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A new 3-D lanthanide-transition metal coordination polymer [LaCu(PDC),H,0], (1) was
hydrothermally synthesized from pyridine-3,5-dicarboxylic acid (H,PDC) and characterized by
single-crystal X-ray diffraction, IR spectroscopy, and thermal gravimetric analysis (TGA). The
microporous framework of 1 can be viewed as constructed by planar binuclear Cu,(PDC),
building blocks and La(III) chains, a new structural motif in 3d-4f heterometallic coordination
polymers. The sample exhibits strong blue emission in the solid state and retains its framework
integrity up to ca 380°C.

Keywords: Heterometallic coordination polymer; Pyridine-3,5-dicarboxylate complexes;
Microporous frameworks; Fluorescence property; Structure and characterization

1. Introduction

Heterometallic lanthanide-transition metal coordination polymers are of interest for
potential applications in magnetism and luminescent materials, and also for their
various structural topologies [1]. Many 3d-4f polymeric complexes have been
synthesized, but understanding the formation of different structures, which is vital
for technological development, is lacking. Usually, it is easy to get homometallic
coordination polymers instead of heterometallic complexes because of different
coordination behaviors in 3d and 4f metal ions [2]. With lanthanide ions preferring
O-donors to N-donors and d-block metal ions coordinating both [3], it is important to
select a ligand to meet the distinct coordination requirements of heterometallic ions of
3d-4f networks. The ligands containing both O- and N-donors, such as amino acids [4],
iminodiacetate [5, 1g], isonicotinic acid [6], pyrazine-2,6-dicarboxylic acid [1h], pyridine-
2,5-dicarboxylate [7a], pyridine-2,4-dicarboxylate [7b] and pyridine-2,6-dicarboxylate
[8], have been used to build 3d-4f framework materials. Pyridine-3,5-dicarboxylate
(PDC?7) has mostly been used to generate metal organic-frameworks with single
d-block [9] or lanthanide ions [10] and the analogous 1,3,5-benzene-tricarboxylate
has been used to produce numerous porous metal organic frameworks [11].
However, construction of lanthanide-transition metal coordination polymers with the
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pyridine-3,5-dicarboxylate are poorly explored. PDC’s two carboxylic groups can be
easily deprotonated to get a multidentate anion (PDC?7), enabling the ligand to act as
a bridge to 3d and 4f metal ions and the rigidity of this dianion reduces the potential
for interpenetration [10a]. Herein, we present the first synthesis of a new 3-D 3d-4f
heterometallic coordination polymer [LaCu(PDC),H,0], (1) based on H,PDC with
a porous network structure. The linkage between Cu(I) and La(IIl) centers generates
four kinds of cavities, 12.64 x 6.38, 8.62 x 5.40, 5.65 x 4.85, and 6.56 x 4.47A. The
thermogravimetric analysis and X-ray powder diffraction studies indicate that the
complex retains its porous structure until 380°C. It has strong luminescence emissions
at 460 and 400 nm.

2. Experimental

2.1. Synthesis and characterization

Synthesis of 1: A mixture of La,O3 (0.04 g,0.125 mmol), Cu(OAc), (0.05 g, 0.25 mmol),
H,PDC (0.08 g, 0.5 mmol) and 10 mL H»,O was sealed in a 23 mL Teflon-lined bomb at
180°C for 100 h and then cooled to 100°C over a period of 16.7 h; maintained at 100°C
for 33.3 h, and finally cooled to room temperature at a rate of 2.4°Ch™"'; yellow-green
block crystals were collected by filtration (yield: 53%, based on La,0O;). Elemental
Anal. Calcd (%) for Ci4HgCuLaN,Oy: C 30.54, H 1.46, N 5.09; Found: C 30.45,
H 1.38, N 5.11.

2.2. Physical measurements

Elemental analyses (C, H, and N) were performed on a Vario EL III elemental analyzer.
The infrared spectrum (KBr pellets) was recorded on a BRUKE Tensor 27 infrared
spectrophotometer from 4000 to 400cm™'. A TA Instrument Q600 SDT thermogravi-
metric analyzer was used to obtain the TGA curve in N, at a rate of 10°Cmin~"'. The
emission/excitation spectra were recorded on a HITACHI F-4500 fluorescence
spectrophotometer. Powder X-ray diffraction (XRD) patterns were recorded on
a Shimadzu XD-3A X-ray diffractometer with Cu-Ko radiation (1= 1.5406 A) with
recording speed 2° min~' over the 26 range of 5-70° at room temperature.

