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Hydrogen photogeneration catalyzed by a cobalt
complex of pentadentate aminopyridine-based ligand

Xiaowei Song *°, Huimin Wen ?, Chengbing Ma ?, Hui Chen ® and Changneng
Chen

A pentadentate aminopyridine ligand [(9-methyl-1,10-phenanthrolin-2-yl)methyl]bis-
(pyridin-2-ylmethyl)amine (DPA-Dmphen) has been prepared and characterized. This ligand
readily accommodates Co(ll) or Ni(ll) bearing a coordinated apical water ligand, and the
resulting complexes of general formula [M(Dmphen-DPA)(H,0)](ClO,), (M=Co (1) and
M=Ni (2)) have been investigated for photo- and electrocatalytic proton reduction in
CH3CN-H,O (1/3, v/v) mixed solvent and CH3;CN, respectively. Under visible-light
irradiation (A > 400 nm), the complex 1 shows hydrogen evolution activity when in presence
of [Ir(ppy)2(bpy)]PFs as photosensitizer and TEA as electron donor, whereas 2 displays
much lower catalytic activity under the same conditions. Highest turnover numbers (TONSs)
of 210 for H, evolution are achieved from an optimized system containing 1 (0.1 mM),
[Ir(ppy)2(bpy)]1(PF¢) (0.5 mM), and 10 vol% TEA in CH3CN-H,O (1/3, v/v) mixed solvents
at pH 10. Under those conditions catalytic hydrogen production is mainly limited by
photosensitizer and catalyst stability. Furthermore, electrochemical studies reveal that both
complexes are active for electrocatalytic proton reduction in acetonitrile, when using acetic
acid as a proton source with overpotentials for 1 (0.48 V vs. Fc'/Fc) and 2 (0.46 V vs.

Fc*/Fc).

1. Introduction

Energy-rich and “green” hydrogen has attracted considerable
attention because it holds great promise for addressing the ever-
increasing demand for energy and climate change of today’s
society.) Among the currently available options for obtaining
hydrogen, visible-light-driven hydrogen evolution from water is
an ecofriendly and fascinating way.? Therefore, a number of
highly efficient hydrogen evolving systems have been
described including homogeneous and heterogeneous
photocatalytic systems.® Studies on the homogeneous catalysts
for hydrogen production are mainly focused on the earth
abundant molecular complexes based on iron,* cobalt,® nickel,®
and molybdenum.” Among these catalysts, cobalt- and nickel-
based catalysts are pretty good at catalyzing the reduction of
protons to hydrogen under mild conditions.® In particular, since
the cobalt bipyridine complex [Co(bpy)s]** was found as an
efficient H,-evolving precatalyst,’ an increasing number of
cobalt complexes of polypyridyl platform have been developed
as catalysts for photoinduced hydrogen evolution.® 1

Recently, many cobalt complexes based on versatile
aminopyridine ligands (Fig. 1) have served as electro- and
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photocatalysts for hydrogen generation. For instance, Zhao and
Webster et al. reported a very active cobalt complex supported
by a pentadentate aminopyridine ligand (DPA-Bpy), which
displayed remarkable efficiencies towards photocatalytic
hydrogen production in combination with [Ru(bpy)s]** as
photosensitizer and ascorbic acid as electron donor, with
turnover numbers (TONS) of up to 4400.2°¢ ** A similar cobalt
complex ligated by a tripyridine-diamine pentadentate ligand
(bztpen) was demonstrated to facilitate the generation of
hydrogen from purely aqueous solution.*® Not long ago, Lloret-
Fillol also described a cobalt complex with an aminopyridine
pentadentate ligand (Py,'tacn), which functioned as an
efficient catalyst for proton reduction to hydrogen. This
complex, associated with [Ir(ppy).(bpy)]PFs as photosensitizer
and triethylamine (TEA) as electron donor, could reach 660
TONSs after 1.5 h of photocatalysis reaction.*®

