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Tetrahedral SBUs to construct 2D net having nanosized cavities.

Five 2-D Ln(IIl) coordination polymers, [Ln(PDA)(PDAH)], (PDA = 2,6-pyridinedicarboxylate),
have been obtained under mild hydrothermal condition. In each coordination polymer, PDA is
tetradentate and pentadentate, while lanthanides have coordination number eight to generate trigonal
prismatic, triangular face bicapped LnOgN, geometry having 9 triangular and 2 square faces. Two
different types of bridging oxygens are responsible to grow the 2-D coordination polymers providing
open channels possessing infinite 1-D nanosized cavities. Adjacent 2-D chains are further extended
to a 3-D hydrogen-bonded layered network through intermolecular z—z interactions and C-H:--O
hydrogen bonds. Four lanthanides are arranged roughly at the vertices of a square and bridged by
eight carboxylates leading to the overall tetrahedral shape of the secondary building units. The
abnormal behavior of lanthanide contraction for the atomic radii of europium can be attributed to
overlapping of electron clouds. The overall magnetic behavior is typical for the presence of anti-
ferromagnetic exchange coupling interactions. Thermal decomposition analysis reveals that the
coordination polymers have significant thermal stability. The coordination polymers are further
characterized using elemental analysis and FT-IR spectroscopy.

Keywords: Pyridine-2,6-dicarboxylic acid; Lanthanide; Sodium azide; 2D coordination polymer;
Nanosized
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1. Introduction

Construction of lanthanide organic frameworks (LOF) with oxygen donor ligands is an area
of intense research owing to fascinating structures and potential applications in storage,
catalysis, separation, and magnetic materials [1-5]. Coordination modes of multidentate
oxygen donor ligands and flexible coordination geometry as well as variable coordination
numbers of lanthanides are responsible to generate various LOFs [6-10]. It is, however,
difficult to predict the resultant LOF structure as there are parameters involved such as
coordination geometry of ligand, solvent polarity, pH of solution [11-15], metal to ligand
ratio [11-14, 16—18], reaction time, and temperature [11-14, 16—18]. Among these factors,
pH plays a major role for construction of coordination polymers. PDAH, owing to multi-
dentate coordination sites can be partially or completely deprotonated to generate PDAH
and PDA?™ anions. Hence, carefully controlling the pH allows PDAH, to display various
pH-dependent coordination modes and possibly form higher dimensional polymers [19(a)
and (b)].

We have focused on studies to explore coordination behavior of multidentate oxygen
donor ligands [19(c)—(g)]. A review of the literature reveals that most LOFs are synthesized
by keeping the reaction mixture under autogenous pressure for more than 3 days via
hydrothermal methods [15, 20]. Previously, Li et al. [20(d)] and Fernandes et al. [20(h)]
reported isostructural holmium and dysprosium LOFs by keeping the reaction mixture at a
lower pH under hydrothermal conditions for 3 days. Herein, we have attempted to develop
a method to obtain LOF under mild hydrothermal conditions using sodium azide to control
the pH of the reaction mixture and ultimately reduce the reaction time. At this stage, we are
unable to suggest a detailed mechanism of rapid coordination of ligand with metals;
However, it may be ascribed to deprotonation of ligand in the presence of sodium hydrox-
ide, generated in situ by reaction of sodium azide and water [15]. Given that the geometries
of secondary building units (SBUs) of lanthanide-metal carboxylate clusters play an impor-
tant role in constructing a LOF [21], we observe a tetrahedral SBU responsible for the
formation of the 2-D LOF. PDA adopts two kinds of coordination, including a full
coordination mode as shown in figure 1, while Ln(IIl) lies at the core of a surrounding of
eight donors (figure 2). The LOFs were also characterized by FT-IR, elemental, and thermo-
gravimetric analyses.

Figure 1. Coordination modes of PDA for 1-5.
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Figure 2. The molecular structure of coordination polymers: Erbium Er(Ill), Gadolinium Gd(IIl), Terbium Tb(III),
Europium Eu(IIl), and Praseodymium Pr(IIl) in 1-5, respectively, showing the atom numbering scheme (symmetry
codes as in table S1 [see online supplemental material at http://dx.doi.org/10.1080/00958972.2015.1056739]).

