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[Cu(TMPA)CIICI (1) and [Cu(CI-TMPA)CI;] (2) exhibited efficient
photocatalytic H, evolution with TON of 6108 and 10014 (6 h),
respectively, in CH;CN/H,0 solution (9:1, v/v) containing an Ir
complex as photosensitizer and triethylamine as sacrificial
reductant, representing the first type of photocatalytic Cu
complex-based water reduction catalysts.

Hydrogen production via water splitting either
electrocatalytically or photocatalytically is drawing growing
attention as one of the ultimate solutions for both energy
crisis and climate changes,1 and the development of efficient,
robust, and low cost water reduction catalysts (WRCs) has
been the focus of research over the past decade. In this
context, a lot of Fe,2 Co,3 and Ni-based” complexes have been
scrutinized as the photocatalytic or electrocatalytic WRCs. Cu
is also a kind of cheap, earth-abundant and redox-active first
row transition metal, and some copper complexes have been
explored as CO, reduction catalyst,5 as water oxidation
catalyst,6 and as photosensitizer (PS) in photocatalytic H,
generation.7 Surprisingly, only very recently, Wang and
coworkers reported the first Cu complex-based electrocatalytic
WRC,8 followed by Du and Cao who presented two more
examples.9 To the best of our knowledge, Cu-based
photocatalytic WRCs are still lacking up to now.

For the first row transition metal-based WRCs, metal hydride is
generally believed to be a key intermediate, by which H,
generation may be achieved via either protonolysis or
bimetallic reaction.” The introduction of proton relays, e.g.
amine groups, around the metal center has proven an
effective strategy to facilitate catalytic H, evolution, just like

the case of natural [Fe—Fe]-hydrogenase enzymes.10
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Experimental results and theoretical calculations revealed that
the highly efficient H, evolution activity of the first Cu-based
electrocatalytic WRC, [(bztpen)Cu(Il)](BF,), (bztpen = N-benzyl-
N,N’,N’-tris(pyridin-2-ylmethyl)ethylenediamine), results from
the dissociation and protonation of one pyridyl arm of the
pentadentate bztpen ligand upon Cu(ll) reduction to Cu(l),
which on one hand opens a site for Cu-hydride formation, and
on the other hand provides a proton relay in close proximity to
the Cu center.® Some polydentate ligand-based Ni and Co
complexes exhibited similar behavior in catalytic H,
generation.”™ *®“®& |t occurs to us that a tetradentate ligand
may be favorable for Cu-based WRCs since it allows for a more
labile monodentate ligand, such as CI, to coordinate.
Additionally, the dissociation of one pyridyl
polypyridine ligand may be facilitated by anchoring an
electron-withdrawing group to reduce its coordination
capacity. Based on these assumptions, we herein examined for
the first time the photocatalytic H, production behaviors of
two Cu(ll) complexes, [Cu(TMPA)CIICI (1) and [Cu(CI-TMPA)CI,]
(2) (TMPA = tris(2-pyridyl)methylamine and CI-TMPA = 1-(6-
chloropyridin-2-yl)methyl-N, N-bis(pyridin-2ylmethyl)methane-
amine, Scheme 1). It was found that 2 is far efficient than 1 in
photocatalytic H, production, as the result of a more labile Cl
ligand in the first coordination sphere together with a dangling
Cl-substituted pyridyl unit in the second coordination sphere.
[Cu(TMPA)CI]" is a known ion,12 however, its photocatalytic
and electrocatalytic H, production properties have not been
studied yet. Following the reported synthetic procedures,13 1
and 2 were prepared and the high-resolution mass
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Scheme 1. Chemical structures of 1, 2 and [Ir(ppy),(dtbpy)]CI.
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Figure 1. Crystal structure of 2 (solvent molecules are omitted
for clarity and thermal ellipsoids set at 50 % probability).

spectroscopy (HR-MS), 'H NMR and UV-visible absorption
spectra, and elemental analysis data are in good agreement
with the proposed composition (Figure S1-S3). The single
crystals of 2 suitable for X-ray diffraction analysis were
obtained by slowly diffusing Et,0 into a CH3CN solution of 2. It
is worth noting that the coordination mode of CI-TMPA has a
dramatic change with respect to TMPA. While TMPA serves as
a tetradentate ligand to support Cu(ll) in a distorted trigonal-
bipyramidal geometry,12 CI-TMPA acts as a tridentate ligand to
coordinate Cu(ll) with two chloride ions in a distorted square-
pyramidal manner, leaving the Cl-substituted pyridyl group in
the second coordination sphere (Figure 1 and Table S1 and S2).
Particularly, the bond length of Cu-Cl(2) (2.5751 A) in 2 is much
longer than that of Cu-Cl(3) (2.2533 A) in 2 and that of Cu-Cl
(2.233 A)lz in 1, hinting at its more labile character. ESI-MS
data seem support this judgment. While a strong m/z signal at
388.0499 may be attributed to [Cu(TMPA)CI]" for 1, only
[Cu(CI-TMPA)I" and [Cu(CI-TMPA) + COOH]" with m/z =
387.0421 and 432.0398 were observed for 2 (Figure S1). Such
a feature of 2 might favor the Cu-hydride formation and
therefore H, evolution.