Cobalt aminopyridine complexes have drawn great attention
due to their impressive stability and excellent catalytic activity
for hydrogen generation. To extend the aminopyridine ligand,
we synthesized a pentadentate aminopyridine ligand [(9-
methyl-1,10-phenanthrolin-2-yl)methyl]bis(pyridin-2-
ylmethyl)amine (DPA-Dmphen), as well as its corresponding
cobalt and nickel complexes. The resultant cobalt complex 1
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presents significant proton reduction activity in electro- and
photocatalytic experiments, while the nickel complex 2 only
displays electrocatalytic activity. Drawings of the complexes
are presented in Fig. 1.
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Fig. 1 Aminopyridine-containing ligands reported in the literature and synthetic
procedure for the complexes in the present work.

2. Experimental section

2.1. General procedures and chemicals

All reactions were carried out under a dry nitrogen atmosphere
by using Schlenk techniques and vacuum-line systems unless
otherwise specified. The solvents were dried, distilled, and
degassed prior to use except that those for spectroscopic
measurements were of spectroscopic grade. The syntheses of
[1r(ppy)2(bpy)1(PFe), 2-(chloromethyl)-9-methyl-1,10-
phenanthroline®® and bis(pyridin-2-ylmethyl)amine®® were
performed according to literature procedures. Other chemicals
in this work were purchased from commercial sources and used
without further purification. Elemental analyses were carried
out on a Vario MICRO Elemental Analyser. *H, ¥C NMR
spectra were performed on a Bruker Avance Il (400 MHz)
spectrometer. Electrospray ionization mass spectra (ESI-MS)
were recorded on a Finnigan DECAX-30000 LCQ mass
spectrometer. Emission spectra in degassed solutions were
recorded on a Perkin-Elmer LS55 luminescence spectrometer.

2.2. Synthesis

[(9-methyl-1,10-phenanthrolin-2-yl)methyl]bis(pyridin-2-

ylmethyl)amine (Dmphen-DPA). A stirred mixture of 2-
(chloromethyl)-9-methyl-1,10-phenanthroline (0.48 g, 2 mmol),
bis(pyridin-2-ylmethyl)amine (0.40 g, 2 mmol), potassium
carbonate (0.55 g, 4 mmol) and potassium iodide (0.32 g, 2
mmol) in acetonitrile (50 mL) was heated at 80<C under a N,
atmosphere for 24 h. After the reaction solvent was evaporated,
water (50 mL) was added. The product was extracted into
dichloromethane (3>20 mL). The combined organic layers were
dried over anhydrous Na,SO,, filtered, and evaporated under
reduced pressure to afford the crude compound. The crude
product was purified by column chromatography (silica gel)
with CH,Cl,-CH3;OH-ammonia (5:1:0.2, v/v/v) as eluent to give
pure ligand. *H NMR (400 MHz, CDClI;) 8.58 (2 H, d, J=4.4),
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8.26 (1 H, d, J=8.3), 8.15 (2 H, dd, J=8.2, 3.3), 7.81-7.62 (6 H,
m), 7.51 (1 H, d, J=8.2), 7.23-7.11 (2 H, m), 4.36 (2 H, s), 4.01
(4 H, s), 2.96 (3 H, s). *C NMR (101 MHz, CDCl;) 159.45,
159.19, 149.20, 145.38, 145.28, 136.76, 136.53, 136.28, 127.73,
126.83, 125.94, 125.44, 123.60, 123.17, 122.09, 121.80, 60.75,
60.34, 25.98. ESI-MS: calculated for [M+H]" (C,gH24Ns): m/z
406.20; found: 406.1.

