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Abstract

The sluggishness of the oxygen reduction reaction (ORR) is the most significant challenge
hindering fuel cell commercialization. Cu-based ORR catalysts are promising non-precious metal
alternatives to Pt. In this manuscript, we synthesize four different Cu?" complexes of tripeptides (Cu-
GSHAmide, Cu-NCG, Cu-ECG and Cu-QCG) and develop relationships between their electrocatalytic
activities and physicochemical properties. Rotating ring-disk electrode experiments indicate that the
catalytic current densities and selectivities of the catalysts vary widely as a function of pH and peptide
identity. Through FTIR spectroscopy, we describe the nature of the intermolecular forces between the
peptides studied along with those of the corresponding Cu** complexes. This analysis allows us to
quantify the degree of peptide aggregation in the ORR electrocatalysts. Combined with the Cu®*-peptide
binding constants, we develop models that accurately predict how peptide aggregation dictates catalyst
current density and selectivity for the four-electron reduction of O; to water. These models indicate that
Cu*"-peptide ORR electrocatalysts with relatively strong binding constants and weak peptide
aggregation exhibit increased selectivity and kinetics. This central finding highlights an important set of

design rules for the development of future high-performance Cu ORR electrocatalysts.
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Introduction

The O; reduction reaction (ORR) is a central reaction in fuel cells, air batteries, and corrosion.!
Although fuel cells have been used commercially since the 1960’s, they have not been adopted on a
large scale due to the slow kinetics and extensive overpotential of the ORR, which limits the energy
efficiency and operating voltage of fuel cells. This large overpotential originates from the high strength
of the O=0 double bond (489 kJ/mol).*

A wide variety of different catalysts have been studied to decrease ORR overpotential. Pt-based
ORR catalysts are the most successful with an overpotential of ~300 mV.*® However, the high cost of
Pt-based catalysts has prevented their widespread adoption. For this reason, a large amount of research
has focused on the development of efficient non-precious metal ORR catalysts.”!! Biological systems
indicate that it is possible to develop non-precious metal ORR catalysts that operate at low
overpotentials. For example, laccase, a multicopper protein, exhibits diffusion-limited O; reduction with
an overpotential of only ~70 mV.!%!3 Unfortunately, laccase is not stable over a wide pH range, and its
large volume results in a low current density.'*!

The development of synthetic small-molecule Cu complexes is a promising strategy to produce
inexpensive ORR catalysts with high current densities.!” ! Anson and co-workers demonstrated that Cu
complexes of 1,10-phenanthroline (phen) on graphite catalyze the four-electron reduction of O to
H,0.2°22 Chidsey and co-workers synthesized mononuclear Cu complexes with modified phen-based
ligands and determined relationships between the electronic and steric properties of the ligands and the
O, reduction performances.?? Karlin and co-workers developed a mononuclear Cu(II) complex that
efficiently catalyzes the four-electron reduction of Oz to H,O via a peroxodicopper(Il) complex that is
chemically reduced in the presence of decamethylferrocene.?*

Our group recently investigated the ORR activities of Cu complexes of a simple tripeptide,
glutathione (GSH).? In particular, we synthesized a ferrocene-modified glutathione that facilitates fast

electron transfer to Cu, which results in higher selectivity for the four-electron reduction of O> to H.O



than the unmodified Cu-GSH complex. These results imply that glutathione can serve as an appropriate
scaffold for efficient Cu ORR catalysts if properly modified.

In this manuscript, to further pursue the strategy of using GSH as a research direction for
creating active Cu ORR catalysts, we systematically study the relationship between tripeptide
compositional relatives of GSH and the O reduction activities of their Cu complexes. We rationalize the
observed electrochemical trends by using physicochemical models that account for Cu?*-peptide binding
constants and molecular aggregation quantified using FTIR spectroscopy.

Methods

General Procedures

Peptide syntheses are described in the section below. All other chemicals were procured from
commercial sources and used without purification. All electrochemical studies were performed using a
VSP-300 Biologic potentiostat. A four-electrode cell was utilized in which modified glassy carbon
served as the disc working electrode, Pt ring served as the ring electrode, a graphite rod functioned as
the counter electrode, and a Ag/AgCl/3 M KCl (eDagq, Inc.) electrode was used as the counter electrode.
Glassy carbon electrodes were polished using a suspension of 0.05 um alumina followed by sonication
for 8 min in water. The Pt ring electrodes (Pine Research Instrumentation, Inc.) were cleaned
electrochemically in 15 mL of 0.1 M HCIlO4 solution by cycling from -0.4 V to +1.7 V at 100 mV/s until
the oxide stripping at ~0.35 mV remained constant."”

