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Abstract

A new Gd(III) coordination polymer, {{Gd(L1)3(H20)2]-Le}. (1) (HL1 = 6-phenylpyridine-2-carboxylic acid, L2 = 4,4’
bipyridine) was synthesized using 6-phenylpyridine-2-carboxylic acid, 4,4’-bipyridine, NaOH and GdCls-6H20. The
structure of GA(III) coordination polymer has been characterized by IR and X-ray single crystal diffraction. The re-
sult of single crystal analysis indicates that fundamental unit of Gd(ITI) coordination polymer contains one Gd(III)
ion, three L: ligands, two coordinated water molecules and one uncoordinated 4,4’-bipyridine. In 1, the Gd(III) ion
is eight-coordinated and surrounded by six O atoms from three L ligands and two O atoms from two coordinated
water molecules, respectively. The complex 1 exhibits 1D chained structure by the bridging interactions of two
carboxyl-oxygen atoms and O—H--N hydrogen bonds interactions. The 1D chains are further connected by n-n
stacking interactions to form 3D network architecture. The photocatalytic CO2 reduction activity of complex 1 has
also been investigated. The complex 1 exhibits good COz reduction activity. With the increase of time, the yield of
CO from 18.2 umol/g in the first hour to 60.3 pmol/g in the third hour. And the CO selectivity has reached 100%.
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1. Introduction ties, such as photocatalytic and electrocatalytic
activity include the oxygen reduction reaction
(ORR), hydrogen evolution reaction (HER), oxy-
gen evolution reaction (OER), CO2 reduction re-
action (CO2RR) [10], CO2 cycloaddition reaction
[11], ring-opening polymerizations [12], stere-
oselective polymerization for aromatic polar vi-
nyl monomerserizations [13], polymerization of
dienes, vinyl monomers, and epsiloncaprolac-

In recent years, rare earth coordination poly-
mers constructed by organic carboxylate ligands
have aroused the wide interest of chemists be-
cause they have shown excellent properties in
photoluminescence [1-3], magnetic properties
[4-6], anticancer drug [7,8], COz adsorption [9].
And they also showed excellent catalytic activi-
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cause greenhouse effect, climate change, soil
acidification, increased disease and insect
pests, and other problems, so the reduction of
CO2z into high value-added energy-containing
fuels 1s an important research work [16]. How-
ever, recent studies on catalysts for photocata-
lytic reduction of CO2 have focused on transi-
tion metal complexes because of the difficulty of
obtaining single crystals of rare earth metal
complexes [17-22]. In general, there are rela-
tively few studies on photocatalytic reduction of
COg as a catalytic catalyst by rare earth coordi-
nation polymers [10].
6-Phenylpyridine-2-carboxylic acid can be
coordinated to metal ions in a bidentate or tri-
dentate coordination modes, and we have syn-
thesized and characterized some of its complex-
es with Zn(I), Co(I), Pb{I), Cu(Il), Ni(Il),
Cd(IT) and Mn(II) ions [23-31]. So far, there are
no reports of 6-phenylpyridine-2-carboxylic acid
complexes with rare earth. To further investi-
gate the structure and properties of 6-
phenylpyridine-2-carboxylic acid complexes
with rare earth, in this work, we have synthe-
sized a new Gd(II) coordination polymer,
{[Gd(L1)3(H20)2] *Le}» (1) (HL: = 6-

phenylpyridine-2-carboxylic acid, Ls = 4,4-
bipyridine) was synthesized using 6-
phenylpyridine-2-carboxylic acid, 4,4’-
bipyridine, NaOH and GdCls*6H20. The struc-
ture of complex 1 was determined by single
crystal X-ray diffraction. The photocatalytic
COzreduction activity of complex 1 has also
been investigated.

2. Materials and Methods
2.1 Materials and Measurements

6-Phenylpyridine-2-carboxylic acid (A. R.)
and 4,4’-bipyridine (A. R.) was purchased from
Jilin Chinese Academy of Sciences-Yanshen
Technology Co., Ltd.. GdCl3*6H:20 (A. R.) and
NaOH (A. R.)) were purchased from dJinan
Henghua Sci. & Tec. Co., Ltd.. IR spectra were
obtained with a KBr pellet on a FTIR-850 spec-
trometer (range ~4000-400 cm™!) (Tianjin
Gangdong Sci. & Tech. Co., Ltd, Tianjin, Chi-
na). Crystal data of complex 1 were obtained
with a Bruker Smart CCD diffractometer
(Bruker, Billerica, MA, USA). The reactor of
photocatalytic CO: reduction was sealed and ir-

radiated using a 300 W Xe arc lamp (Beijing

Table 1. The important crystal data for {{Gd(L1)s(H20)z2] * Lo} (1).

