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activities against the selected strain of Colletotrichum 
musae compared with the controlled group using benomyl 
as a traditional agrochemical fungicide.
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Introduction

1-H-indazole-3-carboxylic acid (H2L) is a common moi-
ety in the pharmaceutical industry and exhibits profound 
anticancer and antioxidant activities and other intrigu-
ingly therapeutic properties. To date, much effort has been 
devoted to design and synthesize a new structure of inda-
zole carboxylic acid derivatives through molecular dock-
ing and chemical modification [1–4]. However, only a few 
researchers focused on the property and application of its 
coordination complexes. The latest studies in H2L coor-
dination polymers were reported by Gryca et  al. [5] and 
Hawes et al. [6]. Therefore, we intended to synthesize three 
new cobalt coordination polymers with the combination of 
H2L and bipyridine compounds. The three cobalt–organic 
frameworks were characterized and described, namely, 
3D [Co(HL−)2(BPY)]n·4nH2O (1), 2D [Co(HL−)2(BPE)]n 
(2), and 2D [Co(HL−)2(DPP)]n (3) coordination poly-
mers. Complexes 1–3 were synthesized using the main 
structural block of 1-H-indazole-3-carboxylic acid (H2L) 
assembled by the flexible ligands of 4,4′-bipyridine (BPY), 
1,2-bis(4-pyridyl)ethane (BPE), and 1,3-bis(4-pyridyl)pro-
pane (DPP), respectively. In addition, the antifungal activ-
ity of complexes 1–3 was evaluated against the fruit patho-
gen of Colletotrichum musae using the mycelium growth 
rate method. The experimental results indicated that Co 

Abstract  This paper describes the hydrothermal synthe-
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3D [Co(HL−)2(BPY)]n·4nH2O (1), 2D [Co(HL−)2(BPE)]n 
(2), and 2D [Co(HL−)2(DPP)]n (3) coordination poly-
mers, synthesized through a mixed ligand strategy using 
H2L (1-H-indazole-3-carboxylic acid) as a main struc-
tural block and the flexible bipyridine and its derivatives 
(BPY  =  4,4′-bipydine, BPE  =  1,2-bis(4-pyridyl)ethane, 
DPP  =  1,3-bis(4-pyridyl)propane) as auxiliary ligand 
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compounds dissolved in N,N-dimethylformamide (DMF) 
under two concentrations (100 and 10 μg/L) inhibited fun-
gal mycelium growth with varying degrees of effectiveness 
compared with the control. Complex 1 exhibited the most 
growth inhibition against C. musae [7–9].

Experimental

Materials and methods

All reagents were purchased from commercial sources and 
used without further purification. H2L was synthesized 
according to the literature [10], and its crystal structure 
is illustrated in Fig.  1. Elemental analysis for C, H, and 
N was conducted using a Perkin-Elmer 2400II elemen-
tal analyzer. Infrared spectra were recorded on an FT-IR 
spectrometer 6700 instrument with samples dispersed in 
powdered KBr in the range of 4000–400 cm−1 (abbrevia-
tion: vs, very strong; s, strong; m, medium; and w, weak). 
Cyclic voltammetry (CV) curves were measured using 
an advanced electrochemical workstation of Princeton 
Applied Research PARSTAT 2273. A conventional three-
electrode system was used. A glassy carbon electrode, Ag–
AgCl, and Pt wire were used as working, reference, and 
auxiliary electrodes, respectively. Powder X-ray diffraction 
(PXRD) patterns were obtained on Rigaku MiniFlex 600 
diffractometer instrument at the Faculty of Materials, Uni-
versity of Guangxi. The apparatus parameters were set at 
20 kV and 20 mA with Cu Kα (λ = 1.5406 Å) radiation. 
Thermogravimetric analysis (TGA) was recorded on a Per-
kin-Elmer SAT-6000 instrument where the samples were 

heated on the surface of ceramic crucibles under constant 
N2 flow (10 mL/min) at a rate of 5 °C/min.

