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Ion transfer across the Interface between Two Immiscible Electrolyte Solutions (ITIES) has been successfully used for
chemical sensing and the determination of the equilibrium constants of ion complexation reactions. Recently, we re-
ported the detection of a zwitterion, gamma-aminobutyric acid (GABA), at nanoITIES where an organic acid was
added into the oil phase as a pHmodulator to enable the detection of the zwitterion [1]. Accompanying our first intro-
duction of an organic acid to the oil phase of ITIES, apart from ion complexation equilibrium associated with the
assisted ion transfer, additional equilibria are formed including acid-base and partition equilibria. Here, we studied
the chemical equilibrium reactions involved in this system, where we measured the unknown equilibrium constants
using conventional separation and electrochemical methods. We further demonstrated that how concentration of ion-
ophore in the oil phase impacts the electrochemical reaction, which can be explained by Le Chatelier's principle.
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1. Introduction

The Interface between Two Immiscible Electrolyte Solutions (ITIES) has
become a powerful platform for chemical sensing, allowing the study of a va-
riety of chemical reactions [2–10], such as interfacial catalysis [11,12], nano-
particle synthesis [13,14], neurotransmitter detection [15–22] andmetal ion
detection [23–27]. Accompanying electrochemical reaction at ITIES, various
chemical equilibrium reactions occur, such as the partition between aqueous
phase andoil phase, the ion complexation, etc.Understanding the fundamen-
tal aspects of the chemical equilibrium reactions involved in the ITIES studies
is critical in developing better ITIES sensing platforms, and for carrying out
chemical reactions at ITIES in a controlled manner. We recently introduced
additional chemical equilibrium reactions in the design of ITIES electrodes,
where we added an organic acid to the oil phase contained inside the pipet
[1]. We successfully demonstrated the detection of a zwitterion, gamma-
aminobutyric acid (GABA), inbiological aqueouspHbyan interfacial proton-
ation prior to the transfer of the resulting ion. However, several chemical
equilibrium reactions are introduced accompanying the addition of the or-
ganic acid to the oil phase. These are shown in Fig. 1 and include dissociation
of the organic acid inside oil and aqueous phases, respectively (reactions 1
and3b), the partition of the organic acid between oil and aqueous phases (re-
action 3a), the partition of proton between the oil and aqueous phases (reac-
tion 4), the partition of the conjugate base of the organic acid between the oil
and aqueous phases (reaction 5). Besides, proton complexation with the ion-
ophore (reaction 2) and protonation of the zwitterion (reaction 6) also occur.

We present here systematic study of the chemical equilibria involved in
the ITIESmeasurements, where three fundamental types of chemical equilib-
rium reactions, i.e. acid-base, partition, and complexation, were intertwined
within the electrochemical detection at ITIES. First, we used classical separa-
tion methods and cyclic voltammetry (CV) at ITIES to determine the un-
known equilibrium constants. Secondly, we studied how the chemical
equilibrium law (Le Chatelier's principle) modulates the electrochemical de-
tection at ITIES.

2. Experimental section

2.1. Materials

Magnesium chloride hexahydrate (MgCl2 • 6H2O) was purchased
from Amresco (Solon, OH). Dibenzo-18-crown-6 (DB18C6),
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Fig. 1. The chemical equilibrium reactions involved in the detection of a zwitterion at nanoITIES electrode [1].
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tetradodecylammonium (TDDA) chloride, tetrabutylammonium
chloride (TBACl), 1, 2-dichloroethane (DCE), chlorotrimethylsilane,
gamma-aminobutyric acid (GABA), sodium octanoate and sodium hy-
droxide, hydrochloride acid, and sulfuric acid were purchased from
Sigma-Aldrich (St. Louis, MO). Potassium tetrakis(pentafluorophenyl)
borate (TFAB) was obtained from Boulder Scientific Company (Mead,
CO). The TFAB salt of TDDA (TDDATFAB) was prepared by metathesis
[20]. Octanoic acid was purchased from the Aldrich Chemical Company,
Inc. (Milwaukee, WI). Phenolphthalein was obtained from Fisher Scien-
tific (Fair Lawn, NJ). Hydrochloric acid was obtained from Macron Fine
Chemicals (Center Valley, PA). Deionized water obtained from Thermo
Scientific (Middletown, VA). All reagents were used as received.