Empirical formula
Formula weight
Temperature/K
Crystal size/mm3
Crystal system
Space group

alA

bIA

A

of®

Bl

y/°

Volume/As

Z

Peale, M/mm?3
wmm-1

S

F(000)

Index ranges

Reflections collected

20/°

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Refinement method

Final R indexes [I[>=20 (I)]
Final R indexes [all data]

C41H32N408Gd

865.95

250.00(10)

0.13 X 0.10 x 0.08
monoclinic

P2:/n

18.1899(15)

10.5157(6)

21.2809(17)

90

104.616(8)

90

3938.9(5)

4

1.460

1.740

1.044

1736

21<h<21,

[12<k<12,

25 <1<17

18818

4.35-49.998

6936 [R(int) = 0.0488]
6936/1/493

1.044

Full-matrix least-squares on F?
R1=0.0344, wR2> = 0.0590
R1=0.0489, wR2 = 0.0660
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Trusttech Co., Ltd (PLS-SXE300)). The gas
products have been achieved every hour and
performed the detection using a gas chromato-
graph (GC-6890, Purkinje General instrument
Co., Ltd., Beijing, China) equipped with
Porapak Q column with FID detector.

2.2 Synthesis of {[Gd(L1)s(H20)z] * La}» (1)

0.3716 g (1.0 mmol) GdClz*6H20 was added
a solution of 30 mL water-ethanol (viv = 1:2)
containing 0.1992 g (1.0 mmol) 6-
phenylpyridine-2-carboxylic acid, 0.1562 g (1.0
mmol) 4,4’-bipyridine, and 0.040 g (1.0 mmol)
NaOH with stirring. The solution was stirred

Transmittance/a.u.

4000 3000 2000 1000
Wavenumber / ¢m”

Figure 1. The infrared spectra of 6-
phenylpyridine-2-carboxylic acid and the com-
plex 1.

Figure 2. The molecular structure of
{{Gd(L1)3(H20)z] * Lijn (1).

for 5 h at 75 °C and cooled to room tempera-
ture. The crystals of {{Gd(L1)s(H20)2]* Lo}, (1)
were received after the filtrate was slowly vo-
latilized for 20 days at room temperature.

2.3 Crystal Structure Determination

A single crystal of {[Gd(L1)s(H20)2] * L2}» (1)
(0.13 mm X 0.11 mm X 0.10 mm) was chosed
for data collection on a SuperNova, Dual, Cu at
zero, AtlasS2 four-circle diffractometer with
graphite-monochromated Mo K« radiation (A =
0.71073 A) at 250.00 (10) K. The structure of 1
was solved and refined using SHELXT 2018/2
[32] and SHELXL 2017/1 [33], respectively.
The absorption corrections were carried out us-
ing Olex2 [34]. The important crystal data of 1
are listed in Table 1.

2.4 Photocatalytic COz2 Reduction Test

The photocatalytic COzreduction reaction
was performed according to the following steps:
0.05g of 1 and 100 mL H20 were added into the
quartz reactor, which was maintained at 20 °C
with continuous stirring. And bubbling of high
purity COz gas for 15 min to fill the whole reac-
tor. The used light source in the reaction was a
300 W Xe arc lamp (Beijing Trusttech Co., Ltd
(PLS-SXE300). In the process of photocatalytic
COz2 reduction, gas samples were obtained eve-
ry hour to analyze the product via a gas chro-
matograph equipped with Porapak @ column
with FID detector.

Figure 3. (a) 1D chain structure of
{{Gd(L1)3(H20)2] * Lo} (1), (b) 1D ring structure
constructed by Gd(III) ions and bridging car-
boxylate groups.
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3. Results and Discussion
3.1 Infrared Spectra

Figure 1 show the infrared spectra of 6-
phenylpyridine-2-carboxylic acid and the com-
plex 1. In complex 1, the bands at 1646 cm™!
and 1575 ecm™! are assigned to (vas(COO-)) and
(vs(COO")) of 6-phenylpyridine-2-carboxylic ac-
id, respectively, the bands appear at 1571
(vas(COO7)) and 1423 (vs(COO")) in complex 1,
indicating that the carboxylate of deprotonated
6-phenylpyridine-2-carboxylic acid ligand is co-
ordinated with Gd(II) ion. which are con-
sistent with the result of X-ray single-crystal
diffraction analysis.