Preparation for the compound [Co(Dmphen-
DPA)(H,0)](CIOy), (1) Under a nitrogen atmosphere, CH;OH
(15 mL) was added to an equimolar mixture of metal salt
Co(H,0)¢(Cl0Oy), (0.18 g, 0.49 mmol) and ligand Dmphen-DPA
(0.21 g, 0.5 mmol); and the resulting solution was stirred at
room temperature. After 10 h, the solid materials of the desired
metal complexes were precipitated by addition of diethyl ether
(20 mL) to the reaction solution. The powders were collected
by filtration, washed with diethyl ether (3>x6 mL), and
recrystallized by diethyl ether diffusion to yield the crystalline
material of red 1 (0.26 g, 76%). Anal. Calcd for
Cu6H25CI,CoONsOg 2H,0: C, 43.53%; H, 4.07%; N, 9.76%.
Found: C, 43.46%; H, 4.35%; N, 9.54%. ESI-MS: calculated
for [M-CIO,-H,0]* (CyH,3CICONs0,): m/z 563.08; found:
563.1.

Preparation for the compound [Ni(Dmphen-
DPA)(H,0)](CIO,), (2) 2 was prepared in an analogous
manner to 1 using Ni(H,0)g(Cl10,), (0.18 g, 0.49 mmol) to give
0.29 g (88%) of product as pale brown crystals. Anal. Calcd for
Ca6H25CINsNiOg: C, 45.83%; H, 3.70%; N, 10.28%. Found: C,
45.57%; H, 3.60%; N, 10.02%. ESI-MS: calculated for [M-
ClO4-H,0]" (C,6H»3CININ5O,): m/z 562.08; found: 562.1.

2.3. Crystal structure determination

Single crystals of 1 and 2, suitable for X-ray diffraction
analysis, were grown by slow diffusion of diethyl ether into the
methanol solution of the complexes. The X-ray single crystal
data were collected on the Agilent Supernova Dual (Cu at zero)
Atlas diffractometer. Crystal data collection, refinement and
reduction were accomplished with the CrysAlisPro, Agilent
Technologies, and Version 1.171.37.33. The crystal structures
were solved by direct methods with SHELXS-97 and refined by
using the SHELXL-97 crystallographic software package. All
non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were added in a riding model. Details of
crystal data are summarized in Table 1. CCDC-1028564 and
CCDC-1028563 (for 1 and 2) contain the supplementary
crystallographic data for this paper.

2.4. Photocatalysis

In a typical procedure, [Ir(ppy).(bpy)]PFs (2.0 mg, 2.5 umol), 1
(0.3 mg, 0.5 pumol) and 5 mL acetonitrile aqueous solution (1/3,
v/v) containing 10 vol% TEA were added to a Schlenck bottle.
The mixture was magnetically stirred under nitrogen
atmosphere for 15 min. The system was freeze-pump-thaw
degassed for three times and then warmed to room temperature
prior to irradiation. The reaction solution was irradiated at
25 <C using a Xe lamp (300 W) with a cutoff filter (A > 400
nm). The gas phase of the reaction system was analyzed on a

This journal is © The Royal Society of Chemistry 2012
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GC 7900 instrument with a 5 A molecular sieve column, a
thermal conductivity detector, and using nitrogen as carrying
gas. The amount of hydrogen generated was determined by the
external standard method. Hydrogen dissolved in the solution
was not measured and the slight effect of the hydrogen
generated on the pressure of the Schlenk bottle was neglected
for calculation of the volume of hydrogen gas.

Table 1 Crystal data and structure refinement details for complexes 1
and 2

Complex 1 2
Molecule C25H25C|2CON509 CzestC'stNiOg
formula
Formula 681.34 681.12
weight
T (K) 100.0(2) 99.99(17)
Crystal Monoclinic Monoclinic
system
Space group P2,/c P2,/c
a(A) 15.5452(2) 15.5059(3)
b (A) 11.45475(14) 11.4074(2)
c(A) 16.1105(2) 16.1421(3)
o (9 90 90
Q) 99.8494(12) 100.0360(16)
y (9 90 90
V (A3) 2826.45(6) 2811.56(9)
z 4 4
F(000) 1396 1400
Dearc (g cm™) 1.601 1.609