2.2. NanoITIES pipet electrode fabrication and characterization

Detailed nanoITIES pipet electrodes fabrication and characterization
were reported recently [1,20–22,28–30]. Briefly, the nanopipets were fab-
ricated through laser pulling of quartz capillaries (Sutter Instruments No-
vato, CA; 1 mm outer diameter, 0.7 mm inner diameter, 7.5 cm length)
with a P-2000 Laser Puller (Sutter Instruments Novato, CA). The pulling
parameters used in this experiment are shown below:

HEAT = 830, FIL = 4, VEL = 35, DEL = 120, PUL = 90.
The nanopipet surface was treated by a chemical vapor silanization pro-

cess using chlorotrimethylsilane. The nanopipets were backfilled with an
electrolyte solution as detailed in the cell diagrams using a Hamilton sy-
ringe, and a gentle vibration was used to bring the filling solution to the or-
ifice of the nanopiet.

2.3. Cyclic voltammetry measurements

All cyclic voltammetry (CV)measurementswere performed either using
a CHI760E potentiostat (CHI Instruments, Austin, TX) or a CHI902D
potentiostat (CHI Instruments, Austin, TX). The oil phase inside the pipet
was 1, 2-DCE. The background aqueous solution was 10 mM MgCl2,
which is commonly used in ITIES studies [1,16,17,20]. A Pt wire was
inserted inside the nanopipet and an Ag/AgCl wire was placed in the aque-
ous phase as an outside reference electrode. A two-electrode configuration
was used as reported previously [1,20–22,28–32], where a potential was
applied between the inner Pt wire and the outer Ag/AgCl reference elec-
trode. At applied positive potential, positive ions transfer from water to
oil generating a positive current. TBA was added at the end of each exper-
iment as an internal reference, and the potential with respect to the half-
wave transfer potential of TBA, E1/2, TBA, was reported. The half-wave trans-
fer potential is the potential (x axis in CV) at half the diffusion limiting cur-
rent (y axis in CV).

2.4. Determination of the partition coefficient of octanoic acid between water and
DCE

The partition of octanoic acid between water and DCE was achieved by
the shake flask method. We measured the amount of octanoic acid
partitioned in the aqueous phase by titration. The detailed procedure is
shown below. First, 15.00 mL of octanoic acid (which is equivalent to
2

9.465 × 10−2 mol) was added in a mixture of 40.0 mL aqueous solution
(containing 10 mM MgCl2) and 40.0 mL of DCE (containing 5 mM
TDDATFAB). Then, the water / DCE mixture was vigorously shaken and
separated in a separatory funnel. Lastly, the aqueous solution was collected
and titrated with 0.00986 mol/L NaOH to measure the amount of octanoic
acid distributed in aqueous phase. We used 0.5 wt% phenolphthalein solu-
tion as the indicator during the titration, which was prepared by dissolving
0.05 g of phenolphthalein in a mixture of 5mLwater and 5mL ethanol. Be-
fore titration, we added 2 drops of the phenolphthalein solution. After that,
we added the NaOH solution to the solution of octanoic acid slowly through
the burette with sufficient stirring. The endpoint of the titration was
marked by the color change of the solution from colorless to light pink, in-
dicating the pH of the solution had become slightly basic. We further calcu-
lated the number of moles of octanoic acid partitioned in water, nOA,W,
using the following expression:

nOA;W ¼ cNaOH � Vtitration

where cNaOH is the concentration of NaOH solution, Vtitration is the vol-
ume of NaOH used in the titration. The number of moles of octanoic acid
distributed in DCE, nOA,O, can be further calculated as 9.465 × 10−2 mol
- nOA,W. Finally, we calculated the partition coefficient of octanoic acid be-
tween water and DCE using POA = nOA,W / nOA,O.

2.5. The determination of the partition coefficient of proton between water and
DCE

The partition of proton between water and DCE was achieved by the
shake flask method. The amount of proton partitioned in the aqueous
phase was determined by pH measurements, and the partition coefficient
of proton between water and DCE was further derived. The detailed proce-
dure is shown below. First, 100 μL of concentrated HCl (12.1 mol/L) was
added into 50.0 mL of 10 mM MgCl2 solution. After mixing, the pH of
this solution was measured by a pH meter (Accumet model-15, Fisher Sci-
entific, Hapton, NH). We calculated the total number of moles of proton
in the aqueous phase, nproton,total, using this pH.

