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Abstract: The water-soluble polypyridine copper complex
[Cu(F5TPA)(CIO,),] [1; FSTPA =tris(2-fluoro-6-pyridylmethyl)-
amine] catalyzes water oxidation in a pH 8.5 borate buffer
at a relatively low overpotential of 610 mV. Assisted by
photosensitizer and an electron acceptor, 1 also exhibits
activity as a homogeneous catalyst for photo-induced O,
evolution with a maximum turnover frequency (TOF) of
(1.5840.03)x 107" s™" and a maximum turnover number
(TON) of 11.61+0.23. In comparison, the reference [Cu(T-
PA)(CIO,),]  [TPA =tris(2-pyridylmethyl)lamine] displayed
almost no activity under either set of conditions, implying
the crucial role of the ligand in determining the behavior
of the catalyst. Experimental evidence indicate the molec-
ular catalytic nature of 1, leading to a potentially practical
strategy to apply the copper complex in a photoelectro-
chemical device for water oxidation.

- /

Water oxidation has become one of the most attractive targets
for the conversion of solar energy or electricity into chemical
fuels." In comparison with heterogeneous systems, molecular
catalysts are advantageous, since their redox and kinetic prop-
erties are, in principle, easily tunable by molecular design. No-
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tably, with a wide choice of redox-active metal centers and set
of ligands, earth-abundant cobalt, nickel, and iron complexes
are interesting candidates, the oxygen evolving activity of
which has prompted an opportunity to broaden the range of
available catalysts through fundamental coordination chemis-
try.? Inspired by the extensive biological and biomimetic activ-
ities of copper enzymes and complexes in nature,” fundamen-
tal progress has been made in the development of copper-
based models, some of which undergo facile and reversible
0-0 bond formation and cleavage.”” These efforts have led to
an increasing focus on the application of copper complexes in
water oxidation. To date, only a few copper species have been
reported as molecular catalysts to enable electrocatalytic water
oxidation,” therefore practical strategies are required for
a better design of robust, efficient and stable copper catalysts.

Artificial photosynthesis by catalytic oxidation of water is
among the most-investigated technologies for solar-to-chemi-
cal energy conversion.”®” Molecular catalysts increase the prac-
ticality of this process, because they facilitate the integration
of chromophores or chromophore antennae. Moreover, their
derivatives can be further functionalized assembly into photo-
electrochemical devices. Owing to their relatively high stability
and low light absorption, functionalization of copper com-
plexes by well-defined coordination chemistry is a very appeal-
ing and promising strategy to develop catalysts for photo-in-
duced water oxidation. Herein, we report a water-soluble
copper polypyridine complex 1 (Figure 1), which functions as
a molecular catalyst for water oxidation under both visible-
light irradiation and electrochemical conditions. To our knowl-
edge, it is the first such photochemical investigation of
a copper catalyst for O, evolution and this result may allow
a derivative to be incorporated into molecular assemblies for
photoelectrochemical water oxidation.

The mononuclear copper polypyridine compound 1 was ob-
tained as a light blue powder through direct coordination of
a a-fluorinated tris(2-pyridylmethyl)amine®™ (F,TPA) with
Cu(ClO,),6 H,0 in acetonitrile. Complex 1 exhibits good solu-
bility in both acetonitrile and water. The UV/Vis absorption
spectrum in basic borate buffer (0.1 m, pH 9) displays a band at
A=260 nm and a shoulder at 12340 nm. Both absorption in-
tensities are linearly dependent on the catalyst concentration
(see the Supporting Information, Figure S1). The UV/Vis spectra
of 1 in basic borate buffer when measured after 0, 4, 6, 8, and
18 h (see the Supporting Information, Figure S2) display identi-
cal absorptions for each measurement, supporting the notion
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that the monomeric structure of 1 is stable under these condi-
tion. Complex 1 displays absorptions almost above A =400 nm,
implying that 1 does not compete for visible-light absorption
in the system containing chromophore. Vapor diffusion of Et,0
into an acetonitrile solution of 1 yielded light blue crystals suit-
able for X-ray diffraction (Figure 1). The Cu center is coordinat-

Figure 1. The crystal structure of 1 with thermal ellipsoids set at 50 % proba-
bility level. Solvent molecules and hydrogen atoms are omitted for clarity.

ed by a F;TPA ligand through four N atoms, an acetonitrile sol-
vent molecule, and a CIO,™ ion, to give a distorted tetragonal
bipyramidal coordination geometry. The tertiary amine N atom
and the acetonitrile N atom are located at the axial positions,
whereas the three pyridine N atoms and the perchlorate O
atom are in the equatorial plane.

