UC Berkeley
UC Berkeley Previously Published Works

Title

Templating Bicarbonate in the Second Coordination Sphere Enhances Electrochemical CO2

Reduction Catalyzed by Iron Porphyrins

Permalink

|https://escholarship.or&c/item/?trOrC’)mfi

Journal

Journal of the American Chemical Society, 144(26)

ISSN
0002-7863

Authors

Derrick, Jeffrey S
Loipersberger, Matthias
Nistanaki, Sepand K

Publication Date
2022-07-06

DOI
10.1021/ jacs.2c02972

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-

NonCommercial License, available at |https://creativecommons.org/licenses/bv—nc/‘l.0/1

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/7tr0r3mf
https://escholarship.org/uc/item/7tr0r3mf#author
https://creativecommons.org/licenses/by-nc/4.0/
https://escholarship.org
http://www.cdlib.org/

Templating Bicarbonate in the Second Coordination Sphere Enhances
Electrochemical CO, Reduction Catalyzed by Iron Porphyrins

Jeffrey S. Derrick,12 Matthias Loipersberger,! Sepand K. Nistanaki,! Martin Head-Gordon,'2 Eva M.
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2Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA
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ABSTRACT: Bicarbonate-based electrolytes are ubiquitous in aqueous electrochemical COz reduction, particularly in hetero-
genous catalysis, where they demonstrate improved catalytic performance relative to other buffers. In contrast, the presence
of bicarbonate in organic electrolytes and its roles in homogenous electrocatalysis remain underexplored. Here, we investi-
gate the influence of bicarbonate on iron porphyrin-catalyzed electrochemical COz reduction. We show that bicarbonate is a
viable proton donor in organic electrolyte (pKa = 20.8 in DMSO) and that urea pendants in the second coordination sphere
can be used to template bicarbonate in the vicinity of a molecular iron porphyrin catalyst. The templated binding of bicar-
bonate decreases its acidity, resulting in a 1500-fold enhancement in catalytic rates relative to unmodified parent iron por-
phyrin. This work emphasizes the importance of bicarbonate speciation in wet organic electrolytes and establishes second-
sphere bicarbonate templating as a design strategy to harness this adventitious acid and enhance CO: reduction catalysis.

INTRODUCTION

The capture and conversion of COz as a cheap, abun-
dant C1 building block into value-added chemical products
represents a promising solution to global climate chal-
lenges.1=3 The use of electricity to drive the transformation
of CO: is an attractive strategy* but it requires the develop-
ment of efficient and selective catalysts that facilitate the
COz reduction reaction (COzRR) over competitive side reac-
tions such as the hydrogen evolution reaction (HER).5¢ Het-
erogeneous systems represent some of the most active cat-
alysts for aqueous CO2RR,’-1® where abundant and non-
toxic water can be used both as a solvent and as a proton
source. Indeed, bicarbonate-based electrolytes are ubiqui-
tous in these aqueous, heterogenous systems, where they
have been shown to lead to higher CO2RR efficiencies com-
pared to other buffered electrolytes.11-14

Under aqueous conditions, COz hydration establishes
complex equilibria between dissolved COz, carbonic acid, bi-
carbonate, and carbonate.!! In this context, the roles that bi-
carbonate (HCO3-) plays to enhance the CO2RR at heteroge-
neous metal surfaces are debated. Although there is general
consensus that bicarbonate is not a direct substrate for re-
duction, it has been proposed that it serves in a myriad of
roles, including as a proton donor,!1-1315 pH buffer,71216 or
to facilitate an increase in the local concentration of CO:
near the electrode surface through fast equilibrium be-
tween HCO3- and soluble CO2 (Figure 1).1¢ We hypothesized
that bicarbonate may be similarly important in homoge-
nous electrochemical systems operating in organic electro-
lytes; to the best of our knowledge, this topic has remained
largely underexplored. We now report that templating

bicarbonate binding in a well-defined molecular electrocat-
alysts using second-sphere coordination pendants can in-
crease its acidity and enhance electrochemical CO2 reduc-
tion.

