This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Redox-Responsive Halogen Bonding as a Highly Selective
Interaction for Electrochemical Separations

Nayeong Kim, Vijaya S. Jeyaraj, Johannes Elbert, Sung Jin Seo, Alexander V. Mironenko, and Xjao Su*

Cite This: JACS Au 2024, 4, 2523-2538 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

SWITCH-ON of XB SWITCH-OFF of XB

Leveraging specific noncovalent interactions can broaden the
mechanims for selective electrochemical separations beyond solely electrostatic
interactions. Here, we explore redox-responsive halogen bonding (XB) for
selective electrosorption in nonaqueous media, by taking advantage of
directional interactions of XB alongisde a cooperative and synergistic ferrocene
redox-center. We designed and evaluated a new redox-active XB donor polymer,
poly(5-iodo-4-ferrocenyl-1-(4-vinylbenzyl)-1H-1,2,3-triazole) (P(FcTS-I)), for
the electrochemically switchable binding and release of target organic and
inorganic ions at a heterogeneous interface. Under applied potential, the
oxidized ferrocene amplifies the halogen binding site, leading to significantly
enhanced uptake and selectivity towards key inorganic and organic species,
including chloride, bisulfate, and benzenesulfonate, compared to the open-circuit
potential or the hydrogen bonding donor analog. Density functional theory
calculations, as well as spectroscopic analysis, offer mechanistic insight into the
degree of amplification of o-holes at a molecular level, with selectivity modulated by charge transfer and dispersion interactions. Our
work highlights the potential of XB in selective electrosorption by uniquely leveraging noncovalent interactions for redox-mediated
electrochemical separations.

electrochemical separations, ion selectivity, electrosorption, redox-polymers, halogen bonding

molecules.'”™** XB offers stronger noncovalent interactions
toward Lewis bases than hydrogen bonding (HB) in organic
media, owing to the highly polarizable nature of the halogen
bound on the carbon (e.g,, carbon-bound iodine).”” Thus, the
importance of the XB can be found in numerous applications
such as the self-assembly of crystals,”* sensors for both inorganic
and organic species,n’zz’zs_31 celtalysis,3Z_34 enantiomer sepa-
rations,*® and drug delivel’y.ns@37 Halogen bonding molecules
have been deployed in various structural forms, such as small
molecules,*® crystals,24’3’9 oligomers,40 and polymeric struc-
tures*' ~** in both homogeneous™ or heterogeneous platforms
as thin films****™** or coatings on substrates.” In addition, XB
has been a key interaction in biological systems, such as between
the thyroid and its enzyme (iodothyronine deiodinases) to
control protein synthesis and bone maturation.”® The design of
redox-responsive motifs with XB donors has been previously
explored as an electrochemically switchable sensor by
incorporating redox-active units such as ferrocene and

The design of molecularly selective interactions with strong
binding and reversibility is of paramount importance for
electrochemically mediated separations in a heterogeneous
platform,' ™ particularly for the sustainable recovery of value-
added compounds in nonaqueous media.””® Redox-active
platforms have been powerful for the selective recovery of
value-added species;s’g_11 however, their applications have
primarily been restricted to ion sorption applications in the
aqueous phase, where selective electrosorption has mostly relied
on electrostatic interactions between the redox-active motif and
ions.”">~'® With the growing industries of pharmaceutical or
chemical synthesis,”'”'® there is an increasing need for the
exploration, development, and implementation of tunable
intermolecular interactions to expand the scope of selective
electrochemical separation to nonaqueous media. Here, we
design a redox-responsive halogen bonding polymer with a
robust and selective noncovalent interaction for electrochemical
separations in nonaqueous media. Our study demonstrates the

use of halogen bonding for achieving selective electrosorption March 29, 2024
and release of target species at a heterogeneous interface via the May 4, 2024
electrochemical amplification of its intermolecular interaction May 16, 2024

with a cooperative, synergistic redox center. June 10, 2024

Halogen bonding (XB) has emerged as a versatile non-
covalent interaction for a wide range of anions, especially halide
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tetrathiafulvalene as electron-withdrawing groups to modulate
the strength of the halogen bonding.”""*> Upon oxidation of the
redox-active moiety, it withdraws electron density from the
halogen atom, thus forming a lower electron density region,
known as o-hole. Consequently, the o-hole on the halide atom
interacts noncovalently with the Lewis base, resulting in robust
molecular recognition of the anions, rather than breaking the
C—X bond or oxidizing into halogen atoms.

Despite its promising switchability and directional selectivity
for ion binding, halogen bonding has not yet been explored for
electrochemically mediated separations. Redox-mediated anion
recognition studies have mainly focused on homogeneous
sensing systems, where both the target species and redox-active
molecules are dissolved in organic media.”>~*” However, for
electrosorption, a heterogeneous platform is necessary to easily
separate the adsorbed target species and XB donor molecules
from the initial solution. Although redox-responsive self-
assembled monolayers (SAMs) have been extensively studied
for surface-confined sensors with their enhanced sensing
recognition and faster response,”®**~*" their limited loading
capacity of XB donors makes them challenging to implement in
electrosorption for the uptake of bulk target species in solution.
Therefore, a tailored molecular architecture design is essential to
integrating current state-of-the-art redox-responsive halogen
bonding donors into selective electrosorption.

Here, we design and synthesize a new macromolecular
platform for leveraging electrochemically responsive XB as a
selective interaction for the separation of charged species in
organic media (Scheme 1). In this work, we synthesize a halogen

Scheme 1. Ilustration of P(FcTS-I) Electrochemical
Responses during the Electrosorption, where the Oxidation
of Ferrocene Amplifies a Sigma Hole for the Selective
Adsorption and during the Desorption, and where the
Reduction of Ferrocene Switches off the Halogen Bonding
and Release the Adsorbed Anions

SWITCH-ON of XB
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SWITCH-OFF of XB

bonding donor metallopolymer, poly(S-iodo-4-ferrocenyl-1-(4-
vinylbenzyl)-1H-1,2,3-triazole) (P(FcTS-I)), to translate the
electrochemically responsive supramolecular recognition onto
heterogeneous selective electrosorption. The oxidation of
ferrocene in P(FcTS-I) amplifies the partial positive site (o-
hole) on the iodine atom to form a noncovalent bond with
anions. Conversely, the bound species are released upon
reduction of the ferrocene moiety. We demonstrate the redox-
switchable halogen bonding for electrosorption and anion
recognition of a series of halides, oxyanions, and even organic

2524

molecules, highlighting the enhanced selectivity and reversibility
of P(FcTS-I) in the heterogeneous platform. To provide
evidence of molecular interaction between the o-hole and target
species, NMR and Raman spectroscopy measurements are
carried out in reduced and oxidized states of the redox-active
motif. In addition, density functional theory (DFT) calculations
offer insights into the molecular-level o-hole amplification and
highlight the significance of directional intermolecular inter-
actions in promoting the selective binding of XB donor
molecules. Overall, the cooperative molecular design of the
redox center with the XB donor enables nonaqueous electro-
sorption through the highly directional noncovalent interaction,
offering a unique strategy to control the binding selectivity and
reversibility toward electrochemical separations.

