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Abstract A novel layered magnetic ytterbium coordination compound, Yb(HCOO)(C,0,) (1, 10-phen) (1, 10-phen=
1, 10-phenanthroline) , was synthesized via a solvothermal method. Its crystal structure and magnetic properties were
characterized by means of X-ray diffraction (XRD) , infrared spectroscopy (IR), thermogravimetric analysis (TGA) ,
and magnetic susceptibility measurements. Single-crystal structure analysis reveals that the magnetic Yb* ions are

connected by formate and oxalate ligands to form a square magnetic lattice, with adjacent layers separated by 1,10-phen
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ligands. Magnetic measurements show that the dominant interaction between the Yb** ions is antiferromagnetic, and

no long-range magnetic order is observed down to 2 K. This study provides a new synthetic strategy for constructing
low-dimensional magnetic rare-earth coordination compounds.

Keywords Low-dimensional magnetism; Crystal structure; Ytterbium coordination compound; Solvothermal method

1 Introduction

Lanthanide-based magnetic materials have garnered considerable interest because of their unique 4f
electronic configurations, strong spin-orbit coupling, and intriguing magnetic phenomena, such as single-
molecule magnetism, magnetocaloric effect, and quantum spin liquid state, which are of potential applica-
tions in spintronic devices, high-density information storage, and quantum computing™'. Among them, the
research on two-dimensional lanthanide-based antiferromagnets is extremely active due to their exotic quantum
magnetism. For example, lanthanide-based magnetic materials with the triangular lattice, such as YbMgGaO,
and the family compounds ARECh, (alkali or monovalent ions, RE=rare earth, Ch=0, S, Se) , have been

719 A magnetic field-tuned anisotropic quantum phase transition

proposed as quantum spin liquid candidates'
has been observed in the antiferromagnet Nd,BWO, with a distorted kagome lattice'"". Thus, designing more
two-dimensional lanthanide-based magnetic materials is crucial to exploring other interesting magnetic
behaviors.

Up to now, synthetic chemists have utilized single or mixed basic building units to experimentally
design and synthesize various low-dimensional lanthanide-based antiferromagnets, such as single ions of
Q17120 @013 Fge2t0-14] F 21 and inorganic groups of BO,Y 1 VO 8 S0, PO, Further-
more, the use of small organic bridging ligands , including formate (HCOO™) and oxalate(C,0,” ), to construct
low-dimensional lanthanide-based coordination polymers has attracted increasing attention as they can create
some interesting materials”®>**’". Gadolinium-oxalate framework Gd, (C,0,),(H,0)* (0. 6H,0) with honey-
comb lattice exhibits good magnetocaloric effect”®’. Oxalatophosphonate [ Dy, (H,L) (C,0,),(H,0),] -2H,0
[ H,L= (4-carboxypiperidyl ) -N-methylenephosphonic acid ] with a layered structure shows antiferromagnetic

[21]

interactions between the Dy’ ions"*". Although low-dimensional lanthanide-based magnetic materials coordi-

nated with formate or oxalate ligands have been extensively reported, lanthanide-based coordination

compounds with mixed formate and oxalate co-ligands are still very limited"**"",

In this work, a new ytterbium coordination compound Yb(HCOO)(C,0,)(1,10-phen) (1, 10-phen=1,10-
phenanthroline) with a two-dimensional square lattice has been successfully synthesized based on formate and
oxalate co-ligands. Magnetic susceptibility results indicate dominant antiferromagnetic exchange interactions
and the absence of long-range order down to 2 K. Attenuated total reflectance-Fourier transform infrared

spectrum and thermal stability are also reported.

2 Experimental

2.1 Reagents and Instruments

Ytterbium (II1) chloride hexahydrate (YbCl,*6H,0, A. R., 99.99%, Shanghai Aladdin Biochemical
Technology Co., Ltd.) , oxalic acid dihydrate (H,C,0,-2H,0, A. R., 99%, Sinopharm Chemical Reagent
Co., Ltd.), 1, 10-phenanthroline (1, 10-phen, R. G., 99%, Adamas, Titan Scientific Co., Ltd.) and N, V-
dimethylformamide (DMF, 99.5%, Shanghai Aladdin Biochemical Technology Co., Ltd.) were used as
received without further purification.