RESULTS AND DISCUSSION

Design and Synthesis of Well-Defined Iron Porphy-
rin Catalysts Modified with Second-Sphere Urea Pen-
dants to Template Bicarbonate Binding. To illustrate the
general concept for this current study, we chose iron tetra-
phenylporphyrin (Fe-TPP) as a representative member of a
prototypical class of molecular CO2RR catalysts.17-21 In-
spired by the field of anion receptor chemistry,?223 we
sought to enhance the interaction of the Fe-TPP catalyst
with bicarbonate by incorporating a bis-aryl urea moiety
into the second coordination sphere (Figure 1). (Thio)ureas
are known to be highly effective motifs for selective binding
of bicarbonate and other oxyanions, and thus have been in-
corporated into diverse frameworks such as amide-linked
macrocycles,?* cyclopeptide cages,?® and tripodal?¢ and lin-
ear?’-31ligand scaffolds for recognition and sensing applica-
tions. Indeed, previous reports from our laboratory®3233
and others34-47 have established the ability of second coor-
dination sphere pendants to enhance CO2RR catalysis. As
such, we reasoned that functionalization of Fe-TPP with a
properly-positioned urea moiety would promote advanta-
geous interactions with bicarbonate through templated hy-
drogen bonding interactions (Figure 1). Integration of urea
moieties into porphyrin scaffolds to enhance CO2z reduction
through second-sphere hydrogen bonding interactions has
been reported by Aukauloo and coworkers#8-51 but to the
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Figure 1. Templating bicarbonate in the second-coordination sphere of well-defined molecular catalysts can enhance the
electrochemical carbon dioxide reduction reaction (CO2RR). Merging the concept of the importance of bicarbonate-based
aqueous electrolytes in heterogeneous COzRR with anion recognition in bis-aryl urea moieties can provide an effective
design strategy for promoting homogeneous CO2RR, as illustrated by the canonical iron porphyrin catalyst platform.
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Scheme 1. Synthesis of ortho- and para-urea functionalized tetraphenylporphyrin ligands.

best of our knowledge, the anion recognition and templat-
ing properties of ureas has not been exploited in COz reduc-
tion catalysis. We now show that proper positioning of this
two-point hydrogen-bond moiety in the second sphere can
promote bicarbonate-mediated CO2RR in a well-defined
molecular system.

Specifically, we targeted two positional isomers of
urea-appended tetraphenylporphyrins, designated ortho-
urea and para-urea according to the pendant’s placement
around the meso aryl ring. We predicted that the pendant
group of Fe-ortho-urea would be located appropriately to
enhance CO2RR through direct interactions with Fe-bound
CO: or by positioning a templated bicarbonate in the vicin-
ity of the Fe active site, whereas the Fe-para-urea would
serve as a positional negative control that was not expected
to promote such effects. Synthesis of the functionalized por-
phyrins was achieved through a similar strategy utilized for
amide analogs (Scheme 1).32 Briefly, the ortho isomer was
accessed through the condensation of 2-nitrobenzaldehyde,
benzaldehyde, and pyrrole to give the mono-(2-nitro-
phenyl)porphyrin starting material (1). Reduction with tin
chloride gave the subsequent amine, mono-(2-aminophe-
nyl)porphyrin (2), and the reaction with 3,5-

bis(trifluoromethyl)phenyl isocyanate afforded the target
ortho-urea ligand. The para positional control was pre-
pared from commercially available meso-tetraphenylpor-
phyrin (TPP). Regioselective nitration of TPP with sodium
nitrite in trifluoroacetic acid gave the corresponding mono-
(4-nitrophenyl)porphyrin (3). Identical reduction and urea
formation reaction conditions with tin chloride and 3,5-
bis(trifluoromethyl)phenyl isocyanate, respectively,
yielded the desired para-urea ligand. Metalation with iron
bromide in anhydrous tetrahydrofuran with 2,6-lutidine as
the base gave the desired urea-appended iron porphyrin
complexes.

