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ABSTRACT: The dynamics of ion intercalation into solid
matrices influences the performance of key components in most
energy storage devices (Li-ion batteries, supercapacitors, fuel cells,

etc.). Electrochemical methods provide key information on the Ao
thermodynamics and kinetics of these ion-transfer processes but -o2v £ _loiv
are restricted to matrices supported on electronically conductive
substrates. In this article, the electrified liquidlliquid interface is

introduced as an ideal platform to probe the thermodynamics and

kinetics of reversible ion intercalation with nonelectronically active RaN
matrices. Zinc(II) meso-tetrakis(4-carboxyphenyl)porphyrin nano-

structures were self-assembled into floating films of ordered

nanostructures at the waterla,a,a-trifluorotoluene interface. Electrochemically polarizing the aqueous phase negatively with respect
to the organic phase led to organic ammonium cations intercalating into the zinc porphyrin nanostructures by binding to anionic
carboxyl sites and displacing protons through ion exchange at neutral carboxyl sites. The cyclic voltammograms suggested a positive
cooperativity mechanism for ion intercalation linked with structural rearrangements of the porphyrins within the nanostructures and
were modeled using a Frumkin isotherm. The model also provided a robust understanding of the dependence of the voltammetry on
the pH and organic electrolyte concentration. Kinetic analysis was performed using potential step chronoamperometry, with the
current transients composed of “adsorption” and nucleation components. The latter were associated with domains within the
nanostructures where, due to structural rearrangements, ion binding and exchange took place faster. This work opens opportunities
to study the thermodynamics and kinetics of purely ionic ion intercalation reactions (not induced by redox reactions) in floating
solid matrices using any desired electrochemical method.
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B INTRODUCTION

Charge transfer reactions at electrified interfaces critically
influence the performance of devices with energy-related
12 . .
applications.”~ The continuous development of sustainable

mechanism, for the selective transport of certain ionic
components between phases with different chemical compo-
sitions.”” Such IEMs are critical to the operation of fuel cells,®
electrolyzers,9 redox flow batteries,'° reverse electrodialyzers,11

technologies relies on a precise analysis of the thermodynamics
and kinetics underlying the charge transfer reactions involved.®
Of the different charge transfer phenomena, a molecular-scale
understanding of electron transfer across solidlliquid interfaces
is now accessible.” However, such an in-depth analysis remains
a challenge for interfacial ion transfer between two different
phases.

Ion-transfer reactions are of major importance in many
energy storage technologies. A key step during the cycling of
lithium-ion (Li-ion) batteries is the reversible ion transfer,
termed intercalation and deintercalation, of Li* between the
electrolyte and the cathode material.* For supercapacitor
applications, conducting polymers exhibit pseudocapacitance
through doping and dedoping of the polymer backbone, which
involves intercalation and deintercalation of the electrolyte
ions within the polymer film to maintain charge neutrality.”
Ion-exchange membranes (IEMs) are used in combination
with electrochemical potential gradients to drive intercalation
and deintercalation, typically through an ion-exchange
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and microbial fuel cells."”

Electrochemical methods are particularly well suited to
provide key information on the thermodynamics and kinetics
of these ion-transfer processes. However, their use is restricted
to matrices supported on electronically conductive substrates,
as is the case for Li-ion battery cathodes'”™" or conducting
polymer films,'®'” where reversible ion transfer is coupled with
a redox reaction. The analysis of ion-transfer reactions in
nonelectronically conductive solids, such as IEMs, is more
difficult to study, given that ion transfer proceeds through an
ion-exchange mechanism without a flow of electrons.'®" In
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this sense, the interface between two immiscible electrolyte
solutions (ITIES),*”*' such as that formed between water and
suitable hydrophobic organic solvents, offers an ideal platform
to study the thermodynamics and kinetics of ion-transfer
reactions involving nonelectronically conductive solids.

In the absence of redox-active species, polarization of the
ITIES induces the movement of aqueous and organic
electrolyte ions to, and across, the liquidlliquid interface.”***
Thus, a film of solid materials floating at the interface will
experience a markedly different ionic environment and
interfacial aqueous pH depending on the applied interfacial
Galvani potential difference (AY¢p/V). In this article, we
demonstrate that the interaction of charged or easily ionizable
functional groups within the floating solid materials with the
aqueous and organic electrolyte ions gives rise to capacitive
currents associated with purely ionic reactions. Previous
studies involving functionalization of the ITIES with non-
conductive inorganic materials, such as zeolites”*™*° or
silica,”” 7" were primarily motivated to develop sensor
technology through charge- or size-selective ion transfer across
the interface. Dryfe and co-workers have reported electro-
chemically driven ion exchange involving zeolites floating at
the ITIES, but no in-depth thermodynamic or kinetic analysis
was performed.””*

Herein, we study the thermodynamics and kinetics of
electrochemically reversible ion intercalation at a floating film
of self-assembled zinc(II) $,10,15,20-(tetra-4-carboxyphenyl)-
porphyrin interfacial nanostructures (ZnPor-INs). The floating
film effectively acts as an ion penetrable third phase separating
the aqueous and organic phases. Cyclic voltammetry in the
presence of the ZnPor-IN film was amenable to thermody-
namic analysis using the Frumkin isotherm,"”™"* and kinetic
analysis was performed using potential step chronoamperom-
etry.” These purely ionic voltammetric and current transient
responses were analogous to those commonly associated with
reversible ion intercalation coupled with electron transfer, as
described for Li-ion battery cathodes and conducting polymer
films. The distinctive shape of the cyclic voltammograms
(CVs) also indicated an electrochemically driven rearrange-
ment of the porphyrin nanostructure at the liquidlliquid
interface. These observations, connected with the presence of
easily ionizable carboxyl groups within the ZnPor-IN film, were
rationalized in terms of electrochemically driven binding of
organic cations at anionic carboxyl (—COO~) groups and ion
exchange of organic cations at neutral carboxyl (—COOH)
groups in which protons were displaced. This concept is
schematically shown in Scheme 1 and S1 (Supporting
Information).

B RESULTS AND DISCUSSION

Electrochemistry of the Floating Film of ZnPor-INs at
the ITIES. A film of ZnPor-INs was formed at the ITIES
between a lithium citrate (Li,HCit) buffered aqueous solution
and an organic solution of bis(triphenylphosphoranylidene)-
ammonium tetrakis(pentafluorophenyl)borate (R,NTB) in
TFT (see cell configuration in Scheme 2). The image of the
film is shown in Figure S1. The molecular liquidlliquid
boundary is located within the ZnPor-IN film, which is
considered as a third phase separating the aqueous and organic
solutions and a mixed-solvent layer.

Cyclic voltammograms (CVs) were obtained with a four-
electrode electrochemical cell, using the configuration outlined
in Scheme 2, both in the absence and presence of the floating

Scheme 1. Electrochemically Driven Shifts in the Chemical
Equilibria Involving Carboxyl Groups in the ZnPor-IN
Film, Aqueous Protons H*, and Organic Bulky Ammonium
Cations R,N*“
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“The peak currents in the cyclic voltammograms (CVs) roughly
correspond to negative AY¢ such that the fractions of groups in
—COOH and —COOR,N forms are both large and similar to each
other. As A{¢ is scanned more negatively from the peak, R,N" ions
enter the film from the organic phase and the same amount of H" ions
are transferred from the film to the aqueous phase. Two chemical
equilibria are shifted: the acid dissociation of —COOH and the
exchange between bound H* and bound R,N*. For every —COOH
group involved in the acid dissociation, a larger number 7 is involved
in the ion-exchange reaction. When —COOH dissociates, the proton
H" is displaced to the aqueous phase by a R,N" ion that enters the
film to compensate for the charge of —COO™. Should Aj¢ be
scanned to even more negative values, the R,N* concentration in the
film would be so that all carboxyl groups would be in the —~COOR,N
form and some HCit*~ ions would enter the film to compensate for
the charge of the RyN™ ions. Conversely, as Aj¢ is scanned from the
peak to less negative values, H" ions enter the film from the aqueous
phase and R,N" ions are transferred from the film to the organic
phase. Should A} be scanned to moderately positive values, Li* ions
would enter the film to compensate for the charge of —COO™. For
full clarity, Scheme SI1 in the Supporting Information provides
another more detailed overview of the dynamics of the electrochemi-
cally driven reversible ion intercalation process.

Scheme 2. General Configuration of the Four-Electrode Cell
Used for Electrochemical Measurements at the ZnPor-IN
Functionalized LiquidlLiquid Interface”

Reference Reference

electrode Reference  |a,o,a~trifluorotoluene| N Water electrode
solution (TFT) £l
Ag [ AgCl | 10 mM Licl S| 10 mMLi,HCit | Aecit| Ag
1 mM R,NCI 5 mM R,NTB > pH=5.8
]

“The organic phase was S mM bis(triphenylphosphoranylidene)-
ammonium tetrakis(pentafluorophenyl)borate (R,NTB) in a,a,a-
triftuorotoluene (TFT). The aqueous phase was lithium citrate
(Li,HCit) at pH 5.8 (unless otherwise stated). The ZnPor-IN films
were prepared from solutions of ZnPor at concentrations in the range
of 10—100 uM in contact with the TFT for 30 min, as described in
the Experimental Section of the Supporting Information.

ZnPor-IN film at a scan rate of 1 mV-s™!. The interfacial

concentration [z p,, of ZnPor in the film was determined
spectroscopically (Figure S2), as described in the Experimental
Section (see Supporting Information) prior to all electro-
chemical measurements. The control CV in the absence of the
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Figure 1. Cyclic voltammetry in the absence (dashed lines) and presence (solid lines) of the ZnPor-IN film at the ITIES. The electrochemical
configuration of the four-electrode electrochemical cell was as described in Scheme 2. The influence of systematically varying the lower vertex

potential on the CVs was investigated by switching the potential on the negative scan at (a)
and the start potential was 0.250 V. The interfacial concentration of ZnPor was ', p,,
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Figure 2. (a) Monitoring the potential of zero charge (PZC) by obtaining differential capacitance curves in the absence (dashed line) and presence
(solid line) of the ZnPor-IN film. The capacitance was calculated from impedance measurements every S mV at 80 Hz assuming an RC circuit
where R represents the solution resistance and C the double-layer capacitance. I'z,p,, Was determined spectroscopically as 0.34 nmol-cm™2. (b)
Cyclic voltammetry in the presence of ZnPor-IN films of increasing I'z,p,,- The scan rate used was 1 mV-s™". Inset: the dependence of the peak
charge Q on I';,p,.. The effect of varying (c) the pH and (d) the R,NTB concentration on the electrochemical response was investigated in the
presence of the ZnPor-IN film. The scan rate used was S mV-s™! and ', p,, was 0.34 nmol-cm™ Insets in (c) and (d): the relationships between
the peak potential E, and pH or pR,N* (= —Ig [R,N*]), respectively. For clarity, a zoomed-in version of the CV obtained with [R,N*] = 1 mM

(dashed blue line) in (d) is shown in Figure S6.

film was essentially featureless (dashed line, Figure 1a). The
only signal observed upon varying the applied interfacial
Galvani potential difference Af¢ was due to the aqueous
background electrolyte citrate anions being transferred to the
organic phase at the negative extreme of the polarizable
potential window (PPW). By contrast, in the presence of the
ZnPor-IN film, several electrochemical signals were observed
at negative potentials (solid line, Figure 1a). The absence of
redox-active species in either phase means that the electro-
chemical signals in the presence of the ZnPor-IN film were
purely ionic in nature.

The relationship between the two electrochemical signals on
the negative scan with negative currents (labeled A and A’ in
Figure la) and the signal on the positive scan with a positive
current (labeled B in Figure la) was investigated by
systematically varying the lower vertex potential (Figure 1b).
Switching the potential on the negative scan immediately after
the appearance of peak A’ led to a major reduction in the
magnitude of the electrochemical signal on the positive scan.
Labeled B’, this smaller peak was of a near-identical shape and

18348

magnitude to A’ (Figure 1b). Therefore, the electrochemical
process giving rise to peak A" was the reverse of that giving rise
to peak B'. Indeed, the ratio of the magnitude of the charge for
each peak was Q,/Qp = 1 for CVs obtained at scan rates
ranging from § to 50 mV-s™' and close to 0.9 at all I'p,, at 1
mV-s~' (Figure S3 and Tables S1 and S2). Furthermore, as
peaks A and A’ were related to peak B, both A and A’ were
associated with the same species.

The peak-to-peak separation between peaks A’ and B’ was
5.9 mV at a scan rate of 1 mV-s~'. Additionally, the peak
current i, for peaks A" and B’ varied linearly with the scan rate
(Figure S3). Thus, the kinetics of these electrochemical signals
were controlled by surface processes in the presence of the
ZnPor-IN film. In the electrochemical configuration described
in Scheme 2, no ionic species were present that were capable of
undergoing ion transfer across the ITIES within the PPW.
Therefore, the electrochemical signals observed in the presence
of the ZnPor-IN film were due to a diffusion-less process, that
is, adsorption and capacitive phenomena, and not faradic ion
transfer.

https://dx.doi.org/10.1021/acs.jpcc.0c04976
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Scheme 3. ZnPor-IN-Functionalized LiquidILiquid Interface Behaves as a Capacitor®
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“Carboxyl groups in the —COOH form are taken as a reference corresponding to the absence of charges in the capacitor plates. When AY¢ is
scanned progressively negative, the R,N* ions are pushed into the film, a few —COOH groups are forced to dissociate, and many more transform

into —COOR,N. The released H" ions are pulled into the aqueous phase.

