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An unusual inorganic–organic antibacterial complex based on polyoxometalates (POMs) and the
cobalt–gatifloxacin (GT), [CoII(C19FH22N3O4)3][C19FH23N3O4][HSiW12O40]·23H2O (1), has been
synthesized. Single-crystal structural analysis shows that 1 represents for the first time an unusual
tripodal coordination style with three GT molecules coordinating to cobalt(II) by six carboxylate
and hydroxyl oxygens. The biological activity of 1 has been evaluated by investigating its binding
ability to calf thymus DNA (CT-DNA). UV spectrum study of 1 has shown that it can bind to CT-
DNA by intercalation. The DNA-binding constant Kb was 9.6 × 104 M L−1, higher than that of pure
GT, 3.8 × 104M L−1. Furthermore, the antibacterial activities of 1 were tested against Staphylococcus
aureus and Escherichia coli, respectively, and have shown slightly lower antibacterial activity than
that of free GT at the same mass concentration. If the GT component in the complexes was con-
trolled at the same molar concentration, 1 generates the biggest antibacterial area during the Kirby–
Bauer disc diffusion detection. This result indicates that the integration of heteropolyanions and GT
exhibits synergistic effects on the antibacterial activity, which paves a new way to design low-cost
antibacterial compound by the introduction of POMs.
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1. Introduction

Quinolones are an important family of highly potent broad-spectrum antibacterial agents
widely used in clinical practice for the treatment of various infections. The targets of quino-
lones are both gyrases and topoisomerases and further lead to inhibition of DNA replication
[1]. Overdosing on quinolones has led to increasing resistance to antibiotics, which is com-
mon among Pseudomonas aeruginosa and Staphylococcus spp. and some initially more
susceptible pathogens, such as Escherichia coli and Salmonella spp. [2–4]. In order to
decrease the resistance of bacteria to antibiotics, more metal–quinolone complexes have
been synthesized and some of them are reported to possess improved water solubility and
antibacterial activity [5].

Gatifloxacin (GT),(±)-1-cyclopropyl-1,4-dihydro-6-fluoro-8-methoxy-7-(3-methyl-1-piper-
azinyl)-4-oxo-3-quinolinecarboxylic acid, belongs to third-generation quinolones and is an
effective antibacterial agent. To date, it has been used for the treatment of infections of the
lungs and skin mainly due to its wide spectrum of activity [6]. Inspired by previous reports,
the introduction of metal ion into the hybrid structure of antibiotics enhances the antibacte-
rial activities due to the synergistic effects of individual components. So far, only a few sin-
gle-crystal structural GT-based complexes are reported. In 2007, M(GT)2(H2O)2·4H2O (M
= Zn, Ni, Co) was synthesized [7], in which different metal ions in the structures cause GT
to exhibit varied activities against Staphylococcus. The Zn(II) and the Ni(II) complexes
result in enhancement of antibacterial activities against Staphylococcus, whereas the Co(II)
complex showed decreased activity. Patel and co-workers studied the synthesis of single-
crystal of Cu(II) and Pt(II) complexes of GT and their abilities to bind to HS-DNA [8].
Crystal structures of cobalt complexes of pipemidic acid [9], enrofloxacin [10], and
norfloxacin [11] have also been reported.

Polyoxometalates (POMs), as antitumor, antibacterial and antiviral inorganic medical
agents, are attractive inorganic compounds for applications in medicine [12, 13]. Supramo-
lecular complexes based on POMs have been investigated, in which POMs functioned as
inorganic linkers or counter anions. The as-prepared hybrid materials have been applied in
many important aspects of chemistry, such as catalysis, non-linear optical, biosensor, and
chemotherapy agents [14–16]. POMs often act as additives or rigid templates to help con-
trol the outcome of a reaction and have been introduced into hybrid materials [17]. Up to
date, POMs as templates introduced into organic or inorganic components have been widely
studied, as a result of enriching their structures and improving properties of the hybrids
because of the intrinsic properties of individual components and the integration of their
merits [18]. Recently, some transition-metal–quinolone complexes modified by POMs have
been reported. Among these complexes, quinolones mainly include first and second genera-
tions, such as pipemidic acid, enrofloxacin and norfloxacin [19–21], while POM-based tran-
sition-metal–GT complex, that is the third-generation complex, remains unreported.
Additionally, considering the superior properties of POMs, it is speculated that the introduc-
tion of them in the synthesis may not only induce the formation of compounds, but also
afford synergistic antibacterial properties, and thus lower the cost of antibiotics as POMs
are inexpensive comparing with the organic quinolones.