Peptide Synthesis

Glutathione Amide Synthesis: Glutathione amide (GSHAmide) was synthesized via a two-step process
based on a slightly modified literature procedure.?® Briefly, in the first step to form the monoethyl ester,
2 g of reduced glutathione (GSH) was dissolved in 25 mL of 1.8 M methanolic HCI. The mixture was
continuously stirred for 3 hours at room temperature. The resulting solution was cooled at 0°C, and 180
mL of ice-cold diethyl ether was added. After letting the reaction mixture stand for 1.5 hours at 0°C, the

ether was decanted. The precipitate was then washed two times with 60 mL of ice-cold water and dried



under reduced pressure. 1.8 g GSH-ester (90% yield) was produced in the first step. '"H NMR (MeOD-
d4) 8 4.52 (t, 1H, CysCH), 4.02 (m, 3H, GlyCH_, GluCH), 3.75 (s, 3H, -OCH3), 2.91 (dd, 2H, CysCH>),
2.57 (m, 2H, -CH,CH>CO-), 2.20 (m, 2H, -CH>CH>CO-). In the second step, which is an aminolysis

reaction with ammonia, we followed the literature procedure to produce GSHAmide.

Syntheses of Other Peptides: Glutamic Acid-Cysteine-Glycine (ECG), Asparagine-Cysteine-
Glycine (NCG), and Glutamine-Cysteine-Glycine (QCG): ECG, NCG, and QCG peptides were
synthesized using standard Fmoc-protocols employing Knorr resin on a PS3 automated peptide
synthesizer (Protein Technologies, Inc., Woburn, MA). The crude peptides were cleaved from the resin
by addition of 92.5% trifluoroacetic acid (TFA), 2.5% distilled water, 2.5% triisopropylsilan, and 2.5%
1,2-ethanedithiol with stirring for 3 hours. Then, the peptides were purified by reverse-phase high-
performance liquid chromatography (HPLC, Waters) using a Vydac C18 column and characterized by
matrix-assisted laser desorption ionization (MALDI) mass spectroscopy (Bruker Microflex Daltonics,
Inc., Billerica, MA). The residual TFA from the peptide cleavage and purification was then removed by
subsequent reconstitutions with 0.1% HCI followed lyophilization. It should be noted that the total
masses corresponding to QCG isotopes were also found at m/z 307.067, 308.045, 309.04, and m/z
310.037. A single peak corresponding to the total mass of NCG was observed at m/z 293.087. Note, the
peaks corresponding to the isotopic distribution of the NCG peptide does not appear in the MALDI mass
spectrum due to overlap with the matrix. The total mass and corresponding isotopic distribution of ECG
was detected at m/z 308.028, 309.04, 310.037, and m/z 311.036 (Figure S1).
Binding Constant Determination

A Shimadzu UV-2550 spectrometer was used to measure the binding constants of Cu** to the
various peptides. An aqueous peptide solution (0.4 mL of 2 mM except for GSHAmide, which was 10
mM) was used, and an aqueous CuSOys solution (0.5 M for ECG, 0.4 M for QCG and NCG, 0.1 M for
GSHAmide) was added in intervals of 2.5 uL. UV-Vis absorbances were measured in the 200-500 nm

range, and the absorbance peak at ~225 nm was plotted versus the number of equivalents of Cu?" added.
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To calculate the binding constants, fits to these plots were obtained using the single ligand binding
saturation macro in SigmaPlot.
Electrochemical Experiments

Peptide (3.0 mg), CuSO4 (3.0 mg), carbon (5.0 mg, Vulcan XC-72), and Nafion solution (30 pL,
5 wt %, D520, Fuel Cell Store, Inc.) were mixed and vortexed for 5 minutes. After vortexing, 5.0 mL
MeOH was added, and the mixture was sonicated for 10 minutes to give a homogeneous suspension.
About 80 pL of the suspension was drop cast on the glassy carbon electrode (5 mm in diameter) and
dried using a custom-built upright rotator at a rotation speed of 8 rpm to ensure uniform film formation.
This modified electrode was then used as the working electrode for rotating ring-disk electrode (RRDE)
experiments using an electrode rotator (MSRX, Pine Research, Inc.). 1.2 M Britton-Robinson buffers
(400 mM H3BO3, 400 mM H3PO4, 400 mM CH3COOH) were used and adjusted to the desired pH using
NaOH. Voltammetry was performed with 45 mL of buffer solution after it was sparged with O, for at
least 10 minutes. Onset potentials were determined by calculating the voltage at which the current
density for each voltammogram is equal to 10% of the current density at -1 V vs. Ag/AgCl. All reported
error bars represent standard errors.
FTIR Experiments

