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ABSTRACT (100-150 words)

We report two-dimensional model systems to study electrocatalytic activities of dinuclear copper
complexes for various electrocatalytic reactions including the oxygen reduction reaction (ORR),
where we can use electrochemical techniques as well as surface-sensitive techniques such as X-
ray photoelectron spectroscopy and vibrational sum frequency generation spectroscopy.
Heteroaromatic thiols including four triazoles and a thiadiazole are used as metal ligands as well
as anchors to a polycrystalline gold electrode. The thiols are self-assembled on the
polycrystalline gold elecctrode and then react with copper(ll) ions to give monolayers of copper-
based ORR catalysts on the surface. The dinuclear copper complexes of 1,2,4-triazole-3-thiol
and 3-amino-1,2,4-triazole-5-thiol show ORR activity and similar pH-dependent catalytic
behavior to that of counterparts supported on carbon black, suggesting that our two-dimensional
systems can serve as model catalysts for carbon-supported molecular catalysts. We have also
self-assembled dinuclear copper complexes with long alkyl or perfluoroalkyl chains on the

surface and studied their orientation on the surface and oxygen transport.



INTRODUCTION

Polymer electrolyte fuel cells (PEFCs), also called polymer electrolyte membrane (PEM) fuel
cells, efficiently convert hydrogen as a fuel into electricity through a chemical reaction with
oxygen in the air. PEFCs are used for vehicles or home-use electricity generators. In the PEFCs,
the oxygen reduction reaction (ORR) from dioxygen to water occurs at the cathode whereas
hydrogen oxidation occurs at the anode. The ORR is a sluggish reaction and requires large
overpotentials. For example, platinum group metal (PGM) catalysts have been used as ORR
electrocatalysts in the state-of-the-art PEFCs. Although extensive efforts have been paid to
develop PGM-based electrocatalysts,*° these catalysts still require an overpotential of >0.2 V.
Ideally we should develop ORR electrocatalysts with almost no overpotential to minimize the
energy loss at the cathode. Furthermore, since PGMs are scarce and expensive, PGM catalysts
should be replaced with earth-abundant catalysts for wide spread applications of PEFCs.

Although PGM catalysts drive the ORR in PEFCs, in nature metalloenzyes such as multi-
copper oxidases (MCOs) efficiently catalyze the ORR with almost no overpotential.}*** MCOs
have a multi-nuclear copper complex at the reaction center and this core structure inspires us to
synthesize copper-based ORR catalysts.’>?* An intriguing example of copper-based ORR
catalysts is a dinuclear copper(ll) complex of 3,5-diamino-1,2,4-triazole (Cu-Hdatrz).?%% Cu-
Hdatrz supported on carbon black shows high ORR activity in the copper-based electrocatalysts
(Eonset for ORR =0.73 V vs pH 7)?° and its ORR activity increases with increasing pH because
of the faster ORR Kkinetics in basic solutions revealed by in situ X-ray absorption fine structure
(XAFS) spectroscopy.?® This ORR activity is far low, compared with that of PGM-based
catalysts. Further improvement of the catalytic activity of copper-based catalysts is necessary for

use in practical PEFCs.



To develop highly efficient ORR electrocatalysts, screening or mechanistic studies of the
catalysts are required. However, these studies are not easy: we need multi-step preparation
procedures for electrochemical measurements or observation of the ORR occurring at a three-
phase interface. To study electrochemical ORR activity of molecular-based catalysts, the
catalysts are generally immobilized on a carbon support with an ionomer: The conductive carbon
support contacts with the catalyst and mediates electron transfer from the catalyst to the electrode
surface. An ionomer plays important roles in binding carbon-support particles together and in
proton or gas transport. In typical electrochemical experiments of ORR catalysts, many steps are
required: synthesis of a catalyst, immobilization of the catalyst on a carbon support, drop-casting
of the mixture of the catalyst and an ionomer on a glassy carbon disc electrode, and then
electrochemical measurements of the electrode under oxygen. We need experienced preparation
skills at each step to obtain reliable and reproducible electrochemical data. Such technical and
time-intensive multi-steps are unsuitable for quick screenings of newly prepared electrocatalysts.
Furthermore, the ORR catalyzed by the carbon-supported electrocatalyst occurs at the three-
phase interface of the catalyst, the carbon support and the ionomer, making the mechanistic
studies difficult. Thus, simple model systems, for example, two-dimensional systems, will allow
us to simplify the electrode preparation process or to obtain mechanistic insights into the reaction
mechanism or mass transport of oxygen or proton.?2/-2°

