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Construction of a Noble-Metal-Free Nickel Metal-Organic
Macrocycle for Photocatalytic Hydrogen Production
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Abstract: A nickel based metal-organic macrocycle [Ni,(L2),(CH;CN),](C10,), -4CH;CN (2) constructed from
bidentate Schiff base ligand L2 (L.2=1,4-benzenedicarboxaldehyde-bis (2" -pyridinylhydrazone)) with multiple N
atoms was utilized to produce hydrogen through splitting of water by visible light (A>400 nm). This noble-metal-
free photocatalytic system consists of a catalyst, photosensitizer (fluorescein, FI) and sacrificial electron donor
(Triethylamine, NEts). Using the metal-organic macrocycle 2 as a proton reduction catalyst, the activity of the

photocatalytic system is high, with a turnover number (TON) of approximately 3 100 mol;, *mol.,”". In contrast to

the metal-organic macrocycle 2, a mononuclear complex [Ni(L1),(CH;CN),](CI1O,), (1, L1=3-formyl benzaldehyde-2'
-pyridylhydrazone) with similar coordination environment has a low efficiency on producing hydrogen. The
enhanced efficiency of the catalyst 2 is likely ascribed to the formation of supramolecular complex between

fluorescein and the macrocycle which enhances the efficiency of photoinduced electron transfer. CCDC: 1576598,
1; 1576599, 2.
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0 Introduction the conversion of solar energy into stored chemical
potential in the form of fuel"?. For water splitting, the

The splitting of ~ water through artificial reductive side of the reaction involves the light-driven
photosynthesis  (AP) is a key transformation towards conversion of aqueous protons into H,. Currently, the
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most prevalent strategy for proton reduction consists of
3]

. These systems typically
(PS), and a

Recent studies on noble-

a three component system

consist of a catalyst, photosensitizer

sacrificial electron donor™.

81 and noble-metal-free*'® homogeneous

metal-based
systems for light-driven hydrogen production have
shown high activity. However, significant problems in
the noble-metal-free molecular systems include
relatively low catalyst turnover numbers for hydrogen
formation. Besides, most of the systems based on
organic dyes suffer from a reduction quenching step
which produces unstable PS~ which reduces the

Bl With precise organization of

stability of the system
the catalytic centers and organic ligands into a metal-
organic macrocycle, remarkable performance in
hydrogen formation can be realized. In addition, the
cavities of macrocycles have a special physical and
hydrophilic/

bonding, -7

chemical environment, such as

hydrophobic

stacking interaction, electrostatic interaction and so

properties, hydrogen
on, which can interact with the photosensitizer forming
a supramolecular complex to enhance the electron and
energy transfer efficiency!"’.

In 1922, Paul Sabatier reviewed the state of the
art of catalysis in organic chemistry and highlighted
the specific behavior of nickel catalysts"®. Nickel, as
an earth-abundant and relatively low-cost material,
may be a worthwhile basis for proton reduction
catalysts. DuBois and co-workers have also shown that
mononuclear nickel(Il)-bis(diphosphine) complexes are
effective catalysts for electrochemical hydrogen genera-
tion. While photocatalytic hydrogen generation from
the nickel-phosphine complexes is long-lived, the acti-
vity of the photocatalytic system with the nickel pho-
sphine catalyst is low, with a turnover frequency (TOF)
of approximately 20 equivalents of H, per hour2!.

Schiff base ligands have received considerable
attention as chelating ligands for transition metal
catalysts. In this article, a new metal-organic
macrocycle [Niy(1.2),(CH;CN),](C1O,), - 4CH;CN (2) was
constructed using the ligand 1.2(1.2=1,4-benzenedicar-
boxaldehyde-bis (2’ -pyridinylhydrazone)) consisting of

multiple N atoms and nickel ions (Scheme 1). Because
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Scheme 1 Structures of ligands L1 and L2

the Ni(Il) of macrocycle 2 can be coordinated with the
fluorescein ~ (FI) molecules to form supramolecular
complex, the photocatalytic activity of catalyst 2 was
higher than that of [Ni(L1),(CH;CN),](C10,), (1, L1=3-
formyl benzaldehyde-2'-pyridylhydrazone) under similar
reaction conditions. And the metal-organic macrocycle
2 significantly improves the stability of the catalytic

system.
1 Experimental

1.1 Materials and physical measurements

All chemicals were of reagent grade quality
obtained from commercial sources and used without
further purification. The elemental analyses of C, H
and N were performed on a Vario EL Il elemental
analyzer. '"H NMR spectra were measured on a Varian
INOVA 400M spectrometer. ESI mass spectra were
carried out on a HPLC-Q-Tof MS spectrometer. The
fluorescent spectra were measured on a JASCO FP-
6500.