In the presence of photosensitizer [Ru(bpy);](ClO,), and elec-
tron acceptor Na,S,0, with excitation at A=4704+10 nm,
photo-induced water oxidation of compound 1 was monitored
by a Clark electrode. A pH 8.5 borate buffer was found to be
optimal for the process (see the Supporting Information
Table S1). A lower pH rendered photocatalysis much less effi-
cient, whereas a higher pH gave rise to increased initial
oxygen evolution rates and overall higher TONs but faster de-
activation, demonstrating the decomposition of 1. The concen-
tration of buffer solution also influenced the activity, implying
that O, formation preceded proton transfer with the basic
buffer serving as the proton acceptor (Table S1).°¢ Figure 2
shows photo-induced O, evolution versus time at various con-
centrations of 1 under the optimized conditions, where the
arrow indicates the start of the irradiation. Due to accumula-
tion of a steady-state concentration of the photogenerated in-
termediates, an initial lag time (ca. 9 s) was observed in the ki-
netic traces. The total amount of oxygen and the maximum
turnover rate depended on the catalyst concentration. In the
absence of 1, a combination of [Ru(bpy);1(ClIO,), and Na,S,04
produced only a small amount of O,; it is thus clear that 1 is
required for efficient water oxidation. To make clear the contri-
butions of the Cu catalyst to O, evolution, the TON and TOF
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Figure 2. Light-induced water oxidation in a 1 mL reaction containing

1 (0 pum, 15 um, 30 pm, 45 pm, 60 um and 90 um), [Ru(bpy);](CIO,), (0.4 mm),
and Na,S,0; (5 mm) in borate buffer (75 mwm, pH 8.5). The temperature of
the Clark cell was kept constant at 20°C, and the system was irradiated by
using LEDs [A=(470+10) nm, 820 pEcm’zs”]. Inset: plot of oxygen genera-
tion initial velocities (v) vs. [1]. The rate v, is calculated in the linear part
during the first 30 s of illumination and corrected for v when [1]=0.

Table 1. TON and TOF (corrected for background oxygen solution activi-
ty) for the concentrations of 1 (without catalyst, [0,]=82=£2 pm).
Concentration of [0,] generated by ~ TOF [s7'] TON
1 [um] 1 [um]

0 - - -
15 1377 (8.01+0.80)x 102 9.06+0.51
30 348+7 (1.5840.03)x 10" 11.6140.23
45 397+9 (1.2740.00)x 10" 8.9440.09
60 489+6 (1.18+£0.02)x10™" 8.15+0.11
90 515+2 (8.3440.11)x102 5.7240.02

were calculated after correction for background in the absence
of 1 (Table 1). Typically, the best condition, with TOF of (1.58 +
0.03)x107"s™" and TON of 11.61+0.23, was given by 1 at
30 uM. The initial velocities (v) of O, generation under the
chosen conditions were then plotted versus [1] (Figure 2,
inset), giving a linear fit with a rate constant k=(6.42+0.30) x
10725~ " at 20°C. The first-order behavior with regard to [1] in-
dicates a possible pathway for the O—O bond formation involv-
ing a highly oxidized Cu intermediate, which undergoes a rate-
determining nucleophilic attack by a water molecular.?"” To
test the influence of the fluoro substituents in the ligand, the
reference complex [Cu(TPA)(CIO,),] [2; TPA=tris(2-pyridylme-
thyllamine] was synthesized. However, complex 2 proved
almost inactive under the same conditions (see the Supporting
Information, Figure S3).

