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Abstract

A new nine-coordinated Yb(III) complex [YbLs(Phen)] (1) (HL = 2-(4-acetylphenoxy)acetic acid (APA), Phen = 1,10-
phenanthroline) was synthesized with 2-(4-acetylphenoxy)acetic acid, YbCls.6H20, NaOH and 1,10-phenanthroline
as materials. Complex (1) was characterized by IR and X-ray single-crystal diffraction analysis. The results show
that the Yb(III) ion is nine-coordinated with seven carboxylate oxygen atoms from five different deprotonated APA
ligands and two nitrogen atoms from one Phen ligand. Complex (1) forms a 3D supramolecular framework through
the n-n stacking interactions between the Phen aromatic rings. The Hirschfeld surface analysis of complex (1) was
also calculated. The COz photoconversion activity of complex (1) has been performed under UV-vis light
irradiation. The complex (1) shows good photocatalytic activity with the yield of CO is closed to 146 umol/g after
three hours of UV-vis light irradiation, the CO selectivity has reached to 97.9%.
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1. Introduction ways been one of the main ligands used to con-
struct metal complexes because they may be
provide monodentate, bidentate, or tridentate
coordination modes [10-12]. In addition, 1,10-
phenanthroline as a second ligand also plays an
important role in the structure and property of
the ternary metal complexes [13—15]. In the pre-
vious studies of our research group, some ter-
nary metal complexes constructed by ligands
containing carboxylate group and 1,10-
phenanthroline as a second ligand has been syn-

Rare earth complexes have shown excellent
potential applications in many aspects due to
their unique electronic properties, such as mag-
netism and near-infrared luminescence [1],
chemo- and stereoselective polymerization of po-
lar divinyl monomers [2], corrosion inhibiting
properties [3], organic light-emitting materials
[4,5], catalysts [6,7], bioactivities [8,9], etc. The
ligands containing carboxylate group have al-

- thesized and structural characterized [16-19].
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In order to continue to deeply explore the struc-
ture and properties of the ternary metal com-
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plexes, in this work, a new nine-coordinated
Yb(II) complex [YbL3s(Phen)] (1) has been syn-
thesized with 2-(4-acetylphenoxy)acetic acid,
YbCls.6H20, NaOH and 1,10-phenanthroline as
materials. The Hirschfeld surface analysis of
complex (1) was also calculated. The COq
photoconversion activity of complex (1) has
been performed under UV-vis light irradiation.
The Scheme of complex(1) is shown in Figure 1.

2. Materials and Methods
2.1 Materials and Measurements

2-(4-Acetylphenoxy)acetic acid, YbCls.6Hz0,
NaOH and 1,10-phenanthroline used in this ex-
periment were directly as received without fur-
ther purification. IR spectra were recorded on a

Figure 1. The Scheme of complex (1).

Tianjin Gangdong FTIR-850 spectrometer
using a KBr pellet (range ~4000—-400 cm™1)
(Tianjin Gangdong Sci. & Tech. Co., Ltd, Tian-
jin, China). Crystal data of [YbLs(Phen)] (1)
were obtained using a Bruker SMART CCD
6000 area detector (Bruker, Billerica, MA,
USA). The reactor of photocatalytic CO2 reduc-
tion was sealed and irradiated using a 300 W
Xe arc lamp (Beijing Trusttech Co., Ltd (PLS-
SXE300). The gas products have been achieved
every hour and performed the detection using a
gas chromatograph (GC-6890, Purkinje Gen-
eral instrument Co., Ltd., Beijing, China)
equipped with Propark Q column with FID de-
tector.

2.2 Synthesis of [YbLs(Phen)] (1)

0.0810 g 1,10-phenanthroline (0.50 mmol),
0.1942 g 4-acetylphenoxyacetic acid (1.0 mmol),
0.1937 g YbCls.6H20 (0.50 mmol), and 0.040 g
NaOH (1.0 mmol) were added to a solution con-
taining 15 mL 95% ethanol and 15 mL water
with stirring. The mixture was heated to 80°C
and the reaction was continued for 6 h. After
the reaction was stopped and cooled to room
temperature, the above mixture was filtered.
The filtrate was transferred to a small beaker
and let still at room temperature. Colourless
crystals of [YbLs(Phen)] (1) were obtained in 10
days.