A ferrocene-containing halogen bonding donor molecule, 5-
iodo-4-ferrocenyl-1-(4-vinylbenzyl)-1H-1,2,3-triazole (FcTS-
I), was prepared by Cu(I)-catalyzed azide—alkyne cycloaddition
(CuAAC) (Figure la; see SI 2 for detailed information about
synthesis). FcTS-I contains the redox-active ferrocene motif,
which serves as a switchable electron-withdrawing group
conjugated to 1,2,3-triazoles to facilitate the electron relocation
between redox-active ferrocene and the halogen atom (iodine).
Since the modulation of XB strength relies heavily on the
presence of a conjugated 7 system between the redox moiety and
XB, for either amplifying or decreasing the sigma hole,”>*%* we
demonstrated XB electrosorption with ferrocene moiety as a
redox-active group. Ferrocene exhibits notable physical and
electrochemical stability, along with low E, ,, potential (~0.15—
0.25 V Ag/Ag*),'"”" offering significant advantages for
incorporating it as a redox moiety in our XB molecule. From a
synthesis perspective, a wide range of commercially available
ferrocene-based building blocks makes it more convenient to
synthesize ferrocene molecules with various conjugates.''
Among halogen atoms, iodine can promote a strong electron-
depleting region (o-hole) on the elongation of the covalent bond
(C—1) due to its high polarizability.'”*° In addition, our unique
halogen bonding donor molecule features a polymerizable
styrene moiety. The monomer was polymerized by free-radical
polymerization to prepare an organometallic polymer that can
be immobilized onto a heterogeneous electrode. A hydrogen
bonding donor monomer, 4-ferrocenyl-1-(4-vinylbenzyl)-1H-
1,2,3-triazole (FcTS), and its polymer were also synthesized as
control molecules using similar synthesis methods as FcTS-I
(Figure 1b).

Along with 'H NMR, 33C NMR and sets of 2D NMR enabled
identifying the structure of FcTS-I and FcTS molecules with
corresponding hydrogen and carbon peaks (Figures $2.4—2.13).
For FcTS, an extra singlet peak at 8.32 ppm depicted the HB
donor site on C8 (Figure lc and Figure S2.9). Due to the
presence of iodine, C8 for FcTS-I was more electron shielded by
a heavy atom effect,® resulting in the upfield shift from 122.00
(C8 peak for FcTS) to 79.13 ppm (Figure 1d and Figure S2.5
and $2.10). Additional monomer and polymer characterizations,
such as mass spectrometry, elemental analysis, Fourier transform
infrared spectroscopy, thermogravimetric analysis, X-ray photo-
electron spectroscopy, and gel permeation chromatography, can
be found in SI 2.
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Figure 1. Synthesis of redox-active materials. Synthesis of redox-active (a) halogen bonding donor (FcTS-I) and (b) hydrogen bonding donor (FcTS)
and their polymer. (c) '"H NMR (C;D,NO, 500 MHz) and (d) *C NMR (C;D,NO, 125 MHz) spectra of FcTS-I and FcTS. High-resolution SEM
images and EDS mapping of (e) P(EcTS-I), (f) P(FcTS), and (g) PVF electrodes. Twenty cycles of cyclic voltammograms of (h) P(FcTS-I), (i)
P(FcTS), and (j) PVF electrodes in 100 mM TBAPF at a scan rate of 30 mV/s in acetonitrile with activated carbon clothes as a counter and Ag/
AgNOj; as a reference electrode. CV plot was normalized by the peak oxidation current (I/I,,,). Electrochemical responses of (k) P(FcTS-I) redox

reaction and creation of the sigma hole and (1) PVF redox reaction.

The three ferrocene-based metallopolymers (P(FcTS-1),
P(FcTS), and polyvinyl ferrocene (PVF)) were incorporated
onto electrodes according to literature protocols.”™** To
prepare the electrode, carbon nanotubes (CNTs) and redox-
active polymers were dispersed at a mass ratio of 0.5:1, along
with a 15 wt % cross-linker (1,3-benzenedisulfonyl azide). The
introduction of an adequate amount of cross-linker, 1,3-
benzenesdisulfonyl azide, allows the formation of cross-links
within the polymer film, preventing any dissolution of the
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polymer while maintaining consistent uptake performance. The
dispersed mixture was then drop-casted onto the electrode
substrate and dried at 140 °C to activate the crosslinkers and
thus prevent leaching of the organometallic polymer (find
detailed methods in Section 4.2). TGA indicates remarkable
thermal stability in all three metallopolymers up to 210 °C,
supporting that treatment of the electrode at 140 °C does not
lead to any polymer degradation (Figure S2.18).

https://doi.org/10.1021/jacsau.4c00265
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Figure 2. Electrochemically reversible electrosorption: electrosorption studies for (a) chloride and (b) bisulfate at open-circuit potential (OCP) and
+0.3 V vs E, , with P(FcTS-I), P(FcTS), and PVF in 1 mM of target anions (in TBA form) and 10 mM TBAPF, for 15 min, while desorption was
performed at the OCP or —0.3 V vs E, /, in 20 mM TBABF, for 15 min. (c) Adsorption performance of P(FcTS-I) at various potentials from the OCP
to 0.55 V vs Ag/AgNO; (OCP V to 0.3 V vs E, ). (d) Desorption performance of P(FcTS-I) at various potentials from —0.0S to —0.95 V vs Ag/
AgNO; (0.3 to —1.2 Vvs E; ;). Electrosorption of various halides (F~, C1”) and oxyanions (H,PO,~, HSO,~, NO; ™, and ReO, ") with (e) P(FcTS-I)

and (f) P(FcTS).

The scanning electron microscopy (SEM) images of
ferrocene-based organometallic electrodes (P(FcTS-I), P-
(FcTS), and PVF) showed uniform dispersion of the composite
on the carbon paper (Figure le—g). Energy-dispersive spec-
troscopy (EDS) mapping images showed a uniform distribution
of iron onto the carbon paper. In particular, a one-to-one ratio
between iron and iodine contents was observed for the EDS
mapping image of P(FcTS-I), which agrees with the elemental
analysis results and polymer characterizations shown in SI 2.1.

The functionalized redox electrodes are utilized as heteroge-
neous platforms to study electrochemically reversible halogen
bonding, hydrogen bonding, and direct binding onto the
ferrocene redox centers. We demonstrated cyclic voltammo-
grams (CVs) of three metallopolymer electrodes to show the
reversibility and stability of the redox-active moiety over 20
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cycles. In this experiment, we used activated carbon clothes as
the counter electrode to avoid any potential impact from high
counter potential or solvent degradation. CVs of three
metallopolymer electrodes reveal a single oxidation/reduction
peak, confirming one electron transfer between ferrocene and
ferrocenium (Figure 1h—j). However, E, /, varied with different
conjugates on the ferrocene and the values were 0.25, 0.20, and
0.15 V vs Ag/AgNO; for P(FcTS-I), P(FcTS), and PVF,
respectively. A positive shift in the E,,, value often reflects the
electron-deficient nature of the ferrocene.””