To test whether the catalytic system was truly homogeneous
in nature, the molecular integrity of 1 during photocatalysis
was scrutinized by dynamic light scattering (DLS) experi-
ments.?*'% |n a sample that had been illuminated for approxi-
mately 150 seconds, there was no evidence of any light scat-
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tering that would have arisen from particle formation, suggest-
ing that the system remained homogeneous during the illumi-
nation (see the Supporting Information, Figure S4). This point
was further supported by Tyndall scattering analysis of the
system containing 1 after photolysis (see the Supporting Infor-
mation, Figure S5). Moreover, the solution was still transparent
even after 2 days. In contrast, under the same conditions, al-
though Cu(ClO,), also displayed activity, a white, cloudy precip-
itate was deposited from the solution, implying heterogeneity.
Quite a similar occurrence was observed with Co(ClO,), as an
alternative catalyst, consistent with the analysis obtained from
DLS." A further difference of 1 from Cu(ClO,), is related to an
attempted recycling experiment where fresh [Ru(bpy);]*" and
Na,S,0; were added to the illumination experiment when
oxygen evolution had ceased (after ca. 1505s). For Cu(ClO,),,
due to the formation of copper oxide in the first run, the activ-
ity could be reinitiated with fresh [Ru(bpy);](ClIO,), and
Na,S,0,. However, only near-background activity was found in
the case of 1, indicating that intactness of 1 is required for O,
evolution (see the Supporting Information, Figure $6)."” To-
gether with differences in particle formation and deactivation
behavior in the comparison of 1 with Cu(ClO,),, these observa-
tions imply that 1 performs as a real catalyst for water oxida-
tion. Interestingly, no CO, was detected in the system contain-
ing 1 after photolysis, and the decomposition products of
1 could be precipitated by adding concentrated NaOH to in-
crease the pH to 11. These products were then analyzed by
using ESI-MS (see the Supporting Information, Figure S7). A
peak was detected at m/z=263, possibly attributable to the
product with one pyridyl in F;TPA detached from the copper
center. It is assumed that axial open sites such as this facilitate
metal oxidation and proton transfer during catalysis. Further
signals appear at m/z=425 and 223, corresponding to
[Cu(FsTPA)(OH)1". Remarkably, the products remain bound to
the Cu center, consistent with the lack of particle formation
observed in this system.

Photo-induced water oxidation is based on electron transfer
between all components. Therefore, steady-state emission
spectroscopy was employed to acquire more insights into this
process. On increasing the concentration of Na,S,0, the
steady-state emission of excited [Ru(bpy);l(CIO,), in borate
buffer solution was quenched with rate constant k,=9.8x
10°m~"'s™" (see the Supporting Information, Figure S8). Mean-
while, during irradiation of [Ru(bpy);](CIO,), with the electron
acceptor Na,S,0g the absorption spectra show a decrease in
the Ru" MLCT band together with an increased absorption be-
tween 550 nm and 700 nm centered at 657 nm, reflecting the
build-up of Ru" species by electron transfer from excited
[Ru(bpy);]*" to S,05> (see the Supporting Information, Fig-
ure $9).2 9" Similarly, on addition of 1, the steady-state emis-
sion of excited [Ru(bpy);](CIO,), was quenched, with an in-
crease in the concentration of Cu (see the Supporting Informa-
tion, Figure S$10). A smaller rate constant of k,=9.2x10°m 's™"
was calculated from a Stern-Volmer plot (Figure S8). Therefore,
we conclude that photocatalytic reaction is triggered by oxida-
tive quenching of [Ru(bpy);]*" on addition of Na,S,0,. The re-
sultant Ru" species then oxidize the Cu" complex to higher oxi-
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dation-state intermediates for subsequent water oxidation.
This process is further supported by the observation of water
oxidation in a mixture of 1 and [Ru(bpy);](CIO,);. As shown in
Figure 3, in comparison to the background without 1, the Cu
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Figure 3. Water oxidation in a 1 mL reaction without or with 1 (15 um) in
the presence of [Ru(bpy);]1(ClO,); (0.4 mm) in borate buffer (75 mm, pH 8.5).
The temperature of the Clark cell was kept constant at 20°C.

catalyst brought about an O, concentration of 92 +£4 um. Inter-
estingly, a shorter lag time (<2s) and a faster O, evolution
compared with the photolysis experiment occurred with an ini-
tial TOF of (3.7440.15)x 10" s~ and a TON of 6.12+0.25 with
addition of 15 pum 1, indicating that direct oxidation of 1 by
[Ru(bpy);]1(ClIO,); led to an accelerated electron transfer (the
TON and TOF were calculated after correction for background).
Notably, this efficiency is also higher than that reported for
[(bpy)CuCl,] or [(bpy)Cu(OH),] with [Ru(bpy);’™ as the
oxidant.P*'¥

