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Four transition metal coordination compounds, {[Co(PPDA)(H,0),]}, (1), {[Ni(HPPDA),]}, (2),
{[Cd(PPDA)(H,0)]*H,0},, (3), and {Zn(HPPDA),(H,0)4}, (4), were synthesized by assembling
transition metal salts with a semirigid ligand 4-(pyridin-3-yloxy)-phthalic acid (H,PPDA) under
hydrothermal conditions. The compounds have been characterized by elemental analyses, IR spectra,
TGA, powder X-ray diffraction, and single-crystal X-ray crystallography. Compound 1 exhibits a
three-connected 2-D layered structure, 2 shows a (3,6)-connected 2-D layered structure, 3 displays a
(3,6)-connected 2-D layered framework based on binuclear units, and 4 is a mononuclear structure,
connected to generate a 3-D supramolecular architecture by hydrogen bonds. Compound 2 is ther-
mally stable up to 300 °C. The magnetic properties of 1 and photoluminescent properties of 3 and 4
have been explored.

Keywords: Coordination compounds; Semirigid ligand; Crystal structure; Luminescence; Magnetic
property

1. Introduction

Design and construction of metal-organic frameworks (MOFs) are important in coordina-
tion chemistry, owing to their intriguing architectures and promising applications as
functional materials in many fields, including catalysis, magnetism, gas adsorption, and
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luminescence [1-6]. However, the synthesis of MOFs with desirable structures and
properties is still a challenging task for chemists. In the process of self-assembling, many
factors, such as pH, solvent, temperature, reagent concentration, and the ratios between
metal salts and ligands, have an unpredictable impact on the crystallization of coordination
polymers [7]. Semirigid ligands have been extensively used for synthesis of coordination
polymers because their restricted conformational variations facilitate the construction of
high-dimensional coordination polymers [8, 9]. Ligands simultaneously containing pyridyl
N and carboxylate donors are often selected as the organic linkers for their abundant
coordination modes with metal centers to fabricate various topologies; 4,4'-bipyridine-
2,2',6,6'-tetracarboxylic acid and analogs are frequently employed for the synthesis of
coordination polymers [10—-13].

We chose 4-(pyridin-3-yloxy)-phthalic acid (H,PPDA) as ligand for the preparation of
coordination polymers. The H,PPDA possesses a pyridyl nitrogen and two carboxylic
groups, which may give a variety of coordination modes with metal ions. H,PPDA is con-
sidered as a semirigid ligand with restricted twisting along the C—O—C bond to allow forma-
tion of different structures constructed from pyridyl nitrogen and carboxylate. Crystal
structures of coordination compounds based on H,PPDA ligand are first reported here.

Four new coordination compounds have been synthesized under hydrothermal conditions,
{[Co(PPDA)(H,0)s1} (1), {[N((HPPDA),1]}, (2), {[CD(PPDA)H,0)]*H>0}, (3), AND {28
(HPPDA),(H,0)4}, (4). The crystal structures, topological analyses, and thermal properties
of 1-4 are studied and magnetic properties of 1 and the luminescence of 3 and 4 have also
been explored.

2. Experimental

2.1. Materials and physical measurements

The chemical reagents and metal salts were commercially available and used without
purification. Infrared spectra within the frequency range 4000-400 cm™' were recorded on a
Nicolet Avatar-360 spectrometer. Elemental analyses (C, H, and N) were performed on a
Perkin-Elmer 2400 analyzer. Thermogravimetric analysis (TGA) was measured on a Perkin-
Elmer TG-7 analyzer from 25 to 900 °C under air. The fluorescence spectra were measured
on a FLS920 fluorescence spectrophotometer.

Single-crystal X-ray diffraction data for 1-4 were collected on a Bruker Smart 1000
diffractometer using graphite-monochromatic Mo Ka radiation (2= 0.71073 A) at room
temperature. Semiempirical absorption corrections were applied using SADABS. All of
the structures were resolved by direct methods using SHELXS-97 and refined by full-
matrix least squares fitting on |F|* by SHELXTL-97 [14]. All non-hydrogen atoms
were refined anisotropically. The organic hydrogens were geometrically generated and
hydrogens of water were located from difference Fourier maps and refined with the
common isotropic thermal parameter. The crystal parameters, data collection, and
refinement for 1-4 are summarized in table 1. Selected bond lengths and angles of
1-4 are listed in table S1. The data of hydrogen bonds in crystal packing for 4 are
listed in table S2.
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Table 1. Crystal data and structure refinement for 1-4.

