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Complex [Zn(4-[(8-hydroxy-5-quinolinyl)azo]-benzenesulfonic acid)(H,O),] (1) was suc-
cessfully synthesized by solvothermal synthesis by H,L (H,L=4-[(8-hydroxy-5-quino-
linyl)azo]-benzenesulfonic acid) and Zn(II) ion. Complex lexhibits a zero-dimensional (0D)
structure, which is connected into three-dimensional (8D) supramolecular network by
hydrogen bonding and m--n stacking interaction. In addition, the antibacterial property of
complex 1 was tested. The antibacterial property of Gram-negative bacteria is slightly
better than that of Gram-positive bacteria in complex 1.

Keywords: hydrogen bonding, supramolecular structure, antibacterial property, m--n
stacking interaction.

Crpykrypa Ta antuGakrepiansHi BaacTuBocTi KooOpauHANiIiHOrO moJimepy
[Zn(4-[(8-rigporcu-5-xinoainim)asol-6enszoncyandonosarucaora) (H,0),]. Yanan Luo,
Pengfei Wang, Kangming Liu, Zhengyu Yang, Mujia Song, Xueling Cao

Kommnerxc [Zn(4-[(8-rixmpoxcu-5-ximominim)aso]-6ensoncynnhonosarucmora)(H,O),] (1)
O6yB yCHIIIHO CHHTe30BaHMWIl combBoTepMiunuM cuHTesoM 3 H,L (H,L=4-[(8-rizpoxcu-5)-
xinoninin)aszo]-6ensoncynabdonoBarucaora) ta iomy Zn(Il). Komnmexe 1 memoHCTpye HYJIb-
BuMipry (0D) cTpyKTYypy, AKa HmoBigsaHa B TpuBuUMipHy (3D) cynpaMoseRyIapHY MEPeXy 3a
[IOIIOMOT'OI) BOJHEBOI'O 3BisisKy Ta Bsaemogil T-T crexiury. Kpim Toro, 6ysno mepeipeno
aHTHOaKTepianbHy BJACTUBicThL KoMIeKey 1. AHTuGaKTepianbHI BIACTHMBOCTI IpaMHeraTHUB-
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HuxX OakTepifl memo kpairi, HiXK y IpaMIoO3UTUBHUX OaxkTepili y xommiekei 1.

1. Introduction

At the end of the 20th century, multi-
functional materials represented by d10
metal coordination polymers have attracted
extensive attention due to their novel struc-
tures and potential applications in the fields
of separation, fluorescence, catalysis and
antimicrobial applications [1-4]. Selecting
appropriate metal center ions and organic
ligands is a key step and an important fac-
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tor in the construction of complex materials
with excellent properties [5]. Recent studies
have shown that d1© metal (such as Ag, Cu
and Zn) and nitrogen ligands not only im-
prove the stability of the ligand itself, but
also make d10 metal complexes have good
antibacterial properties and diverse struc-
tures, thus enriching the applications of d1°
metal complexes in various fields [6—8].The
research on organic ligands started very
early. Quinoline ligand, as a typical chelat-
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ing ligand, has attracted more and more
attention, and its strong coordination abil-
ity has aroused great interest of re-
searchers. Through continuous exploration
and research, it was found that the com-
plexes formed by Quinoline ligands are not
only stable in structure, but also rich in
hydrogen bonds. Hydrogen bonds can con-
nect the complexes to form a supramolecu-
lar network structure with higher dimen-
sional space [9, 10]. In addition, recently, it
has been found that ligands containing sul-
fonic acid groups can not only be used as
bridging ligands, but also form rich hydro-
gen bonds through three oxygen atoms, so
the formed complexes have rich and diverse
spatial structures [11]. Considering the
above factors, d10 metal will react with li-
gands containing 8-hydroxyquinoline and
sulfonic acid groups at the same time, and
materials with rich structure and good an-
tibacterial properties will be prepared
through the self-assembly process. Compared
with some existing antibacterial materials,
the crystal materials of d10 metal complexes
have the advantages of low toxicity, effec-
tiveness and long-term efficacy [12-13].

In this paper, the complex[Zn(L2")(H,0)4] (1)
was successfully synthesized with 4-[(8-hy-
droxy-5-quinoline)azo]-benzenesulfonic acid
as the ligand. The crystal structure of com-
plex 1 was determined by single crystal X-
ray diffraction. Then, the complex 1 was
characterized (such as elemental analysis,
thermogravimetric analysis and powder X-
ray diffraction). Finally, a coordination
polymer with excellent potential in antibac-
terial activities was successfully synthe-
sized, and the antibacterial property of com-
plex 1 was investigated by using the bacte-
riostatic method and growth curve method.

2. Experimental

Synthesis of ligand HoL. HoL, 4-[(8-hy-
droxy-5-quinolinyl)azo]-benzenesulfonic
acid, was prepared according to the litera-
ture method [14].

Synthesis of [Zn(L?>7)(H,0)4] (1). A mix-
ture of ZnNO3; (30 mg 0.158 mmol), HoL
(5 mg), 4,4’ -bipyridine (5 mg), H,O (2 mL),
ethanol (10 mL) and dimethylamine
(0.025 mL) was dissolved. Stir for 60 min
at room temperature. The suspension was
put into a Teflon-lined autoclave and kept
under autogenous pressure at 130°C for
3 days. After slow cooling to room tempera-
ture, red flaky crystals were filtered and
washed with ethanol and dried in the air, in
about 839 % vyield (based on Zn). Anal. caled.
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Fig. 1. The coordination environments of Zn1

in complex 1 (All hydrogen atoms are omitted
for clarity).

for C15H17ZnN3OSS (464.75 g/mol): C
38.76; H 8.69; N 9.06 % ; found: C 38.81; H
3.61; N 9.01 %.