The self-assembly of the floating ZnPor-IN film at the ITIES
was optimal at pH 5.8.%° As this pH matched the pK, of the
ZnPor carboxyl groups, statistically, 50% of them were
deprotonated and charged in the bulk aqueous solution.
Differential capacitance measurements are a macroscopic view
of the charge distribution of the back-to-back diffusion layers
or mixed-solvent region.”””’~*' The capacitance minimum
appears at the potential of zero charge (PZC). Figure 2a shows
differential capacitance measurements obtained in the presence
and absence of the ZnPor-IN film. Capacitance values were
calculated from the imaginary part of the impedance at a
frequency of 80 Hz. This frequency was selected to suppress
faradic contributions due to ion transfer within the PPW. This
effect is demonstrated in Figure S4a where the faradic current
due to the ion transfer of tetraethylammonium cations across a
bare water|TFT interface was entirely filtered out at 80 Hz. A
shift in the PZC of +100 mV was observed in the presence of
the ZnPor-IN film (Figure 2a). This shift confirms a negative
excess charge at the interface due to the presence of
deprotonated carboxyl groups at this pH.** The peak at
—0.15 V was seen at all frequencies across a range from S to 80
Hz (Figure S4b), further confirming that these electrochemical
signals in the presence of the ZnPor-IN film were associated
with adsorption and capacitive processes.

The electrochemical signals in Figure 1 appear at negative
AY¢, suggesting the binding of R,N* cations to the carboxyl
groups of the ZnPor. These groups may exist in three states:
—COO7, —COOH, and —COOR,N. Their concentrations
€coo™ Ccoons and ccoor,n can vary with the bulk aqueous pH,

the applied AY¢p, as well as with the Li,HCit and R,NTB
concentrations. On the contrary, the total concentration

¢1,coo = Ccoo” T €coon t Ccoor,N (1)

is a constant related to I';,p,,. To corroborate the relation with
cr,coos I'zapor Was systematically varied by increasing the bulk
aqueous ZnPor concentration during the ZnPor-IN film self-
assembly. A linear increase in the charge for each peak, Q4 and
Qp, was observed (Figure 2b). This linear increase was
obtained despite I';p,. far exceeding that expected for an
interfacial monolayer of ZnPor (estimated as 0.095 nmol-cm™2,
see Figure S5). Thus, the electrochemical signals were due to
processes involving carboxyl groups within the ZnPor-IN film,
and not only at surface sites facing the aqueous and organic
electrolytes.

To probe the effects of the bulk aqueous pH and R,N*
concentration, both were varied independently (Figure 2c,d).
As we described previously,’® ZnPor-INs were stabilized by
cooperative hydrogen bonding. Thus, pH conditions more
alkaline than the carboxyl groups’ pK, of 5.8 were ruled out as

the ZnPor-IN film would destabilize and dissolve. The peak
potentials for peaks A’ (E,y) and B’ (E,p) were found to
depend on both the pH and pR,N* (where pR,N* =
—Ig[R,N*]), confirming their role in the electrochemical
processes occurring at the ZnPor-IN-functionalized ITIES.
The uniform shifts of =70 mV/pH and +45 mV/pR,N" were
observed for both E,y and E, (insets, Figure 2¢,d). The
magnitude of peaks A’ and B’ decreased drastically at the
lowest R,N* concentration investigated ([R,N*] = 1 mM)), as
shown in Figures 2d and S6.

The influence of the nature of the aqueous anion on the
electrochemical response was also investigated. Citrate anions
are sensitive to pH, with pK/s at 3.13, 4.76, and 6.40,
respectively.”” Thus, as the pH at the ITIES varies as a
function of applied AJ¢, a pH-insensitive anion was chosen for
comparison by replacing Li,HCit with LiCl. As shown in
Figure S7, the nature of the anion had a minimal effect on the
electrochemical response. A near-identical CV shape was
observed, and the trend in the shifts of E,, and E,p with pH
was replicated.

Peaks A’ and B’ in the CVs in Figures 1 and 2b—d are
formed by the superposition of a narrow peak and a broad
peak. Narrow “adsorption” peaks in CVs are considered to
indicate positive cooperativity, that is, every adsorption event is
facilitated by the occurrence of a previous adsorption event. In
this regard, for fundamental thermodynamic reasons, the CVs
can be described using the Frumkin isotherm.'® For peak B’,
we attribute the broad shoulders to the binding of R,N" at
—COO~ groups and ion exchange of R,N* with —COOH
groups (in which protons are displaced) near the olIN interface
as RyN* flows from the organic phase into the ZnPor-IN film.
The sharp peak of B’ is attributed to the binding and ion
exchange of R,N* at —COO~ and —COOH groups,
respectively, deeper inside the ZnPor-IN film. The second
electrochemical signal on the negative scan, peak A, is
attributed to a second binding and ion-exchange event inside
the ZnPor-IN film requiring more electrochemical driving
force (see Figure la). As detailed in the following section, all
peaks are capacitive in nature and resemble adsorption due to a
saturation limit to the concentration of —COOR,N species
that form by binding and ion exchange as AJ¢ is scanned
negatively.

Modeling of Electrochemically Driven Reversible lon
Intercalation in the Presence of the ZnPor-IN film. The
modeling aims to clarify: (i) the capacitive nature of the
electrochemical signals at negative A7¢ in the presence of the
ZnPor-IN film, (ii) the trends in the shifts of the peak
potentials as a function of the bulk aqueous pH and R,N*
concentration, and (iii) the characteristic CV shapes indicative

https://dx.doi.org/10.1021/acs.jpcc.0c04976
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of positive cooperativity. For the electrolyte concentrations
used in the electrochemical experiments, the film thickness, L™
~ 100 nm,*® is much larger than the aqueous and organic
Debye lengths and the molecular liquidlliquid boundary is
located within the ZnPor-IN film. Thus, the film is considered
as an intermediate phase (IN) separating the aqueous (w) and
organic (0) solutions. From the point of view of ion solvation,
it is a mixed-solvent layer, disliked by both aqueous ions and
organic ions.

Within the PPW, no ions can transfer across the ITIES and
the ZnPor-IN film behaves as a capacitor (Scheme 3). When
AY¢ is scanned progressively more negative, the R,N* ions are
“pushed” into the film but cannot transfer to the aqueous
phase. Then, a few —COOH groups are forced to dissociate,
and many more transform into —COOR,N. In both cases, the
released H' ions are “pulled” into the aqueous phase. The
charge of the anionic carboxyl groups —COO™ is mostly
compensated for by R,N*, which are the majority ions in the
film; HCit>™ and Li* are present only when A¥¢ is very
different to that around the peaks in Figure 2b. To understand
the behavior of the film as a capacitor, carboxyl groups in the
—COOH form are taken as a reference corresponding to the
absence of charges in the capacitor “plates”. The positive plate
accumulates charge in the form of free R;N" and bound R,N,
that is, the charge ¢° in this positive plate is basically
proportional to ccoor,n + Chun- The negative plate has a charge

q" < 0, which is a measure of the reduction in the amount of
—COOH groups and hence proportional to ¢y coo — ccoon- As
A¥¢ is made more negative, ¢° = —q" > 0 increases but
remains of the order of cycoo. The unfavorable solvation in
this mixed-solvent layer keeps the free-ion concentrations cpiy

and ciigy, to relatively small values, even for the most negative
AYp.

The concentrations of the ionic species R,N*, TB~, HCit*",
H*, and Li* in the film (phase IN) must satisfy the local
electroneutrality condition

N IN_ IN IN |, N
ccoo- + 2eyci + ¢t = Cron T Cn t el (2)

The local electroneutrality condition can also be presented
as q° + q" = o, where

N N

q° = FL™ (ccoor,n + Cron — cTn) (3)
IN IN N N

—q" = FL" (¢1,co0 — Ccoon + 2¢uci = ¢H — Cu (4)

are the charge densities in the capacitor and F is Faraday’s
constant. In the potential range —0.25 V < Af¢) < —0.05 V, the
concentrations of R,N*¥, HCit*", and —COO", CRZN, .., and

ccoo are the dommant terms in eq 2. For Aj¢p > —0.05 V, the
concentrations cfy and cfy, of the Li* and TB™ species may
become significant. Although some species make a negligible
contribution in eq 2, we keep them all for the sake of
generality. The electrical double layers at the olIN and INlw
interfaces extend over a fraction of the film thickness LY, and
local electroneutrality does not hold there. However, the
contributions of the associated interfacial capacitances are
small compared to other effects described below and, therefore,
can be neglected.

The concentrations of the ionic species in phase IN are
different from those in their respective phases. In absolute
value, the Gibbs energy of transfer of the organic ions from
phase o to phase IN is intermediate to that from phase o to

phase w. Similarly, in absolute value, the Gibbs energy of
transfer of the aqueous ions from phase w to phase IN is
intermediate to that from phase w to phase o. Therefore, the
ions have no chemical preference to enter phase IN, and their
chemical partition coefficients into this phase are significantly
lower than unity, P; < 1. The applied potential Af¢ also
affects the distribution of the ions. The potential ¢™ is usually
intermediate between phases w and o so that Ajy¢ = ¢" —

¢IN) A{)Ngb = ¢IN — ¢°, and
A= b+ "D ()

have the same sign. The distribution equilibrium of, for
example, the organic cation R,N* between phases o and IN
N

e/ ? where ®® = [R,N*] is its
concentration in the bulk organic phase. Similar equations can
be formulated for the other species, as described in detail in the
Supporting Information.

The evaluation of the concentrations ccoo-, ccoom, and
Ccoor,N in egs 2—4 requires the simultaneous consideration of

requires cpy = b Prn

the ionic distribution equilibria and the chemical equilibria.

Since Y = *Pye™™, both the negative AY¢ and the mixed-
solvent nature of phase IN contribute to increasing the
interfacial pH with respect to the bulk aqueous pH, pH™ — pH
= —lg(ci¥/c%P) > 0. Yet, if the latter is equal to or lower than
the pK, = 5.8 of the carboxyl groups, some of these groups can
be protonated according to the equilibrium

e
N H oo
K, ¢® =

CCOOH (6)

where ¢ = 1 M and KN = K,Pyy; see eq S32 in the Supporting
Information. The abundant R,N* cations in phase IN can
displace the bound protons and form —COOR,N groups. The
equilibrium of the ion-exchange reaction

—COOH(IN) + R,N*(IN)

2 —COOR,N(IN) + H*(IN) 7)
requires
e
oIN __ ~H "COOR,N
KIE = INiz
Cr,NCcooH (8)

where K™ is the equilibrium constant. From egs 1, 6, and 8,
the fraction of charged carboxyl groups is

IN o
Ccoo K c

— IN o oIN IN
crcoo K, ¢ +e¢ o + K CR,N (9)

Substituting ccoo- from eq 9 into eq 2, and using the
conditions of distribution equilibria of the ionic species, the
potential drop Aj¢ can be determined, see eq S17 in the
Supporting Information. Hence, the ionic concentrations and
q° are known as functions of A}¢, as well as the differential
capacitance of the ZnPor-IN film

C=-dq°/dAJ¢ (10)

The applied potential Af¢ affects the distribution of the
ions and hence also the ion-exchange equilibrium. Thus, eq 8
can be transformed to
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Figure 3. CVs generated using the theoretical model qualitatively capture the main features of the experimental CVs at the ITIES in the presence of
a ZnPor-IN film. (a) Comparison of the simulated (lines) and experimental CVs (symbols) at 1 mV-s™" for the electrochemical cell described in
Scheme 2 (with S mM R,NTB, 10 mM Li,HCit, a bulk aqueous pH = 5.8, and varying I';,p,,). In particular, the peak separation and the total
charge under the peaks are well reproduced, though the shape of the peaks is not. The simulated CVs accurately describe the experimentally
observed values of peak potentials and their linear shift with (b) the pH and (c) the R,NTB concentration at S mV-s~" and I';,p,, = 0.34 nmol-
cm™2 The parameter values for the simulations in panels (a)—(c) are shown in Tables S3 and S4.

o,b

CCOOR,N PN _pav
2N I(féIN — 2 o fAY P
Ccoon cu’ Py (11)
As AY¢ is scanned progressively negative, q° = —q" > 0

increases. Across the INlw interface, GCit’~ ions may flow
from phase w to phase IN (if AY¢ is sufficiently negative); the
flow of Li* and H" ions from phase IN to phase w is usually
negligible. Across the olIN interface, R,N" jons flow into phase
IN; the flow of TB™ ions from phase IN to phase o is usually

h smaller. The i in oy = Py e ™7 shifts th
much smaller. The increase in cpn = ¢ Pgne shitts the

ion-exchange equilibria toward the formation of —COOR,N, at
the expense of reducing ccoo- and ccoon. The increase in
Ccoor,N gives rise to an adsorption peak in the CV because

there is a saturation limit, ccoopny < ¢1,coo- By convention, a

positive charge flow from o to w gives rise to a peak in the CV
of negative current.”””' Similarly, as A¥¢ is made more
positive, q¥ = —q° > 0 increases. Across the olIN interface,
R,N* ions flow toward phase o. Across the INlw interface,
HCit* ions flow toward phase w. During such a potential scan,
ccoor,n decreases as ccoo- and ccooy increase. The increase in

ccoo- gives rise to an adsorption peak with a positive current in
the CV (negative charge flow from o to w).

The CVs can be simulated using an equivalent electrical
circuit consisting of the solution resistance R, in series with
the parallel combination of the film capacitance C and the
charge transfer resistance R, (see eqs S19 and S20, Supporting
Information). This simple theoretical model qualitatively
captures the main features of the experimental CVs, such as
the total charge under the peaks, the peak separation, and their
variation with the bulk aqueous pH and the organic electrolyte
concentration (see Figure 3 and Tables S3 and S4). However,
this model does not accurately reproduce the shape of the
peaks. The experimental peaks are the superposition of a
narrow peak and a broad peak, the former occurring at a more
negative A}¢ and having a smaller area (and hence charge)
under the peak. Even the broad peak is narrower than

predicted by this model.