In this regard, the electron-withdrawing triazole and iodine on
the P(FcTS-I) thermodynamically disfavored oxidation of the
ferrocene moiety by depleting the electron on the ferrocene,
resulting in the greatest anodic peak shift of E, ,. The downfield
shift of ferrocene peaks of FcTs-I on "H NMR spectra by 8¢, =
0.25, 6¢1, = 0.09, and d¢;3 = 0.09 ppm in comparison to FcTS
and by ¢, = 0.57, dcp; = 0.15, and d¢y; = 0.01 ppm in

https://doi.org/10.1021/jacsau.4c00265
JACS Au 2024, 4, 2523-2538
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comparison to vinyl ferrocene also supports the electron
depletion on ferrocene and positive shift in the E,;, value
(Figure 1c and Figures S2.4, S2.9, and S2.14).

CV at varying scan rates from 10 to 100 mV/s showed distinct
kinetic behaviors among three metallopolymers (Figures
$2.20—2.22). Both P(FcTS-I) and P(FcTS) agree with the
Randle—Sevcik equation with a R* value of >0.99, indicating
reversible and diffusion-controlled electron-transfer reactions.
In a homogeneous platform, the diffusion limitations of CV
originate from the mass transfer of redox species dissolved in the
solution. On the other hand, in a heterogeneous platform, these
diffusion limitations stem from constrained charge transfers
within the film, as well as mass transfer restrictions at the
interfaces between the electrode and solution.”® PVF displayed
notable peak splitting between oxidation and reduction
reactions, indicating a quasi-reversible system. We believe that
the limitations in electron-transfer kinetics may stem from the
wide range of molecular weight distribution in PVF, which
contains remaining monomers and oligomers (Figures S2.3¢
and S2.17). This could possibly lead to loosely cross-linked
electrodes or uneven distribution of the metallopolymers on the
CNTs. Unlike aqueous media, these metallopolymers tend to
dissolve in organic media, especially in the presence of loosely
bound polymers within a heterogeneous platform or without
cross-linker (Figure S2.24). Nevertheless, in the absence of
monomers and oligomers, we believe that polymer chain length
does not significantly impact the electrochemical properties and
overall uptake (Figures $2.25 and $2.26 and Table S2.1). We
examined the impact of polymer chain lengths on the uptake
performance and found similar chloride uptake for all molecular
weights investigated (refer to detailed analysis in SI 2.6). Our
study emphasizes the significance of material optimization, such
as polymer and electrode synthesis, as well as the judicious
design of the electrochemical system to enhance stability.

In the case of P(FcTS-I) and P(FcTS), we expected that the
ferrocene moiety would serve as a cooperative binding site to
support the binding target species. As an electron-withdrawing
group, ferrocene activated the halogen and hydrogen bondings
when ferrocene oxidized to ferrocenium (Fc*) (Figure 1k). In
the case of P(FcTS-I), oxidized ferrocene redistributed the
electron on the iodine, generating an electron-depleted region of
o-hole for halogen bonding.19 On the other hand, oxidized
ferrocene in PVF served as a direct binding site (Figure 11),
where the cyclopentadienyl group distributed electrons through
the 7— interactions and formed a hydrogen bonding with the
anion species.54

We leveraged XB as a unique supramolecular interaction for
selective electrosorption of various anions including halides (F~
and Cl7) and oxyanions (H,PO,~, HSO,, NO;™, and ReO,")
as tetrabutylammonium (TBA) salts (Figure 2a—e). Several of
these analytes have been investigated in previous studies to
showcase XB interactions.””*”” Thus, the electrosorption
trend could indirectly validate the existence of XB interactions
in P(FcTS-I) and compare the uptake values with those of
P(FcTS) and PVF. To ensure a fair comparison of the
electrochemical separation performance among the three
different polymers, we adopted the molar ratio (mol of adsorbed
target species per mole of monomer unit on the electrode) as the
uptake unit for all electrosorption experiments. Given that each
monomer unit incorporates one ferrocene (and one iodine/
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hydrogen binding site for FcTS-I/FcTS), we expect that there
exists one binding site per monomer in all three polymers.

The chloride and bisulfate adsorption tests performed at
open-circuit potential (OCP) and 0.3 V (vs E,,) demonstrated
the activation of halogen bonding as a result of the oxidation of
ferrocene (Figure 2a,b). With the applied potential of 0.3 V
versus E, ,, the uptake of C1™ and HSO, ™ using P(FcTS-I) has
shown significant enhancement, increasing uptake by factors of
4.2 and 38, respectively, when compared to the OCP. This result
underlines the enhancement of the o-hole due to the
collaborative molecular design of the redox center, as illustrated
in Figure 1k. Indeed, this o-hole was amplified only following the
oxidation of the ferrocene, exhibiting close to OCP uptake of
chloride (0.098 mol/mol,,,ome:) When applied potential was
below E;, (—0.1 Vvs Ey5; 0.15 V vs Ag/AgNO;). On the other
hand, at applied potentials exceeding E; , 0of 0.1 V (0.35 Vvs Ag/
AgNO;) and 0.3 V (0.55 V vs Ag/AgNOs), notable uptakes of
0.25 and 0.47 mol/mol  oner Were observed, respectively
(Figure 2¢).

Out of the three metallopolymers, P(FcTS-1) exhibited the
highest halide uptake of 0.58 mol/mol,,;ome, for fluoride and
0.47 mol/mol,,;,omer for chloride. This observation indicates a
strong XB affinity toward halide species in comparison to HB
observed with P(FcTS) (0.39 mol/mol,,,,omer and 0.35 mol/
mol,onomer) Of PVF (0.31 mol/mol,, omer and 0.20 mol/
mol,,gnomer) for fluoride and chloride, respectively (Figure 2e,f
and Figure $3.1). Among oxyanions, P(FcTS-I) demonstrated
175 and 287% enhanced phosphate uptake of 0.55 mol/
mol,, o omer compared to P(FcTS) (0.31 mol/mol,,.,ome) and
PVF (0.19 mol/mol,,o,ome:), respectively. Furthermore, a similar
uptake was observed for HSO,™ and NO;™ among the three
metallopolymers. Interestingly, metal oxyanions (perrhenate
and ReO,”) did not bind with either P(FcTS-I) or P(FcTS)
while PVF exhibited significant uptake of ReO,~ (0.24 mol/
mol,onomer)- The uptake trend observed for P(FcTS-I) is
consistent with findings from previous sensing studies.””***
Many of these studies indicated that the charge density and
electronegativity of the XB acceptors significantly affect the
strength of XB interactions, while partial steric hindrance and
solvent interaction may influence the overall uptake trend,
especially for bulky target molecules.””*”*° We observed
exclusive uptake of target species for all ferrocene-based
organometallic polymers despite the presence of 10 times
excess PF¢~ in the solution. The negative charge of PF,™ is
evenly distributed among its six fluorine atoms, exhibiting low
electron density for each fluorine atom.”' Consequently, the
weak atomic partial charges of fluoride lead to low binding
affinity toward the metallopolymer, resulting in highly selective
uptake of target species with (halides and oxyanions) over PF,".