2. Experimental

2.1. Materials and measurements

All reagents were purchased commercially and used without purification. Hydrothermal
synthesis were performed using a 23 mL capacity Teflon-lined stainless steel autoclave (Parr
Instruments, USA) and temperature programmed oven. Single-crystal data were collected
using a Nonius Kappa-CCD Diffractometer, Netherlands, equipped with Oxford Cryosys-
tem, a data collection: COLLECT [22] at 150 K (graphite monochromated Mo-Ka radia-
tion, 1=0.71073 A), cell refinement: DENZO/SCALEPACK, data reduction: DENZO/
SCALEPACK [23]. The structures were solved by direct methods with SHELXS and
CRYSTALS and the resulting atomic models were developed and refined against |F|* with
SHELXL and CRYSTALS [24, 25]; the “observed data” threshold for calculating the R(F)
residuals was set as /> 20(/). The C- and N-bound hydrogens were placed in idealized
locations (C-H = 0.96-0.97 A, N-H = 0.86 A) and refined as riding. The O-bound hydro-
gens were located in difference maps and refined as riding in as-found relative locations.
All non-hydrogen atoms were refined with anisotropic parameters. The structural models
were analyzed and validated with PLATON [26], and full refinement details are given in
the deposited CIF. Program used for molecular graphics was Mercury [27]; software used
to prepare material for publication was WinGX [28]. Supramolecular and polyhedral
analyses were performed and the diagrams were prepared with the aid of PLATON and
CrystalMaker®™ [26, 29]. Thermal analyses (25—-1000 °C) were recorded under continuous
nitrogen flow with a ramp rate of 10 °C min~' using a SDT Q600 instrument (TA Instru-
ments, USA). Elemental analyses of N, C, and H were performed on Elemental Analyzer,
Vario Micro Cube, Elementar, Germany. FT-IR spectra were recorded on a Bruker Tensor
27 FT-IR spectrometer with Diamond-ATR module from 4000 to 400 cm™'. All the isolated
coordination polymers are stable in air and almost insoluble in water and common organic
solvents [30, 31]. The temperature dependence of the magnetic susceptibilities was recorded
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at an applied magnetic field of 1000 Oe from 5 to 300 K using a Superconducting Quantum
Interference Device (SQUID-MPMS-5, USA). The results are shown as plots of y,, ){m'l,
and y.,T versus T (xmn molar magnetic susceptibility) using Origin software [32]. The effec-
tive magnetic moments, z.g, were calculated by applying the relation seqr = 2.828 (ym7)'"?
in Bohr magnetons (u) [33].

2.2. Synthesis

2.2.1. Synthesis of C{4H,ErN,0Og (1). A mixture of PDAH, (84 mg, 0.5 mmol), sodium
azide (33 mg, 0.5 mmol), erbium chloride hexahydrate (ErCl;-6H,0; 90 mg, 0.25 mmol),
and 7 mL distilled water was sealed in a 23-mL Teflon-lined stainless steel autoclave and
heated to 170 °C at a rate of 60 °C h™' for 24 h and cooled to room temperature at a rate of
30 °C h™'. Pink cube-like crystals were directly filtered from the resultant mixture, washed
with plenty of water, and dried at ambient temperature. Analysis (%) Calcd for
C14H/N,OgEr (498.48): N, 5.62; C, 33.70; H, 1.40. Found: N, 5.51; C, 33.78; H, 1.52.
Yield ca. 60%. Warning: metal azides are potentially explosive; we found no problems in
this work, but only small amounts should be used by taking appropriate safety precautions.

2.2.2. Synthesis of C{4;H;GdN,Og (2). The procedure was the same as that in 1 except
that ErCl;-6H,O was replaced by GdCl;-6H,O. Off-white, cube-like crystals were directly
filtered from the resultant mixture, washed with plenty of water, and dried at ambient tem-
perature. Analysis (%) Calcd for Ci4H,N,OgGd (488.47): N, 5.73; C, 34.39; H, 1.43.
Found: N, 5.61; C, 34.35; H, 1.48. Yield ca. 62%.