X‑ray crystallography

X-ray crystallographic data for complexes 1–3 were col-
lected on a Bruker SMART CCD area detector at room 
temperature using graphite-monochromated Mo Kα radia-
tion (λ = 0.71073 Å). The structures of complexes 1–3 were 
addressed using direct methods and refined by the full-matrix 
least squares on F2 using the SHELXL-97 program [11–14]. 
All non-H atoms were refined with anisotropic displacement 
parameters. The H atom was inserted at a geometrically cal-
culated position and included in the refinement using the 
riding model approximation, Uiso (H) =  1.2 ×  Ueq (C). 
Moreover, the H atom of water molecule was assigned with 
isotropic thermal parameter setting at 1.5 times the associ-
ated O atoms. Crystallographic data and structure determi-
nation statistics are listed in Table 1, and the selected bond 
lengths and angles for complexes 1–3 are represented in 
Table 2. Furthermore, the PXRD patterns of complexes 1–3 
were obtained using a Rigaku MiniFlex instrument (Cu-Kα 
radiation, scanning rate of 1°/min, 293.15 K).

Synthesis and analytical data [Co(HL−)2(BPY)]n·4nH

2O (1)

H2L (2  mmol, 324.30  mg), BPY (1  mmol, 156.18  mg), 
and CoCl2·6H2O (1 mmol, 237.93 mg) were combined in 
a solution containing 2 mL of DMF, 3 mL of MeOH, and 
5 mL of H2O. The obtained mixture was stirred for 60 min 
in air at room temperature. An aqueous 1 M NaOH solution 
(100 μL) was then added. The mixture was further stirred 
at room temperature for 30  min and then transferred to a 
25 mL Teflon reactor, which was sealed, heated at 125 °C 
for 3 days, and cooled at a ramp rate of 10 °C/6 h. Orange 
polyhedral-shaped crystals of complex 1 were obtained, 
along with a 53 % yield (based on Co salt). Analytical cal-
culations for C26H26CoN6O8 (mol wt. 609.46): C, 51.19; N, 
13.78; H, 4.27. Found: C, 52.05; N, 13.69; H, 4.25. FTIR 
(KBr pellet, cm−1): 3513–3466 m, 1632 s, 1605 s, 1323 m, 
1243 w, 1100 m, 823 s, 723 s, and 615 vs.

Synthesis and analytical data [Co(HL−)2(BPE)]n (2)

The mixture of CoCl2·6H2O (1  mmol, 237.93  mg), H2L 
(2 mmol, 324.30 mg), and BPE (1 mmol, 184.24 mg) were 
combined in a solution with 3 mL of DMF and 10 mL of 
MeOH. The obtained mixture was stirred for 30  min in 
air, moved to a 25  mL Teflon reactor, heated to 130  °C 
for 2  days, and cooled at 5  °C  h−1 at room temperature. 
Pink rhombus-shaped crystals were collected and dried 
in air to obtain a 60 % yield for complex 2 (based on Co 

Fig. 1   Single-crystal structural diagram of 1-H-indazole-3-carbox-
ylic acid (H2L). Irrelevant H atoms were omitted for clarity (cyan 
dashed line shows H bonds)
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salt). Analytical calculations for C28H22CoN6O4 (mol wt. 
565.45): C, 59.42; N, 14.86; H, 3.89. Found: C, 59.35; N, 
14.80; H, 4.02. FTIR (KBr pellet, cm−1): 2953 m, 1626 vs, 
1589 s, 1320 s, 1230 m, 1100 s, 742 m, 734 m, and 620 vs.

Synthesis and analytical data [Co(HL−)2(DPP)]n (3)

Complex 3 was synthesized following the method 
described for complex 2, except the auxiliary ligand of 
BPE was replaced by DPP molecule. Purple block crystals 
were obtained and dried in air to obtain a 56 % yield for 
complex 3 (based on Co salt). Analytical calculations for 
C29H24CoN6O4 (mol wt. 579.47): C, 60.05; N, 14.50; H, 
4.14. Found: C, 60.01; N, 14.35; H, 4.05. FTIR (KBr pellet, 
cm−1): 2947 w, 1624 vs, 1574 s, 1322 s, 1220 m, 1070 m, 
751 s, and 620 s.

Antifungal activity studies

The biological activities of complexes 1–3 and organic 
ligand molecules were evaluated using the mycelium 

growth rate method with potato dextrose agar [15, 16]. The 
strain Colletotrichum musarum was used as a test organ-
ism obtained from the Guangxi Academy of Agricultural 
Sciences in Nanning, Guangxi. The general procedure of 
the experiment is that the agar plates involving the blank 
and controlled groups were separately pretreated with 
DMF or test compounds dissolved in DMF. The plates 
were then inoculated by spreading 3 µL of a solution con-
taining 1 × 105 spores/mL onto the agar surface and incu-
bated in a growth chamber at 25 ± 1 °C. Inhibition of fun-
gal growth was monitored several days after the treatment. 
Sensitivity of fungal species to each test compound was 
determined by comparing the size of the inhibitory zones 
(Table 3) drawn on Eq. (1), where Ri and RC represent the 
spore percentages germinating within the treated and con-
trolled samples, respectively [17, 18]. In addition, fungi-
cide standard benomyl was used as a control at 2 mM in 
4 μL of DMF.