To study the switch-off capability of XB, we demonstrated the
desorption test for chloride and bisulfate at a reversal potential of
—0.3 V vs E, 5. P(FcTS-I) released 57 and 52% of the bound
chloride and bisulfate, resulting in a S5.7-fold increase in
regeneration compared to the onset of the OCP (Figure 2a,b).
Additionally, P(FcTS-I) exhibited a 34% higher regeneration
performance on average than both FcTS and PVF. At an even
higher negative potential of —0.8 V vs E,,, the weak o-hole
between P(FcTS-I) and chloride was completely deactivated,
resulting in the release of 100% of the bound chloride (Figure
2d). However, applying a more negative potential (—1.2 V vs
E,/,) led to a decrease in regeneration down to 72% due to the
chlorine generations on the counter electrode (Figure 2d and
Figure $3.3).
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Figure 3. Anion recognition studies and thermodynamic selectivity assessment: peak shift values (AE, ;) of (a) halides (F~, CI7, Br~,and I") and (b)
oxyanions (HSO,”,NO;7,ReO, ", and ClO,”). AE, , was calculated by the E, /, peak shift in CV after the addition of 10 mM target anions at a scan rate
of 30 mV/s. Heat map of thermodynamic selectivity across varied target halides and oxyanions for (c) P(FcTS-I) and (d) P(FcTS). Heat map of

selectivity ratio for the selectivity values of halides versus oxyanions between

(e) P(FcTS-I) and P(FcTS), (f) P(FcTS-I) and PVF, and (g) P(FcTS)

and PVF. Thermodynamic selectivity was determined based on the anion recognition results (AE, /,), while the selectivity ratio was calculated by
dividing the thermodynamic selectivity of one polymer by that of the other polymer. In (c) and (d), separation factors over SO were indicated with a
dotted border, while selectivity ratios over 2 were denoted with a red-dotted border in (e—g).

On top of the desorption capability, we performed long-term
charging/discharging tests to demonstrate the stability and
redox switchability of P(FcTS-I) over 200 cycles (Figures S3.4
and S3.5). Charging and discharging capacities were maintained
at 88 and 87% respectively, over 200 cycles with an overall
Coulombic efficiency above 99%, emphasizing the high
electrochemical stability and reversibility of P(FcTS-1). Overall,
the adsorption and desorption tests, along with the long-term
cycle operation, demonstrate the switchable nature of halogen
bonding by controlling the strength of the redox-active electron-
withdrawing group, ferrocene.

In addition to the electrosorption test, we examined the
electrochemical sensing responses of P(FcTS-I), P(FcTS),
and PVF toward a range of inorganic anions, including halides
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(F~, CI7, Br, and I") and oxyanions (H,PO,~, HSO,, NO;~,
ReO,”, and ClO,”) to access the correlation between anion
recognition and electrosorption trends (Figure 3ab). The
overall uptake pattern of both halide and oxyanions shown in
Figure 2 and Figure S3.1 aligns with the sensing trends shown in
Figure 3a,b and is also in line with previous studies on redox-
active XB sensors.”***® P(FcTS-1) exhibited a 10% enhance-
ment in fluoride recognition (AE,;, = —182 mV) and chloride
recognition (AE, ,, = —153 mV) compared to P(FcTS), while a
78% greater peak shift (AE,,,) was observed for chloride and
bromide (AE,;, = —140 mV) compared to PVF (Figure 3a and
Table S3.1). This result highlights the presence of strong XB
intermolecular interactions between o-hole on the P(FcTS-I)
and target anions. The strength of XB with XB donor molecules
(P(FcTS-1) in our study) is largely influenced by the
electronegativity of the XB acceptor (target anions),'” which
in turn correlates with charge density®” and basicity.”” Thus, the
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decomposition of [FcTS-1]*—Cl™ and [FcTS]*—Cl~, where Ecr (orange), Egisp (yellow), Epolar (white), and Ey}, ejecspaui (green) represent charge
transfer, dispersion, polarization, and solvation+electrostatic+Pauli repulsion energies, respectively. Illustrations of optimized structures of (c) [FcTS-
I]*—CI” and [FcTS]*—Cl™ and (d) [FcTS-1]*—HSO,” and [FcTS]*—HSO,™ at the @B97X-D3(B]J)/ma-def2-TZVP level of theory in acetonitrile,
where atoms are shown using the ball and stick model with C in gray, H in white, N in blue, Fe in orange, Cl in green, O in red, and S in yellow.

trend of electrochemical sensing response follows the electro-
negativity of the halides (F~ > Cl™ > Br™ > I”) for all redox-active
metallopolymers. Despite the potential for bromide and iodide
to form trihalides, there is no indication of additional peaks
corresponding to interactions between the polymer and X;™.
Instead, a slight anodic peak shift was observed for I" due to its
weaker electronegativity, resulting in a binding interaction that is
similar to or even less favorable than that of the electrolyte
(PF¢™). Moreover, the standard reduction potential of iodide is
0.34 Vvs Ag/AgJ’,64 which is close to the oxidation of ferrocene
(0.3—0.6 V vs Ag/Ag"). The proximity of oxidation potential
values leads to iodide oxidation as a side reaction of ferrocene
oxidation, ultimately resulting in weaker anion recognition.

Of oxyanions, HSO,™ revealed the strongest sensing response
of AE;/, = —98 mV toward P(FcTS-I), followed by NO;~ (—30
mV), ClO,” (—21 mV), and ReO,~ (—20 mV) (Figure 3b and
Table $3.1). Note that AE,, values for phosphate monobasic
(H,PO,") could not be determined due to its varying speciation
between HPO,*~ and H,PO,” under the present solvent
conditions, which results in more than one oxidation and
reduction peaks (Figure $3.6). Oxyanions, which have relatively
low charge density compared to halides, interacted with
P(FcTS-I) through weak XB interactions incorporated with
the strong HB interactions between oxygens on the oxyanions
and hydrogen atoms on the cyclopentadienyl ring (as further
discussed in Section 2.5).

Based on the peak shift values, we analyzed thermodynamic
selectivity across varied target halides and oxyanions and
illustrated them as heat maps in Figure 3c—g and Figure S3.7
(find detailed methods in SI 3.3). P(FcTS-I), P(EcTS), and PVF
exhibited greater affinity toward halides (F~, Cl~, and Br™)
compared to oxyanions (HSO,”, NO;~, ReO,”, and ClO,")
with the selectivity value range from 0.22 to 560 (Figure 3c,d and
Figure $3.7). However, iodine showed notably low selectivity for
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all three polymers, due to its low electronegativity and oxidation
potential close to the ferrocene. Additionally, interactions with
HSO,~ were stronger than those with Br™ for P(FcTS) and CI~
and Br~ for PVF, resulting in selectivity values below 1 (Sp(gcrs)
0f0.21 for CI” vs HSO,; Spyg 0f 0.51 and 0.41 for CI” vs HSO,~
and Br~ vs HSO, ™, respectively (Figure 3d and Figure S3.7). In
particular, among the three polymers, P(FcTS-I) displayed the
highest selectivity for halides over oxyanions. Consequently,
among 12 binary mixtures, involving F~, CI”, and Br™ against
HSO,, NO;7, ReO,, and ClIO,~, eight surpassed selectivity
values of 50 (indicated with a dotted border) for P(FcTS-I),
whereas P(FcTS) and PVF decreased to S and 1, respectively
(Figure 3c,d and Figure S3.7), highlighting the importance of
selective halogen bonding interactions between P(FcTS-I) and
halides.