Here, Keggin-type polyoxoanion, [SiW12O40]
4– (SiW12), was selected as a template agent

due to its facile synthesis and stability against surrounding environments. An inorganic–
organic antibacterial complex, [CoII(C19FH22N3O4)3][C19FH23N3O4][HSiW12O40]·23H2O
(1), has been synthesized by conventional solution approach. Energy transfer between GT
and POMs was evaluated in terms of fluorescence quenching. The binding affinity of 1 with
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calf thymus DNA (CT-DNA) was also studied. The antibacterial activities of 1 have also
been investigated.

2. Experimental

2.1. Materials and methods

All chemicals of reagent grade were purchased from commercial sources and used without
purification. Elemental analyses (C, H, and N) were performed on a Perkin Elmer 240 CHN
elemental analyzer. IR spectra were obtained on an Alpha Centauri FT/IR spectrometer with
KBr pellet from 400 to 4000 cm−1. UV–visible spectra were recorded in a UV-2550. Fluo-
rescence spectra were measured in solution on a 970CRT spectrofluorescence instrument.
K8[SiW11O39]·13H2O and Co(GT)2(H2O)2·4H2O (denoted as Co(GT)2) were prepared
according to literature methods [7, 22]. DNA stock solution was prepared by dilution of
CT-DNA to buffer solution (50 mL of 0.1 M/L tris solution and 42 mL of 0.1 M/L hydro-
chloric acid, diluted to 100 mL) followed by vigorous stirring at 4 °C for 3 days, and kept at
4 °C for not longer than a week. The ratio of UV absorbance values at 260 and 280 nm
(A260/A280) of CT-DNA stock solution is 1.89, indicating that the DNA was sufficiently
free of protein contamination [23]. The DNA concentration was determined by the UV
absorbance at 260 nm after 1 : 20 dilution using ε = 6600M/L cm−1 [24].

2.1.1. General procedure for the synthesis of [Co(C19FH22N3O4)3]-[C19FH23N3O4]
[HSiW12O40]·23H2O (1). K8[SiW11O39]·13H2O (0.97 g, 0.3 mM) and CoCl2·6H2O (0.048
g, 0.2 mM) were dissolved in 20 mL water. Then, 20 mL water solution of GT (0.15 g, 0.4
mM) and CoCl2·6H2O (0.048 g, 0.2 mM) was added to the above solution. The pH of the
mixture was adjusted to 3.8 using 0.1 M L−1 NaOH under stirring, and then the solution
was heated at 95 °C for 3.0 h. The filtrate was kept for one month at ambient conditions,
then red block crystals of 1 (30% yield based on Co) were filtered, washed with water, and
dried at room temperature. Elemental analyses Calcd for C76CoF4H136N12O79SiW12

(4851.02): C, 18.82; N, 3.46; H, 2.83. Found: C, 18.70; N, 3.42; H, 2.75. IR (KBr, cm−1):
3429(s), 2974(w), 2927(w), 2854(w), 1728(w), 1617(m), 1565(w), 1525(w), 1447(m), 1401
(w), 1368(w), 1322(w), 1221(w), 1171(w), 1093(w), 1053(w), 955(w), 949(w), 897(m),
789(m), 701(w), 530(w).

2.1.2. X-ray crystal structure determination. Crystal data for 1 were collected on a
Bruker Smart Apex-II CCD diffractometer with Mo Kα monochromatic radiation
(λ = 0.71073 Å) at room temperature. The structure was solved by direct methods and
refined by full matrix least-squares on F2 using SHELXTL crystallographic software
package [25, 26]. All metal ions were refined anisotropically. Parts of disordered oxygen
and carbon were refined isotropically and some occupancies were set as 50% to accomplish
good refinement. The positions of hydrogens on carbon were calculated theoretically. The
crystal data and structure refinement of 1 are summarized in table 1.

