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Abstract

Three coordination polymers, [Cd(L),(H,0),], (1), [Zn(L),(H,0),], (2) and [Mn(L),], (3) were prepared by reacting 5-(3-
pyridyl)-1,3,4-oxadiazole-2-thioacetic acid (HL) with corresponding metal acetate in DMF/CH,CN medium under
solvothermal condition. The isolated complexes were characterized by elemental analysis and infrared spectroscopy. The
X-ray crystallographic analysis revealed double strand structure of 1 and 2, and 3D framework of 3. The different struc-
tures of these complexes indicate that the configuration of the ligand and the reaction condition play a key role in self-as-
semble of complexes 1-3. Furthermore, photoluminescent properties of 1 and 2 were also studied in the solid state.
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1. Introduction

Nowadays, more and more attention has been paid to
coordination compounds with various of topological struc-
tures and potential promising applications ranging from
functional material to therapeutic agent.'® Many factors
need to be considered during the self-assembly process of
coordination compound, including the nature of the metal
ion, the well-designed organic ligand, the auxiliary ligand,
the solvent medium, the pH value, the temperature, and so
on.” Therefore the rational design and precise crystal engi-
neering of coordination compounds with desired structures
and specific properties still remain a challenge.® According
to previously reported work, the choice of organic ligand
has been verified as a decisive role in the construction of
the overall architectures of coordination polymers, as the
organic spacer serves to link metal nodes and to propagate
the structural information.”'?

Rigid linear organic ligands such as 4,4’-bipyridine
and its derivatives are well adopted in generating poly-
mers bearing linear chain,'' honeycomb-like,'? square-li-
ke,'? or brick-wall-like structures.!*!> While the bent or-
ganic ligands can offer the possibility of constructing no-
vel polymer network owing to their variable conforma-

tion." 1,3,4-Oxadiazole is an intensively investigated
class of bent organic bridging moiety due to its conve-
nient synthesis as well as the versatile coordination mo-
de.”'"® Coordination polymers, with structures like heli-
cal chain,' zeolite-like net,'® and 3-fold interpenetrated
3D framework,'> have been reported by Dong group.
They are based on symmetric 2,5-diaryl-1,3,4-oxadiazole
containing pyridyl, aminophenyl or cyanophenyl groups
as terminal coordination sites. Herein we focus on the
coordination behavior of 5-(3-pyridyl)-1,3,4-oxadiazole-
2-thioacetate (L), which is mostly based upon the follo-
wing considerations. (i) L is an unsymmetric ligand bea-
ring both pyridine and carboxyl groups bridged by the
oxadiazole backbone. Hence L can show diverse coordi-
nation modes. Especially the carboxyl group can feature
unidentate, chelate or bridging fashions.? (ii) L is a bent
ligand, which can adopt either gauche- or anti-configura-
tion in the self-assembly reaction (Scheme 1).320 (iii)
Heteroatoms such as N, O, and S of LL could be considered
as potential hydrogen bond acceptors to expand polymeric
frameworks via hydrogen bonding interactions.'® Coordi-
nation polymers based on L and its isomer 5-(4-pyridyl)-
1,3,4-oxadiazole-2-thioacetate (4-pyoa) were first reported
by Du et al. under the layer separation diffusion condition.*
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Reaction of HL. and 4-pyoa with metal salts afforded 1D
coordination polymers of {[M,(4-pyoa),(H,0),](H,0),},
(M = Co, Zn), anatase type network of {[Pb(4-pyoa),]
(H,0)},, 2D layer of {[Cu(L),(H,0)](H,0),}, and 3,6-
connected 3D net of [Cd(L),] . Indeed, this demonstrates
that HL is well-tailored in constructing new polymers with
attractive properties.

The aim of the presented work is the construction of
complexes derived from HL under solvent thermal con-
dition. The reactions of HL and M(CH,COO), (M = Cd,
Zn, and Mn) in DMF/CH,CN at 110 °C afford three poly-
mers, [Cd(L),(H,0),], (1), [Zn(L),(H,0),], (2) and
[Mn(L),]. (3). Herein, the preparation, and crystallograp-
hic analyses of these complexes are described. Moreover,
luminescent properties of 1 and 2 were investigated in the
solid state.

\\C 0 0
B PN /T
w)\ 0 0)‘“‘ b
gauche- anfi-

Scheme 1. Two possible configurations of L.

