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Synthesis, crystal structure, and properties of cobalt, zinc,
and manganese coordination polymers based on fluconazole

GANG-HONG PAN, JING-NIU TANG, XIAN-HONG YIN, PENG-FEI LI and
ZHONG-JING HUANG*

College of Chemistry and Chemical Engineering, Guangxi University for Nationalities, Nanning, PR
China

(Received 29 August 2013; accepted 1 May 2014)

Three complexes based on fluconazole, namely, {[Co2(HFlu)(dpa)2(H2O)2]·H2O}n (1), {[Zn(HFlu)
(IPA)]·H2O}n (2), and {[Mn(HFlu)2(IPA)(H2O)]·H2O}n (3) (HFlu = fluconazole, 2-(2,4-difluoro-phe-
nyl)-1,3-bis(1,2,4-triazol-1-yl)-propan-2-ol; H2dpa = diphenic acid; H2IPA = isophthalic acid) have
been synthesized. Single-crystal X-ray analysis revealed that 1 is a 2-D-network framework contain-
ing a trinuclear Co(II) unit, 2 is a 3-D framework, and 3 is 1-D double chain structure with a Mn2
metallocyclic core. The complexes have also been characterized by elemental analyses, IR, UV/vis
and fluorescence spectroscopy, and thermal gravimetry. The phase purity of these polymers has been
confirmed via powder X-ray diffraction.

Keywords: Coordination polymer; Fluconazole; UV/vis spectra; Fluorescence; Thermal gravimetry

1. Introduction

The design and synthesis of metal–organic framework complexes are of great current interest
due to their intriguing architectures, topologies, and potential applications in catalysis, lumines-
cence, ion exchange, and gas storage [1–8]. Therefore, a search for rational synthetic strategies
for these complexes is an important task. One of these strategies involves the use of ligands
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with numerous coordination sites. Fluconazole [2-(2,4-difluorophenyl)-1,3-di(1H-1,2,4-triazol-
1-yl)propan-2-ol, HFlu] is known as an antifungal drug which was first synthesized and
reported in the scientific literature by Richardson et al. as the outcome of their research initiated
in 1970 [9, 10]. HFlu as a ligand shows interesting coordinating characteristics, affording
extended networks in a head-to-tail mode with good flexibility through rotation and twisting of
the C–C and C–N bonds [11–14]. HFlu can chelate to metal ions via endodentate nitrogen
atoms and an alkoxy oxygen atom to form binuclear complexes [15]. Furthermore, the HFlu
ligand has several available donors/acceptors (2,4-difluorophenyl and hydroxyl groups) to form
weak interactions to stabilize the supramolecular frameworks [11–21].

Along these lines, we report three coordination polymers, {[Co2(HFlu)(dpa)2(H2O)2]·-
H2O}n (1), {[Zn(HFlu)(IPA)]·H2O}n (2), and {[Mn(HFlu)2(IPA)(H2O)]·H2O}n (3). (H2dpa
= diphenic acid; H2IPA = isophthalic acid). Single-crystal X-ray analysis revealed that 1 is a
2-D structure with trinuclear Co(II) units, showing an –ABAB– sequence. Water molecules
are present between the layers and further stabilize the structural framework through exten-
sive hydrogen bonding. Complex 2 is a 3-D framework. Complex 3 is 1-D double chain
structure with a Mn2 metallocyclic core. The IR, UV/vis and fluorescence spectroscopy, and
thermal gravimetry of these complexes have also been studied.

2. Experimental

All chemicals were commercial materials of analytical grade and used as received. The FT-
IR spectra were obtained on a Nicolet 520 FT-IR spectrophotometer in the 4000–400 cm−1

regions, using KBr pellets. C, H, N elemental analyses were carried out on a Perkin-Elmer
2400 II elemental analyzer. Powder X-ray diffraction (PXRD) patterns were obtained using
a pinhole camera (Anton Paar) operating with point focused, Ni-filtered CuKα radiation in
the 2θ range from 5° to 50° with a scan rate of 0.08° s−1. The optical properties were ana-
lyzed by UV/vis diffuse reflectance spectroscopy using a UV/vis spectrophotometer
(Cary-500, Varian Co.), in which BaSO4 was used as the internal standard. Fluorescence
spectra were recorded with an F-2500 FL Spectrophotometer analyzer. Thermogravimetry
analyses were performed on Perkin-Elmer TG/DTA 6300 thermal analyzer under a nitrogen
atmosphere at a heating rate of 10 °C min−1 in the temperature range of 30–1000 °C.