Cyclic voltammetry measurements: Electrochem-
ical measurements of catalysts 1 and 2 were performed
in CH;0H solutions with 0.1 mol-L™" TBAPF, working
on ZAHNER ENNIUM Electrochemical Workstation
with a homemade Ag/AgCl electrode as a reference
electrode, a platinum silk with 0.5 mm diameter as a
counter electrode, and glassy carbon electrode as a
working electrode. The addition of p-toluenesulfonic
acid (0.1 mol-L™ in CH;0H) was carried out with
syringe.

Fluorescence quenching experiments: A solution
(2.0 mL) of Fl at 10 pmol - L™ concentration in a CH;OH
/H,0 solution (1:1, V/V, pH=11.5) was prepared in a
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quartz cuvette fitted with a septum cap, and the
solution was degassed under N, for 15 min. Aliquots
of 20 pL of the catalysts were added, and the intensity
of the fluorescence was monitored by steady state
fluorescence exciting at 460 nm on a Spex fluoromax-
P fluorimeter with a photomultiplier tube detector.

Photocatalytic ~ proton reduction experiments:
Photoinduced hydrogen evolution was made in a 15
mlL flask. Varying amounts of the catalysts 1 and 2, FI
and NEt; in CH;O0H/H,0 (1:1, V/V) were added to
obtain a total volume of 5.0 mL. The flask was sealed
with a septum and degassed by bubbling argon for 15
min. The pH of this solution was adjusted to a specific
pH by adding HCI or NaOH and measured with a pH
meter. After that, the samples were irradiated by a
500 W Xenon lamp with the 400nm light filter, and
the reaction temperature was maintained at 293 K by
using a thermostat water bath. The generated photo-
product of H, was characterized by GC 7890T instru-
ment analysis using a SA molecular sieve column (0.6
m x3 mm), thermal conductivity detector, and argon
used as carrier gas. The amount of hydrogen generated
was determined by the external standard method.
1.2 Syntheses of L.1 and 1.2

The ligand L1 was synthesized by refluxing a
methanol solution (40 mL) containing of m-phthalal-
dehyde (6 mmol, 0.8 g) and 2-hydrazinopyridine (6
mmol, 0.65 g) for 8 h. Yield: 72%. Anal. Calcd. for
CisHuN;O(%): H, 4.92; C, 69.32; N, 18.66. Found(%):
H, 4.96; C, 69.10; N, 18.74. 'H NMR (DMSO-d,, 400
MHz): 6 10.93 (s, 1H), 10.02 (s, 1H), 8.03 (d, 2H), 8.01
(s, 1H), 7.90 (s, 1H), 7.62 (t, 2H), 7.39 (t, 1H), 7.23
(d, TH), 6.73 (t, 1H).

The synthesis of L2 was similar to that described
for L1 with the corresponding terephthalaldehyde (3
mmol, 0.4 g). Yield: 70%. Anal. Caled. for C;sHsNg
(%): H, 5.10; C, 68.34; N, 26.56. Found (%): H, 5.16;
C, 68.44; N, 26.71. 'H NMR (DMSO-ds, 400 MHz): &
10.93 (s, 2H), 8.12 (d, 2H), 8.03 (s, 2H), 7.68 (s, 4H),
7.65 (t, 2H), 7.27 (d, 2H), 6.78 (t, 2H).
1.3 Syntheses of complexes 1 and 2

The ligand L1 (0.2 mmol, 0.045 g) and Ni(ClOy),
+6H,0 (0.1 mmol, 0.037 g) were dissolved in 20 mL

acetonitrile. The solution was refluxed for 4 h, and
then slowly evaporated at room temperature. The brown
block crystals (complex 1) were obtained in several
days. Yield : 45%. ESI-MS m/z: [2L1+Ni]**, 254.060 7;
[2L1+Ni+ClO4]*, 607.072 5. Anal. Calced. for NiCsHxg
CLNgO4(%): H, 3.57; C, 45.60; N, 14.18. Found(%):
H, 3.60; C, 45.56; N, 14.24.