For a photoelectrochemical device, it is necessary to evalu-
ate the electrocatalytic water oxidation activity of the catalyst.
The electrochemical properties of 1 were therefore investigat-
ed and its capability for O, production was determined by con-
trolled potential electrolysis (CPE) as follows. Using 1 cm? ITO
(indium tin oxide) electrode as the working electrode, cyclic
voltammetry of 1 was carried out in a 0.1m pH 8.5 borate
buffer under argon (Figure 4). The presence of 1 induced
a large and irreversible oxidation wave at around 1.2V vs.
normal hydrogen electrode (NHE) and the current density
reached up to 3 mAcm 2 a great enhancement relative to the
background. This pronounced electrochemical response can
be explained by catalysis of water oxidation, demonstrating
that 1 can perform as an electrocatalyst for O, evolution. In
comparison, the much lower catalytic peak in the presence of
2 raised at 1.4 V. Besides, under the same condition, Ru"/Ru"
oxidation couple occurred at 1.31V, positive shift with the po-
tential for starting electrochemical water oxidation observed in
the appearance of 1 (see the Supporting Information, Fig-
ure S11). Therefore, the Ru" species generated by electron
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Figure 4. CVs of 1 mm 1, 2 or Cu(ClO,), in a 0.1 m borate buffer at pH 8.5
with ITO (1 cm?) as the working electrode at 50 mVs~". Inset: CV of 1 mm
1at -04Vto06V.

transfer from photo-excited [Ru(bpy);]*" to the electron ac-
ceptor is thermodynamically capable of promoting water oxi-
dation with addition of 1, but inhibited in the presence of 2.
This observation is consistent with the above experiments.

As shown in Figure 4, in pH 8.5 borate buffer, the onset of
the catalytic wave with addition of 1 is around 1.34V, which
gives an overpotential of 610 mV,"™ lower than that of previ-
ously reported copper complexes.**" Although higher pH
prompts the stronger catalytic current, accompanied by the
decreasing overpotential based on the measurement at
pH 7.1-9.0 (see the Supporting Information, Figure S12), pH 8.5
was chosen in order to retain conditions close to those of the
photo-induced experiment.

From cyclic voltammetry measurements with the concentra-
tion of 1 ranging from 0 to 1 mwm, the catalytic peak current
(i) varied linearly with [1] (see the Supporting Information,
Figure S13). This first-order dependence is in line with a single-
site mechanism for water oxidation catalysis according to
Equation (1), where n.,=4, representing the number of elec-
trons transferred during water oxidation, F is Faraday's con-
stant, A is the area of the electrode (in cm?), [C] is the catalyst
concentration (in molL™), k. is the catalytic rate constant,
and D, is the diffusion coefficient of the catalyst (in

cmZ S—1).[2c,5]

icat = ncatFA [C} Dlgtzkls{tz (1)

Besides of catalytic peak of 1 in CV, a weak anodic wave at
0.27 V was induced with a cathodic wave at —0.11 V in the re-
verse scan (AE=380 mV at 50 mVs ' scan rate; Figure 4, inset).
This process was assigned to the Cu" couple with
E,,=0.08 V,4"M5 The cathodic current density (i;) varied line-
arly with the square root of the scan rate (see the Supporting
Information, Figure S14). This result is consistent with the Ran-
dles-Sevcik relation given by Equation (2),”'® where n=1, rep-
resenting the electron transferred in the noncatalytic reaction,
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v is the scan rate, R is the gas constant, and T is the absolute
temperature. Accordingly, D., can be determined from the

slope of the line to be 1.74x107° cm?s~".

FvD
i,y = 0.4633nFA[C] ($)1/2 2
The ratio of Equations (2) and (1), calculated with all of the
constants, gives the simplified Equation (3) as follows:2<°f9

o _ 1.38\/& (3)
Ie| v

k... established in this equation is usually considered as the
apparent rate constant for a first-order or pseudo-first order O,
evolution reaction. In electrochemistry, the TOF of a catalyst is
usually referred to as the catalytic water oxidation rate con-
stant k. The electrocatalytic activity of 1 was estimated by
plotting the catalytic current over the diffusive peak current
it/iy @s a function of the reciprocal of the square root of scan
rate. With scan rates decreasing (see the Supporting Informa-
tion, Figure S15), i,/iy matches the trend from a pure diffusion
behavior region to a pure kinetic behavior region.”%'%? Accord-
ing to Equation (3), a TOF value of 0.38s™' can be calculated
from the slope of the fitting line in Figure S13 (see the Sup-
porting Information). Since the 4-electron water oxidation reac-
tion is a complicated process, the calculated values can only
be regarded as an estimate of the catalytic rate.