Deuterium exchange of the amide residues was achieved by performing 2-3 reconstitutions in
D>0 followed by lyophilization. Additional 1.2 M Britton-Robinson buffer solutions were prepared with
CuSO4 (6 mg of CuSO4 in 10 mL buffer solution) and exchanged with D;O. Following the final
deuterium exchange, the samples were reconstituted in D>O, sonicated for 15 minutes, and then filtered
with a 0.2 um syringe filter.

For the FTIR experiments, a stock solution for each peptide was prepared by dissolving ~20-30
mg of peptide in 10 mL of DO (~0.1 OD @ 1650 cm™). This stock solution was separated equally

among twelve vials and lyophilized to maintain a similar amount of product in each container. Each



Cu?" peptide complex and peptide alone was suspended in equal volumes of the prepared buffer
solutions at different pHs and sonicated for 15 minutes.

FTIR spectra were obtained using a ThermoNicolet 6700 FTIR spectrometer equipped with a
liquid nitrogen-cooled mercury cadmium telluride (MCT) detector. To collect higher sensitivity spectra
and correct the baseline more accurately, the IR beam was routed into a home-built temperature-
controlled setup.?’” A homemade CaF> sample holder was divided into two compartments with a 50 um
Teflon spacer for better background subtraction (i.e., buffer) under identical conditions. An automated
translation stage moves the sample cell between the reference and the sample side collecting a single
beam spectrum to account for drift and stability. All measurements were carried out in a nitrogen-purged
chamber at ambient temperatures of 20°C. The sample and background spectra were averaged over 128
scans.

Modeling

FTIR data were utilized to quantify the total amount of peptide aggregation as a function of
sequence as well as over a variety of pHs for each peptide alone and the Cu?" peptide complexes. The
vibrational spectra were decomposed into component peaks using a fitting method that included a sum

(x=x¢)?
—4xIn(2)* ch

of Gaussian functions, y = A * e , Where Xx. is the center frequency, A is the amplitude,
and w is the full-width at half maximum (FWHM). Then, the total amount of aggregation was quantified
by taking the product of the FWHM and the amplitude of the peaks at ~1620 cm™ and ~1680 cm™,
corresponding to anti-parallel beta sheets aggregates.® " Linear combinations of the relative
populations of each vibrational transition were screened during modeling, and a linear combination of
66% of the 1620 cm™ and 34% of the 1680 cm™! yielded the best-fit to the models.

Binding constants, which were obtained from UV-Vis spectra as described above, were
measured at unadjusted pH. Binding constants could not be determined experimentally at different pH

values due to the poor solubility of the Cu complexes in water. For this reason, the binding constants at

different pH values were estimated by considering how the denticity of the peptide changes with pH.
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The amine group (-NHz) on the N-terminus of each peptide and the carboxylate group (COQO’) on
peptides containing a glutamate residue, both of which readily bind to Cu®**, were each considered to
increase the denticity of the peptide by one vis-a-vis peptides that do not contain these groups or contain
protonated forms of these groups (i.e. -NH3" and -COOH). Binding constants at different pH values
were then calculated assuming the binding constants increased by a factor of 100 per increase in
denticity, which is a reasonable approximation for Cu?>* complexes of aminocarboxylate ligands.>' The
denticity values were adjusted at the various pH values according the relative populations of protonated
and deprotonated forms according to the Henderson-Hasselbalch equation.

The aggregation and binding constant values were then normalized on a scale from 0 to 1.
Similarly, the number of electrons transferred per mole of O> reduced as determined by RRDE and the
logarithms of the maximum magnitude of the ORR currents measured during voltammetry per mole of
catalyst were normalized on a scale from O to 1. The current per mole of catalyst was determined by first
calculating the amount of catalyst loaded on each disc electrode. These values were determined by
integrating the Cu(II)/Cu(I) redox couple measured during voltammetry under the assumption that each
peptide binds to Cu in a 1:1 ratio, which has been demonstrated previously to be true for CuGSH and a
related Cu tripeptide complex.?> The maximum magnitude of ORR current was then divided by the
calculated moles of Cu catalyst.

