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The application of metal-organic molecular hosts as “molecular flasks” has precipitated a surge of interest in

the reactivity and property of molecules within well-defined spaces. Here we report an approach to
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construct supramolecular systems for photo-catalytic hydrogen production and carbon dioxide reduction by

encapsulating an organic dye molecule into the pocket of the redox-active metal-organic macrocycle. The
assembled NisLs tricycle consists of three ligands and three nickel ions that alternatively connect together.
The special geometry enforces the distortion of the square planar coordinated configuration, and the
coordination of the sulphur atoms enables the modification of redox potentials suitable for proton reduction
and carbon dioxide reduction. The supramolecuar systems that have fluorescein molecules being
encapsulated as the photosensitive guests feature efficient activity for the photocatalytic carbon dioxide
conversion and production reduction. The new reaction pathways within the confined space demonstrate
the power of the supra-molecular system over related systems.

Introduction

The design of artificial catalysts that compete with the
catalytic proficiency of enzymes is an intensive subject of
research.'The typical route to prepare an effective artificial
enzyme is to reproduce the sometimes elusive structure of the
enzyme’s active site? and at the same time to enhance the
reaction rate by increasing the local concentration of a
substrate around its reactive center.3 In this case, self-
assembly reaction vessels based on reversible interactions
have been considered a new phase of matter, in which the
physicochemical properties of the molecules contained in the
“molecular flask” are considerably modified with respect to
those exhibited in the solid, liquid, or gas phase.* New reaction
pathways have also emerged for substrate molecules inside
these containers, by enhancing the proximity between the
substrate and the catalytic center and increasing the effective
molarity of the reaction.®

An important target in area of artificial enzyme mimics is
the photo-catalytic reduction of chemical protons and carbon
dioxide, as it allows to store renewable and abundant energy
in chemical bonds. In a final target device coupling the
reductive and oxidative half-reactions is required.6 The
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homogeneous systems that have been reported to perform
such a reductive half reaction require a photosensitizer for
light absorption, a catalyst for CO; activation, and an artificial
electron donor. Such systems offer a nice strategy for solar
driven CO; fixation that allows for modular tuning of their
performances via synthetic chemistry.” Compared to related
heterogeneous catalytic systems® the advantage entails the
freedom to design molecular components for the
homogeneous systems, preferably based on earth-abundant
metal catalyst.? However, it still remains a challenge to control
and optimize the photo-induced electron transfer between the
photosensitizer and the catalyst.

Scheme 1. Procedure for the synthesis of the metal-organic macrocycle and
construction of the artificial supramolecular system for photocatalytic carbon
dioxide reduction. The nickel, sulfur, nitrogen and carbon were drawn in green,
yellow, blue and grey, respectively.

Supramolecular assembly of predesigned inorganic and
organic building blocks can be used to construct the well-
defined, nanosized molecular cavities that catalyse special
chemical transformations.10 Previously, we have developed the
new approach to the creation of artificial photocatalytic
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systems for light driven proton reduction by encapsulating
organic photosensitizers into the pockets of redox metal-
organic macrocycles,!! thus we considered whether such a
strategy could provide a model platform for efficient photo-
catalytic proton reduction and carbon dioxide reduction.?
Herein, by incorporating hydrazinecarbodithioate chelators
into the ligand backbone, we extended this approach to
assemble metal-organic macrocycles that act as a
supramolecular host and redox catalyst for the photo-catalytic
reduction of carbon dioxide (Scheme 1). Based on seminal
work with [Ni(cyclam)]?* and related N4 macrocyclic complexes
that show catalytic activation for the carbon dioxide electro-
chemical reduction,’3 we reasoned that the planar, electron-
rich systems with a dz?2 based nucleophile could provide active
sites for activating CO, as an electrophile.’* The strong
coordinating ability of the NS chelators was expected to
enhance the stability of the macrocycle and to afford nickel
ions with redox potentials!®> and square plane coordination
geometry suitable for carbon dioxide reduction.® The special
macrocyclic conformation could be also well-defined to
provide sufficient intermolecular interactions with organic dye
molecules encapsulated for the construction of
supramolecular photocatalytic systems.