Ri/wWR, (1 > 0.0308/0.0751 0.0421/0.1041
20(1))
Ri/wR; (all 0.0371/0.0781 0.0510/ 0.1093
data)
Goodness-of- 1.035 1.054
fit

2.5. Electrochemistry

Electrochemical measurements were made using a CH
instrument Model 630A electrochemical workstation. The
cyclic voltammetry experiments were conducted on in a three
electrode cell including a glassy carbon working electrode, a Pt
wire auxiliary electrode, and a Ag/AgCl reference electrode
under nitrogen atmosphere. The potential was reported relative
to the internal reference of Fc*/Fc = 0.00 V. The supporting
electrolyte was 0.1 M Bu,NPFg in acetonitrile.

3. Results and discussions

3.1. Synthesis and structure of catalysts

Compared to unsaturated oxime or imine functional group, the
pyridine moiety is stable towards ligand hydrogenation.®
Accordingly, the bipyridine or phenanthroline moiety has
frequently been used as a desirable feature in developing
efficient and robust catalysts.'® Herein, we designed a
phenanthroline-containing aminopyridine ligand DPA-Dmphen,
which was readily accessible via a directly alkylation of
bis(pyridin-2-ylmethyl)amine with an equivalent of 2-

This journal is © The Royal Society of Chemistry 2012
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(chloromethyl)-9-methyl-1,10-phenanthroline (Fig. S1, S2 and
S3+). Complexation of DPA-Dmphen with Co(H,0)s(ClO,),
and Ni(H,0)s(ClOy), in methanol proceeded smoothly at room
temperature to afford the dicationic complexes of general
formula [M(Dmphen-DPA)(H,0)](CIO,),, M=Co (1) and
M=Ni (2). Then diethyl ether diffusion yielded the crystalline
material of red 1 and pale brown 2, respectively, which were
confirmed by elemental analysis and ESI-MS spectra (Fig. S4
and S57).

Fig. 2 Crystal structures of complexes 1 and 2 (the hydrogen atoms, solvent
molecules and C10,2 anions are omitted for clarity).

The crystal structures of complexes 1 and 2 are given in Fig.
2 with selected bond lengths and angles listed in Table S1,
which were established by means of single crystal X-ray
diffraction. For the isostructural complexes 1 and 2, the metal
centers Co(ll) and Ni(ll) reside in a distorted octahedral
geometry. The Dmphen-DPA acts as the pentadentate ligand,
leaving one coordination side of the transition metal available
for water molecule. The M—N bond lengths fall in the range of
the expected values where the M—N(5) bonds are significantly
longer by about 0.2 A than the M—N(4) bonds. The M—O bond
lengths range from 2.0701(14) to 2.0683(19) A, which are
similar to those in the complexes [(bztpen)Co(H,0)]**
and[(PY5Me,)Co(H,0)]?*.100 12

3.2. Photocatalytic hydrogen production

Based on the literature, cyclometalated iridium complexes, such
as [Ir(ppy).(bpy)]PFe, displayed considerably high efficiency
for hydrogen evolution in combination with triethanolamine or
triethylamine (TEA) as electron donor in some Fe- and Co-
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based photocatalytic systems.'” Hence, the photocatalytic H,
production activity of the complex 1 was first tested by using
[Ir(ppy).(bpy)]PFes as photosensitizer and TEA as the electron
donor. CH3CN-H,0 (1/3, v/v) mixed solvent was chosen as the
reaction medium, in which acetonitrile was used to achieve
dissolution of the photosensitizer. Upon irradiation with a 300
W Xe lamp (A > 400 nm), the amount of H, generated from the
reaction system [lr(ppy).(bpy)]PFs/1/TEA was established by
gas chromatography with a thermal conductivity detector. A
series of factors such as pH value and the concentration of each
component were studied to obtain the optimal photocatalysis
condition (Fig.3a to 3c). As a result, an optimized H, evolution
system containing 0.1 mM 1, 0.5 mM [Ir(ppy).(bpy)](PFs), and

