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The effects of primary and second coordination spheres on
molecular electrocatalysis have been extensively studied, yet
investigations of third functional spheres are rarely reported.
Here, an electrocatalyst (ZnPEG8T) was developed with a hy-
drophilic channel as a third functional sphere that facilitates

relay proton shuttling to the primary and second coordination
spheres for enhanced catalytic CO2 reduction. Using foot-of-

the-wave analysis, the ZnPEG8T catalyst displayed CO2-to-CO

activity (TOFmax) thirty times greater than that of the bench-
mark catalyst without a third functional sphere. A kinetic iso-

topic effect (KIE) study, in conjunction with voltammetry and
UV/Vis spectroscopy, uncovered that the rate-limiting step was

not the protonation step of the metallocarboxylate intermedi-
ate, as observed in many other molecular CO2 reduction elec-

trocatalysts, but rather the replenishment of protons in the

proton-shuttling channel. Controlled-potential electrolysis
using ZnPEG8T displayed a faradaic efficiency of 100 % for

CO2-to-CO conversion at @2.4 V vs. Fc/Fc+ . A Tafel plot was
also generated for a comparison to other reported molecular

catalysts. This report validates a strategy for incorporating
higher functional spheres for enhanced catalytic efficiency in

proton-coupled electron-transfer reactions.

Incorporation of second coordination spheres into the ligand
frameworks of molecular catalysts has led to the successful de-

velopment of many electrocatalysts for hydrogen evolution,[1]

oxygen reduction,[2] formate oxidation,[3] carbon dioxide (CO2)

reduction,[4] and water oxidation.[5] Pre-positioned second coor-

dination spheres have been proposed to increase the turnover
number/frequency and lower the overpotentials through stabi-
lization of catalytic intermediates.[6] In catalytic CO2 reduction,
the catalyst–CO2 adduct, typically a metallocarboxylate, is sta-
bilized through local proton donors (phenols, triazole, imida-
zole, and carboxylic acids),[4c, e–h] proton-shuttling channels

(urea),[4d] and hydrogen-bonding networks (amines)[4b] in the
second coordination sphere and oxygen atom in the metallo-
carboxylate intermediate, or through-space electrostatic inter-

actions between positively charged units, such as ammonium,
in the second coordination sphere and the negatively charged

metallocarboxylate intermediate.[7] Although CO2 itself can

function as an oxygen acceptor,[8] the presence of protons
lowers the overpotential by protonation-promoted C@OH clea-
vage.[4b] Given that a sufficient number of protons facilitate

CO2 reduction, whereas an excess results in undesirable hydro-
gen evolution reactions, investigation of the proton delivery

mechanism is vital for enhanced catalytic efficiency. In reported
CO2 reduction studies, great attention has been paid to pri-

mary coordination environments (types of metal centers and li-

gands),[3, 4f, 8, 9] second coordination spheres (position, acidity,
hydrophobicity, etc.),[4, 10] electrolyte systems,[11] and electrode

materials.[9d, 12] Studies on the effects of third and higher func-
tional spheres on molecular catalytic activity are rarely report-

ed.[13]

In our previous report on a zinc porphyrin electrocatalyst

(ZnC8T), we observed synergistic effects of triazole units as a

second coordination sphere for enhanced catalytic CO2 conver-
sion efficiency.[14] The eight protonated triazole units form a

picket-fence hydration shell on each side of the porphyrin
plane, facilitating intramolecular protonation of the metallocar-

boxylate intermediate. Herein, to understand the proton-shut-
tling mechanism and evaluate the structure–function relation-

ship to optimal proton concentration, a new porphyrin,

ZnPEG8T, was designed with a built-in hydrophilic channel to
facilitate relay proton shuttling to the second coordination

sphere for protonation of the metallocarboxylate intermediate.
This novel design decouples the hydrogen bonding/protona-

tion and relay proton-shuttling steps to facilitate mechanistic
studies. The ligand framework also allows for discrete control

over the second coordination sphere and higher-sphere

proton-shuttling channel without affecting the first coordina-
tion environment. A kinetic isotopic effect (KIE) study, in con-

junction with voltammetry and UV/Vis spectroscopy, uncov-
ered that the rate-limiting step is not the protonation step of

the metallocarboxylate intermediate, as observed in many
other molecular CO2 reduction electrocatalysts,[4a, 15] but rather

the replenishment of protons in the proton-shuttling channel.
This work represents the first example of a pendant hydrophil-
ic channel in a molecular catalyst facilitating relay proton shut-

tling for improved catalytic CO2 efficiency and provides new in-
sights into a handful of proton-coupled electron-transfer reac-

tions.[16]