2.1. Preparation of {[Co2(HFlu)(dpa)2(H2O)2]·H2O}n (1)

A mixture of fluconazole (153 mg, 0.5 mM), diphenic acid (120 mg, 0.5 mM), CoSO4·7H2O
(281 mg, 1.0 mM), 15 mL H2O, and 3 mL ethanol was adjusted to pH 5 by dropwise addition
of an aqueous solution of sodium hydroxide, then sealed in a 30 mL Teflon-lined stainless
steel container. The mixture was kept under autogenous pressure at 150 °C for 3 days before
cooling to room temperature at a rate of 5 °C h−1. Light red crystals (0.157 g, 65.6% yield)
were isolated, washed with alcohol three times, and dried in a vacuum desiccator over silica
gel. Elem. Anal. Calcd (%) for C41H34Co2F2N6O12: C 51.37, H 3.58, N 8.77. Found: C
51.21, H 3.46, N 8.93. IR (KBr, cm−1): 3420w, 3139w, 1617m, 1575s, 1541s, 1526s, 1507m,
1419w, 1396s, 1386s, 1279m, 1132m, 1117w, 988w, 966w, 751w, 676m, 655w.
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2.2. Preparation of {[Zn(HFlu)(IPA)]·H2O}n (2)

The same synthetic procedure as that for 1 was used except that diphenic acid and
CoSO4·7H2O were replaced by isophthalic acid (83 mg, 0.5 mM) and ZnCl2 (136 mg, 1.0
mM). Yield: 0.1941 g, 70.1%. Elem. Anal. Calcd (%) for C21H18F2N6O6Zn: C 45.55, H
3.28, N 15.18. Found: C 45.46, H 3.17, N 15.31. IR (KBr, cm−1): 3430w, 3159w, 3122w,
1611s, 1566s, 1498w, 1477w, 1356s, 1274m, 1131m, 1040w, 988w, 964w, 889w, 841w,
740m, 674m, 658m, 622w.

2.3. Preparation of {[Mn(HFlu)2(IPA)(H2O)]·H2O}n (3)

The same synthetic procedure as that for 1 was used except that diphenic acid and
CoSO4·7H2O were replaced by isophthalic acid (83 mg, 0.5 mM) and MnCl2·4H2O (198 mg,
1.0 mM). Yield: 0.1458 g, 67.2%. Elem. Anal. Calcd (%) for C34H32F4MnN12O8: C 47.06, H
3.72, N 19.37. Found: C 46.95, H 3.53, N 19.24. IR (KBr, cm−1): 3136w, 3074s, 1624s,
1558m, 1521s, 1507m, 1429m, 1376s, 1275s, 1144w, 1127m, 967m, 748m, 676s, 658m.

2.4. X-ray data collection and structure refinement

X-ray diffraction data were collected on a Bruker SMART CCD diffractometer equipped
with graphite-monochromatized MoKα radiation (λ = 0.71073 Å) at 296(2) K. A high quality
crystal of each complex was selected and mounted on a glass fiber. Data-sets were collected
with the ω scan technique. Empirical absorption corrections were applied using the SAD-
ABS program [22]. The structures were solved by direct methods and all non-hydrogen
atoms were refined with anisotropic thermal parameters by a full-matrix least-squares refine-
ment based on F2 using the SHELXTL package [23]. Hydrogen atoms of water molecules
were located from the different Fourier maps, and the thermal factors were set to 1.2 times
that of their carrier atoms. All other hydrogen atoms were placed by geometrical consider-
ations and were added to the structure factor calculation. Further refinement details of the
structural analysis for the complexes are given in table 1.

Table 1. Crystal and structure refinement data for 1–3.

Identification code 1 2 3
Empirical formula C41H34Co2F2N6O12 C21H18F2N6O6Zn C34H32F4MnN12O8

Formula weight 958.60 553.78 867.66

Crystal system Triclinic Orthorhombic Triclinic
Space group P�1 Pna2(1) P�1
a (Å) 10.2431(9) 22.3014(4) 10.81800(10)
b (Å) 14.06540(10) 16.89100(10) 13.7438(5)
c (Å) 14.0892(2) 6.07420(10) 14.0469(2)
α (°) 93.793(5) 90 76.765(3)
β (°) 90.314(8) 90 69.394(6)
γ (°) 93.311(8) 90 77.952(4)
Volume (Å3), z 2021.96(18), 2 2288.11(6), 4 1884.04(8), 2
Calcd density (g cm−3) 1.575 1.608 1.529
Absorption coefficient (mm−1) 0.902 1.141 0.439
F (0 0 0) 980 1128 890

Data/restraints/parameters 7012/24/572 3967/7/326 6545/0/534
Goodness-of-fit on F2 1.034 1.061 1.044
Final Ra indices [I > 2σ(I)] R1, wR2 0.0768, 0.1895 0.0673, 0.1333 0.0523, 0.1429
R indices (all data) R1, wR2 0.1322, 0.2271 0.0940, 0.1427 0.0747, 0.1678

aR1 =∑||Fo| − |Fc||/∑|Fo|, wR2 =
P

w F2
o � F2

c

� �2h i�P
w F2

o

� �2h i� �1=2
.
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3. Results and discussion

