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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(OEt2)]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=pKsCOOH), 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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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-1Ns

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
(10 mM ionic strength, pH 5.8) at different initial concentrations [ZnPor] in the bulk aqueous
phase, and 5 mM R2NTB 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'znror 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/Qs
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?).

Tzneodd(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 puM 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. I'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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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=2 (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,

j! pAcm?

[RN]" =5 mM
-0.3 : -0.2 : -0.1 I 0.0 ' 011 : 0t2 l O:S I O.|4 | O.|5
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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~ %8 = Ats: Aficie = Ao A7 = iy and & = A Thus, their

concentrations in phase IN can be written as

cng = ¢%Ppg ne™/ Ag'p (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 $1p = Uip — Hyg. (S7)
RTInPycie = 2F AIN¢HC1t Hricie — M;IICI\IIt (S8)
RTInPy = —FAY o5 = — ™ (S9)
RTInP,; = —FAK$;; = ui'iw T (S10)

where p;"? 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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KN = KINKNee (513)

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
KINC + (CWbPH + KO INCO'bPRZNe_ngv(P)y

= 2¢"P(Piy — Puciey )

+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 1€ 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 R, 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
A‘(l)vd)(t) =& +v |tmax —t|, (0<st< 2tmax) (319)

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 &.(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 0 Kig CryN 521
T 1.6 KWNgeicN (S21)
ccooHt+Ccoo a C’tcy
CCOORN _ 6 1 _ ,,IN_IN
ccoo— T 1-6a b CRZN (822)

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 -COOR:N interact, their chemical potential is
1CcoOR,N = Hcoor,n + RTInG + gRTO, (523)

and the Frumkin isotherm

oIN _IN o,IN AW w

b e99 = qKINCIN - — Kig cRyN __ K cOPPr,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 RoN* 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 Ny 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.*

S13



If the Frumkin adsorption model is used then K" 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;z " 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
—CO0~(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) + R,N*(0) 2 —COOR,N(IN) + H* (w) (S30)
is the (intrinsic) ion exchange constant K;i which is implicitly defined as
AGig = —RTInKig = Ucoor,n + Hii — Heoon — #EEN : (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/Pr,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 =

1g(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 ¢, Were obtained by varying

AY Pina IN 50 MV increments at a constant AY dipitia; OF +0.25 V for 30 s (tinitiat) With znpor
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 ¢y 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 Iznpor OF 4.19 nmol-cm=2, AY ¢iitial
of +0.25 V, and AY ¢ina; 0f —0.25 V.
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