Herein we report two-dimensional model systems to easily study the catalytic activity or
oxygen transport of dinuclear copper-based ORR catalysts, which are based on Cu-Hdatrz. We
have self-assembled heteroaromatic thiols (Chart 1) and then formed the copper-based ORR
catalysts onto a polycrystalline gold surface. To characterize the self-assembled monolayers

(SAMs) of the copper complexes, physical techniques are used including linear sweep



voltammetry, X-ray photoelectron spectroscopy (XPS) and vibrational sum frequency generation

(VSFG) spectroscopy.
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Chart 1. Chemical structures of the five-membered heteroaromatic thiols used in this work

EXPERIMENTAL METHODS

Materials. Perfluorotridecanoic acid 1H-1,2,4-triazole-3-thiol (HT), 5-(2-pyridyl)-4H-1,2,4-
triazole-3-thiol (PyT), 4-methyl-4H-1,2,4-triazole-3-thiol (MeT) and N-hydroxysuccinimide
(NHS) were purchased from Aldrich. Tridecanoic acid and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC-HCI) were commercially available from Tokyo Chemical
Industry Co., Ltd. (TCI). The other chemicals including 3-amino-1,2,4-triazole-5-thiol (AMT),
copper(ll) sulfate pentahydrate (CuSO4-5H20) and 5-methyl-1,3,4-thiadiazole-2-thiol (MeTD)
were purchased from Wako Pure Chemical Industries, Ltd. All chemicals were used without
further purification.

Preparation of polycrystalline gold electrode substrates. A glass slide with a size of 1x2.6
cm was used as a substrate. The glass slide was heated at 210 °C, and then titanium was
evaporated and deposited onto the glass slide at 0.1 nm s™ under vacuum to obtain a titanium
film with a thickness of >10 nm. The titanium film serves as an adhesion layer between gold and
glass. A gold thin film with a thickness of ~150 nm was deposited onto the Ti-coated glass slides

at 0.1 nm s! at room temperature under vacuum. Roughness factors of gold substrates were



determined from the charge required for the electrochemical reduction of the surface oxide in 0.1
M H2SO4. The roughness factors ranged from 1.1 to 1.6 depending on preparation lots. All
surface or current densities were corrected based on the surface area considering the determined
roughness factor. The corrected surface or current densities are shown in the main text.

Self-assembly of heteroaromatic thiols on the gold electrodes. We chose five
heteroaromatic thiol compounds, AMT, HT, PyT, MeT and MeTD (Chart 1). Before the
formation of these SAMs, gold electrode substrates were annealed over propane-oxygen flame
and cooled in a nitrogen stream. The gold substrates were immersed in 3 mL of ethanol solution
containing one of the thiol ligands (10 uM) and kept at 298 K under Ar for 0.5 h, 1 h,5h, 12 h
or 24 h. The gold electrodes functionalized with the SAM were rinsed with ethanol and dried in a
nitrogen stream. The prepared electrodes were immediately used for electrochemical
measurements, functionalization with carboxylic acids, or complexation with Cu'' ions.

Complexation of copper(ll) with the thiol SAMs on the gold electrodes. The thiol-
functionalized gold electrodes were rinsed with Mili-Q water and dried in a nitrogen stream
before complex formation with Cu' ions. One of the thiol-gold electrodes was immersed in a 1
mM aqueous CuSO4 solution (3 mL) and kept at 298 K under Ar for 24 h. The electrode was
rinsed with Mili-Q, dried in a nitrogen stream and then used for further experiments.

