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Reaction of rare earth metal ions with 1H-benzimidazole-2-carboxylic acid (H,BIC) acid yielded
two rare earth organic frameworks [Ln(HBIC)3], (Ln=Gd 1, Y 2; H,BIC) under hydrothermal con-
ditions. Both compounds were structurally characterized by single-crystal X-ray diffraction. Their
thermal stabilities, luminescent, and magnetic properties were also investigated. Compounds 1 and
2 are isomorphic and present 2-D networks constructed by bridging-chelating HBIC™ linkers and
rare earth cation nodes, in which each asymmetric unit consists of one crystallographically unique
Ln(II) ion and three HBIC™ with two kinds of coordination modes. The two compounds exhibit
high-thermal stability, stable to 320 °C. Antiferromagnetic interactions between Gd(III) centers for
1 were observed from magnetic susceptibility data. 2 exhibits a strong blue emission band in the
solid state.

Keywords: Rare earth organic frameworks; 1H-Benzimidazole-2-carboxylic acid; Antiferromagnetic
interaction; Luminescence

1. Introduction

Rare earth ions with special chemical/physical characteristics have triggered a wide range
of technological applications in optoelectronic devices and magnetic materials [1-6]. More-
over, because of their large radii, high coordination numbers and flexible coordination
geometries, rare earth ions are good candidates to construct rare earth organic frameworks
with intriguing architectures and potential applications in gas storage, catalysis, ion
exchange, and additives in metallurgy [7-10]. It is thus not surprising that such com-
pounds attract interest. Design and assembly of multifunctional rare earth metal-organic
frameworks (MOFs) are challenging owing to buried valence orbits and unspecific coordi-
nation properties (variable coordination numbers (6 <CN<12) and various coordination
environments) of rare earth ions [11, 12].
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Scheme 1. Coordination modes of H,BIC (M =metal ion).

Structures and performances of MOFs are influenced by many factors, especially the
nature of organic linkers, which can act as magnetic mediators and/or luminescent sensitiz-
ers [13—17]. Therefore, a well-selected ligand is one of the key factors in the construction
of MOFs with desired structures and expected properties. Considering that the rare earth
ions have high affinity and prefer to bind to hard donors, rigid multidentate carboxylate-
containing ligands may be better choices to prepare rare earth MOFs [18-20].

A multidentate chelating-bridging ligand, 1H-benzimidazole-2-carboxylic acid (H,BIC),
evoked our interest for the following reasons: (i) this ligand contains one carboxylic group
and two nitrogens from a rigid imidazole ring, so it may coordinate through a number of
different coordination fashions (scheme 1). (ii) The delocalized z-electron system of the
benzimidazole could be used to stimulate rare earth ion luminescence as an effective chro-
mophore [21, 22]. (iii) The completely or partially deprotonated formations of H,BIC
ligand are beneficial to form hydrogen bonds, generating multidimensional and stable
supramolecular architectures. (iv) Some transition metal coordination compounds with
H,BIC have been isolated [23-26]; however, reports on rare earth compounds containing
H,BIC are scarce.

Hydrothermal synthesis has been a powerful technique for the preparation of new mate-
rials with diverse structural architectures [27, 28]. Under relatively high temperature and
pressure, the problems associated with ligand solubility can be solved, and thus, the reac-
tivity of reactants in crystallization was enhanced.

In this context, hydrothermal reactions of rare earth salts with H,BIC generated two
new 2-D MOFs, [Ln(HBIC);],, (Ln=Gd 1, Y 2). Thermal analyzes show that both possess
good thermal stability. The magnetism of 1 and luminescence of 2 were also investigated.