3.1. Crystal structure descriptions

Selected bond distances and angles for 1–3 are listed in table 2 and hydrogen bonding
parameters in table 3. A single-crystal X-ray diffraction analysis revealed that 1 crystallizes
in the triclinic P�1 space group. In the asymmetric unit, there are three Co(II) atoms, one
HFlu ligand, two dpa2− ligands, one coordinated water molecule, and one free water mole-
cule. The three Co2+ ions are crystallographically independent. Both Co1 and Co3 are
located on inversion centers with 0.5 occupancy. As shown in figure 1, Co1 is six-coordi-
nated by six O atoms (O6, O6A, O9, O9A, O10, O10A) from six carboxylate groups of
four different dpa2− ligands in a slightly distorted octahedral coordination geometry. The

Table 2. Selected bond lengths (Å) and angles (°) for 1–3.

1
Co(1)–O(6) 2.013(5) O(10)–Co(1)–O(10)#1 180.000(1)
Co(1)–O(9) 2.121(4) O(7)–Co(2)–O(5) 123.6(2)
Co(1)–O(10) 2.157(4) O(7)–Co(2)–O(9) 139.3(2)
Co(2)–O(7) 1.974(5) O(5)–Co(2)–O(9) 94.46(19)
Co(2)–O(5) 1.988(5) O(7)–Co(2)–N(1)#2 95.0(2)
Co(2)–O(9) 2.012(4) O(5)–Co(2)–N(1)#2 90.1(2)
Co(2)–N(1)#2 2.071(6) O(9)–Co(2)–N(1)#2 99.3(2)
Co(2)–O(10)#1 2.204(5) O(7)–Co(2)–O(10)#1 87.1(2)
Co(3)–N(6) 2.102(6) O(5)–Co(2)–O(10)#1 90.50(19)
Co(3)–O(2) 2.134(5) O(9)–Co(2)–O(10)#1 77.73(17)
Co(3)–O(3) 2.135(5) N(1)#2–Co(2)–O(10)#1 177.0(2)
O(6)–Co(1)–O(6)#1 180.00(17) N(6)#3–Co(3)–N(6) 180.000(3)
O(6)–Co(1)–O(9)#1 88.89(18) N(6)–Co(3)–O(2)#3 87.7(2)
O(6)–Co(1)–O(9) 91.11(18) N(6)–Co(3)–O(2) 92.3(2)
O(6)#1–Co(1)–O(9) 88.89(18) O(2)#3–Co(3)–O(2) 180.0(3)
O(9)#1–Co(1)–O(9) 180.000(1) N(6)–Co(3)–O(3)#3 89.1(2)
O(6)–Co(1)–O(10) 93.01(19) O(2)–Co(3)–O(3)#3 89.4(2)
O(9)–Co(1)–O(10)#1 76.48(17) N(6)–Co(3)–O(3) 90.9(2)
O(9)–Co(1)–O(10) 103.52(17) O(2)–Co(3)–O(3) 90.6(2)
O(6)–Co(1)–O(10)#1 86.99(19) O(3)#3–Co(3)–O(3) 180.000(2)

2
Zn(1)–O(2) 1.937(5) O(2)–Zn(1)–N(2) 113.6(2)
Zn(1)–O(4)#1 1.985(5) O(4)#1–Zn(1)–N(2) 106.2(3)
Zn(1)–N(2) 2.002(6) O(2)–Zn(1)–N(6) 95.3(2)
Zn(1)–N(6) 2.022(6) O(4)#1–Zn(1)–N(6) 103.6(2)
O(2)–Zn(1)–O(4)#1 115.2(2) N(2)–Zn(1)–N(6) 122.8(3)

3
Mn(1)–O(4) 2.098(2) O(2)–Mn(1)–N(1)#2 86.87(10)
Mn(1)–O(5)#1 2.132(3) O(4)–Mn(1)–N(7) 96.74(11)
Mn(1)–O(2) 2.239(2) O(5)#1–Mn(1)–N(7) 93.43(11)
Mn(1)–N(1)#2 2.252(3) O(2)–Mn(1)–N(7) 88.71(10)
Mn(1)–N(7) 2.283(3) N(1)#2–Mn(1)–N(7) 175.03(10)
Mn(1)–N(6) 2.360(3) O(4)–Mn(1)–N(6) 88.34(11)
O(4)–Mn(1)–O(5)#1 106.24(11) O(5)#1–Mn(1)–N(6) 165.01(10)
O(4)–Mn(1)–O(2) 165.80(10) O(2)–Mn(1)–N(6) 78.71(10)
O(5)#1–Mn(1)–O(2) 86.42(10) N(1)#2–Mn(1)–N(6) 88.77(11)
O(4)–Mn(1)–N(1)#2 87.06(11) N(7)–Mn(1)–N(6) 88.15(11)
O(5)#1–Mn(1)–N(1)#2 88.55(11)