Powder X-ray diffraction(PXRD) pattern was collected at room temperature on a SmartLab SE powder X -ray
diffractometer(Rigaku, Japan) with Cu Ko radiation(A=0. 154184 nm). The attenuated total reflectance-Fourier
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transform infrared (ATR-FTIR) spectrum was recorded using a Vertex 70 FTIR spectrometer(Bruker, Germany)
in the range of 400—4000 cm™. Thermogravimetric analysis (TGA) was conducted on a Diamond TG/DTA

thermal analyzer instrument(PerkinElmer Instruments, China), heating to 885 °C with a heating rate of 10 “C/min
in a N, atmosphere. The powder sample for magnetic measurements was prepared by grinding small single
crystals. DC magnetic susceptibility measurements were performed on MPMS3 superconducting quantum
interference device magnetometer (Quantum Design, USA) between 2 K and 300 K with an applied field of
0.1 T. The field-dependent magnetization was measured at 2 K in an applied field from =7 T to +7 T. The
diamagnetic contribution was subtracted by using Pascal ’s constants >/,

2.2 Synthesis of Yb(HCOO)(C,0,)(1,10-phen)

A mixture of YbCl,*6H,0(0. 1162 g, 0. 3 mmol), H,C,0,-2H,0(0. 0378 g, 0. 3 mmol), and 1, 10-phen
(0.0541 g, 0.3 mmol) was sealed in a 25 mL Teflon-lined stainless steel autoclave with deionized water
(2 mL) and DMF (1 mL). The mixture was quickly heated to 140 °C, held at this temperature for 72 h, and
cooled slowly to room temperature for 33 h. Light yellow crystals of Yb (HCOO) (C,0,) (1, 10-phen) were
collected by washing with deionized water.

2.3 Crystallographic Determination

A suitable single crystal of Yb(HCOO) (C,0,) (1, 10-phen) was carefully selected and mounted on a loop
ring for single-crystal X-ray diffraction measurement. Diffraction data were collected at 298 K using a XtalLAB
mini II two-circle diffractometer (Rigaku, Japan) equipped with a monochromated Mo Ko radiation (A =
0.071073 nm) , then run by the program CrysAlisPro. The multi-scan method was used for correcting all the
reflection intensities. The structure was solved by the intrinsic phasing method in SHELXT?" and subsequently
refined by the least-squares method based on SHELXL"™" within Olex 2 software™". All non-hydrogen atoms
were refined with anisotropic thermal parameters. The hydrogen atoms were placed in calculated positions and

32

refined isotropically. And the final refined structure was checked using the PLATON program®', and no higher

symmetry was found. Crystallographic parameters and structural refinement were summarized in Table 1.

Table 1 Crystal data and structural refinements for Yb(HCOO)(C,0,)(1,10-phen)

Compound formula YbC ;HoN,0q V/nm?® 1.44461(5)

Formula weight/(g-mol ™) 486.28 Z 4

Temperature/K 298 Maximum 6/(°) 30.025

Crystal system Monoclinic A(Mo Ka)/nm 0.071073

Space group P2/c post(grem™) 2.236

a/nm 0.64006(1) s/mm™! 6.510

b/mm 1.98162(5) R,, 0.0338

¢/nm 1.21616(3) Final R indexes[ I >=20(1)]" R,=0.0259, wR,=0.0516
al/(7) 90 Final R indexes| all data | R,=0.0339, wR,=0.0539
BI(°) 110.524(2) Goodness-of-fit on F* 1.044