2.2.3. Synthesis of C{4H,TbN,Og (3). The procedure was the same as that in 1 except
that ErCl;-6H,O was replaced by TbClz-6H,0. Off-white, cube-like crystals were directly
filtered from the resultant mixture, washed with plenty of water, and dried at ambient tem-
perature. Analysis (%) Calcd for C4H;N,OgTb (490.14): N, 5.71; C, 34.28; H, 1.43.
Found: N, 5.48; C, 34.18; H, 1.52. Yield ca. 57%.

2.2.4. Synthesis of C{4H,EuN,Og (4). The procedure was the same as that in 1 except
that ErCl;-6H,O was replaced by EuCl;-6H,0. Off-white, cube-like crystals were directly
filtered from the resultant mixture, washed with plenty of water, and dried at ambient tem-
perature. Analysis (%) Calcd for Ci4H,N,OgEu (483.18): N, 5.79; C, 34.77; H, 1.45.
Found: N, 5.81; C, 34.81; H, 1.50. Yield ca. 58%.

2.2.5. Synthesis of C{4H,PrN,Og (5). The procedure was the same as that in 1 except that
ErCl3-6H,0 was replaced by PrCl;-6H,0. Green cube-like crystals were directly filtered
from the resultant mixture, washed with plenty of water, and dried at ambient temperature.
Analysis (%) Calcd for C14H;N,OPr (472.13): N, 5.93; C, 35.58; H, 1.48. Found: N, 5.79;
C, 35.76; H, 1.53. Yield ca. 60%.
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Table 1. Crystal data and structure refinement parameters for 1-5.

1 2 3 4 5
Empirical formula Ci4H/EN,O3  C14H;,GdN,Og3 C4H;TbN,Og Ci4H,EuN,Og Ci4H,PrN,Oq
Formula weight 498.48 488.47 490.14 483.18 472.13
Temperature (K) 150
Wavelength (A) 0.71073 Mo-K,
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2;/c P2,/c P2;/c P2,/c P2,/c
a(A) 12.1178(4) 12.2565(3) 12.1940(2) 12.2523(3) 12.2391(4)
b (A) 8.3510(3) 8.3830(2) 8.3826(1) 8.3957(2) 8.3939(3)
c(A) 13.3959(5) 13.5429(4) 13.4807(2) 13.5562(3) 13.5328(5)
B 102.264(2) 102.421(1) 102.398(1) 102.450(1) 102.469(2)
V(A% 1324.67(8) 1358.91(6) 1345.83(3) 1361.69(6) 1357.48(8)
VA 4 4 4 4 4
Absorption coefficient (mm ") 6.39 4.93 5.31 4.66 3.64
Dcared Mg m™) 2.499 2.388 2.419 2.357 2.310
Theta range for data collection 5.1-26.0 4.1-26.0 4.1-26.0 5.1-26.0 5.1-26.0
@)
Measured reflections 4748 2662 2639 2661 2657
Independent reflections, Rj, 2571, 0.026 2662, 0.001 2639, 0.001 2661, 0.001 2657, 0.001
Observed reflections [/> 20(/)] 2315 2193 2506 2288 2114
Absorption correction Multi-scan DENZO/SCALEPACK [23]
Refinement method Full-matrix least-squares on
Final R indices (all data) R1=0.025 R1=0.035 R1=0.018 R1=0.026 R1=0.038
wR2 =0.059 wR2=0.083 wR2=0.045 wR2=0.059  wR2=0.093
Goodness-of-fit on F* 1.10 1.05 1.10 1.08 1.06
Apmax (€ A7) 0.76 1.00 0.67 1.09 242
Apmin (€ A7) —-1.15 —1.45 -0.99 —-0.95 —1.44

3. Results and discussion

3.1. Description of structures 1-5

The crystallographic analyses reveal that 1-5 are similar. Complexes 1-5 all crystallize in
the monoclinic space group P2,/c. Details of crystal structures are given in table 1. Coordi-
nated bond lengths and angles are reported in table S1 together with other relevant geo-
metrical data.