2. Experimental

2. 1. Physical Measurements and Materials

Reagents and solvents were purchased com-
mercially from Aladdin Industrial Corporation (China)
and used without further purification. The starting com-

Table 1. Crystallographic data for 1-3.

pound HL was synthesized according to the literature
method.?*?' The IR spectra were taken on a Vector22 Bru-
ker spectrophotometer (400-4000 cm™) prepared as KBr
pellets. Elemental analyses were performed on a Perkin-
Elmer model 2400 analyzer. Fluorescence spectra were
recorded on Cary Eclipse spectrofluorimeter (Varian, Au-
stralia) at room temperature.

2. 2. General Procedure for the Synthesis
of Complexes 1-3

HL (0.1 mmol) and metal acetate salts (0.2 mmol)
in 10 mL mixed solvent of DMF/CH,CN (v/v = 1:1) were
sealed in a 25 mL Teflon cup. The mixture was heated at
110 °C for 3 days and cooled to room temperature at a ra-
te of 5°C/h. Yellow crystals were obtained.

[Cd(L),(H,0),], (1) Yield: 15.8 mg (51% on the ba-
sis of HL). The IR (KBr, cm™): 3446, 3098, 3033, 1607,
1577, 1474, 1462, 1438, 1393, 1222, 1198, 1091, 1049,
1031, 999, 960, 821, 715, 701, 684, 640, 443. Anal. Calcd.
for C,(H,(CdN,O,S,: C, 34.82; H, 2.60; N, 13.53. Found:
C,34.92; H, 2.59; N, 13.57%.

[Zn(L),(H,0),], (2) Yield: 13.8 mg (48% on the ba-
sis of HL). IR (KBr, cm™): 3468, 3085, 3067, 2985, 1646,
1614, 1459, 1417, 1364, 1326, 1191, 1087, 1052, 1004,
959, 820, 712, 698, 650, 537. Anal. Calcd. for
C¢H,ZnN,O,S,: C, 37.67; H, 2.81; N, 14.64. Found: C,
37.82; H, 2.80; N, 14.69%.

[Mn(L),], (3) Yield: 8.4 mg (32% on the basis of
HL). IR (KBr, cm™): 3033, 1574, 1462, 1393, 1196,
1088, 1046, 996, 921, 819, 679, 639, 441. Anal. Calcd. for
CH ,MnN.OS,: C, 40.99; H, 2.93; N:15.93. Found: C,
41.12; H,2.91; N, 15.99%.

1
Empirical formula C,¢H,(CdNO,S,
M, 620.89
Crystal System triclinic
Space group P-1
aA) 7.4145(11)
b(A) 7.6738(11)
c(A) 10.6697(15)
o (%) 88.064(4)
B©) 82.611(4)
7(%) 74.497(4)
V(A% 580.13(14)
Z 1
p.(g cm™ 1.777
F(000) 310
T/K 298(2)
u(Mo-Kor)/ mm™ 1.179
GOF (F?) 1.131

2614/0/160
0.0205, 0.0540

Data / restraints / parameters
R, wR® (I>20(D))

2 3
C,sH,¢ZnNO;S, CsH,MnNOS,
573.86 527.40
triclinic monoclinic
P-1 C2/c
7.3585(6) 25.302(3)
7.4216(7) 10.6816(11)

10.7069(9) 7.1462(7)
88.979(3) 90.00

82.757(2) 95.747(3)
73.709(3) 90.00

556.67(8) 1921.7(3)

1 4
1.712 1.823
292 1068
298(2) 298(2)
1.351 0.960
1.084 1.107
2531/0/160 2207/0/ 150

0.0245, 0.0611 0.0248, 0.0662

*R, =Y||Fo| - |Fe|/Z|Fol. *wR, = [Ew(Fo — FA) /X w(Fo*)]"
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2. 3 Determination of Crystal Structures

X-ray intensity data for crystals 1-3 were collected
on a Bruker SMART APEX CCD-based diffractometer
(Mo Ko radiation, A = 0.71073 A) at 298 K. The raw fra-
me data were integrated into SHELX format reflection fi-
les and corrected for Lorentz and polarization effects us-
ing SAINT.?? Multi-scan absorption corrections were ap-
plied by SADABS.? All the structures were solved by di-
rect methods and refined by full-matrix least-square met-
hods applying SHELXL program package.* Anisotropic
thermal parameters were used to refine all non-hydrogen
atoms. H atoms of C—H were geometrically generated and
refined with isotropic thermal parameters riding on the
parent atoms. The H atoms of water molecules were fixed
by difference Fourier maps with O—H = 0.85(2) A, H---H
= 1.44(2) A and U, (H) = 15U, (0). Details of crystallo-
graphic parameters, data collection, and refinements are
summarized in Table 1. Relevant bond distances and bond
angles are given in Tables 2, 3 and S1.