3.2 Structural Description of Complex 1

The molecular structure of
{[Gd(L1)3(H20)2] * La}» (1) is shown in Figure 2.
Selected bond lengths and angles of
{{[Gd(L1)3(H20)2] * La}» (1) are given in Table 2.

The 1D chain of 1 is shown in Figure 3. The 3D
network of 1 is shown in Figure 4. The hydro-
gen bond parameters are given in Table 3.

Figure 4. 3D network structure of

{Gd(L1)s(H20)2] * L} (1).

Table 2. Selected bond lengths and angles of {{Gd(L1)3(H20)2] * Lo} (1).

Bond d Angle ©)
Gd1-01 2.423(2) 01-Gd1-04 114.07(9)
Gd1-O2a 2.339(2) 01-Gd1-07 158.82(8)
Gd1-03 2.304(2) 01-Gd1-08 146.83(8)
Gd1-04 2.426(3) 01-Gd1-0O2a 86.12(8)
Gd1-05 2.330(3) 04-Gd1-0O2a 135.75(9)
Gd1-O6a 2.349(2) 02a-Gd1-O6a 77.85(8)
Gd1-07 2.461(2) 02a-Gd1-07 75.16(9)
Gd1-08 2.489(2) 02a-Gd1-08 111.01(8)
C13-02 1.254(4) 01-Gd1-03 70.24(8)
C13-03 1.240(4) 03-Gd1-02a 148.60(10)
C1-05 1.251(4) 03-Gd1-04 74.54(10)
C1-06 1.248(4) 03-Gd1-05 82.63(9)
C25-07 1.259(4) 03-Gd1-O6a 114.14(8)
C25-08 1.257(4) 03-Gd1-07 130.76(8)
C14-N1 1.341(4) 03-Gd1-08 82.13(8)
C18-N1 1.344(4) 04-Gd1-07 74.94(10)
C2-N2 1.336(4) 04-Gd1-08 73.88(9)
C6-N2 1.341(5) 01-Gd1-05 83.48(10)
C26-N3 1.319(4) 05-Gd1-02a 74.17(8)
C30-N3 1.342(5) 05-Gd1-04 143.31(9)
05-Gd1-06t 146.11(9)
05-Gd1-07 100.47(9)
05-Gd1-08 74.86(9)
06a-Gd1-01 75.85(9)
06a-Gd1-04 70.49(9)
06a-Gd1-07 90.36(9)
06a-Gd1-08 134.15(9)
07-Gd1-08 52.62(7)

Symmetry codes: (a) 3/2-x, -1/2+y,1/2-z.
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Complex 1 is made up of one Gd(II) ions,
three 6-phenylpyridine-2-carboxylate ligands,
two coordinated water molecules and one unco-
ordinated 4,4’-bipyridine molecule. The Gd(III)
ion in 1 is eight-coordinated and surrounded by
six O atoms (03, 05, 07, 08, O2a, O6a) from
three 6-phenylpyridine-2-carboxylate ligands
and two O atoms (01, O4,) from two coordinat-
ed water molecules, respectively. In 1, the car-
boxylate groups of 6-phenylpyridine-2-
carboxylate ligands adopt bidentate chelating
mode: one is two carboxyl oxygen atoms are co-
ordinated with the same Gd (III) ion, and the
other is two carboxyl oxygen atoms are coordi-
nated with different Gd (III) ions. The nitrogen
atom of 6-phenylpyridine-2-carboxylate ligand
does not take part coordination with Gd (III)
ion, so the coordination mode of 6-
phenylpyridine-2-carboxylate ligands is differ-
ent with ref. [23—31]. Which indicating oxygen
atoms have a stronger coordination capacity
with rare earth ions than nitrogen atom. Thoe
bond distances around Gd (III) are 2.423(2) A
(Gd1-01), 2.339(2) A (Gd1-O2a), 2.304(2) A
(Gd1-03), 2.426(3) A (Gd1-0O4), 2.330(3) A
(Gd1-05), 2.349(2) A (Gd1-O6a), 2.461(2) A
(Gd1-07), 2.489(2) A (Gd1-08), respectively,

which consistent with other Gd (III) complexes
[35,36]. The Gd (III) ions form eight member
ring Gd204Cs by the bridging effect of carbox-
ylate groups, and the complex 1 forms 1D
chain structure through eight member rings
and intermolecular and intramolecular
O-H:-O and O-H--N hydrogen bonds (Figure
3 and Table 3) forming by O atoms of 6-
phenylpyridine-2-carboxylate ligands, O atoms
of coordinated water molecules and N atoms of
4,4’-bipyridine molecules. And the 1D chains
further form a 3D network structure through
hydrogen bond interactions and =n-m interac-
tions (Figure 4). Although 4,4’-bipyridine does
not participate in coordination with Gd (III)
ion, however, it 1is combined with one-
dimensional chain through hydrogen bond in-
teractions and plays an important role in stabi-
lizing the complex molecule and three-
dimensional network structure (Figure 5).

