in energetics and kinetics of transfer across the liquid/liquid cations, tetraalkylammonium ions, and various inorganic and
?nte.rface dgtermine the efficiency of the extraction of a particular organic anions. Among several contentious points in the theory
ionic species:® ) ) of simple IT is the nature of its rate-limiting step. One model
lon-transfer (IT) reactions at the water/organic solvent itriputes the finite IT rate to slow diffusion of the transferred

interface have been the subject of numerous experimental andspecies through the interfacial lay&f3while another treatment
theoretical studie$:'° Two substantially different classes of IT  cqnsiders activation-controlled changes in ion solvatigh.

reactions are distinguished in the current literature: facilitated |, most previous studies of IT at the liquid/liquid interface,
(or assisted) and simple (or una_ssistedﬁ Iii.the former case,  the organic solution contained a supporting electrolyte, i.e., a
an organic solution contains a ligand L that can react with ion pyqrophobic salt whose role was to increase the organic phase’s
X to form a complex, XL (the stoichiometry of complexation  conductivity without directly participating in the interfacial
can be different). Such a reaction can assist the transfer of aneaction. A few experiments with no (or very little) electrolyte
on: added to either the aqueous or organic phase have been reported
by us4 and by other group¥ Recently, electrochemical

X" (ag)+ L™ (org)== XL" "(org) 1) measurements were carried out at the interface between an
aqueous solution and a neat organic solvent formed at the tip
(1) Stein, W, D.; Lieb, W. RTransport and Diffusion across Cell Membrapes ~ Of @ nanopipet* The transfer of an ion between the aqueous

X" (ag)== X""(org) ()

Academic Press: Orlando, 1986. i ; H P
(2) Wilson. M. A Pohorille. A.J. Am. Chem. Sod.996 118 6580. fllllng.solutlon and the external organic phase was induced by
(3) Gouaux, E.; MacKinnon, RScience2005 310, 1461. applying a voltage between the internal and external reference
(4) Vanysek, P.TRAC-Trends Anal. Chenil993 12, 357. ; B :
(5) Berduque, A.; Sherburn, A.; Ghita, M.; Dryfe, R. A. W.; Arrigan, D. W. electrodes. In those experiments, alkali metal cations could not
M. Anal. Chem2005 77, 7310.
(6) (a) Girault, H. H.; Schiffrin, D. J. liElectroanalytical Chemistryol. 15 (11) Shioya, T.; Nishizawa, S.; Teramae INAM. Chem. So2998 120, 11534.
Bard, A. J., Ed.; Marcel Dekker: New York, 1989; p 1. (b) Girault, H. H.  (12) Kakiuchi, T.J. Electroanal. Chem1992 322, 55.
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B. E., White, R. E., Eds.; Plenum Press: New York, 1993; Chapter 1. Chem.1997 101, 10801.

(7) Samec, Z.; Kakiuchi, T. IPAdvances in Electrochemical Science and  (14) Sun, P.; Laforge, F. O.; Mirkin, M. \d. Am. Chem. So@005 127, 8596.
Electrochemical Engineering, Vol; &Gerischer, H., Tobias, C. W., Eds.; (15) (a) Shao, Y.; Girault, H. HJ. Electroanal. Chem1992 334, 203. (b)