Experimental
Materials and methods

All chemicals were of reagent grade quality obtained from
commercial sources and used without further purification. MeCN
was distilled from calcium hydride for use. The elemental analyses
of C, H and N were performed on a Vario EL Il elemental analyzer.
IH NMR, 13C NMR and NOESY spectra were measured on a Varian
INOVA 400 M spectrometer. ESI mass spectra were carried out on a
HPLC-Q-Tof MS spectrometer. UV-vis spectra were measured on a
HP 8453 spectrometer. The solution fluorescent spectra were
measured on JASCO FP-6500. The solution of Ni-SSC and Ni-MSSC
was prepared in DMF, and the concentration was 1.0 mM, whereas
the solution of fluorescein was prepared in acetonitrile/H,0 (1:1
viv).

All electrochemical measurements were carried out under
nitrogen atmosphere at room temperature and performed on a CHI
1130 (CH Instrument Co., Shanghai) electrochemical analyzer with a
conventional three-electrode system consists of a homemade
Ag/AgCl electrode as a reference electrode, a platinum silk with 0.5
mm diameter as a counter electrode, and a glassy carbon electrode
as a working electrode. The solution concentrations for
electrochemical measurements were ca. 0.1 mM for the Ni-SSC and
1 mM for the Ni-MSSC and 0.1 M for the supporting electrolyte, (n-
BuyN)PFs. Electrodes were polished on a MD-Nap polishing pad.

Photoinduced hydrogen evolution and carbon dioxide reduction
were carried out in a 20 mL flask. Varying amounts of the catalyst,
fluorescein and triethylamine in 1:1 acetonitrile/H,0 (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 30 min and carbon

dioxide for 5 min under atmospheric pressure at room temperature.

The pH of this solution was adjusted to a specific pH by adding
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hydrochloric acid and measured with a pH meter. After that, the
samples were irradiated by a 500 W Xenon Lamp, and the reaction
temperature was remained at 25 °C by a super constant
temperature circulating water tank. The generated photoproduct of
H, was characterized on a GC 7890T instrument equipped witha 5 A
molecular sieve column (0.6 m x 3 mm) and a thermal conductivity
detector, and argon was used as carrier gas. The amount of
generated hydrogen was determined by the external standard
method. Hydrogen in the resulting solution was not measured and
the slight effect of the generated hydrogen gas on the pressure of
the flask was neglected for calculation of the volume of hydrogen
gas.l” The generated HCOOH was characterized on a DIONEX ICS-
5000 instrument using a guard column lonPac AG11-HC and the
column temperature was kept at 30 °C. The photocatalytic
reduction of 13CO, was carried out in a CH3CN/D,O solution
(ensuring the same condition as that of the reaction mixture
mentioned above for photocatalytic reduction of CO,). The solution
was degassed by bubbling Ar for 30min and 13CO; for 5min. To
avoid the influence of residue coordination complexes on the
detection of ion chromatography and NMR, the CH3CN was
removed by vacuum rotary evaporation after the reaction. The
residual D,O was filtered to remove the residue complex before the
measurement of 13C NMR spectroscopy.

Synthetic procedures

Preparation of Ni-SSC

POCI; , DMF el N s =S N(\/ 5~
3 ,
“ DMSO ‘_.1 2 du:hloroethan Q O CH;,OH }NN.N’QS

Ligand SSC

Scheme 2. Synthesis of ligand SSC

9-butyl-9H-carbazole. A solution of carbazole (5.0 g, 30 mmol)
and KOH (3.4 g, 60 mmol) in dimethyl sulfoxide (100 mL) under
stirring was heated at 90 °C for 4 h, and then 1-bromobutane (4.1 g,
30 mmol) was gradually added. After being stirred for another 48 h
at 90 °C, the mixture was poured into water (100 mL) and extracted
with dichloromethane. The organic layer was washed with water
(100 mL x 3) and brine (100 mL x 3), and then dried over anhydrous
magnesium sulfate. The solvent was removed by vacuum rotary
evaporation to obtain a crude product. The residue was purified by
silica gel column chromatography (dichloromethane/petroleum
ether, 1:1 as an eluent).’® Yield: 5.9 g, 88%. 'H NMR (CDCls, 400
MHz, ppm): 6 8.00 (d, J = 8.0 Hz, 2H carbazole), 7.19-7.48 (m, 6H
carbazole), 4.31 (t, /= 6.8 Hz, 2H NCH,), 1.86 (m, 2H CH,), 1.39 (m, J
= 7.6 Hz, 2H CH,), 0.95 (t, J = 7.6 Hz, 3H CHs).

