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ABSTRACT: It is important but challenging to elucidate the electrochemical reaction mechanisms of organic compounds
using electroanalytical methods. Particularly, a rapid and straightforward method may be helpful if it can provide information
on reaction intermediates or other key electrochemical parameters. In this work, we exploited the advantages of classic thin-
layer electrochemistry to develop a thin-layer electroanalysis microchip (TEAM). TEAM provided better resolved
voltammetric peaks than under semi-infinite diffusion condition owing to the small height. Importantly, rapid and accurate
determination of the number of electrons transferred, #, was enabled by mechanically confining the microliter-scale volume
analyte at the electrode, while securing ionic conduction using polyelectrolyte gels. The performance of the TEAM was
validated using voltammetry and coulometry of standard redox couples. Utilizing TEAM, a (spectro)electrochemical analysis
of FM 1-43, an organic dye widely used in neuroscience, was successfully performed. It was also applied to study the
electrochemical oxidation mechanism of pivanilides and alkyltrifluoroborate salts with different substituents and solvents. This
work suggests the TEAM as a promising tool to provide invaluable mechanistic information and promote the rational design

of electrosynthetic strategies.
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INTRODUCTION

Understanding the mechanisms of electrochemical reactions is important for rationally utilizing/producing molecules for use
in the fields of energy/chemical conversions,' bioelectrochemistry,® and organic electrosynthesis.5!! It is especially critical
in synthetic organic electrochemistry to improve yields or control reaction selectivity among competing pathways.'>!3 However,
heterogeneous electrochemical reactions are challenging to understand because electrochemically measured information of
current or potential hardly provides chemical information about species under electrochemical reaction. For example, the nature
of reaction intermediates, e.g., free radicals, radical ions, ions, often cannot be predicted by electrochemical analysis and
requires various control experiments of synthetic scale,'®'*'® DFT and ab initio calculations,'”!® or spectroscopic measurement
such as electron paramagnetic resonance spectroscopy.’> Therefore, there are extensive needs for straightforward
electroanalytical methods to provide evidences on reaction intermediates and the key parameters which would unveil
electrochemical reaction mechanisms. Yet, limited efforts have been made to develop suitable electrochemical techniques for

such purpose.'>!3:19:20

Among the electroanalytical methods, cyclic voltammetry has been the most widely used technique in mechanistic studies
for decades. The number of voltammetric peaks, reversibility, relative peak currents, or peak potential shift provides basic
information on the electrochemical reaction. Square wave voltammetry has recently gained attention to distinguish multi-
electron transfers underneath an apparently single peak of cyclic voltammogram in specific cases.!*?! Nevertheless,
generalization of these methods requires further improvements, such as enhancing the peak resolution. A more intuitive and
critical knowledge of reaction pathway is the number of electrons transferred per molecule in a heterogeneous redox reaction,
n. For instance, knowing n helps infer electrogenerated reaction intermediates, e.g., a radical resulting from one-electron
transfer, an (radical) ion resulting from the two-electron transfer. In fact, electrochemical methods such as hydrodynamic

2223 or chronoamperometric techniques using macro or microelectrode®*?* have been

methods using rotating disk electrode,
utilized for such purpose. However, these are not applicable to complicated systems of multiple electron transfer and chemical

reaction steps, and even are troublesome to be conducted in nonaqueous systems with low viscosity.2°

Thin-layer electrochemistry at which reactants reside within <30 um from the electrode has been investigated since the
1960s. Owing to its mathematical simplicity and unique voltammetric features in the absence of semi-infinite inbound mass

transfer, thin-layer electrochemistry has been exploited to estimate kinetic parameters for sluggish reactions?’-28

or adsorption
reactions and to determine diffusion coefficient or stoichiometry.?*3? Furthermore, spectroelectrochemical studies in thin-layer
cells using grid electrodes or transparent electrodes could benefit from low background signal.3!'? Despite numerous
theoretical demonstrations on its usefulness, thin-layer electrochemistry has been impeded by lateral diffusion from the external

solution and the absence of a standardized system.