L. Zhang et al.

Compound 1 2 3 4

Empirical formula C3H;1NO,Co Cy6H 6N,O;oNi C3HgNO(Cd Cr6Ho4N»014Zn

Formula weight 352.16 575.10 405.64 653.86

Temperature (K) 293 293 296 293

Crystal system Monoclinic Monoclinic Monoclinic Triclinic

Space group P2/c 2 P2y/c P-1

Unit-cell dimensions (A, °) a=13.2272(7) a=18.168(2) a=28.9571(15) a=28.333(3)
b=8.9240(5) b=8.4404(10) b=20.340(3) b=9.327(4)
c=11.3571(7) ¢=7.5365(6) c=7.9173(13) ¢=10.088(4)
a=90 a=90 a=90 a="77.045(6)
£=93.215(6) £=102.297(14) £=102.925(3) L=72.955(6)
y=90 =90 =90 y=64.316(6)

Volume (A%) 1338.48(13) 1129.2(2) 1405.9(4) 671.2(5)

V4 4 2 4 1

Density (calculated) (g cm ) 1.748 1.692 1.916 1.622

Absorption coefficient (mm ") 1.319 0.929 1.589 0.994

F(000) 716 588 800 338

6 range for data collection 2.75-24.99 2.67-25.00 2.00-28.32 2.13-28.43

Reflections collected/unique 4829/2355 3654/1903 10,104/3488 9310/3333

Data/restraints/parameters 2355/0/201 1903/483/181 3488/0/203 3333/1/199

Goodness-of-fit on F* 1.075 1.119 1.184 1.031

Final R indices [>2¢ (I)] R1=0.0453 R1=0.0486 R1=0.0225 R1=0.0392
wR2=10.0908 wR2=0.1183 wR2=0.0514 wR2=0.0913

R indices (all data) R1=0.0679 R1=0.0583 R1=0.0234 R1=0.0524
wR2=0.1060 wR2=0.1294 wR2=0.0517 wR2=0.0959

2.2. Synthesis of {{Co(PPDA)(H,0),/}, (1)

A mixture of Co(CH3COO),'4H,0 (0.20 mmol, 49.8 mg), H,PPDA (0.20 mmol, 51.8 mg),
and 5.0 mL of H,O was sealed in a 23-mL Teflon-lined stainless steel container stirred for
30 min in air, heated at 140 °C for 72 h, and then cooled to 30 °C at a rate of 2 °C h™".
After filtration, the product was washed with distilled water and then air dried; red block
crystals of 1 were obtained suitable for single-crystal X-ray diffraction analysis, 46 mg for
yield of 66%. Elemental analysis (%): Calcd for C;3H;;NO,Co: C, 44.38; H, 3.22; N, 3.84.
Found: C, 44.29; H, 3.12; N, 3.98. IR (KBr, cm™'): 3446(s), 1669(m), 1612(s), 1548(s),
1491(m), 1476(m), 1423(s), 1398(s), 1269(m), 1248(m), 890(m), 704(m), 609(m).

2.3. Synthesis of {[Ni(HPPDA) ]}, (2)

A mixture of Ni(ClOy), 6H,O (0.30 mmol, 71.3 mg), H,PPDA (0.30 mmol, 77.7 mg), and
5.0 mL of H,O was sealed in a 23-mL Teflon-lined stainless steel container stirred for 30 min
in air, heated at 140 °C for 72 h, and then cooled to 30 °C at a rate of 2 °C h™". Bright green
diamond-shaped single crystals of 2 suitable for single-crystal X-ray diffraction were isolated
by filtration, washed with distilled water several times, and then air dried, 103 mg for yield of
60%. Elemental analysis (%): Caled for Cy6H;¢N,ONi: C, 54.25; H, 2.78; N, 4.87. Found:
C, 54.55; H, 2.65; N, 4.98. IR (KBr, cm™"): 3440(s), 1710(m), 1598(s), 1557(s), 1447(s),
1434(s), 1385(s), 1262(s), 1263(m), 1208(m), 899(m), 766(m), 727(m), 699(s).