(1)Fungistatic inhibition (%) = 1−

[

Ri

RC

]

× 100

Table 1   Crystallographic data and details of experiments for complexes 1–3

a  R1 = Σ(|F0| − |Fc|)/Σ|F0|
b  wR2 = {Σ{w(F0

2 − Fc
2)2]/Σ[w(F0

2)2]}1/2

Complex 1 Complex 2 Complex 3

Empirical formula C26H26CoN6O8 C28H22CoN6O4 C29H24CoN6O4

Formula weight 609.46 565.45 579.47

Crystal system Tetragonal Monoclinic Triclinic

Space group I4/a C2/c P-1

Unit cell dimensions

a (Å) 22.738(5) 10.260(3) 10.5756(17)

b (Å) 22.738(5) 20.432(5) 11.884(2)

c (Å) 10.344(4) 12.663(3) 12.769(3)

α (°) 90 90 98.727(3)

β (°) 90 109.186(3) 104.620(3)

γ (°) 90 90 116.078(2)

V (Å3) 5348(3) 2507.1(11) 1329.6(5)

Absorption coefficient (mm−1) 0.703 0.733 0.693

F (000) 2520 1164 598

Crystal size (mm) 0.15 × 0.15 × 0.15 0.10 × 0.10 × 0.08 0.20 × 0.08 × 0.03

q range (°) 1.79/24.97 1.99/24.99 1.73/25.00

Index ranges h, k, and l −23/27, −25/27, and −11/11 −12/12, −23/24, and −11/15 −12/10, −14/13, and −15/15

Reflections collected 11,513 10,476 7516

Independent reflections R (int) 0.1062 0.0537 0.0188

Data/restraint/parameters 2335/0/187 2207/0/177 4615/0/361

Goodness-of-fit on F2 1.005 1.088 1.036

Final R1,a Wr2(I > 2σ(I))b 0.0570, 0.1433 0.0463, 0.0906 0.0362, 0.0999

R indices (all dates) 0.1040, 0.1606 0.0613, 0.1017 0.0452, 0.1057

Largest diff. peak and hole (Å−3) 0.486, −0.456 0.402, −0.239 0.361, −0.208
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Results and discussion

Crystal structure of complex [Co(HL−)2(BPY)]n·4nH

2O (1)

Single-crystal XRD revealed that complex 1 was a 3D 
coordination polymer that crystallized in the tetragonal 
space group I4/a. The symmetric unit of complex 1 con-
tained one Co(II) cation, two deprotonated HL− ligand 

motifs, one BPY auxiliary ligand, and four lattice water 
molecules. As shown in Fig. 2a, the crystallographic inver-
sion center of Co(II) showed an octahedral coordination, 
and it was coordinated by Co(1)–N(2) and Co(1)–O(1) dis-
tances of 2.140(4) and 2.056(3) Å from the bidentate ligand 
moieties of H2L, Co(1)–N(1) distance of 2.171(3) Å from 
the auxiliary ligand of Bpy molecule, and two lattice water 
(O3w, O4w) molecules per symmetric unit. The angles of 
O1–Co1–N1 and N2–Co1–N1 were 91.12° and 87.81°, 
respectively, whereas the aromatic ring of BPY molecule 
was bent and twisted, forming a dihedral angle of 29.9°; 
all bond lengths and angles were within normal ranges 
[6]. In complex 1, BPY adopted an N-coordination mode, 
bridged the neighboring Co(II) cation, and formed overlap-
ping linear chains with cationic charge. Furthermore, each 
two symmetrically distributed molecules of deprotonated 
H2L linked the center atom of Co(II) ion through the N2 
and O2 heteroatom, constructed the 1D linear chain, and 
neutralized the charge of the linear chain. Mutually par-
alleled 1D chain motifs were reinforced through the π–π 
stacking interactions generated from two adjacent indazole 
blocks (Fig. 2b). The metal–organic framework of complex 
1 was further extended into an intricate 3D supramolecu-
lar network through helical H-bonding interactions (O3–
H3A···O2) between the crystallization water molecule (O3) 
and non-chelating carboxylate groups of deprotonated H2L 
blocks (Fig. 2c).