250
a
200
- 150
o)
'—
100-
50
C

Time/h

10 vol% TEA in 5 mL CH;CN-H,O (1/3, v/v) at pH 10 was
able to release a total amount of 105 pumol H, (TON = 210)
after 4 h of irradiation. Control experiments in the absence of
one of the components (i.e., TEA, [Ir(ppy).(bpy)](PFs), or 1)
resulted in little to no H, production, indicating that all three
components are required for the evolution of H,. Regarding the
high cost of the photosensitizer [Ir(ppy).(bpy)]PFs, the use of
inexpensive and commonly available organic dyes, such as
Erythrosin B (EB) and Fluorescein (Fl), instead of
[Ir(ppy)2(bpy)IPFe was studied in association with 1 under
irradiation for 4 h and the same experimental conditions. As
shown in Fig. 3d, the TON of H, produced by 1 was drastically
decreased to 14 and 5 in the presence of Fl and EB, respectively.

250 b
200+ © 05mM
150 A
z ) . "
= 0.2 mM
1004
0.1 mM
504
0.05 mM
O -
0 1 2 3 4
Time/h
[Ir(ppy),(bPY)IPF, g
2004
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(@]
= 7
25 1
20 1
15 FI
104
5 EB
- B

Hydrogen Evolution Photosensitizer

Fig. 3 (a) Photocatalytic H, evolution at different pH values in CH3CN-H,0(1/3, v/v) containing 10 vol% TEA, [Ir(ppy)2(bpy)](PFs) (0.5 mM) and complex 1(0.1 mM);
(b) the dependence of H, evolution on the concentration of [Ir(ppy)2(bpy)](PFs) from 0.05 mM to 0.5 mM; (c) H, evolution as a function of concentration of the
complex 1 from 0.05 mM to 0.5 mM; (d) photocatalytic hydrogen production from CH3CN-H,O (1/3, v/v) solution (5 mL) at pH 10 containing a photosensitizer (0.5

mM), TEA (10 vol %), and the complex 1 (0.1 mM).

Likewise, the catalytic performance of analogous complex 2

was also optimized in the same way that used for the complex 1.

It was found that the trends of the reaction condition
dependence on hydrogen evolution over the system
[Ir(ppy).(bpy)]PFe/2/TEA agreed closely with those over the
system [Ir(ppy).(bpy)]PF¢/L/TEA (Fig. S6-S8t). In the aspect
of reaction phenomenon, the color of the reaction system
[Ir(ppy).(bpy)]PFe/2/TEA changed from yellow to brown
within 2 min after irradiating the solution with visible light,

4| J. Name., 2012, 00, 1-3

which was also observed in the system
[Ir(ppy)2(bpy)]PFe/L/TEA, but the complex 2 displayed much
lower H, evolution activity than the complex 1, with a
maximum TON of 11 (Fig.4). For comparison, simple metal
salts Co(H,0)e(ClO,), and Ni(H,0)e(ClO,4), were also tested for
the photocatalytic H, evolution in combination with
[Ir(ppy)2(bpy)](PFs) under the optimized conditions. As shown
in Fig.4, the results clearly indicated a certain activity of H,
evolution, but less than that of corresponding metal complexes,

This journal is © The Royal Society of Chemistry 2012

Page 4 of 8



Page 5 of 8

suggesting the H, production of complexes 1 and 2 is indeed
derived from itself rather than the metal ions liberated.