2.1.3. Antimicrobial tests. The antibacterial activity of 1 was studied against Staphylococcus
aureus and E. coli by determining the minimum inhibitory concentration (MIC) and a modified
Kirby–Bauer disc diffusion method.

Cobalt–gatifloxacin complex 2259
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2.1.3.1. Kirby–Bauer disc diffusion method. S. aureus and E. coli were freshly isolated
from clinical material and dissolved in 15 mL of sterilized agar culture media at 40 °C and
inoculated on a sterilized culture dish. The bacterial suspensions were incubated at 37 °C
for 24 h. Then, nutrient agar was sterilized at 121 °C for about 20 min and poured into the
Petri dishes with a thickness of 3 mm. Then, 0.1 mL diluted bacterial suspension of E. coli
was spread uniformly on the surface of the nutrient agar. Thirty minutes later, the
as-prepared filter paper slices were placed on the bacteria. The Petri dishes were incubated
at 37 °C for 12 h. The diameters of the inhibition zones were measured by caliper and the
results were recorded by camera.

2.1.3.2. Minimum inhibitory concentration. The MIC was defined as the lowest concentra-
tion of antimicrobial agent showing complete inhibition of growth. MIC was determined
using twofold serial dilutions in liquid media containing 160–0.02 μg mL−1 of the com-
pound being tested. Free GT was tested as a reference compound.

2.1.4. DNA binding studies. The interaction of complexes with CT-DNA has been
studied with UV spectroscopy to investigate the possible binding mode to CT-DNA
and to calculate the binding constants to CT-DNA (Kb). In UV titration experiments,
the spectra of CT-DNA in the presence of complexes have been recorded for a
constant CT-DNA concentration at diverse [complex]/[CT-DNA] mixing ratios. The
intrinsic binding constants Kb of the complexes with CT-DNA have been determined
using UV spectra recorded for a constant concentration in the absence or presence of
CT-DNA.

Table 1. Crystal data and structure refinement for 1.

Empirical formula C145H167Co2F8N24O140Si2W24

Formula weight 9224.47
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P–1
Unit cell dimensions a = 17.8188(3) Å α = 108.4880(10)°

b = 19.9982(4) Å β = 97.6140(10)°
c = 20.9012(4) Å γ = 107.3310(10)°

Volume 6527.6(2) Å3

Z 1
Absorption coefficient 10.758 mm−1

F (0 0 0) 4255
θ range for data collection 1.84°–27.5°
Reflections collected/unique 100,313/29,822 [Rint = 0.1135]
Completeness to θ 99.6%
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 29,822/7/1381
Goodness-of-fit on F2 1.001
Final R indices [I > 2σ(I)] R1 = 0.0729, wR2 = 0.1864
R indices (all data) R1 = 0.1821, wR2 = 0.2387
Largest diff. peak and hole 1.98 and –5.163 e A−3

2260 H. Liu et al.
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3. Results and discussion

3.1. Synthesis

Generally, transition metal ions coordinate to quinolone ligands through carbonyl and car-
boxyl groups to form ML2 complexes. Most of these complexes have planar configuration
for the transition metal cations. Very few complexes are ML3 or ML types, such as [Co
(HEx)2(Ex)]Cl·2CH3OH·12H2O (Ex = Enoxacin) and Co(Cx)Na·6H2O (Cx = Cinoxacin)
[27, 28]. To obtain new inorganic–organic compounds, we selected POMs as synthetic
modulators due to their robust structure, potential antibacterial performance, simple synthe-
sis, as well as being low-cost inorganic additives for medicines. Under hydrothermal condi-
tions, introduction of Keggin-type SiW12 into the reaction system successfully leads to
isolation of single crystalline materials of 1. We have also tried to synthesize 1 without
SiW12, unfortunately, only unidentified powder can be found in the final product. Therefore,
the introduced SiW12 polyoxoanion plays a key role in the formation of 1. This may relate
to the fact that POM anions are usually surface oxygen abundant clusters, which may
induce the coordination activity of organic ligands due to weak interactions, such as hydro-
gen bonding or van der Waals forces.