3.3 Photocatalytic COz Reduction Studies

In order to explore the application of
{[Gd(L1)s(H20)2] * Lo}» (1) in the field of photo-
catalytic COz reduction, the photocatalytic CO2
reduction test was carried out. As shown in
Figure 6, the Gd (III) complex exhibits excel-

Figure 5. The hydrogen bond interactions of 4,4’-bipyridine.

Table 3. Hydrogen bond geometry of {{Gd(L1)3(H20)2] * La}» (1).

D-H-A d(D-H) (A) d(H--A) (A) d(D-A) (A) /DHA (°)
O1-H1A--08! 0.86 2.02 2.731(3) 140
01-H1B03 0.86 2.42 2.722(3) 102
01-H1B--N1 0.86 2.13 2.977(4) 168
04-H4A--N2i 0.86 2.08 2.910(5) 162
04-H4B--Nd4ii 0.81 2.05 2.861(5) 174

Symmetry codes: (1) 3/2-x, -1/2+y,1/2-z; (ii) x, y, z.

Copyright © 2023, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 18 (3), 2023, 358

lent CO2 reduction activity. With the increase
of time, the yield of CO gradually increased
(from 18.2 umol/g in the first hour to 60.3
pmol/g in the third hour), indicating that the
Gd(III) complex really possesses the catalytic
capacity of COs. The yield of CO in this work is
higher than those of g-C3Ns (1.8 mol.g1.h1)
[37], Cu atom/g-CsN4 (3.1 mol.g-1.h1) [37], BiOI
(5.18 mol.g t.h1) [38], La-TiOz (3.5 mol.g"1.h™1)
[39], Bi2WOs (7.12 mol.g-1.h-1) [40], porphyrin
MOF (6.882 mol.g~1.h-1) [41] and NHo-MIL-125
(8.25 mol.g1.h-1) [42], however, lower than
those of TiO2-x/g-CsNs (77.8 mol.g-t.h™1) [43]
and Yb(III) complex (48.7 mol.g 1. h-1) [44]. In
additon, in the gas phase products, we only
found CO products, no methane and other
products detected because reducing CO:z into
CO only requires two electrons (COz2 + 2H* + 2

e~ — CO + H20), while reducing CO2 into CH4

requires eight electrons (COz + 8H* + 8¢~ —
CH4 + 2H20). Therefore, it's harder to get me-
thane products compared to CO.The CO selec-
tivity has reached 100%, which is better than
that of Yb(III) complex [44]. Such good selectiv-
ity is very favorable for future industrializa-
tion.

To confirm whether the complex 1 could
maintain the photocatalytic CO2 reduction pei-
formance, the COz reduction test was circularly
performed for three times. After each photo-
catalytic CO2 reduction test, the reactor is
opened with stirring to be fully exposed into
the air. Subsequently, the second cyclic test
was continued to perform according to the same
method of photocatalytic CO2 reduction. Simi-
larly, the third loop test does the same. It can
be obviously observed in Figure 7, the complex
1 displays similar photocatalytic CO2 activity.
The result indicates the photocatalytic activity
of complex 1 is stability.

0o a
a co | i C
ko 60 i i CO
E BN CH, ! :
E 50 4 i co !
= 40 i |
< : ;
= 30 i :
el 1 1
s20 2% .
=] o 1 [ i ()
£ 10 % i % i %
Cx | (<] 1 ol
o G C 1 %
0 CH,%! CH,%! CH/%,
1h 2h 3h

Figure 6. The comparison COz photoconversion
activity of {{Gd(L1)3(H20)z] *La}» (1) under UV-
vis light irradiation.

4. Conclusions

In summary, a new Gd(III) coordination pol-
ymer has been synthesized and structurally
characterized. The photocatalytic CO2 reduc-
tion activity shows that the complex 1 as cata-
lyst exhibits excellent CO2 reduction activity
with the yield of CO from 18.2 pumol/g in the
first hour to 60.3 pmol/g in the third hour. And
the CO selectivity has reached 100%.
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