The photocatalytic H, production activities of 1 and 2 were
investigated in a multi-component artificial photosynthesis (AP)
system, using [Ir(ppy),(dtbpy)]Cl (ppy = 2-phenylpyridine,
dtbpy = 4,4'-di-tert-butyl-2,2'-bipyridine, Scheme 1) as PS and
triethylamine (TEA) as sacrificial reductant (SR). Under optimal
conditions ([PS] = 0.2 mM, [1/2] = 1 uM, [TEA] = 0.45 M in Ar-
saturated CH;CN/H,O (9:1, v/v), Figure S4-S8), both 1 and 2
can photocatalyze H, production efficiently (Figure 2). Recently,
Zhao, Webster and coworkers reported a highly efficient AP
system, presenting a TON of 4400 at 0.5 uM of a Co-based
WRC.*" The absence of any component led to failure of H,
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Figure 2. Photocatalytic H, production profiles of the AP
systems containing 0.2 mM Ir-based PS, 1 uM Cu-based WRC
and 0.45 M TEA in Ar-saturated CH;CN/H,0 (9:1).
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Figure 3. Cyclic voltammograms of 1 mM of 1 (a) and 2 (b) in
Ar-saturated CH5CN in the presence of varied concentrations
(0, 1, 2, 4, 8 mM) of acetic acid. Conditions: 0.1 M n-Bu,NPFg,

scan rate 100 mV/s.
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production. Upon 6 h of irradiation, the turnover number (TON)
reached 6108 for 1 and 10014 for 2, and the photocatalytic H,
evolution quantum yields were estimated to be 3.4% and 5.6%,
for 1 and 2, respectively. 1 and 2 represent the first class of Cu-
based photocatalytic WRCs. The much higher activity of 2 with
respect to 1 encouraged us to elucidate the underlying
mechanism.

We at first compared the electrochemical properties of 1 and 2
in Ar-saturated CH;CN. As shown in Figure 3, 1 experienced
two irreversible redox processes at -0.40 V and -1.81 V (vs.
SCE), While the former may be assigned to Cu”/Cu', the later
may result from either Cu'/Cu0 or the mixture of Cu'/Cu0 and
TMPA/TMPA’ (see Figure S9 and the corresponding discussion
in ESI). Similar electrochemical processes were also found for 2
at -0.21 V and -1.72 V (Figure S9). Different to 1, 2 displayed a
broad electrochemical wave with an onset of -0.9 V between
the redox potentials of Cu”/Cu| and Cu'/Cuo, assignable to the
reduction of the dangling Cl-substituted pyridyl unit. This
assignment is approved by the fact that 6-chloro-2-picoline has
a similar redox process at the same potential window, as
shown in Figure S10. Upon addition of acetic acid, a significant
catalytic current was observed over the potential of cu'/cd®in
both cases, suggesting that the Cu hydride formation and then
catalytic H, evolution happened in the cu® state of 1 and 2.
Without 1 or 2, the reduction current within the examined
region may be neglected (Figures S11), confirming the origin of
the electrocatalytic process. In the presence of acetic acid, the
reduction wave of the Cl-substituted pyridyl unit shifted
anodically to -0.82 V, as the result of the protonation and in
line with the redox property of the protonated 6-chloro-2-
picoline (Figure S10).

To better understand the electrochemical behaviors of 1 and 2,
we conducted cyclic voltammetry experiments within a narrow
potential region (0 ~ -1.0 V) to forbid the access of the cu’
states. When potential scans of different rates were
performed between 0 and -0.8 V, the redox processes
belonging to Cu”/CuI of 1 and 2 were observed as expected
(Figure S12). However, the processes became
electrochemically reversible in all cases, ruling out the loss of
the Cl ligand from the Cu' state of 1 and 2. Once the potential
scans were extended to -1.0 V where the reduction of the CI-
substituted pyridyl unit may occur, remarkable disparity
emerged between 1 and 2. At the low scan rates of 50 and 100
mV/s, 2 showed an irreversible Cu”/CuI redox process (Figure
4a). Notably, this redox process became reversible at the high
scan rates of 300 and 400 mV/s. This finding implies an EC
process, which may be attributed to the dissociation of a Cl
ligand from the Cu center following the reduction of the CI-
substituted pyridyl unit. Thus, the new oxidation peak

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) Cyclic voltammograms of 2 (1 mM) in Ar-saturated