9-butyl-9H-carbazole-3,6-dicarbaldehyde. Phosphoryl chloride
(23 g, 150 mmol) was added dropwise to a solution of N,N-
dimethylformamide (11 g, 150 mmol) in 1,2-dichloroethane (10 mL)
at 0 °C. Then the reaction mixture was heated to 35 °C, and a
solution of 9-butyl-9H-carbazole (3.35 g, 15 mmol) in 1,2-
dichloroethane (40 mL) was added. After being stirred for 48 h at
90 °C, the mixture was poured into water (200 mL) and extracted
with dichloromethane. The organic layer was washed with water
(100 mL x 3) and brine (100 mL x 3), and then dried over anhydrous
magnesium sulfate. The solvent was removed by vacuum rotary
evaporation. The residue was purified by silica gel
chromatography (dichloromethane/petroleum ether,

column
4:1 as an
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eluent). Yield: 2.1 g, 67%. *H NMR (CDCls, 400 MHz, ppm): 6 10.13 (s,

2H CHO), 8.67 (s, 2H carbazole), 8.08 (d, J = 8.8 Hz, 2H carbazole),
7.55 (d, J = 8.4 Hz, 2H carbazole), 4.39 (t, J = 6.8 Hz, 2H NCH,), 1.78
(m, J = 7.5 Hz, 2H CH,), 1.30 (m, J = 7.6 Hz, 2H CH,), 0.88 (t, J = 7.6
Hz, 3H CH3).

Ligand SSC. Methyl hydrazinecarbodithioate (1.47 g, 12 mmol)
was added to a methanol solution (50 mL) containing 9-butyl-9H-
carbazole-3,6-dicarbaldehyde (1.40 g, 5 mmol). After 5 drops of
acetic acid was added, the mixture was refluxed for 48 h. The
yellow solid was collected by filtration, washed with methanol and
dried under vacuum. Yield: 1.8 g, 43%. 'H NMR (DMSO, 400 MHz,
ppm): 6 13.32 (s, 2H CNH), 8.53 (s, 2H carbazole), 8.46 (s, 2H NCH),
7.94 (d, J = 8.8 Hz, 2H carbazole), 7.46 (d, J = 8.4 Hz, 2H carbazole),
4.39 (t, J = 6.8 Hz, 2H NCH3), 2.56 (s, 6H SCH3), 1.78 (m, J = 7.5 Hz,
2H CH,), 1.30 (m, J = 7.6 Hz, 2H CH,), 0.88 (t, J = 7.6 Hz, 3H CH3).
Anal. Calc. for CxHasNsSa: C, 54.18; H, 5.17; N, 14.36; Found: C,
54.03; H, 5.11; N, 14.21.

Ni-SSC. A solution of Ni(ClO4),-6H20 (73.1 mg, 0.2 mmol) and
ligand SSC (48.7 mg, 0.1 mmol) in 40 mL CH,Cl,/CH30H (1:1 v:v) was
stirred at room temperature. After being stirred for 6 h, the
reaction solution was poured into 200 mL diethyl ether and filtered,
and then the precipitated crude product was dissolved in DMF 30
mL and stirred for 12 h. Black purple rhombus crystals of Ni-SSC
were obtained by diffusing diethyl ether into the aforementioned
DMF solution. Yield: about 65%. Anal. Calc. for Ni3(CesHsoN15S12): H,
4.26; C, 48.54; N, 12.86; Found: H, 4.12; C, 46.82; N, 12.14.
Preparation of Ni-MSSC