3. Results and Discussion

3. 1. Synthesis and General Characterization

The mixing of metal salts and carboxylic ligand so-
lution resulted in precipitation in traditional aqueous reac-
tion system therefore solvothermal synthesis was adopted.
By performing parallel experiments, it was found that us-
ing M(NO,), or M(CIO,), (M = Cd, Zn, Mn) as the source
of metal salts could also isolate these complexes, which
indicates that the complexes are independent of the coun-
ter-anions of the metal salts. The acetate salts were found
to achieve products in a somewhat higher crystal quality
and yield.

3. 2. IR Spectra

The IR spectra of complexes 1-3 (see Figure S1,
Supporting Information) exhibiting the absence of charac-
teristic absorption bands of the carboxyl group (1718 cm™
in HL) reveals the complete deprotonation. As a conse-
quence, the antisymmetric (v,(COO")) and symmetric
(v,(COQO)) stretching vibrations of carboxylate groups
appear. The separation value Av between v, (COO") and
v,(COO") can be used to identify the coordination mode of
the carboxylate ligand.”>?® The Av value is 214 cm™ for 1,
229 cm™ for 2, indicating a monodentate coordination
mode of carboxylate group. While the Av value for 3 is
181 cm™ indicative of bidentate carboxylate coordination.
These IR results are in agreement with the crystal structu-
ral analyses.

3. 3. Crystal Structures

X-ray single-crystal diffraction reveals that comple-
xes 1 and 2 are isostructural and crystallize in the same

Table 2. Selected bond distances (A) and angles (°) for complex 1.

Cd1-04 2.3030(13) Cd1-03ii 2.2584(14)
Cd1-N1 2.3703(14) S1-C7 1.7275(18)
S1-C8 1.8042(19) 02-C9 1.242(2)
03-C9 1.251(2)
N1-Cd1-N1! 180.000(1)  0O3i_CdI-N1 90.24(6)
04-CdI-N1! 91.59(5) 03ii_Cd1-04 91.31(5)
03'-Cd1-04 88.69(5) 04-Cd1-04 180.0
03'-Cd1-N1 89.76(6) 04-Cd1-N1 88.41(5)
C7-S1-C8 98.83(9)

Symmetry codes: (i) —x, -y + 1, —z+2; (i) x+ 1, -y + 1,z + 1;
(i) x—1,y,z+1

Table 3. Selected bond distances (A) and angles (°) for complex 3

Mn1-02 2.1024(10) Mn1-03" 2.1878(10)
Mnl1-N1i 2.3479(11) S1-C7 1.7235(14)
S1-C8 1.7969(14) 02-C9 1.2453(17)
03-C9 1.2485(17)
N1#-Mnl-N1' 94.98(6) 02-Mn1-02" 93.00(6)
02-Mn1-03" 103.46(4)  02-Mnl-03"  92.20(4)
03"-Mn1-03"  157.28(6)  02-Mnl-N1%  176.41(4)
02"-Mnl-N1%  86.11(4)  03*-Mnl-N1"  80.06(4)
03"-Mn1-N1i 84.63(4) C7-S1-C8 98.76(6)

Symmetry codes: (i) —x + 3/2,y — Y2, —z + Y2; (i) x, -y + 1, 2 — V2,
(i) x—-Y2,y-Y2,z; (iv) x+ L, y,—z+ V2, (v) x+ 1,y + 1,z + 1

\F'
.02
‘8

c9

S1

=]
b

Figure 1. Coordination environment of Cd" in 1. Symmetry codes:
i) —x,—y+1,—z+2; () —x+1,-y+1,—z+ 1; Qi) x-1,y,z+ 1.

triclinic PI space group with similar cell parameters.
Therefore only the structure of 1 is described here in de-
tail as a representative example. The ORTEP plots of
complexes 1 and 2 with atomic numbering scheme are
shown in Figures 1 and S2