The narrow adsorption peaks in the CVs are considered an
indication of positive cooperativity. Herein, we propose that
once the initial bulky R,N* cations flow across the olIN
interface as A{¢ is scanned negatively, they “open” space in
the nanostructure due to structural rearrangements of the
porphyrins allowing the later R,N" species to penetrate the
ZnPor-IN film much more easily. Thus, this conformational
change of ZnPor-INs is the physical reason behind the negative
g interaction parameters discussed vide infra, which is
characteristic of positively cooperative adsorption. Further-
more, the characteristic shape of the purely capacitive CVs due
to structural rearrangements of the porphyrins at the electrified
liquidlliquid interface precisely resembles those of systems
involving phase transitions at electrified solidlliquid interfaces,
for example, electrochemically driven structural changes of a
copper adlayer on a Au(111) electrode surface.”

The cooperative binding of R,N* ions can be described
using the Frumkin isotherm, described in detail in the
Supporting Information. As mentioned above, the peaks in
the experimental CVs are formed by the superposition of a
narrow peak and a broad peak. Accordingly, we have simulated
the CV by adding the theoretical curves calculated with two
sets of carboxyl groups, described by eq S24 in the Supporting
Information. The set responsible for the narrow peak has a
more negative Frumkin parameter g ..., and a smaller
constant K., so that the peak appears at a more negative
AY¢, compared to the less negative g4 and larger K}ﬁjmad
corresponding to the set responsible for the broad peak. The
electrical parameters R and R, in eq S20, Supporting
Information, are common to both sets (Table SS5). At 298 K,

Lnarrow = —3.5 and goq = —0.7 correspond to attractive
interaction energies z.€p,ow = GnarowRT = —8.67 kJ-mol™" and
ZbroadRT = —1.73 kJ-mol~". These g values seem reasonable on

the basis of the excellent agreement (Figures 4 and S7)
between the simulated and the experimental CVs, given the
complexity of the system under consideration. Moreover, a
value g = —4.2 is observed for a Li" intercalation process, a
. o ) .13
system with very similar underlying thermodynamics.
Kinetics of Electrochemically Driven Reversible lon
Intercalation in the Presence of the ZnPor-IN film. As
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Figure 4. Consideration of two types of binding sites, described by eq
S24in the Supporting Information, with g .ow = —3.5 and giread =
—0.7, predicts simulated CVs (lines) at 1 mV-s™" and I';,p,, = 0.88
nmol-cm™ that resemble more closely the experimental observations
(symbols). Comparisons are provided for CVs obtained with ', p,
values of 0.34, 1.94, and 4.19 nmol-cm™ in Figure S8. The parameter
values (Table SS) have been chosen on the basis of a qualitative
agreement and not using a fitting algorithm.
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Ay¢ is scanned progressively negative, ion intercalation of
R,N* from the organic phase into the ZnPor-IN film proceeds
by binding and ion exchange, with C%ORZN increasing. The aim
of this section is to investigate the kinetics of this process by
potential step chronoamperometry. A particular focus is placed
on the influence of both AY¢ and I';p,, on the rates of the
charge transfer processes. Current transients were obtained by
maintaining a constant initial potential A¥¢, . for £ = 30 s
and varying the final potential A}¢g,,; in S0 mV increments
across the region where the electrochemical signals were
observed (—0.05 V > A¥¢ > —0.30 V), see Figures S9 and
Sab. The value AJ¢, iq = +0.25 V was chosen because no
discernible electrochemical processes were occurring at that
A%, besides capacitive charging of the back-to-back double
layers at the ITIES. Once more, four electrochemical cells with

increasing I'7,p,, (0.34, 0.88, 1.94, and 4.19 nmol-cm ™) were
investigated.

Depending on Ajgyg., and I'zp,, the current transients
presented a decay component, commonly associated with an
adsorption process, and multiple rising components with
current maxima, commonly associated with nucleation and
growth processes. In this regard, these current transients
obtained by potential step chronoamperometry are highly
reminiscent of those generated using the same technique to
study the kinetics of structural changes during the electro-
chemical switching of electronically conducting polymer films,
such as polypyrrole, between their reduced (insulating) and
oxidized (electronically conducting) states.”® The kinetics of
processes in conducting polymers that lead to a current
maximum after a potential step are described by the
electrochemically stimulated conformational relaxation
(ESCR) model.™* In common with conducting polymer
films, electrochemically driven processes (binding and ion
exchange) in the ZnPor-IN film occur throughout a three-
dimensional volume, with ion intercalation steps linked to
morphological changes in the film structures.

A key question is: how do we define the meaning of
“nucleation” in the context of the ZnPor-IN film at the ITIES?
Herein, we propose that the presence of nucleation transients
was associated with domains within the nanostructures where,
due to structural rearrangements of the porphyrins, the binding
and ion exchange of RyN" at —COO™ and —COOH groups,
respectively, took place faster. Also, the energetically less
demanding binding and ion exchange of further R,N" species
after these structural rearrangements of the porphyrins is the
physical reason underlying the electrochemical observation of
positively cooperative behavior discussed earlier.

Prior to kinetic analysis, the initial SO ms (the value obtained
from impedance measurements for the RC constant of the cell)
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Figure S. Kinetics of electrochemically driven reversible ion intercalation by potential step chronoamperometry in the presence of the ZnPor-IN
film. (a) Current transients probing the influence of A¥¢yg,, were obtained by varying A¥¢g,, in 50 mV increments at a constant Iz, p,, of 1.94
nmol-cm™ and A% ;o of +0.25 V for 30 s (£,4a)- (b) Current transients probing the influence of I',p,, were obtained by increasing I';,p, from
0.34 to 4.19 nmol-cm ™2 while maintaining a constant AY¢h; a1 of +0.25 V for 30 s and Al¢hg,, of —0.25 V. (c) Deconvolution of the f,,,, values of
the nucleation components from an experimental current transient (solid black line, obtained with a Iz, p, of 4.19 nmol-cm™, A¥¢, i of +0.25 V
for 30 s, and A¥¢hg,. of —0.30 V) by obtaining the derivative (dashed blue line). (d) Plot of In(%,,,,/s) versus A} ¢yg,, for current transients obtained
with a A¥¢; i of +0.25 V for 30 s and ', p,, of either 1.94 nmol-cm™ (red circles) or 4.19 nmol-cm™ (black circles). The t,,,, data is obtained for

the second nucleation component, designated as t,,,., in Table S6.

18352

https://dx.doi.org/10.1021/acs.jpcc.0c04976
J. Phys. Chem. C 2020, 124, 18346—18355


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04976/suppl_file/jp0c04976_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04976?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04976?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04976?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04976/suppl_file/jp0c04976_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04976/suppl_file/jp0c04976_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04976/suppl_file/jp0c04976_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04976/suppl_file/jp0c04976_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04976?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04976?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04976?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04976?fig=fig5&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04976/suppl_file/jp0c04976_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04976?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c04976?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

were neglected and the residual current was subtracted such
thatj = 0 A-cm™ at t = 40 s. For all ', values, the transients
obtained using —0.0S, —0.10, and —0.15 V as A}, (and
+0.25 V as AYa) did not show any significant nucleation
component (Figure S9). Thus, the analysis was focused on the
transients obtained using —0.25, —0.30, and —0.35 V as
A¥gnay where the nucleation features were observed (Figure
Sab). In many cases, more than one nucleation component
was observed experimentally, up to a maximum of three. The
latter may be associated with binding and ion exchange at
inner carboxyl sites. Therefore, the nucleation components
were deconvoluted from the total current signal by plotting the
derivative of the total current. From the derivative, the time
tnax Of the peak current maximum for each nucleation
component within each transient was easily identified, see
Figure Sc. A summary of these f_, values as a function of
['7por and Afghg, .1 is presented in Table S6. Using these #,,,,
values as a clear guide to the number of nucleation
components present, the total fitted current for any transient
may be obtained as a summation of the adsorption and
nucleation components using exponential decay and Gaussian-
type functions, respectively (Figure S10).

An increase in nucleation kinetics will be reflected in a
shorter time required to reach t., for each nucleation
component. For all values of 'y, and AY¢, the shifts of
tnax followed consistent trends. At a constant Iy, and
A¥pay an increase in nucleation kinetics (decreasing t,,,,)
was seen as A}y, was set to more negative values (Figure Sa
and Table S6). In other words, conformational relaxation to
the more open nanostructure is faster as more energy is applied
to drive Ry)N™ species into the ZnPor-IN film, leading to the
creation of more nuclei. Conversely, at a constant AYe; ;. of
+0.25 V and Al¢g,q of —0.25 V, a decrease in nucleation
kinetics (increasing t,,,,) was seen as I';,p,, increased (Figure
Sb and Table S6). The latter indicates that more energy is
required to achieve conformational relaxation as I'y p.,
increases. A prediction of the ESCR model is that a linear
relationship exists between In(#,,,/s) and the energy required
to relax and swell the conducting polymer film by oxidation,
that is, the anodic overpotential.*® In line with this prediction,
the plots of In(t,,,,/s) versus AY¢g,.; for one of the nucleation
sites (designated t,,,,,) are linear and exhibit the same slope for
the higher [z p,, studied, 1.94 and 4.19 nmol-cm™* (Figure
5d). The latter identical slopes indicate that the rate of increase
in nucleation kinetics (decreasing t,.,) as Al shifts
negatively is independent of I'yp, in the range studied,
highlighting that the liquid—liquid interface buried within the
nanostructure has a finite thickness.

Finally, the effect of the initial “compaction” of the ZnPor-
IN film on the kinetics was evaluated using two different
experimental approaches. As R,N™ are bulky organic cations,
far larger than the protons they displace from —COOH groups,
it can be reasonably assumed that the volume of the ZnPor-IN
film swells at negative A}¢ values, reducing the compaction of
the films. First, [, p., and A}¢hs,.; were maintained constant at
1.94 nmol-cm™ and —0.25 V, respectively, and A¥¢, ...i varied
from +0.20 to +0.45 V every SO mV with a t,;;; of 30 s (Figure
S11a). The current transients measured were near identical for
all values of AY, . tested with no measurable difference in
the absorption component and, on close inspection (see inset,
Figure Slla), a slight decrease of t,, for the prominent
nucleation component. This slight increase in the nucleation
kinetics is the opposite of what was expected if the film was

more compact at positive values of AJ¢yg, ... We attribute the
minor increase in nucleation kinetics to an interaction of the
organic anions, TB~, with the ZnPor-IN film at positive
potentials leading to a partial opening of the nanostructure. As
the ZnPor-IN film and TB™ are both negatively charged, this
interaction is far weaker than that of the ZnPor-IN film and the
R,N™ species. Nevertheless, when the potential is stepped to
—0.25 V, slightly less energy is required to open space for the
penetration of the R,N* species. In the second experiment,
I opor A8 Piniay and AY g, were maintained constant at 1.94
nmol-cm™2, +0.25, and —0.25 V, respectively, and t,,;, varied
from S to 60 s (Figure S11b). As for the previous experiment,
the current transients measured were near identical for all
values of t,,;, tested with no measurable difference in the
absorption component and, on close inspection (see inset,
Figure S11b), a slight increase of t,, for the prominent
nucleation component. This minor decrease in the nucleation
kinetics indicates a slightly more compact nature as £y
increased.

B CONCLUSIONS

The thermodynamics and kinetics of ion intercalation into a
floating film of zinc porphyrin interfacial nanostructures
(ZnPor-INs) were probed electrochemically without the
need to support the ZnPor-IN film on a conductive electrode
substrate. Instead, the film was supported on an electrified
liquidlliquid interface and could be regarded as a mixed-solvent
layer separating the aqueous and organic solutions. The
electrochemical signal was due to purely ionic processes, not
linked to redox reactions.

The film behaves as a capacitor. The ZnPor-IN film is
electroneutral and the concentration of free ions is relatively
small because of solvation effects. On increasing the negative
polarization of the interface, Aj¢) < 0, the organic ammonium
cations (R,N*) from the organic phase enter the film and
intercalate the ZnPor-IN. Then, a few neutral carboxyl
(—COOH) groups are forced to dissociate, and many more
transform into —COOR,N. In both cases, the released H" ions
leave the film and enter the aqueous phase. The charge of the
anionic carboxyl groups (—COO~) is mostly compensated for
by free R,N* ions. The total (i.e., free and bound) R,N*
concentration in the film, ccoorn + c{{jN, is a measure of the

positive charge accumulated in the film as a capacitor; the
negative charge in the capacitor corresponds to H" ions leaving
the film (where they were bound as —COOH). To a lesser
extent, aqueous citrate (HCit*~) anions and lithium (Li*) ions
may also participate in this capacitive film behavior.

The shape of the CV was distinctive, formed by the
superposition of a narrow peak and a broad peak. The former
indicated a positive cooperativity mechanism for ion
intercalation and was attributed to structural rearrangements
of the porphyrins at the electrified liquidlliquid interface during
R,N* intercalation. Employing the Frumkin isotherm,
experimental CVs were simulated with negative g interaction
parameters in line with those observed for a Li" intercalation
process, a system with very similar underlying thermody-
namics."” The kinetics of R,N* intercalation were investigated
by potential step chronoamperometry. Depending on the
applied interfacial Galvani potential Aj¢ and the interfacial
concentration I, p,, of ZnPor, current transients presented a
decay and multiple nucleation components. The latter was
associated with domains where, due to structural rearrange-
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ments of the porphyrins, the electrochemically driven binding
and ion exchange of R,N* took place faster. The nucleation
kinetics were seen to increase as the final potential A¥¢g,, was
set to more negative values and decrease as I';,p,, increased.
Overall, using electrified liquidlliquid interfaces, there is
clearly significant potential to study, for the time, by
electrochemical methodologies the dynamics of ion intercala-
tion into solid matrices that are nonelectronically conductive
and/or that operate as nonelectronically connected device
components (for example ion-exchange membranes). Such
insights may critically influence the performance of a multitude
of devices (Li-ion batteries, supercapacitors, fuel cells,
electrolyzers, etc.) with energy-related applications.
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Section S1. Experimental Section
S1.1 Materials

All reagents were used as received without further purification. Zinc(ll) 5,10,15,20-(tetra-
4-carboxyphenyl)porphyrin (ZnPor, > 98%) was purchased from Porphychem. All aqueous
solutions were prepared with ultra-pure water (Millipore Milli-Q, resistivity 18.2 MQ-cm).
Bis(triphenylphosphoranylidene)ammonium  chloride  (R2NCI,  97%  with R=
triphenylphosphoranylidene) and lithium tetrakis(pentafluorophenyl)borate diethyletherate
([Li(OEt)]TB) were obtained from Sigma-Aldrich and Boulder Scientific Company,
respectively. Bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluorophenyl)borate
(R2NTB) was prepared by metathesis of equimolar solutions of R2NCI and [Li(OEt,)]TB in a
methanol-water (2:1 v/v) mixture. The resulting precipitates were filtered, washed,
recrystallised from acetone and finally washed 5 times with a methanol-water (2:1 v/v) mixture.
Lithium chloride (LiCl, >99%), lithium hydroxide (LiOH, > 98%), tetraethylammonium
chloride (TEACI, > 98%) and citric acid (HsCit, > 99.5%) were obtained from Sigma-Aldrich.