H,NNILSCH3

/D\M/S~: Q POCI; DMF CHOH Q O Hn—{\

1, 2 dichloroethane
Ligand MSSC

Scheme 3 Synthesis of ligand MSSC

9-butyl-9H-carbazole-3-carbaldehyde. Phosphoryl chloride
(11.5 g, 75 mmol) was added dropwise to a solution of N,N-
dimethylformamide (5.5 g, 75 mmol) in 1,2-dichloroethane (10 mL)
at 0 °C. Then the reaction mixture was heated to 35 °C, and a
solution of 9-butyl-9H-carbazole (2.2 g 10 mmol) in 1,2-
dichloroethane (40 mL) was added. After being stirred for 48 h at
90 °C, the mixture was poured into water (200 mL), extracted with
dichloromethane, and the organic layer was washed with water
(100 mL x 3) and brine (100 mL x 3), and then dried over anhydrous
magnesium sulfate. The solvent was removed by vacuum rotary
evaporation to give a residue that was purified with silica gel
column chromatography afterwards (dichloromethane/petroleum
ether, 2:1 as an eluent). Yield: 1.96 g, 78%. 1H NMR (DMSO, 400
MHz, ppm): & 10.13 (s, 1H CHO), 8.45 (s, 1H carbazole), 8.23 (d, J =
7.6 Hz, 1H carbazole), 7.90 (d, J = 8.8 Hz, 1H carbazole), 7.70 (d, J =
8.4 Hz, 1H carbazole), 7.65 (d, J = 8.4 Hz, 1H carbazole), 7.50 (t, J =
7.8 Hz, 1H carbazole), 7.26 (t, J = 7.4 Hz, 1H carbazole), 4.43 (t, J =
6.8 Hz, 2H NCH,), 2.56 (s, 3H SCHs), 1.77 (m, J = 7.5 Hz, 2H CH5),
1.31 (m, J = 7.6 Hz, 2H CH,), 0.96 (t, J = 7.6 Hz, 3H CHs).

Ligand MSSC. Methyl hydrazinecarbodithioate (0.74 g, 6 mmol)
was added to a methanol solution (50 mL) containing 9-benzyl-3-
carbaldehydecarbazole (1.26 g, 5 mmol). Subsequently, five drops
of acetic acid was added and the mixture was refluxed for 48 h. The
yellow solid was collected by filtration, washed with methanol and
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Inorganic.Chemistry: Frontiers

dried in vacuum. Yield: 1.6 g, 75%. 1H NMR (DMSO, 400 MHz, ppm):
513.29 (s, 1H CNH), 8.45 (s, 1H carbazole), 8.43 (s, 1H NCH), 8.23 (d,
J=7.6 Hz, 1H carbazole), 7.90 (d, J = 8.8 Hz, 1H carbazole), 7.70 (d, J
= 8.4 Hz, 1H carbazole), 7.65 (d, J = 8.4 Hz, 1H carbazole), 7.50 (t, J =
7.8 Hz, 1H carbazole), 7.26 (t, J = 7.4 Hz, 1H carbazole), 4.43 (t, J =
6.8 Hz, 2H NCH,), 2.56 (s, 3H SCHs), 1.77 (m, J = 7.5 Hz, 2H CH,),
1.31 (m, J = 7.6 Hz, 2H CH,), 0.96 (t, J = 7.6 Hz, 3H CHs). Anal. Calc.
for C19H21N3S,: C, 64.19; H, 5.95; N, 11.82; Found: C, 63.89; H, 5.87;
N, 11.56.

Ni-MSSC. A solution of Ni(OAc),-4H,0 (24.8 mg, 0.1 mmol) and
ligand MSSC (71.1 mg, 0.2 mmol) in 40 mL CH,Clo/CH30H (1:1 v:v)
was stirred for 12 h. Dark red solution of Ni-MSSC was obtained
through filtration and black block crystals were obtained in the
above solution by volatilization after one week. Yield: about 68%.
Anal. Calc. for Ni(CsgHaoNeSs): H, 5.25; C, 59.45; N, 10.95; Found: H,
5.14; C, 58.95; N, 10.72.

Crystallography.

The diffraction intensities were collected on a Bruker SMART
APEX CCD diffractometer equipped with a graphite-
monochromated Mo-Ka (A = 0.71073 A) radiation source; the data
were acquired using the SMART and SAINT programs.’® The
structures were solved by direct methods and refined on F? by full-
matrix least-squares methods using the SHELXTL version 5.1
software.?0

Of the refinement of both data, non-hydrogen atoms were
refined anisotropically. Except the solvent water
hydrogen atoms were fixed geometrically at calculated distances

molecule,

and allowed to ride on the parent non-hydrogen atoms. For data of
Ni-SSC, one carbon atom of butyl group was disordered into two
parts with the site occupancy factors (s.o.f.) of each parts being
refined using free variable, respectively. Several bond distances in
the disordered butyl group and the solvent DMF molecules were
restrained as idealized values. Thermal parameters on adjacent
atoms of the disordered butyl group and the solvent DMF
molecules were restrained to be similar. The SQUEEZE function of
PLATON was used to remove the void electron density. The level A
and B alerts in check cif file are mainly due to the low diffraction
intensity of the data.