2.3. Single-crystal X-ray diffiraction

Suitable crystal of 1 (yellow-green block (0.18 x 0.16 x 0.12mm?)) was selected and
mounted on a glass fiber. The measurements were made on a Bruker-axs Smart
APEX-II CCD diffractometer with graphite-monochromated Mo-Ka radiation. Data
were collected at 25°C using the w and ¢ scans to a maximum 6 value of 25.03° and
refined by full-matrix least-squares on F~ with SHELXTL-97. The structure was solved
by direct methods of SHELXS-97 [12]. All non-hydrogen atoms were refined
anisotropically and hydrogen atoms were included at geometrically idealized positions.
Crystallographic data for 1 are summarized in table 1. Selected bond lengths and angles
are listed in table 2.
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Table 1. Crystallographic summary for 1.

Chemical formula C4HgCuLaN>Oqg
Formula weight 550.67
Crystal system Triclinic
Space group i P1
Units of cell dimensions (A, ©)

a 4.9113(10)

b 11.550(2)

¢ 12.756(3)

o 85.23(3)

B 85.84(3)

Y, 83.10(3)
V(A% 714.5(3)
VA 2
F(000) 528
Data/restraints/parameters 2461/0/244
Goodness-of-fit on F* 1.001
Final R indices [/>20(])] R;=0.0323, wR,=0.0595
R indices (all data) R;=0.0419, wR,=0.0623
Noter Ry = Y|IFo| = |Fll/IFol; wRo = {3 I0(F3 — F2) L Iw(E) 2.
Table 2. Selected bond lengths (A) and angles (°) for 1.
La(1)-O(1) 2.439(4) La(1)-O(2)#3 2.556(3)
La(1)-O(4)#1 2.441(3) La(1)-O(5)#3 2.649(3)
La(1)-O(7)#2 2.515(4) La(1)-O(8)#4 2.636(4)
La(1)-0(9) 2.681(3) La(1)-0(6) 2.521(3)
N(1)-Cu(1) 1.912(4) Cu(1)-NQ)#6 1.911(4)
Cu(1)-0O(3)#5 2.225(3)
O(1)-La(1)-O(4)#1 86.16(12) O(4#1-La(1)-0(6) 76.19(11)
O(6)-La(1)-O(8)#4 73.82(11) OB)#4-La(1)-O(5)#3 130.25(11)
O(7#2-La(1)-O(5)#3 66.43(11) O(7T)#2-La(1)-0(9) 67.69(12)
O(2)#3-La(1)-0O(9) 69.14(11) O(1)-La(1)-O(2)#3 78.34(12)
NQ2)#6—-Cu(1)-N(1) 151.03(16) NQ)#6-Cu(1)—-(3)#5 102.06(15)
N(1)-Cu(1)-O(3)#5 106.71(15)
Symmetry transformations used to generate equivalent atoms: #1: —x,—p,—z; #2:—x—1,—y+ 1L, —z— L #3: x—1, p, z;

#4 —x,—y+ 1, —z—L#5 —x,—y—1,—z #6: x—1,y—1, z.

3. Results and discussion

3.1. Description of crystal structure

X-ray crystal diffraction analysis reveals that 1 exhibits a 3-D network. The asymmetric
unit of 1 (figure 1) contains one La, one Cu, two PDC anions, and one coordinating
water. The trigonal-planar coordination geometry of copper indicates that the Cu(Il)
has been reduced to Cu(l) in the presence of N-containing ligands under hydrothermal
conditions [13, 14], proved by calculation of bond valence sum (BVS) values [15].
Each Cu(I) has a T-shaped geometry, coordinated by two nitrogens [Cul-NI
1.912(4) A, Cul-N2F 1.911(4)A] and one oxygen [Cul-O3E 2.225(3)A] from three
different PDC>~ ligands. The La(IIl) center has a distorted square antiprism
coordination geometry with eight oxygens from seven PDC?>~ and a coordinating
water. La—O bond distances range from 2.439(4) to 2.649(3) A, similar to literature
reports [16].
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N2F

Figure 1. ORTEP view of 1 with 50% thermal ellipsoids; all hydrogen atoms are omitted for clarity.
Symmetry codes: A:—x,—y,—z Bi—x—-1,—y+1,—-z—1; Cx—1,y,z;7 Di—x,—y+1,—z—1;
E—x,—y—1,—z;F:x—1,y—1, z

La La La La
\0 i \O i
La—O | X 0O—Lla La—o0O | Ry O—-=Cu
= =
| T
Cu Cu

(a) (b)

Scheme 1. Coordination modes of the PDC>™ in 1.