2. Experimental

2.1. Materials and analytical methods

H,BIC was prepared as described [29]. Other chemicals and solvents used were obtained
from commercial sources and used as received. Elemental analyzes (C, H, and N) were
carried out with an Elementar Vario EL III analyzer. Fourier transform IR spectra were
measured on a Tensor 27 spectrometer (Bruker Optics, Ettlingen, Germany) as KBr pellets
from 4000 to 400cm™'. TG and DSC experiments were carried out in air using a NET-
ZSCH STA 449F3 equipment at a heating rate of 10°Cmin~' from 30 to 800°C; an
empty Al,O5 crucible was used as reference. Powder X-ray diffraction (PXRD) data were
recorded on a Bruker D8 AVANCE X-ray powder diffractometer (CuKa, 1.5418 A). Solid-
state fluorescence analyzes were performed on an Edinburgh FL-FS90 TCSPC
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fluorescence spectrometer. Variable-temperature magnetic susceptibility measurements were
undertaken on a Quantum Design MPMS-XL7 SQUID magnetometer with an applied field
of 1000 Oe from 1.8 to 300 K. Data were corrected for diamagnetic contribution calculated
from Pascal’s constants.

2.2. Synthesis

2.2.1. Synthesis of [GA(HBIC)3], (1). A reaction mixture of H,BIC (0.0162g,
0.1 mmol), Gd(NO3)3-6H,0 (0.0451 g, 0.1 mmol), Na,C,04 (0.0134 g, 0.1 mmol), CH;CN
(5mL) and EtOH (5mL) was stirred for 20 min, then transferred and sealed in a 20 mL
Teflon-lined autoclave. The system was heated in an oven at 393 K for 72h and cooled to
room temperature at 5K h™'. The resulting colorless flaky crystals were collected, washed
with ethanol and dried in air. Yield: ca. 71% (based on Gd). Anal. Caled for
C,4H5NgO6Gd (%): C, 44.99; H, 2.36; N, 13.12. Found (%): C, 45.21; H, 2.88; N, 12.92.
IR (KBr)em™': 3131(br, m), 1659(s), 1616(s), 1528(m), 1498(m), 1460(s), 1394(s),
1319(s), 1307(m), 1230(w), 1029(w), 989(w), 850(m), 821(m), 773(w), 741(s), 657(m),
592(m).

2.2.2. Synthesis of [Y(HBIC)s], (2). An identical procedure with 1 was followed to
prepare 2 except Gd(NO3)3-6H,O was replaced by Y(NO3);-6H,O (0.0383 g, 0.1 mmol).
Colorless flaky crystals of 2 were collected, yield: ca. 66% (based on Y). Anal. Calcd for
Co4H sNgO6Y (%): C, 50.37; H, 2.64; N, 14.68. Found (%): C, 50.67; H, 2.20; N, 14.92.
IR (KBr)em™': 3137(br, m), 1647(s), 1599(s), 1524(m), 1490(m), 1443(s), 1389(s),
1322(s), 1301(m), 1219(w), 1013(w), 987(w), 824(m), 812(m), 769(w), 738(s), 628(m),
579(m).

2.3. X-ray crystallography

Single-crystal X-ray diffraction data for 1 and 2 were collected on a Bruker SMART
APEXII CCD diffractometer equipped with graphite-monochromated Mo Ka radiation
(A=0.71073 A) using @ and ¢ scan mode. All structures were solved by direct methods
and refined with full-matrix least-squares based on F~ using SHELXS-97 and SHELXL-97
[30, 31]. All nonhydrogen atoms were refined anisotropically. Hydrogens were placed in
calculated positions. The detailed crystallographic data and structure refinement parameters
of 1 and 2 are listed in table S1. Selected bond distances, angles, and hydrogen bonds are
given in tables S2 and S3.

3. Results and discussion

3.1. Synthesis and characterization

1 and 2 in this study were prepared in modest to good yields by hydrothermal reactions.
The samples used for all property determination were single crystals selected using a
microscope. Additionally, to confirm the high purity of the as-synthesized 1, crushed
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crystalline samples were characterized by PXRD at room temperature, which is shown in
Supplementary material. The pattern simulated from the single-crystal X-ray data of 1 is in
agreement with the experimental one. Thus, the sample is proved as a single phase.

Overall, IR spectra of 1 and 2 are extremely similar, which further evidences that they
are isomorphous. Spectra of 1 and 2 show characteristic bands at ~1650cm™' and
~1390cm ™' (C=0, C=N stretching of HBIC™) and peaks at ~3130cm™" attributed to
v(N-H) in imidazole ring.