VCH: New York, 1995; p 297. Osborne, M. C.; Shao, Y.; Pereira, C. M.; Girault, H. H.Electroanal.
(8) Benjamin, 1.Sciencel993 261, 1558. Chem.1994 364, 155. (c) Quinn, C.; Lahtinen, R.; Murtomaki, L.
(9) (a) Schmickler, WJ. Electroanal. Chem1997, 426, 5. (b) Frank, S; Electroanal. Chem1999 460, 149. (d) Wilke, SJ. Electroanal. Chem.
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be transferred from water to less polar organic solvents ammonium perchlorate were prepared as described previSualy.
containing no supporting electrolyte, even at very high interfacial agueous solutions were prepared from deionized water (Milli-Q,
voltages (e.g., up to 9 V). This observation could not be Millipore Corp.).
explained either by low conductivity of the neat organic solvent ~ The high solvent purity was essential for IT experiments in the
or by slow charge transfer at the organic reference electrodeabsence of organic supporting electrolyte. HPLC grade (99.8%) 1,2-
because relatively hydrophobic cations (e.g., tetraalkylammo- dichloroethane was purchased from Sigma-Aldrich and distilled at least
nium ions) were readily transferred from water to neat 1,2- thrice before use. The distillation apparatus was washed by starting a
dichloroethane (DCE). Moreover, the addition of a very low distillation and discarding the first few milliliters of distillate. The

. - . . distillation was performed unti#-5% of DCE remained in the boiling
concentration Of, organic sypportlng electrolyte ',ndl_Jced the flask. The remainder was discarded each time prior to a new distillation.
transfer of alkali metal cations to DCE. These findings are

: 4 ith th " q hani ¢ simpl The triply distilled DCE was kept in a sealed container.
Inconsistent with the generally accepted mechanism of simple Preparation of Single-Barrel Nanopipets and@-Pipets. A model

IT reactions. Here we report IT experiments at the water/neat P-2000 laser puller (Sutter Instrument Co.) was used to prepare the

DCE interface for a wide class of hydrophilic ions, including  pipets from capillaries, as described previouélQuartz capillaries of
metal cations, protons, and some anions. The transfer behavion mm outer diameter, 0.58 mm inner diameter were used for regular

of these species turned out to be similar to that of alkali metal pipet preparation, and borosilicafetubing, OD= 1.5 mm (Sutter),
cations. A model is proposed that can explain how these IT was used to producé-pipets. The aqueous solution was filled from
reactions are facilitated by hydrophobic counterions added to the back using a 1@t syringe, and then a 0.125-mm-radius Ag/AgCl
the organic phase. wire was inserted in each pipet. The pipets were checked using an
The main technique employed in our experimeritanopipet Olympus BX-60 optical microscopg pr.ior to each measurement.. The
voltammetry—offers a powerful combination of the high mass- outer glass wal! of thé-pipet was S"ar.".zed to prevent the forma?t'o.n
transfer rate and very straightforward data analysis with the of an aqueous film between the two orifices. This was done by dipping

- o . the pipet tip into trimethylchlorosilane for-12 min while the flow of
negligibly small effects of the resistive potential drop and argon (sufficiently fast to produce small bubbles) was passed through

double-layer charging current, which is essential for investiga- yhe pipet from the back to avoid silanization of the inner pipet wall.
tions of simple and facilitated IT reactions at the interface This was crucial because the outer organic solvent gets drawn inside a
between two immiscible electrolyte solutions. The resistance pipet if its inner surface is hydrophobic.

of the pipets filled with 0.1 M KCI solution was shown to be Instrumentation and Electrochemical Cells. Nanopipet voltam-
sufficiently low for the maximuniR drop of <1 mV.1%2The mograms were obtained using a BAS 100B electrochemical workstation
orifice radius,a, and the ratio of the glass wall radius to the (Bioanalytical Systems, West Lafayette, IN). Using an EI-400 bipo-
orifice radius, RG, were verified by scanning electrochemical tentiostat (Ensman Instruments, Bloomington, IN), the voltage was

microscopy (SECM) and shown to be consistent with the values applied between the reference electrode inside each barrel @fipet
obtained from steady-state voltammet$y. and the reference electrode in the outer solution. Voltammetric

To obtain further information about the nature of ions experiments were carried out in a 5-mL vial inside a Faraday cage.