Structural Characterization Establishes the Ability
of Urea Pendants to Poise Anions Proximal to the Por-
phyrin Metal Center. To establish connectivity and posi-
tioning of the urea moiety relative to the metal center, we
sought to grow crystals suitable for X-ray diffraction analy-
sis. Unfortunately, we were unable to obtain single crystals
of Fe-ortho-urea due to severe twinning caused by stacking
of the thin plate-shaped crystals. Instead, slow vapor diffu-
sion of water into a concentrated DMF solution of the zinc
analog, Zn-ortho-urea, produced diffraction-quality crys-
tals (Figure 2, Table S1). As is typical for pentacoordinate Zn



Figure 2. Solid-state structure of Zn-ortho-urea deter-
mined by single-crystal X-ray diffraction, showing the abil-
ity of a second-sphere urea pendant to poise an oxyanion
proximal to the porphyrin metal center. Non-coordinated
solvent molecules not participating in H-bonding interac-
tions and C-H hydrogen atoms have been omitted for clar-
ity. H-bonding is depicted by the dashed line. Brown, grey,
blue, red, and green ellipsoids signify Zn, C, N, O, and F at-
oms, respectively. Thermal ellipsoids are plotted at the
50% probability level.

porphyrins, the Zn atom is axially coordinated to a DMF
molecule causing displacement from the porphyrin plane by
0.331 A. Unlike what was observed for the amide analog,3?
the urea moiety is engaged in tight hydrogen bonding with
an exogenous DMF molecule and is distorted slightly from
planarity in the solid state due to crystal packing interac-
tions. The Zn-ortho-urea structure validates the ability of
the urea pendant to form hydrogen bonding networks with
solvent molecules and presumably also oxyanions such as
bicarbonate.

Electrochemical Carbon Dioxide Reduction Cata-
lyzed by Urea-Modified Iron Porphyrin Complexes. With
the iron complexes in hand, we sought to evaluate their
electrochemical properties under an inert atmosphere (Fig-
ure 3a). Cyclic voltammograms (CVs) for the urea-function-
alized iron porphyrin complexes and Fe-TPP were meas-
ured in dry DMF electrolyte (0.10 M TBAPF, Figure 3a).
Three distinct redox events are observed for all three com-
plexes at approximately -0.6, -1.5, and -2.1 V vs Fc/Fc* cor-
responding to the formal Fe(Ill/Il), Fe(Il/I), and Fe(1/0)
couples, respectively. Ata scan rate of 100 mV/s, the Fe(1/0)
couples exhibit chemically- and electrochemically reversi-
ble behavior. The Fe(I/0) standard potentials, EZ,,, were de-
termined under inert atmosphere by taking an average of
three independent scans and are given in Table S2. CVs of
Fe-ortho-urea and Fe-para-urea show additional redox
waves apart from the three discussed above. Given the high
affinity of urea moieties for halides,>? we speculate that
these additional waves may arise from electronically-dis-
tinct porphyrins where the urea is bound to Br- or PFs~. Var-
iable scan rate data collected for Fe-ortho-urea and Fe-
para-urea establish that the peak cathodic currents are

linearly correlated with the square root of the scan rate, in-
dicating that these complexes are freely diffusing in solution
(Figure S1).