Note: Symmetry transformations used to generate equivalent atoms for 1: #1: −x, −y + 1, −z + 1; #2: x − 1, y, z; #3:
−x, −y + 2, −z + 2; for 2: #1: −x + 3/2, y − 1/2, z − 1/2; for 3: #1: −x, −y + 1, −z + 1; #2: x − 1, y, z.
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four O atoms, O10, O10A, O9, and O9A, compose the equatorial plane, while two O
atoms, O6 and O6A, are axial. The Co–O bond lengths range from 2.013(5) to 2.157(4) Å.
The Co2 atom is five-coordinate with a trigonal bipyramid coordination geometry, defined
by four O atoms (O5, O9, O10A, O7) from three different dpa2− anions and one water

Table 3. Hydrogen-bonding parameters for 1–3.

D–H⋯A D–H (Å) H⋯A (Å) D⋯A (Å) \(DHA) (°)

Compound 1
O1–H1⋯O4#1 0.82 1.92 2.732(8) 168.9
O2–H2C⋯O4 0.85 1.84 2.679(8) 168.5
O2–H2B⋯N6#2 0.85 2.48 2.952(8) 115.4
O7–H7B⋯O11#4 0.85 1.74 2.583(8) 172.4
O7–H7C⋯O8#3 0.82 1.82 2.669(7) 172.5
O12–H12A⋯O2#5 0.85 2.09 2.883(10) 155.7
O12–H12B⋯O11#6 0.85 2.11 2.905(11) 156.2

Compound 2
O1–H1⋯O6#1 0.82 2.03 2.790(9) 153.1
O6–H6A⋯O4#2 0.85 2.19 3.038(11) 172.5
O6–H6B⋯O5#3 0.85 1.85 2.695(11) 170.3

Compound 3
O1–H1⋯O7#1 0.82 1.90 2.709(3) 167.3
O2–H2B⋯N12#2 0.85 2.09 2.931(4) 169.2
O2–H2C⋯O8#3 0.85 1.81 2.646(4) 168.4
O3–H3⋯O6#1 0.82 1.82 2.615(3) 163.9
O8–H8C⋯O3#3 0.85 1.99 2.823(4) 165.6
O8–H8D⋯O6#4 0.85 1.92 2.755(4) 165.3

Note: Symmetry transformations used to generate equivalent atoms for 1: #1: x + 1, y, z; #2: −x, −y + 2, −z + 2; #3:
−x − 1, −y + 1, −z + 1; #4: −x, −y + 1, −z + 1; #5: x + 1, y, z − 1; #6: −x + 1, −y + 1, −z + 1; for 2: #1: −x + 2, −y, z − 1/2;
#2: −x + 3/2, y − 1/2, z − 1/2; #3: −x + 3/2, y − 1/2, z + 1/2; for 3: #1: x + 1, y, z − 1; #2: −x + 1, −y + 1, −z; #3: −x + 1,
−y + 1, −z + 1; #4: x + 1, y, z.

Figure 1. Structure of 1 with 30% probability thermal ellipsoids (hydrogen atoms omitted for clarity). Symmetry
codes: A: −x, 1− y, 1 − z; B: −1 + x, y, z; and C: 1 + x, y, −1 + z.

1966 G.-H. Pan et al.
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molecule, and one N atom N1B from one HFlu ligand. The bond length of Co2–O10A is
2.204(5) Å, and the other Co–O bond lengths range from 1.974(5) to 2.012(4) Å. The bond
length of Co2–N1B is 2.071(6) Å. The Co3 atom is six coordinate in a distorted octahedral
coordination geometry by four O atoms (O3, O3C, O2, O2C) from two different dpa2−