By revisiting thin-layer electrochemistry, we devised a microchip device, a thin-layer electroanalysis microchip (TEAM),
to extract more information about the electrochemical reaction mechanism. Both computational simulations and experimental
results show that the voltammetric response from the thin-layer cell can give better resolved neighboring peaks. More
importantly, lateral diffusion was prevented by mechanically confining the micro-volume analyte solution to the working
electrode using a polyelectrolyte gel salt bridge, thus enabling accurate determination of n via electrolysis. A lipophilic
polyelectrolyte gel was introduced to allow the TEAM to operate in various organic solvents as well as an aqueous solution.
Based on such development, the TEAM could be used as a versatile tool to study various electrochemical organic reactions. In
addition, TEAM could also be utilized as a spectroelectrochemical cell by using a transparent electrode of indium tin oxide
(ITO) as the working electrode. This work demonstrates the TEAM as a straightforward electroanalytical device for exploring

electrochemical reaction mechanism.



RESULTS AND DISCUSSION

Digital simulation. The thin-layer electrochemical characteristics of the TEAM are expected to offer better distinguishable
voltammetric peaks in multi-step electron transfer reactions. Digital simulation of square wave voltammetry was performed to
verify this feature under thin-layer of 20 um compared to that under semi-infinite diffusion condition for the model system of

two sequential oxidation reactions as follows.
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Figure 1. Simulated SWV curves of thin-layer cell of 20 um (solid line) and semi-infinite diffusion model (dashed line) at different (a) AE?
and (b) frequency. Step potential and amplitude were set as 2 mV and 15 mV each, diffusion coefficients were 5% 10 cm?/s for all the species,
k1°=0.00015 cm/s, k2°=0.0001 cm/s, and E1° was 0.5 V. Frequency was 15 Hz for (a) and E2° was 0.6 V for (b).

Figure 1a demonstrates the effect of AE?, EY — E?, on square wave voltammogram (SWV) peak shape obtained by varying
redox potential of second oxidation (EY). The resulting two neighboring peaks are more distinguishable in the thin-layer cell
than under semi-infinite diffusion conditions for the same AE°. This superior resolution of voltammetry in thin-layer cell
stems from the difference in diffusion behavior. With solution thickness smaller than diffusion layer thickness, the
concentration profile of redox species throughout the entire cell changes with electrode potential (Video S1), reducing the mass
transfer effect. As a result, earlier peak potential appears with steeper current decrease due to the fast depletion of reactants
without semi-infinite inbound diffusion (Figure S1). Meanwhile, SWVs as a function of frequency indicate that the peak
separation is more evident at lower frequencies than at higher frequencies (Figure 1b). A low frequency is favorable for
observing such distinctive thin-layer electrochemistry behavior because a longer experiment duration is beneficial to achieve
mass transfer equilibrium throughout the cell. This observed frequency effect caused by limited diffusion length shows the

opposite trend to that observed in the previous report, which was originated from the kinetics aspect.?!

Design of the TEAM and validation of its performance. To enable investigation of an electrochemical reaction by thin-layer
voltammetry and small volume electrolysis, the TEAM was devised (Scheme 1). Briefly, it is composed of three parts: the
analysis chamber with the working electrode, a channel encompassing the chamber where the reference and the counter
electrodes are placed, and the polyelectrolyte gel salt bridge formed between the chamber and the channel. The small height
of 20 um allows immediate access of reactants to the electrode surface while also imparting the characteristic voltammetric
features of thin-layer cells. Most importantly, lateral diffusion was prevented by mechanically confining the microliter-scale
volume analyte solution to the chamber using a polyelectrolyte gel salt bridge. This enabled the accurate determination of n
via coulometry in a short time. For analysis in aqueous solutions, polydiallyldimethylammonium chloride (phDADMAC)

133

hydrogel>” was constructed in the TEAM. However, pPDADMAC collapsed in organic solutions because of ion aggregation in

low polarity solvents (Figure S2a). To tackle this problem, a photopolymerizable lipophilic polyelectrolyte gel with



hydrophobic backbone and anion was developed based on previous studies and introduced into the TEAM.3#3% Thus introduced
polylaurylacrylate tetrakis[3,5-bis(trifluoromethyl)phenylborate (pLA-TFPB) (Scheme 2) successfully worked as a salt bridge

in organic solvents tested (Figure S2b).