The synthesis of complex 2 was similar to that
described for 1 with the ligand L2 (0.1 mmol, 0.032 g)
and Ni(Cl0,),-6H,0 (0.1 mmol, 0.037 g). After several
days, yellow block crystals were obtained. Yield: 55%.
ESI-MS m/z: [21.2+2Ni+Cl0,-HJ*, 423.839 4; [21.2+2Ni
+2C10,)*, 473.800 4; [21.2+2Ni+2C10,~-H]*, 946.611 5;
[21.24+2Ni+3C10,]*, 1 046.495 1. Anal. Caled. for Ni,Cs,
HsCLN»Oys (%): H, 3.82; C, 42.31; N, 18.98. Found
(%): H, 3.87; C, 42.26; N, 19.02.

1.4 X-ray crystallography

The data were collected on a Bruker Smart
APEX Il X-diffractometer equipped with graphite
monochromated Mo Ko radiation (A=0.071 073 nm)
using the SMART and SAINT™ programs at 296 K for
complexes 1 and 2. Final unit cell parameters were
based on all observed reflections from integration of
all frame data. The structures were solved in the
space group by direct method and refined by the full-
matrix least-squares using SHELXTL-97 fitting on F*1#,
The crystal data and details of the structure refinement

of complexes 1 and 2 are summarized in Table 1.

CCDC: 1576598, 1; 1576599, 2.
2 Results and discussion

2.1 Crystal structural description

Single-crystal structure representations for the
complexes 1 and 2 are shown in Fig.1. In the crystal
structure of complex 1, the nickel coordination sphere
is a distorted octahedron, consisting of two N atoms
from 2-pyridinylhydrazone group of one Schiff base
ligand L1, two N atoms from another ligand L1 and
two N atoms from two acetonitrile molecules
coordinated to the nickel. Similar to the complex 1, in
the crystal of complex 2, each of the two metal centers
was octahedrally coordinated by two N atoms from two

acetonitrile molecules and four N atoms that equally
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Table 1 Crystal data and structure refinements for complexes 1 and 2

Complex 1 2
Formula NiC3HxCLNgOy Ni,Cs:HseCLNxO 1
Formula weight 790.21 1476.39
Crystal system Orthorhombic Triclinic
Space group Peen Pl
a/ nm 0.752 3(1) 0.893 8(2)
b/ nm 2.067 8(1) 1.025 9(2)
¢/ nm 2.172 1(1) 1.947 0(1)
al (%) 82.816(4)
B1(° 82.468(4)
y 1) 70.355(4)
V / nm? 3.378 (1) 1.660 4(1)
A 4 1
D./ (g-em™) 1.553 1.476
F(000) 1 624 760
Reflection collected 26 395 31 540
Unique reflection (R;,) 9 886 9 893
Goodness-of-fit on F 1.088 0.998
Final R indices™ [I>20(1)] 0.069 9 0.052 6
R indices* (all data) 0.087 9 0.068 8

‘Ri=2 (IF)-IF)) 2\ ); "wR=[ X w(IF,J-IF) X wF "™

By
o

Anions and solvent molecules are omitted for clarity

Fig.1 Single-crystal structures of 1 (a) and 2 (b)

originated from one arm of the two ligands L2,
respectively. As a result, the metal-organic macrocycle
2 was constructed by two ligands and two Ni(Il). In
addition, these Ni(I) centers feature an octahedral
configuration that allows the production of free
coordination sites by release of the acetonitrile
molecules oriented outside of the metal-organic macro-
cycle. Moreover, the coordinated acetonitrile molecules

were easily removed based on the configuration of 2,

producing the open sites of nickel for photosensitizer
molecules. As a result, the photogenerated electron
would be migrated from the photosensitizer to the
catalyst during the photoreduction process, which was
beneficial to achieving high activity in the catalytic
system'24'.
2.2 Cyclic voltammetry of the complexes

The cyclic voltammetry shows that the reduction

potentials of Ni(I/Ni(I) and Ni(I)/Ni occur at —0.586
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Fig.2 Cyclic Voltammogram of 1 (a) and 2 (b) in CH;0H with 0.1 mol-L™" TBAPF, upon addition of

p-toluenesulfonic acid with different concentrations

and —=1.08 V  (vs Ag/AgCl) respectively for 1 (Fig.2a).
And the complex 2 exhibits the reduction processes of
Ni(I/Ni(I) and Ni(I)/Ni at —-0.595 and —-1.28 V (vs
Ag/AgCl), respectively (Fig.2b). In addtion, both the
Ni(I/Ni(I) potential for complexes 1 and 2 fall well
within the range of that of proton reduction in aqueous