Covalent bonding formation of perfluorotridecanoic acid or tridecanoic acid with the
SAM of AMT on the gold substrate. Perfluorotridecanoic acid (0.0027 g, 0.0041 mmol),
EDC-HCI (0.038 g, 0.20 mmol) and NHS (0.010 g, 0.087 mmol) were dissolved in 2 mL of an
acetate buffered solution (pH 5.5) and the solution was sonicated for 1 h. In the case of

tridecanoic acid, 2 mL of an acetate buffered solution (pH 5.5) containing 3wt% ethanol was



used. The solution was drop-cast onto the AMT-self-assembled gold substrate and kept at room
temperature for 1 h. The substrate was rinsed with water, and dried in a nitrogen stream.

Electrochemistry. A typical three-electrode electrochemical system and a HZ-5000
Potentiostat (Hokuto Denko) were used for all electrochemical measurements. An Ag|AgCI
reference electrode (saturated KCI) was used as a reference electrode. All potentials shown in
this paper are converted to the reversible hydrogen electrode (RHE) using the following equation,
ErHE = Eagiagel + 0.199 + pHx0.059. A platinum plate covered with a platinum black film was
used as a counter electrode. Britton-Robinson buffered electrolyte solutions at pH 4, 7 and 10
were purged with oxygen (purity, >99.5%) for >30 min before ORR measurements or purged
with Ar (purity, >99.9995%) for >30 min before the other electrochemical measurements. In a
0.5 M KOH aqueous solution, the thiol SAMs were reductively desorbed from the gold electrode
electrodes and the charges required for the reductive desorption allowed us to determine the
amount of the thiol on the gold.

X-ray photoelectron spectroscopy (XPS). X-ray photoelectron spectra of the Cu-SAM
electrodes were recorded on a JEOL JPS-9200 photoelectron spectrometer, where the take-off
angle was set to 90°. The peak of Au 4fz, was used as the internal reference to calibrate the
binding energies of the elements.

Contact angle measurements. The 6/2 method was used to measure water contact angles.
Milli-Q water (50 pL) was drop-cast on a substrate. Photographs of the side at the interface
between the droplet and the substrate surface were taken by using a Nikon Digital Camera
D3100. A water contact angle @ is determined from the apex of the water droplet and the contact

point at the edge of the water droplet and the substrate (Figure S1).



Vibrational sum frequency generation (VSFG) spectroscopy. The VSFG spectra were

recorded in the C—F stretching region (1250-1410 cm™) by a broadband femtosecond VSFG

spectrometer consisting of a femtosecond Ti:sapphire oscillator/regenerative amplifier laser
system (Integra-c, Quantronix), 100 fs, 2.35 mJ, 804 nm, 1 kHz. About 60% of the laser output
was used to pump an optical parametric amplifier (OPA/OPG) system (TOPAS-c, Light
Conversion, Inc.) to generate a broadband tunable IR beam with a bandwidth of ca. 200 cm™
through an AgGasS: crystal for differential frequency generation (DFG). The remaining 40% of
the broadband visible output at 804 nm was converted to a picosecond pulse tunable from the
UV to near-IR region (220-1000 nm) by another OPA/OPG system (TOPAS-white-NB, Light
Conversion, Inc.). Typically, visible wavelength of 600 nm was selected for narrow-band visible
beam in the present study. The visible and infrared beams overlapped in a copropagating
geometry on the substrate with incident angles of 65° and 50°, respectively. The SFG signal was
dispersed through a monochromator (MS3501i, Solar-TIl) and collected by a charge-coupled
device (CCD) camera (DU420A-BU2, Andor Technology) equipped with a Peltier cooler. The
VSFG spectra were recorded in ppp (in the order of SFG, Vis, IR) polarization combination and
were accumulated for 3 min. The intensities of the SFG spectra were normalized by VSFG
spectra obtained at a clean gold substrate with an acquisition time of 1 min. To cover the
frequency region mentioned above, broadband VSFG spectra collected at the 4 or 5 different
center wavelengths of IR were required and the properly normalized spectra can be connected
without any further corrections.
RESULTS AND DISCUSSION