SCHEME 1. Schematic representations of TEAM. (a) The overall structure and (b) cross-sectional view (left and top view
(right) of TEAM.
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The validity of the TEAM as an electrochemical analytical device was investigated using the well-known redox species of
ferrocyanide, o-tolidine, and ferrocene (Fc) (Figure 2). The cyclic voltammograms (CVs) of ferrocyanide exhibited very small
peak-to-peak separations (AE}s), ranging from 6 mV at a scan rate of 1 mV/s to 19 mV at a scan rate of 10 mV/s (Figure 2a
and Table S1), as compared to 59 mV for a reversible one-electron transfer reaction under semi-infinite diffusion conditions.
In addition, the current density (J) returned to the baseline after the peak potential, leading to symmetric peak shape. These
characteristics are typical of thin-layer electrochemistry, as described above. As shown by the n—t plot for ferrocyanide
oxidation (Figure 2b), n was measured accurately as 1. On the other hand, the n—¢ plot obtained in the TEAM without
polyelectrolyte gel displayed constant increase of n due to the continuous influx of the reactants (Figure S3), indicating the
necessity of the salt bridge to resolve the problematic lateral diffusion in conventional thin-layer cells. The feasibility of the
TEAM was further demonstrated using o-tolidine, which undergoes quasi-reversible two-electron oxidation under acidic
condition®**". Likewise, a CV with a small AE,, was observed, and constant potential electrolysis resulted in n of o-tolidine

oxidation as 2 (Figure 2¢ and 2d).



Finally, the compatibility of the TEAM with organic solutions was investigated with Fc in various organic solvents including
acetonitrile (MeCN), acetone, dichloromethane (DCM), and tetrahydrofuran (THF) (Figure 2e and 2f). The large AE,s in the
resulting CVs originate from both the sluggish electron transfer kinetics at ITO (Figure S4) and higher resistances of the organic
solutions and pLA-TFPB polyelectrolyte gel. To be noted, the total resistance of solution and gel between WE and RE was 148
Q for 1 M KClI aqueous solution of pPDADMAC gel but was 2084 Q for 0.1 M TBAP acetone of pLA-TFPB gel. In addition,
the variance in E1> could be rationalized by the different reorganization energies of Fc/Fc' in various solvents.?®* Nevertheless,

in all cases, n values of 1 were obtained.
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Figure 2. CVs and n—t plot of standard redox species using TEAM. (a, b) CVs and n—t plot (Eapp=0.4 V) of 2 mM ferrocyanide in 1 M KCI.
(c) CV (2 mV/s) and (d) n—t plot (Eapp=0.7 V) of 1 mM o-tolidine in 0.2 M phosphate buffer (pH 2). (¢) CVs (10 mV/s) and (f) n—¢ plot of 1
mM ferrocene in 0.1 M TBAPFs MeCN (Eapp=0.5 V), acetone (Eapp=0.5 V), DCM (Eapp=0.7 V), and THF (Eapp=0. 7 V) solution.

Electrochemical study of FM 1-43 dye and spectroelectrochemical measurements. One of the areas that demands
knowledge of oxidation potentials or n of a molecule is neuroelectrochemistry because it is essential for amperometric detection
of exocytosis events and quantitative analysis of released molecules from the measured current.>*° Exocytosis is mostly studied
using either fluorescence microscopy or amperometry. As these two techniques provide complementary information,
combining the two with an electroactive fluorescent dye provides coupled information with both high spatial and temporal
resolutions.*!*2 FM 1-43, a fluorescent styryl dye widely used for visualizing exocytosis by entering or exiting synaptic
vesicles,* can be utilized as such dual-functional fluorescent and electrochemical probe for monitoring exocytosis (Figure 3a).