After measuring nproton, total, we proceeded to the partition experiment to
measure the amount of proton remained in the aqueous phase. Here, we
mixed this aqueous solution of HCl with 50.0 mL DCE containing 5 mM
TDDATFAB. After vigorous shaking and separation in a separatory funnel,
the aqueous phase was collected and the pH was measured. We calculated
the number of moles of proton partitioned in the aqueous phase, nproton, W,
from the pH.We further calculated the number of moles of proton in the or-
ganic phase, nproton, O, using nproton, O= nproton, total - nproton, W. Finally, we cal-
culated the partition coefficient of proton between water and DCE, Pproton,
using Pproton = nproton, W / nproton, O.

2.6. The determination of partition coefficient of octanoate between water and
DCE

The partition of octanoate between water and DCE was studied by the
shake flask method. We calculated the amount of octanoate partitioned in
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the aqueous phase from the amount of OH− in the aqueous phase, which
was determined from pH measurements. The procedure is detailed below.
First, 0.1 M sodium octanoate in 10 mM MgCl2 was prepared, and we
added 50.0 mL of this solution (which contains 0.005 mol of sodium
octanoate) to 50.0 mL DCE containing 5 mM TDDATFAB. This mixture
was vigorously shaken and separated in a separatory funnel. Then we col-
lected the aqueous phase and measured its pH. Afterwards, we used this
pH value to calculate the OH− concentrations in the aqueous phase,
which was further used to calculate the number of moles of octanoate in
water, noctaoate, W, as detailed in the Results and Discussion section. The
number of moles of octanoate in the organic phase, noctanoate, O is calculated
to be 0.005 mol- noctanoate, W. Finally, we calculated the partition coefficient
of octanoate between water and DCE using Poctanoate = noctanoate,
W / noctanoate, O.

2.7. Use of activity or concentration in the equilibrium constants determination

To calculate the equilibrium constants, we used the concentrations ex-
cept pH related calculations considering pH=−log a, where a is the activ-
ity of proton. We calculated the proton concentration from a as detailed in
the results and discussion section.

2.8. Measurement of equilibrium constant for DB18C6 complexation with proton

Electrochemical measurements using ITIES electrodes have been suc-
cessfully used to measure the equilibrium constants (β) of ionic complexa-
tion reactions, with methods pioneered by Girault and colleagues
[33–36]. To determine the binding constant between an ionophore and
an ion, we made several assumptions as reported in these studies: [37]
1) the ionophore is not water soluble (totally dissolved in the organic
phase), and ion-ionophore complex does not form in water (the ion is con-
fined in the aqueous phase), and the transfer occurs by the interfacial com-
plexation mechanism; 2) The complexation / decomplexation reaction is
much faster than the diffusion process; 3) The rates of transfer of all the spe-
cies across the interface aremuch larger than the corresponding rates of dif-
fusion; 4) The diffusion coefficient of all the species are the same in each
phase; 5) The effects on the various concentrations due to incomplete elec-
trolytic dissociation and ion pairing or adsorption at the interface are
neglected.With the above assumptions, when ionophore (DB18C6) is in ex-
cess, the following equation applies for the complexation reaction between
DB18C6 and proton: [33–36].

ΔW
Oϕ

1=2
DB18C6Hþ ¼ ΔW

O ϕ
00
Hþ−

RT
zF

lnξ−
RT
zF

lnβ þ m
RT
zF

lncDB18C6;O ð7Þ

ΔO
WϕDB18C6H+

1/2 is the Galvani interfacial half-wave potential of the com-
plex DB18C6H+, which can be measured through cyclic voltammetry.
ΔO
WϕH+

0′ is the formal Galvani potential of the non-assisted proton transfer,

which was reported to be 0.549 V [38]. ξ ¼ ðD
O

DWÞ
1=2

is approximated to

be 1.12 for the water/DCE system [39], where DO and DW are the diffusion
coefficients in the organic phase and water, respectively. cDB18C6, O is the
concentration of DB18C6 inDCE,R is the gas constant,T is the temperature,
z is the number of charges on the ion and here z = 1 for proton, and F is
Table 1
Chemical equilibrium reactions involved in zwitterion detection at ITIES (Cell 1, y = 0