To assess the selectivity among polymers, we calculated the
selectivity ratio by dividing the selectivity of one polymer by that
of another polymer for halides versus oxyanions (Figure 3e—g).
Comparing P(FcTS-I) with P(FcTS), P(FcTS-I) demonstrated
superior halide selectivity, yielding selectivity ratios (Sp(gcrs.r)/
SP(FCTS)) up to 13.62 (with an average of 3.8) (Figure 3e).
Moreover, we observed selectivity ratios (Sp(gcrs.1)/Spve)
exceeding 37, with an average selectivity ratio of 14, between
P(FcTS-I) and PVF (Figure 3f). Given that this selectivity ratio
reached only up to 19, with an average selectivity ratio of 5.9
between P(FcTS) and PVF (Figure 3g), thermodynamic
selectivity analysis underscores that XB-based supramolecular
interactions tend to show a preference for halide bindings,
resulting in increased uptake, as well as selectivity.

Although there is a similar trend between anion recognition
and uptake, the values for uptake cannot be quantitatively
compared with the sensing trend. For instance, the thermody-
namic selectivity values of P(FcTS-I) between chloride and
oxyanions (e.g., HSO,~, NO;~, and ReO,”) exhibit 3.2-fold
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Figure S. Spectroscopic and computational investigations of halogen bonding interactions: (a) Molecular electrostatic potential surface (ESP)
mapping at an isovalue of 0.3 au for reduced (top) and oxidized (bottom) states of P(FcTS-I), P(FcTS), and PVF. ESP was generated using the
mapped vdW spheres with the scale value of 0.85 and the potential between 80 and 190 kcal/mol. *C NMR (C;D,NO, 125 MHz) spectra of (b) FcTS-
Iand (c) FcTS in the presence of 0 and 1 equiv of TBACI. Ex-situ Raman spectra of (d) F¢TS-I, FcTS, and vinyl ferrocene and (e) reduced and oxidized
FcTS-1in the presence of 10 mM CI™ and oxidized FcTS-I in the presence of 10 mM of PF,". The electrochemical oxidation for ex-situ Raman was
done in a homogeneous phase, dissolving S mM FcTS-I in acetonitrile and applying 0.3 V vs E, /, for 30 min.

greater selectivity values than those obtained from binary
electrosorption tests (Figure S3.8). The difference arises from
the fact that the electrosorption process is not solely determined
by the binding affinity of the target species, as measured by the
peak shift analysis. It is also significantly influenced by the
concentration of the target species and competing ions (in this
case, PF;), applied potential, and oxidation time.'” We
observed exclusive uptake of target species for all ferrocene-
based organometallic polymers, despite the presence of 10 times
excess PF¢™ in the solution. Consequently, the weak atomic
partial charges of fluoride lead to low binding affinity toward the
metallopolymer, resulting in highly selective uptake of target

species with (halides and oxyanions) over PF,".
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We conducted DFT calculations to understand the binding
mechanism for selective electrosorption and deconvolute the
potential role of halogen bonding from the redox-active motif.
The AG trend aligned with the sensing and uptake results,
showing [P(FcTS-I)]*-Cl™ the highest AG value of —7.04 kcal/
mol compared to those of [P(FcTS)]*-Cl™ (AG = —6.31 kcal/
mol) and PVF*-Cl~ (AG = —2.65 kcal/mol) (Figure 4a). In
particular, the binding energy for chloride on [P(FcTS-I)]* was
significantly stronger than that of bisulfate (AG = —0.68 kcal/
mol), which confirms the preferential sorption of chloride
through XB interactions. The robust binding between XB donor
species and chloride is a result of the directional nature of the
binding interactions (Figure 4c and Figure S4.2) and the orbital
overlap configuration between the two (Figure S4.7). The
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binding between P[FcTS-I]* and Cl™ has a linear orientation
with a bond length of 3.03 A and a [C—I]-Cl” angle of 178.5°
(Figure 4c). However, the binding between P[FcTS-I]* and
HSO," involves a more intricate series of interactions through
partial halogen and hydrogen bonding interactions with more
than one oxygen atom of HSO, . These interactions entail a
partial halogen bonding between the oxygen atom and iodine on
FcTS-1with a bond length of 2.82 A as well as a partial hydrogen
bonding between another oxygen atom and hydrogen on the
cyclopentadienyl ring with a bond length of 2.26 A (Figure 4d).
Hydrogen atoms on the cyclopentadienyl ligand serve as
hydrogen bonding donors, forming robust interactions with
the target species, as demonstrated in earlier studies."”**°° The
optimal binding configuration emphasizes the synergistic role of
halogen bonding with hydrogen bonding interactions in the
electrosorption of oxyanions. By calculating the electron density
(p) at the bond critical point (see SI 4.3 for detailed analysis), we
confirmed that the excess electron in the p, orbital of chloride
allows for direct interaction with the sigma hole of iodine. On
the other hand, the excess electron in the bisulfate anion is
present in the highest occupied molecular orbital, resembling
the p-orbitals of oxygen atoms. This arrangement results in the
formation of noncovalent bonds with iodine, contributing to a
comparatively weaker interaction (Figures S4.7b and $4.9).
Both the molecular-level binding mechanism and experimental
observations indicate that several factors influence the binding
affinity, including not only the electronegativity of the species
but also the molecular structure, charge density and distribution,
basicity, competing ions, and solvent.

The nature of the interaction between CI™ and HSO,™ and
between oxidized FcTS-1 and FcTS molecules was further
probed through energy decomposition analysis (Figure 4b and
Figure $4.12). The result shows that the charge transfer
interaction serves as the primary contributor in stabilizing the
[P(FcTS-I)]*-Cl™ system with an energy of —8.41 kcal/mol.
This strong charge transfer interaction between the filled orbital
of chloride and the unoccupied orbital localized on iodine
indicates the presence of XB in chloride binding, as evidenced by
the complementary occupied and virtual pair orbital (COVP)
analysis (Figure S4.10a). Both occupied chloride orbital and
unoccupied iodine orbitals are directed toward each other and
aligned along the same axis, resulting in a directional halogen
bonding. The binding strength and stability of the complex
molecule are further enhanced through the synergistic effects of
dispersion and polarization with the charge transfer, while the
combination of solvation, electrostatic, and Pauli repulsion
energies (ESOHEIEHPMH) exerts a counteractive effect on the
binding of chloride to the oxidized P(FcTS-1), largely due to the
high positive solvation energy.

In the absence of directional XB, weak binding interactions
were observed within the complex molecule. The COVP orbitals
in the [P(FcTS)]*-Cl™ system revealed that occupied orbitals
localized on chloride and virtual pairs were distributed over C—
H bonds of triazole and the cyclopentadienyl ring (Figure
S4.11a), resulting in relatively weak charge transfer and
dispersion interactions between [P(FcTS)]*-Cl~ compared to
[P(FcTS-I)]*-Cl- (Figure 4b). The energy decomposition
analysis for bisulfate binding also showed that dispersion is the
dominant interaction of both [P(FcTS-I1)]* and [P(FcTS)]*
(Figure S4.12), followed by charge transfer, which is in
agreement with the bond critical points analysis (Figures S4.7
and $4.8). In particular, the prevalent dispersion interactions
arising from multiple HBs between bisulfate and hydrogen
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atoms on the cyclopentadienyl ring weakened the selective XB
interactions of P(EcTS-I) and led to a binding mechanism and
uptake similar to that of P(FcTS). Overall, the calculated
binding energy and energy decomposition analyses align with
the observed uptake trends and anion recognition results in
Figures 2 and 3, emphasizing the relatively weaker nature of
halogen bonding interactions with oxyanions compared to

halides.