For such purpose, investigations of electrochemical activity and n of FM 1-43 are essential. The CV of FM 1-43 at ITO



electrode in semi-infinite diffusion condition proves the electroactivity of FM 1-43 (Figure 3a), but still lacks the information

of n to enable quantitative analysis of exocytosis events and its correlation between electrochemical activity and optical

properties.
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Figure 3. Electrochemical study of FM1-43: its background and significance. (a) Depiction of conventional use of FM 1-43 as fluorescent
exocytosis probe in neurochemistry and CV of 50 uM FM 1-43 in 0.1 M KCl on ITO (50 mV/s). Scheme (second row) illustrates the proposed
application of FM 1-43 as an electroactive fluorescent dual-functional probe of exocytosis. (b) CV (SmV/s) and n—¢ plot (Eapp=0.5 V) of 2.5
mM FM 1-43 in 1 M KCl using TEAM. (c) Scheme of spectroelectrochemistry setup using TEAM (left). UV-VIS absorption spectra of 2.5
mM FM 1-43 in 1M KCI obtained with simultaneous electrolysis at 0.5 V (middle), and co-plot of the maximum absorbance with current
measured in situ (right).

To further address the issues above, FM 1-43 was analyzed using the TEAM (Figure 3b). The CV exhibited a sharp anodic
peak with E; of 0.54 V followed by a broad anodic current, with better-defined peaks than CV under semi-infinite diffusion
condition. The n value determined for the first oxidation step was 1, suggesting the stoichiometry to count the number of FM
1-43 molecules from the amperometric peak at 0.5 V during exocytosis. Considering the high electron density of p-orbital of
the nitrogen atom in a conjugated system, the first oxidation is expected to come from the tertiary nitrogen.*** It is also in
consensus with the reports that the cyanine dye loses one electron to form a radical dication suggested by Lenhard et al.*® Next,

the spectroscopic change of FM 1-43 upon electrochemical reaction was investigated (Figure 3c). Because of the transparency



of the ITO electrode, the TEAM could be used as an in sifu spectroelectrochemical cell with a path length of 20 pm, which
may be favorable for minimizing the interruption from background signals or for investigating individual events in multi-step
electrode reactions. The absorption spectra of FM 1-43 showed maximum absorption peak at 480 nm gradually decreasing
with electrolysis at 0.5 V. It almost disappeared after complete electrolysis of 600 s, indicating the conjugation breakage
induced by one-electron oxidation. The decrease in the maximum absorbance with time was consistent with the trend observed
for the current measured simultaneously, exemplifying the real-time monitoring of spectroelectrochemical properties. The
extinction of absorption wave upon oxidation is advantageous for an exocytosis probe in that the oxidized FM 1-43s would no

longer affect the fluorescence signal.
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Figure 4. Electrochemical study of anilides: its background and significance. (a) Pharmaceuticals based on the structural motifs of
pyrazolidine-3,5-diones and benzoxazoles. (b) Suggested electrochemical oxidation mechanism in the previous work and its limitations. (c)
Electrochemical oxidation study of anilides using TEAM: CVs (10 mV/s) and n—¢ plots (Eapp=1.8 and 2.5 V) of 1 mM 4-MePhNHPiv (1%-
row) in 0.1 M TBAPF¢ of HFIP and DCM solution, and SWVs with TEAM or semi-infinite diffusion condition of 1 mM 4-MePhNHPiv (1%-
row) in DCM. CV (10 mV/s), n—t plot (Eapp=1.8 V), and SWVs with TEAM or semi-infinite diffusion condition of 1 mM 4-MeOPhNHPiv
(2"-row) in 0.1 M TBAPFs of HFIP solution. (d) Proposed application from the implication of this work: selectivity control a dianilide
substrate to N-N bond or C-O bond formation by applied potential and choice of solvents.