Crystal data for Ni-SSC. Ni3C75H92N1304S12, Mr=1870.52, Triclinic,
space group P-1, black block, a = 18.28(2) A, b = 18.49(2) A, ¢ =
19.33(2) A, a = 112.371(12), B = 114.135(11), y = 95.882(11), V =
5250(11) A3, Z = 2, A (MoKa) = 0.71073 A, u (MoKa)= 0.819 mm™, T
=220(2) K, 18178 unique reflections [Rin: = 0.1686], Final Ry [with | >
20(1)] =0.1101, wR; (all data)= 0.3986. CCDC NO. 1450384.

Crystal data for Ni-MSSC. NiCssHaoNeSs, Mr=767.71,
Orthorhombic, space group P2(1)2(1)2(1), black block, a = 8.454(2)
A, b=18.860(4) A, c =23.003(5) A, V =3667.7(15) A3, Z = 4, A (MoKa)
= 0.71073 A, p (MoKa)= 0.794 mm=, T = 220(2) K, 6452 unique
reflections [Rint = 0.0854], Final Ry [with | > 20(l)] = 0.0556, wWR; (all
data) = 0.1268. CCDC NO. 1450385.

Results and discussion

Ligand SSC was obtained by a simple Schiff-base reaction of
9-butyl-3,6-dicarbaldehydecarbazole with methyl hydra-
zinecarbodithioate in a methanol solution. Vapor diffusion of

J. Name., 2013, 00, 1-3 | 3
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diethyl ether into the DMF solution mixed ligand SSC and
Ni(ClO4)2:6H20 in an equal a 1:2 mole ratio led to the

formation of crystalline solids of Ni-SSC in a yield of about 60%.

Single crystal X-ray structural analysis of compound Ni-SSC
displayed the formation of a three-membered metal-organic
macrocycle. The complex consists of three ligands and three
nickel ions that connect together alternatively. Each ligand
binds to the central Ni ion through the thiol S atom and
hydrazine N atom to yield a five-membered chelated ring, and
each nickel ion is positioned at the corners of a triangle. The
NiN,S, moiety is cis square-planar (coordination plane) with Ni-
S and Ni-N bond distances of 2.14 A and 1.92 A2 in
accordance with those nickel(ll) SN chelating complex.??2 The
distance between a pair of nickel ions is about 12.1 A and the
inner radii of the macrocycle is about 4.52 A. As Ni-SSC
composes of three ligands and three nickel ions and each
ligand has a certain rigidity, the formation of the three
membered metal organic macrocycle enforces the distortion
of the square-planar NiN,S; moiety with the pairs of sulphur
and the nitrogen atoms position at a cis configuration. The
average dihedral angle between the pair of the chelating
planes are 27.9, 25.1 and 19.0°, respectively. Such a structural
distortion and the rigidity of the robust ligands further led to
the conformation warp of the triangle with a special
geometry'® from which the aromatic groups of the ligands
extended outside. This structure is just like a shopping bag,
which provides a pocket for encapsulation of guest molecules
with aromatic rich groups through m-m stacking interactions
between the guest molecules,
systems.

forming

supramolecular

Figure 1. The structure of the molecular triangle Ni-SSC showing at the obverse
side (a), the flank side (b) and the coordination geometry of the Ni atom (c). The

Ni, S and N atoms are drawn in green, yellow and blue, respectively.

ESI-MS spectrum (Figure 2) of compound Ni-SSC in a DMF
solution exhibits one intense peak at m/z = 1632.08. The peak
was assigned to the species of [Ni3(SSC)sH]*, suggesting the
composition and stability of the nickel macrocycle species in
solution. When an equimolar amount of fluorescein (FI) was
added into the solution of Ni-SSC, a new intense peak at m/z =
1966.14 was observed. Analysis of the corresponding isotope
patterns reveals that the peak is properly assigned to the
[FIcNi3(SSC)3H]*, suggesting the formation of a 1:1
stoichiometric complexation species FICNi-SSC in the solution.
UV absorption revealed the presence of interactions between

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

the host ligands and guests (Figure S5), most possibly due to -
1t interactions between the aromatic rings of Ni-SSC and FI.

Cyclic voltammograms of the macrocycle Ni-SSC (0.1 mM)
recorded in a DMF solution shows the coupled Ni'/Ni'
reduction process (exhibiting a reversible reduction at -0.98 V
vs SCE under argon atmosphere, Figure 3a). The potentials fall
well within the range of proton reduction in agueous media.?3
Addition of EtsNH* triggers the appearance of a new cathodic
wave near the Ni'"/Ni' response. Increasing the concentration
of EtsNH* raises the intensity of the new wave and shifts it to
more negative potentials. This wave is attributed to the proton
reduction process, indicating that Ni-SSC is able to reduce the
proton in the electrochemical condition.?* Exposure of Ni-SSC
to CO; also causes the appearance of a catalytic wave at the
second reduction process, and addition of excess water as a
proton source further enhances the current.2> However, no
current enhancement is observed upon addition of water
alone at the same levels, indicating the selectivity for the
reduction over protons from water.