The organic solvent a,a,a-trifluorotoluene (TFT, > 99%) was obtained from Acros Organics.

S1.2 Functionalising the liquid|liquid interface

Aqueous solutions of ZnPor were prepared by directly dissolving the solid in a lithium
citrate (Li2HCit) buffer pre-adjusted to the desired pH, followed by sonication of the solution
for three minutes. Depending on the experiment, the concentration of ZnPor was varied in the
range of 10 to 100 uM and the ionic strength of the LioHCit buffer solution was maintained at
10 (£2) mM. The selective formation of ZnPor nanostructures at the interface between water
and TFT in the four-electrode electrochemical cell was observed upon contacting the ZnPor
aqueous solution with the TFT electrolyte. As rationalised in detail recently,! self-assembly
was observed only at pH=5.8=pKyCOOH), where the ratio between neutral (fully
protonated) and tetra-anionic species was close to 1. The self-assembly process was carried out
at open circuit potential conditions for 30 min unless stated otherwise. To isolate the ZnPor-
INs at the interface, as shown in Figure S1, the upper 50% of the volume of the aqueous phase
was carefully removed by a pipette and replaced with porphyrin-free aqueous electrolyte. This
procedure was repeated until no porphyrin was detectable in the aqueous phase by UV/vis

spectroscopy.
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Aqueous phase

ZnPor-IN

Organic phase

Figure S1. Image of a four-electrode electrochemical cell with the yellow/green ZnPor-IN film
floating at the ITIES formed between a LioHCit buffered aqueous solution and an organic
solution of RaNTB in TFT (see Scheme 2, main text).

S1.3 Spectroscopic determination of the interfacial concentration I'znpor 0f ZNPor-I1Ns

The surface concentration 'zapor Of the ZnPor-IN was measured following a procedure
described recently.! Vials containing biphasic systems of ZnPor in lithium citrate buffer
(20 mM ionic strength, pH 5.8) at different initial concentrations [ZnPor] in the bulk aqueous
phase, and 5 mM RoNTB in TFT as the organic phase were prepared and left to stand for 30 min.
After this time, the porphyrin not adsorbed at the interface was extracted and analysed by
UV/vis absorbance spectroscopy to quantify the porphyrin concentration therein (final bulk
concentration). By subtracting the final from the initial bulk concentrations, the surface
concentration (number of moles adsorbed per geometric area of aqueous|organic interface) was
determined. A linear relationship between I'znpor and [ZnPor] was observed as presented in
Figure S2a. Quantification of [ZnPor] not adsorbed at the interface was performed using the

calibration curve presented in Figure S2b.
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Figure S2. (a) Surface concentration 7'zapor 0f ZnPor-INs as a function of ZnPor concentration
[ZnPor] in the bulk aqueous phase. The surface concentration was measured after 30 min of
ZnPor self-assembly at pH 5.8 as described in the Experimental Section. (b) UV/vis calibration
curve used for the quantification of [ZnPor] not adsorbed at the interface. The absorbance was

measured at Amax = 422 nm.

S1.4 Electrochemical measurements

Electrochemical experiments at the ZnPor-IN functionalised water-TFT interface were
performed using an Autolab PGSTAT204 potentiostat. The general configuration of the
biphasic system were outlined in Scheme 2, main text. The four-electrode electrochemical cell
had a geometric area of 1.87 cm?. To supply the current flow, platinum counter electrodes were
positioned in the organic and aqueous phases. The potential drop at the liquid|liquid interface
was measured by means of a silver/silver citrate (Ag/AgCit) reference electrode immersed in
the aqueous phase and a silver/silver chloride (Ag/AgCl) reference electrode immersed in the

organic reference solution (an aqueous solution of 10 mM LiCl and 1 mM R2NCI). Both
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reference electrodes were connected to the aqueous phase and organic reference solution,
respectively, through Luggin capillaries. The organic phase was composed of a highly
hydrophobic salt R2NTB, dissolved in TFT. The aqueous phase consisted of a LioHCit solution
at different pH values. By introducing a salt in each phase, the interfacial Galvani potential
difference AY ¢ was varied by external polarisation with a polarisable potential window
ranging from —0.3 to +0.6 V. The voltammetry was adjusted to the Galvani potential scale by

assuming the formal ion transfer potential of TEA* to be 0.149 V.2

Cyclic voltammetry and potential step chronoamperometry experiments were performed
using iR drop compensation (1000 Q). Differential capacitances at different applied voltages
were measured using alternating current voltammetry, also known as potentiodynamic
electrochemical impedance spectroscopy, at 80 Hz and assuming the cell behaves as a series
R-C circuit. At this frequency, the contribution of Faradaic processes was significant only at

the edge of the potential window.
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Section S2. Electrochemistry of the floating film of ZnPor-INs at the ITIES
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Scheme S1. Detailed schematic of the electrochemically-driven reversible ion intercalation

process involving the ZnPor-IN film floating at the electrified liquid|liquid interface, as

described in Scheme 1, main text.
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Figure S3. Effect of the scan rate on the electrochemical response of the ZnPor-IN film. The

scan rates used were 1, 5, 10, 15 and 25 mV-st and I'znpor Was 0.34 nmol-cm™?. The

electrochemical configuration of the cell was as described in Scheme 2, main text. Inset: the

peak current I,, dependence on the scan rate.

Table S1. Analysis of the voltammetric features observed in Figure S3.

Scan rate/(mV-s?) | AE,/mV | Qa/Qg
5 19 1.0
10 24 1.0
15 30 0.99
25 40 0.97
50 59 0.96

Table S2. Analysis of the voltammetric features observed in Figure 2b in the main manuscript

(data obtained at a scan rate of 1 mV-s?).

Izopor/(nmol-cm?) | AE,/mV | Qa/Qs
0.34 14 0.75
0.88 18 0.85
1.94 23 0.86
4.19 29 0.89
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Figure S4. Differential capacitance curves at (a) the bare ITIES in the presence of 125 uM of
TEACI and 10 mM LiH.Cit at pH 5.8 in the aqueous phase and (b) the ITIES functionalised
with a ZnPor-IN film. The capacitance was calculated from impedance measurements every 5
mV at different frequencies assuming an RC circuit where R represents the solution resistance
and C the double layer capacitance. The electrochemical configuration of the cell was as

described in Scheme 2, main text. znpor determined spectroscopically as 0.34 nmol-cm,

Figure S4a demonstrates that at 80 Hz the contribution of Faradaic processes was significant
only at the edge of the potential window, with the Faradaic ion transfer response of TEA™ ion
transfer entirely filtered out. Meanwhile, in Figure S4b, the peak observed at —0.15 V in the
presence of the ZnPor-IN remains, indicating that the latter are associated with adsorption and

capacitive processes.
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Interdigitated structure
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-
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5.71 x 1023 molecules-cm™2

: 350m | 0.095 nmol-cm™

Figure S5. The interdigitated clathrate structure was recently obtained from the XRD analysis
of the ZnPor-IN film.! The area of a single ZnTPPc molecule is 2.25 nm?.2Assuming perfectly
flat lying ZnTPPc molecules in a monolayer and fully crystalline domains of ZnPor-INs in
contact with the liquid|liquid interface (i.e., no amorphous domains), the theoretical monolayer

concentration of the ZnPor-INs was calculated as 7, = 0.095 nmol-cm= (equivalent to

5.71 x 10*® molecules-cm™).
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Figure S6. Zoomed version of the CV obtained with [R:N*] = 1 mM (dashed blue line in Figure

2d, main text). The scan rate was 5 mV-s™ and 7 znpor Was 0.34 nmol-cm,
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Figure S7. The effect of pH on the electrochemical response was also investigated when the
aqueous anion was changed from citrate to chloride. The cell configuration was as described
in Scheme 2, main text, with LiCl replacing LizHCit. The scan rate was 5 mV-s* and I'znpor

was 0.34 nmol-cm™.
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Section S3. Modelling the electrochemistry of the floating film of ZnPor-INs
atthe ITIES

S3.1 Distribution equilibrium of the ionic species between phase IN and their bulk phases

The distribution equilibria of the ionic species RoN*, TB-, HCit*", H* and Li* between phase
IN and their respective bulk phases are given by the equality of their electrochemical potentials
in these phases, A,x = ARy~ A28 = Ats: Aficie = Ao A7 = Ay and & = A Thus, their

concentrations in phase IN can be written as

cion = ¢*PPr,ne™/ Ao (S1)
o = cOPPrgefo'd (S2)
CII'II\(IZIt =c bPHCite_zfA}/i('(p (S3)
el = WP pyelting (S4)
N = (2¢Wb — cyP) P e AiNg (S5)

ob _ .0b wb _
where ¢ =gy = = 2P and P = cHClt are the electrolyte concentrations in the bulk

organic and aqueous phases, and f = F/RT. The pH in the bulk aqueous phase determines the

H* concentration c"°, and ¢/*® = 2c¢™* — ¢}, The chemical partition coefficients P; of the

ions are related to their standard transfer potentials and to the Gibbs free energies of transfer,

RTINPr,n = FAq' $R,n = Hion — KN (S6)
RTInPyg = —FAQ ¢1p = Uig — Hrg. (S7)
RTInPycie = 2F AIN¢HC1t e — Mricic (S8)
RTInPy = —FAY o5 = — ™ (S9)
RTInPy; = —FAIN¢y; = ﬂi’i — i (S10)

where u;’"" is the standard chemical potential of ionic species i in phase .
The ion exchange reaction, Equation (7), main text, can be considered as the combination
of the acid dissociation

—COOH(IN) 2 —CO0~(IN) + H*(IN) (S11)
and the binding or adsorption reaction
—CO00~(IN) + R,N*(IN) 2 —COOR,N(IN) . (S12)

Hence, the ion exchange equilibrium constant can be considered the product of the acid

dissociation constant KN and the R2N* binding constant K.\
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KIOEIN — KINKIN o (813)

These constants are defined by the standard reaction Gibbs energies,

AGIOEIN RTanIOEIN = :uCOORZN + liH — UCooH — MELN (S14)
AGS™ = —RTInKN = pgoo- + 15 — Heoon (S15)
AGy™ = —RTInK{N = pgoor,N — Heoo- — MELI;I\J : (S16)

Using the above equilibrium conditions, the electroneutrality condition (Equation (2), main

text) can be written as an equation in the variable y = e/AiN®,

KINCoCTcoo
KINce + (¢ Py + KN coP Py e /25'9)y

= 2¢WP(Pyy — Pycity %)

+C0'b(PR2Ne_fA¥V¢y - PTBefA“;vd)y_l) + ClY'b(PH — Py (S17)
whose numerical solution allows the determination of the potential drop AjN¢ = (RT/F)Iny.
In the case of negligible c¥o- and very negative A% ¢, Equation (S17) reduces to 2cji;, =

cR N 18 2P Py ™2 = c"'bPRzNe‘fAo ¢y, which provides a convenient initial guess

w 1/3
Vo = /88073 (%) (518)

cOPPR,N

to solve Equation (S17). That is, Aj\¢ is then close to one third of A} ¢.

S3.2 Simulating CVs

The CVs can be simulated using an equivalent electrical circuit consisting of the solution
resistance Ry, in series with the parallel combination of the film capacitance C and the charge

transfer resistance R.;. The potential applied to this equivalent circuit during a CV scan is
Ao () = &+ V [tmax — tl, (0=t < 2tpay) (S19)

where tp. = (& — &) /v and v is the scan rate (v = —dA{ ¢/dt for 0 < t < tpax). The
potential drop across C and R is denoted as .(t). Note that C is a function of this potential,
Equation (10), main text. The sum of the current .(t)/R.: across R.. and the pseudo-

capacitive current dg°/dt = Cde./dt across C is the observed current density j(t) =
(A‘c/)v(p - Ec)/Rsoh

AT p(t)—ec(t) gc(t) + C( c(t)) dsc (820)

Rsol

The solution of this equation in e.(t), with the initial condition £.(0) = ¢;, allows us to

evaluate j(t). The key feature of these CVs is the "adsorption™ current j = dg®/dt =~ Cv. The
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small difference in the peak potentials of the forward and backward scans is mainly determined
by Rsol-

S3.3 Frumkin binding isotherm

The equilibrium condition for the R2N* adsorption reaction (S12) is ficoor,n = Koo~ + Hiun

and can also be presented as

oIN IN
CCOOR,N 6 K CryN 521
_ — T_g  %IN_.o, IN ( )
ccooHtCcoo 1-6 Ky 'c°+ey
CCOORN _ 6 1 _ ,,IN_IN
T 1oz b CR,N (S22)
ccoo 1-0«

where 6 = ccoor,n/CT,co0 IS the fraction of sites occupied by RoN* ions, « is the degree of

acid dissociation defined by a/(1 — a) = ccoo-/Ccoon, and we have used Equations (6),

main text, and (S13). When the species —-COOR2N interact, their chemical potential is
1CcoOR,N = Hcoor,n + RTInG + gRTO, (523)

and the Frumkin isotherm

oIN IN o, IN —FAY w

& 099 — qgNeIN — Kig cRyN _ K cO@PPr,ne /%0 Pe/AIN®
= - o, IN — w

1-6 b R2N K;NC +CH K;Nco_l_cn/.bPHefAlNd)

(S24)

should then be used to describe the cooperative adsorption of RoaN* ions, i.e., the equilibrium
of reaction (S12).