Electrochemical study of pivanilides (/V-centered electrochemistry). Anilide, an important building block molecule to
produce pyrazolidine-3,5-diones and benzoxazoles which are important heterocyclic motifs appearing in natural products and

472 provides a key ring skeleton for many other medicinally relevant compounds (Figure 4a).>*37 One of the simple

drugs,
routes to these compounds was previously reported to be the electrochemical N-N bond formation of dianilide by anodic
oxidation of anilide.’® The electrochemical oxidation pathway in hexafluoroisopropanol (HFIP) solvent was suggested as an
ECE mechanism (Figure 4b): subsequent single electron transfer (SET) and deprotonation to amidyl radical followed by
another SET to cation. It was supported by evidences including the number of peaks and oxidation potentials in the
voltammograms and product analysis from electrosynthesis of dianilide via N-N bond formation. However, the number of

voltammetric peaks alone is insufficient to support the mechanism due to lack of quantitative information in electrochemical

analysis.

As accurate measurements of n and distinguishable voltammetric peaks can provide a better understanding of the oxidation
mechanism, electroanalyses were performed using the TEAM (Figure 4c and Figure S5). The voltammogram of N-(p-
tolyl)pivalamide (4-MePhNHPiv) exhibited two distinct peaks in hexafluoroisopropanol (HFIP), with each peak corresponding
to single-electron transfer (SET), in agreement with the previously suggested mechanism. For an anilide with a more electron-
donating substituent, N-(4-methoxyphenyl)pivalamide (4-MeOPhNHPiv), a voltammogram with a single peak was obtained,
corresponding to two-electron transfer. Interestingly, the voltammogram of 4-MePhNHPiv in DCM showed a single peak
corresponding to two-electron transfer. These observations were further confirmed by the SWV for both anilides. Owing to
the superior resolution of SWV in the TEAM, two distinct peaks were obtained for 4-MePhNHPiv in DCM with a voltage
difference of approximately 300 mV, whereas a single peak was observed under semi-infinite diffusion conditions. The overlap
of the two oxidation potentials is presumably ascribable to poor stabilization of the radical intermediate by the solvent, which
would promote facile two-electron transfer. Furthermore, in both CV and SWV measurements, the two oxidation peaks for 4-
MeOPhNHPiv in HFIP overlapped because the cation formed during the second oxidation process could be stabilized by

resonance, similar to quinone imine-like structures.’®

We further envision the opportunity of selectivity control of a dianilide substrate (Figure 4d). By constant potential
electrolysis at the earlier voltammetric peak regime, radical pathway by SET would be predominant, leading to selective
electrochemical N-N bond formation. On the other hand, cationic pathway may be predominant by higher applied potential of
a later voltammetric peak, producing C-O bond. In the case of the anilide with single voltammetric peak of two-electron transfer,
electrochemical C-O bond will be specifically produced. The choice of solvent will also influence the reaction, as indicated by
the change of the shape of voltammograms of anilide upon solvent.

Electrochemical study of alkyltrifluoroborate salt (C(sp®)-centered electrochemistry). The versatility of organoboranes
provides access to valuable transformations in many fields of organic synthesis, pharmaceuticals, and materials science,> %
with recent attention focused on photoelectrochemical® and electrochemical reactions (Figure 5a).%%%% Boronate complex or
alkyltrifluoroborate salt have negative charge (polarity) analogous to organolithium or Grignard reagents, thereby active for
the oxidation of carbon-centered electrochemistry.®!% Inagi et al. investigated the electrochemical oxidation of organoboranes
including alkyltrifluoroborate salt in terms of oxidation potentials and studied one-electron oxidation using voltammetric
analysis and DFT calculations.®®% For synthesis, the electrochemical generation of carbocations, implying two-electron
transfer, has been recognized for a few examples.®% However, the second oxidation process has not been characterized by