250

2004
- 150+ —=—1
5 | —e— Co(CIO,)s6H,0
'_

100 =

—— Ni(CIO,)e6H,0
50
0‘ F - -
o 1 2 3 4
Time/h

Fig. 4 Time dependence of hydrogen production using 1 (0.1 mM), 2 (0.1 mM),
Co(H,0)6(Cl0y4), (0.1 mM) and Ni(H20)e(ClO4), (0.1 mM) under the following
conditions: [Ir(ppy)2(bpy)](PFs) (0.5 mM), 10 vol % TEA in CH3CN-H,O (1/3,
v/v) solution (5 mL) at pH 10.
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Fig. 5 Cycle runs (a-d) for the photocatalytic H, with readdition of
[Ir(ppy)2(bpy)IPFs (2.5 pumol) to the system every two hours; (e) simultaneous
readdition of 1 (0.5 umol) and [Ir(ppy)2(bpy)]PFs (2.5 pmol) to the solution after
4 cycles.

After approximately 2 h of irradiation, the hydrogen-
evolution leveled off due to the decomposition of at least one
component of the [Ir(ppy).(bpy)]PFs and the complex 1 in the
presence of a large excess of TEA. To identify the reason(s) for
the cease of H, generation, extra [Ir(ppy)2(bpy)]PFs , 1 or TEA,
was readded when the photocatalytic system failed to release
H,. The H, production could not be recovered when extra 1 (0.5
umol) or TEA (10%, v/v) was added to the inactive system.
However, as shown in Fig.5, the H, production was partially
recovered, and the extra H, yield of 150 TON (vs. 1) was
recorded in the case of extra [Ir(ppy).(bpy)]PFs (2.5 umol) to
be added to the inactive system mentioned above. Furthermore,
we found that the photocatalytic system was completely
inactive after 4 cycle runs in spite of readdition of

This journal is © The Royal Society of Chemistry 2012
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[Ir(ppy)2(bpy)]PFe. In contrast, the durative H, production had
been observed when the extra 1 (0.5 pmol) and
[Ir(ppy)2(bpy)IPFe (2.5 pmol) were simultancously added to the
completely inactive system, implying the photo-degradations of
[Ir(ppy)2(bpy)IPFs and 1 were the major reasons of the
inactivation of photocatalytic system and [Ir(ppy).(bpy)]PFs
decomposed faster than the complex 1 in the photolysis process.

3.3. Electrochemistry properties

The redox potential of the complexes is crucial to understand
the electron transfer in photocatalytic process. Cyclic
voltammetry studies were performed in acetonitrile with
Bu,NPFs as supporting electrolyte under nitrogen atmosphere.
The electrochemical redox processes of complexes 1 and 2 are
shown in Fig. 6, and the reduction potentials are versus Fc*/Fc
and are summarized in Table S2. Each of the complexes
exhibited multiple redox processes, and therefore this is
consistent with the rich electrochemical behavior of Co- and
Ni-based molecular catalysts.'® ® First, the ligand Dmphen-
DPA displayed electrochemically silent in the experimental
potential range, suggesting all redox processes for 1 and 2
could be assigned as metal-based events. The cyclic
voltammogram of complex 1 showed a reversible reduction at
Eiy, = -1.43 V assigned to Co(ll)/Co(l), with a second
irreversible reduction peak at -2.22 V. A quasi-reversible
oxidative wave at -0.02 V could further be assigned to the
Co(lI)/Co(lll) oxidation event. The nickel complex in 2
exhibited a reversible Ni(11)/Ni(l) reduction at -1.42 V. At more
negative potential, two closely spaced reductions occurred at -
2.08 and -2.21 V, which had not been further investigated but
likely involve both, proton of water and metal based Ni(l)/Ni(0)
reductions.

2
—

<

=

= 10pAI
1
—

00 05 -10 -5 20 25

Potentail / V vs. F¢ ' IFc

Fig. 6 Cyclic voltammograms of 1 (0.5 mM) and 2 (0.5 mM) measured in
acetonitrile (0.1 M NBu4PFs, v=100 mV s™).