Using a lattice model and the mean-field approximation, the interaction energy between
adsorbed R2N* ions is estimated as E = (1/2)z.eN?/Ng, where N is the number of lattice
sites, z. is the coordination number (i.e., the number of nearest neighbours), N is the number
of adsorbed ions, and ¢ is the molar interaction energy between ions adsorbed in neighbouring
sites. Thence, the chemical potential of species —-COOR:N is given by Equation (S23).
Negative values of g = z.e/RT correspond to attractive interactions between adsorbed ions,
which reduce ucoor,n. and to positive cooperativity. When g < —4, i.e., for temperatures
below the critical one, T. = —z.£/4R > 0, phase transitions can occur and to avoid unrealistic
predictions, the grand canonical ensemble should then be used to deduce the adsorption

isotherm.*
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If the Frumkin adsorption model is used then Kz " e~9¢ should replace K;;" in Equations

(8), (9) and (11) in the main text. For instance, Equation (9) becomes

€coo~ _ KiNc® _ (S25)

N oIN =
crcoo  KiNco+clN+ K e geclgl‘le

The system formed by Equations (S24) and (S17), with K;2 " e~99 replacing K7™ in the latter,
must be simultaneously solved to determine the unknowns A[x ¢ and 6 as functions of Ay ¢,

for given values of ¢®®, ¢"P and cl‘;"'b. Then, the capacitance C is calculated with Equation

(10), main text, and the CV is simulated with Equation (S20).

S3.4 Relations between the equilibrium constants in different phases
The equilibrium constant of the acid-dissociation reaction
—COOH(IN) 2 —COO0~(IN) + H*(w) (S26)

is the acidity constant K, = 107>, and the standard Gibbs energy of reaction is
AG; = —RTInK, = ugoo- + Uyt — Uoon - (S27)

The equilibrium constant of the binding reaction
—COO0~(IN) + R,N*(0) 2 —COOR,N(IN) (S28)
is the (intrinsic) binding constant K}, which is implicitly defined as
AGy = —RTInKy, = i¢oor,N — Kco0- — HRyN - (S29)
The equilibrium constant of the ion exchange reaction
—COOH(IN) 4+ R,N*(0) 2 —COOR,N(IN) + H*(w) (S30)
is the (intrinsic) ion exchange constant K; which is implicitly defined as
AGfg = —RTInK{g = Ucoor,n + i — Heoon — HRon - (S31)
Its relation with the acidity and the binding constants is Kz = K,Kyc°.
Similarly, in the ZnPor-IN film (phase IN), the equilibrium constant of reaction (S11) is

KN = K.Py . (S32)

The equilibrium constant of reaction (S12) is defined through Eq. (S16) and its relation to that
in bulk phase is

Ky = Kp/Pg,x - (S33)
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The equilibrium constant of the ion exchange reaction in the film, Equation (7) in the main text,

is defined through Eg. (S14) and its relation to that in bulk phase is KI°]::IN = KINK[Nce =

K1z Py/Pg,n. That is, the solvation effects on ion partitioning also affect the binding constant

and the ion exchange equilibrium constant.

S3.5 Mathematica code to simulate the CVs in the presence of the ZnPor-IN film

Files available free of charge on the ACS Publications website.

Table S3. Parameter values for the simulated CVs in Figure 3a, main text. The chemical
partition coefficient is P; = 3 x 10~* for all ionic species (i = R2N*, TB~, HCit?>", H*, Li*) and
pKy = —Ig Ky, = _lg(KéNPRZN)-

Tzapor /(nmol-cm?) | c1 coo/MM | pKy, | Rsoll (KQ-cm?) | Ret/ (MQ-cm?)
0.34 42 3.3 4.5 3.5
0.88 100 3.3 4.5 2.0
1.94 214 3.1 2.8 2.0
4.19 416 3.1 14 2.0

Table S4. Parameter values for the simulated CVs in Figures 3b and ¢, main text. As shown in

Table S3, ¢rcoo =42 mM because 7 znpor = 0.34 nmol-cm~2. The chemical partition coefficient

is P, = 3 x 10~* for all ionic species (i = RoN*, TB-, HCit*", H*, Li*).

pH [c®P/mM| pK},  |Rsol/(KQ-cm?)Red/ (MQ-cm?)
5.8 50 | 3.50 4.0 3.0
5.0 50 | 3.55 4.0 3.5
45 50 | 3.65 4.0 2.5
4.0 50 | 3.65 4.0 2.5
3.0 50 | 3.65 4.0 2.5
5.8 50 | 3.60 2.8 3.0
5.8 25 | 3.40 2.8 3.0
5.8 1.0 | 3.60 2.8 3.0
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Figure S8. The consideration of two types of binding sites, described by Equation (S24) with
Inarrow = —3.5 and gproaqg = —0.7, predicts simulated CVs (lines) at 1 mV-s™ that resemble
more closely the experimental observations (symbols). Comparisons are provided for CVs
obtained with Iznpor values of 0.34, 1.94 and 4.19 nmol-cm~2. The parameter values (see Table

S5) have been chosen on the basis of a qualitative agreement and not using a fitting algorithm.
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Table S5. Parameter values for the simulated CVs in Figures 4, main text, and S7. The partition
coefficient is P, = 3 x 107> for all ionic species (i = RoN*, TB~, HCit*, H*, Li*). The values

of pr = —lg Kb

peak have a more negative Frumkin parameter gnarrow =

Ig(Ky\ Pg,n) are shown. The carboxyl groups responsible for the narrow

—3.5 and a smaller binding constant

Kp narrow SO that the narrow peak appears at more negative Ay ¢, compared to the broad peak

With gproaq = —0.7 and larger Ky proad-

Tzopor /(nmol-cm2) |cRE58Y IMM| cR138/mM [pKRarroW | p K Proad |Reo/(KQ-cm?) | Red (MQ2-cm?)
0.34 10 31 404 | 3.30 13 7
0.88 24 70 413 | 3.40 8 5
1.94 46 160 398 | 3.20 5.4 4
4.19 84 295 405 | 3.20 3.7 10
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Section S4. The kinetics of structural changes in the ZnPor-IN film during

electrochemically-driven reversible ion intercalation
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Figure S9. Current transients probing the influence of AY ¢4 Were obtained by varying

AY Pina IN 50 MV increments at a constant AY dipitia; OF +0.25 V for 30 s (tinitia) With Iznpor
values of (a) 0.34, (b) 0.88, (c) 1.94 and (d) 4.19 nmol-cm~2, respectively.
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Table S6. All tmax values in Table S6 were obtained from the derivative of current transients
obtained in the presence of the ZnPor-IN film as a function of both 7znpor and AY Pinitia1 With

a constant AY ¢initiar Of +0.25 V for 30 s (tinitial).

tmaxt/S tmaxe/S tmaxalS
Tzneor/ (NMol-cm2)
-0.25V|-0.30 V|-0.35V|-0.25 V|-0.30 V|-0.35 V|-0.25 V|-0.30 V|-0.35 V
0.34 0.43 0.27 - 0.51 0.50 - - -
0.88 0.75 0.08 1.31 0.33 3.29 - 1.71 -
1.94 1.03 0.7 0.66 2.87 1.73 1.3 - 10.22 45
4.19 1.81 1.14 0.85 4.86 2.82 2.1 - 15.21 8.13
Experimental
------ Adsorption
Nucleation ]
—————— Nucleation:2
------------ Nucleation,
- - - - Total fit
___________ m
10 15 20 25
Time /s

Figure S10. Using the tmax Values outlined in Table S6 obtained from the derivative of each

current transient, the total fitted current for any transient may be obtained as a summation of

the adsorption and three nucleation components using exponential decay and Gaussian-type

functions, respectively. In this example, the current transient fitted (dotted red line) is that

obtained experimentally (solid black line) with a I'znpor Of 1.94 nmol-cm=2, AY @initiar OF
+0.25 V for 30 s, and AY ¢yina) 0f —0.25 V.
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Figure S11. (a) Current transients probing the influence of AY ¢iniia) Were obtained at a

constant tinitita O 30 S, I'znpor 0F 4.19 nmol-cm~2, and AY ¢¢ina 0f —0.25 V. (b) Current transients

probing the influence of tinitiar Were obtained at a constant I znpor OF 4.19 nmol-cm=2, AY ¢initial
of +0.25 V, and AY ¢ina; 0f —0.25 V.
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Reversible ion adsorption/exchange at interfacial soft porphyrin
nanostructures

®® RyN* TB™ | ccoo-, CcooH, €c 00R; N, R, N*, CH*, €Li*, €TB, CHcir-
pH? , P Li, HCit?"

pHb bulk aqueous pH

Concentrations in mM = mol m~2 units
c0 : 1000 standard concentration

cHb = ¢0107PHP - H* in bulk aqueous phase

cob : R, NTBin bulk organic phase

cwb : Li; HCit inbulk aqueous phase

cLib : Li* inbulk aqueous phase

cCOOT : total concentration of carboxyl groups in interfacial film
cR2NIN : R, N* ininterfacial film

cTBIN : TB™ ininterfacial film

cLilN : Li* ininterfacial film

cHIN : H* ininterfacial film

cHCItIN : HCit>™ in interfacial film

Equilibrium constants

PR2N : R, N* chemical partition equilibrium constant (for transfer o—IN)
PTB : TB™ chemical partition equilibrium constant (for transfer o—IN)

PH : H* chemical partition equilibrium constant (for transfer w—IN)

PLi : Li* chemical partition equilibrium constant (for transfer w—IN)
PHCit : HCit> chemical partition equilibrium constant (for transfer w—IN)

Ka = 107PKa . carboxyl acid group dissociation constant (dimensionless)
KalN = Ka PH : carboxyl acid group dissociation constant (dimensionless)

Kb = 10~PKP : R, N*binding constant (mM~")
KbIN = Kb/PR2N : R, N*binding constant in interfacial film (mM~")
KielN = KalN KbIN c0 : ion-exchange constant in interfacial film (dimensionless)

LIN thickness of ZnPor-IN interfacial film (m)

A¢ : AY ¢ applied interfacial Galvani potential (V)

f=F/(RT) (V7

y = Exp[-f (¢’N - ¢°’b“'k)] auxiliary variable (obtained from solution local electroneutrality equation)

go = F LIN (cR2NIN + cCOOR2N - cTBIN) (C mfz)
tabqo : List {A¢,qo,y} for A¢ varying from -0.3 to +0.05 at 0.001 increments

C =- 100 dgo/dA¢ (capacitance, evaluated as ratio of increments) (uF cm = (F m_z)/IOO)
tabC : List {A¢, C}

€i : initial value of A¢ in scan (V)
ef : final value of Ag in scan (V)
v : scan rate (V/s)

t: time (s)

Rsol : solution resistance (MOhm cmz, observe that V/(MOhm sz) = uA cm_z)
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Rct : charge transfer resistance (MOhm sz, observe that uF cm > MOhm cm” = S)

€q[t] : potential drop across the film (V)

In[1380]:= (*F = 0.34 nmol cm’\—2, | mV/s*)
(*Adjustable parametersx)
cCOOT = 42; pKb = 3.3; Rsol = .0045; Rct = 3.5; Pall = .0003;
(*Known data, fixed parameters and variable definitionsx)
cwb=10; cob=5; pHb=5.8; c0 =10"3; cHb = c0 10" -pHb; cLib = 2 cwb - cHb;
LIN=10"-7;
F=96485; R=8.3144; T=1298; f =F/ (RT) (xcoherent SI unitsx);
PR2N = Pall; PTB = Pall; PH = Pall; PLi = Pall; PHCit = Pall;
pKa = 5.8; KaIN = 10~ -pKa PH; KbIN = 10" - pKb / PR2N; KieIN = KaIN KbIN cO0;
cR2NIN[y_] := PR2Ncob y;
CTBIN[y_ ] := PTB cob /y;
CLiIN[y_, A¢_] := PLicLibyExp[fAd ];
cHIN[y , A¢_] :=PHcHbyExp[fAd];
CHCitIN[y_, A¢_] := PHCit cwb / (YExp[fAd]) ~2;
(#Calculation of the film capacitance as
a function of the potential drop across the filmx)
Off[FindRoot::1stol];
Clear[A¢]; n=1; A¢pi = -.3; 6A¢d = .001; A¢pf = .05; AP = Adi;
tabgo = {{Ad, O, Exp[-2fA¢p /3] (2 cwbPHCit/ (cobPR2N)) "~ (1/3)}};
While[A¢ < APf + 5A¢ / 2,
tabgqo = Append[tabgo, {A¢, F LIN (cR2NIN[y] + cR2NIN[y] KieIN cCOOT /
(KaINcO + cHIN[y, A¢] + KieIN cR2NIN[y]) - cTBIN[y]), v} /.
FindRoot [cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] - 2 cHCitIN[y, Ad] -
cCOOT KaIN cO / (KaINcO + cHIN[y, A¢] + KieIN cR2NIN[y]) == O,
{y, tabgo[[n, 311}1]1; Ad = Adi + 54 n; n++];
Table[{tabqo[[i+1, 1]], -100 ((tabgo[[i+2, 2]] - tabgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabgo[[i, 1]1))}, {i, 2, Length[tabgo] - 2}];
Cint = Interpolation[tabC];
(*Equivalent circuit Rsol in series with parallel combination of C and Rctx)
€i=0; ef =-.1965; v=10"-3; sol = NDSolve|[
{Cint[eq[t]] eq'[t] == (ef+vAbs[(ei-€f) /v-t] -eq[t]) /Rsol -eq[t] /Rct,
eq[0] ==0}, eq, {t, 0, 2 (ei-€f) /Vv}];
CVlsim = Show[ {
ParametricPlot [
{ef+vAbs[(ei-€f) /v-t], ((ef+vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. sol},
{t, 0, 2 (ei-€f) /v}, PlotStyle » Black, AspectRatio » 1/ GoldenRatio]}];