The molecular structures of 1-5 are depicted in figure 2 with the atom numbering
scheme. The asymmetric units of 1-5 contain one Ln(Ill) (Ln=Er in 1, Ln=Gd in 2,
Ln=Tb in 3, Ln = Eu in 4, and Ln = Pr in 5), one PDA?", and one PDAH . Each Ln(IID)
is eight-coordinate in a conventional O,N,O’-tridentate fashion containing two nitrogens
(N1 and N2) from two different pyridine rings, four oxygens (O1, O3, OS5, and O7) from
two different PDA ligands and two oxygens (06" and O8') from two different bridging car-
boxylate groups (figure 2) to generate trigonal prismatic, triangular face bicapped LnOgN,
coordination geometry having 9 triangular and 2 square faces O8/07/0O3/N1 and O8/06/
O5/N1 (figure 3). There are two types of coordination polymers for 1-5, with the first of
these coordination polymers running parallel to the [0 0 1] direction. Ln(III) ions are coordi-
nated by O6 of carboxylic groups from symmetrically related PDA anions to generate an
infinite 1-D (Ln—-OCO-Ln—OCO-Ln)« wavelike chain motif formed through the carboxy-
late bridges (OCO) [figure 4(a)]. In the second coordination polymer running parallel to the
[0 1 0] direction, the Ln(IIl) ions are coordinated by O8 of carboxylic groups from sym-
metrically related PDA anions to generate infinite 1-D (Ln—OCO-Ln—OCO-Ln) ropes
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Figure 3. Coordination geometry around the Er(IIl), Gd(III), Tb(III), Eu(III), and Pr(IIT) in 1-5.

[figure 4(b)]. The wavelike and rope coordination modes have similar motifs. Hence, adja-
cent Ln(Ill) ions are bridged by two carboxylate groups using a p,-COO™ coordination
mode, with Ln(IIT)---Ln(III) separations of 6.304 and 6.705 A in 1, 6.378 and 6.778 A in 2,
6.352 and 6.747 A in 3, 6.389 and 6.784 A in 4, and 6.380 and 6.773 A in 5.

Adjacent 1-D chains are interconnected from above and below to give a highly ordered
2-D layer coordination polymer with 16-membered rings parallel to the [1 0 0] direction
[figure 5(a)]. The repeat unit in the 2-D layer grid also exhibits infinite 1-D hexagonal nano-
sized cavities (approximate dimensions for Er: 0.85 x 0.99 nm) present along the [0 1 0]
direction [figure 5(b)], while a butterfly-like 1-D chain is present along the [0 0 1] direction
[figure 5(c)]. The coordination polymer and its topology can also be described by LOF
structure shown as LnO; (Og, Og, and Os) trigonal planar (green polyhedra) joined by pyri-
dine dicarboxylate linkers to give an extended 2-D cubic framework. The entire structure
consists of an envelope of the (Lng)O;,C4 clusters and pyridine dicarboxylates (PDA) as
shown in figure 6(a). In each cluster, the Ln ions are arranged roughly at the vertices of a
square, and the two squares are bridged by eight carboxylates, two per Ln corner [figure
6(a)]. Each Ln ion has two bridging oxygens to generate 2-D LOF, while the other four
edges of Ln ions are capped by two ligands leading to the overall tetrahedral shape of the
SBU [figure 6(b)]; each SBU is connected through edges ultimately responsible for con-
struction of the 2-D net [figure 6(c)] [21, 34].

Topologically, each Ln(IIl) ion is a six-connected node with the Schléfli symbol of
(3%-4°-5-8%-10%:11%); these connected nodes were analyzed using OLEX (figure 7) [35].
The 2-D layer coordination of 1 has a similar network as previously reported [Er,(PDA),(o-
bdc)(H,0),]-H,0 [36]. The Er—N and Er—O bond distances are comparable to the literature
values [7, 37]. The Gd-N and Gd-O bond distances of 2 are comparable to those observed
in other Gd(IIT) complexes [37 (b) and (d), 38]. The Tb—N and Tb—O bond lengths are com-
parable to those reported for other Tb(III) complexes with PDA ligands [37(d), 39]. In 4,
the bond lengths of Eu—N and Eu—O are within the range of previously reported structures
[10, 37(d), 39(a), 39(b), 40, 41]. The Pr—N and Pr—O bond distances of 5 are all within the
range observed for other Pr(Ill) complexes [37(d), 39(b)]. The O-Ln—O bond angles are
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Figure 4. (a) The coordination polymer chain parallel to the [0 0 1] direction to generate wavelike 1-D polymer
and (b) the coordination polymer chain parallel to the [0 1 0] direction to generate ropelike 1-D polymer in 1-5.
Ln, green; C, black; N, blue (see http://dx.doi.org/10.1080/00958972.2015.1056739 for color version).