Eq. Equilibrium reaction

(1) C8H16O2 (org) ⇌ C8H15O2
− (org) + H+ (org) (octanoic acid dissociat

(2) L (org) + H+ (org) ⇌ LH+ (org) (DB18C6 complexation with proton
(3a) C8H16O2 (org) ⇌ C8H16O2 (aq) (octanoic acid partition between wat
(3b) C8H16O2 (aq) ⇌ C8H15O2

− (aq) + H+ (aq) (octanoic acid dissociatio
(4) H+ (org) ⇌ H+ (aq) (proton partition between water and DCE)
(5) C8H15O2

− (org) ⇌ C8H15O2
− (aq) (octanoate partition between water

(6) H+ + GABA ⇌ GABAH+ (GABA binding with proton)

3

Faraday's constant. m is the stoichiometric ratio, and β is the equilibrium
constant of the complexation between proton and DB18C6. According to
Eq. (7), as the ionophore concentration cDB18C6, O varies, the measured ΔO-
WϕDB18C6H+

1/2 would also change linearly as a function of ln cDB18C6, O and
β can be obtained from the intercept of the linear regression.

2.9. Calculating the Galvani potential (ΔO
WϕDB18C6H+

1/2 ) frommeasured half-wave
transfer potential (E1/2, DB18C6H+ − E1/2, TBA)

In Eq. (7), we use Galvani potential (ΔO
WϕDB18C6H+

1/2 ) to calculate the
binding constant, β. However, in the CV measurements, we reported the
half-wave transfer potential with respect to the half-wave transfer potential
of TBA, E1/2,TBA. The conversion to Galvani potential can be achieved using
the following equation: [35].

ΔW
O ϕ

1=2
DB18C6Hþ−ΔW

O ϕ
00
TBA ¼ E1=2;DB18C6Hþ−E1=2;TBA ð8Þ

where E1/2, DB18C6H+− E1/2, TBA is the measured proton half-wave transfer
potential with respect to E1/2, TBA, and ΔO

WϕTBA
0′ is the formal Galvani poten-

tial for TBA. Plugging the reported ΔO
WϕTBA

0′ value of −0.225 V [40] into
Eq. (8) transforms it into:

ΔW
O ϕ

1=2
DB18C6Hþ ¼ −0:225 V þ E1=2;DB18C6Hþ−E1=2;TBA

� � ð9Þ

3. Results and discussion

We first present here the determination of the unknown chemical equi-
librium constants. Thenwe discuss in detail how the electrochemical detec-
tion on ITIES electrodes can be modulated by Le Chatelier's principle, i.e.
the law of chemical equilibrium. We used the recently reported ITIES sys-
tem as our model system, where an organic acid as a pH modulator was
added into the organic phase contained inside the pipet to enable the detec-
tion of zwitterionic neurotransmitter (Cell 1) [1].

Cell 1: Pt│xmMDB18C6+ 5 mM TDDATFAB+1, 2-DCE+ 252 mM
Octanoic acid ║10 mM MgCl2 + y mM HCl │AgCl│Ag (x = 1 or 25;
y = 0 or 1).

The chemical equilibrium reactions and known constants are listed in
Table 1. As shown in Table 1, the equilibrium constants for reactions 3b
(octanoic acid dissociation) and 6 (GABA protonation) can be calculated
from the known pKa values [41,42]. For the rest of the 4 chemical equilib-
ria, we measured the equilibrium constants in this work, as detailed later.
To mimic the experimental condition of electrochemical measurements,
we added 10 mM MgCl2 in the water phase, and 5 mM TDDATFAB in the
DCE phase in the partition experiments [1]. We observed that the partition
coefficients measured are different with and without the presence of elec-
trolytes in the water and DCE phases.

3.1. Calculation of the partition coefficients of octanoic acid, proton, and
octanoate between water and DCE

Partition coefficient of octanoic acid between water and DCE. The partition
coefficient of octanoic acid between water and certain organic phase such
as octanol has been reported [43]. However, no research has been done
, x = 25) and the equilibrium constants for the electrochemical system.