3.2. Structural description

The X-ray structural determination reveals that 1 and 2 are isostructural and crystallize in
the monoclinic space group P2/n, featuring a 3-D supramolecular architecture constructed
by 2-D wave-like networks through strong interlayer hydrogen-bonding interactions; thus,
only the structure of 1 is described in detail. As shown in figure 1, each asymmetric unit
consists of one crystallographically unique Gd(III) and three HBIC™. Gd(III) is a distorted
bicapped triangle prism coordination geometry, coordinated by five carboxyl oxygens and
three nitrogens from five HBIC . The Gd-O distances are 2.332(7)-2.479(6) A with mean
of 2.407(6) A and the average Gd—N bond distance is 2.543(7) A. The average O-Gd—-O
bond angle is 105.5(2)°, similar to that of N-Gd-N [105.6(3)°], but much larger than the
mean O—Gd-N bond angle of 94.9(2)° (table S2).

H,BIC possesses strong coordination ability, coordinating with flexible and diverse coor-
dination modes. To date, three types of coordination modes of H,BIC have been reported
(scheme 1(b)—(d)) [23-26], whereas in 1, HBIC™ serves as a chelating—bridging u,-kN,
O:xkO coordination (scheme 1(a)) and a simple u;-kN,O coordination (scheme 1(b)). As
shown in figure 2, adjacent Gd(III) ions are linked by HBIC™ with z,-kN,0:xO mode to
form an extended chain, and these extended infinite chains are further interweaved,
generating a 2-D wave-like layered structure in the ab plane (figure 3(a)). Finally, a 3-D
supramolecular architecture (figure 3(b)) is built by these 2-D layers via strong interlayer
hydrogen-bonding interactions between oxygens and uncoordinated nitrogens from

Figure 1. Coordination environment of Gd(III) in 1; hydrogens are omitted for clarity. Symmetry codes: 4=
12=x, 124y, 12—z, B=—12—x, 12+y, 1/2 —z.
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Figure 2. 1-D infinite chain structure in 1; hydrogens are omitted for clarity.

Figure 3. (a) 2-D wave-like network in 1; hydrogens are omitted for clarity. (b) 3-D supramolecular architecture
assembled via intralayer (pink-dashed lines) and interlayer (green-dashed lines) hydrogen bonds in 1 (see http://
dx.doi.org/10.1080/00206814.2013.775574 for color version).
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HBIC™ ligands [N4...06™ 2.729(10) A, #2: —x+1/2, y — 1/2, —z+1/2] (table S3). Similar
with other compounds with imidazole-carboxylic acid [32-34], the imidazole-carboxylic
acid ligands form abundant hydrogen bonds as accepters or donors to consolidate the final
3-D framework.

3.3. Thermal analysis

Thermal gravity and differential thermal gravity analysis (TG-DTG) analyzes were
performed between 30 and 800°C at a heating rate of 10°Cmin~' in air. 1 and 2 are
isomorphous, so only the thermogravimetric performance of 1 is described thoroughly. The
TG-DTG graph of 1 (Supplementary material) shows clearly that the mass loss is imple-
mented in only one step. From 322 to 515°C, the weight loss of 71.89% corresponds to
loss of HBIC™ (Calcd 71.71%). At 600 °C, a final residue is stable, of 28.59%, identified
as Gd,03 (Caled 28.29%). The relative DTG graph signifies the mass reduction happened
in one thermal decomposition process, and the sharp peak at 383 °C indicates the fastest
decomposition process.

In addition, the thermal stability analyzes of the two samples were also investigated by
DSC with a heating rate of 10°Cmin~' from 30 to 800 °C (Supplementary material). The
DSC curves of the two samples are similar, and each shows a broad exothermic peak, cor-
responding to the main framework collapse. For 1, the peak temperature is 478 °C, which
is 5°C higher than 2 (473 °C), ascribed to the different radii of the metals.