electrochemical methods.
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Figure 5. Electrochemical study of alkyltrifluoroborate salt: its background and significance. (a) Previous synthetic strategies using
alkyltrifluoroborate salts. (b) Electrochemical oxidation study using TEAM from CV (10 mV/s) and n—t plots (Eapp=1.4 and 1.8 V) of | mM
(4-MeOPh)CHCH3BF3K in 0.1 M TBAPFe of MeCN solution. (c) Suggested electrochemical oxidation mechanism based on this work and
proposed application of the reaction scope of electrosynthesis producing carbon-heteroatom bonds via carbocation pathway.

Using TEAM, the electrochemistry of an alkyltrifluoroborate salt, trifluoro(1-(4-methoxyphenyl)-ethyl)-A*-borane
potassium salt ((4-MeOPh)CHCH;BF3:K), was studied (Figure 5b). The voltammogram showed two distinct peaks, each
corresponding to SET, with a AE value of approximately 500 mV. The SET at 1.4 V is consistent with the well-known
mechanism for (photo)electrochemical radical generation.®4%5 Moreover, the determination of an n value of 2 at 1.8 V implies

that the carbocation pathway could be enabled by manipulating the applied potentials. Thus, the electrochemical oxidation



mechanism of the alkyltrifluoroborate salt may be suggested as an ECE mechanism (Figure 5c). As an application,

electrochemical formation of carbon-heteroatom bonds by carbocation pathway is demonstrated in our recent work.%
CONCLUSION

In summary, we rediscovered thin-layer electrochemistry to develop a chip-type device, the TEAM, to clarify electrochemical
reaction mechanisms. The thin-layer cell improved the resolution of the voltammetric peaks as compared to those obtained
under semi-infinite diffusion conditions, as demonstrated by simulations and experiments. Notably, rapid and accurate
determination of n with microliter-scale analytical volume was feasible. The introduction of a polyelectrolyte gel enabled bulk
electrolysis with a minimal error by preventing lateral diffusion, regardless of the sluggish kinetics or complexity of the
reactions. Using TEAM, voltammetric/coulometric analyses and spectroelectrochemical studies were successfully conducted
on not only well-known redox species but also on organic compounds that require mechanistic study, as summarized in Table
S2. This work reveals the potential of the TEAM as a compact and easy-to-use device for exploring electron transfer steps in
the fields of electroorganic/organometallic chemistry. We believe that TEAM can contribute to organic electrosynthesis to gain
insights for rational synthetic design without multistep screening or product analysis. Further developments will enable more
complicated analyses of electrochemical reactions, such as investigating coupled chemical reactions or spectroelectrochemical

detection of short-lived intermediates of electrochemical reactions.



EXPERIMENTAL SECTION

Chemicals

Potassium hexacyanoferrate(Il) trihydrate (Ferrocyanide, 99%) , ferrocene (Fc, 98%), potassium chloride (KCI, >99.0%),
tetrabutylammonium hexafluorophosphate (TBAPFs, 98%), tetrabutylammonium perchlorate (TBAP, >99.0%), 3-
(Trimethoxysilyl)propyl methacrylate (TMSMA, >97.0%), acetic acid, diallyldimethylammonium chloride solution (65 wt.%
in H,O), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), N,N’-methylenebis(acrylamide), poly(ethylene
glycol)dimethacylate =~ (pEGMDA, average M, 550), [lauryl acrylate (90%), sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate, triphenylphosphate ~ (NaTFPB), 4-chloro o-methylstyrene, 2,2-Dimethoxy-2-
phenylacetophenone (DMPA), methanol (anhydrous), and petroleum ether were purchased from Sigma-Aldrich. Sulfuric acid
(95%, Daejung), hydrogen peroxide (H>O,, Samchun), ammonium hydroxide (NH4OH, Daejung), o-tolidine (95%, Samchun),
FM 1-43 (thermofisher), dichloromethane (DCM, 99%, Daejung), hexafluoroisopropanol (HFIP, 99%, Tokyo Chemical
Industry), acetone (99%, Daejung), ethanol (99.5%, Daejung), tetrahydrofuran (THF, 99.9%, Riedel-de Haén), and acetonitrile

(MeCN, 99%, Daejung) were purchased and all chemicals were used as received.