2.3 Crystal Structure Determination

A suitable single crystal of complex (1)
(0.14x0.11x0.09 mm) was used to collect crys-
tal data on a Bruker SMART CCD 6000 area
detector equipped with a graphite monochrom-

Table 1. X-ray single-crystal diffraction data for complex (1).

Empirical formula

M

T, K

Crystal system, space group, Z
a, b, c, A

a, B, y, deg

v, As

Peale, M/mMm3

p, mm-1

F(000)

h, k, [ ranges

Number of reflections: measured (IN1), Rin/with I >
20(D) (N2)
Data/restraints/parameters
Son F2

Ri/wR2 on N1

Ri/wR2 on N2

Apmin/Apmax, e A_3

C42H35N2012YDb

932.76

296.15

Triclinic, P-1, 2

12.3164(9), 12.7581(9), 14.5023(11)
70.873(2), 80.281(2), 65.810(2)
1962.4(3)

1.579

2.449

934
—14<h<14,-15<k<15,-17<1<17

44757, 0.0636/6893

6893/0/517
1.067
0.0381/0.0853
0.0509/0.0906
—0.49/0.56
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ator (MoK, radiation, A = 0.71073 A) at 296.15
K. 6893 unique reflections (Rint = 0.0636, Rsigma
= 0.0543) were used in all calculations for 1.
The structure of complex (1) was solved using
SHELXT program [20] and refined using the
SHELXL [21] program by full-matrix least-
squares method. Coordinates of hydrogen at-
oms were refined without any constraints or re-
straints. The hydrogen atoms were positioned
geometrically (C—-H = 0.93-0.97 A). Their Ui,
values were set to 1.2Ueq or 1.5U,q of the parent
atoms. X-ray single-crystal diffraction data for
complex (1) are given in Table 1. Molecular
structure of complex (1) was drawn using Dia-
mond [22]. The Hirschfeld surface analysis of
complex (1) was calculated by the Crystal Ex-
plorer software [23]. Crystallographic data
have been deposited with Cambridge Crystallo-
graphic Data Centre (CCDC 2205446). A copy
of this information may be obtained free of
charge from The Director, 12 Union Road Cam-
bridge CB2 1EZ, UK; Fax: 44-1223-336033; e-

Transmittance

Complex(1)

2-(4-acetylphenoxy)acetic acid

mail: deposit@ccde.cam.ac.uk.

4000 3000 2000 1000
Wavenumber/cm”

Figure 2. The infrared spectra of 2-(4-
acetylphenoxy)acetic acid and the complex (1).

Figure 3. The molecular structure of complex

1).

2.4 Photocatalytic CO2 Reduction Evaluation

The obtained complex (1) catalyst (0.05 g)
was dispersed into 100 mL H20, transferring
the suspension solution into a quartz reactor
with continuous stirring. The temperature of
quartz reactor was controlled at 20 °C. Abun-
dant high purity CO2 gas was bubbled into the
above reactor for 15 min. Subsequently, the re-
actor was sealed and irradiated using a 300 W
Xe arc lamp (Beijing Trusttech Co., Ltd (PLS-
SXE300). The gas products have been achieved
every hour and performed the detection using a
gas chromatograph (GC-6890, Purkinje Gen-
eral instrument Co., Ltd., Beijing, China)
equipped with Propark Q column with FID de-
tector.

3. Results and Discussion
3.1 Infrared Spectra

The infrared spectra of 2-(4-
acetylphenoxy)acetic acid and the complex (1)
are shown in Figure 2. In complex (1), the
bands at 1596 cm~! and 850 cm™! are assigned
to ¥(C=N) and v(C=C) of 1,10-phenanthroline,
respectively, which show that two N atoms of
1,10-phenanthroline are coordination with yt-
terbium(III) ion. The 2-(4-acetylphenoxy)acetic
acid ligand shows characteristic bands at 1758
(-COOH, v(C=0)), 1648 (vas(COO")), 1598
(vs(CO0O)), and 1286 (v(C-0)) cm~1, in complex
(1), the bands appear at 1670 (vas(COO)),
1641 (vas(COO7)), 1467 (vs(COO-)), and 1255
(v(C=0)) cm™!, indicating that the carboxylate
of deprotonated 2-(4-acetylphenoxy)acetic acid
ligand 1is coordinated with ytterbium(III) ion.
which are consistent with the result of X-ray
single-crystal diffraction analysis.