The models compared the normalized electrochemistry data to linear combinations of the
normalized aggregation and binding constant values. Normalized values are referred to as “scores” from
0 to 1 throughout the manuscript. Each model consisted of a different linear combination with a
weighting of 0 < x <1 for the aggregation values and a weighting of 0 < 1-x < 1for the binding constant
values. An increment of 1% was used for x to give 101 different sets of weighting values. For each of
these 101 weighting values, positive and negative correlations were evaluated. In other words, four
different sets of models were considered, those that compared the electrochemistry data to 1) increasing

aggregation and increasing binding constant, 2) increasing aggregation and decreasing binding
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constants, 3) decreasing aggregation and increasing binding constants, and 4) decreasing aggregation
and decreasing binding constants. Therefore, in total, 404 (101 x 4) models were considered. For both
the number of electron and current data, the selected best-fit models were the ones that possessed the

lowest residues between the modeled values and experimental electrochemistry data.



Results and Discussion

Structure and Synthesis of Peptides
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Figure 1: Predominant chemical structures of GSH (A), GSHAmide (B), ECG (C), QCG (D), and NCG
(E) at neutral pH.

The Cu complexes of five different peptides were evaluated as ORR catalysts. The baseline
catalyst is the previously studied Cu complex of glutathione (Cu-GSH). Glutathione is a tripeptide with
a gamma linkage between the side chain of glutamate and the amine group of cysteine (Figure 1A).
Three additional peptides in this work were synthesized using standard Fmoc-based solid-phase peptide
synthesis with rink amide resin, which results in amidation of the C-terminal glycine residue (Figures

1C-1E). An additional peptide, GSH-carboyxamide (GSHAmide), was synthesized from the amidation
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of the C-terminus of glutathione (Figure 1B). Together, the four amidated peptides allow for a fair set of
comparison of catalytic activities for the Cu complexes. Previous studies demonstrate that the
carboxylate on the glycine of glutathione does not bind to Cu?’, and we therefore hypothesize that
modification of the glycine with an amide would not significantly affect the Cu?* binding constants of
the peptides. Indeed, measurements discussed in detail later in the manuscript indicate that the binding
constants of Cu-GSH and GSHAmide are similar. The Cu complex of ECG (Cu-ECG) was considered
because ECG is a glutathione analog in which the glutamate residue is attached via a normal peptide
linkage to cysteine instead of a gamma linkage (Figure 1C). We also evaluate Cu-QCG and Cu-NCG.
QCQG is a glutamine analog of ECG in which the carboxylate side chain is replaced by an amide (Figure
1D), and NCG (Figure 1E) contains one less methylene group on the sidechain than QCG. These
peptides allow us to investigate the effects of carboxylate versus amide side chains of different lengths
in the binding pocket of Cu?* and the resulting effects on ORR catalysis.

Rotating Ring-Disc Electrochemistry
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Figure 2: Electrocatalytyic O> reduction by Cu-GSH (black line), Cu-GSHAmide (red line), Cu-ECG
(blue line), Cu-QCG (green line) and Cu-NCG (purple line) in 1.2 M O-saturated Britton-Robinson
Buffer at pH 5.5 using RRDE at 10 mV s at 500 rpm. Solid line and dotted lines indicate the disk
current density and ring current, respectively (A). Logarithms of maximum ORR cathodic current per
mole of catalyst measured during RRDE for Cu-GSHAmide (black), Cu-ECG (red), Cu-QCG (blue),
and Cu-NCG (green) at different pH values (B).
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First, we investigated the ORR catalysis of different Cu®*"-peptide complexes by rotating ring-
disc electrode (RRDE) experiments using O»-saturated Britton-Robinson buffers at different pH values
ranging from 2.5-10 (Figures S2-S9). For all catalysts studied and at all pH values, the ORR onset
potentials for each Cu?"-peptide complex were significantly more positive than those of the
corresponding peptide without Cu (Table S1). These results indicate that Cu is needed to increase ORR
activity. Representative RRDE plots for different Cu**-peptide complexes at pH 5.5 are displayed in
Figure 2A. Among the five Cu**-peptide catalysts studied, there are significant differences in ORR
activity. For example, the maximum cathodic ORR current density at -1.0 V vs. Ag/AgCl follows the
order of Cu-NCG > Cu-QCG > Cu-ECG > Cu-GSHAmide ~ Cu-GSH. The observation that the disc
voltammetry curves between Cu-GSHAmide and Cu-GSH are the most similar to one another is
consistent with the interpretation that the active sites of the two catalysts are the same, and the modified
glycine residue does not participate in Cu®>* binding. For this reason, we focus on relationships among
the four catalysts with a C-terminal amide group (Cu-GSHAmide, CuECG, Cu-QCG, and Cu-NCG).