transferred across the water/neat DCE interface, we carried out  Conductivity measurements were carried out in a Beckman conduc-
generation/collection experiments wihpipets. Ad-pipet is a tivity cell with two Pt black parallel disk electrodes (5 €geometric

device in which two closely spaced coplanar pipet orifices are area; 0.4 cm separation distance). Before measurements, the cell was
0 COSEY Spaset’ copanar pipe: orth washed with Milli-Q water and dried, washed with HPLC-grade DCE,
separated by a thin line of glass!® One of the two pipets

. . . = and then rinsed with triple-distilled DCE. The resistance measurements
(generator) can be filled with an aqueous solution containing ,yer the range of frequencies from 10 Hz to 100 kHz were made using
an ion of interest (e.g., a cation) and immersed in DCE. When g home-built trans-impedance amplifieRap = 20 kQ, 20 MHz

the generator pipet is biased at a sufficiently positive potential pandwidth) and an SR-850 lock-in amplifier. An alternating current
with respect to an external reference electrode, cations aresignal (100 mVyy was applied to the conductometric cell, and the
expected to transfer from it to DCE. Some fraction of these current returned to ground via the trans-impedance amplifier, whose
ions will then diffuse to the orifice of the water-filled collector  output was fed to the lock-in amplifier and filtered (time constant 1 s).
pipet (biased at a more negative potential) and transfer into it. _ )

The previously developed thedfallows one to verify that the ~ Results and Discussion

generator current is produced by cation transfer from water to
DCE rather than the transfer of some anionic species from DCE
to the aqueous phase.

lon-Transfer Voltammetry at the Water/Neat DCE In-
terface. Figure 1 shows steady-state voltammograms of various
IT processes at the water/DCE interface formed at the tip of a
nanopipet & ~ 150 nm). As discussed earlier,"Ltannot be
transferred to neat DCE at any experimentally achievable voltage

Chemicals. MgCl, from Fisher (Fair Lawn, NJ), HCl and Cagl (curve 1in Figure 1A). ?I'he.addition of justa 1 nM concgr_ﬂration
from J.T. Baker (Phillipsburg, NJ), and tetrabutylammonium chloride, of THATPBCI, shown in Figure 1A, curve 2, was sufficient to
tetrahexylammonium chloride, potassium tetrakis[4-chlorophenylJoorate Produce a well-defined IT wave of ti On the other hand, the
(KTPBCI), trimethylchlorosilane, LiCl, NaCl, NaOH, H&0Oy)s, and addition of a much higher concentration of a less hydrophobic
KCl from Aldrich (Milwaukee, WI) were used as received. Tetrahexyl- counterion (e.g., 100 nM CIQ in Figure 1A, curve 3) did not
ammonium tetrakis[4-chlorophenyl]borate (THATPBCI) and tetrahexyl- result in any noticeable cation transfer. This indicates that the
transfer of a hydrophilic cation is made possible by interaction

Experimental Section

(16) (a) Shao, Y.; Mirkin, M. V.J. Am. Chem. S0d.997, 119, 8103. (b) Cai, i H H H
& Tong, Y. Mirkin, M. V3. Phys. Chem. B004 108 17872, ywth a herophoblc organic anion (TPBOIrather than by the
(17) (a) Shao, Y.; Liu, B.; Mirkin, M. V.J. Am. Chem. S0d.998 120, 12700. increase in concentration of ionic species in the organic phase.

(b) Liu, B.; Shao, Y.; Mirkin, M. V.Anal. Chem200Q 72, 510.
(18) Chen, Y.; Gao, Z,; Li, F.; Ge, L.; Zhang, M.; Zhan, D.; Shao,Anhal.
Chem.2003 75, 6593. (19) Shao, Y.; Girault, H. HJ. Electroanal. Chem199Q 282, 59.
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Figure 1. Transfers of cations and anions from aqueous solution inside an
~150 nm nanopipet to external DCE solution. Filling solution: (A) 0.1 M
LiCl, (B) 0.1 M TMACI, and (C) 0.01 M LiF. DCE solution: (1) neat
DCE; (2) 1 nM THATPBCI in A, or 100 nM THATPBCI in C; (3) 100 nM
TBACIO4 in A, or 100 nM KTPBCI in C.