tabC

(*I' = 0.88 nmol cm~-2, | mV/sx)
cCOOT = 100; pKb = 3.3; Rsol = .0045; Rct = 2; Pall = .0003;
PR2N = Pall; PTB = Pall; PH = Pall; PLi = Pall; PHCit = Pall;
KaIN = 10" -pKa PH; KbIN = 10" -pKb / PR2N; KieIN = KaIN KbIN cO;
(x#Calculation of the film capacitance as
a function of the potential drop across the filmx)
Clear[A¢]; n=1; Ad = Adi;
tabgo = {{Ad, O, Exp[-2fAp /3] (2 cwbPHCit/ (cobPR2N)) " (1/3)}};
While[A¢ < A¢f + 609 / 2,
tabgo = Append[tabgo, {A¢, F LIN (cR2NIN[y] + cR2NIN[y] KielIN
cCOOT / (KaIN cO + cHIN[y, A¢] + KieIN cR2NIN[y]) - cTBIN[yY]), Y} /.
FindRoot [cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] - 2 cHCitIN[y, A¢] -
cCOOT KaIN cO / (KaINcO + cHIN[y, A¢] + KieIN cR2NIN[y]) == O,
{y, tabgo[[n, 3]11}11; A¢ = Adi + 5Ad n; n++];
tabC = Table[{tabqo[[i+1, 1]], -100 ((tabgo[[i+2, 2]] -tabgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabqgo[[i, 1]1))},
{i, 2, Length[tabgo] - 2}]; Cint = Interpolation[tabC];
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sol = NDSolve[{Cint[eq[t]] eq'[t] == (ef+VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol -
eq[t] /Rct, eq[0] == 0}, eq, {t, 0, 2 (ei-€f) /Vv}];
CV2sim = Show [ {
ParametricPlot [
{ef+vAbs[(ei-€f) /v-t], ((ef+vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. sol},
{t, 0, 2 (ei-€f) /v}, PlotStyle » Red, AspectRatio » 1/ GoldenRatio]}];

(*I' = 1.94 nmol cm”-2, | mV/sx)
cCOOT = 214; pKb = 3.1; Rsol = .0028; Rct = 2; Pall = .0003;
PR2N = Pall; PTB = Pall; PH = Pall; PLi = Pall; PHCit = Pall;
KaIN = 10" -pKa PH; KbIN = 10" -pKb / PR2N; KieIN = KaIN KbIN cO;
(#Calculation of the film capacitance as
a function of the potential drop across the filmx)
Clear[A¢]; n=1; Ad = Adi;
tabgo = {{Ad, O, Exp[-2fAp /3] (2 cwbPHCit/ (cobPR2N)) " (1/3)}};
While[A¢ < APE + 5AP / 2,
tabqo = Append[tabgo, {A¢, F LIN (cR2NIN[y] + cR2NIN[y] KieIN
cCOOT / (KaINcO + cHIN[y, A¢] + KieIN cR2NIN[y]) - cTBIN[y]), v} /.
FindRoot [cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] - 2 cHCitIN[y, A¢] -
cCOOT KaIN cO / (KaINcO + cHIN[y, A¢] + KieIN cR2NIN[y]) = O,
{y, tabgo[[n, 3]1}11; A¢ = Api +5A¢n; n++];
tabC = Table[{tabqo[[i+1, 1]], -100 ((tabgo[[i+2, 2]] -tabgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabgo[[i, 1]]))},
{i, 2, Length[tabgo] - 2}]; Cint = Interpolation[tabC];
sol = NDSolve[{Cint[eq[t]] eq'[t] == (ef+VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol -
eq[t] /Rct, eq[0] =0}, eq, {t, 0, 2 (ei-€f) /Vv}];
CV3sim = Show|[ {
ParametricPlot [
{ef +vAbs[(ei-€f) /v-t], ((ef+vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. sol},
{t, 0, 2 (ei-€f) /v}, PlotStyle » Blue, AspectRatio » 1/ GoldenRatio]}];

(*I' = 4.19 nmol cm”~-2, | mV/sx)
cCOOT = 416; pKb = 3.1; Rsol = .0014; Rct = 2; Pall = .0003;
PR2N = Pall; PTB = Pall; PH = Pall; PLi = Pall; PHCit = Pall;
KaIN = 10" -pKa PH; KbIN = 10" -pKb / PR2N; KieIN = KaIN KbIN cO;
(#Calculation of the film capacitance as
a function of the potential drop across the filmx)
Clear[A¢]; n=1; Ad = Adi;
tabgo = {{Ad, O, Exp[-2fAp /3] (2 cwbPHCit/ (cobPR2N)) " (1/3)}};
While[A¢ < APf + 5A¢ / 2,
tabgo = Append[tabgo, {A¢, F LIN (cR2NIN[y] + cR2NIN[y] KieIN
cCOOT / (KaINcO + cHIN[y, A¢] + KieIN cR2NIN[y]) - cTBIN[y]), v} /.
FindRoot [cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢d] - 2 cHCitIN[y, A¢] -
cCOOT KaIN cO / (KaINcO + cHIN[y, A¢] + KieIN cR2NIN[y]) == O,
{y, tabgo[[n, 3]11}]1; Ad = Adi + 6A¢ n; n++];
tabC = Table[{tabgo[[i+1, 1]], -100 ((tabgo[[i+ 2, 2]] - tabgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabqgo[[i, 1]1))},
{i, 2, Length[tabgo] - 2}]; Cint = Interpolation[tabC];
sol = NDSolve[{Cint[eq[t]] eq'[t] == (ef+VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol -
€eq[t] /Rct, eq[0] == 0}, eq, {t, 0, 2 (ei-€f) /Vv}];
CV4sim = Show[ {
ParametricPlot [
{ef+vAbs[(ei-€f) /v-t], ((ef+vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. sol},
{t, 0, 2 (ei-€f) /v}, PlotStyle » Magenta, AspectRatio » 1 / GoldenRatio]}];

(«Experimental CV data should be previously
loaded as {V,uA cm2} lists CV1, CV2, CV3 and CV4.x)
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FigA = Show[{CVlsim, CV2sim, CV3sim, CV4sim},
Frame -» True, FrameStyle » AbsoluteThickness[.9], FrameLabel -
{Style["A:’,'qb/V" , 16, SingleLetterItalics -» False], Style["j/ (uA em?)", 16] },
AspectRatio -» 1.3, AxesOrigin -» {-.2, -6}, BaseStyle »
{FontSize » 13, FontFamily -» "Arial", AbsoluteThickness[1.4]}, Epilog —»
{Pointsize - Small, Text[Style["(a)", 16, Bold], {-1.15.2, -6% .05 +6x .95}],

Text [ " Iznpor/ (nmol cm™?)", {-.06, 5.5}, {0, 0}], Point[CV1],
Line[{{-.06, 4.8}, {-.04, 4.8}}], Text["0.34", {-.035, 4.8}, {-1, 0}]1, Red,
Point [CV2], Line[{{-.06, 4.2}, {-.04, 4.2}}], Text["0.88", {-.035, 4.2},
{-1, 0}], Blue, Point[CV3], Line[{{-.06, 3.6}, {-.04, 3.6}}],
Text["1.94", {-.035, 3.6}, {-1, 0}], Magenta, Point[CV4],
Line[{{-.06, 3.}, {-.04, 3.}}], Text["4.19", {-.035, 3.}, {-1, 0}]},
AspectRatio » 1.2, PlotRange -» {{-.2, 0}, {-6, 6}},
PlotRangeClipping » False, ImageSize » {Automatic, 350}]
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npazep= (¥ = 0.34 nmol emA-2, pH 5.8, 5 mV/sx)
(*Adjustable parametersx)
cCOOT = 42; pHb = 5.8; pKb =3.5; Rsol = .004; Rct = 3.; Pall = .0003;
cHb = c0 10" -pHb; cLib = 2 cwb - cHb;
PR2N = Pall; PTB = Pall; PH = Pall; PLi = Pall; PHCit = Pall;
KaIN = 10" -pKa PH; KbIN = 10" -pKb / PR2N; KieIN = KaIN KbIN cO;
(*Calculation of the film capacitance as
a function of the potential drop across the filmx)
Clear[A¢]; n=1; Ad = Adi;
tabgo = {{A¢, O, Exp[-2fA¢p /3] (2 cwbPHCit / (cobPR2N)) ~“(1/3)}};
While[Ad < Adpf + 600/ 2,
tabgo = Append[tabgqo, {A¢, F LIN (cR2NIN[y] + cR2NIN[y] KielIN
cCOOT / (KaINcO + cHIN[y, A¢] + KieIN cR2NIN[y]) - cTBIN[y]), v} /.
FindRoot [cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] - 2 cHCitIN[y, Ad] -
cCOOT KaIN cO / (KaINcO + cHIN[y, A¢] + KieIN cR2NIN[y]) == O,
{y, tabgo[[n, 3]1}11; A¢d = Adi +6A¢dn; n++];
tabC = Table[{tabgqo[[i+1, 1]], -100 ((tabgo[[i+2, 2]] - tabqo[[i, 2]]) /
(tabgo[[i+2, 1]] - tabgo[[i, 111))},



Homogeneous membrane model for ZnPr-INs (Feb 10,
2020)

b + -
c® Ry N* TB™| ccoo-, Cccoom, €c 00, N, R, N*, CH*, CLi*, CTB", Chcir-
pH? , P Li, HCit?"

(*I' = 0.34 nmol cm”-2, | mV/s, Narrow peaks)
(*Adjustable parametersx)
cCOOT = 10; g =3.5; pKb = 4.04; Rsol = .013; Rct = 7; Pall = .00003;
(*Known data, fixed parameters and variable definitionsx)
cwb = 10 (*mol m*"-3%); cob =5 (*mol m"-3%);
LIN=10"-7;
F=96485; R=8.3144; T=298; £f=F/ (RT); pib=5.8; cLib =2 cwb-10" (3 - pHDb) ;
pKa = 5.8; KaIN = 10" -pKa PH; KieIN = 10" (3 - pKa - pKb) PH / PR2N;
PTB := Pall; PR2N := Pall; PH := Pall; PLi := Pall; PHCit := Pall; PCOO :=1;
cR2NIN[y_] := PR2Ncoby; cTBIN[y_] := PTB cob /y;
CcLiIN[y_, A¢_] := PLicLibyExp[f A¢d ];
CHCitIN[y_, A¢_] := PHCit cwb / (YExp[fAd ]) ~2;
cHIN[y , A¢_] :=PH10" (3 -pHb) YExp[fAd];
Clear[A¢]; n=1; AP0 = - .3005; Ad = A¢pO;
table = {{Ad, O, O, Exp[-2fA$p /3] (2 cwb PHCit / (cob PR2N)) "~ (1/3), 0, 0, 0, O,
0, 0, KieIN cR2NIN[Exp[-2fA¢ /3 ] (2 cwb PHCit / (cobPR2N)) "~ (1/3)]/
(KieIN cR2NIN[Exp[-2 fA¢p /3 ] (2 cwb PHCit / (cobPR2N)) " (1/3)] +
CHIN[Exp[-2 fA¢ /3] (2 cwb PHCit / (cob PR2N)) "~ (1/3), A¢] +KaIN10"3)}};
Clear([x]; (*y = Exp[-f (phiIN - phio,bulk)]%*)
Off[FindRoot::1stol];
While[ad < .01,
table = Append[table, {A¢, -Log[y] / £, 100 (Log[y] /£/A¢d +1) , y, cR2NIN[Y],
CHCitIN[y, A¢], cTBIN[y], cLiIN[y, A¢], cHIN[y, A¢] 10"~ -3,
cCOOT O Exp[-g 6] KaIN 10”3 / (KieIN cR2NIN[y]), 6} /.
FindRoot [ {cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] -
2 cHCitIN[y, A¢] - cCOOT O Exp[-g O] KaIN10"3 / (KieIN cR2NIN[y]) == 0,
Exp[g©] (1-6) /6 == (KaIN10"3 + cHIN[y, A¢]) / (KieIN cR2NIN[y])},
{{y, table[[n, 4]]}, {6, table[[n, 11]]}}]11; Ad = AP0 + .001 n; n++];
tabgqo = Table[{table[[i, 1]], table[[i, 5]] - table[[i, 7]] + table[[i, 11]] cCOOT},
{i, 2, Length[table]}];
tabC = Table[{tabgo[[i+1, 1]], -100 FLIN ((tabgo[[i+2, 2]] -tabgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabgo[[i, 1]]1))}, {i, 2, Length[tabgo] - 2}];
Cint = Interpolation[tabC];
€i=0; ef =-.1975; v =10"-3; solNarrow = NDSolve|[
{Cint[eq[t]] eq'[t] == (ef+VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol -eq[t] /Rct,
eq[0] ==0}, eq, {t, 0, 2 (ei-€f) /Vv}];
tableCVlNarrowSim = Table[{ef + vAbs[(ei-€f) /v -t],
Part[((ef+vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. solNarrow, 1]},
{t, 0,2 (ei-€f) /v, 2 (ei-€f) /v /1000}];
(xBroad peak:x)
(*Adjustable parametersx)
cCOOT =31; g=0.7; pKb = 3.3;
KieIN = 10" (3 - pKa - pKb) PH / PR2N; Clear[x];
Clear[Ad]; n=1; Ad = A¢O;
table = {{Ad, O, O, Exp[-2fA$p /3] (2 cwb PHCit / (cob PR2N)) "~ (1/3), 0, 0, 0, O,
0, 0, KieIN cR2NIN[Exp[-2fA¢ /3 ] (2 cwb PHCit / (cObPR2N)) "~ (1/3)]/
(KieIN cR2NIN[Exp[-2 £A¢ /3 ] (2 cwb PHCit / (cob PR2N)) ~(1/3)] +
CHIN[Exp[-2 fA¢ /3] (2 cwb PHCit / (cob PR2N)) "~ (1/3), A¢] +KaIN10"3)}};
While[A¢ < .01, table = Append[table, {Ad, -Log[y] / £, 100 (Log[y] / £/ A +1) ,
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y, cR2NIN[y], cHCitIN[y, A¢], cTBIN[y], cLiIN[y, A¢],
CcHIN[y, A¢] 10" -3, cCOOT 6 Exp[-g O] KaIN 10”3/ (KieIN cR2NIN[y]), 6} /.
FindRoot [ {cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] -
2 cHCitIN[y, A¢] - cCOOT O Exp[-g O] KaIN10"3 / (KieIN cR2NIN[y]) == 0,
Exp[g©] (1-6) /6 == (KaIN10"3 + cHIN[y, A¢]) / (KieIN cR2NIN[y])},
{{y, table[[n, 4]]}, {6, table[[n, 11]]}}]11; Ad = A0 + .001 n; n++];
tabgqo = Table[{table[[i, 1]], table[[i, 5]] - table[[i, 7]] + table[[i, 11]] cCOOT},
{i, 2, Length[table]}];
tabC = Table[{tabgo[[i+1, 1]], -100 FLIN ((tabgo[[i+2, 2]] -tabgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabgo[[i, 1]]1))}, {i, 2, Length[tabgo] - 2}];
Cint = Interpolation[tabC];
solBroad = NDSolve [
{Cint[eq[t]] eq'[t] == (ef+VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol -eq[t] /Rct,
eq[0] =0}, eq, {t, 0, 2 (ei-€f) /Vv}];
tableCV1BroadSim = Table[{ef + vAbs[(ei-€f) /v -t],
Part[((ef+vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. solBroad, 1]},
{t, 0,2 (ei-€f) /v, 2 (ei-€f) /v /1000}];
tableCV1BNSim = Table[{tableCV1lBroadSim[[i, 1]], tableCVlBroadSim[[i, 2]] +
tableCVlNarrowSim[[i, 2]]}, {i, 1, Length[tableCV1BroadSim]}];
(*I' = 0.34 nmol cm”~-2, | mV/sx)
Fig034 = Show[ListPlot[CVl, PlotStyle » {Gray, PointSize -» .015},
Epilog -» {Black, Text["(a)", {-.185, -.85 * .1+ .8x.9}],
Text ["Iznpor = 0.34 nmol cm™®", {-.07, -.85 * .1+.8x.9}, {0, 0}]},
Frame -» True, FrameStyle » AbsoluteThickness[.9],
FrameLabel - {Style["AZ,’¢/V" , 16, SingleLetterItalics -» False],
Style [ "j/ (uA cm )", 16] } , AspectRatio -» 1 / GoldenRatio,
BaseStyle » {FontSize » 13, FontFamily » "Arial", AbsoluteThickness[1.1]},
PlotRange » {{-.2, 0}, {-.85, .8}}, ImageSize » {Automatic, 200}] ’
ListPlot[tableCV1BNSim, Joined » True, PlotStyle - Black] ]