At this level of analysis, however, there is no obvious relationship between the structure of the
five catalysts and their ORR current densities. In an attempt to determine the molecular origin of the
differences in ORR current, we analyzed the measured currents on per mole of catalyst bases. The
number of moles of catalyst in each case was calculated by integrating the Cu(Il)/Cu(I) redox couple
measured during voltammetry. We assumed that each peptide binds to Cu in a 1:1 ratio, which has been
demonstrated previously to be true for CuGSH and a related Cu tripeptide complex.?> At pH 5.5, the
ORR currents per mole of catalyst follows the order of Cu-QCG > Cu-ECG > Cu-NCG > Cu-
GSHAmide. Although this order is different than the raw current density data, there is still no obvious
trend (e.g. carboxylate side chains vs. amide side chains) between peptide structure and current. The
complete set of data at all pH values for each current per mole of catalyst is displayed in Figure 2B.
Interestingly, the order of the currents across the five catalysts is different for each of the six pH values

studied. These results suggest that there is a complicated relationship between catalyst activity, structure,
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and pH. Later in this manuscript, we develop a model that takes into account Cu**-peptide binding
strength and peptide aggregation to rationalize the observed trends in ORR current as a function of pH.
In addition to the changes in the RRDE disc currents across the five catalysts that are reflective
of ORR activity, there are also significant differences in the RRDE ring currents, which are reflective of
ORR selectivity.>** In aqueous electrolytes, the ORR can occur via a four-electron reduction pathway
to produce H>O or a two-electron reduction pathway to produce H>O,. The one-electron reduction of O»
to superoxide generally does not occur in aqueous systems.> In fuel cells, the four-electron pathway to
H>O is desired because it gives the highest voltage output, and the reactivity of H>O, limits device
durability. By comparing the ring and disc currents and accounting for the collection efficiency of the
ring, the average number of electrons transferred per O> during ORR can be determined assuming only

the two- and four-electron pathways are operative.
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Figure 3: Number of electrons transferred per Oz at -0.9 V vs. Ag/AgCl by Cu-GSHAmide (1A, black
points), Cu-GSH (1A, red points), Cu-ECG (1B, black points), Cu-QCG (1B, red points), and Cu-NCG
(1B, blue points) as calculated from RRDE experiments.

Figure 3 displays the average number of electrons transferred per O, as calculated from the
RRDE experiments at -0.9 V vs. Ag/AgCl across all five Cu**-peptide catalysts and pH values. In
general, the number of electrons transferred per O increases with pH. This trend indicates that the

selectivities of the Cu?"-peptide catalysts for HoO production increase in higher pH electrolytes.
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Enhanced selectivity with increasing pH has been observed previously for other classes of molecular Cu
and other ORR catalysts.***! For both Cu-GSH and Cu-GSHAmide, the number of electrons transferred
increases from pH 2.5 to pH 5.5, then slightly decreases at pH 7 before increasing at higher pH values
(Figure 3A). The observation that the trends of Cu-GSH and Cu-GSHAmide for ORR selectivities are
the same across pH further supports the notion that modification of the glycine residue outside the Cu?*-
binding pocket does not significantly affect ORR activity. The selectivities for the other three Cu**
peptide catalysts also vary widely as a function of pH (Figure 3B). Notably, the number of electrons
transferred for Cu-QCG at pH 4 is 3.46 + 0.06, which is the highest value among the five catalysts at
this pH. This result indicates that the Cu-QCG catalyst exhibits good selectivity for the four-electron
reduction of Oz to H20 despite the low pH, which is uncommon for Cu-based ORR catalysts.***

Cu’*-peptide Binding Measurements
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Figure 4: Binding constant of different Cu®" peptide complexes.

In an attempt to understand the various relationships between pH, peptide structure, and catalyst
performance, we first measured the Cu?*-peptide binding constants using UV-Vis spectroscopy (Figures
4 and S10). Cu?" binding to GSH is known to occur in a pocket that involves the thiol group of cysteine
and the carboxylate and amine of glutamate. We find that the Cu®*-binding constants to GSH and
GSHAmide are similar, which is expected given that the two peptides only differ in whether or not the
glycine residue, which is not directly involved in binding, contains an amide cap. In contrast, the Cu?'-