Under a CO: atmosphere but with no added proton
source, catalytic responses are observed for all three com-
plexes, with Fe-ortho-urea exhibiting a much larger cur-
rent enhancement relative to positional control Fe-para-
urea and unmodified Fe-TPP. Fe-ortho-urea also displays
significant curve-crossing behavior, where current on the
return scan is higher than the current on the forward scan
(Figure 3b, blue line). Curve-crossing is often indicative of
an initial induction period where a more active catalytic
species is generated in situ and thus its concentration in-
creases as a function of time.53 Interestingly, curve-crossing
was not observed for Fe-para-urea or amide-functional-
ized analogs,32 but has appeared in structurally-related urea
porphyrins reported by Aukauloo and coworkers,*8-51
though they did not discuss this observation. Together,
these data suggest that curve crossing depends on both the
positioning and number of H-bond donors in the second co-
ordination sphere, and hints that ortho urea groups engage
in unique interactions during CO2RR. Comparing the two
control catalysts under CO2, Fe-para-urea has a smaller
catalytic response at more negative onset potential than Fe-
TPP, which is unexpected given the electronic scaling rela-
tionship that exists between E2,, and catalytic rate, where
catalysts with more negative EJ,, values are expected to
have greater driving force for CO2 reduction.>* A more de-
tailed investigation of Fe-para-urea revealed that the ob-
served rate constant for COz reduction, kobs, (obtained from
Foot-of-the-Wave Analysis, FOWA, according to procedures
described in the SI) exhibits first-order dependence on the
catalyst concentration only at concentrations below 0.4 mM
(Figure S2). At the higher concentrations used for cyclic
voltammetric and preparative scale electrolysis experi-
ments (Z.e., 1 mM), kobs is inversely correlated with the con-
centration of Fe-para-urea, presumably due to a dimeriza-
tion process occurring in solution (Figures S2). Similar di-
mers generated through H-bond templating with exoge-
nous anions have been extensively observed for linear bis-
urea ligands,?” which may explain the lower-than-expected
observed activity of Fe-para-urea.

Positional Effects of Second-Sphere Urea Pendants
on Bicarbonate-Mediated Enhancement of Electro-
chemical Carbon Dioxide Reduction. Given our hypothe-
ses regarding the important roles of bicarbonate in non-
aqueous COz2RR and the possible templating ability of the
pendant urea, we examined how the catalytic responses of
our porphyrins change upon addition of tetraethylammo-
nium bicarbonate (TEAHCO3) in DMF electrolyte (TBAPFs).
Titration of TEAHCO3 into a solution of Fe-ortho-urea un-
der CO: atmosphere results in a large enhancement in the
catalytic wave (Figure 3c). Interestingly, the curve-crossing
behavior was eliminated at higher concentrations of bicar-
bonate (~10 mM). Comparison of the catalytic performance
of Fe-ortho-urea to Fe-para-urea and Fe-TPP in the pres-
ence of TEAHCOs is provided in Figure 3. The data show that
titration of TEAHCO3 into a COz-saturated solution of Fe-
para-urea or Fe-TPP (Figure S4) also results in a catalytic
enhancement, but much less than what is observed for Fe-
ortho-urea (Figure S5). Interestingly, the titration of
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Figure 3. Electrochemical analysis of iron porphyrin complexes. Cyclic voltammograms (CVs) of Fe-TPP (black), Fe-para-urea
(red), and Fe-ortho-urea (blue) under (a) Ar and (b) CO2 atmosphere, showing a marked catalytic current enhancement for
the ortho analog. Comparison of the catalytic performance of iron porphyrin complexes under CO2 atmosphere in the presence
of bicarbonate. Titrations of TEAHCOs3 into solutions of (c) Fe-ortho-urea, (d) Fe-para-urea, and (e) Fe-ortho-2-amide show
a marked enhancement of catalytic activity with this additive. (f) Direct comparison of the observed rate constants (kobs) ex-
tracted from FOWA of the iron porphyrin complexes under CO2 saturated electrolyte with 10 mM TEAHCO3 show that the Fe-
ortho-urea has the largest current enhancement, with a 1500-fold increase over Fe-TPP. Conditions: 0.1 M TBAPFs in DMF, 1
mM Fe complexes, 0 - 10 mM TEAHCOs3, 100 mV/s scan rate.

TEAHCOs into a solution of our previously reported Fe-or-
tho-2-amide catalyst3? under a COz atmosphere also results
in a large increase in the catalytic current (Figure 3e). Thus,
it appears that bicarbonate addition results in a generaliza-
ble enhancement in catalytic activity with iron porphyrin
catalysts, suggesting that bicarbonate may function as a
proton donor under these conditions.