B To investigate the role of the Ni complex as

media
a proton reduction catalyst, cyclic voltammetry was
performed in the presence of increasing amounts of p-
toluenesulfonic acid. Addition of enough p-toluenesul-
fonic acid triggers the appearance of a new irrever-
sible cathodic wave near the Ni(I)/Ni(I) response®?,
Increasing the concentration of p-toluenesulfonic acid

raises the height of the new wave and shifts it to more

1x10°
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Q
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Wavelength / nm

negative potentials, indicating that complexes 1 and 2
are able to reduce protons through a catalysis process.
2.3 Complexes 1 and 2 as quenchers for the

photosensitizer FI

Complexes 1 and 2 can also serve as efficient
quenchers for the photosensitizer fluorescein. The
Stern-Volmer quenching constant K, in this system
was calculated as 3.217x10° L - mol™ upon the addition
of 1 into FIl solution in CH;OH/H,0O (1:1, V/V) as
shown in Fig.3a. The quenching behavior can be
considered as a photoinduced electron transfer process
from excited state of FI to 1, providing possibilities for
Fl to activate complex 1 for the production of H, in

solution. The K, for the catalyst 1 was higher than

1%10°
(b) 2.54 ¥=159 217x+0.917 9
R=0.993 3
8X 10 1 gz'o
1.5
=
S 6x10° 10
é‘ 0 2 4 6 8 10
g ¢,/ (umol-L™)
E 4%10° -
2X10° 4
0

L) hd L\ hl L) b L) b L * L)
480 500 520 540 560 580 600
Wavelength / nm

cn=10 pmol - L™, Vi oV 0=1:1; Inset: Stern-Volmer plot for the photoluminescence quenching of F1 by catalysts 1 (a) and 2 (b)

Fig.3 Emission spectra of fluorescein solutionin CH;0H/H,0 solution upon addition of catalysts 1 (a) and 2 (b)

with various concentration
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the K,; reported for NEt;
concentration of NEt; was 0.576 mol-L™!

(0.44 L-mol™). When the
8%, VIV,
the same below) and the concentration of catalyst 1
was 20 wmol - L™ in the actual photocatalytic reactions,
the K¢y, (0.25) is much higher than the K¢, (0.06).
Hence, a photoinduced electron transfer from the NEt;
to FI', with the unstable FI" is produced (reductive
quenching), dominated the homogeneous photolysis of
the reaction mixture instead of direct quenching by 1.
The Stern-Volmer quenching constant K, of 2 (1.592x
10° L-mol™) is almost 50 times that of complex 1 (Fig.
3b). When the concentration of NEt; was 0.576 mol -
L™ (8%) and the concentration of catalyst 2 was 20
pmol L ™" under photocatalytic conditions, the K¢,
(3.2) is much higher than the K¢y, (0.25). Hence, the
quenching of the excited state of F1 by the catalyst 2
is largely dominated by the oxidative quenching. The
initial photochemical step is the formation of F1* through

oxidative quenching by complex 2%,

It indicates
that the metal-organic macrocycle 2 with a specific

electronic transport pathway may be in favor of

stabilizing the photosensitizer Fl compared with the
mononuclear complex 1.
2.4 Supramolecular complex formation between

Fl and the macrocycle 2

Despite the cavity size of metal-organic macro-
cycle 2 being too small to encapsulate fluorescein
molecules, the coordinated acetonitrile molecules were
easily removed based on the configuration of 2, which
might produce open sites of nickel for photosensitizer
molecules. To explore this hypothesis further, the 'H
NMR spectrum and ESI-MS spectrum of metal-organic
macrocycle 2 in the presence of fluorescein were
analyzed. The ESI-MS spectrum of 2 in CH;0H
exhibits a series of peaks at m/z=423.839 4, 473.800 4,
946.611 5 and 1 046.495 1 which are assigned to the
[2L.2+42Ni+Cl0,—HJ**, [2L2+2Ni+2CI0,J**, [2L2+2Ni+
2C10,-HJ*, [2L2+2Ni+3Cl04]" respectively, suggesting
the formation and stability of the metal-organic
macrocycle 2 in solution (Fig.4a). When an equimolar
amount of Fl was added into the solution of 2, two

new intense peaks at m/z=590.192 1, 706.262 9 were

100+ 473.800 4
(a)
424.049 3 474.027 5 947.0472 1047.032 1
Theoretical
c\c coretical
= 423.839 4 473.800 4
g : 66115 10046.495 1
g | 423.839 4 Experimental .
©
=
=
o
I~
0466115 10464951
0 O | Al aatdd - l
........ o B B e T e I
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(b)
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=)
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8
g
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2
=
©
™
. 3
200 400 600 1000 1200 1400