Equilibrium constant Ref

ion in DCE) 1.29 × 10−5 41
) 166 Current work
er and DCE) 3.32 × 10−3 Current work
n in water) 1.29 × 10−5 41

21.22 Current work
and DCE) 3.07 × 10−2 Current work

3.39 × 104 42
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with DCE as the organic phase. Here, we present the first measurement of
the partition coefficient of octanoic acid between water and DCE. The
amount of octanoic acid partitioned in the aqueous phase, nOA, W, was
determined through acid-base titration to be 3.13 (±0.03) × 10−4 mol;
and the amount of octanoic acid remained in DCE after partition,
nOA, O, was further calculated to be 9.43 (±0.00) × 10−2 mol, based on
9.465 × 10−2 (total amount) – 3.13 (±0.03) × 10−4 mol. We finally cal-
culated the partition coefficient of octanoic acid between water and DCE
(nOA, W / nOA, O) to be 3.32 (±0.03) × 10−3. This value is close to the
reported partition coefficient of 8.91 × 10−4 between water and
octanol [43].

Partition coefficient of proton between water and DCE. To determine the
partition coefficient of proton, 50 mL DCE was added to 100 μL of concen-
trated HCl (12.1 mol/L) in 50 mL MgCl2 aqueous solution, and then parti-
tion of proton between aqueous phase and DCE phase was carried out.
We first measured the pH of the aqueous phase before and after partition,
respectively, to calculate the nproton total (before partition) and nproton, W
(after partition). Then we calculated the amount of proton in the organic
phase using nproton total – nproton, W, and eventually calculated the partition co-
efficient, as detailed in Table 2. Themeasured pH in the aqueous phase was
1.74 (±0.00) and 1.76 (±0.00) before and after the partition, respectively.
We calculated the activity of proton from pH values, followed by calculat-
ing the proton concentration via activity / activity coefficient.

The activity coefficient, γ, was estimated based on the extended Debye-
Hückel model: [44].

logγi ¼ −A
z2i

ffiffi
I

p

1þ B� ai �
ffiffi
I

p ð10Þ

where A = 0.51 M-1/2, B = 3.3 M-1/2 nm−1, ai is the radius of the ion in
nanometer (= 0.9 nm for H+44), zi is the charge of the ion, and I is the
total ionic strength in the solution in mol/L. I was calculated as:

I ¼ 1
2
∑iz2i Ci ð11Þ

with Ci being the concentration of the ion in mol/L and zi being the charge
of the ion as mentioned above. The ionic strength of the aqueous solution
before adding HCl (originally contained 10 mMMgCl2) is 0.03 M. I contri-
bution from the added HCl was further estimated from the measured pH to
be ~0.02 M (~0.01 M from H+ and ~ 0.01 M from Cl−). Thus the total
ionic strengthwas estimated to be ~0.05M. Using Eq. 10, the activity coef-
ficient γH+was calculated to be 0.85. Note that, γH+ of 0.85 was calculated
based on the estimated I of 0.05 M, and we further confirmed that this esti-
mated I of 0.05M is correct. Using calculated γH+, from themeasured pHof
1.76 (±0.00) using estimate I, the concentration of proton after partition
was calculated to be 2.04 (±0.02) × 10−2 mol/L. This means I contribu-
tion from the added HCl was ~0.0204 mol/L (~0.0102 mol/L from H+

and ~ 0.0102 mol/L from Cl−), resulting a total I of 0.0504 mol/L,
Table 2
Determination of proton partition coefficient between water and DCE.

Parameter Calculation process Value

pH of aqueous phase before
partition

measured
experimentally

1.74 (± 0.0)

nproton, total / mol 50.0 mL × 10–1.74
±0.005

mol/L / 0.85

1.07 (± 0.01) × 10−3

pH of aqueous phase after
partition

measured
experimentally

1.76 (±0.00)

nproton, W / mol 50.0 mL × 10–1.76
±0.005

mol/L / 0.85

1.02 (± 0.01) × 10−3

nproton, O / mol nproton, total – nproton, W 4.82 (± 0.93) × 10−5

partition coefficient of proton nproton, W / nproton, O 21.2 (± 2.2)

Number of moles for proton in total, in aqueous, and in oil phase (DCE) was
expressed as nproton, total, nproton, W, and nproton, O, respectively.

4

consistent with the estimated I of ~0.05M. In the case when the calculated
I is found to be different from the estimated I, we would adjust the esti-
mated I and calculate the corresponding γH+ again as described above
until the calculated I is consistent with its estimation.