The described phenomenon is quite general: all metal cations

Figure 2. IT voltammograms at the water/neat DCE interface. The transfers
of CI= and SQ? can be seen at negative potentials. The electrolyte
concentrations in aqueous filling solutions were (A) 100 and (B) 10 mM.
The pipet radii were~150 nm. The scan rates were (A) 50 and (B) 20
mV/s. The voltammograms are shifted vertically for better clarity.

hydrophilic ions is not related either to low conductivity of neat
DCE or to slow charge transfer at the organic reference
electrode.

The transfer of a hydrophilic cation can be induced by adding
an extremely low concentration of a hydrophobic anion to the
organic phase. For example, only 50 pM THATPBCI was
required to induce the IT of Ga to DCE (Figure 3). From
conductivity measurements (see Supporting Information), the

we have tested as well as protons could not be transferred to

neat DCE (Figure 2A). Fluoride anion exhibits a very similar
behavior: it cannot be transferred to neat DCE (curve 1 in Figure
1C), and the transfer occurs in the presence of a very low
concentration of a hydrophobic cation in DCE (e.g., THA
curve 2 in Figure 1C). However, the same concentration of a
hydrophilic cation (e.g., K, curve 3 in Figure 1C) added to
the organic phase does not induce the transfer of Fhe
addition of tetrabutylammonium (TBA cation, which is less
hydrophobic than THA, to DCE resulted in a much lower
current of F transfer (not shown). OHalso does not transfer

to neat DCE (Figure 2B), but this reaction is harder to study

because the products of glass dissolution in concentrated NaOH

get transferred, producing a small but measurable current.

One should notice that other anions, e.g:; (Higure 1A,B)
and SQ?~ (Figure 2A), and relatively hydrophobic cations, e.g.,
tetraalkylammonium ions (Figure 1B), readily transfer from
water to neat DCE. Thus, the hindrance of transfers of more

50 pA

\

-800 0 800 1 600 2400
E, mV

Figure 3. Voltammograms of C# transfer. No transfer of Ca occurs
without supporting electrolyte in the organic phase (curve 1F"Gsa
transferred by adding 50 pM THATPBCI to neat DCE (curve@)c;, =
100 mM;a = 150 nm. The voltammograms are shifted vertically for better
clarity.
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Figure 4. Probing IT with a6-pipet. (A) Schematic representation of cation transfer from the generator pipet to the external solution and then to the
collector pipet. (B,D) Dependencies of the generaigraurve 1) and collectorif, curve 2) currents on generator potentig)( (C,E,F) Dependecies of
collection efficiency i/ig) on Eg for the transfers of Li (F) and CI (C,E) between water and DCE. Collector potentiélg (nV): (B) 500; (C) from curve

1 to curve 3, 0, 500, and 1000; (B)200; (E) from curve 1 to curve 4;200, O,

200, and 400; and (F) from curve 1 to curve 4, 400, 200, O;-20d9. DCE

contained no added electrolyte (B,C) ou! THATPBCI (D—F). The generator and collector radii were 420 nm each (B,C) or 680 nm each) (D

effective concentration of ionic species in neat (triply distilled)
DCE was found to be-80 nM. Therefore, the addition af 1
nM THATPBCI to DCE could not appreciably change its
conductivity.

Even with no electrolyte added, a diffuse double layer
certainly exists on the organic side of the interface. Moreover,
the effective ionic concentration in DCE near the liquid/liquid
interface is probably higher than that in the bulk due to the
extraction of aqueous electrolyt¢The observed transfers of
TMA ™ and CI" across the water/neat DCE interface also indicate

capillaries of the&d-pipet (Figure 4A) were filled with the same
aqueous solution (e.g., 0.1 M LIiCl), and thepipet was
immersed in DCE containing either no added electrolyte (Figure
4B,C) or 1uM THATPBCI (Figure 4D-F). When a sufficiently
negative voltage was applied between the reference electrode
inside the generator pipet and the external referencew@b
transferred from the aqueous filling solution to neat DCE (curve
1 in Figure 4B). Some fraction of chloride ions diffused to the
orifice of the second (collector) pipet, which was biased at a
more positive potential, and transferred into it. This processes

that the interfacial voltage can be established in the absence ofproduced the collector current (curve 2 in Figure 4B). In

added organic electrolyte.