The existence of the XB interaction can be confirmed
experimentally through NMR and Raman studies in addition
to molecular electrostatic potential surface (EPS) mapping. EPS
mapping of FcTS-I illustrates the remarkable delocalization of
the excess positive charge, especially on the iodine, compared to
the hydrogen(s) on the triazole motif in FcTS and cyclo-
pentadienyl ring in the PVFE (Figure Sa). The strong positive
potential (105 kcal/mol) on the iodine atom indicates the
presence of the o-hole in the oxidized state of FcTS-I, while a
slightly weak positive potential (39.1 kcal/mol) is still present in
the neutral state (Figure S4.13a). This electrostatic potential
near the surface of the o-hole reached up to 190 kcal/mol upon
the oxidation of ferrocene (Figure Sa). On the other hand, FcTS
and vinyl ferrocene molecules involve lower positive potentials
distributed among hydrogens in the triazole and cyclo-
pentadienyl group than o-hole, resulting in a weaker interaction
between target species and hydrogen atoms than halogen
bonding.

The strength of the XB interaction can be measured by NMR
titration in a neutral ferrocene state. A notable downfield shift (&
= 8.32 and 9.23 ppm) of iodine-bound carbon (C8 for FcTS-1)
was witnessed in the presence of 1 and 2 equiv of CI,
respectively (Figure Sb and Figure SS.1). This distinct peak shift
of C8 in FcTS-I indicates the presence of halogen bonding (I—
Cl™), which weakens the heavy atom effect. For FcTS-1, C8 was
originally upfield-shifted (Figure 1d) as the iodine atom shared
its electron with the adjacent light atom (C8) by the spin—
orbital coupling, known as the heavy atom effect.”*>®” When
this heavy atom forms a halogen bonding with the Lewis base
(CI7), the electron shielding effect on the light atom becomes
weak, resulting in a downfield shift in 13C NMR. On the other
hand, the presence of 1 and 2 equiv of PF,~ did not result in any
significant peak shift due to its weak binding affinity toward o-
hole (Figures S5.6—S5.7). This result aligns with the electro-
sorption and anion recognition results, which indicate a
preferential molecular interaction with halides and oxyanions
compared to PF,~. Moreover, an insignificant shift (§ = 0.45
ppm) in the C8 peak of FcTS upon the addition of 1 and 2 equiv
of CI™ (Figure Sc and Figure S5.2) highlights the presence of a
sigma hole on the iodide of FcTS-, serving as a binding site for
Cl". Additionally, among the three studied organometallic
species, no significant peak shift was observed in the *C NMR
and 'H NMR spectra corresponding to the cyclopentadienyl
rings, which suggests that there is a lack of hydrogen bonding
between ferrocene and chloride when ferrocene is in a reduced
state (Figures S5.1—S5.7).

To assess the halogen bonding ability of oxidized FcTS-I, ex-
situ Raman spectroscopy was performed since the paramagnetic
nature of iron makes it difficult to examine the peak shift of
ferrocene-containing molecules through NMR.>**® Prior to
analyzing structure changes in FcTS-I, we verified two distinct
regions in its Raman spectra (150—450 and 1530—1680 cm™")
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compared to FcTS and PVF (Figure Sd). Then, DFT
calculations confirmed that the observed peak regions,
specifically below 400 cm™ in the Raman spectrum, correspond
to C—I motions, including strong C—I bending and stretching at
223, 269, 299, and 419 cm™* (Figure SS5.8 and Figure S5.9).
During the oxidation of FcTS-I, the halogen bonding was
accompanied by the downfield shift at low Raman shift regions
with very broad signals, presumably originating from the
increased bond length of C—I after the formation of the I—
Cl™ bond (Figure Se). The Raman peak shift was not noticeable
when FcTS-I was in its neutral state with chloride due to the
weak interaction between the o-hole and anion. Unlike *C
NMR, where individual peak corresponds to specific carbon
atoms (e.g., carbon on iodine, C8) within the FcTS-I molecule,
Raman spectroscopic peaks represent the collective molecular
bond vibrations of the entire FcTS-I molecule (Figure SS5.9).
Consequently, in a neutral state of FcTS-I, the weak XB
interaction did not significantly alter the overall molecular bond
vibrations of FcTS-1. Furthermore, even upon the oxidation of
FcTS-I, PF4™ did not cause any observable shift in the Raman
peaks. This observation confirms halogen bonding serving as the
primary binding site in the selective interaction between
P(FcTS-I) and chloride, with the ferrocene motif acting as a
secondary, synergistic binding site in the electrochemically
responsive binding.

The exceptional anion recognition properties of halogen
bonding and its electrosorption can be observed, even in a
mixed volume percentage of water and ethanol (Figure 6).
Halogen bonding outperformed the anion recognition with peak
shift values of =24 and —20 mV, for mixtures containing less

2532

than 20 vol % ethanol and 10 vol % water, respectively (Figure 6a
and Figure S3.9). On the other hand, the sensing capabilities of
P(FcTS) were minimal in the mixtures containing 10 vol %
ethanol and water. In a protic mixture, the solvent can serve as an
alternative medium for stabilizing the redox-active unit,”**’
decreasing the sensing abilities of both halogen and hydrogen
bonding due to the solvation effect and solvent interaction. In
this context, P(FcTS) and PVF favor stabilizing ferrocenium by
forming hydrogen bonds with the protic solvent mixture while
P(FcTS-I) still prefers binding chloride through halogen
bonding to stabilize the ferrocenium. This result underscores
that redox-mediated XB can partially alleviate the inherent
challenges associated with XB interactions in polar protic
solvents. XB often encounters difficulty in interacting with target
species in polar protic solvents due to competitive hydrogen
bonding interactions between target species and polar solvents,
or between XB donors and polar solvents.’® With the creation of
a strong electron-withdrawing group upon oxidation, redox-
active XB donor species have demonstrated the capability to
partially alleviate these intrinsic challenges of XB by overcoming
solvent interactions in protic media.”>*> While fully implement-
ing XB in polar solvents remains a considerable challenge, we
believe that redox-mediated XB provides a strategy to mitigate
the inherent limitations of XB.

The binding affinity was significantly influenced by the
solvation of the anions, resulting in noticeable changes in the
overall uptake. The chloride uptake performance of P(FcTS-1)
exhibited a 48% decrease in the presence of 10 vol % ethanol
when compared to a pure acetonitrile solution (Figure S3.10).
The decrease in uptake performance can be attributed to the
solvation of chloride ions in the 10 vol % ethanol solution.
Interestingly, depending on the countercations, this uptake
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trend may vary due to ion dissociation (Figure $3.10). For
example, LiCl, which is hardly dissociable in pure acetonitrile,””
resulted in a 72% reduction in chloride uptake in comparison to
TBACI, whereas in the presence of 10% ethanol, the impact of
countercations seems to be less significant, leading to only a 40%
reduction in chloride uptake compared to TBACI.