Once the concentration of proton is calculated, the number of moles of
proton (nproton, W) after partition in the aqueous solution (50.0 mL) is calcu-
lated to be 1.02 (±0.01)× 10−3 mol. Likewise, the total number of moles
of proton before partition (nproton, total) is calculated to be 1.07 (± 0.01)
× 10−3 mol. Following that, the number of moles of proton partitioned
in the organic phase (nproton, O) is calculated using nproton, total - nproton, W to
be 4.82 (± 0.93) × 10−5 mol. Finally, the partition coefficient for proton
partitioning betweenwater andDCE, nproton, W/ nproton, O, is calculated to be
21.2 (± 2.2).

Partition coefficient of octanoate between water and DCE. To determine the
partition coefficient of octanoate between water and DCE, 0.005 mol of so-
dium octanoate was partitioned between the aqueous phase and DCE
phase. We first measured the concentration of OH−, cOH-, based on the
pH of the aqueous solution after partition. Then the concentration of
octanoate in aqueous phase, coctanoate, W, after partitioning was calculated
from cOH- based on its hydrolysis reaction:

C8H15O−
2 aqð Þ þ H2O aqð Þ⇌C8H16O2 aqð Þ þ OH− aqð Þ ð12Þ

The equilibrium constant of reaction (12), KB, was obtained using KB=
KW / KA. KA (1.29× 10−5) is the equilibrium constant of octanoic acid dis-
sociation (3b) and KW is the ionic product of water. KB is calculated to be
10−14 / (1.29 × 10−5) = 7.76 × 10−10. The activity coefficient γOH-
was calculated to be 0.835 using similar methods as the determination of
γH+. The activity of hydroxide, aOH-, is 108.10–14, calculated from the mea-
sured pH of 8.10 (after partition). cOH-was further calculated by aOH- / γOH-
=108.10–14 / 0.835mol/L=1.52×10−6 mol/L. Then coctanoate, Wwas cal-
culated from cOH- as detailed below.

KB = cOH- × cOH- / (coctanoate, W × 1), and was calculated to be 7.76
× 10−10 in above section. pH of aqueous solution after partition was mea-
sured to be 8.10 (±0.03). Plugging cOH- of 1.52×10−6 (calculated above)
into KB expression, coctanoate, W is calculated to be 2.973 × 10−3. Total con-
centration of octanoate partitioned in the aqueous phase is the combined
concentration of octanoate and octanoic acid,which approximates coctanoate,
W+ cOH-=2.973× 10−3+ 1.52× 10−6≈ 2.975× 10−3 mol/L (based
on the above equation). Following this, we calculated the number of moles
of octanoate partitioned in 50mL of aqueous solution: noctaoate,W=50.0mL
× 2.975 × 10−3 mol/L = 1.49 × 10−4 mol. The total moles of added
octanoate before partition (noctanoate,total) was 50.0 mL × 0.10 mol/L =
5.0 × 10−3 mol. Then octanoate partitioned in the organic phase,
noctanoate,O, was calculated to be 5.0 × 10−3 mol (noctanoate,total) - 1.49
× 10−4 mol (noctanoate,W) = 4.85 × 10−3 mol. Finally, the partition coef-
ficient of octanoate, noctanoate,W / noctanoate,O, is calculated to be 3.07 (±
0.05) × 10−2. This value is much smaller than that of proton measured
above, likely due to the hydrophobicity of the long carbon chain in the
octanoate ion.

3.2. Equilibrium constant of DB18C6 complexation with proton, β

To the best of our knowledge, the equilibrium constant of DB18C6 com-
plexation with proton in DCE phase, β, has not been reported. Here, we
measured β based on CVs of DB18C6 assisted proton transfer at ITIES elec-
trodes (methods detailed in experimental section). Briefly, we measured
DB18C6-assisted proton transfer CVs with different concentrations of
DB18C6 in the oil phase, cDB18C6, O, and analyzed the linear regression of ΔO-
WϕDB18C6H+

1/2 vs lncDB18C6, O to determine β.