100 1632.08
— il
1an 15; 634 1636 1638
% [L
Experimental ‘
\_‘| \_J\_J | LJ
630 1632 1634 1638 1638
0 ; , : - :
1600 1700 1800 1900 2000 2100 2200 2300
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tmve ﬂ.ﬁ " “ ﬂ "
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u.m ms e 90 1982
% 11632.08
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L l - r v )
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Figure 2. ESI-MS spectra of Ni-SSC in a DMF solution (top picture) and of Fl
in the aforementioned solution (bottom picture). The inserts show the
measured and simulated isotopic patterns at m/z =1632.08 (top) and m/z =
1966.14 (bottom), respectively.

Addition of 15 #M Ni-SSC to the solution of FI (10 uM) in a
CH3CN/H,0 solution (ensuring the same condition as that of
the reaction mixture mentioned below for photocatalytic
reduction of CO;) quenched approximately 40% of the
emission intensity of Fl, and the luminescent titration profile of
Fl in the solution was consistent with the Hill-plot.26 The best
fit of the titration profile suggested a 1:1 host-guest behavior
with an association constant calculated as 3.88 + 0.02 x 10* M-
1 (Figure 3c).The quenching process is probably mainly
attributed to a photoinduced electron transfer (PET) from the
excited state FI* to the redox Ni centers in Ni-SSC,27 and partly
caused by the stacking interaction of Fl with the ligands. As a
consequence, Ni-SSC was directly activated for proton
reduction by the excited state FI* during irradiation. Further
investigation of the luminescence at 520 nm of a Fl solution
(10 uM) containing Ni-SSC (20 pM) decayed in a clearly
exponential fashion with the lifetime, similar to the
luminescence of a solution of free Fl (4.62 ns).The fact that the
luminescence was strongly quenched but the lifetime of the
luminescence was maintained suggested that there were two

This journal is © The Royal Society of Chemistry 20xx
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luminescent species coexisted in the titration mixture: one is
the Fl species itself with
maintained; the other is the host-guest complexation species
FICNi-SSC, which exhibits ignored luminescent intensity with
quite low lifetime. Thus the quenching process from the
excited state of FI* to Ni-SSC was not a usually bimolecular
process, but belong to a fast, pseudo-intramolecular electron
transfer process attributable to the host-guest
complexation.12b

The irradiation of a solution containing Fl (4.0 mM), Ni-SSC
(10.0 uM), and TEA (10% v:v) in a CH3CN/H,0 (1:1 in volume)
solution at 25°C resulted in direct hydrogen generation.28 A
higher efficiency of hydrogen production was achieved at pH =
11-12.0 (Figure S13). Control experiments revealed that the
absence of any of these individual components led to failure to
produce hydrogen, demonstrating that all three species are
essential for hydrogen generation. Of course, the artificial
system could not function well in the absence of light. When
the concentrations of Fl (4.0 mM) and TEA (10% in volume)
were fixed, the volume of the hydrogen production exhibited a
linear relationship with the concentration of the Ni-SSC
catalyst in the range of 10.0 #M to 40.0 uM (Figure 3d). The
initial turnover frequency (TOF) was approximately 160 moles
of hydrogen per mole of catalyst per hour, and the calculated
turnover number (TON) was approximately 1,250 per mole of
catalyst.

its fluorescent lifetime being

2 2
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1 1
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5 22
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‘@ —_
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£ T
L o4 >
k]
go2
0.0
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Wavelength (nm)
(a) Cyclic voltammograms of 0.1 mM Ni-SSC (black line) upon

time (hour)
Figure 3.
addition of EtsNH* with different concentrations of 2 mM (red line), 4 mM
(green line) and 6 mM (blue line); (b) upon exposure to CO2 up to
saturation (red line). Scan Rate: 100 mV/s; (c) Family of luminescence
spectra of fluorescein upon the addition of Ni-SSC in CH3CN/H-0O solution,
excited at 470 nm and (d) Light-driven hydrogen evolution of the systems
containing Fl (4.0 mM), TEA (10% v/v), and Ni-SSC in a CHzCN/H20 solution
(1:1, pH = 11.0) with the concentration of Ni-SSC fixed at 10 uM (black line),
20 uM (red line), 30 uM (green line), and 40 uM (blue line), respectively.