76.08(10)°-153.41(10)°, while the bond angles of N-Ln—O are 62.07(16)°-144.45(18)°,
which are all within the range observed for other lanthanide-PDA complexes.

In 1-5, intermolecular O—H---O hydrogen bonds produce a C(8) chain running parallel to
the [0 1 0] direction [figure 8(a)]. Similarly, a combination of weak C-H:-*O hydrogen
bonds generates a chain of edge-fused R3(14) and R3(26) rings running parallel to the
[0 0 1] direction [figure 8(b)]. Adjacent 2-D chains of 1-5 are further extended to a 3-D
hydrogen-bonded network through O—H:-:-O and C-H:-:-O hydrogen bonds [figure 8(b)] and
7 interactions [figure 8(c)]. The C:--O distances range from 3.110(5) to 3.373(6) A for 1,
3.107(8) to 3.408(8) A for 2, 3.106(4) to 3.403(4) A for 3, 3.104(5) to 3.421(5) A for 4,
and 3.112(9) to 3.416(9) A for 5, respectively (table S2). LOF from 1-5 also exhibits two
7+ interactions between the two symmetry-related pyridine rings of neighboring mole-
cules, with 7 distances of 3.3365(17)-3.4295(17) A for 1, 3.386(2)-3.451(2) A for 2,
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(c)

Figure 5. (a) 2-D grid motif of 1-5 constructed by interconnecting 1-D wavelike chains and ropes along the
[1 0 0] direction, (b) 1-D nanosized cavities along the [0 1 0] direction, and (c) 1-D butterfly-like chain along the
[0 0 1] direction.

3.3699(12)-3.4421(12) A for 3, 3.3962(15)-3.4622(16) A for 4, and 3.380(3)-3.453(3) A
for 5 (table S3).

In 1-5, Ln—O average bond lengths decrease from 2.291 to 2.236 (Ln—0), from 2.499 to
2.442 for Ln—N, and from 9.097 to 8.561 for Ln—Ln with an increase in atomic number and
can be attributed to lanthanide contraction (table 2). The abnormal behavior of bond lengths
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(b) (c)

Figure 6. (a) 2-D cubic framework as the envelopes of the (Lns)O,,C, cluster to generate tetrahedral SBU
responsible for construction of 2-D net: Ln, green; C, black, (b) tetrahedra joined through carbons, and (c) 2-D
coordination polymer growing through tetrahedral SBU (see http://dx.doi.org/10.1080/00958972.2015.1056739 for
color version).

Figure 7. Schemetic polyhedral view of 2-D coordination framework in 1-5.

(Ln—O and Ln-N) for the atomic radii of europium can be explained on the basis of over-
lapping of electron clouds. Europium tends to maintain a 4f” electron configuration and pro-
vides only two conducting electrons; thus, the overlapping of the outermost electrons
between the adjacent atoms become smaller, and the atomic radius becomes larger [42].

3.2. Magnetic measurement

The magnetic behavior of 1, 2, and 3 are depicted in the forms of y,,, Xm_l, and y,,T versus
T (xm molar magnetic susceptibility) [43]. Curie—Weiss law behavior was observed above
20 K for 1 with Curie constant C = 12.39 + 0.00021 cm® K mol™" and Weiss constant 6 =
-8.16 K (figure 9). In the high-temperature end (300 K), ymZ = 12.18 cm® mol ™" K provides
an effective magnetic moment g of 9.86 pg, which is slightly larger than the expected
value of 9.58 pg as per formula for one Er(IIl) of one uncoupled (g; = 1.2) ion in *I;5 2
ground state. The product of y,,T decreased with decreasing temperature to reach a final
value of 8.0 cm® mol ™' K at 5 K with an effective magnetic moment of 8.0 .
Curie—Weiss law behavior was observed above 50 K for 2 with Curie constant C = 7.53

+0.00123 cm® K mol ™' and Weiss constant & =—18.70 K (figure S1). In the high-tempera-
ture end (300 K), ym7 = 7.28 cm’ mol ™' K provides an effective magnetic moment s of
7.63 ug, which is slightly smaller than the expected value of 7.94 pg as per formula for one
Gd(III) of one uncoupled (g = 2) ion in S, 2ground state. The product of y,,T" decreased
with decreasing temperature to reach a final value of 4.42 cm® mol ' K at 5 K with an
effective magnetic moment of 5.95 pp.
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R

Figure 8. (a) The formation of a chain along [0 1 0] generated by O—H:--O hydrogen bonds, (b) an infinite 3-D
network through O-H---O and C—H:--O hydrogen bonds, and (c) the #---x interactions in 1-5.