Surprisingly, we were unable to find a reported pKa
value for HCOs3- in non-aqueous media and therefore meas-
ured this value experimentally using a spectrophotometric
method; we determined the pK. of TEAHCO3 in DMSO to be
20.8 + 0.1 (Figure S12). This result supports the notion that
bicarbonate acts as the principal proton source under our
electrolysis conditions. Furthermore, we note that the pKa
(DMSO) of HCOs- is comparable to other typical acids for
electrochemical COzRR in organic solution such as phenol
(18.0), 2,2,2-trifluoroethanol (23.6), and water (32.0).5% As
such, we sought to consider the role of equilibria involving
HCOs-, including the concentration of basic additives or re-
sidual water in a non-aqueous electrolyte.

To determine the selectivity and stability for electro-
chemical COz reduction, preparative-scale controlled poten-
tial electrolysis (CPE) experiments were conducted in a
COz-saturated gas-tight H-cell with and without the addi-
tion of 100 mM TEAHCO3 (Figures S6 and S7, Table S3). The
urea-appended catalysts are stable during catalysis, with
steady current density maintained across the hour-long CPE
experiments. At the same applied potential of -2.18 V vs
Fc/Fc*, Fe-ortho-urea operates at much higher current

densities (1.61 mA/cm?) compared to Fe-para-urea (0.37
mA/cm?). Moreover, we also observe a stark difference in
Faradaic efficiency for CO production (FEco): Fe-ortho-
urea achieves an average FEco of 98% while Fe-para-urea
achieves an average FEco of only 3%. Addition of TEAHCO3
(100 mM) causes the average current density of Fe-ortho-
urea and Fe-para-urea to increase to 3.08 mA/cm? and
0.98 mA/cm?, respectively, and are indicative of a large cat-
alytic rate enhancement due to the bicarbonate additive. Fe-
ortho-urea maintains a high FEco in the presence of
TEAHCO3 (93%) while the FEco for Fe-para-urea increases
to 54%. No Hz (or a trace amount) is detected for either cat-
alyst under either of these conditions (Table S3). We specu-
late that the low FEco observed for the para-functionalized
analog may be due to its propensity to dimerize into a cata-
lytically-inactive form (vide supra), where hydrogen bond-
ing between the urea moiety and bicarbonate may disrupt
formation of this dimer and lead to an improvement in FEco.

Having confirmed that CO is the unique catalytic prod-
uct of electrochemical CO2RR, we turned to Foot-of-the-
Wave Analysis (FOWA) to obtain quantitative catalytic met-
rics. Observed catalytic rate constants (kobs) of the iron por-
phyrin complexes were determined using FOWA in the
presence of 0-10 mM TEAHCOs (limiting) and 0.23 M CO2
(excess) (Figures S8-S11). The data show that catalysis has
approximately first-order dependence on bicarbonate con-
centration for most of the iron porphyrins investigated. Fig-
ure 3f shows a comparison of kobs values at [TEAHCOs] = 10
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Figure 4. Optimized structures from DFT (B9 7-D)56 calcu-
lations of Fe(0)-CO2 adducts of (a) Fe-ortho-urea and (b)
Fe-ortho-2-amide,32 with bicarbonate to probe the H-bond
templating of bicarbonate to iron porphyrin scaffolds em-
ploying either a 1-point or 2-point H-bond donor. The ge-
ometry optimized structure for the para-urea control is
given in Figure S14. Orange, grey, blue, white, and red at-
oms signify Fe, C, N, H, and O, respectively. To reduce com-
putational cost, the ligands were truncated to remove the
non-functionalized phenyl moieties and the bis(3,5-trifluo-
romethyl) functional groups. The DFT calculations support
the importance of the two-point urea binder to properly po-
sition bicarbonate relative to the Fe(0)-CO2 adduct for sub-
strate reduction as well as increase the acidity of bicar-
bonate as an acid to facilitate proton transfer in CO2RR.

mM and illustrates that proper positioning of the urea moi-
ety increases kobs by three to four orders of magnitude over
parent Fe-TPP. The number of hydrogen bond donors also
influences catalytic rates, with the two-point H-bond donor
Fe-ortho-urea exhibiting a greater than two-fold improve-
ment in kobs relative to its one-point counterpart Fe-ortho-
2-amide.