Photocatalytic reduction of CO, was then conducted with
EtsN (10.0% in v/v) in 5 mL CH3CN/H,O solution under
irradiation. The system exhibits obviously photocatalytic
activity for CO; reduction. The HCOO~anion was continuously
produced, with the amount increasing to 0.46 umol in 12 h.

This journal is © The Royal Society of Chemistry 20xx
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The initial TOF was approximately 0.8 moles of HCOO- per
mole of catalyst per hour, and the calculated TON was
approximately 9.3 per mole of catalyst. Few H; can be
detected in the gas and no other products can be detected in
liquid phases, suggesting that the catalyst is highly selective
toward the CO;, conversion. No HCOO- could be detected in
the absence of any component of Ni-SSC, EtsN, or Fl,
demonstrating their critical roles in the reaction. Moreover, no
HCOO- was generated when the reaction was carried out in
the dark, suggesting a truly photocatalytic behavior.

To verify the origin of HCOO-, the isotopic 13CO; instead of
CO, was employed as a reactant to be introduced into the
reaction system under otherwise similar conditions, and the
product was identified by 13C NMR spectroscopy to confirm
the origin of HCOO-.2° As shown in Figure 4, the 3C NMR
spectrum clearly gave a peak at 164.5 ppm, corresponding to
H13COO-. The results demonstrate that the produced HCOO-
anion indeed comes from CO,. From a mechanistic viewpoint,
the encapsulation of one molecule of the organic dye Fl inside
the pocket of the molecular macrocycle Ni-SSC first enhances
the proximity between the nickel-based redox catalytic site
and the photosensitizer Fl. This supramolecular structure then
allows a direct photo-induced electron transfer (PET) process
from the excited state FI* to the redox catalyst.
Simultaneously, the close proximity between the redox site
and the photosensitizer within the confined space further
allows the photo-induced electron transfer to occur in a more
powerful pseudo-intramolecular pathway to avoid unwanted
electron transfer.30 With the activation upon coordination to
the reduced nickel center, carbon dioxide was reduced to
HCOO- directly.

Ni-MSSC with 13C0, in light j\

Ni-SSC with 12C0, in light

Ni-S5C with 12CO, in dark

A

Ni-SSC with 13CO, in light A
N ,

165.0 164.5 164.0 163.5 163.0

Figure 4. 13C NMR spectra for the product detected in the system of Ni-SSC
with 13CO2 under the light (red line), 13CO2 under the dark (blue line) and
12CO; under the light (purple line) and Ni-MSSC with 13CO; under the light

(green line), respectively.

To further investigate the factors that influence the photo
reduction processes, complex Ni-MSSC was prepared as a
mononuclear nickel complex that represents one corner of the
macrocycle Ni-SSC. Crystals of Ni-MSSC were obtained from
slow evaporation of the solution of ligand MSSC and Ni(OAc),.
ESI-MS spectrum of Ni-MSSC in a DMF solution exhibited an
intense peak at m/z = 767.15 (Figure S4). The peak is assigned
to the specie of [Ni(MSSC),H]*, showing the formation and
stability of the complex in solution. Single-crystal structure
analysis revealed that the nickel center is affixed to two sulfur
atoms and two nitrogen atoms similar to those found for Ni-
SSC. As was expected, the distances of Ni-S and Ni-N bond
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were 2.16 A and 1.92 A, same as those in Ni-SSC. While the
dihedral angles between the pair of the chelating planes were
ca. 17.0°. Cyclic voltammograms of Ni-MSSC recorded in a
DMF solution is similar to that of macrocycle Ni-SSC. It exhibits
a reversible reduction at Ey= -0.87 V vs SCE under argon
atmosphere and a new cathodic wave near the potential of
Ni'/Ni' is responded to the addition of EtsNH*, while no
obvious respond toward carbon dioxide was observed (Figure
S11). Most likely, the strained coordination of the ligand in Ni-
SSC results in a more distorted coordination at the Ni centers,
which is favourable for the activation of the carbon dioxide
reduction.®