Compared to the benchmark catalyst, ZnC8T, having eight

hydrophobic n-octyl chains, catalyst ZnPEG8T bears a hydro-

philic poly(ethylene glycol) (PEG) chain on each of its eight tri-
azole units (Figure 1). A “click reaction” of octaethynylporphyr-

in with 1-azido-2-[2-(2-methoxyethoxy)ethoxy]ethane (PEG3
azide) in the presence of copper(I) afforded ZnPEG8T in a 65 %

yield. A control compound bearing the same eight PEG chains
without triazole units (ZnPEG0T) was also prepared (Figure 1,
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see the Supporting Information for synthesis details). All com-
pounds were purified and characterized (1H NMR spectroscopy,

UV/Vis spectroscopy, and MS) prior to redox property and elec-
trocatalytic studies.

The electrochemical properties of ZnPEG8T were studied by
using cyclic voltammetry (CV) in anhydrous DMF with 0.1 m tet-

rabutylammonium hexafluorophosphate (TBAPF6) under an

argon atmosphere. Three successive one-electron reduction
peaks were observed at @1.75, @2.1, and @2.3 V vs. Fc/Fc+

(Figure 2). The first redox event was reversible, whereas the
second and third were quasi-reversible. CVs at various scan

rates (10–300 mV s@1) were performed under the same condi-
tions (Figure 2). The linear relationship between the peak cur-

rents at @1.75 V vs. Fc/Fc+ and the square roots of the scan

rates (Figure 2, inset) indicates a diffusion-controlled process
according to the Randles–Sevcik equation.[4a, 15] The CV behav-

ior of ZnPEG8T and the triazole-free compound ZnPEG0T (Fig-
ure S4 in the Supporting Information) is nearly identical to that

of previously reported ZnC8T,[14] suggesting that incorporation
of triazole or PEG units does not impose any significant elec-
tronic effects on the electrochemical properties of the zinc por-

phyrin framework.

The catalytic properties of ZnPEG8T were also
studied by CV. The catalytic current (icat) at @2.4 V vs.

Fc/Fc+ was normalized to the non-catalytic peak cur-
rent (ip) of the first electron reduction of each cata-

lyst. A current increase (icat/ip = 3.3) at the second
redox peak was observed when measured under sa-

turated CO2 (0.23 m)[4c] in anhydrous DMF compared
to argon atmosphere (Figure 3 A). This current in-
crease is attributed to CO2 reduction under aprotic

conditions, in which CO2 functions as an oxygen ac-
ceptor,[8] even though this process is thermodynami-
cally unfavorable.[17] The addition of water (5 m) to
the catalytic system provided an even larger increase

in current (icat/ip = 31.0) and shifted the catalytic po-
tential to the first reduction peak, suggesting an elec-

tron-transfer step followed by an irreversible chemi-

cal reaction step.[18] The onset potential was approximately
300 mV lower than that under proton-free conditions, indica-

tive of energetically favored proton-assisted CO2 reduction.
The normalized catalytic currents for ZnC8T and ZnPEG0T,

under the same catalytic conditions, are 19.4 and 10.9, respec-
tively, indicating that ZnPEG8T is a more active catalyst than

its PEG-free and triazole-free analogues (Table S2 in the Sup-

porting Information contains icat/ip for all catalysts). Different
scan rates of the ZnPEG8T catalyst were attempted to reach

pure kinetic conditions for CV.[18a,b] Unfortunately, an S-shaped
CV trace was not achieved, even though the catalytic activity

of all three catalysts was found to be independent of scan rate
(Figures S5–S7 in the Supporting Information). To estimate ki-

netic information, the maximum turnover frequency (TOFmax)

was calculated by using foot-of-the-wave analysis (FOWA).[18a,b]

Based on Equation S1 in the Supporting Information, TOFmax

for ZnPEG8T was calculated to be 1843 s@1, which is thirty
times greater than those of ZnC8T (59.9 s@1) and ZnPEG0T
(77.5 s@1) (Figures S8–S10 in the Supporting Information). Be-
cause both ZnPEG8T and ZnC8T share the same primary and
second coordination spheres, this huge activity difference sig-

nifies the importance of higher-sphere environments, which
are rarely reported.