3.4. Magnetic property of |

The temperature-dependent magnetic susceptibility measurements of 1 have been per-
formed on crushed crystalline samples from 1.8 to 300K at an external field of 1000 Oe
with a Quantum Design MPMS-XL7 SQUID magnetometer. The experimental susceptibili-
ties were corrected for Pascal’s constants. Temperature dependencies of the magnetic sus-
ceptibilities as ym7 and ym | versus T for 1 are given in figure 4. In the high-temperature
region, the y,,7 value (300K) is 8.28 cm® K:mol ™", slightly larger than the theoretical value
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Figure 4. Temperature dependence of y,,7'and yn, ' value for 1 at 1000 Oe between 1.8 and 300 K.



Downloaded by [Renmin University of China] at 10:53 13 October 2013

1208 C. Qiao et al.

7000

Compound 2

6000 -
5000 -
4000 -
3000 -.

2000

Relative intensity (a.u.)

1000

[]

— 1 : ;
350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 5. Room temperature emission spectra for H,BIC and 2 (4.x=380nm) in the solid state.

of 7.88 cm® K mol ™" for one isolated Gd(III) ion with a ®S,, ground state [35]. When the
temperature decreases to ~9 K, the y7 value decreases smoothly and to 8.07 cm® K mol ',
upon further cooling, the y,,7 falls sharply, reaching a value of 7.16 cm® K mol " at 1.8 K.
This indicates that there exist antiferromagnetic couplings between neighboring Gd(III)
ions. The best linear fit according to the Curie—Weiss law [y,,= C/(T — 0)] in the tempera-
ture range of 30-300K yields C=8.85cm®Kmol ' and Weiss constant 0=—2.37K. The
negative Weiss constant and the decrease in y,,7" bear evidence of antiferromagnetic inter-
action between Gd(III) centers.

3.5. Fluorescence of 2

Trivalent rare earth ions [e.g. Eu(Ill), Tb(IIl), Sm(III), Dy(IIl), and Y(II)] always display
fascinating optical properties, and thus, the design of efficient rare earth compounds has
become an important research goal, pursued by many groups [36-42]. Many rare earth
compounds containing pyridine/imidazole carboxylate ligands have presented interesting
luminescent behavior [32, 34, 43, 44]. As an effective chromophore, H,BIC is used to
construct luminescent materials containing rare earth ions. Figure 5 shows the emission
spectra of free H,BIC and 2 in the solid state at room temperature. Upon excitation at
380 nm, free H,BIC shows one emission at 510 nm, while 2 exhibits strong blue lumines-
cence with an emission at 453 nm. After adding Y(III) to H,BIC, the fluorescence spec-
trum of the system changes in wavelength shift and the fluorescence intensity is
significantly enhanced. Compared with the emission spectrum of H,BIC, a blue shift of
57nm in 2 arises from coordination of Y(III) with the ligand, which may be assigned to
intraligand fluorescent emission. The result indicates that the fluorescence of this system
belongs to Y(III) perturbed fluorescence of ligand or L*-L luminescence, suggesting that
the compound is a promising candidate for luminescent materials.

4. Conclusion

Two new rare earth compounds incorporating H,BIC have been hydrothermally synthe-
sized and structurally characterized. 1 and 2 are isomorphous, both with 3-D supramolecu-
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lar architectures constructed by 2-D wave-like networks via strong interlayer hydrogen
bonds, which effectively enhance the thermal stability of the frameworks (stable up to
~320°C). Variable-temperature magnetic study for 1 suggests that the magnetic interac-
tions between Gd(III) ions are mainly antiferromagnetic coupling. Luminescence demon-
strates that 2 exhibits strong blue emission with blue shift, which may be assigned to
intraligand emission.

Supplementary material

Crystallographic details, selected bond lengths (A) and angles (°) as well as hydrogen-
bonding interactions for 1 and 2 are available. CCDC-895931 (for 1) and CCDC-874300
(for 2) contain the supplementary crystallographic data for this article. These data can be
obtained free of charge from the Cambridge Crystallographic Data Center via www.ccdc.
cam.ac.uk/data request/cif.
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