We have prepared SAMs of the heteroaromatic thiols, AMT, HT, PyT, MeT and MeTD

(Chart 1) and coordinated copper(ll) ions to them on the polycrystalline gold substrates to



obtain two-dimensional ORR model systems. We chose these five heteroaromatic ligands
considering Hdatrz, which is used as a ligand in the Cu-Hdatrz catalyst.?° Hdatrz has a 1,2,4-
triazole ring and two amino groups at the 3- and 5-positions. AMT has a similar structure to
Hdatrz but the thiol group, which is required to form a SAM of AMT on Au. HT, PyT and MeT
have also one 1,2,4-triazole ring and one thiol group but with a different functional group: —H for
HT, —2-pyridyl for PyT and —Me for MeT. MeTD has one 1,3,4-thiadiazole ring, not a triazole
ring.

The SAMs of the hteteroaromatic thiols were easily obtained on the polycrystalline gold
substrate: the polycrystalline gold substrate was immersed in an ethanol solution containing each
ligand (10 uM) and kept at 298 K under Ar for 24 h. XPS spectra of the thiol-functionalized
substrates showed peaks in the N1s and S1s region, indicating the formation of the thiol SAMs
on Au, whereas no peak was observed for the bare Au substrate (Figure S2). Electrochemical
measurements on the reductive desorption of the thiol SAMs from Au revealed that an
immersion time of at least 24 h was required to obtain the stabilized SAMs (Figure S3). Figure
1 shows linear-sweep voltammograms on the reductive desorption of the monolayers formed
after 24 h of immersion. Each voltammogram has at least two reduction peaks. Similar linear-
sweep voltammograms were reported on reductive desorption of heteroaromatic thiols such as 5-

amino-1,3,4-thiadiazole-2-thiol %
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Figure 1. Reductive desorption voltammograms of (a) AMT, (b) HT, (c) PyT, (d) MeT and (e)
MeTD from Au, recorded at a sweep rate of 0.1 V st in 0.5 M KOH aqueous solution. The
electrodes were immersed and kept in the ethanol solution containing each thiol ligand for 24 h.

The arrows indicate the scanning direction.

The integration of the reduction waves in Figure 1 gave surface coverage of the thiols:
(6.3+0.1)x1071% mol cm™ for AMT; (6.2+0.1)x10° mol cm™ for HT; (5.4+0.1)x107*° mol cm™
for PyT; (5.8+0.1)x10° mol cm™ for MeT and (6.3+0.1)x101° mol cm™? for MeTD. These
surface coverages are slightly lower than those of the reported monolayers of MeT (7.5x100
mol ¢m?),* indicating that the heteroaromatic thiols formed submonolayers on the
polycrystalline gold substrate, where the heteroaromatic thiol may interact with the gold surface
not only thorough the sulfur atom but also through nitrogen atoms of the five-membered ring.

The gold substrates modified with the heteroaromatic thiols were immersed in agueous
solution containing CuSO4 (1 mM) and kept at room temperature for 24 hours under Ar to obtain