3.2. Crystal structure

Single-crystal X-ray structural analysis reveals that 1 is constructed from SiW12 polyoxoan-
ion, [CoII(GT)3], isolated GT, and isolated water molecules, as shown in figure 1. The intro-
duced SiW12 is a classical α-Keggin type polyoxoanion, which contains four W3O13 units
and one ordered [SiO4]

4− in the center with Si–O bonds ranging from 1.556(13) to
1.668(12) Å. The W–O bond distances are divided into three groups: 1.691(12)–1.862(16) Å
for W–Ot; 1.882(13)–1.995(14) Å for W–Ob/c; and 2.237(13)–2.381(12) Å for W–Oa

Figure 1. Combined polyhedra and ball–stick view of 1 (water molecules and all hydrogen atoms are omitted for
clarity).

Cobalt–gatifloxacin complex 2261
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(Ot, terminal oxygen atoms; Ob/c, μ2- or μ3-bridging oxygen atoms; Oa, central oxygen atoms
linking Si). The valence sum calculations [29] show that all the W ions are in the +6 oxida-
tion states and Co ions are +2. Co2+ in [Co(GT)3] is six-coordinate by six oxygens from
carboxylate or hydroxyl groups arising from three GT ligands, showing an octahedral
coordination environment. To the best of our knowledge, it is the first time that tripodal coor-
dination pattern has been observed in transition-metal quinolone complexes. The
Co–Ohydroxyl bond lengths are slightly longer than those of Co–Ocarboxylic, in which the
Co–Ohydroxyl distances are 2.046(13)–2.105(11) Å, while the Co–Ocarboxylic distances range
from 2.032(14) to 2.088(16) Å. Selected coordination parameters can be found in table 2.
Though 1 contains polyoxoanion and water, it remains almost insoluble in water. Structural
analysis of 1 indicates that [Co(GT)3] and isolated GT are located around each polyoxoanion.
The π⋅⋅⋅π stacking interactions can be found between each pair of [Co(GT)3] units or isolated
GT molecules, of which the centroid–centroid distances are 3.754 Å or 4.012 Å, respectively
(as shown in figure 2). There also exists N–H⋅⋅⋅O hydrogen bonding interactions between
piperazinyl N and terminal O from polyoxoanions. Short distances between terminal O of
polyoxoanion and aromatic rings belonging to GT are observed, and for the first time weak
interactions between polyoxoanion oxygen and aromatic ring have been observed. The dis-
tances of O⋅⋅⋅Centroid are 2.890 and 3.312 Å, respectively. In addition, possible hydrogen
bonding interactions also exists between O from free water and N or O from GT or polyoxoa-
nions. All the above weak interactions consolidate the stability of 1 and result in its insolubil-
ity in water.

3.3. FT-IR spectra studies

As seen in figure 3, FT-IR of SiW12 has four characteristic bands at 1020, 980, 926, and 782
cm−1 ascribed to Si–Oa asymmetrical, W=Od asymmetrical, W–Ob–W asymmetrical, and
W–Oc–W asymmetrical vibrations, respectively [30]. Oa, Ob, Oc, and Od are referred to oxy-
gens connected to silicon, to oxygens bridging to two tungstens (from two different W3O13

for Ob and from the same W3O13 for Oc), and to the terminal oxygen W=O, respectively. FT-
IR spectrum of 1 exhibits four asymmetric vibrations at 998, 955, 897, and 789 cm−1, which

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

Bond Distance Bond Angle

Si–O (40) 1.556(13) O(40)–Si–O(38) 111.1(6)
Si–O(38) 1.613(11) O(40)–Si–O(37) 109.6(6)
Si–O(37) 1.631(11) O(38)–Si–O(37) 108.6(6)
Si–O(39) 1.668(12) O(40)–Si–O(39) 110.6(6)
Co–O(49) 2.032(14) O(38)–Si–O(39) 109.9(6)
Co–O(51) 2.046(13) O(37)–Si–O(39) 107.0(7)
Co–O(45) 2.080(12) O(49)–Co–O(51) 86.7(6)
Co–O(47) 2.083(13) O(49)–Co–O(45) 92.8(6)
Co–O(41) 2.088(16) O(51)–Co–O(45) 88.7(6)
Co–O(43) 2.105(11) O(49)–Co–O(47) 173.2(6)
W(1)–O(1) 1.862(16) O(51)–Co–O(47) 86.6(5)
W(1)–O(4) 1.882(13) O(45)–Co–O(47) 85.7(5)
W(1)–O(5) 1.889(13) O(49)–Co–O(41) 90.3(6)
W(1)–O(8) 1.981(14) O(51)–Co–O(41) 176.9(5)
W(1)–O(7) 1.995(14) O(45)–Co–O(41) 90.4(6)
W(1)–O(39) 2.237(13) O(47)–Co–O(41) 96.3(6)