ligands and two different water molecules, with Co3–O bond lengths of 2.134(5) and 2.135
(5) Å, and two N atoms (N6 and N6C) from two distinct HFlu ligands with a Co3–N bond
length of 2.102(6) Å. The equatorial plane is composed of the four O atoms O3, O3C, O2,
O2C, and the axial positions are occupied by the two N atoms N6 and N6C. All the bond
distances above are comparable to the reported values of similar Co-based complexes [24],
but the Co–N bond lengths are slightly shorter than the Co–N bond lengths (2.126
(2)–2.204(2) Å) in {[Co2(fcz)4(H2O)4][β-Mo8O26]·5H2O} [fcz = HFlu] [25], which may
result from the different coordination modes. In the latter species, there are four N atoms
from four HFlu ligands and two water molecules coordinating to each Co(II) atom. Com-
pared to 1, this may lead to steric repulsion between the ligands, resulting in longer Co–N
bond lengths. The three Co(II) atoms (Co1, Co2, Co2A) are connected by the dpa2− ligands
to form a trinuclear Co(II) unit (figure 2). The trinuclear Co(II) unit and the Co3 atom are
further linked by a dpa2− ligand to form a 1-D serrated structure (figure 3). The HFlu ligand
links adjacent 1-D structure into a wave-shaped 2-D-network (figure 4). Within the trinu-
clear Co(II) unit, the intermetallic distances of Co1–Co2 and Co2–Co2A are 3.20 and 6.40
Å, respectively. The Co–Co intracluster separations are approximately equal to those of
reported trinuclear cobalt(II) carboxylate complexes based on the dpa2− ligand, such as
[Co3(dpa)2(Hdpa)2(1-MeIm)2(H2O)2] and {[Co3(L)2(dpa)2(H2O)2]·H2O} (1-MeIm = 1-meth-
ylimidazole; HL = 3,5-di(imidazol-1-yl)benzoic acid) [24, 26]. The Co1–Co3 distance con-
nected by a dpa2− ligand is 9.619 Å, and the Co2–Co3 distance connected by HFlu ligands
is 11.322 Å. Both carboxylate groups of the dpa2− ligands are completely deprotonated,
adopting. μ2-η

1 : η1 bridging [Co(2)–O(5)–C(27)–O(6)–Co(1)], μ2-η
2 : η0 bridging [Co(2)–O

(9)–Co(1); Co(2)–O(10)–Co(1)], and μ1-η
1 : η0 monodentate [Co(3)–O(3)] coordination

modes. Although some 2-D-network structures based on the HFlu ligand have been

Figure 2. View of the trinuclear Co(II) unit of 1. Symmetry codes: A: 1 + x, y, z.
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reported [27]; such a 2-D-network structure with three crystallographic unique Co2+ ions
and trinuclear Co(II) unit based on HFlu ligand is the first reported. The 2-D-network layers
are stacked in an –ABAB– sequence (figure 5).

Water molecules are located between the 2-D layers and further stabilize the structural
framework through extensive hydrogen bonding interactions between coordinated water
molecules and carboxylate O atoms of dpa2− ligands [O(2)–H(2C)⋯O(4) 2.679(8); O(7)–H
(7C)⋯O(8)i 2.669(7), (i) −x − 1, −y + 1, −z + 1; O(7)–H(7B)⋯O(11)ii 2.583(8), (ii) −x,
−y + 1, −z + 1], between coordinated water molecules and the N atoms of the triazolyl
group of the HFlu ligand [O(2)–H(2B)⋯N(6)iii 2.952(8), (iii) −x, −y + 2, −z + 2], between
free water molecules and carboxylate O atoms of the dpa2− ligands [O(12)–H(12B)⋯O
(11)iv 2.905(11), (iv) −x + 1, −y + 1, −z + 1], between free water molecules and coordinated
water molecules [O(12)–H(12A)⋯O(2)v 2.883(10), (v) x + 1, y, z − 1], and between carbox-
ylate O atoms of the dpa2− ligands and the hydroxyl O atom of the HFlu ligand [O(1)–H(1)
⋯O(4)vi 2.732(8), (vi) x + 1, y, z] (figure 6).

Compound 2 is a 3-D framework in the orthorhombic space group Pna2(1) with free
water molecules as space fillers. As shown in figure 7, there are one Zn(II) atom, one HFlu
ligand, one IPA2− ligand, and one free water molecule in the asymmetric unit. Each Zn(II)
center is in a distorted tetrahedral geometry, which is similar to the compound {[Zn(bpp)

Figure 3. View of the 1-D metal-dpa2− serrated structure.

Figure 4. A side view of the 2-D network in 1.
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(OH-BDC)](H2O)}n [OH-H2BDC = 5-hydroxyisophthalic acid; bpp = 1,3-bi(4-pyridyl)pro-
pane] [28]. Two N atoms from different HFlu ligands and two monodentate carboxylate O
atoms from different IPA2− ligands coordinate to the metal center. The Zn–N distances are
2.002(6) and 2.022(6) Å, and the Zn–O distances are 1.937(5) and 1.985(5) Å. The values
of the Zn–N and Zn–O bond distances are comparable to those in {[Zn(bpp)(OH-BDC)]
(H2O)}n [28]. The IPA2− ligand is bis-monodentate, bridging two Zn(II) centers to give rise
to a 1-D metal-carboxylate wave-shaped chain (figure 8). However, in the reported Zn-
based compound containing HFlu, [Zn(HFlu)(TPA)]n [H2TPA = terephthalic acid] [27], the
TPA2− ligand takes bis(bidentate) and bis(monodentate) bridging modes, which is different

Figure 5. View of the –ABAB– sequence stacking in 1.