CH;CN (a) at different scan rates and (b) in the presence of
varied concentrations of n-Bu,NCl at scan rate of 100 mV/s.

centered at -0.3 V is most likely from the cu' species that has
lost a Cl ligand. It is expected that the presence of free Cl ion
in the solution may restrict the dissociation of the Cl Iigand.14
Upon addition of 3 equiv of n-Bus;NCl into the electrolyte, the
Cu”/CuI redox process of 2 changed from irreversible to
reversible (Figure 4b) and the oxidation peak at -0.3 V
disappeared, supporting our assignment. In sharp contrast, 1
displayed a reversible cu"/cu' redox process even at the low
scan rate of 50 mV/s (Figure S13), precluding the Cl ligand
dissociation in this condition. The more labile character of the
Cl ligand of 2 is in good agreement with its crystal data, where
one Cu-Cl bond is much longer than that of 1, and correlates
very well with its higher photocatalytic H, evolution activity
because ligand dissociation is the prerequisite for metal
hydride formation and catalytic H, evolution. What more
interesting is that the Cl ligand dissociation is triggered by the
reduction of the Cl-substituted pyridyl unit. The protonation of
this dangling group shifts its reduction to a less negative
potential, and therefore may promote the Cl ligand
dissociation, as evidenced by the markedly intensified
oxidation peak from the cu' species that has lost a Cl ligand
(Figure S14).

It is worth noting that no oxidation peak associated with the
reduction wave of the Cl-substituted pyridinium unit can be
found in Figure 3b. A possible explanation is that this reduced
group has taken part in catalytic H, evolution by delivering an
electron and a proton to the Cu-hydride center (Scheme 2).
Recently, ligand reduction was also found to play an important
role in some electrocatalytic WRCs."

We also carried out controlled potential electrolysis
experiments at -1.8 V vs. SCE for 2 h. The Faradaic efficiencies
for H, production catalyzed by 1 and 2 were measured to be
95% and 96%, respectively. During the electrolysis, the current
densities remained unchanged in both cases, hinting at the
stability of the electrocatalytic systems. After electrolysis, the
solution color changed from blue to yellow, and the
characteristic NIR absorption of Cu(ll) species faded
remarkably (Figure S15), suggesting that the complexes were
mainly in the Cu(l) state.®

In photocatalytic H, evolution, WRC may accept electrons
either directly from the excited PS or the reduced PS,
depending on the quenching efficiencies of the excited PS by
WRC and by SR. In our cases, 1, 2 and TEA can quench the
luminescence of [Ir(ppy),(dtbpy)]Cl effectively (Figure S16-18),
with bimolecular quenching constants of 5.1 x 10° Ms for 1,
5.0 x 10° M™'s™ for 2 and 4.0 x 10’ M™s™ for TEA, respectively.
Though the quenching rate constants of 1 and 2 are 2 orders of
magnitude larger than that of TEA, the reductive quenching is
predominant, because the concentration of TEA (0.45 M) is 5
orders of magnitude higher than that of 1 or 2 (1 uM).

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2. A possible photocatalytic H, evolution mechanism
of 2.

Based on the above mentioned results and discussion, we put
forth a possible photocatalytic H, evolution mechanism for 2.
The excited PS extracts le from TEA at first and donates le to
the Cu" center. Then, the protonated Cl-substituted pyridyl
unit accepts le to initiate the dissociation of the Cl ligand at
the apical position of the square-pyramid, which has a longer
Cu-Cl bond length. The Cl-substituted pyridyl unit could also
accept le at first and then undertake protonation, a more
reasonable route in basic solutions. After that, the cu' species
may accept le and a proton to form the Cu”-hydride key
intermediate. Finally, the reduced Cl-substituted pyridinium
unit donates a proton and an electron to the Cu”-hydride
center to lead to H, evolution and the recovery of the cu' state,
which may enter a new cycle of H, evolution. Compared to 1, 2
has a more labile Cl ligand and a dangling Cl-substituted pyridyl
unit, both contribute to its higher photocatalytic activity.

In summary, we herein present, for the first time, two Cu-
based photocatalytic WRCs, 1 and 2. Different to TMPA, CI-
TMPA coordinates Cu(ll) as a tridentate ligand, making the CI-
substituted pyridyl branch dangling in the second coordination
sphere to play the triple roles of monodentate ligand
dissociation trigger, proton relay and electron relay. This
unique feature, together with a labile Cl ligand with longer Cu-
Cl bond length, renders 2 a remarkably enhanced
photocatalytic activity with respect to 1. Such a mechanism
may provide guidelines for developing more efficient Cu-based
WRCs.

This work was financially supported by the Ministry of Science
and Technology (2013CB933801) and NSFC (21390400,
21172228,21273259, 21571181, 21301182).
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