binding constant to ECG is significantly smaller than that of GSHAmide. Although the structures of
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these two peptides are similar, ECG contains a normal glutamate linkage, while GSHAmide contains a
gamma glutamate linkage. This difference causes the amine group of the glutamate residue, which is
protonated at neutral pH, to be closer to the thiol on the cysteine in ECG. Because protonated amines do
not bind to Cu?" due to electrostatic repulsion, this effect results in a decreased binding constant for Cu-
ECG as compared to Cu-GSHAmide. Furthermore, the Cu?*-binding constants for QCG and NCG are
the lowest among all five Cu complexes. The weaker binding constants for these two peptides arise from
the lack of carboxylate on the side chain of the N-terminal residue. In the other three Cu complexes, the
carboxylate binds to Cu?’, leading to increased binding constants. Lastly, the Cu**-binding constant to
QCAQG is significantly lower than to NCG due to differences in the distance of the amide side chain to the
Cu?*-binding site. The amide is further away from the Cu?"-binding site in QCG, which decreases the
overall binding constant.
Infrared Spectroscopy and Peptide Aggregation

In addition to evaluating Cu**-peptide binding constants, we utilized infrared spectroscopy to
quantify the total peptide aggregation as the main peptide structural component. Since the amide I
absorption band is primarily derived from backbone carbonyl stretching vibrations with some NH
bending, it has been extensively used to characterize the amount of native structure present in protein
and peptide systems including aggregation.**** This sensitivity to peptide structure results from the
excitonic coupling of the carbonyl modes along the backbone,**** hydrogen bonding,*’ and degrees of
hydration.*®* Upon aggregation, it is therefore expected that the peptide stacking, increased hydrogen
bonding, and the degree of exposure to water of the amide group of the peptide will have a profound

effect on, not only the vibrational frequency of the amide I, but also the FWHM of the observed peaks.
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Figure 5: Representation of typical normalized infrared spectrum of peptide complexes, Cu**-NCG.
The dotted lines demonstrate the increase of the aggregation peak, 1629 c¢cm’, at the indicated pH
values Two of the main absorption bands, observed at ~1620 cm™ and ~1680 cm™ in the infrared
spectrum, correspond to the formation of in-phase and out-of-phase anti-parallel f-sheets, respectively.
The vibrational frequency and amplitude of the transition at ~1680 cm™ are not sensitive to the size of
the sheets. However, the opposite is true of the ~1620 cm™ band, which is sensitive to the dimensions of
the sheets.?”>%! This effect is largely due to the in-phase oscillation of the residues in-register between
strands having a transition dipole perpendicular to the p-strands.’! To quantify the amount of
aggregation present, the parameters associated with these two absorption bands are determined by
Gaussian peak fitting of the infrared spectrum. Although both absorption bands are often present in the
infrared spectrum of aggregates, it appears that out-of-phase anti-parallel p-sheets were more
pronounced in the spectra of the peptide alone, while the infrared spectra of the peptide bound to the
Cu?" in the complex showed more in-phase anti-parallel S-sheets.

In Figure 5, the fitting of the lower frequency aggregation band as a function of pH is shown for
the Cu-NCG complex in D>O exchanged Britton-Robinson buffer solution. The total peak fitting (see
supporting information) reveals three distinct absorption bands: the two aggregation bands at ~1620
cm ! and ~1680 cm ! with another absorption band at ~1650 cm™! due to the presence of random

coil.**? Additionally, two smaller absorption bands are observed at ~1710 cm™! and <1600 cm!

originating from the carboxylic group protonation and deprotonation states, respectively. The infrared

16



spectra of the GSHAmide, ECG, and QCG peptides exhibited similar number of peaks at the same
frequencies, but different amplitudes and FWHM for the varying levels of aggregation. The fittings for
the peptides alone and the Cu**-peptide complexes at different pHs are shown in Figures S11-S22.

According to aggregation analysis of QCG, NCG, ECG, and GSHAmide peptides alone (without
Cu?" present), the absorption bands, observed at ~1680 cm™! and ~1620 cm™!, clearly show a dependence
on pH. At an initial pH, the infrared spectrum of each peptide was divided into Gaussian components via
least squares fitting. Then, the peptide aggregation level was quantified by fixing the vibrational
frequencies of the peaks for all amide I transitions and varying the amplitude and FWHM of each peak
for a given pH (Figures S23-S24). When the pH was decreased from 10 to 2.5 for the NCG, QCG, and
ECG peptides, an increase in intensity of the out-of-phase antiparallel B-sheet transition, 1680 cm™, was
observed (Figure S25B). However, the 1620 cm™ transition remained mostly invariant, likely due to the
peptides in solution forming small sized less ordered aggregates (Figure S25A).>! NCG demonstrates the
most sensitivity to pH changes followed by ECG, while QCG had the least variation as well as the least
total aggregation population. These results indicate that the aggregate formation is likely aided by the
neutralization of the charges on the sidechains at lower pHs for easier B-strand stacking despite steric
effects of the longer sidechains. On the other hand, the shorter asparagine (N) sidechain of NCG acts as
another possible hydrogen bond to stabilize the B-sheet stacking.