2.4. Synthesis of {{Cd(PPDA)(H,0)]-H,0)},, (3)

A mixture of Cd(NOs),"4H,0 (0.05 mmol, 15.4 mg), H,PPDA (0.05 mmol, 12.9 mg), and
4.0 mL of H,O/CH3CN (1:1, v:v) was sealed in a 23-mL Teflon-lined stainless steel
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container stirred for 30 min in air, heated at 165 °C for 100 h, and cooled to 30 °C at a rate
of 2 °C h™'. After filtration, the product was washed with distilled water and then air dried;
bright yellow block crystals of 3 were obtained suitable for single-crystal X-ray diffraction
analysis, 14 mg for yield of 70%. Elemental analysis (%): Calcd for C13H9NO¢Cd: C,
38.46; H, 2.22; N, 3.45. Found: C, 38.55; H, 2.13; N, 3.56. IR (KBr, cm™'): 3443(m), 1548
(s), 1483(w), 1413(s), 1250(s), 1196(m), 949(m), 854(m), 791(m), 686(m), 538(m).

2.5. Synthesis of {{Zn(HPPDA)(H0) ,}, (4)

A mixture of ZnSO4-7H,0 (0.20 mmol, 57.6 mg), H,PPDA (0.20 mmol, 51.8 mg), and
5.0 mL of H,O was sealed in a 23-mL Teflon-lined stainless steel container stirred for
30 min in air, heated at 120 °C for 72 h, kept 24 h at 80 °C, and then slowly cooled to
room temperature at a rate of 5°Ch™'. After filtration, the product was washed with
distilled water and air dried; yellow block crystals of 4 were obtained suitable for single-
crystal X-ray diffraction analysis, 65 mg for yield of 50%. Elemental analysis (%): Calcd
for CoHauN»O14Zn: C, 47.72; H, 3.67; N, 4.28. Found: C, 47.65; H, 3.66; N, 4.14. IR
(KBr, ecm™'): 3381(m), 1705(m), 1676(m), 1585(s), 1557(s), 1488(s), 1438(s), 1365(s),
1269(s), 1234(m), 1024(w), 1057(w), 954(m), 776(m), 683(m).

Figure 1. (a) Coordination environment of Co(II) with 50% probability ellipsoids; (b) 2-D layer structure in 1
along the a@-axis; and (c) Schematic representation of the 3-connected network.
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3. Results and discussion

3.1. Crystal structure of 1

Single-crystal X-ray diffraction analysis reveals that 1 is in the monoclinic system with
space group P2,/c. The asymmetric unit contains an independent Co(Il), a PPDA*", and
two coordinated waters. The coordination environment of Co(Il), shown in figure 1(a), is
six coordinate with three carboxylate oxygens (O1, O2A, and O3) belonging to the
PPDA?" ligands in which Ol and O3 are from one PPDA®” and O2A from another
PPDA?", a nitrogen (N2B) from PPDA”", and O6 and O7 from coordinated water, in a
slightly distorted octahedral geometry. The Co—O (water) bond length is 2.102 A, Co-O
(bridging carboxylate) bond lengths are 2.087 and 2.162 A, Co—O (monodentate) bond
length is 2.056 A, and Co-N distance is 2.174(4) A, which are well matched to those
observed in similar complexes [15]. The C—O-C angle between the pyridyl ring and aro-
matic ring is 118.72°. The two carboxylate groups are distorted with the linking aromatic
ring, and the dihedral angles between carboxylate groups and aromatic rings are 63.75°
and 56.77°, respectively. The completely deprotonated carboxylate groups of PPDA*”
adopt monodentate and bridging bidentate modes [scheme I1(a)]. Co(Il) ions are con-
nected through carboxylate oxygens (O1, O2A) to lead to 1-D chains; adjacent 1-D
chains are further linked by carboxylate oxygen (O3) and nitrogen of the pyridyl ring to
generate a 2-D layer viewed along the a-axis [figure 1(b)]. There are z—x interactions
between pyridyl rings and aromatic rings, the distance between centroids is 3.8076 A
[16]. Moreover, the neighboring 2-D layers are further connected through hydrogen bonds
between coordinated water molecules and carboxylate oxygen atoms to generate a 3-D
network. From the topological point of view, each Co(Il) is ligated by three ligands,
which can be considered as a three-connected node; each PPDA%™ connects with three
Co centers and thus can be defined as a three-connected node. According to this simpli-
fication, the whole framework of 1 can be described as a network with a Schldfli symbol
of {6°}, as illustrated in figure 1(c).