2262 H. Liu et al.
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are similar to those bands in SiW12 polyoxoanion. The characteristic peaks confirmed that the
SiW12 Keggin structures are intact in 1. Slight change of these asymmetric vibrations indi-
cates strong interactions between polyoxoanions and organic ligands, consistent with the sin-
gle-crystal structure. Bands centered at 1611 and 1452 cm−1 can be assigned as (O–C–O)
asymmetric and symmetric stretching vibrations in the spectrum of 1. The strong vibration at
3429 cm−1 indicates the existence of water molecules distributed in the crystal structure.

Figure 2. Ball–stick view of 1 with weak interactions (all water molecules and parts of cyclopropyl and piperazi-
nyl groups in Co(GT)3 units were omitted for clarity).

Figure 3. FT-IR spetra of GT, SiW12, and 1. The arrows indicate the characteristic peaks of Si–Oa, W–Ot, and
W–Ob/c in SiW12 and 1. FT-IR was measured by KBr pellets.

Cobalt–gatifloxacin complex 2263

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:

15
 0

9 
D

ec
em

be
r 

20
14

 



3.4. Fluorescence quenching studies

The strong interactions between SiW12 and GT have also been evaluated by titration experi-
ments. Polyoxoanions could serve as electron reservoirs to transfer the photo-induced carri-
ers from semiconductor surface, and thus retard the recombination of electrons and holes
[31, 32]. Meanwhile, the fluorescent quenching phenomena of semiconductors or organic
compounds always occurred when contacting with polyoxoanions via covalent or
non-covalent bonds, which is a solid proof for the existence of energy transfer or electron
transfer between donor and acceptor [33, 34]. In order to check the interactions between
SiW12 and GT, GT aqueous solution was titrated by varied concentration of SiW12 solution.
Figure 4 illustrates the fluorescence spectra of GT as a function of increasing amounts of
SiW12. It is obvious to see that the fluorescent intensity at 480 nm corresponding to GT
emission decreased gradually as the SiW12 concentration increased. When the molar ratio
of GT and SiW12 reach 1 : 0.36, 94% fluorescent intensity was quenched. The efficient
quenching could be ascribed to energy transfer or electron transfer between GT and SiW12,
in which the strong interactions might be hydrogen bonding or electrostatic interactions.
The distances of O⋅⋅⋅Centroid are 2.890 and 3.312 Å in crystals, which are much closer than
those in aqueous solution (van der Waals distances in the presence of solvent molecules),
thus it is assumed that the fluorescent quenching efficiency will be much higher than that in
solution [35, 36]. Therefore, we speculate that the strong interactions between polyoxoa-
nions and ligands will result in interesting antibacterial properties due to the positive
synergistic effects.

3.5. Antibacterial studies

Quinolones and its derivatives are clinical antibacterial agents for the treatment of infec-
tions. In some cases, the metal complexes of drugs are more active than their parent com-
pounds [37, 38]. Based on these results, metal compounds of quinolones have been
synthesized to evaluate their antibacterial activity [39, 40]. In this paper, the studies were

Figure 4. Fluorescence of GT was titrated by varying the concentration of SiW12 in aqueous solution. The molar
ratios of GT and SiW12 range from 1 : 0.072, 1 : 0.144, 1 : 0.216, 1 : 0.288, to 1 : 0.36, respectively. As indicated by
the dashed arrow, the fluorescence intensity of GT decreased gradually upon increasing the concentration of SiW12.