CV studies of both ZnC8T and ZnPEG8T with cumulative ad-
dition of water were performed to probe reaction kinetics.[19] In
the water concentration range of 1–5 m, catalyst ZnPEG8T
demonstrated a higher catalytic response to available protons

than ZnC8T, having a current increase at @2.4 V vs. Fc/Fc+

double that of ZnC8T (Figure 4). A KIE study using H2O and
D2O was performed for both catalysts. As the D2O concentra-

tion was increased, the current increased for both ZnPEG8T
and ZnC8T (Figures S11 and S12 in the Supporting Informa-

tion), showing a similar trend for H2O addition. The linear de-
pendence of the normalized catalytic current (icat/ip) with H2O/

D2O concentration showed a nearly identical slope for both

isotopes (Figure 4 A, B, insets). Both ZnPEG8T and ZnC8T
showed no significant isotopic difference between hydrogen

and deuterium, signifying that protonation of Zn-bound CO2 is
not the rate-limiting step of the CO2 reduction process. This

observation is significantly different from that of many other
molecular catalytic systems, for which there is an observable

Figure 1. Structures of the ZnPEG8T, ZnC8T, and ZnPEG0T electrocatalysts.

Figure 2. Scan-rate-dependent CVs of 0.5 mm ZnPEG8T in DMF with 0.1 m
TBAPF6.
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difference in the reaction rates of catalytic systems in the pres-
ence of H2O versus D2O.[4a, 15, 20] The activity difference between

the two catalysts originates from their distinct architectures.

The hydrophilic PEG pocket of ZnPEG8T promotes relay
proton shuttling to the second coordination sphere, namely

the triazole bundle, for faster proton replenishment compared
with that of ZnC8T, which has a hydrophobic pocket in which

proton shuttling is inhibited. As depicted in Figure 5 A, the
metal center and surrounding porphyrin ring constitute the

primary coordination sphere (green area), and the second co-

ordination sphere consists of four triazole units on each side
(blue cylinder). Proton-shuttling channels (red cylinders) pro-

vide protons in a relay manner to the catalytic center for pro-
tonation of the intermediate. The observation validates the im-

portance of employing higher functional spheres for enhanced
proton-coupled reactions through installation of a hydrophilic

proton channel in close proximity to the primary and second

coordination sphere environments.
The selectivity and efficiency of CO2 reduction by ZnPEG8T,

ZnC8T, and the triazole-free analogue ZnPEG0T were com-
pared by using controlled-potential electrolysis (CPE). Carbon

monoxide (CO) was generated at potentials as low as @1.9 V
vs. Fc/Fc+ . As more negative potentials were applied, the cur-

rent and faradaic efficiency increased for all three compounds

(Figure 5). Although both ZnPEG8T and ZnC8T catalysts were
able to reach faradaic efficiencies of 100 % for the production
of CO at @2.4 V vs. Fc/Fc+ , the current density of ZnPEG8T
was far higher than that of ZnC8T (Figure 5) at all potentials

studied. ZnPEG0T was the least active catalyst out of the
group owing to its lack of a second coordination sphere. The

stability of each catalyst was analyzed by using UV/Vis spec-
troscopy on the post-catalysis solutions. No difference in the
Soret peak was observed for any of the catalysts, indicating

the absence of demetallation during CPE (Figures S13–S15 in
the Supporting Information). Spectral signatures in the Q-band

region showed the possibility of stable intermediates for cata-
lysts ZnPEG8T and ZnC8T (Figures S13 and S14 in the Support-

ing Information, inset). No liquid products were detected in

any of the CPE measurements (Figures S16–S18 in the Support-
ing Information). Bare carbon paper was tested under the

same CPE conditions to confirm that the system in the absence
of catalyst provided a negative result. Without catalyst, the

system had a very low current density (0.5 mA cm@2) and fara-

Figure 3. CVs of (A) ZnPEG8T, (B) ZnC8T, and (C) ZnPEG0T in Ar (black), saturated CO2 (red), and saturated CO2 with 5 m water (blue).

Figure 4. CVs of (A) ZnPEG8T and (B) ZnC8T with increasing amounts of H2O
in CO2-saturated DMF with 0.1 m TBAPF6. Inset: linear dependence of icat/ip

on water concentration.
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daic efficiency (37 % at @2.4 V vs. Fc/Fc+) (Figure S19
in the Supporting Information).