Figure 4. The coordination modes of carbox-
ylates in complex (1).

Copyright © 2023, ISSN 1978-2993
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3.2 Structural Description of [YbL3(Phen)] (1)

Single-crystal X-ray diffraction reveals that
complex (1) crystallizes in the triclinic system
with the P-1 space group. The asymmetrical
unit of complex (1) contains one ytterbium(III)
ion, three 2-(4-acetylphenoxy)acetic acid (APA)
and one 1,10-phenanthroline (Phen). As shown
in Figure 3, the ytterbium(III) center is nine-
coordinated with seven carboxylate oxygen at-

Figure 5. 3D supramolecular framework struc-
ture of complex (1).

oms (01, O2a, 05, O5a, 0O6a, 011, 012) from
five different deprotonated APA ligands and
two nitrogen atoms (N1, N2) from one Phen lig-
and. The Yb-O and Yb-N distances are in the
range of 2.317(5)-2.572(6) A, which are compa-
rable to other Yb(III)-complexes [24,25]. The
selected bond lengths (A) and angles (°) for
complex (1) are given in Table 2. The carbox-
ylate of APA ligands possess three different co-
ordination modes (Figure 4): the first is the two
oxygen atoms of the deprotonated carboxylate
group coordinated with one Yb(III) ion, the sec-
ond is the two oxygen atoms of the deprotonat-
ed carboxylate group coordinated with the dif-
ferent Yb(III) ions, and the third is the two ox-
ygen atoms of the deprotonated carboxylate
group coordinated with one Yb(III) ion, and one
of the oxygen atoms are further coordinated
with another Yb(III) ion. The complex (1)
formed the binuclear units structure due to the
bridge-linking effect of the carboxylate.
Through the calculated result of PLATON soft-
ware, the ring 2 (6-membered ring, C1-C2-C6-
C7-C8-C9, belong to the 1,10-phenantroline),

Table 2. Selected bond lengths and angles for complex (1).

Bond Distance, A Bond Distance, A
Yb1-0O1 2.313(3) Yb1-02a 2.331(3)
Yb1-05 2.335(3) Yb1-0O11 2.374(3)

Yb1-0ba 2.518(3) Yb1-O6a 2.457(3)
Yb1-012 2.539(4) Yb1-N1 2.505(4)
Yb1-N2 2.572(4)

Bond Angle, deg Bond Angle, deg

01-Yb1-05 74.59(11) 05-Yb1-0Oba 73.20(12)
01-Yb1-Oba 70.87(11) 05-Yb1-011 86.59(11)
01-Yb1-02a 137.88(11) 05-Yb1-06a 124.21(11)
01-Yb1-0O11 126.91(12) 05-Yb1-012 74.71(11)
01-Yb1-06a 77.20(11) 05a-Yb1-012 137.41(11)
01-Yb1-012 74.16(11) 05-Yb1-N1 141.47(12)
01-Yb1-N1 78.36(11) 05-Yb1-N2 148.34(12)
01-Yb1-N2 136.91(12) 05a-Yb1-N2 109.93(11)
02a-Yb1-05a 73.41(11) 02a-Yb1-0O11 78.44(12)
02a-Yb1-06a 97.91(12) 02a-Yb1-012 122.85(12)
02a-Yb1-N1 141.37(12) 02a-Yb1-N2 76.59(12)
05a-Yb1-011 148.81(11) 06a-Yb1-011 147.21(12)
012-Yb1-0O11 52.92(12) 011-Yb1-N1 88.22(12)
011-Yb1-N2 75.56(12) 06a-Yb1-05a 52.27(10)
012-Yb1-06a 139.14(11) 06a-Yb1-N1 74.34(12)
06a-Yb1-N2 71.93(12) 012-Yb1-N2 112.13(12)
05a-Yb1-N1 122.36(11) 012-Yb1-N1 71.83(12)
N2-Yb1-N1 64.96(12)

Symmetry codes: (a) 2—x, 1 -y, 1 —z.