Fig. 2. CVs of the assisted proton transfer with different concentrations of DB18C6 (A) and its zoom in view (B), where only the forward waves were shown for easy
visualization. The cell diagram used for the determination of β was shown below:
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Cell 2: Pt│x mM DB18C6 + 5 mM TDDATFAB +1, 2-DCE ║10 mM
MgCl2 + 1 mM HCl │AgCl│Ag (x = 5, 10, 25 and 40)

The CVs of DB18C6-assisted proton transfer were shown in Fig. 2.
cDB18C6, O was varied to be 5, 10, 25 and 40 mM. All potential was reported
with respect to the half-wave transfer potential of TBA, E1/2, TBA. CVs of dif-
ferent cDB18C6, O are plotted in Fig. 2A and zoomed in Fig. 2B. As shown in
Fig. 2B,when the cDB18C6, O increases, the half-wave potential of the assisted
proton transfer becomes more positive. We plotted ΔO

WϕDB18C6H+
1/2 as a

function of ln cDB18C6,O in Fig. 3, and a good linear correlation between
ΔO
WϕDB18C6H+

1/2 and ln cDB18C6,O was observed. The linear regression
equation is:

ΔW
Oϕ

1=2
DB18C6Hþ ¼ −0:413 �0:020ð Þ þ 0:0262 �0:005ð Þ lncDB18C6;O ð13Þ

where the slope of 0.0262 matches well the theoretical value of 0.026
assuming a 1:1 stoichiometric ratio between DB18C6 and proton. From
the intercept of −0.413 (± 0.020) V, we calculated lnβ to be 5.11
(± 0.60). This further gives a β value of 166, similar to the β value of
5370 reported for DB18C6 complexation with proton measured in acetoni-
trile [45].

3.3. Tuning electrochemical reaction at ITIES via Le Chatelier's principle

We present here how the chemical equilibrium can modulate the ion
transfer reaction at the electrified ITIES via Le Chatelier's principle
Fig. 3.Determining the equilibrium constant of DB18C6 complexationwith proton.
Plot of ΔO

WϕDB18C6H+
1/2 with respect to ln cDB18C6, O.
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(equilibrium law). We varied parameters involved in other equilibria in-
cluding the DB18C6 concentration in oil phase, cDB18C6, O, and proton con-
centration in aqueous solution, cproton, W to modulate the transfer of
octanoate. The CV results are shown in Fig. 4, where Figs. 4A and 4C corre-
spond to cDB18C6, O of 25 mM and Fig. 4B corresponds to cDB18C6, O of 1 mM.
In each figure, the black solid curve and the red dashed curve represent the
CVs before and after adding 1 mM proton, while the green dotted curve is
the control with no octanoic acid present in the oil phase. The basic cell di-
agrams of Fig. 4 are shown below:

Pt│x mM DB18C6 + 5 mM TDDATFAB + z mM octanoic acid +1,
2-DCE║10 mM MgCl2 + 1 mM TBACl + y mM proton│AgCl│Ag

where x, y are cDB18C6,O and cproton,W, and z is the concentration of
octanoic acid in oil phase. The source of proton is HCl in Figs. 4A and 4B,
and H2SO4 in Fig. 4C. The detailed variables for each plot are shown in
Table 3 below:

We first did control experiments without octanoic acid in oil phase to
confirm that the nanoITIES electrodes function well by observing the CV
of an added standard compound, TBA. As shown in Fig. 4, well defined
CVs (green dotted curves) corresponding to TBA transfer were observed,
and the transfer of Cl− from water to oil phase occurred starting around
−0.2 V. Thenwe added octanoic acid to the oil phase, the observed transfer
of octanoate fromwater to oil phase leads to additional current on top of the
Cl− transfer signal, as shown in the black solid and red dashed curves.

We further demonstrated how cproton, W modulates octanoate transfer
from water to oil phase very differently, depending upon cDB18C6, O. We
found that when cDB18C6, O is 25 mM, increasing cproton, W does not cause a
significant change in the octanoate transfer (red dashed curve essentially
overlaps with black solid curve in Fig. 4A). In contrast, when cDB18C6, O is
1mM (Fig. 4B), increasing cproton, W causes drastic shift of octanoate transfer
in potential. Note that, the slight current increase in red dashed curve in
Fig. 4A compared to black solid curve at potential ranging from −0.15 V
to −0.25 V is likely due to the increased concentration of Cl− from the
added HCl as source of proton. This was confirmed in Fig. 4C, where
0.5 mM H2SO4 was added instead of 1 mM HCl, and the red dashed curve
overlapped perfectly with the black solid curve. The result in Fig. 4C
again demonstrates that when cDB18C6, O is 25 mM, increasing cproton, W
does not affect the transfer of octanoate.