/(%) 90

*R=SNFF WS |, wR,={3 wl(F V~(F YIS wl(F T}

3 Results and Discussions

3.1 Structural Description

The phase purity for Yb (HCOO) (C,0,) (1, 10-phen) was confirmed by the powder X-ray diffraction
(Fig. S1, see the supporting information of this paper). Single-crystal X-ray diffraction analysis shows that
Yb (HCOO) (C,0,) (1, 10-phen) crystallizes in the monoclinic space group P2,/c with a=0. 64006 (1) nm,
b=1.98162(5) nm, ¢=1.21616(3) nm, a=y=90", and B=110. 524(2)°. There is one ytterbium ion, one

formate anion, halves of two different oxalate anions, and one 1, 10-phen ligand in an asymmetric unit. As
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shown in Fig.1(A), Yb(HCOO) (C,0,) (1, 10-phen) is a two-dimensional layered structure with the 1, 10-

phen ligand filling the interlayer along the b axis. Adjacent layers connect with each other via weak hydrogen

bonds (C—H--+0) (Table S1 in the supporting information of this paper) to stabilize the crystal structure of
Yb(HCOO) (C,0,) (1, 10-phen). The shortest interlayer Yb---Yb distance is 1. 01672(5) nm. Within each
layer, the adjacent Yb* ions are connected by formate groups along the a axis with a distance of 0. 64006(2) nm.
Along the ¢ axis, the adjacent Yb™ ions are connected by oxalate groups with the distances of 0. 60387(4) nm
and 0. 60855(4) nm[ Fig.1(B) and (C) ]. Consequently, Yb* ions form a square spin lattice. Each Yb* ion is
eight-coordinated with two nitrogen atoms (Yb—N=0. 2489 (3)—0. 2506(3) nm) from one 1, 10-phen ligand
and six oxygen atoms (Yb—0=0. 2223 (2)—0. 2382(2) nm) from two formate groups and two oxalate groups
[Fig.l (D) ]. Bond valence sum (BVS) calculations™® show that the oxidation state of Yb is +3 (Table S2 in
the Supporting Information of this paper).

A)

(C) 0.640 nm

0.604 an\);h ; \ ; \

Fig.1 Crystal structure of Yb(HCOO)(C,0,)(1,10-phen)
(A) Layers stacking along the b axis; (B) the layer of Yb(HCOO) (C,0,) (1, 10-phen) in the ac plane; (C) square spin lattice of

Yb** ions; (D) local coordination environment of Yb** ion.

3.2 ATR-FTIR Spectrum
The ATR-FTIR spectrum for Yb (HCOO) (C,0,) (1, 10-phen) is presented in Fig.2. The adsorption band
at 2845 ¢cm™ is assigned to (C—H). The characteristic

bands of formate and oxalate ligands can be observed
at 1679, 1632, 1356, 1313, 1136 and 1096 cm™
due to the v, (C=0) , v»,(C=0) and v, (C—0) ",
The adsorption band at 797 cm™ belongs to the
bending vibration of § (0—C=0) ** The bands in
the range of 866—640 ¢cm™ are attributed to the out-of-

2845 —

plane bending vibrations of the C—H bonds on the 4000 3200 2400
aromatic ring of 1, 10-phen. In addition, the bands Vlem™!
at ca. 488 ecm™' and ca. 415 ¢cm™ are correspond to  Fig.2 ATR-FTIR spectrum for Yb(HCOO)(C,0,)-
v(Yb—N) and v(Yb—O0) vibrations' >, (1,10-phen)
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3.3 Thermal analysis
To investigate the thermal stability of Yb (HCOO) (C,0,) (1, 10-phen) , thermogravimetric measurement
was performed, as shown in Fig. 3. It can be seen that Yb(HCOO ) (C,0,) (1, 10-phen) remained stable up to

300 C and then showed a two-step mass loss up to

885 °C. The first loss between 300 “C and 450 °C is 100

assigned to the decomposition of formate and 1, 10-phen ? —~(HCOO+

ligands (observed: 43.03%; expected: 46.32%). § 80 _011)5104%113;‘24

The second loss, which is continuous up to 885 C, “% P 46.32%

corresponds to the decomposition of oxalate ligands é or o

(observed: 14.22%; expected: 18.10%). The ob:.: 14.22%; exp.: 18.10%
observed total mass loss of 57.25% is slightly less L 2(']0 460 6(I)0 8(I)0
than the expected value of 59. 48% (assuming the final Temperaturc/°C