Figure 6. A perspective view of hydrogen bonding interactions in 1 (phenyl groups of HFLu and H atoms not
involved in hydrogen bonding are omitted for clarity).
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from 2. The coordination and conformation of the HFlu ligand in 2 are comparable with
those in [Zn(HFlu)(TPA)]n. In addition, two adjacent 1-D metal-carboxylate wave-shaped
chains, stacked along the a-axis, in compound 2 are extended in two different directions,
forming an angle of 39.26° between the chains when they are viewed orthogonally [figure
9(a)]. The HFlu ligand links these adjacent 1-D chains into a 3-D framework [figure 9(b)].
The Zn–Zn distances bridged by the IPA2− and HFlu ligands are 9.484 and 11.311 Å,
respectively. The integration of the HFlu ligand with the IPA2− ligands and Zn(II) atoms
does not form quadrangular grids similar to those in [Zn(HFlu)(TPA)]n. Free water mole-
cules are accommodated inside the framework. The hydroxyl group (–OH) of the HFlu
ligand does not take part in coordination, but it is involved in a strong hydrogen bonding
interaction with a free water molecule (O1–H1⋯O6i 2.790(9), (i): x + 1, y, z), The hydrogen
bonding interactions between free water molecules and carboxylate O atoms of the IPA2−

ligand [O6-H6A⋯O4ii 3.038(11), (ii): −x, −y + 2, −z + 2; O6–H6B⋯O5iii 2.695(11), (iii):
x − 1, y, z] as well as the hydrogen bonding mentioned above further stabilize the whole
structural framework [figures S1 (see online supplemental material at http://dx.doi.org/10.
1080/00958972.2014.934229) and 10]. The effective free voids are 6.9% of the structure,
with a volume of 157.9 Å3 in each unit cell [2288.11(6) Å3] based on a PLATON
calculation [29].

Figure 7. Structure of 2 with 30% probability thermal ellipsoids (hydrogen atoms omitted for clarity except for
those of the lattice water molecule). Symmetry codes: A: 1.5 − x, 0.5 + y, 0.5 + z.

Figure 8. View of the 1-D metal-carboxylate wave-shaped chain in 2.
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Single-crystal X-ray diffraction revealed that 3 crystallizes in the triclinic space group P�1
and has a 2-D supramolecular structure through hydrogen bonding interactions between
adjacent, 1-D double chain {[Mn(HFlu)2(IPA)(H2O)·H2O}n polymers. The asymmetric unit
of 3 contains one Mn(II) atom, two HFlu ligands, one IPA2− ligand, one coordinated water

Figure 9. (a) View of the 3-D framework of 2 along the a-axis. (b) View of the 3-D framework of 2 along the
c-axis (the black and orange are the 1-D metal-carboxylate chains; the HFlu ligands are green, the phenyl groups
of HFlu omitted for clarity, see http://dx.doi.org/10.1080/00958972.2014.934229 for color version).

Figure 10. A perspective view of hydrogen bonding interactions in 2 (phenyl groups of HFlu are omitted for
clarity).

Fluconazole 1971

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

14
 0

9 
D

ec
em

be
r 

20
14

 

http://dx.doi.org/10.1080/00958972.2014.934229


molecule, and one free water molecule. As shown in figure 11, each Mn(II) atom is six
coordinated in a distorted octahedral geometry, by three N atoms from three different HFlu
ligands, and three O atom from one coordinated water molecule and carboxylates of two
IPA2− ligands. Three N atoms, N1A, N6, and N7, and one O atom O5A make up the equa-
torial plane, while the two O atoms O2 and O4 are axial. The IPA2− ligands are completely
deprotonated; however, only one carboxylate participates in coordination and bridges two
Mn atoms in a μ2-η