3.2. Crystal structure of 2

Polymer 2 crystallizes in the monoclinic system and space group C2. H,PPDA ligands are
deprotonated to HPPDA™. The asymmetric unit of 2 contains an independent Ni(Il) and
HPPDA™ ligands. Ni(Il) is six coordinate with four oxygens (O1, O1A, O4B, 04C) of four
ligands and two N (N1D, NI1E) from two different ligands [figure 2(a)]. The carboxylate
groups of HPPDA ™~ are monodentate [scheme 1(b)] to bridge Ni(Il) centers to form a 1-D
chain. Nitrogens and carboxylate groups of HPPDA ™ connect the neighboring 1-D chains
to generate a 2-D layer, as shown in figure 2(b). The Ni—O bond distances are 2.069(5) and
2.080(5) A and the Ni-N bond length is 2.090(4) A, consistent with reported complexes
[17]. Adjacent Nis=*Ni distances are 8.44 and 11.31 A, respectively. The C-O-C angle
between pyridyl ring and aromatic ring is 119.49°. Every carboxylate group is distorted
with the linking aromatic ring, and the dihedral angles between the carboxylate groups and
aromatic rings are 16.09 and 17.53°, respectively. Considering Ni(II) ions and HPPDA™
ligands as three- and six-connecting nodes, the structure of 2 can be simplified as a binodal
topological net with a Schlafli symbol of {4°},{4°°8}, as shown in figure 2(c). The
framework of 2 possesses the common topological binodal kgd net.
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Figure 2. (a) Coordination environment of Ni(I) in 2 with 50% probability ellipsoids; (b) 2-D layer structure in 2
viewed in the ab-plane; and (c) Simplified (3,6)-coordinated single net.

Figure 3. (a) Coordination environment of Cd(II) in 3 with 50% probability ellipsoids and (b) 2-D layer structure
in 3 viewed in the b-direction.

3.3. Crystal structure of 3

Single-crystal X-ray diffraction analysis demonstrates that 3 crystallizes in monoclinic
P2,/c space group. The asymmetric unit contains a Cd(Il), three PPDA®" ligands, a
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coordinated water, and a free water. As illustrated in figure 3(a), Cd(Il) is seven coordinate
by five carboxylate oxygens (O1, 02, 07, 09, O9A) from three PPDA*™ ligands, O5 from
coordinated water, and N1 from PPDA?" in a pentagonal bipyramid. The Cd—O (chelating/
bridging tridentate) distances are 2.2710(15), 2.4194(15), and 2.6042(16) A, Cd-O(chelat-
ing bidentate) bond lengths are 2.3731(15) and 2.4679(16) A, Cd-O(water) length is
2.2801(15) A, and Cd—N distance is 2.2809(18) A, all in the normal reported ranges [18].
The C-O-C angle between pyridyl ring and aromatic ring is 116.83°. Every carboxylate
group is distorted with the linked aromatic ring, the dihedral angles between carboxylate
groups and aromatic rings are 27.06° and 53.39°, respectively. The two carboxylate groups
of PPDA?” show two coordination modes to link the binuclear Cd(II) units; one is a chelat-
ing bidentate mode and the other is a chelating/bridging tridentate mode, where O9 is 1,-O
[scheme 1(c)], forming a binuclear Cd,O, moiety; the Cd(Il) ions in Cd,O, moiety are
3.9298(5) A apart. Each binuclear Cd,O, moiety is further linked through six PPDA*"
ligands to generate a 2-D layered structure [figure 3(b)]. From the topological point of view,
each binuclear Cd unit is ligated by six PPDA®" ligands, which can be considered as
6-connected nodes; each PPDA®” anion connects to three binuclear Cd(II) units, the
PPDA? ligand can be defined as a three-connected node. Therefore, the structure of 3 can
be simplified as a binodal topological network. Compound 3 displays similar topological
structure to 2.