To evaluate possible electrochemical activities for the
reduction of protons, cyclic voltammograms of compounds 1
and 2 in CH3;CN were recorded in the presence of acetic acid
(HOAc, pK, = 22.3 in acetonitrile).® For the complex 1, on
addition of two equivalents HOACc, the first peak of 1 at -1.43 VV

J. Name., 2012, 00, 1-3 | 5
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increased only slightly and a new reduction wave appeared at -
2.09 V, with the onset of current increase occurred at -1.70 V
(Fig. 7a). Upon the addition of more acid, the peak at -1.43 V
was essentially unaffected, whereas the current of the new wave
was greatly enhanced and the onset potential of the new wave
was positively shifted (Fig. 7a and S9t). For a convenient
comparison, under the same conditions in CH3;CN with no
complex 1, HOAc at 5 mM concentration was reduced to H, at
-2.3 V (Fig. 7a, dash line). It is evident that the electrochemical
response of 1 to the addition of HOAc observed at -2.09 V is
well within the acetonitrile solvent window.? This indicates
that the complex 1 is the active species for electrocatalytic
proton reduction.”® 2 Likewise, addition of HOAc to the
solution of 2 resulted in a simultaneous broadening and
increase in the current observed for the second reduction
process. The height of the second reduction peak continuously
grew with increased acid concentration (Fig. S9t), suggesting
that 2 is also an efficient electrocatalyst for proton reduction.

100

80

= 404

00 05 -0 -5 20 -25
Potentail / V vs. FC+IFC

00 05 -0 -5 -20 -25
Potentail / V vs. Fe /Fc

Fig. 7 Electrochemical response of 0.5 mM 1(a) and 2 (b) to addition of acetic

acid (0, 1, 2, 3, 4, 5 mM) in acetonitrile (0.1 M NBu4PF6, v =100 mV s-1). The

dashed line represents the blank electrochemical scan for acetic acid (5 mM) in
the absence of electrocatalyst.

In both cases addition of HOAC triggers a significant current
enhancement at the potential that is more negative than the
M(I1)/M(1) reduction potential. In view of the E{HOAc/H,)
value of -1.46 V in acetonitrile,’® the overpotentials for the
electrocatalytic reduction of protons from HOAc were
determined to be 0.48 V and 0.46 V for the complex 1 and 2,
respectively,’® which are close to the overpotential value of
about 0.40 V in similar experiments utilizing a cobalt catalyst
[(CF3PY5Me,)Co(CH3CN)](CF3S03), and HOAcC as proton

6 | J. Name., 2012, 00, 1-3

source.® To test the catalytic capacity of 1, we obtained the
icat/ip ratio versus the concentration of HOAc plots, where ic
stands for catalytic current intensity in the presence of HOAc
and i, for the noncatalytic current intensity in the absence of
HOAc. As shown in Fig. 8, the ic/i, ratio increased linearly a
when HOAc concentration was below 5 mM. At higher HOAc
concentration (> 5 mM), the ic./i, ratio was independent of the
acid concentration, and the resulting ic./i, value of 1 (= 12) was
higher than those of Co- and Fe-based molecular catalysts such
as [Co(PY5Me,)]*, (u-pdt)[Fe(CO),(PTA*H'], and (-
pdt)[Fe,(CO)sPh,PCH,Py].? 22 As expected, the complex 2
(ica/ip = 7) exhibited a slightly lower catalytic capacity than 1.

14

101

10 15 20 25 30
[HOACc] / mM

o
o4

Fig. 8 Plots of the ica/ip ratio as a function of the concentration of HOAc for 1 (0.5
mM) and 2 (0.5 mM). ica/i, values were measured at the potential of pinnacle. The
scan rate was 100 mV s,