2264 H. Liu et al.
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carried out on S. aureus and E. coli using the plate disc method and the MIC. The inhibi-
tion zones after incubation of complexes are shown in figure 5. The results reveal that
SiW12 and CoCl2 have no bacterial activity against E. coli and S. aureus [figure 5(c) and
(f)], but 1 and Co(GT)2 exhibit similar activities to the free ligands (GT) against S. aureus
and E. coli as shown in figure 5(a) and (b). The percentages of GT are 30 and 80% in 1
and Co(GT)2, respectively. The antibacterial activity of 1 is similar to GT precursor. How-
ever, if the GT component in the complexes was controlled at the same molar concentration,
as shown in figure 5(d) and (e), 1 generates the biggest antibacterial area during the Kirby–
Bauer disc diffusion detection. This result indicates that the formation of ternary complex
[Co(GT)3] as well as the introduction of polyoxoanion will synergistically enhance the
antibacterial activity. The efficiencies of the complexes have been tested by applying MIC
method (μg mL−1) against S. aureus and E. coli. The MIC values against E. coli for 1,
Co(GT)2, and GT are 2.42, 2.52, and 1.28 μg mL−1, respectively. This result shows that 1,
Co(GT)2, and GT all exhibit high antibacterial activities. However, the MIC values against
S. aureus of 1 and Co(GT)2 are 2.52 and 3.24 μg mL−1, respectively, slightly different to
1.25 μg mL−1 of GT.

It is instructive to compare our antibacterial activity to those of other floxacin complexes.
Recently, many efforts have been devoted to the development of functional materials based
on floxacin complexes. However, it should be noted that there are hundreds of papers about
the synthesis of floxacin and antibacterial study over the past decades. Herein, we intended
to focus on the comparison study on antibacterial activities of GT complexes, which belong
to the third-generation quinolones. As summarized in table 1, entries 1, 3, 7, and 9 clearly

Figure 5. The inhibition zone of DMSO, 1 (complex 1), 2 (Co(GT)2), and 3 (GT) in [(a) and (d), at the same
mass concentrations] and [(b) and (e), at the same molar concentrations of GT] and SiW12 and CoCl2 in [(c) and
(f)] against E. coli and S. aureus, respectively.
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display that the MIC values of gatifoxacin varied because of the different test methodolo-
gies or experimental conditions, viz. it is difficult to compare these values for the antibacte-
rial activities with those reported in other groups’ work [7, 41, 42]. However, it is worth
noting that the structural modification of GT enhanced the antibacterial activity in entries 2
and 8 (table 3). Meanwhile, as shown in entries 4 and 5 (table 3), the metal complexes of
GT also gave better antibacterial activity than that of GT. Taking the experimental devia-
tions into account, MIC values of 1 against E. coli and S. aureus in entry 11 (table 3) are
comparable with the previous reported GT derivatives and metal complexes of GT based on
the mass percentage of GT.

The introduction of the polyoxoanion into the metal complex may have a synergistic
effect on its antibacterial activity. Apart from the effect of polyoxoanion, the different MIC
values of 1 and Co(GT)2 may be ascribed to the different coordination environments of
their Co2+ cations. In Co(GT)2, with cobalt ions and GT in a ratio of 1 : 2, Co2+ is four-
coordinate by oxygens from carboxylate and water to form a planar structure. While in 1,
the ratio of cobalt ions and GT is 1 : 3 and the central Co2+ is six-coordinate by oxygens of
GT ligands to form an octahedral geometry. Complex 1 exhibits higher antibacterial activity
than that of Co(GT)2, suggesting that different coordination modes of metal ions, combining
with the introduction of POMs, may alter their biological activities.

3.6. Interaction with DNA

DNA can provide three distinct binding sites for quinolone metal complexes, groove bind-
ing, binding to phosphate and intercalation [43]. This behavior is of great importance with
regard to the relevant biological role of quinolone antibiotics in the body. UV spectra of the
interaction of CT-DNA with GT, 1, and Co(GT)2 have been recorded for a constant CT-
DNA concentration in different [complex]/[DNA] mixing ratios as shown in figure 6(a)–(c).
The changes can be observed in the absorption spectra of CT-DNA in the presence of GT,
1, and Co(GT)2. The decrease in the intensity at λmax = 258 nm indicates interaction of GT,
1, and Co(GT)2 with CT DNA, resulting in the formation of a new complex with double-
helical CT-DNA [44]. In figure 6(d)–(f), the changes occurred in the spectra of GT, 1, and
Co(GT)2 during the titration upon addition of CT-DNA in diverse concentrations, respec-
tively. In the UV region, the intense absorption bands observed in the spectrum at 286 and

Table 3. MIC values of GT, GT derivatives, metal–GT complexes, and 1.