In contrast to NCG, QCG, and ECG peptides, the infrared spectra of the GSHAmide peptide
displays in-phase aggregation at ~1620 cm™ without the presence of the 1680 cm™ absorption band. This
result suggests that the gamma linkage may allow for better stacking of the B sheets in solution and
provides better ordering of hydrogen bonding. As further evidence of this phenomenon, the GSHAmide
peptide aggregation showed reverse dependence on change of pH, increasing significantly with higher
pH. As in the NCG above, the higher pH would afford more in-register hydrogen bonding across the

gamma linkage providing better B-strand stacking. In general, Figure S26 illustrates the highest total
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aggregation population of each peptide in solution varies in the following way: GSHAmide > NCG >
ECG > QCG. This overall trend coincides with the physical interpretations discussed above.

In the presence of Cu?’, the peptides undergo significant changes in the types of aggregates
formed, indicated by the increase in the absorption band at ~1620 cm™. As mentioned above, the
amplitudes of the 1620 cm™ transitions signify the presence of a much larger size and ordered B-strand
stack.’! The ability of the metals to trigger aggregation formation is not uncommon, especially for Cu?*
ions.>**° Using a similar aggregation analysis as above, the Cu**-peptide complexes were assessed for
the total population aggregation. In QCG, ECG, and NCG Cu**-peptide complexes, the in-phase beta-
sheet (frequency distributions at ~1620 cm™) increases as the pH increases with the exception of ECG.
Cu-ECG, due to the repulsive effect of the carboxylate sidechain at high pH, demonstrates the most
aggregation at lower pH. The 1680 cm™' aggregation band remains relatively independent of the
protonation states of surrounding solvent molecules. Cu-ECG demonstrates the most sensitivity to pH as
observed in this high frequency aggregation band due to the removal of the charge of the carboxylate

sidechain leading to the highest total aggregation population at low pH (Figure S23C).
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Figure 6: Relative aggregation analysis for Cu?*"-peptide complexes at pH=5.5

To compare the total aggregation population in the all Cu**-peptide complexes, the percentages
(i.e. coefficients) of each contributing aggregation band were obtained from the model of the catalytic
behavior. A resultant linear combination of 66% and 34% of the two aggregation bands were used to
assess the overall trends in total aggregation population at pH = 5.5 (Figure 6C) (other pHs are shown in
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Figures S23C and S24C). This analysis at pH = 5.5 indicates the following ordering of total aggregation
population: Cu-GSHAmide > Cu-ECG > Cu-QCG > Cu-NCG (Figure 6C). However, the Cu?*’-NCG
peptide displayed the highest aggregation potential overall at high pH (Figure S24C), while the Cu?'-
GSHAmide was equally large independent of the pH (Figure S23C and S24C). This trend is similar to
the peptides alone, and overall expected because the gamma linkage and the shorter sidechain would
likely enhance the in-register hydrogen bonding during stacking. The Cu?>*-ECG has the next largest
aggregation population at the lowest pH, which becomes inhibited at higher pHs due to repulsion of the

carboxylate. Lastly, the Cu-QCG tends to be the least prone to aggregation.
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Figure 7: Total aggregation population of the Cu?*-peptide complexes vs total aggregation population
of the peptide alone

Finally, after understanding the above trends of the peptides with sequence and pH, we wanted to
determine if the aggregation of the peptides in solution correlated to the total aggregation population of
the Cu?*-peptide complexes. As seen in Figure 7, a clear trend was observed between the smaller
unordered solution phase aggregates and the larger ordered aggregates found in the Cu?"-peptide
complexes. Figure 7 was produced by applying point for point analysis of each peptide starting at the
highest aggregation population found in solution versus the highest total aggregation population found
in the complex. Then, the next highest aggregation points were added to the plot and so on. This linear

correlation plot indicates that the short peptides can first be assessed for their likelihood to aggregate in
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solution alone to screen the one most advantageous ones for catalytic behavior. For example, later in this
manuscript, we demonstrate how a model accounting for catalyst aggregation is a good predictor of
catalytic current. Ultimately, these relationships between peptide aggregation, Cu**-peptide complex
aggregation, and catalyst activity could allow for a reduction in the number of systems needed for
screening to discover new active catalysts.

