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The syntheses of metal–organic complexes have been
widely explored due to their fascinating architectures and
potential application as functional materials in gas storage,
catalysis, magnetism, photoluminescence, and biological
application.1–3 From the view of coordinated metal center,
most metal–organic complexes are focused on s-, d-, and
even f-block metals, while relatively little attention has
been paid to the p-block Pb(II). In fact, the special elec-
tronic configuration ([Xe]4f145d106s2) of Pb(II), often gifts
Pb(II) complexes unique performance in coordination
chemistry, photochemistry, and biochemistry.4,5 To con-
struct stable Pb(II) complexes, aromatic multidentate
ligands with both soft and hard donor atoms might be a
good choice.6,7 Aromatic acylhydrazones are well-known
polydentate ligands,8 which bear both nitrogen and oxygen
coordination sites, possessing strong capability to bind
metal centers. Meanwhile, the CO NH N CH group
featuring hydrogen-bond donors or acceptors is apt to form
stable supramolecular architectures.9 It is also worth noting
that the acylhydrazone complexes with the special
azomethine group often possess excellent biological and
pharmacological activities, such as antibacterial,10

anticancer,11 and antitumor.12

Recently, our laboratory group has focused on the con-
struction, crystallographic characterization, and antibacterial
activity of metal-hydrazone complexes under ambient condi-
tions.13,14 Because of the strong chelating capability of N/O
donors in acylhydrazone, these complexes are prone to form
0D mononuclear structures or discrete dimer.15 And rare
metal–organic polymers have been reported, especially the
Pb(II)-based ones owing to the elusive and variable coordi-
nation geometries and coordination numbers of 2 ~ 10 for
lead(II) ions.16 Herein, a flexible multidentate ligand, N-
(2-propionic acid)-2-(4-hydroxybenzoyl) hydrazone (H3L),

was designed and synthesized to construct a bifunctional
lead(II)-based coordination polymer [Pb(HL)]n (1), which
has been fully characterized by elemental analysis, IR spec-
troscopy, single-crystal X-ray diffraction and ther-
mogravimetric analysis. The antifungal activity investigation
reveals that 1 gives stronger antifungal ability than that of
the ligand H3L and Pb(II) because of the effective synergy
between the metal and ligand. In addition, the strong blue
fluorescence property and the non-isothermal thermokinetic
analyses of the thermodecomposition of 1 were also investi-
gated in detail.
Structural analysis reveals that 1 crystallizes in the mono-

clinic space group P21/c. The asymmetric unit contains one
crystallographically independent Pb(II) ion and one partly
deprotonated HL2− ligand. As depicted in Figure 1, Pb1 ion
is five-coordinated by one nitrogen atom (N2) and two
oxygen atoms (O2 and O3) from one HL2− ligand and two
carboxylate oxygen atoms (O3A and O4A; symmetry
code: A, x, −y + 3/2, z − 1/2) from another HL2− ligand,
resulting in a distorted trigonal bipyramid geometry
(Figure 2(a)). According to the special holo−/hemisphere
effects of Pb(II) described by Shimoni et al,16 the coordina-
tion sphere of Pb(II) in 1 is classified to be typically
hemidirected configuration, because the Pb-L (L = ligand)
bonds are directed only to a part of the coordination sphere,
leaving a gap in the distribution of bonds to the ligand. The
Pb O bond distances vary from 0.2333 (8) to 0.2512
(8) nm with a mean of 0.2429 (8) nm, while the average
Pb N bond distance is slightly shorter, 0.2395 (9) nm
(Table S2). All of the bond lengths and angles in 1 are
within normal ranges and comparable to those reported
Pb(II)–acylhydrazone compounds.17

In 1, the HL2− ligands adopt a chelating-bridging μ2-
η2:η1 coordination mode (Figure 2(b)), and bridge adjacent

Communication
DOI: 10.1002/bkcs.12127 C. Qiao et al.

BULLETIN OF THE

KOREAN CHEMICAL SOCIETY

Bull. Korean Chem. Soc. 2020, Vol. 41, 1124–1127 © 2020 Korean Chemical Society, Seoul & Wiley-VCH GmbH Wiley Online Library 1124

https://orcid.org/0000-0002-9342-8422
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbkcs.12127&domain=pdf&date_stamp=2020-11-03


Pb(II) centers to 1D infinite zigzag chains with the shortest
intra-chain Pb…Pb separation of 0.5291 (3) nm (Figure 3).
As shown in Figure 4, the hydroxyl oxygen atom O1 and
the carboxylate oxygen atom O4 of the ligand participate in
the formation of strong O H…O H-bonds as donor and
acceptor, respectively (Table S3), which ultimately connect
the neighboring chains to yield a 3D supramolecular
structure.
To study the thermal stability of 1, the thermogravimetric

analysis (TGA) was carried out under N2 atmosphere with
a heating rate of 10 �C min−1 from 30 to 600�C. As shown
in Figure S1, TG curve indicates that 1 remains stable up to
260�C, which could be attributed to the strong inter-
molecular O H…O H-bonds occurring in the framework.18