Curie-Weiss law behavior was observed above 20 K for 3 with Curie constant
C=12.37+0.000061 cm® K mol™" and Weiss constant #=-2.15K (figure S2). In the
high-temperature end (300 K), ymT = 12.30 cm® mol ™' K provides an effective magnetic
moment g of 9.92 pg, which is slightly larger than the expected value of 9.72 ug as per
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Table 2. Bond length ranges in (A) 1-5.
Lanthanide Ln-O Ln-N
Pr 2.291(4)-2.537(4) 2.499(5)-2.505(5)
Eu 2.306(3)-2.543(3) 2.509(3)-2.526(3)
Gd 2.289(4)-2.528(4) 2.493(5)-2.512(5)
Tb 2.2781(19)-2.521(2) 2.481(2)-2.496(2)
Er 2.236(3)-2.486(3) 2.442(3)-2.459(3)
e I.(Cm" mol™")
e Ym (molCm™)
—g—fuT(Cm* K mol™) ;
1
14 4 ) £25 4
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Figure 9. Temperature dependence of Jum, Ym ', and xmT for 5 at 1 KOe applied field.

formula for one Tb(III) of one uncoupled (g; = 1.5) ion in "Fg ground state. The product of
xmT decreased with decreasing temperature to reach a final value of 11.03 cm® mol™' K at
5 K with an effective magnetic moment of 9.39 pg. The overall behavior of y,,,7 with tem-
perature and negative value of 8 for 3, 4, and 5 is typical for the presence of antiferromag-
netic exchange coupling interactions.

3.3. FT-IR and thermal analyses

The decomposition pattern of 3 is illustrated in figure 10. The TGA curve passes through a
flat, and the polymer starts to decompose (63.2%) beyond 460 °C due to successive release
of PDA accompanied by collapse of the skeleton at about 860 °C (Calcd 62.6%), assuming
36.8% as the final product Tb,O3 (Calcd 37.4%). The decomposition pattern of 4 is illus-
trated in figure S3. TGA curve passes through a flat, and the polymer starts to decompose
(63.9%) beyond 380 °C due to successive release of PDA accompanied by collapse of the
skeleton up to 780 °C (Calcd 63.5%), assuming 36.1% as the final product Eu,O; (Caled
36.5%).

Since the complexes are very similar with same ligand, we just exampled the FT-IR
results of 1 Er(Ill) (figure S4) and 4 Eu(Ill) (figure S5), respectively. Er(IIl); 3364(b), 1576
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Figure 10. TGA/DSC curve of 3, [Tb(PDA)(PDAH)],..

(s), 1437(m), 1348(m), 1271(m), 790(m), 710(w). Eu(1Il); 3396(b), 1574(s), 1435(m), 1346
(m), 1270(m), 789(m), 709(w). Characteristic vibrational bands are in agreement with the
partially deprotonated and coordinated carboxylates [44].

4. Conclusion

The isolation of five lanthanide 2-D coordination polymers based on PDAH, demonstrates
that it is feasible to obtain polymeric complexes under mild hydrothermal conditions by
in situ change in pH of the reaction mixture. This study provides an example of introducing
sodium azide to increase pH of reaction mixture and ultimately deproptonation of ligand
which favors thermally stable coordination networks with different degrees of dimensional-
ity having unique topologies and fascinating properties. Further research is ongoing for bet-
ter understanding of mechanism.

Supplementary material

CCDC reference numbers 872840 for 1 872841 for 2, 872842 for 3, 872843 for 4 and
872844 for 5 contain the supplementary crystallographic data for this study. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336 033; Email:
deposit@ccdc.cam.ac.uk).
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