Modeling Catalyst Performance

Considering both the Cu?*-binding constants and aggregation of the Cu**-peptide complexes, we
now seek to understand the physicochemical origins of the various electrocatalytic activities of the Cu?'-
peptide catalysts in different pH buffers. To more readily identify possible trends between catalytic
activity, binding constants, and the degrees of complex aggregation, we quantified all of these attributes
on a normalized scale from 0 to 1 across the four Cu complexes with C-terminal amide-capped peptides
and across varying pH. For Cu?"-binding constants and complex aggregation metrics, a value of 0
represents the weakest binding constant and smallest amount of aggregation, while a value of 1
represents the strongest binding constant and largest quantity of aggregation. Similarly, electrocatalytic
ORR metrics were also normalized. A value of 0 represents the lowest selectivity for HoO production
and the lowest current on a per catalyst basis, while a value of 1 represents the highest selectivity for
H>O production and the highest current on a per catalyst basis. We call these sets of normalized values
“scores.”

When considered individually, there is no evident correlation between catalyst selectivity scores
or catalyst current scores and binding constant scores or aggregation scores. For this reason, we
considered linear combinations of binding constant and aggregation scores to model the electrochemical
data. Specifically, we considered all possible linear combinations of binding constant and aggregation
scores with weighting values in increments of 1% for both catalyst selectivity and catalyst current (see

the “Modeling” portion of the “Experimental” section for more details).
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Figure 8: Comparison of catalyst ORR selectivity scores (A) and ORR current scores (B) of the four Cu
complexes with C-terminal amide-capped peptides at various pH values and scores calculated from best-
fit models that account for the strength of Cu?* binding and peptide aggregation.

For catalyst selectivity, the best-fit model is a linear combination consisting of a §9% weighting
for the binding constant scores and a 11% weighting for the aggregation scores. In this model, the
binding constants increase as the selectivities increase, and the degrees of aggregation decrease as the
selectivities increase. For catalyst current, the best-fit model is a linear combination consisting of a 16%
weighting for the binding constant scores and a 84% weighting for the aggregation scores. In this model,
both the binding constants and the degrees of aggregation decrease as the currents increase. These two
models based on binding constant and aggregation fairly accurately predict catalyst selectivity and
catalyst current (Figure 8).

Aside from being predictive of electrocatalytic activity, the results of these two models can be
rationalized from a physical chemistry perspective. First, the selectivity model suggests that well-
defined Cu complexes with stronger Cu?"-binding constants that are relatively non-aggregated possess a
narrower range of reactivity, which results in more selective ORR catalysis (Figure 8A). Second, the
current model suggests that loose binding and less aggregation allows for fast electron transfer, which

enhances catalytic current (Figure 8B). In other words, tightly bound Cu adducts have a lower
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propensity to bind to O, which decreases current. Similarly, more aggregated active sites could both
decrease O> mass transfer and decrease electron transfer, also decreasing current.
Design Rules for Cu’*-peptide ORR Catalysts

These models give rise to important and clear design rules for promising ORR fuel cell catalysts
based on Cu?*-peptide complexes that are both highly selective for the four-electron reduction of O to
water and that can operate at high rates. To design selective catalysts, complexes with relatively strong
Cu?" binding constants and weak peptide aggregation should be targeted. This set of design rules should
also lead to catalysts that display relatively fast ORR kinetics. Even though strong Cu®** binding
constants are predicted to decrease catalytic current density, the weighting factor of the current density
model as it relates to binding is small (16%), and so the advantageous effect of weak peptide
aggregation in promoting catalytic current should outweigh the detrimental effect of tighter binding. In
other words, our results imply that researchers should target Cu®*-peptide complexes with strong binding
constants and weak peptide aggregation to further develop a promising class of non-precious metal ORR

catalysts that simultaneously exhibit high selectivity and fast kinetics.
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Conclusions

A series of novel Cu*" complexes of tripeptides, inspired by glutathione, were investigated as
electrocatalytic ORR catalysts using rotating ring-disk electrochemistry. Using binding constant
measurements and quantitative peptide aggregation measurements obtained from infrared spectroscopy,
we explain trends in both the selectivities and current densities of the Cu**-peptide electrocatalysts. In
particular, our modeling indicates that Cu®’-peptide complexes with relatively strong binding constants
and weak peptide aggregation facilitates fast and selective catalyst formation for the four-electron
reduction of O to water. We anticipate that this fundamental insight into catalyst design should aid in
the development of future highly-active non-precious metal ORR electrocatalysts based on molecular Cu

complexes.
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