Then the complex undergoes fast weight loss, which is due
to the thermal decomposition of the organic ligands, yield-
ing an unidentified product (the decomposition process
does not stop before 600�C).
Kissinger’s method and OzawaDoyle’s method are per-

formed using differential scanning calorimetry (DSC) to
investigate the thermoanalysis kinetic parameters such as
the apparent activation energy (E) and the pre-exponential
factor (A) of the thermodecomposition of 1,19,20 which are
universally applied in this field. The Kissinger and Ozawa-
Doyle equations are as following, respectively:

Eβ

RT2
P

=Aexp −
E

RTP

� �
ð1Þ

lgβ +
0:4567E
RTP

=C ð2Þ

where Tp is the peak temperature (�C), R is the gas con-
stant (J�mol−1��C−1), β is the linear heating rate (�C�min−1),
A is the pre-exponential factor (s−1), E is the apparent acti-
vation energy (kJ�mol−1) and C is constant. Herein, the
non-isothermal kinetics analysis is discussed based on the
peak temperatures measured at four different heating rates
of 2, 5, 8, 10 �C�min−1 (Figure S2). In Table 1, obviously,
the exothermic peak, Tp, shifts to higher temperatures with
the heating rate increasing and the linear correlation coeffi-
cients are very close to 1, indicating that the results are
credible. The values of Ea (the average of Ek and Eo) are
193.36 kJ�mol−1. The Arrhenius Equations are expressed as
follows: ln k = 14.547 − 193.36 × 103/RT for 1, which can
be used to figure out the rate constants of the initial thermal
decomposition process of 1.
The fluorescence spectra of 1 and free ligand (H3L) were

examined in the solid state at room temperature. As shown
in Figure 5, an intense emission of the free H3L ligand was
observed in the wavelength range of 430–470 nm
(λmax = 447 nm upon excitation at 380 nm). Complex

Figure 1. Coordination environment of Pb(II) in 1. Symmetry
code: A, x, −y + 3/2, z-1/2.

Figure 2. (a) Coordination polyhedron geometry of Pb(II) in 1.
Symmetry code: A, x, −y + 3/2, z-1/2. (b) Coordination environ-
ment of the ligand in 1.

Figure 3. 1D infinite chain structure in 1.

Figure 4. 3D supramolecular architecture of 1 assembled via
inter-chain O-H…O hydrogen bonds (black dashed lines).
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1 exhibits photoluminescence with an emission maximum
at 434.6 nm upon excitation at 380 nm. It is not difficult to
find that the emission of 1 has similar profile observed in
the free H3L ligand but presents slightly blue-shifted emis-
sion band, suggesting that the emission band of 1 originates
from the π–π* or π–n transitions within the ligand and the
shift may be due to the ligand-to-metal charge transfer
(LMCT).7,18 The emission quantum yields (ΦF) of 1 and
H3L were determined to be 23.4% and 2.6%, respectively.
Compared to the free H3L ligand, the fluorescence intensity
and ΦF of 1 are significantly increased, which may because
the coordination limits the twist of acylhydrazine group and
increases the whole rigidity of the ligand.
Given the good biological and pharmacological activities

of acylhydrazones,10–12 the antibacterial abilities of the
complex 1 and H3L against the fusarium fungi were evalu-
ated. Before tests, the phase purity of the powder micro-
crystalline samples of 1 is confirmed by PXRD
(Figure S5), and the molar conductance value of complex
1 is determined to be 16.5 S cm2 mol−1 in DMF,
suggesting that 1 is nonelectrolyte. According to the anti-
fungal screening data from Table 2 and Table S4, the toxic-
ity of compound 1 is 6.15 times higher than that of H3L, as
well as 2.42 times higher than that of PbCl2, which reveals
that the complex 1 shows remarkable inhibitory effect on
the fusarium fungi. Notably, 1 shows much better inhibi-
tory activity against the tested fungi than those previously
reported acylhydrazone based complex in our group,13

which may be ascribed to the superior activity of the
hemidirected Pb(II) cation in 1.21,22 Moreover, the effect of