(a) Iznpor = 0.34 nmol cm™
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(*I' = 0.88 nmol cm”~-2, | mV/s, Narrow peaks)

(*Adjustable parametersx)

cCOOT = 24; g = 3.5; pKb = 4.13; Rsol = .008; Rct = 5; Pall = .00003;

(*Known data, fixed parameters and variable definitionsx)

cwb = 10 (*mol m"-3%); cob =5 (*mol m*-3%);

LIN=10"-7;

F=96485; R=8.3144; T=298; £=F/ (RT); pib=5.8; cLib =2 cwb- 10" (3 - pHb) ;

pKa = 5.8; KaIN = 10" -pKa PH; KieIN = 10" (3 - pKa - pKb) PH / PR2N;

PTB := Pall; PR2N := Pall; PH := Pall; PLi := Pall; PHCit := Pall; PCOO :=1;

Clear[Ad]; n = 1; A¢O = - .3005; Ad = AGO;

table = {{A¢, 0, O, Exp[-2 £Ad /3 ] (2 cwb PHCit / (cob PR2N)) ~(1/3), 0, 0, 0, O,
0, 0, KieIN cR2NIN[Exp[-2 fA¢ /3 ] (2 cwb PHCit / (cobPR2N)) "~ (1/3)]/

(KieIN cR2NIN[Exp[-2 fA¢p /3 ] (2 cwb PHCit / (cobPR2N)) " (1/3)] +
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CHIN[Exp[-2fA¢d /3] (2 cwb PHCit / (cobPR2N)) "~ (1/3), A¢] +KaIN10"3)}};
Clear[x]; (*y = Exp[-f (phiIN - phio,bulk)]%*)
CR2NIN[y_ ] := PR2Ncoby; cTBIN[y_ ] := PTB cob /y;
CLiIN[y_, A¢_] :=PLicLibyExp[fAd ];
CHCitIN[y , A¢_] := PHCit cwb / (YExp[fAd]) " 2;
CHIN[y_, A¢_] :=PH10" (3 -pHb) YExp[f Ad ];
While[A¢ < .01, table = Append[table, {Ad, -Log[y] / £, 100 (Log[y] / £/ A0 +1) ,
Y, cR2NIN[y], cHCitIN[y, A¢], cTBIN[y], cLiIN[y, A¢],
cHIN[y, A¢] 10" -3, cCOOT 6 Exp[-g 6] KaIN 10”3 / (KieIN cR2NIN[y]), 6} /.
FindRoot [ {cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] -
2 cHCitIN[y, A¢] - cCOOT © Exp[-g 6] KaIN 10~ 3 / (KieIN cR2NIN[y]) = O,
Exp[g®] (1-6) /6 = (KaIN10"3 + cHIN[y, A¢]) / (KieIN cR2NIN[y]) },
{{y, table[[n, 4]1}, {6, table[[n, 11]1}}]]1; A} = A¢0 + .001 n; n++];
tabqo = Table[{table[[i, 1]], table[[i, 5]] - table[[i, 7]] + table[[i, 11]] cCOOT},
{i, 2, Length[table]}];
tabC = Table[{tabqo[[i+1, 1]], -100 F LIN ((tabgo[[i+2, 2]] - tabqo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabgo[[i, 1]1))}, {i, 2, Length[tabgo] - 2}];
Cint = Interpolation[tabC];
€ei=0; ef =-.1975; v =10"-3; solNarrow = NDSolve|[
{Cint[eq[t]] eq'[t] == (ef+VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol -€eq[t] /Rct,
eq[0] == 0}, eq, {t, 0, 2 (ei-€ef) /Vv}];
tableCV2NarrowSim = Table[{ef + vAbs[(ei-€f) /v -t],
Part[((ef+vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. solNarrow, 1]},
{t, 0,2 (ei-€f) /v, 2 (ei-€f) /v /1000}];
(«Broad peak:x)
(*Adjustable parametersx)
cCOOT = 70; g=0.7; pKb = 3.4;
KieIN = 10" (3 - pKa - pKb) PH / PR2N; Clear[x];
Clear[A¢]; n=1; AP0 = - .30005; A¢p = A¢O;
table = {{A¢, O, O, Exp[-2£fA¢d /3] (2 cwbPHCit / (cobPR2N))"*(1/3), 0, 0, 0, O,
0, 0, KieIN cR2NIN[Exp[-2 fA¢ /3 ] (2 cwb PHCit / (cobPR2N)) ~(1/3)] /
(KieIN cR2NIN[Exp[-2 fA¢p /3] (2 cwb PHCit / (cobPR2N)) " (1/3)] +
CHIN[Exp[-2fA¢d /3] (2 cwb PHCit / (cobPR2N)) "~ (1/3), A¢] +KaIN10"3)}};
(*y = Exp[-f (phiIN - phio,bulk)]=*)
CcR2NIN[y_ ] := PR2Ncoby; cTBIN[y ] := PTB cob /y;
CLiIN[y_, A¢_] :=PLicLibyExp[fAd];
CHCitIN[y , A¢_] := PHCit cwb / (YExp[fAd]) " 2;
cHIN[y_, A¢_] :=PH10" (3 -pHb) YExp[f Ad ];
While[A¢ < .01, table = Append[table, {Ad, -Log[y] / £, 100 (Log[y] / £/ A +1) ,
Y, cR2NIN[y], cHCitIN[y, Ad], cTBIN[y], cLiIN[y, A¢],
cHIN[y, A¢] 107 -3, cCOOT 6 Exp[-g ©] KaIN 10”3 / (KieIN cR2NIN[y]), 6} /.
FindRoot [ {cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢d] -
2 cHCitIN[y, A¢] - cCOOT © Exp[-g O] KaIN10"3 / (KieIN cR2NIN[y]) == 0,
Exp[g®] (1-6) /6 = (KaIN10"3 + cHIN[y, A¢]) / (KieIN cR2NIN[y]) },
{{y, table[[n, 411}, {6, table[[n, 11]]1}}]]; Ad = A0 + .001 n; n++];
tabgo = Table[{table[[i, 1]], table[[i, 5]] - table[[i, 7]] + table[[i, 11]] cCOOT},
{i, 2, Length[table]}];
tabC = Table[{tabgo[[i+1, 1]], -100 F LIN ((tabgo[[i+2, 2]] - tabgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabgo[[i, 1]1))}, {i, 2, Length[tabqgo] - 2}];
Cint = Interpolation[tabC];
€i=0; ef = -.1975; solBroad = NDSolve[
{Cint[eq[t]] eq'[t] == (ef +VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol -€eq[t] /Rct,
eq[0] == 0}, eq, {t, 0, 2 (ei-€ef) /Vv}];
tableCV2BroadSim = Table[{ef + vAbs[(ei-€f) /v -t],
Part[((ef +vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. solBroad, 1]},
{t, 0,2 (ei-€f) /v, 2 (ei-€f) /v /1000}];
tableCV2BNSim = Table[{tableCV2BroadSim[[i, 1]], tableCV2BroadSim[[i, 2]] +
tableCV2NarrowSim[[i, 2]]}, {i, 1, Length[tableCV1BroadSim]}];
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(#I' = 0.88 nmol cm”~-2, | mV/sx)
Fig088 = Show|[ListPlot[CV2, PlotStyle -» {Gray, PointSize - .015},
Epilog -» {Black, Text["(b)", {-.185, -1.9 % .1+1.9x .9}],
Text " Iznpor = 0.88 nmol cm™", {-.07, -1.9 » .1+1.9x .9}, {0, 0}]},
Frame -» True, FrameStyle -» AbsoluteThickness[.9],
FrameLabel - {Style["quS/V" , 16, SingleLetterItalics -» False],
style["j/(uA cm™®)", 16]}, AspectRatio » 1/ GoldenRatio,
BaseStyle » {FontSize -» 13, FontFamily -» "Arial", AbsoluteThickness[1.1]},
PlotRange -» {{-.2, 0}, {-1.9, 1.9}}, ImageSize » {Automatic, 200}] ’
ListPlot[tableCV2BNSim, Joined - True, PlotStyle - Black] |
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(*I' = 1.94 nmol cm”~-2, | mV/s, Narrow peaks)
(*Adjustable parameterss)
cCOOT = 46; g = 3.5; pKb = 3.98; Rsol = .0054; Rct = 4; Pall = .00003;
(*Known data, fixed parameters and variable definitionsx)
cwb = 10 (*mol m”-3%); cob =5 (¥xmol m"-3%);
LIN=10"-7;
F=96485; R=8.3144; T=298; £f=F/ (RT); pHb=5.8; cLib =2 cwb-10" (3 - pHb) ;
pKa = 5.8; KaIN = 10" -pKa PH; KieIN = 10" (3 - pKa - pKb) PH / PR2N;
PTB := Pall; PR2N := Pall; PH := Pall; PLi := Pall; PHCit := Pall; PCOO :=1;
Clear[A¢d]; n=1; AP0 = - .3005; Ad = A¢O;
table = {{A¢, O, O, Exp[-2fAd /3] (2 cwb PHCit / (cobPR2N)) " (1/3), 0,0, 0,0,
0, 0, KieIN cR2NIN[Exp[-2 fA¢ /3 ] (2 cwb PHCit / (cobPR2N)) ~(1/3)]/
(KieIN cR2NIN[Exp[-2 fA¢ /3 ] (2 cwb PHCit / (cobPR2N)) ~ (1/3)] +
CHIN[Exp[-2fA¢d /3] (2 cwbPHCit/ (cobPR2N)) " (1/3), A¢] +KaIN10"3)}};
Clear([x]; (*y = Exp[-f (phiIN - phio,bulk)]x*)
cR2NIN[y_] := PR2Ncoby; cTBIN[y_] := PTB cob /y;
CLiIN[y_, A¢_] := PLicLiby Exp[f A¢d ];
cHCitIN[y_, A¢_] := PHCit cwb / (YExp[fAd]) " 2;
CHIN[y , A¢_] :=PH10" (3 -pHb) YExp[fAd ];
While[A¢ < .01, table = Append[table, {A¢, -Log[y] / £, 100 (Log[y] / £/ A +1) ,
y, cR2NIN[y], cHCitIN[y, A¢], cTBIN[y], cLiIN[y, A¢],
CHIN[y, A¢] 10" -3, cCOOT 6 Exp[-g O] KaIN10"3 / (KieIN cR2NIN[y]), 6} /.
FindRoot [ {cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] -
2 cHCitIN[y, A¢] - cCOOT © Exp[-g 6] KaIN 10”3 / (KieIN cR2NIN[y]) == O,
Exp[g®©6] (1-6) /6 == (KaIN10"3 + cHIN[y, A¢]) / (KieIN cR2NIN[y])},
{{y, table[[n, 4]]}, {6, table[[n, 11]]}}]1]; Ad = A¢0 + .001n; n++];
tabqo = Table[{table[[i, 1]], table[[i, 5]] - table[[i, 7]] + table[[i, 11]] cCOOT},
{i, 2, Length[table]}];
tabC = Table[{tabgo[[i+1, 1]], -100 F LIN ((tabgo[[i+2, 2]] -tabgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabgo[[i, 1]1))}, {i, 2, Length[tabgo] - 2}];
Cint = Interpolation[tabC];
€i=0; ef=-.1975; v =10"-3; solNarrow = NDSolve|[
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{Cint[eq[t]] eq'[t] == (ef +VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol -eq[t] /Rct,
eq[0] ==0}, eq, {t, 0, 2 (ei-€f) /Vv}];
tableCV3NarrowSim = Table[{ef + vAbs[(ei-€f) /v -t],
Part[((ef+vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. solNarrow, 1]},
{t, 0,2 (ei-€f) /v, 2 (ei-€£f) /v /1000}];
(xBroad peak:)
(*Adjustable parametersx)
cCOOT = 160; g =0.7; pKb = 3.2;
KieIN = 10" (3 - pKa - pKb) PH / PR2N; Clear[x];
Clear[A¢]; n=1; AP0 = - .30005; A¢p = A¢O;
table = {{Ad, O, O, Exp[-2fA$p /3] (2 cwb PHCit / (cob PR2N)) "~ (1/3), 0, 0, 0, O,
0, 0, KieIN cR2NIN[Exp[-2fA¢$ /3 ] (2 cwb PHCit / (cObPR2N)) "~ (1/3)]/
(KieIN cR2NIN[Exp[-2 £A¢ /3 ] (2 cwb PHCit / (cob PR2N)) ~(1/3)] +
CHIN[Exp[-2 fA¢ /3] (2 cwb PHCit / (cob PR2N)) "~ (1/3), A¢] +KaIN10"3)}};
(*y = Exp[-f (phiIN - phio,bulk)]=*)
cR2NIN[y_] := PR2Ncoby; cTBIN[y_] := PTB cob /y;
CLiIN[y_, A¢_] := PLicLibyExp[f A ];
CHCitIN[y_, A¢_] := PHCit cwb / (YExp[fAd ]) ~2;
cHIN[y , A¢_] :=PH10" (3 -pHb) YExp[fAd];
While[A¢ < .01, table = Append[table, {A¢, -Log[y] / £, 100 (Log[y] / £/ A0 +1) ,
¥y, cR2NIN[y], cHCitIN[y, A¢], cTBIN[y], cLiIN[y, Ad],
cHIN[y, A¢d] 10" -3, cCOOT 6 Exp[-g O] KaIN 10”3/ (KieIN cR2NIN[y]), 6} /.
FindRoot [ {cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] -
2 cHCitIN[y, A¢] - cCOOT © Exp[-g 6] KaIN 10”3 / (KieIN cR2NIN[y]) == O,
Exp[g6] (1-6) /6 = (KaIN10"3 + cHIN[y, A¢]) / (KieIN cR2NIN[y])},
{{y, table[[n, 4]]}, {6, table[[n, 11]]1}}]1; Ad = AP0 + .00l n; n++];
tabgqo = Table[{table[[i, 1]], table[[i, 5]] - table[[i, 7]] + table[[i, 11]] cCOOT},
{i, 2, Length[table]}];
tabC = Table[{tabgo[[i+1, 1]], -100 FLIN ((tabgo[[i+2, 2]] -tabqgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabgo[[i, 1]]1))}, {i, 2, Length[tabgo] - 2}];
Cint = Interpolation[tabC];
€i =0; ef = -.1975; solBroad = NDSolve [
{Cint[eq[t]] eq'[t] == (ef+VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol -eq[t] /Rct,
eq[0] ==0}, eq, {t, 0, 2 (ei-€f) /Vv}];
tableCV3BroadSim = Table[{ef + vAbs[(ei-€f) /v -t],
Part[((ef +vAbs[(ei-€ef) /v-t] -eq[t]) /Rsol) /. solBroad, 1]},
{t, 0,2 (ei-€f) /v, 2 (ei-€f) /v /1000}];
tableCV3BNSim = Table[{tableCV3BroadSim[[i, 1]], tableCV3BroadSim[[i, 2]] +
tableCV3NarrowSim[[i, 2]]}, {i, 1, Length[tableCV1BroadSim]}];
(+*I' = 1.94 nmol cm~-2, | mV/sx)