(a) o i () | H, H, His|Hiz
_u I ,j'_u'u_l 543 8, _'. 3 O I &3
N ‘l f | . 7.0

ettt - |
I ]( 3 Ty @l
U)o lhd:,,lklh,, L = 3
H,/| H.H H H‘(:ﬁu_h — ' 8.0
al bl e d 4a,5 i
o I }T‘.J'Za,?ia ‘3‘ a5
85 8.0 75 7.0 6.5 85 80 75 70 65
(c) (d) 2.0 -, 100
515 EIF, (80
EN 60
@10 g
E 405
=l w
505
> 20
/
0.0
Ni-SSC Ni-MSSC
Figure 5. (a) Partial 'H NMR spectrum of ligand MSSC (purple line), Ni-

MSSC (blue line), Ni-MSSC with FI (green line) and FI (red line); (b) Partial
NOESY of Ni-MSSC and Fl mixture in DMF, (c) Structure of the molecular Ni-
MSSC and (d) The volume of hydrogen production and the amount of
fluorescence quenching with the same metal moles (45 M) of Ni-SSC and

Ni-MSSC, respectively.

UV-vis absorption spectra of Fl upon the addition of Ni-
MSSC show an interaction between the two components
(Figure S5).The better solubility of Ni-MSSC made the 1H NMR
investigation on the interaction between the ligand and the FI
possible. The 1H NMR spectrum of Ni-MSSC (1 mM) in the
presence of FlI shows significant increase of the signals
associated with protons H, showing the close contact between
these units which may attributed to the stacking interactions
between the aromatic rings of Ni-MSSC and FI (Figure 5a).31
The NOESY spectrum of the solution Ni-MSSC (1 mM) and FI (1
mM) shows obvious H-H interactions between phenyl rings of
Fl (H1a, 24, 72, 8a) @and Ni-MSSC (Hs, red cycles) (Figure 5b). These
results demonstrate the potential m-nt interactions between
the phenyl ring of Ni-MSSC and Fl, and it could be deduced
that the host-guest interaction of the abovementioned FICNi-
SSC supramolecular system was also mainly stabilized by this
noncovalent interactions.

The addition of 45 uM Ni-MSSC to the solution of FlI (10
1M) quenched approximately 40.5% of the emission intensity
of Fl (Figure S9). The quenching process was also caused by the
possible interactions of the ligands and the PET from the
excited state FI* to the redox Ni centers in Ni-MSSC. In this

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

condition, considering that the ligand moles in Ni-MSSC was
two times over Ni-SSC, the efficiency of neat PET process in
the Ni-SSC might be higher than that of Ni-MSSC in the
photocatalytic system.

Tablel. Comparison of structure and features between Ni-SSC
and Ni-MSSC

Ni-SSC Ni-MSSC
Structure of » .
coordination plane C:‘. ;= 2

Dihedral angles (°) 23.8 17.0
Redox potential (V) -0.98 -0.87
Viz(mL) 1.41 0.93
Fa (%) 39.2 40.5
HCOO™ by IC (umol) 0.46 —_
HCOO™ by BCNMR obvious trace

Irradiation of a solution containing Fl (4.0 mM), Ni-MSSC
(30.0 uM), and TEA (10% v:v) in a CH3CN/H,0 (1:1 in volume)
solution at 25°C for 12 h resulted in approximately 0.93 mL
hydrogen production, lower than that of the catalyst Ni-SSC.
Bubbling carbon dioxide to the above mentioned solution,
slight HCOO- anion was detected by the 13C NMR after being
irradiated for 12 h, while the amount of HCOO- was too few to
be detected by IC.

Conclusions

In summary, a supramolecular three-membered metal-
organic macrocycle for the photocatalytic reduction of protons
and CO; was reported. It functions by encapsulation of the dye
that leads to photoinduced reduction of the nickel complexes.
Control experiments using a mononuclear complex that
represents one corner of the macrocycle show that this
mononuclear complex also quenches the excited state of the
dye, but that it leads to less efficient CO, conversion. These
results reveal that the higher photocatalytic efficiency of the
preorganized macrocycle is likely a result of higher activity of
the metal complex, caused by the constraint of ligand in the
macrocycle Ni-SSC. This leads to a more distorted coordination
complex of the Ni centers, which is favourable for the
activation of the carbon dioxide reduction. In addition, the
pseudo-intramolecular electron transfer process attributed to
the host-guest complexation is also benefit for the
photocatalytic reduction. We therefore conclude that we
constructed a new supramolecular artificial photocatalytic
system for the reduction of CO..
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