copper(I1) complexes of the heteroaromatic thiols on the gold surface. Cyclic voltammograms of
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the resulting electrodes allowed us to confirm the formation of copper complexes for AMT, HT
and PyT, but not for MeT and MeTD. Figure 2 shows representative cyclic voltammograms of
Cu-AMT, Cu-HT and Cu-PyT recorded in a degassed Britton-Robinson buffered solution at pH
7. The voltammograms showed an oxidation peak at ca. +0.85 V vs RHE and a reduction peak at
ca. +0.75 V vs RHE, assigned to Cu'" redox couples, whereas such redox couples were not
observed in the case of MeT or MeTD (Figure S4). Cu-AMT showed an oxidative current at
higher potentials (> +1 V vs RHE) as well, which is due to polymerization of AMT on the
electrode.®! Plots of current density at the reduction peak against sweep rate gave linear
relationships for Cu-AMT, Cu-HT and Cu-PyT (Figure 2, inset), suggesting that these copper
complexes were immobilized on the gold surface. We also recorded reduction desorption
voltammograms of Cu-AMT, Cu-HT and Cu-PyT and observed negative shifts of the reduction
peaks attributed to reductive desorption, indicating copper complex formation (Figure S5).
Interestingly, MeT or MeTD showed no complexation with copper(ll) ions on the surface. It
seems that the nitrogen at the 4-position plays an important role in the complexation on the
surface. AMT, HT or PyT has the 1,2,4-triazole ring with the unfunctionalized nitrogen at the 4-
position, whereas the 4-position nitrogen of MeT is functionalized with the methyl group and
MeTD has no triazone ring. Such structural difference might cause changes in the surface

orientation for MeT and MeTD, resulting in no complexation with copper(ll) ions.
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Figure 2. Sweep-rate-dependent cyclic voltammograms of the gold electrodes functionalized
with the SAMs of (a) Cu-AMT, (b) Cu-HT and (c) Cu-PyT. The cyclic voltammograms were
recorded in a Britton-Robinson buffered solution at pH 7 under Ar. The insets show plots of

current density against sweeping rate.

The surface coverages of copper complexes were determined from the charges passed upon the
redox of the complexes (Figure 2) to be 3.1x10° mol cm™ for Cu-AMT, 3.5x10%° mol cm™ for
Cu-HT and 1.2x10° mol cm? for Cu-PyT. Considering the surface coverages of the
submonolayers of the heteroaromatic thiols on Au electrodes (see above), we determined copper-
to-ligand ratios to be approximately 1:2 for Cu-AMT and Cu-HT but to be 1:5 for Cu-PyT. The
surface density of copper ions for Cu-PyT is much less than those for Cu-AMT and Cu-HT. The
additional nitrogen-donating atom and/or the steric hindrance of the 2-pyridyl group might
prevent PyT from the copper complex formation on the gold surface.

XPS analysis in the Cu 2p3/2 region also supports the formation of copper complexes of AMT,
HT and PyT on Au. The XPS spectra of the Cu complexes of AMT, HT and PyT on the gold
surface were deconvoluted into two peaks: 932.78 eV and 935.46 eV for Cu-AMT; 932.84 and
935.42 eV for Cu-HT; 932.78 eV and 935.46 eV for Cu-PyT (Figure 3). In contrast, one peak
was observed at 932.77 eV for Cu-MeT or at 932.78 eV for Cu-MeTD (Figure S6). For a control
experiment, a bare gold substrate was immerse into the aqueous solution containing copper(Il)
ion, rinsed with Milli-Q water, dried in a N2 stream , followed by XPS measurements. This gold
substrate also exhibited a peak at 932.84 eV in the Cu 2p3z2 XPS spectrum. Thus, the peaks

observed around 932.8 eV might be attributed to cuprous oxide (Cu20) or metal copper.32-34
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Figure 3. XPS spectra of the Cu 2ps2 region of (a) Cu-AMT, (b) Cu-HT and (c) Cu-PyT on gold.

The ORR activity of the copper complexes on Au electrodes was investigated at pH 7 under
oxygen. Linear-sweep voltammograms show that Cu-AMT and Cu-HT have similar onset
potentials for the ORR, +0.74 V vs RHE for Cu-AMT and +0.72 V vs RHE for Cu-HT (Figure
4), indicating that Cu-AMT and CuHT have similar ORR activity. Cu-PyT shows a lower onset
potential of +0.65 V vs RHE, compared with Cu-AMT and Cu-HT. Thus, the difference in the
functional group of -NH> in AMT and —H in HT is not sensitive to the ORR activity, but the 2-
pyridyl group suppresses the ORR activity. Note that similar effects of functional groups on
onset potentials were previously reported: +0.73 V vs. RHE for the carbon-supported Cu-Hdatrz,
which is the counterpart of Cu-AMT/Au, and +0.70 V vs. RHE for a carbon-supported Cu-Htrz
(Htrz = 1,2,4-triazole), which is the counterpart of Cu-HT/Au.® These results imply that our
two-dimensional systems work as model systems of the copper-based ORR catalysts supported

on carbon black.