Second-Sphere Urea Pendants Increase Acidity of
Templated Bicarbonate as a Proton Source to Promote
Carbon Dioxide Reduction. We hypothesized that the or-
tho urea group engages in hydrogen bonding with bicar-
bonate and that this interaction enhances COzRR catalysis
by 1) templating the bicarbonate proton close to COz-bound
intermediates and 2) further lowering the pKa. of bicar-
bonate, thereby increasing the driving force for proton
transfer. We first evaluated the binding of bicarbonate to
the free-base ortho-urea ligand by 'H NMR (Figure S13).
Sub-stoichiometric titration of TEAHCOs3 causes an upfield
shift of the aryl resonances and a complete loss of the urea-
proton signals due to fast exchange with the bicarbonate
proton. The control titration of TEAHCOs3 into a solution of
unmodified TPP displays no spectral change, even upon the

addition of excess bicarbonate, illustrating the strong inter-
action between the urea moiety and bicarbonate in solution.
The interaction between bicarbonate and the porphyrins
was further investigated by density functional theory (DFT)
(Figure 4). DFT calculations show that bicarbonate does in-
deed hydrogen bond tightly to the urea moiety in a biden-
tate fashion that is not possible for the amide analog (Figure
4).32 When the urea is in the ortho-position, the hydrogen
bonding network positions the bicarbonate proton close
(1.85 A) to the iron-bound CO2 moiety. This urea-templated
bicarbonate binding effectively dangles its proton close to
CO2, enabling stabilization of the transition state and/or
promoting proton transfer. This templating effect is not
possible with only one hydrogen bond donor as the bicar-
bonate proton is positioned much further away from the
CO2-bound intermediate in the amide case (~2.33 A). DFT
calculations further predict the pKa of bicarbonate to de-
crease by ~5.5 (relative to free HCO3-) due to this templated
hydrogen bonding with Fe-ortho-urea. These computa-
tional results support a model in which the Fe-ortho-urea
complex displays the largest catalytic enhancement owing
to its ability to template and activate bicarbonate by syner-
gistic second-sphere interactions. Taken together, these re-
sults suggest that the curve-crossing behavior may arise
from changes to CO2/HCO3-/COs32 equilibria in the diffusion
layer over the time course of a CV scan. The kinetics of CO2
hydration to generate HCO3- are relatively slow, so initial
CO2 reduction with Fe-ortho-urea likely proceeds via a
slower proton-limited pathway where one COz molecule
serves as a Lewis acid to activate the reduced CO-, generat-
ing CO and COs3?- as products.?? Diffusion-controlled proton
transfer from adventitious water then rapidly generates
HCOs-, which is templated and activated by the pendant
urea group and helps promote a faster catalytic pathway
with bicarbonate as the proton donor.

CONCLUDING REMARKS

In summary, we have shown that bicarbonate, as an ad-
ditive, causes a large catalytic enhancement in homogenous
electrochemical COz reduction in organic electrolyte. Using
iron porphyrin as a representative molecular catalyst plat-
form, installation of a properly positioned urea moiety into
the second coordination sphere as a bicarbonate anion re-
ceptor further facilitates a marked improvement in catalytic
rates. Spectrophotometric pKa measurements, NMR binding
studies, and DFT calculations provide support that bicar-
bonate operates as a competent proton donor and that tem-
plated binding to the urea results in the generation of a
much stronger acid that is appropriately positioned for
rapid proton transfer to a COz-bound intermediate. Taken
together, this study identifies the importance of under-
standing the CO2/HCOs- solution equilibria under organic
electrolyte conditions where molecular catalysts are often
utilized and shows how the second coordination sphere can
be designed to exploit these equilibria for CO2RR catalysis.

ASSOCIATED CONTENT

Supporting Information. Experimental and computational
details, supplemental electrochemical and DFT geometry opti-
mized atomic xyz coordinates is available free of charge via the
Internet at http://pubs.acs.org.
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