the counter ion of the lead salts on the antifungal activity
were also discussed (Table 2). The results of bioassay indi-
cate that the fungicidal activities of the three inorganic lead
salts against the fusarium fungi do not show apparent diver-
sity, which suggests that the bioactivity of 1 depends only on
the synergistic effects of the HL2− ligand and metal ion and
not on the counter anions. The possible mechanism for the
synergistic effect on antifungal activity of 1 can be con-
cluded: the hemidirected Pb(II) cation as the unsaturated
active center is conducive to interact with the active groups
(N or O sites) of the coat protein discs of the fusarium fungi
by coordination activation, while the acylhydrazone ligand
containing rich H-bond donor site (hydroxyl group) and
accepter site (amide group) can further inhibit fusarium fungi
activities by direct binding the coat protein discs through
hydrogen bonds, ultimately leading to the disassembly of the
coat protein discs into monomers and an almost complete loss
of pathogenicity.23 Since the synthesized complex could be
taken for the molecular-level mixtures ofHL2− and inorganic
lead salts, the synergy ratio (SR) was employed to evaluate
the extent of the interactions between HL2− and Pb(II) that
was tested against the fusarium fungi according to the
Wadley approach.24 Apparently, the obtained SR value of
3.48 (> 1.5) reveals that the interaction level was synergistic.
In summary, a bifunctional Pb(II)-based coordination poly-

mer [Pb(HL)]n (1) was constructed by the multidentate
acylhydrazone ligand, N-(2-propionic acid)-2-(4-
hydroxybenzoyl) hydrazone (H3L) and fully characterized.
Structural analysis indicates that 1 featrues a 3D supramolecu-
lar framework generated by strong intermolecular O H…O
H-bonds bridging 1D infinite zigzag chains. The polymer
1 exhibits good thermostability (> 260�C) and strong blue
fluorescence. The non-isothermal kinetic parameters of the
exothermic thermodecomposition process for 1 were investi-
gated based on the Kissinger’s and Ozawa-Doyle’s methods,
and the value of the apparent activation energy was calculated
to be 193.36 kJ mol−1. Furthermore, 1 shows noticeable
inhibitory effect on the fusarium fungi because of the syner-
gistic action of the hemidirected Pb(II) cation and the
acylhydrazone ligand, and its toxicity is 6.15 times higher than
that of H3L, as well as 2.42 times higher than that of PbCl2.

Experimental

Preparation of H3L. Five drops of acetic acid were added
to a mixture of 4-hydroxybenzoic acid hydrazide (1.52 g,
10 mmol) and 2 mL pyruvic acid (2.45 g, 27.88 mmol) in a

Table 1. Peak temperatures and the thermoanalysis kinetic parameters of the exothermic decomposition reaction of 1.

β (�C�min−1) Tp (�C) lg(Ak/s
−1) Rk Ro Ek (kJ�mol−1) Eo (kJ�mol−1) Ea (kJ�mol−1)

2 315.2 14.547 0.9911 0.9919 193.36 193.35 193.36
5 325.6
8 334.3
10 338.8

Figure 5. Solid-state emission spectra of H3L (blue line) and
complex 1 (red line) at room temperature.
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dry EtOH solution (30 mL). The mixture was heated at
75�C over 6 h and a white precipitate was isolated by filtra-
tion, recrystallized from alcohol and washed by ether, dried
under vacuum. Yield: 71%. Anal. Calcd. (%) for
C10H10N2O4: C, 54.05; H, 4.54; N, 12.61. Found: C,
54.18; H, 4.26; N, 12.91. 1H NMR (400 MHz, DMSO‑d6),
δ (ppm): 12.88 (brs, 1H), 11.29 (s, 1H), 7.80 (d,
J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 3.81 (s, 1H),
2.14 (s, 3H). IR(KBr, cm−1): 3437(m), 3254(m), 3193(w),
2994(w), 2804(w), 2672(w), 1686(s), 1655(s), 1620(s),
1598(s), 1534(s), 1505(s), 1491(m), 1384(m), 1348(s),
1283(s), 1256(m), 1224(s), 1125(m), 998(m), 854(m), 821
(s), 754(m), 589(m).
Preparation of [Pb(HL)]n. A mixture of 5 mL of CH3OH/
DMF (v:v = 1:1) was layered carefully on an aqueous solu-
tion of Pb(NO3)2 (33.1 mg, 0.1 mmol) (5 mL). Then, a
5 mL of H3L (22.2 mg, 0.1 mmol) methanol solution was
further layered above on the mixed solutions. The container
was sealed up and kept in dark place for a few days. Color-
less block crystals were ultimately obtained with a yield of
42% (based on Pb2+) (Figure S6). Anal. Calcd. (%) for
1 (C10H8N2O4Pb): C, 28.10; H, 1.89; N, 6.55. Found: C,
28.56; H, 2.65; N, 6.63%. IR(KBr, cm−1): 3212(m), 2813
(w), 2708(w), 2686(m), 1694(s), 1634(s), 1599(s), 1501(s),
1482(m), 1386(m), 1348(s), 1294(s), 1240(m), 1209(s),
1010(m), 914(m), 841(w), 787(w), 760(m), 706(w), 680(w),
654(w), 595(m), 533(w). The white powder microcrystalline
samples of 1 were obtained with a yield of 78% by direct
mixing 20 mL of H3L methanol solution (0.05 M) and
20 mL of Pb(NO3)2 aqueous solution (0.05 M) over 1 h.
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