1 : η1 coordination mode. The bond lengths of Mn(1)–O(4), M(1)–O
(5A), and Mn(1)–O(2) are 2.098(2), 2.132(3), and 2.239(2) Å, respectively. The bond
lengths of Mn(1)–N(1A), Mn(1)–N(7), and Mn(1)–N(6) are 2.252(3), 2.383(3), and 2.360
(3) Å, respectively. All these bond lengths are slightly longer than the bond lengths for the
similar coordination compound bis(μ2-benzoato-o,o′)-diaqua-bis(tris(pyrazolyl)methane-N,
N′,N″)-di-manganese(II) bis(benzoate) (4) [30], which may result from steric repulsion
between the two HFlu ligands coordinated to each Mn atom in 3. The two neighboring Mn
(II) centers are connected by bridging carboxylate groups of two different IPA2− ligands,
which results in the formation of a Mn2 metallocycle of size 3.179 × 3.185 Å2, labeled as
[Mn(1)–O(4)–C(27)–O(5)–Mn(1A)–O(4A)–C(27A)–O(5A)] (figure 12). The Mn–Mn dis-
tance is 4.484 Å. This distance is 0.21 Å longer than that in 4, which also has a [MnO2C]2
metallocycle [30]. Adjacent metallocycles in 3 are connected by two HFlu ligands, generat-
ing a 1-D double chain (figure 13). The HFlu ligands adopt two conformers, labeled A
(anti-gauche conformation) and B (anti–anti conformation) [31] in figure 13. While both
bond to the Mn2 metallocycle, only the A-conformer HFlu ligands take part in connecting
adjacent metallocycles. The Mn–Mn distance connected by the HFlu ligands is 10.818 Å.
Complex 3 forms a 2-D architecture as shown in figure 14, with the help of intermolecular
hydrogen bonding [O1–H1⋯O7#1 2.709(3), #1: x + 1, y, z − 1; O2–H2B⋯N12#2 2.931(4),
#2: −x + 1, −y + 1, −z; O2–H2C⋯O8#3 2.646(4), #3: −x + 1, −y + 1, −z + 1; O3–H3⋯O6#1
2.615(3); O8–H8C⋯O3#3 2.823(4); O8–H8D⋯O6#4 2.755(4), #4: x + 1, y, z].

Figure 11. Structure of 3 with 30% probability thermal ellipsoids (hydrogen atoms omitted for clarity except for
those of the water molecules). Symmetry codes: (O5) A: −x, 1 − y, 1 − z; (N1) A: −1 + x, y, z.
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3.2. Infrared spectroscopy

The IR spectrum of 1 (figure S2) exhibited the characteristic bands of carboxylate groups in
the region of 1575–1526 cm−1 for the antisymmetric stretch and 1418–1386 cm−1 for the
symmetric stretch, similar to the Co-based complex [Co3(dpa)2(Hdpa)2(1-MeIm)2(H2O)2],
which showed strong and broad bands in the regions 1598–1532 and 1403–1379 cm−1, for
the same vibrations of the coordinated carboxylic groups of the dpa ligands [24]. For 2 (fig-
ure S3), the characteristic bands of the carboxylate groups appeared at 1566 and 1356 cm−1

for asymmetric and symmetric vibrations, respectively. For 3 (figure S4), the characteristic
bands of the carboxylate groups were between 1558–1521 cm−1 for the asymmetric vibra-
tions and 1429–1375 cm−1 for the symmetric vibrations. The separations (Δ) between
ν(CO2)asym and ν(CO2)sym bands showed that the carboxylate groups are coordinated to the
metal atoms. The absence of a characteristic band at around 1700 cm−1 in 1–3 indicates the
complete deprotonation of carboxylic acid groups of the free ligands [32].

Figure 12. View of the Mn2 metallocyclic core in 3.

Figure 13. The 1-D chain in 3 (phenyl groups of HFlu omitted for clarity; A: HFlu ligands in the anti-gauche
conformation; B: HFlu ligands in the anti–anti conformation).
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3.3. Powder diffraction

In order to confirm the phase purity of the complexes, the X-ray powder diffraction patterns
of 1–3 were measured and are shown in figure 15. It is clearly seen that the peak positions
in the experimental PXRD patterns are in good agreement with the corresponding simulated
ones except the differences in intensity, which indicates phase purity of each bulk sample.
The difference in reflection intensity between the simulated and experimental patterns is
due to preferred orientation of the powder samples during data collection.

3.4. Electronic spectra

The electronic spectra of 1–3 have bands in the UV/vis-near-IR region (figure 16), arising
from various spectroscopic transitions including ligand-centered and metal–ligand charge
transfer bands. For 1, the sharp intense band occurring at 282 nm is attributed to the π–π*
transitions of the ligands, while the bands at 515 and 727 nm are assigned to the LMCT
band involving dπCo(II)–π*(HFlu). For 2, the sharp intense band centered at 248 nm arises
from the π–π* transition of the ligands. For 3, the sharp intense band occurring at 260 nm
is again attributed to the π–π* transitions of the ligands, while the bands at 346 and 410 nm
are assigned to the LMCT band involving dπMn(II)–π*(HFlu).