Figl94 = Show[ListPlot[CV3, PlotStyle » {Gray, PointSize -» .015},
Epilog » {Black, Text["(c)", {-.185, -3.9 % .1+3.9x.9}],
Text|"Iznpor = 1.94 nmol em™", {-.067, -3.9 » .1+3.9x.9}, {0, 0}]},

Frame -» True, FrameStyle » AbsoluteThickness[.9],
FrameLabel - {Style["AZ,’¢/V" , 16, SingleLetterItalics -» False],

Style [ "j/ (uA cm )", 16] } , AspectRatio -» 1 / GoldenRatio,
BaseStyle » {FontSize » 13, FontFamily » "Arial", AbsoluteThickness[1.1]},
PlotRange -» {{-.2, 0}, {-3.9, 3.9}}, ImageSize » {Automatic, 200}] ’
ListPlot[tableCV3BNSim, Joined » True, PlotStyle - Black] ]
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(*I' = 4.19 nmol cm”~-2, | mV/s, Narrow peaks)
(*Adjustable parametersx)
cCOOT = 84; g = 3.5; pKb = 4.05; Rsol = .0037; Rct = 10; Pall = .00003;
(*Known data, fixed parameters and variable definitionsx)
cwb = 10 (*mol m"-3%); cob =5 (*xmol m™~-3%);
LIN=10"-7;
F=96485; R=8.3144; T=298; f=F/ (RT); pHb=5.8; cLib=2cwb-10" (3 - pHb) ;
pKa = 5.8; KaIN = 10" -pKa PH; KieIN = 10" (3 - pKa - pKb) PH / PR2N;
PTB := Pall; PR2N := Pall; PH := Pall; PLi := Pall; PHCit := Pall; PCOO :=1;
Clear[A¢]; n=1; AP0 = - .3005; Ad = A¢O;
table = {{A¢, O, O, Exp[-2fA¢d /3] (2 cwb PHCit / (cob PR2N))"“(1/3), 0, 0, O, O,
0, 0, KieIN cR2NIN[Exp[-2fA¢ /3] (2 cwb PHCit / (cobPR2N)) "~ (1/3)]/
(KieIN cR2NIN[Exp[-2 fA¢d /3 ] (2 cwb PHCit / (cobPR2N)) "~ (1/3)] +
CHIN[Exp[-2 fA¢ /3] (2 cwb PHCit / (cob PR2N)) * (1/3), A¢] +KaIN10"3)}};
Clear[x]; (*y = Exp[-f (phiIN - phio,bulk)]%*)
CR2NIN[y_ ] := PR2Ncob y; cTBIN[y_ ] := PTB cob /y;
CLiIN[y_, A¢_] := PLicLibyExp[f Ad ];
CHCitIN[y , A¢_] := PHCit cwb / (YExp[fAd]) " 2;
CHIN[y_, A¢_] :=PH10" (3 -pHb) YExp[f Ad ];
While[A¢ < .01, table = Append[table, {Ad, -Log[y] / £, 100 (Log[y] / £/ 8¢ +1) ,
Y, cR2NIN[y], cHCitIN[y, A¢], cTBIN[y], cLiIN[y, Ad],
cHIN[y, A¢] 10" -3, cCOOT 6 Exp[-g ©] KaIN10"3 / (KieIN cR2NIN[y]), 6} /.
FindRoot [ {cR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] -
2 cHCitIN[y, A¢] - cCOOT © Exp[-g 6] KaIN 10~ 3 / (KieIN cR2NIN[y]) == 0,
Exp[g®] (1-6) /6 == (KaIN10"3 + cHIN[y, A¢]) / (KieIN cR2NIN[y])},
{{y, table[[n, 4]]}, {6, table[[n, 11]]}}1]; A} = A¢0 + .001 n; n++];
tabqo = Table[{table[[i, 1]], table[[i, 5]] - table[[i, 7]] + table[[i, 11]] cCOOT},
{i, 2, Length[table]}];
tabC = Table[{tabqo[[i+1, 1]], -100 F LIN ((tabgo[[i+2, 2]] -tabgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabgo[[i, 1]1))}, {i, 2, Length[tabgo] - 2}];
Cint = Interpolation[tabC];
€ei=0; ef =-.1975; v =10"-3; solNarrow = NDSolve|[
{Cint[eq[t]] eq'[t] == (ef +VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol -€eq[t] /Rct,
€eq[0] == 0}, eq, {t, 0, 2 (ei-€ef) /Vv}];
tableCV4NarrowSim = Table[{ef + vAbs[(ei-€f) /v -t],
Part[((ef +vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. solNarrow, 1]},
{t, 0,2 (ei-€f) /v, 2 (ei-€f) /v /1000}];
(«Broad peak:x)
(*Adjustable parametersx)
cCOOT = 295; g=0.7; pKb = 3.2;
KieIN = 10" (3 - pKa - pKb) PH / PR2N; Clear[x];
Clear[A¢]; n=1; AP0 = - .30005; A¢p = A¢O;
table = {{A¢, O, O, Exp[-2fAd /3] (2 cwb PHCit / (cob PR2N)) "~ (1/3), 0, 0, O, O,
0, 0, KieIN cR2NIN[Exp[-2 fA¢ /3 ] (2 cwb PHCit / (cobPR2N)) ~(1/3)] /
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(KieIN cR2NIN[Exp[-2 £Ad /3 ] (2 cwb PHCit / (cob PR2N)) ~ (1/3)] +
CHIN[Exp[-2 £ A¢ /3 ] (2 cwb PHCit / (cob PR2N)) ~ (1/3), A¢] + KaIN10°3) }};
(*y = Exp[-f (phiIN - phio,bulk)]=*)
cR2NIN[y_] := PR2Ncob y; cTBIN[y_ ] := PTB cob /y;
CLiIN[y_, A¢_] := PLicLibyExp[fA¢d ];
cHCitIN[y_, A¢_] := PHCit cwb / (YExp[fAd]) " 2;
CHIN[y , A¢_] :=PH10" (3 -pHb) YExp[fAd];
While[A¢ < .01, table = Append[table, {Ad, -Log[y] / £, 100 (Log[y] / £/ 8¢ +1) ,
Yy, CR2NIN[y], cHCitIN[y, A¢], cTBIN[y], cLiIN[y, A¢],
CHIN[y, A¢] 10" -3, cCOOT © Exp[-g©] KaIN10"3 / (KieIN cR2NIN[y]), 6} /.
FindRoot [ {CR2NIN[y] - cTBIN[y] + cLiIN[y, A¢] + cHIN[y, A¢] -
2 cHCitIN[y, A¢] - cCOOT 6 Exp[-g 6] KaIN 10"~ 3 / (KieIN cR2NIN[y]) == O,
Exp[g®6] (1-6) /6= (KaIN10"3 + cHIN[y, A¢]) / (KieIN cR2NIN[y])},
{{y, table[[n, 4]]}, {6, table[[n, 11]]}}1]; Ad = A¢0 + .00l n; n++];
tabgqo = Table[{table[[i, 1]], table[[i, 5]] - table[[i, 7]] + table[[i, 11]] cCOOT},
{i, 2, Length[table]}];
tabC = Table[{tabgo[[i+1, 1]], -100 F LIN ((tabgo[[i+2, 2]] -tabgo[[i, 2]]) /
(tabgo[[i+2, 1]] -tabgo[[i, 1]1))}, {i, 2, Length[tabgo] - 2}];
Cint = Interpolation[tabC];
€i=0; ef = -.1975; solBroad = NDSolve[
{Cint[eq[t]] eq'[t] == (ef+VvAbs[(ei-€f) /v-t] -eq[t]) /Rsol-€eq[t] /Rct,
€q[0] == 0}, eq, {t, 0, 2 (ei-€ef) /Vv}];
tableCV4BroadSim = Table[{ef + vAbs[(ei-€f) /v -t],
Part[((ef + vAbs[(ei-€f) /v-t] -eq[t]) /Rsol) /. solBroad, 1]},
{t, 0,2 (ei-€f) /v, 2 (ei-€f) /v/1000}];
tableCV4BNSim = Table[{tableCV4BroadSim[[i, 1]], tableCV4BroadSim|[[i, 2]] +
tableCV4NarrowSim[[i, 2]]}, {i, 1, Length[tableCV1BroadSim]}];
(+I' = 4.19 nmol cm~-2, | mV/sx)
Fig419 = Show[ListPlot[CV4, PlotStyle -» {Gray, PointSize » .015},
Epilog -» {Black, Text["(d)", {-.185, -6.5 * .1+6.5x.9}],
Text " Iznpor = 4.19 nmol cm™?", {-.067, -6.5 » .08+6.5x .92}, {0, 0}]},

Frame -» True, FrameStyle -» AbsoluteThickness[.9],
FrameLabel - {Style["quS/V" , 16, SingleLetterItalics -» False],

style["j/(uA cm™®)", 16]}, AspectRatio » 1/ GoldenRatio,
BaseStyle -» {FontSize -» 13, FontFamily -» "Arial", AbsoluteThickness[1.1]},
PlotRange -» {{-.2, 0}, {-6.5, 6.5}}, ImageSize » {Automatic, 200}] ’
ListPlot[tableCV4BNSim, Joined - True, PlotStyle - Black] |

6¢ . Tznpor = 4.19 nmol cm ™2
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Grid[{{Fig034, Fig088}, {Figl94, Fig419}}, Spacings » 0, Alignment - Center]
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