As drawn in Figure 1, the Cd" ion is located at the
inversion center, and the asymmetric unit of compound 1
is composed of one Cd" ion with the occupancy of 0.5,
one L' ligand, and one coordinated water molecule. The
central Cd" is six coordinate with two N and two O atoms
from four crystallographically independent L', and two
water O atoms. The coordination geometry of the
{CdN,0O,} can be described as an almost perfect octahe-
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dron, which is reflected by the axial N1-Cd-N1' 180.0°,
and the sum of the equatorial bond angels being 360.0°.
The gauche style of the ligand is observed in complex 1,
which was confirmed by the value of the torsion angle of
C7-S1-C8-C9 being —70.94(15)°.

Figure 2. 1D coordination framework of 1.

Du and coworkers have prepared the complex
[Cd(L),], (1A) in CH,OH/H,0-NaOH mixed solvent
system at room temperature using Cd(NO,), and HL.»
In 1A, the octahedral coordination sphere of Cd"is pro-
vided by four carboxylate O and two pyridyl N atoms
coming from six separated ligands. The authors ascri-
bed this coordination geometry to the metal-ligand
synergistic effect that the Cd" ion with larger radii is ca-
pable of holding six ligands around it. In 1A, the ligand
serves as a 3-connected node resulting in the 3D rutile
framework. While in complex 1, the pyridyl and the car-
boxylic groups both adopted the monodentate coordina-
tion mode acting as 2-connected node. The Cd" ions are
bridged by paired L ligands. As a consequence, 1-D
double-strand coordination array of 1 is formed running
along [1 0 —1] direction with Cd---Cd separation of
12.1848(14) A (Figure 2). The Cd-N_ ;,, bond length
(2.3703(14) A) is comparable to that in 1A (2.373(2)
A), while the Cd—O oy, bOnd length in 1 being
2.2584(14) A is longer than that in 1A 2.291(2) A. The
intra-chain hydrogen bond interactions were found bet-
ween the uncoordinated carboxylic O atoms and the
coordinated water molecules (O4—H4B---02'1, symme-
tric code: (i) x— 1, y, z+ 1).

Analysis of the crystal packing of 1 reveals the exi-
stence of two types of inter-chain hydrogen bonds, inclu-
ding O4-H4A---02" and O4-H4A---S1" (symmetric co-

/

Figure 3. View of the 2D hydrogen-bonding supramolecular layer
inl.

de: (iv): —x, —y + 1, z + 1) between the water ligands and
the uncoordinated carboxylic O atoms as well as S
atoms. Therefore, these 1D chains are connected through
these hydrogen bonds, forming a two-dimensional su-
pramolecular layer along the [001] plane, as depicted in
Figure 3.

Figure 4. The coordination environment of Mn(II) in 3 at 50% pro-
bability displacement. Symmetry codes: (i) —x + 3/2, y — V2, -z + 2,
() x,—y+1,z-Y2 (i) x -2,y =2, 2, (iv) —x + 1, y, 2+ V2; (V) —x
+1,—y+1,—z+ 1.

Polymer 3 crystallized in monoclinic C2/c space
group. As illustrated in Figure. 4, the independent unit of
3 is composed of half Mn(II) cation and one deprotonated
ligand L'~ The L'~ serves as a u,-bridging ligand in 3,
which is identical to that in complex 1A. The Mn center is
hexa-coordinated in distorted octahedron coordination
geometry and is bonded by four carboxyl oxygen atoms
from four L'~ anions [Mn1-02 = 2.1024(10) A; Mn1-O3
= 2.1878(10) A], and two pyridine nitrogen atoms from
the other two ligands with Mn-N bond lengths of
2.3479(11) A. The N1', 03", 02" and 03" are located in
the equatorial plane, while the O2 and N1 atoms occupy
the axial positions. The difference of coordination geome-
try between Mn" in 3 and Cd" in 1A lies in that the pyridi-
ne N atoms are in the axial positions in 1A.?” The Mn-O
and Mn-N bond distances are close to other manganese
complexes derived from (4-pyridylthio)acetic acid (PTA),
such as [(Mn-salen)PTA] and [Mn(PTA),(H,0)] .*"*
Compared with complexes 1 and 2, the ligand adopted an-
ti-configuration in 3 as evidenced by the torsion angle of
C7-S1-C8-C9 being —167.9°.