Generation/Collection Experiments with@-Pipets.We used
0-pipets to further investigate the effect of very low concentra-
tions of organic supporting electrolyte on interfacial IT. Both

15022 J. AM. CHEM. SOC. = VOL. 128, NO. 46, 2006

agreement with the previously developed theriFigure 4C
shows that the collection efficiencigfg) of CI~ was essentially
independent of the generator potentigj)(and increased with
the increasingly positive value of collector potentigl)( The
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results obtained in the presence ofill THATPBCI (Figure
4D,E) are very similar, except that the transfer of Gtcurred
at slightly less negative voltages.

In contrast, the curves obtained for the transfer of with
and without organic supporting electrolyte are strikingly dif-
ferent. In the former case, the generator and collector voltam-
mograms (curves 1 and 2 in Figure 4D at positig as well
as theidiy dependences vE&; and E; (Figure 4F) are in
agreement with conventional thedriEssentially flat generator
and collector voltammograms (curves 1 and 2 at positye
in Figure 4B confirm that no Li transfer occurs in the absence
of TPBCI".

Shuttling Model of IT. The above data suggest that the
transfers of hydrophilic cations and anions to organic solvents
have to be facilitated by hydrophobic organic counterions. The
mechanism of these reactions is, however, completely different
from that of conventional facilitated IT (eq 1). Unlike transition
metals?® alkali metal ions and protons do not form stable
complexes with organic anions. Moreover, nanomolar counterion
concentrations are too low to produce measurable facilitated
IT current. In the case of conventional facilitated IT (reaction
1), the diffusion-limiting currentif) must be proportional to
the concentration of the facilitating agemt ), as long as it is
smaller than the concentration of the ion of interest in water
(o)

ig=3.35mnFaD ¢ (3)
whereF is the Faraday constarid, is the diffusion coefficient
of L in DCE, ais the pipet radius, and is the charge of the
transferred ion. According to eq 3, the diffusion-limiting current
corresponding ta = 150 nm anct, = 1 nM would be~10715
A, i.e., 4 orders of magnitude lower than the current in curve 2
(Figure 1A). To further prove this point, we carried out constant-
potential electrolysis of i transfer from a~150-nm-radius
pipet into 1.5 mL of DCE containing 10 nM THATPBCI. The
current was almost constant during 120 min of electrolysis, and
the amount of Li transferred (36 pmol) was more than twice
the amount of TPBCl dissolved in DCE (15 pmol). Therefore,
the observed effect cannot be explained by a conventional
facilitation mechanism (eq 1) that involves the formation of a
stable XL species.

Figure 5 shows the scheme of the shuttling mechanism that

explains how a miniscule amount of a hydrophobic counterion

can produce measurable IT current. (The process in Figure 5 is

cation transfer, but the extension of this model to anion transfer

is straightforward.) The aqueous and organic phases in Figure

5 are separated byl nm-thick mixed-solvent layé¥22 An ion

pair (“— +") formed by a hydrophilic cation (+”) and a
hydrophobic organic anion {*”) at the outer boundary of the
aqueous phase diffuses across the mixed-solvent layer towar

the organic phase and dissociates. The released cation is drive

into the bulk of the organic phase by the electric field, while
the anion travels (via diffusion/migration) across the mixed-

solvent layer and assists the transfer of the next cation. Besides

the interfacial voltage, which carries the cation and the anion

(20) Cawmte, M. H. M.; Pereira, C. M.; Tomaszewski, L.; Girault, H. H.; Silva,
F. Electrochim. Acta2004 49, 263.