Fig.4 ESI-MS spectra of 2 in the absence (a) and presence (b) of FI (1 equiv.) in CH;OH
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Fig.5 'H NMR spectra of 2 (a), FI (b) and 2 in the presence of FI (c)
observed (Fig.4b). A simple comparison with the was evaluated with F1 as a photosensitizer (PS) and

simulation results based on natural isotopic abunda-
nces suggests that the peaks can be assigned to [2L.2+
2Ni+ClO4+F1-HP* and [2L2+2Ni+ClO,+2F1-HJ**,
respectively. This result implies the formation of a 2:1
supramolecular adduct 2F1:2 in solution®, The 'H
NMR spectrum of 2 in the presence of Fl shows
significant downfield shifts of the signals associated
with protons H;, H," nearby the Ni(ll) (5=0.15) which
suggested that the coordinated acetonitrile molecules
were easily released for metal-organic macrocycle 2,
producing the free coordination sites of Ni(Il) centers
for fluorescein molecules (Fig.5). Fl molecules are
capable of coordinating to the Ni(I) of macrocycle 2
and the Ni(Il) of mononuclear complex 1 is hardly
coordinated with F1 on account of large steric
hindrance, which well explains that the Stern-Volmer
quenching constant of 2 (K,,=1.592x10° L-mol™) is
almost 50 times that of complex 1 (K,,,=3.217x10" L.+
mol™). Hence, macrocycle 2 could potentially be used
for the construction of photocatalytic systems.

2.5 Catalytic behavior of the complex 2 in H,

evolution

Proton reduction catalytic activity of complex 2

irradiation with visible light (A>400 nm) in a CH;0H/
H,0 solvent mixture (1:1, V/V) containing NEt; at 25
°C. The volume of H, was quantified at the end of the
photolysis by gas chromatographic analysis®*. The
optimum pH value of the reaction mixture was
maintained at 11.5, decreasing or increasing the pH
value both resulted in a lower initial rate and shorter
system lifetime for hydrogen evolution (Fig.6a). The
decrease of the efficiency at higher pH values is likely
due to the lower concentration of proton in solution™.
It was found out that the optimal concentration of NEt;
is 8% when fixing the pH of the system at the
optimum value of 11.5 (Fig.6b). Furthermore, control
experiments of the system with the absence of any one
species of catalyst 2, F1 or NEi; hardly yielded any
observable amount of hydrogen, demonstrating that all
of three species are essential for the hydrogen
generation. This artificial photosynthetic system does
not work well in the absence of the light either.

When the concentrations of FI (3 mmol-L™) and
NEt; (8%) were fixed, the volume of the hydrogen
produced exhibited a linear relationship with the

concentration of catalyst 2 in the range from 5 to 20
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Initial rates of H, production in CH;0H/H,0 of systems containing 2, FI and NEt; with different pH values (a) and

systems containing 2, F1 at pH 11.5 with different concentrations of NEt; (b); Photocatalytic hydrogen evolution of

the systems containing Fl, NEt; with the concentration of 2 (c) and systems containing NEt;, F1 in CH;0H/H,0

upon addition with catalyst 1 or 2 (d)

pmol - L™ (Fig.6c). When the concentration of catalyst
2 was at 5 pmol - L™, the system exhibited a high activity

[14-16,19-21.35]
2

for a noble-metal-free system achieving a

1

turnover number of 3 100 mol,; -mol.,™ even after 30

h. At higher catalyst concentrations, even though a
larger amount of H, is evolved, the TON does not
scale linearly with catalyst concentration because of
the limited lifetime of the system. In addition, when
catalyst 2 (20 pwmol-L™) was replaced by the mononu-
clear complex 1 (40 wmol-L™) which contains the
same concentration of nickel ions in the same system
consisting of FI (3 mmol - L), NEt; (8%), approximately
only one third of hydrogen quantity of catalyst 2 was
(Fig.6d). The enhanced efficiency of the
catalyst 2 is likely ascribed to the formation of

acquired

supramolecular complex between fluorescein and the
macrocycle which is beneficial to transfer electrons

from the excited state of F1 to 2.

3 Conclusions

In summary, a new strategy for constructing
artificial photocatalytic systems to generate hydrogen
from water by combining an organic photosensitizer
with a redox active metal-organic macrocycle 2 was
reported. Because fluorescein molecules are able to
coordinate to the Ni(Il) of complex 2, the photosensit-
izer and catalyst were forced close together, promoting
the oxidative quenching of F1 by 2 when compared to
the mononuclear complex 1. This work may contribute

to a bright future of supramolecular systems in
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hydrogen evolution.
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