Fig. 4 suggests that cDB18C6, O plays a significant role in octanoate trans-
fer from water to oil phase at electrified ITIES. A possible explanation for
this is shown in Scheme 1, where electrochemical detection of ions at
ITIES was modulated via Le Chatelier's principle. Initial proton concentra-
tion in the oil phase, cproton, O, is ~1.8 mM without considering all other
chemical equilibria. Thus cDB18C6, O of 25 mM is in excess compared to
cproton, O of 1.8 mM. This causes proton complexation reaction with
DB18C6 (reaction 2) shift to the right, resulting in consumption of H+

(org). Decreased H+ (org) further suppressed H+ partition from oil to



Fig. 4. (A) and (B): CVs with presence of octanoic acid before adding 1 mMHCl (black solid curve) and after adding 1 mMHCl (red dashed curve). (C): CVs with presence of
octanoic acid before adding 0.5 mM H2SO4 (black solid curve) and after adding 0.5 mM H2SO4 (red dashed curve).

Table 3
Composition of the cell diagrams (x, y, z values) in Fig. 4.

Curves Fig. 4A Fig. 4B Fig. 4C

Green dotted curve x = 25 x = 25 x = 25
y = 0 y = 0 y = 0
z = 0 z = 0 z = 0

Black solid curve x = 25 x = 1 x = 25
y = 0 y = 0 y = 0
z = 252 z = 252 z = 252

Red dashed curve x = 25 x = 1 x = 25
y = 1 (HCl) y = 1 (HCl) y = 1 (H2SO4)
z = 252 z = 252 z = 252

Scheme1.Mechanismof themodulation of octanoate transfer to explainwhywhen
cDB18C6, O is 25 mM, increasing cproton, W does not modulate the transfer of octanoate
(Figs. 4A and 4C).

R. Chen et al. Journal of Electroanalytical Chemistry 873 (2020) 114303
water (reaction 4), as well as facilitates octanoic acid dissociation in DCE
(reaction 1) consuming octanoic acid (org). Consequently, decreasing
octanoic acid (org) further shifts octanoic acid partition from DCE to
water (reaction 3a) to the left. As a result, the amount of octanoic acid
partitioned into the aqueous phase is reduced. Thus, the octanoate in the
aqueous solution mainly comes from its partition from DCE to water (reac-
tion 5). This explains why when cDB18C6, O is 25 mM, increasing cproton, W
does not modulate the transfer of octanoate (Figs. 4A and 4C).

In contrast, when cDB18C6, O is 1 mM, the above-described equilibria
shifts do not occur, resulting significant occurrence of octanoic acid parti-
tion from oil to water (reaction 3a). Partitioned octanoic acid to water fur-
ther dissociates to generate octanoate and proton (reaction 3b). When we
added cproton, W, octanoic acid dissociation reaction (3b) gets shifted to the
left, producing less octanoate in water (Scheme 2). As a result, we observed
less octanoate transfer from water to DCE at electrified ITIES (Fig. 4B),
namely octanoate transfer from water to oil was shifted in potential to the
left side (red dashed curve compared to black solid curve).
6

4. Conclusion

We have studied the chemical equilibrium reactions involved in the re-
cently introduced ITIES electrode design. Several equilibrium constants



Scheme 2.Mechanism of themodulation of octanoate transfer to explainwhywhen
cDB18C6, O is 1 mM, increasing cproton, Wmodulates the transfer of octanoate (Fig. 4B).

R. Chen et al. Journal of Electroanalytical Chemistry 873 (2020) 114303
havebeenmeasured for thefirst time.Wemeasured the equilibriumconstant
of DB18C6 complexation with proton in DCE, with lnβ being 5.11 (± 0.60),
using cyclic voltammetry at nanoITIES electrode. The partition coefficients
for octanoic acid, octanoate and proton partitioning between water and
DCE were determined to be 3.32 (±0.03) × 10−3, 3.07 (±0.05) × 10−2

and21.2 (±2.2), respectively.We further showed thepowerof tuning chem-
ical equilibria based on Le Chatelier's principle to modulate electrochemical
reaction at ITIES.With added excess ionophore in the oil phase, the partition
of organic acid from oil phase into aqueous phase was suppressed. The pres-
ent study demonstrates the versatility of ITIES in electrochemical analysis.
The experimental findings presented here can provide insights for future de-
sign of ITIES platform for its broad application in chemical sensing, synthesis,
interfacial reactions and catalysis.
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