0.3 04 05 06 0.7 08
E/V vs. RHE

Figure 4. LSVs of (a) AMT/Au (the dotted line in red), (b) Cu-AMT/Au (the solid line in red),

(c) HT/Au (the dotted line in green), (d) Cu-HT/Au (the solid line in green), (e) PyT/Au (the
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dotted line in blue) and (f) Cu-PyT/Au (the solid line in blue). All LSVs were recorded in a 40
mM Britton-Robbinson buffered aqueous solution containing 0.1 M NaClOs (pH 7) at a

scanning rate of 20 mV s* under oxygen. The arrows indicate the scanning direction.

Interestingly, the observed onset potentials of Cu-AMT/Au and Cu-HT/Au seem slightly
greater than their corresponding carbon supported catalysts of Cu-Hdatrz and Cu-Htrz. In our
two-dimensional model system, the triazole ring possesses a thiol group that is directly
connected to the triazole ring, and the redox center of the copper complex may be placed close to
the electrode surface. Such a zero-chain thiol may facilitate the interfacial electron transfer from
the electrode surface to the redox center and eliminate the interfacial electron transfer as the rate-
limiting step for ORR.2"%

We recorded linear sweep voltammograms of Cu-AMT and Cu-HT in the pH range from pH 4
to pH 13 under oxygen (Figure 5). Onset potentials for the ORR increased with increasing pH
with slopes of (+0.036 V vs RHE)/pH for Cu-AMT and (+0.035 V vs RHE)/pH for Cu-HT,
which are equivalent to (-0.024 V vs Ag|AgCl)/pH for Cu-AMT and (-0.025 V vs Ag|AgCl)/pH
for Cu-HT. These values are approximately half the value of -0.059 V/pH predicted by the
Nernst equation for a reaction involving the transfer of one proton and two electrons, implying
that the rate-determining step involves the transfer of one proton and two electrons. Similar pH-
dependence was reported on the carbon-supported Cu-Hdatrz,2%? suggesting that the rete-
determining step of the carbon-supported Cu-Hdatrz is the same as those of Cu-AMT/Au and
Cu-HT/Au. Thus, it is most likely that Cu-AMT/Au and Cu-HT/Au have a dinuclear copper core

similar to the core of Cu-Hdatrz.
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Figure 5. Linear-sweep voltammograms of (A) Cu-AMT/Au and (B) Cu-HT/Au in electrolytes

of varying pH under oxygen. All linear-sweep voltammograms were negatively scanned at a
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scanning rate of 20 mV s™. Plots of the onset potentials of ORR against pH (C) for Cu-AMT/Au

and (D) Cu-HT/Awu.

To gain insights into the orientation of the copper complexes on the surface, we have
performed VSFG spectroscopy of AMT/Au and Cu-AMT/Au. VSFG spectroscopy is a powerful
technique to understand orientations of molecules or polymers immobilized on surfaces.*® We
recorded VSFG spectra in the range from 1250 cm™ to 1400 cm™, probably including C=C and
N-C stretching bands in triazoles, and obtained only a broad peak at around 1300 cm™ for
AMT/Au or Cu-AMT/Au (Figure 6a), which can be assigned to the asymmetric N-C stretching
band of triazole ring. Some peaks on the triazole ring should be observed when the triazole ring
is oriented vertically to the surface. Thus, the core structure consisting of two copper(ll) ions and
two triazoles as bridging ligands should be immobilized out of the vertical to the surface. Similar
results were reported on SAMs of AMT on Ag or Au.®” Further VSFG measurements in the
lower frequency region including N-N stretching band are required to confirm the orientation of

the 1,2,4-triazole ring.
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Figure 6. VSFG spectra of (a) AMT/Au, (b) CFAMT/Au, (c) Cu-CFAMT/Au and (d) 1H, 1H,

2H, 2H-Perfluorodecanethiol/Au.