Crystal structure of complex [Co(HL−)2(BPE)]n (2)

Complex 2 exhibited a crystallized structure in the mono-
clinic C2/c space group and a 2D metal–organic frame-
work. The asymmetric unit included a Co(II) cation, a 
doubly deprotonated molecules of HL−, and one BPE 
flexible ligand, as depicted in Fig. 3a. The six-coordinated 
Co atom {CoN4O2} adopted a distorted octahedral geom-
etry (τ6 = 0.21) [19, 20] filled with N1 and O1 atoms from 
two H2L ligands (Co1–N1 2.174(3), Co1–O1 2.063(2) Å) 
and N3 atoms from two different BPE moieties (Co1–N3 
2.143(3) Å). The bond angles between the center Co atom 
and the coordinated O and N atoms ranged from 76.77(9)° 
to 100.15(0)°. In complex 2, each of the two symmetrically 
positioned HL− anions displayed a bidentate mode, linking 
the Co(II) ion to generate a neutral monomer [Co(HL−)2]. 
The flexible ligand of BPE positioned in the equatorial axis 
linked the two neighboring monomers through the pyri-
dyl N atom to generate extended 1D zigzag chain motifs 
(Fig. 3b). Furthermore, two mutually parallel linear chains 
were pillared through intermolecular H-bond interactions 
(N2–H2···O2) and gave rise to a 2D H-bonded layer in the 
linear motifs (Fig. 3c). The metal–organic network of com-
plex 2 was reinforced by a series of π-π stacking interac-
tions between two adjacent indazole blocks (Fig. 3d).

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

Symmetry code: #1 −x, −y + 2, −z + 2

Symmetry code: #2 −x + 1, y, −z + 3/2

Symmetry code: #3 x + 1, y + 1, z

Parameter Value

[Co(HL−)2(BPY)]·4H2O (1)

Co(1)–O(1) 2.056(3)

Co(1)–N(2) 2.140(4)

Co(1)–N(1) 2.171(3)

O(1)#1–Co(1)–O(1) 180.000(1)

O(1)#1–Co(1)–N(2)#1 78.57(14)

O(1)–Co(1)–N(2)#1 101.43(14)

O(1)#1–Co(1)–N(1) 91.12(13)

O(1)–Co(1)–N(1) 88.88(13)

N(2)#1–Co(1)–N(1) 92.19(13)

N(2)–Co(1)–N(1) 87.81(13)

N(1)–Co(1)–N(1)#1 180.00 (19)

[Co(HL−)2(BPE)] (2)

Co(1)–O(1) 2.063(2)

Co(1)–N(3) 2.143(3)

Co(1)–N(1) 2.174(3)

O(1)#2–Co(1)–O(1) 175.83(13)

O(1)#2–Co(1)–N(3) 96.29(10)

O(1)–Co(1)–N(3) 86.65(9)

N(3)–Co(1)–N(3)#2 90.59(14)

O(1)#2–Co(1)–N(1)#2 76.78(9)

O(1)–Co(1)–N(1)#2 100.15(9)

N(3)–Co(1)–N(1)#2 93.32(10)

O(1)#2–Co(1)–N(1) 100.15(10)

[Co(HL−)2(DPP)] (3)

Co(1)–O(2) 2.0599(17)

Co(1)–O(3) 2.0932(18)

Co(1)–N(3) 2.2122(19)

Co(1)–N(6) #3 2.173(2)

O(2)–Co(1)–O(3) 168.56(7)

O(2)–Co(1)–N(6)#1 87.56(7)

O(3)–Co(1)–N(5) 87.46(8)

O(2)–Co(1)–N(2) 92.42(8)

N(2)–Co(1)–N(6)#3 91.96(7)

N(5)–Co(1)–N(2) 164.20(8)
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Crystal structure of complex [Co(HL−)2(DPP)]n (3)

Complex 3 revealed a crystallized structure in the tri-
clinic P-1 space group and a 2D coordination network. 