3.4. Crystal structure of 4

Complex 4 crystallizes in triclinic symmetry with space group P-1. The asymmetric unit
contains an independent Zn(II), a HPPDA™, and coordinated water, as shown in figure 4(a).
Zn(Il) is six coordinate with two nitrogens (N1 and N1A) belonging to HPPDA ™ ligands
and four water molecules in a slightly distorted octahedron. Two nitrogens from HPPDA"
ligands occupy the axial positions of octahedral geometry. The horizontal plane of the
octahedron has water molecules. The Zn—O bond lengths are in the range of 2.1037(16)—
2.1086(16) A and the Zn-N distance is 2.1506(18) A. Both Zn—O and Zn-N bond lengths
are well matched to those observed in similar complexes [19]. The C-O—-C angles between
the pyridyl ring and aromatic ring is 118.94°. Every carboxylate is distorted with the linking
aromatic ring, and the dihedral angles between the carboxylate groups and aromatic rings

Figure 4. (a) Coordination environment of Zn(Il) in 4 with 50% probability ellipsoids and (b) 3-D supramolecular
structure of 4 connected by hydrogen bonds along the a-axis.
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are 8.87° and 9.05°. Only the nitrogen of pyridyl ring coordinates with Zn(I) center
[scheme 1(d)]. The 3-D supramolecular structure is formed by hydrogen bonds between
HPPDA™ ligands and coordinated water, connecting Zn(HPPDA),(H,0), to form a 3-D
supramolecular structure, as shown in figure 4(b). Hydrogen bonds are with the carboxylate
07 and OS; coordinated water O15, O16, and carboxylate 06, O7, O8, 09. (07:+-08,
2.386 A; 015207, 2.731 A; 015+++08, 2.776 A; 016++:06, 2.740 A; 016+--09, 2.720 A).

Complexes 1-4 display a mononuclear and three 2-D layers. The variations originate
from the distinct coordination environments of metal centers and deprotonation of H,PPDA;
the results demonstrate that HPPDA™ and HPPDA?™ adopt the diverse coordination modes
to bind the metal centers in 1-4. The semirigidity of ligand also contributes to the dissimilar
structures of 1-4.

3.5. Thermogravimetric analysis

To examine the thermal stabilities of 1-4, TGA were carried out from ambient temperature
to 900 °C at 5 °C per minute in air (figure 5). The TGA of 1 shows that two coordinated
waters are lost at 130 °C (obsd. 10.3%, Calcd 10.2%). The further exothermal process
begins at 260 °C, attributed to decomposition of the ligand (obsd. 69.2%, Caled 68.5%).
With increasing temperature, the framework is totally decomposed and the final product of
1 is CoO (obsd. 20.5%, Calcd 21.3%). For 2, the framework of complex is stable at 300 °C
because there are no solvent molecules or coordination water molecules. With rising tem-
perature, the ligand is broken completely down (obsd. 85.4%, Calcd 87.1%) and the product
is NiO (obsd. 14.6%, Calcd 12.9%). Compound 2 shows extraordinary thermal stability.
For 3, the first step before 100 °C is assigned to the loss of one lattice water and one
coordinated water (obsd. 9.9%, Calcd 8.9%), the second step starts at 280 °C, correspond-
ing to the decomposition of ligand and the final residue is CdO (obsd. 30.4%, Calcd
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Figure 5. The TGA curves of 1-4.
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Figure 6. Temperature dependence of y,,7 and y,,, for 1. Open points are the experimental data.