(21) Beattie, P. D.; Delay, A.; Girault, H. H. Electroanal. Chenml995 380,
167

(22) (a) Henderson, D. J.; Schmickler, W.Chem. Soc., Faraday Trank996
92, 3839. (b) Benjamin, IAnnu. Re. Phys. Chem1997, 48, 407.

aqueous

Figure 5. Scheme of the shuttling mechanism of IT. Transfer of a cation
from water to the organic phase involves the formation of a short-lived ion
pair with a hydrophobic anion.

in opposite directions, the shuttling process is driven by the
gradient of the cation concentration across the mixed layer,
which is high (e.g.cx* = 0.1 M) on the aqueous side of the
interface and low on the organic side.

Determination of the lon Association Constant of KTPBCI
in DCE. To quantitatively describe the formation and decom-
position of an ion pair, one needs to know the value of the ion
association constant,

Cpair
Ky=—r
Cy-C_

4
wherecyqr andc- are the concentrations of the ion pair and the
hydrophobic counterion, respectively. Although interfacial ion
pairing has been studiéd,the association constants for this
process are difficult to measure. We carried out conductometric
experiments to determine the association constant foakd
TPBCI in DCE. This value can be used as a rough approxima-
tion for the interfacial association constant, which may actually
be somewhat smaller because the polarity of the interfacial
region is the arithmetic average of the polarities of water and
DCE2* A saturated solution of potassium tetrakis(4-chlorophe-

dwyl)borate in DCE was prepared and allowed to equilibrate with

olid KTPBCI overnight. Conductivity measurements (see

upporting Information) were made by diluting the filtered stock
solution with pure, triply distilled DCE. The dilution shifted
equilibrium (5) to the left:

K
K™+ TPBCI ==K TPBCI (5)

The combination of the mass action expression for reaction (5)

(23) Daikhin, L. I.; Urbakh, M.J. Electroanal. Chem2003 560, 59.
(24) Wang, H.; Borguet, E.; Eisenthal, K. B.Phys. Chem. B998 102, 4927.
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Figure 6. Experimental (squares) and theoretical (solid line) dependences
of DCE solution conductivity on KTPBCI concentration.

with the electroneutrality and conservation of mass equations
gives

V1+ 4K Cyrppo— 1

[K™]=[TPBCI'] = X,

(6)

where K, is the association constant aogrpgc is the total
concentration of dissolved salt at the given dilution. Since the
solution conductancg,, is proportional to the concentration of
dissociated salt in solution,

L v1+ 4K Cyrppe— 1
JI+aK,co— 1

Ly

whereLo = 24.3uS is the conductance ammd = 73 uM is the
concentration of salt in the saturated solution before dilution.
The fit of the experimental data to eq 7, shown in Figure 6,
yields the association constant forr KPBCIT, Ky = 2.1 x
100 M1,

For the aqueous side of the interface, wheye = 0.1 M,
one obtains from eq 4

@)

C...
L = Ky Gy = 2000 (8)

Equation 8 indicates that nearly all TPBObns reaching the
aqueous side of the interface get paired with Kn the organic
side of the interface, the low cation and anion concentrations
result in decomposition of an ion pair. Assuming= 100 nM,

C
2L = 1/K,c =5 x 10°

pair

9)

i.e., practically all ion pairs dissociate, releasing#hd TPBCI
ions.