The asymmetric unit contained one metal cation Co(II) 
atom, two anion HL− moieties, and one DPP ligand mol-
ecule. As depicted in Fig. 4, the structural composition and 
coordination mode {CoN4O2} of complex 3 were similar 
to those of complex 2, except that the higher flexibility 
ligand of DPP occurred in the BPE molecule in complex 
2. Although complexes 2 and 3 were constructed from the 
same main building block and auxiliary ligand, the length 
modification and flexibility of the backbone chain –(CH2)– 
(n =  2, 3) exerted a slight effect on the polymeric struc-
ture embodied in the molecular distance involving H-bond 
and π–π stacking interactions. The distance of H bonds 
(N1–H1···O1 1.804(2) Å) and interchain π–π interactions 
(Cg1···Cg1A 3.646(2) Å, Cg1, and Cg1A are the centroid 
of the two adjacent aromatic rings of indazole blocks) in 
complex 3 was shorter than that of H bonds (N2–H2···O2 
1.901(6)  Å) and π–π stacking interactions (Cg2···Cg2A 
3.805(8) Å, Cg2, and Cg2A defined similarly as Cg1) in 
complex 2 [21]. In addition, the elongated aliphatic (n = 3) 
chain along with the auxiliary ligand of DPP that acts as a 
linker increased the cavity size between the metal–organic 

Table 3   Fungal growth inhibition data for Co(II) complexes and H2L

a  Colony diameters and standard deviations (SDs) were used to iden-
tify the level of antifungal activity against fungal species

Compound Colony diametera (mm) ± SD

100 μg/L 10 μg/L

Blank 3.83 ± 0.08 4.02 ± 0.12

DMF + H2L 2.08 ± 0.12 3.29 ± 0.08

DMF + BPY 2.58 ± 0.10 2.82 ± 0.12

DMF + BPE 2.70 ± 0.12 2.94 ± 0.10

DMF + DPP 2.87 ± 0.12 3.02 ± 0.14

DMF + complex 1 0.83 ± 0.04 1.08 ± 0.08

DMF + complex 2 1.46 ± 0.12 1.72 ± 0.06

DMF + complex 3 1.87 ± 0.06 2.12 ± 0.08

Benomyl 0.08 ± 0.10 0.11 ± 0.10

Fig. 2   a Coordination environment of the center Co(II) atom in com-
plex 1 with the thermal ellipsoids drawn at 30 % probability. H atoms 
were omitted for clarity, and the following symmetry code was used: 
A = 1 − x, −y + 2, −z + 2; b π–π stacking interactions between two 

adjacent aromatic rings (red dashed lines); and c 3D supramolecu-
lar framework formed by helical H-bond interactions (green dashed 
lines), which were separately enlarged
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networks and diminished the symmetry of complex 3 in 
the triclinic system compared with complex 2 in the mono-
clinic system.

IR spectrum

The IR spectra of complexes 1–3 showed the expected 
bands, revealing N-containing carboxylate ligand; bipy-
ridine ligand molecules involving BPY, BPE, and DPP; 
and lattice water. As shown in Supplementary Figs. S1–3, 
the strong board band in the range of 3550–3462  cm−1 
was assigned to the O–H stretching vibration of lattice 
water [22]. The characteristic bands at 1605  cm−1 for 1, 
1589 cm−1 for 2, and 1574 cm−1 for 3 may be attributed 
to the νC=N stretching vibration of the indazole rings [23]. 
The bands at 2953 cm−1 for 2 and 2937 cm−1 for 3 could 
identify the existence of an aliphatic chain in the –(CH)n– 
(n = 2 or 3) group that resulted from the flexibility ligand 
molecules BPE and DPP. In addition, the strong absorp-
tion peak separately observed at 1632 and 1323 cm−1 for 
1, 1626 and 1320 cm−1 for 2, and 1624 and 1322 cm−1 for 
3 revealed the asymmetric and symmetric vibrations of the 
carboxylic groups. The calculated frequency difference 
(Δ =  302–309  cm−1) between the symmetric and asym-
metric COO− stretching in complexes 1–3 was in good 

Fig. 3   a Coordination environment of the Co(II) atom in complex 
2 with thermal ellipsoids drawn at 30  % probability. H atoms were 
omitted for clarity, and a symmetry code was used to label the equiva-
lent atoms: A = −x + 1, y, −z + 3/2; b 1D zigzag chain (H2L and 

BPE color code as cyan and red, respectively); c 2D network formed 
by H-bond interactions (illustrated in light yellow dashed lines); and 
d π–π stacking interactions (red cylinder)

Fig. 4   Coordination environment of the Co(II) atom in complex 
3 with thermal ellipsoids drawn at 30  % probability. H atoms were 
omitted for clarity and a symmetry code was used to label the equiva-
lent atoms: A = x + 1, y + 1, z
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agreement with the μ1–η1:η0 coordination mode of the 
carboxylate groups in the μ-H2L moiety [24].