Entry Compounds

MIC (μg mL−1)

Ref.E. coli S. aureus

1 GT 2–4 0.125 [41]
2 GT derivatives 0.25–128 0.06–128 [41]
3 GT – 0.3125 [7]
4 Zn(GT)2 – 0.3125 (0.2541)a [7]
5 Ni(GT)2 – 0.3125 (0.2531)a [7]
6 Co(GT)2 – 0.625 (0.5063)a [7]
7 GT 1 0.25 [42]
8 Thiadiazole–GT hybrids 1–64 0.125–64 [42]
9 GT 1.28 1.25 This work
10 Co(GT)2 2.52 (2.016)a 3.24 (2.592)a This work
11 1 2.42 (0.726)a 2.52 (0.756)a This work

aMIC values are calculated based on mass percentage of GT.
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333 nm for GT, 285, and 332 nm for 1, and 286 and 332 nm for Co(GT)2 are attributed to
the π–π* transition of the coordinated groups of GT [45]. When the concentration of CT-
DNA increased, hypochromism with a negligible red shift is observed at the maximum. The
intensity of the band is decreased and a slight red shift is observed in the presence of

Figure 6. UV spectra of CT-DNA in buffer solution in the absence or presence of (a) GT ([DNA] =
1.25 × 10−4 M L−1), (b) 1 ([DNA] = 1.35 × 10−4 M L−1), and (c) Co(GT)2 ([DNA] = 3.6 × 10−5 M L−1). The black
arrows show the changes upon increasing the amounts of the compounds; r represents the ratio of complex to
CT-DNA. UV spectra of (d) GT (7.5 × 10−7 M L−1), (e) 1 (3 × 10−6 M L−1), and (f) Co(GT)2 (3 × 10−5 M L−1) in
DMSO solution in the presence of CT-DNA at increasing amounts. The red arrows show the changes upon

increasing the amounts of CT-DNA. Insets are the plots of ½DNA�
ðea�ef Þ vs. [DNA].
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increasing amounts of CT-DNA. This result suggests intercalation of GT, 1, and Co(GT)2
with DNA involving a strong π⋅⋅⋅π stacking interaction between an aromatic chromophore
and the base pairs of DNA [46]. The binding constant Kb can be obtained by the ratio of
slope to the intercept of the y axis in plots of ½DNA�

ðea�ef Þ versus [DNA], according to the
following equation [47]:

½DNA�
ðea � ef Þ ¼

½DNA�
ðeb � ef Þ þ

1

Kbðea � ef Þ

where εa = Aobsd/[(compounds)], εf = extinction coefficient for the free complex, and
εb = extinction coefficient for the complex in the fully bound form.

The obtained Kb value, 9.6 × 104, of 1 is higher than those of GT (3.8 × 104) and Co
(GT)2 (6 × 104), which suggests its strong binding interaction to CT-DNA. This result
indicates that the formation of tris complex [Co(GT)3] and the introduction of POMs can
significantly enhance DNA binding.

4. Conclusion

POM-based 1 has been isolated for the first time, containing unusual [Co(GT)3] subunits.
The possible energy transfer or electron transfer has been confirmed by changes of charac-
teristic peaks in FT-IR and efficient fluorescence quenching. Additionally, interaction of 1
with CT-DNA has been studied by UV spectroscopy and indicates that 1 exhibits higher
binding constant to CT-DNA than its parent GT. The antibacterial activity of 1 shows a
slight decrease in its antibacterial potential as compared with GT. However, 1 can greatly
save the cost, which opens a new way to design POM-induced low-cost antibacterial
inorganic–organic hybrids.

Supplementary material

Crystallographic data have been deposited with the Cambridge Crystallographic Data
Center. The CCDC number of 1 is 855046. Copy of the data can be obtained free of charge
on application to The Director, CCDC, 12 Union Road, Cambridge CB2, 1EZ, UK
(Fax: +44 1223 336033); E-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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