Furthermore, the solvent interactions also alter the selectivity
patterns for anion recognition and electrosorption. In the 10 vol
% ethanol mixture, anion recognition showed a reversed trend,
with a 70—90% decrease in peak shift for chloride but only 24—
54% for bisulfate (Figure 6b). The addition of ethanol also
altered the uptake preference from chloride to bisulfate (Figure
6¢,d). In pure acetonitrile, P(FcTS-I) showed the highest
selectivity toward chloride with a selectivity of 2.1, surpassing
the selectivity values for P(FcTS) (1.4) and PVF (1.8).
However, in the 10 vol % ethanol mixture, the three
metallopolymers showed a higher affinity toward bisulfate,
leading to a selectivity range of 0.35—0.87. The change in the
selectivity patterns can be attributed to distinct solvation
behaviors of chloride and bisulfate. Chloride exhibits a higher
degree of hydration, with six water molecules in a protic solvent,
compared to bisulfate, which can be stabilized with one to four
water molecules.”””" Thus, chloride stabilizes with the
interaction of protic solvent, resulting in a weaker interaction
between chloride and the oxidized organometallic species than
that of bisulfate. The reversal selectivity trend across P(FcTS-I),
P(FcTS), and PVF, regardless of bonding type, implies that this
trend is driven by the solvation of target species rather than
changes in organometallic properties in the presence of a protic
solvent. Overall, electrosorption results highlight that the
selectivity can be controlled by the design of molecularly
selective electroactive materials as well as by modulating the
solvent mixture.
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P(FcTS-I) exhibited remarkable electrosorption of organic
species, thereby expanding the potential for XB-based electro-
chemical separations from halides and oxyanions to include
more valuable species found in nonaqueous media. We selected
benzenesulfonate (Ph-SO,”) and phenyl phosphonate (Ph-
HPO;"™) as representative organic species ( Figure 7) due to their
extensive application in chemical production’” and pharma-
ceuticals,”® as well as the widespread utilization of their
numerous derivatives. As shown in the adsorption of inorganic
species, a weak binding interaction was present at the OCP,
resulting in insignificant uptake values of 0.026 and 0.016 mol/
mol,onomer for Ph-SO;™ and Ph-HPO,™, respectively (Figure
7a,b). Out of the three metallopolymers studied, P(FcTS)
displayed the highest uptake for both Ph-SO;™ and Ph-HPO;™ at
the OCP with uptake values of 0.105 and 0.086 mol/mol,omen
respectively. This can be attributed to the inherent partial
oxidation of P(FcTS), as shown in the OCP profiles and XPS
spectra of Fe 2p (Figures S3.11 and S2.19). As the applied
potential increased from the OCP to 0.8 V versus E, /), both
uptake values of Ph-SO;~ and Ph-HPO; ™~ for P(FcTS-1) were 18
and 49 times enhanced, emphasizing the electrochemically
responsive binding of P(FcTS-I) with charged organic species.
Up to 70% of Ph-SO;~ was released with a reversal potential,
whereas only up to 25% of Ph-HPO;~ was released due to its
strong binding with P(FcTS-I), as confirmed by LSV results
(Figure S3.12). Therefore, additional improvements to the
operational parameters are required to enhance electrosorption
and its reversibility.

Furthermore, we compared the uptake performance of
P(FcTS-I) with P(FcTS), and PVF as illustrated in Figure
7¢,d. P(FcTS-1) exhibited 39 and 24% greater uptake of Ph-
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SO;”~ (0.43 mol/mol,, pomer) than P(FcTS) (0.31 mol/
mol, g nomer) and PVFE (0.34 mol/mol,,oomer)- In addition, we
obtained a twofold enhanced uptake of Ph-HPO,~ with our
halogen bonding donor molecule (0.71 mol/molonomer)
compared to P(FcTS) and PVF (0.36 and 0.39 mol/mol,, onomen
respectively). This result demonstrates the capability of halogen
bonding for separating diverse charged molecules in organic
media, thus expanding the application scope toward pharma-
ceutical and chemical synthesis processes. Acknowledging the
complex surface charge distribution of organic species, it is
evident that multiple binding interactions occur between the
metallopolymer and the organic species. Thus, we believe that
conducting larger scale DFT calculations and molecular
dynamics simulations will be essential for gaining a compre-
hensive understanding of the macromolecular binding effects
between organic species and halogen-bonding donor polymers.
Overall, electrochemically responsive halogen bonding offers a
paradigm shift in separation technology. It enables the fine-
tuning of bonding strength through the selection of electron-
withdrawing group, halides, solvent mixture, and operating
conditions, thereby broadening the range of applications for
redox-mediated electrosorption in nonaqueous media.

We demonstrated selective XB electrosorption in nonaqueous
media by designing a redox-active halogen bonding (XB)
polymer P(FcTS-I). Upon electrochemical oxidation of
ferrocene, a strong partial positive charge (o-hole) was
amplified, leading to enhanced electrosorption of various
halides, oxyanions, and charged organic molecules. A 4.2-fold
and up to 49-fold increase in the electrosorption for chloride and
phenyl phosphonate was achieved, respectively, compared to the
open-circuit potential. In addition, the halogen bonding
platform was selective toward halides, exhibiting 1.3-fold and
2.4-fold enhanced chloride uptake, as well as 1.5-fold and 1.9-
fold enhanced fluoride uptake, compared to P(FcTS) and PVF,
due to its directional binding and affinity toward more
electronegative ions. Moreover, thermodynamic selectivity
analysis across halides and oxyanions validated the electro-
sorption results, highlighting the robust interaction between
P(FcTS-I) and halides in comparison to that towards P(FcTS)
or PVE. XB can be switched off upon reduction of ferrocene,
resulting in the complete release of the bound chloride. NMR
titration and Raman spectroscopy elucidated that XB serves as a
primary selective interaction, with the ferrocene serving as a
switch for controlling the strength of XB. DFT calculations
provided evidence of the amplification of the o-hole upon
oxidation of ferrocene, and the importance of directional
bindings for the strong charge transfer interactions between the
o-hole and target species. Based on the remarkable uptake of
model organic species, such as benzenesulfonate and phenyl
phosphonate, we can envision the capability of XB for ion-
selective separations of a wide range of charge species beyond
small ions. For a more comprehensive understanding of binding
interactions, we acknowledge the potential importance of
investigating molecular dynamics in future studies. Moving
forward, the development of cascade electrosorption processes,
as well as continuous flow systems, will further enhance the
overall selective separation processes of P(FcTS-I), which are
essential for practical industrial applications. Overall, our work
demonstrated the electrochemically responsive XB donor
polymer for selective electrosorption, holding great promise as
a platform for electrochemical separation in organic media.
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All chemicals were obtained from Sigma-Aldrich, TCI, VWR,
AbaChemScene, and Fisher Scientific and used as received. Poly(vinyl
ferrocene) was purchased from Polysciences, while F¢TS-I, FcTS, and
their polymers were prepared as described in SI 2.1, while the synthesis
of 4-iodomorpholine-hydrogen iodide was referred to in the previous
paper.”* The detailed instrumentation for characterizing synthesized
materials and the spectroscopic methods can be found in the
Supporting Information (SI 1).