The activity difference between catalysts ZnPEG8T
and ZnC8T during CPE further confirms the observa-

tion in CV that higher activity originates from higher
functional spheres of the complexes. The hydrophilic

channel of the higher functional sphere of the Zn-
porphyrin complex plays a significant role in proton

replenishment for CO2 reduction. Although nitrogen

atoms within the triazole units are the critical parts
for hydration of CO2 in this reaction, the ability of
those protons to be replenished is influenced by the
higher functional sphere. The PEG units in ZnPEG8T
create a more hydrophilic environment around the
primary (Zn center) and second (triazole bundle) co-

ordination spheres to facilitate proton replenishment,

which subsequently provides more protons to the re-
duction reaction. The inferior activity of ZnPEG0T
suggests a synergistic effect between the hydrophilic
proton channel and second coordination sphere for

CO2 conversion. Because zinc is a d10 transition metal,
it is redox innocent and only participates as the CO2

binding site. The electron transfer that is necessary

for CO2 reduction is facilitated by the redox-active
porphyrin ligand.[21]

The catalytic efficiencies of the ZnPEG8T, ZnC8T,
and ZnPEG0T catalysts were benchmarked using the

methods of Sav8ant and co-workers to provide Tafel
plots (Figure 6)[18b] that present TOF as a function of

overpotential. This method is independent of many

experimental conditions, such as cell configuration
and size, and only accounts for the activity of the cat-

alysts in the diffusion layer; therefore, it reflects in-
trinsic catalytic activity. The ZnPEG8T catalyst was the

most active of the three catalysts. For a comparison

Figure 5. (A) Schematic depicting the coordination sphere environments of ZnPEG8T,
ZnC8T, and ZnPEG0T. (B) CO faradaic efficiencies (FE%) and current densities (J) at vari-
ous potentials for compounds ZnPEG8T, ZnC8T, and ZnPEG0T. H2 gas was the only other
product observed when the FE% is not 100 %.

Figure 6. Tafel plots derived from CVs of ZnPEG8T, ZnC8T, and ZnPEG0T in DMF with 5 m H2O. Data for FeTPP, FeTPP-o-TMA, FeTPPOH8, and FeTPPF20 were
derived from Sav8ant and co-workers.[7, 21] Data for FeTPP-Ur in DMF with 5.5 m H2O was derived from Aukauloo and co-workers.[4d]
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with several extensively studied iron porphyrin catalysts,[4d] we
plotted our catalysts against five iron porphyrin catalysts, in-

cluding two without a higher coordination sphere [iron tetra-
phenylporphyrin (FeTPP)[7] and iron tetra(pentafluorophenyl)-

porphyrin (FeTTPF20)[22b]] and three bearing trimethyl ammoni-
um (FeTPP-o-TMA)[7] , hydroxyl (FeTPPOH8)[22a] , and urea

(FeTPP-Ur)[4d] as their second coordination spheres. The exis-
tence of a second coordination sphere provided a decrease in
overpotential. To be compared to the zinc complexes, FeTPP-
Ur[4d] utilizes a multipoint hydrogen-bonding network to trans-
fer protons to the metal center. The catalyst Fe-o-TMA adopt-
ed a through-space mechanism by positive charges on the
second coordination sphere to stabilize the CO2-bound inter-

mediate.[7]

In conclusion, the catalytic activities and efficiencies of three

structurally distinct Zn-porphyrin complexes were studied to

probe the structure–function relationship of electrocatalytic
CO2 reduction. CV and CPE studies indicated that catalyst

ZnPEG8T showed a thirty times greater activity level than that
of analogous catalysts ZnC8T and ZnPEG0T. KIE studies

showed no significant differences for H2O versus D2O, revealing
that protons are not involved in the rate-limiting step, which is

significantly different from other reported molecular systems.

Compared to the PEG-free catalyst ZnC8T, the highly polar
chains of the ZnPEG8T catalyst functioned as a hydrophilic

proton shuttling channel, providing faster proton relay to the
second coordination sphere (triazole bundle) for continuous

protonation of the metallocarboxylate intermediate. This strat-
egy can be directly extended to other proton-coupled transfor-

mations, such as water oxidation, oxygen reduction, and meth-

ane oxidation.[16]
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