Analysis on the surface coverage, pH-dependence of ORR and VSFG spectra allows us to
confirm the formation of the Cu-AMT and Cu-HT sub-monolayers on the gold surface (Scheme
1). These copper complexes have a dinuclear copper core linked with two triazoles working as
bridging ligands, where the copper-to-ligand-ratio is 1:1. As mentioned above, the copper-to-
ligand ratio determined from the surface coverage is 1:2. Therefore, ca. 50% of the triazole

molecules immobilized on the surface are used for the complexation with copper(ll) ions.
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Scheme 1. Schematic representation of self-assembly of copper-based ORR catalysts on the

polycrystalline gold surfaces.
To understand environmental influences of Cu-AMT on the ORR activity, we covalently
functionalize Cu-AMT/Au with long perfluoroalkyl or alkyl chains. In practical PEFCs,
ionomers are used as proton/oxygen transporter from the bulk solution to the reaction center of
the electrocatalyst for ORR. Nafion, which is an ionomer widely used, has a perfluoroalkyl main
chain with side chains of perfluorosulfonic acid. The functionalization of Cu-AMT with a
perfuluoroalkyl chain will allow us to unveil the role of Nafion on ORR catalytic activity
through our two-dimensional model systems.
We have covalently grafted a perfluorotridecanyl chain at the amino group of AMT/Au to
obtain a SAM of AMT-perfluorotridecanoamide on Au (CFAMT/Au) and then reacted the SAM

with copper(ll) ions, resulting in the formation of a copper complex of CFAMT on Au (Cu-
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CFAMT/Au, Scheme 1). We have also prepared a copper complex of AMT-tridecanoamide on
the gold substrate (Cu-CHAMT/Au) in the same synthetic procedure. The long-chain
functionalized AMT and Cu-AMT SAMs were characterized using XPS, wettability and VSFG
spectroscopy measurements.

XPS and wettability measurements revealed the formation of the CFAMT SAM on the gold
substrate. A peak was observed in the F 1s region of XPS spectra for CFAMT/Au or Cu-CFAMT,
whereas no peak was observed for a bare Au substrate or AMT/Au (Figure S7). The
perfluorotridecanyl chain forms covalent bonding with AMT on the gold substrate. The
wettability measurements enable us to determine a contact angle (6) of 29+1° for CFAMT/Au
and that of 8.3+0.7° for AMT/Au (Figure S8), indicating that the surface of CFAMT/Au is
clearly hydrophobic, compared with the unfunctionalized AMT/Au. This result also supports the
formation of CFAMT/Au.

VSFG spectroscopy of CFAMT/Au provided the evidence on the vertical orientation of
CFAMT SAMs to the gold surface. A VSFG spectrum of CFAMT/Au shows peaks at 1350 cm™
and 1370 cm™, which can be assigned to the symmetric C-F3 stretching vibration of the terminal
CF3 group® (Figure 6). For comparison, a VSFG spectrum of a SAM of 1H,1H,2H,2H-
perfluorodecanethiol on Au, which is known to form a densely packed SAM on Au,**° was
recorded and also showed peaks at the same positions (Figure 6), suggesting that CFAMT/Au is
vertically oriented to the surface.

We also recorded a VSFG spectrum of Cu-CFAMT/Au. It is clear that the peak intensity of
CFAMT/Au is greater than that of Cu-CFAMT/Au (Figure 6), indicating that the copper
complex formation of CFAMT may cause conformational changes. The VSFG peak intensity

correlates with the orientation of an immobilized compound on the surface. The VSFG peak
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intensity of the terminal —CF3 maximizes when the back-born of the SAM molecule has an angle
of 90° with the surface; the CF3 symmetric vibrational peak intensity decreases with decreasing
the angle of the perfluoroalkyl chain with the surface. Thus, the copper complex formation
decreases the angle of perfluoroalkyl chain of CFAMT/Au with the surface.