The pivanilides were synthesized by following the literature.’®%” Note that all the pivanilides were recrystallized by
petroleum ether prior to electrochemical characterization. The alkyltrifluoroborate salt of (4-MeOPh)CHCH;3;BF:K was
synthesized and details are described in Supporting Information. White solid of 51% yield; 'H NMR (400 MHz, DMSO-dp): 3
=6.95(d, J=8.2 Hz, 1H), 6.65 (d, J = 8.3 Hz, 1H), 3.66 (s, 2H), 1.50 (s, 1H), 1.00 (d, J = 7.2 Hz, 2H); 3C NMR (101 MHz,
DMSO-ds): §=155.17, 144.28, 128.09, 112.43, 54.83, 17.79; ’F NMR (376 MHz, DMSO-dj): 5 = -145.40; HRMS-ESI (m/z)
[M]" calcd. for CoH;1BF;0, 203.08605; found: 203.0834.

Fabrication of chip

The TEAM was composed of indium tin oxide (ITO)-coated glass (30 &/cm?, Omniscience, Korea) on one side and 20-um
etched slide glass (Marienfeld) on the other side. It was fabricated following procedures reported.®® In short, ITO-coated glass
was dried at 120° C and was spin-coated with HDMS then with photoresist (AZ4620, Clariant). The photoresist was patterned
by UV exposure of 17 mJ/cm? for 16 s and development using AZ400K (AZ Electronic Materials). The ITO film was etched
with Cu etchant (CE-100, Transene). At last, liftoff by sonication in acetone completed the patterned ITO glass. The glass was
cleaned at piranha solution (sulfuric acid:H,0,=3:1) and patterned as the same above. The patterned glass was etched using
buffered oxide etch 6:1 (Samchun) until the step height of 20 um on average. After drilling the holes, the photoresist was
removed with piranha solution. For bonding, the surface of the glasses was treated with ammonium water (NH4OH: H2O:
H,0,=2:2:1) for 1 h at 175 °C, then rinsed with distilled water to be thermally bonded in the furnace. The bonded chip was

held at a temperature of 300 °C for one hour under a forming gas atmosphere (95% N> and 5% H,) in a quartz tube furnace.
Forming polyelectrolyte gel salt bridge

For an aqueous solution compatible TEAM, poly(diallyldimethylammonium chloride) (pDADMAC) was employed as the salt
bridge gel. The chip was pretreated with TMSMA solution (TMSMA:acetic acid:methanol=1:1:20) for 30 min in ambient
condition. After being washed with methanol and water, it was filled with DADMAC monomer solution composed of 65%
DADMAC solution added with 1% LAP as the photoinitiator and 1% N, N’-methylenebis(acrylamide) as the cross-linker. The
chip was finally exposed to UV of 17 mJ/cm? for 1.2 s through a photomask to induce photopolymerization. For an organic
solution compatible electrolysis chip, lauryl acrylate with monomer 1 was polymerized with pPEGDMA as a crosslinker and
DMPA as the photoinitiator to form the salt bridge gel. Monomer 1 was synthesized from the reaction of triphenylphosphine
with 4-chloromethylstyrene, followed by anion exchange with NaTFPB, as reported®. The precursor solution composed of

monomer 1:lauryl acrylate:pEGDMA:DMPA with the ratio of 5:95:1:2, was injected into the chip. The salt bridge was



photopolymerized with exposure to UV for 16 s and successfully worked as a salt bridge in organic solvents of DCM, MeCN,
THEF, acetone, and HFIP.