residue corresponds to Yb,0,) , which may be due to Fig.3 TGA curve for Yb(HCOO)(C,0,)(1,10-phen)
incomplete decomposition.
3.4 Magnetic Property
Fig.4(A) illustrates the zero-field cooling (ZFC) and field cooling (FC) magnetic susceptibility (y=M/H)
for Yb(HCOO) (C,0,) (1, 10-phen) measured at 0. 1 T between 2 K and 300 K. The magnetic susceptibility
increases with decreasing temperature, and no sharp A -shape peak is observed, indicating no magnetic
long-range order occurred down to 2 K. Also, there is no divergence between the ZFC and FC curves, ruling
out the possibility of spin glass and spin canting behaviors. Then, a Curie-Weiss law of y=C/(T - ) is
applied to fit the inverse susceptibility y' (T) , where the parameters C and € are the Curie constant and
the Curie-Weiss temperature, respectively. As shown in Fig.4 (B) , the high temperature (200—300 K)
Curie-Weiss fit yields a negative Curie-Weiss temperature (6,,) of —47. 18(20) K and an effective magnetic
moment w,, (HT) of 4.56 (1) w,, which is in good agreement with the expected value (4. 54 w,) for a free
Yb* ion(J=7/2, g=8/7). Since a high-temperature Curie-Weiss fit of 6 includes contributions from thermally
populated crystal field levels, the large value of 6, does not originate from the magnetic exchange interaction
but results from this thermal modification effect on the Yb** ion"'**** In the low-temperature region from 2 K
to 10 K, the Curie-Weiss fit gives a negative 6, of —0.31(1) K and u,(LT) of 3.02(1) w,. The negative
Curie-Weiss temperature indicates dominant antiferromagnetic interactions between the Yb™ ions. The
low-temperature magnetic behavior of Yb (HCOO) (C,0,) (1, 10-phen) is due to an effective spin J,=1/2

ground state of the Yb* ion. The smaller effective magnetic moment is close to the other reported Ybh**-based
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Fig. 4 ZFC(black) and FC(red) magnetic susceptibility for Yb(HCOO)(C,0,)(1,10-phen) measured at
0.1 T(A), x'-T(green), yT-T(blue) and Curie - Weiss fit(red) curves(B), and field - dependent
magnetization measured at 2 K(C)

(C) Blue dashed line: van Vleck contribution. 1 emu =107 A+*m?
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systems such as KYb,F;SO,*”", AYbCh,(A=Na, K, Rb; Ch=S, Se, 0)">*% And it also indicates that the
Yb** ion is already in a Kramer’s doublet state. The x7 value decreases as the temperature decreases, which
can be attributed to the gradual depopulation of crystal-field excited states, leading to a reduction in the
effective magnetic moment for Yb (HCOO) (C,0,) (1, 10-phen). The isothermal magnetization was measured
between =7 T and 7 T at 2 K as shown in Fig.4(C) and Fig.S2 (see the supporting information of this paper).
No magnetic hysteresis is observed between =7 T and 7 T, which agrees with antiferromagnetic interactions in
Yb(HCOO) (C,0,) (1,10-phen). The magnetization curve increases rapidly up to 3 T, and then continues to
increase linearly slowly up to 7 T with a small slope, which can be attributed to the Van Vleck contribution.
The saturated moment is ca. 1. 433(1) u, after subtracting the Van Vleck contribution [ y,=0. 0151(1) emu/mol,

1 emu=10" A * m?] determined from the linear slope above 5 T, which is comparable to those of other Ybh**

12,20,37]

compounds, including NaYbO,' The small magnetization further supports the formation of doublet

ground states of the Yb** ion with J =1/2.

4 Conclusions

In conclusion, a new hybrid Yb(III)-based layered magnetic compound Yb(HCOO) (C,0,) (1, 10-phen)
was constructed by combining the formate and oxalate ligands. Magnetic measurements indicate that
Yb (HCOO) (C,0,) (1, 10-phen) displays a dominant antiferromagnetic exchange interaction between the
Yb™ ions without a magnetic long-range order down to 2 K. Overall, this work provides an effective approach
with the combination of formate and oxalate as co-ligands for constructing low-dimensional magnetic rare-earth

coordination compounds.
The supporting information of this paper see http://www.cjcu.jlu.edu.cn/CN/10.7503/cjcu20260193.

CCDC Number 2523375 contains the full crystallographic data of Yb(HCOO)(C,0,)(1,10-phen).
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