The Rate of lon Shuttling. The mass-transfer rate for the
ion-shuttling mechanism is determined by the transport of the
counterions and/or ion pairs across the mixed-solvent layer. The
counterion transport, which is accelerated by the interfacial
voltage, should be faster than the diffusion of neutral ion pairs.
Since almost all counterions reaching the aqueous phase ge
ion-paired (cf. eq 8), the steady-state diffusion current across

15024 J. AM. CHEM. SOC. = VOL. 128, NO. 46, 2006

60 -

i, pA

az, nm? x 10*

Figure 7. Dependencies of titransfer current on the square of the pipet
radius at different interfacial voltageg,= 350 (1), 400 (2), and 450 mV
(3). DCE contained M THATPBCI. For other parameters, see Figure
1A

the mixed-solvent layer can be expressed as

i = ma’nFD, /0 (10)
whereDyair is the diffusion coefficient of an ion paic® is the
counterion concentration in the organic phase near the phase
boundary, and ~ 1 nm is the thickness of the mixed-solvent
layer. From eq 10, one can see that tfievalue has to be-3
orders of magnitude higher than the 1 nM bulk concentration
of TPBCI™ to support the current measured in Figure 1A (curve
2). An accumulation of this magnitude can be expected from
both the classical GouyChapman theofy and the recent
molecular dynamics simulatio8,since the major portion of
the interfacial potential drop (several hundred millivolts) occurs
within the thick diffuse layer in DCE. The shuttling mechanism
could not be deduced from the published experimental data
obtained with the excess supporting electrolyte in the organic
phase, where the ion-shuttling process was rapid and did not
limit the overall IT rate.

The above model predicts that the rate of ion shuttling should
be proportional to the interfacial area, in contrast to the direct
proportionality between the steady-state diffusion current and
the pipet radius expected from the conventional IT theory (cf.
egs 3 and 10). The experimental verification of this prediction
is shown in Figure 7. Each line in Figure 7 has a nonzero
intercept whose value increases with increa&inghis behavior
can be attributed to the combination of the charging current,
small current of organic ion transfer, reference potential
instability, and other experimental issues.

The developed model also explains why only hydrophobic
counterions can facilitate IT reactions. An aqueous ion is not
expected to form an ion pair with a hydrophilic counterion.
Moreover, if such a pair were formed, it would be too
hydrophilic to partition to the organic phase.

The observed differences in transfer behaviors of two groups
of ions (i.e., metal cations, protons, fluoride, and hydroxide vs
tetraalkylammonium cations and moderately hydrophilic anions)
cannot be attributed to different energetics of those processes.
For example, the Gibbs free energy of @Gtansfer to DCE (51
kJ/mol) is within the range of free energies of KNa", and
Li* transfers (56-57 kJ/mol)?® The sharp contrast between the
transfer of Ct to neat DCE at moderate interfacial voltages
and the very strong hindrance of metal cation transfers points

(25) Luo, G.; Malkova, S.; Yoon, J.; Schultz, D. G.; Lin, B.; Meron, M;
Benjamin, I.; Vangek, P.; Schlossman, M. IScience2006 311, 216.

E26) Sabela, A.; Marexk, V.; Samec, Z.; Fuoco, FElectrochim. Actal992
37, 231.
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to very slow kinetics of the latter processes. Apparently, the describe this class of IT reactions. It involves the formation of
group of IT reactions that do not require the presence of a a short-lived ion pair at the interface and shuttling of a
hydrophobic counterion in the organic phase are low-barrier hydrophilic ion across the mixed-solvent layer. Although the
processes whose rates are determined either by interfacialconcept of ion shuttling across membranes is well known, it
diffusion/migration alon®-12or in combination with interfacial has never been applied to liquid/liquid interfaces. This model
protrusionst®27 In contrast, high-barrier IT reactions do not explains how a tiny amount of hydrophobic counterions (e.g.,
proceed without a facilitating agent. Since most of the applied <1 nM) can be sufficient to induce measurable IT current. The
voltage drops within a thick diffuse layer in the organic pH¥®e,  transfer reactions requiring facilitation by hydrophobic coun-
the fraction of voltage dropping across the interfacial boundary terions may represent the case of high-barrier, activation-
may actually be too small to cross a high barrier. controlled IT?10while the transfers occurring with no organic
counterion can be seen as a low-barrier, diffusion-controlled
IT processed?13

Two types of ion-transfer behavior were observed in our
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