Copyright © 2023, ISSN 1978-2993
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ring 3 (6-membered ring, C15-C16-C17-C18-
C19-C20, belong to the 2-(4-
acetylphenoxy)acetic acid) and ring 8 (14-
membered ring, N1-C9-C1-N2-C5-C4-C3-C2-
C6-C7-C8-C12-C11-C10, belong to the 1,10-
phenantroline) are responsible for the =n-x
stacking interaction. They play an important
role in forming the 3D supramolecular frame-
work (Figure 5). The detailed n-n stacking in-
teractions data are listed in Table 3.

3.3 Hirschfeld Surface Analysis of [YbL3(Phen)]
1)

To better understand the surface contacts of
the crystal, the Hirschfeld surface analysis of
the complex (1) was calculated by the Crystal
Explorer software 21.5. The HOMO and LUMO
of the complex are calculated by the Gaussian
software [26]. The HOMO energy is —6.161762
eV and the LUMO energy is —5.789377 eV. The
orbital figures of HOMO, HOMO-1, HOMO-2,
HOMO-3, LUMO, LUMO+1, LUMO+2, LU-
MO+3 are shown in Figure 6. The Hirschfeld
surfaces mapped over dnorm, di and de are

e

[
"3

=
-]

d ]
e 0.2 LU L2 .4 I.BE .8 20 2.2 =4

Figure 8. The Hirschfeld surface contribution of
n-1 stacking interaction.

shown in Figure 7 (a-c), the two-dimensional
(2D) fingerprint plots representing overall and
the top three interactions (H---H, O--H/H--O
and C---H/H---C) are shown in Figure 7 (d-g).
Through the analysis, we can see that the
H--H contacts represented the biggest contri-
butions (39.6%) to the Hirschfeld surface, fol-
lowed by O--H/H---O and C---H/H--C contacts
with contributions of 27.5% and 24.9%, respec-
tively. The C--C contacts with a Hirschfeld
surface contribution of 4.2%, indicating that
the n-n stacking interactions play a subordi-
nate role in forming the crystal (Figure 8).

3.4 Photocatalytic CO2 Reduction Studies

The CO: photoconversion activity of com-
plex (1) has been performed under UV-vis light
irradiation and the result was displayed in
Figure 9. It could be found that complex (1)
could catalyze CO:z into CO in the first two
hours. With the increase of time, small
amounts of methane can be detected, but the
selectivity of the product is mainly CO. In the
process of photocatalytic CO2 reduction, reduc-
ing COz into CO requires only two electrons,
while reducing CO2 into CHi requires eight
electrons (COz + 2H* + 2¢- — CO + H:O,
COz + 8H* + 8¢~ — CH4 + 2H20 ). Therefore,
it's harder to get methane products compared
to CO. After three hours of UV-vis light
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Figure 9. The CO2 photoconversion activity of
complex (1) under UV-vis light irradiation.
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Table 3. The n-n stacking interactions data of complex (1).

Distance between ring

Ring plane Ring plane = Symmetric operation code centroids (Ang.) Slippage (Ang.)
Ring 2 Ring 3 3.735(3) 1.359
Ring 2 Ring 8 3.723(3) 1.295
Ring 3 Ring 2 2-x, -y, 1-z 3.736(3) 1.289
Ring 8 Ring 2 3.723(3) 1.296
Ring 8 Ring 8 3.735(3) 1.335
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irradiation, the yield of CO is closed to 146
umol/g, the CO selectivity has reached to
97.9%. The produce of small amount of
methane is possibly due to the closed system,
which leads to further reduction because of the
failure of partial CO desorption in time. Mean-
while, we have summarized the activities of
Yb(III) complex and some commonly used pho-
tocatalysts, the data is listed in Table 4.

4. Conclusions

In summary, we synthesized and structural-
ly characterized a new nine-coordinated Yb(III)
complex. The Hirschfeld surface analysis of the
Yb(IIT) complex was calculated. The photocata-
Iytic CO:z reduction activity shows that the
complex (1) as catalyst has good the yield of CO
and the CO selectivity.
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