Electrochemical behavior

Complexes 1–3 and H2L were illustrated using CV with 
a Pt working electrode at room temperature in 0.1  M 
LiClO4–MeCN solution [25, 26]. Two single-electron irre-
versible reduction waves were detected under N2 ambience 
for complex 1. The former at potential values (Table 4) of 
−0.45 to −0.49 V versus the Ag/AgCl range was assigned 
to the process of Co(III) →  Co(II) reduction (wave Ired), 
whereas the latter in −0.84 to −0.92 V versus the Ag/AgCl 
range was attributed to the Co(II) → Co(I) process (IIred). 
Furthermore, a repeated trial was conducted to clarify the 
influence of the reaction condition of detection under N2 
atmosphere or in air on electrochemical behavior. Interest-
ingly, the former cationic wave Ired vanished while being 
detected in air without bubbling N2. The curve of com-
plexes 2 and 3 showed similar electrochemical behavior 
in air when detected under ambient conditions. No anodic 
waves were observed for every compound upon scan rever-
sal. The electrochemical property of ligand molecule of 
H2L was also unveiled. A cathodic wave that occurred at 
the potential of −1.03 V was easily found. Furthermore, no 
obvious anodic waves have been monitored for H2L upon 
scan reversal. An integrated CV curve is shown in Fig. 5.

The reduction potential (Ired) of complex 1 reflected 
that Co(III) compound could exist in acetonitrile solution. 
Nevertheless, the former cathodic wave easily vanished 
while being detected without any further inert gas protec-
tion through bubbling N. This wave repeatedly appeared 
when detected under N2 atmosphere. This phenomenon 
manifested that complex 1 was an oxidant-hypersensitive 
substance that easily reacts with oxidant components, such 
as O [27]. Furthermore, no cathodic waves (Ired) in com-
plexes 2 and 3 were observed, except the reduction wave 
(IIred). This finding showed that the auxiliary ligands BPE 
and DPP could stabilize complexes 2 and 3. In addition, the 
structural difference between complex 1 and complexes 2 
and 3, in which abundant lattice water molecules perme-
ated in the complex 1 cavity, may have resulted in these dif-
ferent electrochemical properties.

Thermal properties and PXRD analysis

TGA was conducted to complexes 1–3 to probe the thermal 
stabilities of coordination polymers 1–3 (Fig. 6). In the case 
of complex 1, the weight losses were observed to be as fol-
lows: ~11.05 % (calcd., 11.81 %), 48–150 °C, attributable to 
the loss of lattice water molecules. Decomposition of ligand 
molecules of H2L and BPE was achieved beyond 500  °C 
with 78.51  % (calcd., 78.53  %) mass loss. Finally, the 

residue was 10.21 % (calcd., 9.66 %), which was defined as 
CoO. Complexes 2 and 3 showed a similar variation trend 
involving a two-step weight loss process on account of the 
similar structural composition and coordination mode. A 
weight loss of ~55.87  % (calcd., 56.71  %) for complex 2 
and ~55.04 % (calcd., 55.62 %) for complex 3 under 316–
362  °C accounted for the loss of organic compound H2L. 
Furthermore, weight loss of ~31.02 (calcd., 32.58  %) and 
~32.84 (calcd., 34.21 %) was initially observed at 375 and 
390  °C, corresponding to the decomposition of auxiliary 
ligand molecules BPE and DPP, respectively.

The simulated PXRD patterns derived from the data of 
complexes 1–3 matched well with the experimental PXRD 
curve collected at room temperature (Fig.  7), indicating 
that the structural integrity and phase purity in the synthe-
sized materials were in good agreement with the as-grown 
crystals.