CPE experiments to evaluate the capability for water oxida-
tion of 1 were conducted at 1.80V on a 1.0 cm? surface-area
ITO working electrode in a closed and deoxygenated electroly-
sis cell. In the presence of 1, the catalytic charge was dramati-
cally enhanced (Figure 5a). The background for oxygen forma-
tion at the applied potential in the absence of catalyst was
negligible. During CPE, bubble evolution was clearly observed
on the electrode surface (Figure 5b). After 2 h, the reaction
headspace was analyzed by gas chromatography, and the
result revealed that 41 umol of O, had been produced with 8.2
catalytic turnovers based on the initial amount of 1 with a Fara-
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Figure 5. a) CPE with and without 1 mm 1 in a 0.1 M borate buffer (pH 8.5)
at 1.8 V versus NHE; b) the bubbles on the electrode surface during CPE.
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daic efficiency of approximately 93 % (see the Supporting Infor-
mation, Figure S16). The calculated Faradaic efficiency is some-
what lower, as some of the O, produced was solubilized in the
electrolyte and not detected by headspace sampling.***? Fur-
thermore, the pH decreased by 0.3 after CPE, in accordance
with consumption of OH™ by water oxidation.”"

Several different techniques were used to establish whether
any heterogeneous materials were produced during the reac-
tion. Figure 5a shows the total charge passed during 2 h elec-
trolysis, and the absence of an induction period at early elec-
trolysis times implies homogeneous water oxidation cataly-
sis.”¥ In addition, UV/Vis spectra of the bulk solution contain-
ing 1 were measured before and after electrolysis, showing
nearly identical absorption (see the Supporting Information,
Figure S17). Moreover, SEM (scanning electron microscopy)
was used to examine the morphology of the working electrode
after electrolysis, giving very similar results to the bare ITO sur-
face (see the Supporting Information, Figure S18a,b). Energy
dispersive X-ray spectroscopy (EDS) also revealed that the elec-
trode exhibited the same elemental composition as the bare
ITO electrode after catalysis, implying that the decomposition
of 1 could not have led to deposition of heterogeneous parti-
cles on the electrode (Figure S18c,d). After catalysis, the elec-
trolyte solution was also examined by DLS, and no obvious sig-
nals were ascribed to particles, confirming no heterogeneity
within the electrolyte mixture (see the Supporting Information,
Figure S19). This was further supported by Tyndall scattering
analysis (see the Supporting Information, Figure S20). The over-
all lack of evidence for particle formation, either adsorbed on
the working electrode or present in the electrolyte solution, is
collectively consistent with homogeneous catalysis.

It is usually considered that upon sequential oxidation of
a metal catalyst in water by chemical, electrochemical or pho-
tochemical means, it is first converted into a molecular metal-
oxo species or decomposing into a metal oxide prior to acti-
vating water oxidation.”¥ The ligand plays a crucial role, partic-
ularly in determining the nature of the catalyst.'” It has been
demonstrated that the TPA ligand is essential for binding
firmly to the metal center to access the true catalytically active
species.’?'? Importantly, self-oxidation of the ligand in the oxi-
dizing environment can be significantly diminished relaxed by
electron-withdrawing fluoro substituents. Accordingly, it can
reasonably be assumed that the stability of 1 as a molecularly
well-defined homogeneous catalyst profits from the strong
binding of the robust and oxidation-resistant F;TPA ligand to
the copper center.

In summary, a water-soluble copper complex bearing an
F;TPA ligand was synthesized and displayed water oxidation
activity as a molecular catalyst under both photo-irradiated
and electrochemical conditions. In spite of moderate catalytic
behavior, the verification of a low-overpotential single-site
copper molecular homogeneous catalyst, which is active under
both electrochemical and photochemical conditions, opens up
an opportunity for the development of stable molecular
copper-based catalysts for water oxidation. More importantly,
these developments can facilitate the ready incorporation of
homogeneous catalysts into photoelectrochemical devices for
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water oxidation, research into which is currently ongoing in
our laboratory.
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