31.6%). For 4, the weight loss before 100 °C is attributed to the loss of four coordinated
waters (obsd. 10.7%, Calcd 11.0%). Then, collapse of the network of 4 is at 300 °C and the
product is ZnO (obsd. 10.5%, Calcd 12.4%). In order to check the phase purity of 1-4, the
powder X-ray diffraction patterns were checked at room temperature, as shown in figures
S1-S4.

3.6. Magnetism

The magnetic properties of 1 were investigated from 2.0 to 300.0 K under 1000 Oe. As
shown in figure 6, the ym7 value of 1 at 300 K is 3.18 cm® K mol™', larger than the

Intensity(a.u.

Intensity(a.u.)

" L " 1 " 1 al " 1 " | | [l " | J

300 325 350 375 400 425 450 475 500 525 550
A(nm)

Figure 7. Photoluminescence spectra of 3, 4, and H,PPDA in the solid state.
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expected value of 1.88 cm® K mol ™! with g = 2.00. The larger experimental value of 1 than
corresponding spin only value can be attributed to the unquenched orbital moment, as a
result of spin—orbit coupling in the distorted octahedral Co(II) ions [20]. Upon decreasing
the temperature, the y,,7" value of 1 continuously decreases and reaches a minimum of
1.7 em® K mol™" at 2.0 K. Between 25 and 300 K, the y,, ' versus T data can be fitted by
the Curie—Weiss law with C =3.41 cm® K mol ' and 6= —22.81 K. The negative Weiss
constant is the evidence of antiferromagnetic interactions between Co(Il) ions. From 2.0 to
300 K, the temperature dependence of the y,,7" value was roughly fitted to the simple
equation [21]:

7T — Ao BI/KT | poEa/KT

Here, 4 + B is the Curie constant, and E; and E, represent the activation energies corre-
sponding to the spin—orbit coupling and the magnetic exchange interaction, respectively
[22]. This equation adequately describes the spin—orbit coupling, which results in a splitting
between discrete levels. Moreover, it is in excellent agreement with the experimental data
obtained in the present work (figure 6). The obtained values are 4 = 1.40 cm® K mol ™,
B=2.01cm’>K mol™!, E, =4183cm™ !, E,=022cm !, and Curie constant
C =3.41 cm® K mol™". The values found for C = A4 + B agree with those obtained from the
Curie—Weiss law and the values for E/k (E/k=60.18 K, using a least-squares fitting
method) are consistent with those given in the literature for both the effects of spin—orbit
coupling and site distortion (E,/k of the order of 100 K). The small E, value indicates the
presence of weak antiferromagnetic interaction [23, 24].

3.7. Luminescent properties

As shown in figure 7, the solid-state luminescence spectra of 3, 4, and H,PPDA have been
determined at room temperature. H,PPDA displays very weak photoluminescence with
emission maximal peak at 400 nm and a shoulder at 464 nm (/.x =270 nm), which could
be attributed to intraligand 7*—z and z*-n transitions. Compound 3 exhibits emission bands
at 435 and 468 nm (4.x = 328 nm). The obvious red shifted emission at 435 nm compared
with the emission band of H,PPDA ligand at 400 nm could be assigned to the ligand-to-
metal charge transfer (LMCT); furthermore, the emission peak of 468 nm can be attributed
to the intraligand fluorescent emission [25, 26]. Compound 4 shows dual emission bands,
one centered at 419 nm, which is red shifted at 19 nm comparing with that of H,PPDA
ligand and is caused by LMCT; another is at 471 nm, which is assigned to the intraligand
transitions (ex = 300 nm). The strong luminescence of 3 and 4 makes them candidates for
potential functional materials.

4. Conclusion

Four new coordination compounds generated from a semirigid ligand with different transi-
tion metal salts under hydrothermal conditions display diverse structures. Polymers 1 and 2
show 2-D layered structure, 3 is a binuclear 2-D layered architecture and 4 displays a
mononuclear structure. Magnetic properties of 1 reveal antiferromagnetic interactions
between Co(Il) ions. The photoluminescent properties of 3 and 4 could be assigned to
LMCT and intraligand charge transitions.
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