o—a

Figure 5. ThelD chain structure in 3.
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In 3 the adjacent Mn" centers are doubly bridged by
the carboxyl groups of L', forming an infinite chain struc-
ture along the ¢ direction, with a Mn---Mn distance of
4.567(4) A (Figure 5). In each L' ligand, the mean plane of
the carboxylate group and the plane of the pyridine group
are inclined to each other with a dihedral angle of 19.2°.
Such 1D chains are aligned side by side in the ab plane, and
are further linked together by Mn1-N1 linkages, eventually
forming the three dimensional network of 3 (Figure 6).

Figure 6. The 3D network of 3.

3. 4. Photoluminescent Properties

Taking into account that coordination compounds ba-
sed on d'° metal centers are promising candidates for pho-
toactive materials with potential applications,”** the am-
bient temperature photoluminescent properties of 1 and 2 as
well as the free ligand HL were measured in the solid state.

As depicted in Figure 7, upon excitation at 290 nm,
the free compound HL has an emission band maxima at 325
nm. The emission of HL can be assigned to the ©t* to 7 and
T* to n intraligand transitions.>'*? As Cd** or Zn** ions are

8000

2]
=]
(=4
o
T

4000

Intensity (a.u.)

2000 -

i L i 1
300 400 500
Wavelength (nm)

Figure 7. Solid state emission spectra of compounds HL, 1 and 2 at
room temperature.

difficult to oxidize or reduce owning to their d'° configura-
tion,™ the emission spectra of complexes 1 and 2 are similar
with that of HL. Hence the luminescent emissions of 1 and
2 are attributed to the intraligand transition. Moreover, ap-
proximately a three-time increase in the luminescence inten-
sity was observed for complexes compared with the free li-
gand. The red shifts (10 nm for 1 and 17 nm for 2) and en-
hancement of luminescence intensity of the complexes may
be ascribed to the deprotonation and coordination to metal
ions, which can effectively enhance the rigidity of HL and
further reduce the loss of energy by radiationless decay of
the intraligand emission excited state.>*

4. Conclusions

To sum up, three Cd(II), Zn(IT) and Mn(II) coordina-
tion polymers based on semirigid asymmetric ligand 5-(3-
pyridyl)-1,3,4-oxadiazole-2-thioacetate were successfully
prepared. Complexes 1 and 2 are double-strand structures,
and two-dimensional supramolecular networks were furt-
her observed through O-H:--:O and O-H---S hydrogen
bonding interactions. While 3 features three-dimensional
framework. The structural diversity reveals that the confi-
guration of the ligand and the reaction condition play an
important role during the self-assembly process of com-
plexes 1-3. In addition, complexes 1 and 2 exhibit intense
blue fluorescent emission indicating promising candidates
for functional inorganic-organic photoactive materials.

5. Supplementary Material

Crystallographic data (excluding structure factors)
for the structural analysis have been deposited with the
Cambridge Crystallographic Data Center as supplemen-
tary publication Nos. CCDC 1518672 (1), 1518673 (2),
and 1518674 (3). Copies of the data can be obtained free
of charge via www.ccdc.ac.uk/conts/retrieving.html (or
from The Director, CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK, Fax: +44-1223-336-033. E-mail: deposit-
@ccdc.cam.ac.uk).
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Pripravili smo tri koordinacijske polimere [Cd(L),(H,0),], (1), [Zn(L),(H,0),], (2) in [Mn(L),], (3) z reakcijo med 5-
(3-piridil)-1,3,4-oksadiazol-2-tioocetno kislino (HL) z ustreznim kovinskim acetatom v meSanici DMF/CH,CN pri sol-
votermalnih pogojih. Izolirane komplekse smo okarakterizirali z elementno analizo in infrardeco spektroskopijo. Rent-
genska strukturna analiza razkrije strukturo dvojne vijacnice pri spojinah 1 in 2 ter 3D mreZo pri 3. Razli¢ne strukture
teh kompleksov kaZejo, da imajo konfiguracija liganda in reakcijski pogoji klju¢no vlogo pri zlaganju v kristalno struk-
turo. Proucili smo tudi fotoluminiscen¢ne lastnosti 1 in 2 v trdnem stanju.
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