3.4. The discussion of photocatalytic H, production

Under photocatalytic conditions, two mechanisms may be
proposed for the electron transfer pathways: a reductive
quenching process or an oxidative quenching process.’”® To
discriminate the charge transfer pathways in photocatalysis
process, the steady-state photoluminescence properties of the
systems [Ir(ppy).(bpy)]PFs/L/TEA and
[Ir(ppy)2(bpy)]PFe/2/TEA were investigated in acetonitrile
aqueous solution (Fig. 9). Consistent with the previous
photoluminescence studies,* the [Ir(ppy).(bpy)]PFs sample in
CH3CN-H,O (1/3, v/v) solution exhibited a strong emission
peak at about 500 nm to 700 nm. No significant decreases in
fluorescence intensity were observed upon addition of either 1
or 2. However, when TEA was introduced, the intensity of this
emission band immediately showed a decrease, indicating the
excited state of the iridium photosensitizer should be
reductively quenched by TEA rather than oxidative quenching

by 1 and 2.

The reductive quenching of the excited state of
[Ir(ppy)2(bpy)l(PFs) could give a reduced species
[Irepy)2(bpy)l° (E° = -181 V vs. Fc'/Fc for
[Ir(ppy)2(bpy)1 /[Ir(ppy)2(bpy)]).*’®  which is capable of

reducing the complex 1 to Co'species. Protonation of the low-
valent cobalt center then generates a [H-Co''"]** intermediate.*®

This journal is © The Royal Society of Chemistry 2012
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Under basic conditions, H, production requires further
reduction of this intermediate to generate a [H-Co'"]" active
species.® ! Because of the more negative reduction potential
of the intermediate [H-Co'"'"]*" (onset reduction potential at -
1.70 V vs. Fc'/Fc), the photosensitizer should possess a higher
reduction potential to achieve the electron transfer. Accordingly,
the [Ir(ppy).(bpy)]PFs displayed the highest activity relative to
organic dyes.

800
1—Ps
7001\ —ps541
6004 —— PS+2
. {——Ps+TEA
= 500
=1 ]
o0
§ 4004
T 300
200
100
0 T T T T T T T T
450 500 550 800 650 700 750

Wavelength(nm)

Fig. 9 The emission spectra of [Ir(ppy)2(bpy)]PFs (0.1 mM) in CH3;CN-H,0 (1/3,
v/v) solution in the presence of 1 (0.1 mM), 2 (0.1 mM) or 10 vol% TEA (pH 10)
acetonitrile aqueous solution.

Both complexes (i.e., 1 and 2) were active for electrocatalytic
proton reduction from weak acid in acetonitrile, while the
cobalt complex 1 was much more active than the nickel
complex 2 under photocatalytic conditions. Besides 2, the
nickel complexes of pentadentate ligand such as
[NiBr(aPPy)]Br, [Ni(bpy2PY Me)(CH3CN)1(BF,), and
[Ni(CF3S03)(Py, "tacn)][CF;SO3] generally showed a low
photocatalytic activity in previous reports.® 1 Recent
experimental and theoretical studies by Lloret-Fillol and
colleagues indicated the more acidic character of [Ni''-H]
species, which renders the protonation of Ni' intermediates
more difficult in basic pH conditions.'®* This could provide a
rationale for the low photocatalytic ability of 2 compared to 1.
Therefore, further studies are aimed at improving the H,-
evolving activity of 2 with other photosensitizers under certain
conditions (for instance at acidic pH).

4. Conclusions

We have presented a new aminopyridine ligand [(9-methyl-
1,10-phenanthrolin-2-yl)methyl]bis-(pyridin-2-yImethyl)amine

and its corresponding metal complexes of Co?* (1) and Ni?" (2).
Both complexes were well-behaved electrochemically and
showed a catalytic current for proton reduction from acetic acid

with overpotentials for 1 (0.48 V vs. F¢*/Fc) and 2 (0.46 V vs.
Fc*/Fc). In the presence of a photosensitizer [Ir(ppy).(bpy)](PFs)
and an electron donor TEA, the complex 1 evolved hydrogen
when exposed to visible-light light, with a highest TON of 210
under optimal conditions. In contrast, the complex 2 displayed

This journal is © The Royal Society of Chemistry 2012
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much lower photocatalytic H, production activity than complex
1 under the same conditions.
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