The electrode was synthesized via the drop-casting method.'**”

Redox-active polymers such as P(FcTS-I), P(FcTS), and PVF were
dispersed with CNTs as a conducting additive with 1:0.5 mass ratios (8
mg:4 mg) in 2 mL of chloroform. The addition of CNTs does not
contribute to electrosorption, as tested in chloride uptake with only
CNT-coated carbon paper. Besides, the negligible capacitance was
observed in the CV plot of the CNT-control electrode, suggesting that
the uptake is likely originating from the polymers (Figure $2.23). As our
experiment is conducted in an organic solvent, there is a possibility of
metallopolymer electrodes leaching into the solution in the absence of a
cross-linker, as demonstrated by the control CV experiment (Figure
$2.24). To prevent this, we added 1,3-benzenedisulfonyl azide (15 wt %
of metallopolymer) as a cross-linker to the mixture solution, prepared
according to a previous paper.”® When the temperature is increased
above 120 °C, reactive nitrene species from 1,3-benzenedisulfonyl azide
are formed, which insert into the C—H bonds of the polymer.”” 50 uL of
the electrode solution was drop-casted twice on the carbon paper
electrode (1 cm X 1 cm). The coated electrode was dried in the oven at
140 °C for 2 h. According to the TGA, all three metallopolymers exhibit
excellent thermal stability, especially at temperatures lower than 210 °C
(Figure S2.18). Therefore, crosslinking the electrodes at 140 °C is
unlikely to result in any degradation of the polymer. With the active
surface of 1 cm X 1 cm, 100 pL drop-casting led to the final loading of
0.6 mg of redox-active material.

To observe electrode surface morphology, SEM (Axia ChemiSEM,
Thermo Fisher) and energy-dispersive X-ray spectroscopy (EDS) were
performed under high-vacuum Everhart—Thornley SE detector (ETD)
mode with an accelerating voltage of 30 kV and a spot size of 4.0.
Furthermore, the surface chemical compositions of heterogeneous
electrodes (metallopolymer with CNT) were analyzed by X-ray
photoelectron spectroscopy (XPS, MSE Supplies LLC) to evaluate
the binding energies of C, N, O, Fe, and I (Figure S2.19). The XPS
analysis revealed distinctive peaks of I 3d;,, and I 3d;,, corresponding
to the iodide present in the P(FcTS-I) electrode. Additionally, there
was a prominent N s peak indicating the presence of nitrogen atoms in
the triazole group of both P(FcTS-I) and P(FcTS) electrodes.

Molecular recognition studies were conducted via a CV. The sensing
capability of the redox-active polymer was measured by the peak shift of
CV (AE,,) in the absence and presence of the 10 mM of target species.
All of the sensing experiments were conducted in S mL of solution with
100 mM TBAPF; as an electrolyte and the three-electrode system with
Ag/AgNOj as a reference electrode. CV was run in 100 mM TBAPF
for 10 cycles under nitrogen to obtain the stable E, ;, without the target
species. Then, the solution was switched to 10 mM target anions along
with 100 mM TBAPF, to run CV in the presence of the target species.
E,/, was calculated with the third cycle and the difference in half-cell
potential was compared among various target anions, including halides
(F7, CI, Br, and I") and oxyanions (H,PO,~, HSO,~, NO;~, ReO,~
and ClO,”). The Biologic software was used to calculate the peak
current and corresponding potentials in order to determine E,,, and
AE, ,. However, due to the broad peak shape observed when strong
binding target species (e.g.,, C1”) were introduced, there was a chance of
encountering errors. To address the potential errors resulting from peak
selection, we conducted anion recognition experiments twice with fresh
solutions and newly synthesized electrodes. The error bars for AE, ,
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demonstrated that the error caused by broad peaks was minimal, with
an average standard deviation of +1.7 mV. This minimal error did not
significantly affect the trend in binding strength among the various
anions.

The electrosorption test was conducted in chronoamperometry
mode for 15 min in the three-electrode system with Ag/AgNO; as a
reference electrode. With linear sweep voltammetry, we selected an
adsorption potential of 0.3 V with respect to E, /, for all adsorption tests
to avoid side reactions and provide equivalent redox reactions among
the three metallopolymers (Figure S3.2). For the electrosorption test,
we adjusted the ionic strength for the electrosorption to enhance the
accuracy of the measurements. To verify the concentration difference
(AC = approximately 0.1 mM) before and after the electrosorption
tests, we used 10 times lower ion concentrations (1 mM TBACI in 10
mM TBAPF() than those used in the anion recognition tests (10 mM
TBACI in 100 mM TBAPF(). Unless specified otherwise, the
adsorption test consisted of S mL of a solution containing 1 mM
target species and 10 mM TBAPF, while the desorption test used 20
mM TBABF, under nitrogen. We conducted three identical adsorption
experiments with fresh solutions and newly synthesized electrodes to
demonstrate the reproducibility of our results.

The concentrations of target species were measured by ion
chromatography (IC, Dionex Integration, Thermo Fisher Scientific)
for small anions such as F~, CI", H,PO,”, HSO,, NO;~, and PF".
Since our experiments were conducted in organic solvents with
hexafluorophosphate (PF¢~) or tetrafluoroborate (BF,”) with an
IonPac AS-22 column, the mixture of DI and acetonitrile was used as an
eluent solvent.”® The fresh eluent was prepared with 4.5 mM NaHCO,
and 1.4 mM Na,COj; of a mixture of DI and acetonitrile with 70 vol
%:30 vol % and preserved under nitrogen. The samples were run at a
flow rate of 0.9 mL/min for 18 min to detect F~, Cl7, H,PO,~, HSO,,
NO;~, and PF". Plasma-optical emission spectrometry (5110 ICP-
OES, Agilent) was used for measuring the uptake of ReO,” with an
eluent solution of 5 wt % nitric acid. Moreover, high-performance liquid
chromatography (HPLC, Agilent 1260 Infinity II, Agilent) was used for
charged organic species such as benzenesulfonate and phenyl
phosphonate. The organic acid concentration was measured by
HPLC with the C;4 column (4.6 mm x 100 mm x 2.7 ym, Agilent
Poroshell 120) at the flow rate of 0.5 mL/min. 5% of phase A
(Acetonitrile) and 95% of phase B (0.1% trifluoroacetic acid (TFA) in
DI) were used with the sample injection volume of S yL for 8 min.

Avogadro 1.2.0”° was used for generating initial coordinates for all
structures (target species and redox complexes), while DFT
calculations were calculated using ORCA 5.0.2. Geometry optimiza-
tions and Hessian calculations were carried out at the wB97X-
D3(B_])/Soma-defZ-TZVP/slsMD82 level of theory with the def2-ECP
pseudopotential®® for metals as implemented in ORCA 5.0.2
software.* The RIJCOSX method® along with the auxiliary def2-
TZVP basis set was used to accelerate hybrid DFT calculations. BSSE
errors were not computed, as the large basis sets were employed in
calculations. Default ORCA values for force and energy tolerances were
used. We have chosen the SMD solvation model over the CPCM model
due to the least deviation of calculated solvation-free energies of
monatomic anions (chloride) from previous computational results. In
particular, we found the solvation-free energy of CI” in CH;CN
computed with SMD (—66.02 kcal/mol) at 298 K and 1 atm to be
closer to the value obtained by Kelly et al.* using cluster pair
approximation (—60.5 kcal/mol), compared to CPCM (—71.71 keal/
mol). The default SMD parameters, as implemented in ORCA 5.0.2,
were used. The comprehensive methodology for the computational
work is provided in the Supporting Information (SI 1).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00265.
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