Antifungal activity studies

The ligand molecules and their cobalt chelates were 
individually tested in  vitro using the mycelium growth 
rate method under two different concentrations (10 
and 100  μM) to evaluate antifungal activity against C. 
musarum [16]. The inhibition rates varied (Fig.  8). Com-
pound 5 in vitro containing 10 or 100 μM 3.21 or 78.33 % 
fungal suspension, respectively, showed strong antifungal 
activities. Compound 6 containing 10 or 100 μM 57.46 or 
62.07  % fungal suspension, respectively, and compound 
7 containing 10 or 100 μM 47.27 or 51.16 % fungal sus-
pension, respectively, demonstrated similar results. Com-
pounds 1–4 showed comparatively weak activities against 
C. musarum growth at the highest concentration of 100 μM 
with 46.10, 32.70, 29.30, and 24.81  %, respectively. The 
experimental statistics showed that complexes 1–3 were 
more activated than their parent ligands against the same 
microorganism under the identical experimental conditions. 
The increasing antifungal activities of metal complexes 

Table 4   Cyclic voltammetry data for [Co(HL−)2(BPY)]n·4nH2O(1),[
Co(HL−)2(BPE)]n (2), and [Co(HL−)2(DPP)]n (3)

Complex Ep(Ired) Ep(IIred) Bubble

1 −0.45 −0.84 N2

−0.92 Air

−0.49 −0.91 N2

2 −0.75 N2

−0.72 Air

−0.76 N2

3 −1.01 N2

−0.99 Air

−1.01 N2
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were mainly attributed to the interaction between the metal 
ion and cell membrane. A reasonable illustration can be 
consulted in Tweedy’s chelation theory [28, 29]. Chela-
tions partly decrease the polarity of the metal core in con-
sequence of partial sharing of its positive charge with N- or 
O-containing ligand molecules. Furthermore, the possible 

π-electron can be delocalized over the whole chelating ring. 
Such chelation effect can enhance the lipophilic character 
of the central metal atom, which subsequently promotes 
its permeation through the lipid layers of the fungus cell 
membrane. In addition, the outstandingly biological activi-
ties of Co complexes 1–3 may result from the formation of 
H bonds through the non-chelating carboxyl group and the 
heteroatom of indazole blocks with the active component 
of cell membrane. The general tendency of growth inhi-
bition against C. musarum was observed in the following 
reactivity order: [Co(HL−)2(BPY)]n·4nH2O > [Co(HL−)2-
(BPE)]n > [Co(HL−)2(DPP)]n > H2L > BPY > BPE > DPP. 
The results showed that the antifungal effectiveness of Co 
complexes 1–3 could reach the same level of conventional 
fungicide as benomyl in inhibiting the growth of banana 
anthracnose. Complexes 1–3 may potentially act as a good 
source of ‘green pesticide’ in preventing a great number of 
economic losses in the main plantation of Guangxi, China.

Fig. 5   CV curves of complexes 1–3 and H2L were obtained while 
being dissolved in 0.1 M LiClO4/MeCN solution, respectively, under 
a scan rate of 100 mV s−1. The blue and black curves indicate detec-
tion under N2 ambience, whereas the red curve indicates the collect-
ing date in air

Fig. 6   TG curves of complex 1 (blue), complex 2 (red), and complex 
3 (black)

Fig. 7   PXRD diffraction patterns for complexes 1–3
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Conclusion

In summary, three new structures of Co complexes assem-
bled using the organic compound of indazole carboxylic 
acid and flexibility ligand of bipyridine and its derivatives 
have been successfully synthesized through the hydro-
thermal method. The coordination mode and supramo-
lecular framework of complexes 1–3 demonstrated that 
the structural diversity mainly resulted from the auxiliary 
ligand and molecular interactions involving H bonds and 
π–π stacking. In addition, the study of the electrochemi-
cal behavior of complex 1 has a potential application in 
organic reduction reaction. Similar studies in our labora-
tory are currently underway using these characteristics of 
metal–organic compounds in the preparation of a novel 
organic catalyst. Moreover, research on antifungal activi-
ties indicated that the biological activity of Co(II) com-
plexes can extend its application in preventing the growth 
of C. musarum, which causes serious fruit diseases in 
bananas and mangoes.

Supplementary materials

CCDC Nos. 1032742, 1032743, 1032744, and 1032745 
contain the supplementary crystallographic data for 1, 2, 
3, and H2L. These data can be obtained free of charge via 
http://www.ccdc.cam.ac.uk/conts/retrieving.html or from 
the Cambridge Crystallographic Data Centre, 12 Union 
Road, Cambridge CB2 1EZ, UK; Fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk. In addition, the 

FT-IR spectroscopy patterns of complexes 1–3 were dis-
tributed as the supplementary materials labeled as Supple-
mentary Figs. S1–3.
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