Pyridine-3,5-dicarboxylate has two new coordination modes in this lanthanide-
transition metal coordination polymer (scheme 1). In the coordination fashion a,
the ligand has two unidentate carboxylate groups coordinated with four La(III)
ions, and the nitrogen binds with Cu(I). The unidentate carboxylate groups in b
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connect with three La(IIl) ions and one Cu(I). These connections result in an
interesting structural motif. The structure of 1 can be viewed as the linkage of
planar binuclear Cu,(PDC); building blocks with La(III) chains (figure 2).
Connections between the planar units and the LaOg cores by sharing PDC ligands
generate a 2-D layer. Finally, the La(IIl) chains extend the structure to a 3-D motif
(figure 3). The interlayer distance is about 4911 A (based on the Cu---Cu distance
from neighboring layer). Four kinds of cavities exist in the framework, constructed
by Cu(l) or La(Ill) centers with PDC?>~. The sizes are 12.64 x 6.38, 8.62 x 5.40,
5.65x4.85, and 6.56 x4.47A and these cavities constitute a potential solvent-
accessible area of 19.1% of the crystal [17].

3.2. IR, TGA, XPRD, and luminescent data

The IR spectrum of 1 shows a broad band centered at 3421 cm™' due to ~OH stretch of
coordinated water. Lack of the peak at 1700 cm™" for -COOH shows that all carboxyl
groups of 3,5-PDC are deprotonated; 1612 and 1551 cm™" are v,(OCO) and vy(OCO)
stretches.

Thermogravimetric analysis (TGA) was performed on a polycrystalline sample of 1
(12.76 mg) from 22°C to 800°C. The diagram (Supplementary Material) shows an
obvious weight loss starting at 180°C suggesting water removal with 3.95% weight loss
to 280°C, corresponding to loss of one coordinated water per formula unit (Anal. Calcd
3.27%). Weight loss of 35.34% starts at 380-800°C, attributed to loss of all organic
components (Anal. Caled 37.9%).

The X-ray powder diffraction (XRPD) patterns for the thermal stability studies of
1 show phase purity of the bulk samples by comparison of the observed and simulated
XRPD patterns. When 1 is heated at 180°C for 30 min, the XRD pattern shows no
phase transition. Being heated to 280°C for 60 min, a coordinating water molecule (per
formula unit) evolves from the sample and the XRD pattern has no obvious change,
indicating no alteration in the crystal structure topology. Some XRD peaks disappear
in the pattern due to local distortions within the structure [18]. After the sample is
rehydrated at room temperature, the diffraction peaks are recovered, indicating
recovery of the framework structure. Reversibility of the dehydration process has also
been confirmed by the FT-IR data (Supplementary Material). The XRD pattern is
almost the same as the original one after the sample is heated at 330°C, demonstrating
that 1 retains its porous structure integrity at this temperature. Finally, the crystal color
changes from yellow to black when the heating temperature reaches 380°C and the
XRD pattern indicates that the sample loses crystallinity and the network begins to
collapse. These data are consistent with the TG curve.

The solid-state fluorescence spectrum of 1 at room temperature is depicted in figure 4.
When excited at 290 nm at room temperature, 1 emits strong blue luminescence with
a broad emission maximum centered at ca 460nm and a strong luminescence with
emission maximum at ca 400 nm. The emission band at ca 400 nm may be attributable
to intraligand 7wy * transitions (LLCT) [19]. The strong luminescent emission at ca
460 nm is assigned to the ligand-to-metal charge transfer (LMCT) and/or metal-
to-ligand charge transfer (MLCT) [19¢, 20]. The fluorescence character of 1 shows that
it might be a photoactive material.
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Figure 3.
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Three-dimensional network structure of 1; all hydrogens are omitted for clarity.
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Figure 4. The solid-state fluorescent spectrum of 1.
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4. Conclusions

A new 3-D lanthanide-transition metal coordination polymer [LaCu(PDC),H,0], is
synthesized and characterized. Its structure contains the 3,5-PDC and the special
coordination modes of Cu(I) and Ln(III). The unique 3-D framework structure is built
by planar binuclear Cu,(PDC), building blocks and the La** chain linkers. A non-
linear rigid multidentate ligand gives a non-interpenetration network with four kinds of
cavities of 12.64 x 6.38, 8.62 x 5.40, 5.65 x 4.85, and 6.56 x 4.47 A, respectively. TG and
XRD data indicate that the complex can retain its porous framework until 380°C with
removal of water.

Supplementary material

CCDC-692626 contains the supplementary crystallographic data of 1. These data can
be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif, or by contacting The Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; Fax:
(+44) 1223-336-033.
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