To investigate the influence of the perfluoro-group on the ORR activity, we recorded linear
sweep voltammograms of Cu-CFAMT and Cu-CHAMT in the pH range between pH 4 and pH
13 (Figure 7). The pH dependence of Cu-CFAMT and Cu-CHAMT on ORR activity gave linear
relationships (Figures 7b and 7c), which are quite similar to those of Cu-AMT and Cu-HT
(Figure 5). These results indicate that the reaction mechanism of the catalytic core of the copper

site for ORR is the same for Cu-AMT/Au, Cu-CFAMT/Au and Cu-CHAMT/Au.
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Figure 7. (a) Linear sweep voltammograms of Cu-CF-AMT/Au (solid traces) and Cu-CH-
AMT/Au (dotted traces) and pH-dependence of onset potentials for ORR determined for (b) Cu-

CF-AMT/Au and (c) Cu-CH-AMT/Au.

Interestingly, Cu-CFAMT shows higher current densities than Cu-CHAMT does. Cu-CFAMT
might have higher oxygen mass-transfer (diffusion) property than Cu-CHAMT because oxygen
permeability in fluorinated compounds is higher than that in alkyl compounds.*! This result may
imply that fluorocarbon environments around ORR catalytic cores can improve the oxygen
transport. Such improvement on oxygen transport may be also observed in practical ORR

systems containing perfluoroalkyl polymers such as Nafion.

CONCLUSIONS

We have developed the two-dimensional model systems to understand the electrocatalytic
activity of the dinuclear copper ORR catalysts in detail. The heteroaromatic thiols used form the
SAMs on Au, and the three thiols of them, AMT, HT and PyT, form copper complexes on the
surface. The Cu-AMT/Au and Cu-HT/Au show greater ORR activity than the Cu-PyT/Au does
in terms of the onset potential, suggesting that functional groups play key roles in the formation
of the catalytically active dinuclear copper cores and modulation of the catalytic ORR activity.
Furthermore, the pH-dependence on the ORR catalytic activity of Cu-AMT/Au and Cu-HT/Au is
the same as that of carbon-supported counterparts. Thus, our two-dimensional systems can be

used as model systems to carbon-supported dinuclear copper complexes for ORR.
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One of the great advantages on our two-dimensional model systems is that electrochemical and
surface-sensitive physical techniques can be applied to them. In practical ORR systems including
carbon-supported ORR catalysts co-immobilized with an ionomer, it is difficult to understand,
for example, the orientation of the catalysts on the carbon-support or mass transport
systematically. We have compared the self-assembled Cu-AMT/Au, Cu-CFAMT/Au and Cu-
CHAMT/Au from the viewpoints of catalytic activity, orientation on the surface and oxygen
transport. Although these catalysts showed similar pH-dependent behavior on ORR, Cu-
CFAMT/Au showed higher current densities than Cu-CHAMT/Au did, indicating that functional
groups give no effect on the reaction mechanism as long as the dinuclear core structure is the
same, but give some effects on oxygen transport.

Our findings in this work suggest that the functional groups of the 1,2,4-triazole ligands
affect the dinuclear complex formation, the orientation of the catalysts and oxygen permeability,
but give a marginal effect on the ORR catalytic activity. In other words, to drastically improve
the catalytic activity of copper complexes of triazole ligands, new catalysts with a different
catalytic core should be designed and synthesized, for example, trinuclear copper complexes,
which are inspired by the catalytic reaction center of laccases, or multinuclear transition metal
complexes such as iron and cobalt with triazoles.

In this work we have studied molecular-based electrocatalysts for ORR though our two-
dimensional systems. In principle, our system can be applied to other electrocatalysts that drive
other electrocatalytic reactions, for example, proton reduction. Further work is currently

underway to find highly active electrocatalysts using our two-dimensional systems.
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