The resistivity of polyelectrolyte gels was measured by electrochemical impedance spectroscopy (EIS) with potentiostat
(Gamry Instruments). Nyquist plots were obtained in TEAM with DC voltage of open-circuit voltage and AC voltage of 5 mV
in the frequency range from 100 kHz to 0.1 Hz. The solution and gel resistance was extracted from the x-intercept of the

hemicircle of the Nyquist plot with ZSimpWin 3.22 software.
Electrochemical measurements

All the electrochemical measurements were performed with CHI 660 and 750 potentiostat (CH Instruments, TX, U.S.A.).
Three electrode system was used with Pt wire as the counter electrode and Ag/AgCl wire in 3 M NacCl as the reference electrode.
Aqueous solutions were prepared in 1 M KCl electrolyte solution in distilled water, and all the organic solutions were prepared
in either 0.1 M TBAPFs or TBAP electrolyte solution. When performing electrochemical measurements with TEAM, the
channel was filled with a high concentration electrolyte solution for decent conductivity between the working electrode and
the reference electrode. Chronoamperometry technique was used for electrolysis and data were integrated with CHI software.
For n determination, the potential to be applied (Eapp) Was selected based on cyclic voltammogram. The potential was chosen
near the redox peak potential while no subsequent reactions would occur. E,p, was applied for a few minutes until the slope of
charge was the same as that of the blank solution. The constant charge after blank subtraction was substituted in Faraday’s law
of electrolysis, Q = nFC°V, to calculate n, where Q is the charge, F is Faraday’s constant, C° is concentration, and V is
solution volume. The number of experiments was 5 for all the n—¢ plots obtained. For square wave voltammetry, step potential
of 1 mV, amplitude of 15 mV, and frequency of 15 Hz was used if not stated otherwise. A microchip without polyelectrolyte

gel was used for square wave voltammetry to enable clearer peak separation.

Note that the electrochemical activity of ITO for TEAM is sometimes inconsistent upon usage. The recovery step is often
needed following the modified procedure: applying -1.0 V for 60 s in 1:10 (v:v) MeOH-H,O solution.*
Simulation model
Digital simulations were performed with COMSOL Multiphysics v5.4 (COMSOL, Inc., Burlington, MA). ‘Electroanalysis’
module with 1D geometry was used for the simplicity, where one point was designated as the electrode and the boundary length
was 20 pm orv2Dt for cases of thin-layer model or semi-infinite diffusion model respectively. Parameters of the simulation
were randomly given from generally accepted values. The diffusion coefficient was set as 5% 10°° cm?/s for all species, E1° was
0.5V, cathodic transfer coefficient a was 0.5, the heterogeneous rate constants k;° and k° were 0.00015 cm/s and 0.0001 cm/s
respectively. Step potential for SWV was 2 mV, the amplitude was 15 mV, and the frequency was 15 Hz unless mentioned

otherwise. The initial concentration of the reactant was 1 mM and zero for other species.

The electron transfer kinetics was governed by the Bulter-Volmer equation,

i = FAK® (CO (0’ t) exp (— O;TP’;]) — CR(O, t)exp((l —R’(;»:)Fn)>

in which 4 is electrode area and 71 is the overpotential.

Square wave potential waveform was given using Heaviside function and modulo operator based on the previous report.”
Currents were extracted at the end of each pulse by post-processing using MATLAB (Mathworks Inc.). Forward current and
backward current were derived from positive and negative pulse each, and the net current was obtained by subtracting the

backward current from the forward current.
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The Supporting Information is available free of charge online. Experimental details; additional simulation data and explanation;
cross-sectional diagram of TEAM; synthetic scheme of pLA-TFPB, peak-to-peak separation of ferrocyanide CVs; n—¢ plot
without polyelectrolyte gel; CVs of Fc, 4-MePhNHPiv, and (4-MeOPh)CHCH3BF:K in semi-infinite diffusion condition;
summary of oxidation potential and n. (PDF)

Video of simulated concentration profile change in thin-layer cell, where the red line represents specie R; blue line for O; green
line for O’; (Video S1)
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