3.5. Fluorescence properties

The fluorescence properties of the HFlu and 1–3 have been investigated in solid state at
room temperature, and the results are shown in figure 17. Under 253 nm excitation, HFlu

Figure 14. A perspective view of the hydrogen bonding interactions in 3 (phenyl groups of HFlu omitted for clarity).
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emitted strongly at 302 nm, and this is assigned to the π*→ π transition, while 1 gave rela-
tively weak fluorescence at 355 nm under excitation at 226 nm. However, compared with
free HFlu, the fluorescence emissions for 1 exhibit a quenching phenomenon, suggesting
that HFlu might be used as a luminescent probe to distinguish the dpa2− anion with the

Figure 15. Simulated and experimental PXRD patterns of 1–3.
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assistance of Co(II) [33]. Complex 2 gives fluorescence at 342 nm upon excitation at 251
nm, and 3 gave fluorescence at 386 nm upon excitation at 234 nm. The emission bands of
1–3 exhibited a red-shift, which probably results from the metal coordination as well as the
introduction of dpa2− and IPA2− ligands.

3.6. Thermal properties

Complexes 1–3 were subjected to thermogravimetric analysis. As shown in figure 18, 1
displayed the first weight loss of 6.2% in the temperature range of 30–180 °C, correspond-
ing to the loss of one lattice water molecule and two coordinated water molecules (Calcd

Figure 16. UV–vis spectra of 1–3 in the solid state at room temperature.

Figure 17. Emission spectra for 1–3 and HFlu in the solid-state at room temperature.
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5.6%). Continuous heating brought about the pyrolysis of the HFlu and dpa2− ligands. The
remaining weight corresponds to the formation of Co2O3 (obsd 19.2%, Calcd 17.3%). For
2, the weight loss of 3.3% before 311 °C can be attributed to the loss of one lattice water
molecule (Calcd 3.2%). Further heating led to a sharp weight loss and a rapid framework
decomposition. The residue corresponds to the formation of ZnO (obsd 14.4%, Calcd
14.7%). The thermal behavior of 3 consisted mainly three weight loss steps. The first step
with 4.5% weight loss from 50 to 120 °C corresponds to the release of lattice water and
coordination water molecules (Calcd 4.2%). The second weight loss of 68.9% between 198
and 404 °C corresponds to the pyrolysis processes for the HFlu ligands (Calcd 70.6%). The
final weight loss step of 14.9% is consistent with the pyrolysis processes of the IPA2−

ligand (Calcd 15.2%), leading to the formation of MnO2 as the residue (obsd 11.7%, Calcd
10.0%).

4. Conclusion

In summary, we have successfully synthesized three new coordination polymers based on
the ligand fluconazole. Complex 1 is a 2-D structure with trinuclear Co(II) units, showing
an –ABAB– sequence. Complex 2 is a 3-D framework with free water molecules as space
fillers. Complex 3 is a 1-D double chain structure with a dinuclear manganese metallocyclic
core. In 1–3, the HFlu ligand plays an important role in bridging the metal ions through
two triazolyl nitrogen donors in head-to-tail mode to form the 2-D, 3-D and 1-D structures,
respectively. The auxiliary ligands also play an important part in designing coordination
compounds. It is known that multicarboxylate ligands are good candidates for the construc-
tion of coordination polymers with specific structures and topologies due to their varied
coordination modes [34, 35]. In 1, the two neighboring carboxylate groups of the dpa2−

ligand are known to cooperate in the bridging of the metal ions, so the formation of multi-
metal units could be expected. In 2, the auxiliary IPA2− ligand is coordinated to metal ions

Figure 18. The TGA curves for 1–3.
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to form a 1-D metal-carboxylate wave-shaped chain, different from other reported isophthal-
ate coordination polymers [36–38]. In these compounds, all the 1-D metal-carboxylate
chains are parallel and extend in one direction, while the 1-D metal-carboxylate chains in 2
are and extended in two different directions, at an angle of 39.26° when they are viewed
orthogonally. This is a key to further formation of a 3-D structure with the HFlu ligand. In
3, two Mn(II) atoms are bridged by two IPA2− ligands resulting in a Mn2 metallocycle, sim-
ilar to the binuclear secondary building unit of reported compound [Tm2(5-IPA)4(2,2′-Hbi-
py)2]·3H2O (5-H2IPA = 5-hydroxyisophthalic acid; 2,2′-bipy = 2,2′-bipyridine) [39]. Only
one of the two carboxylates of the IPA2− ligand, however, coordinates to Mn(II), which
induces the formation of lower dimensional compounds. Complexes 1–3 have also been
characterized by IR, UV/vis, and fluorescence spectroscopy and thermal gravimetry. The
phase purity of these polymers has been confirmed via the X-ray powder diffraction.

Supplementary material

Figure of the hydrogen bonding interactions in 2 and IR spectra of 1–3. CCDC-948948,
CCDC-951413, and CCDC-951414 contain the supplementary crystallographic data for
complexes 1–3. These data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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