Structure determination. Complex 1 was
stable under ambient conditions and single
crystals were glued on thin glass fibers.
Diffraction intensities were collected on
Bruker Apex II CCD area-detector diffrac-
tometer (Mo Ko, 0.071073 nm). An empiri-
cal absorption correction was applied to the
date using the SADABS program. The struc-
ture was solved by the direct method
(SHELXS-97) and refined by full matrix
least squares [15]. All non-hydrogen atoms
were refined anisotropically. All hydrogen
atoms were located geometrically by the
program OLEX-2 [16]. The final formula
was derived from crystallographic data com-
bined with elemental and thermogravimetric
analyses data. CCDC-980812 contains the
supplementary crystallographic data for
this paper.

Testing of Antibacterial property. Solu-
tion preparation for antibacterial experi-
ment: The organic ligand (H,L) solution
with the concentration of 5 mg/mL was pre-
pared by ultrasonic stirring of 50 mgor-
ganic ligand in 10 mL distilled water.
About 50 mg of complex 1 was stirred in
5 mL of distilled water by ultrasonically
agitation to prepare a complex 1 solu-
tion with a concentration of 10 mg/mL
(Solution 1). 2.5 mL of solution 1 was
taken into 2.5 mL distilled water and ultra-
sonically stirred into a complex solution of
5 mg/mL (solution 2). Then 1.5 mL of solu-
tion 2 was taken into 1.5 mL distilled water
and ultrasonically stirred into a complex so-
lution of 2.5 mg/mL (solution 38). Filter
paper treatment: Filter paper with a diame-
ter of about 6 mm were placed into sterile
distilled water, HoL solution, solution 1, so-
lution 2 and solution 3 respectively for ul-
trasound treatment. After soaking for 1 h,
they were taken out and placed in a clean
petri dish. Then they were placed on the
aseptic operating table, irradiated for ster-
ilization by ultraviolet lamp. Disc diffusion
method was used to determine the inhibi-
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Table 1. Complex 1 of crystal data collections and structure refinements

Complex 1
Formula C,eH7ZnN,O,S Fw 464.75
Crystal system Orthorhombic V, nm?® 3.6089(12)
Temperature, K 296(2) Space group Pcan
o, ° 90.00 Poates Mgm 3 1.711
B, ° 90.00 U, mmL 1.528
Y, °© 90.00 Reflections collected 3218
a, nm 0.7343(15) Z 8
b, nm 1.5181(3) F(000) 1904
¢, nm 3.2875(6) 0 range, ° 1.26?25.10
Final R%? indices [I>20(I)] R, =0.0668 R indices (all data) R, =0.1521
wR, = 0.1398
Independent reflections (R;,,) 1618 (0.1769) GOF 1.019
Table 2. Selected bond lengths (nm) and angles (°) for complex 1
Complex 1
Zn1-O1W 0.2061(5) Zn1-02W 0.2139(5)
Zn1-0O3W 0.2096(5) Zn1-04W 0.2102(5)
Zn1-04 0.2082(5) Zn1-N3 0.2134(6)
O1W-Zn1-04 93.6(2) O1W-Zn1-O3W 87.9(2)
04-Zn1-03W 171.6(2) O1W-Zn1-04W 168.8(2)
04-Zn1-04W 91.1(2) O3W-Zn1-04W 88.9(2)

tion zones in the growth of bacterial spe-
cies. Escherichia coli (ATCC25922) and
Staphylococcus aureus (ATCC6538) were se-
lected and inoculated into sterile nutrient
agar. After the nutrient agar medium was
cooled and shaped, filter papers of the blank
water sample, HoL ligand, solution 1, solu-
tion 2 and solution 3 were placed in a fixed
position. The culture was conducted in an
incubator with a constant temperature of
37°C for 2—-3 days and observed every 6 h.
Gram growth curve experiment: complex 1
of different weights was dissolved in the
sterilized liquid medium, sealed and stirred
by ultrasound. Medium solutions containing
complex 1 at concentrations of 0, 12.5, 25,
50, 100, 200 and 400 ug/mL were placed in
a sterile platform for UV irradiation for
sterilization. A certain amount of Es-
cherichia coli culture was inoculated into
the liquid medium with the same volume
and different concentrations of complex 1,
and placed in an incubator of 37°C for
shock culture. At 0, 3, 6, 9, 12, 16, 18, 21
and 24 h, the absorbance of the above solu-
tion (including the same volume of Es-
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cherichia coli and different concentrations
of complex 1) at fixed wavelength of 600 nm
(according to the literature) was measured by
an UV-Vis spectrophotometer [17].

3. Results and discussion

[Zn(L2‘)(H20)4] (1) was synthesized by
traditional solvothermal method with
ZnNO53 and HoL. Single-crystal X-ray dif-
fraction analysis reveals that complex 1
crystallizes in the Orthorhombic system,
space group Pcan, which exhibits a 0D
structure (Table 1). In addition, the asym-
metric structural unit of complex 1 contains
a Zn(ll) ion, an L2~ ligand and four coordi-
nated H,O molecules (Fig. 1C).

Zn(ll) ion is six coordinated by fiveoxy-
genatoms and a nitrogen atom. Among
them, Zn1 is coordinated by O1W, O2W,
O3W, O4W from four different H,O mole-
cules respectively, and N3, O4 from a single
L2~ ligand molecule, forming a slightly
twisted octahedral structure. In complex 1,
the L2~ ligand adopted chelation coordina-
tion mode. In addition, the bond symbol i
range of Znl is [82.0(2)°-171.6(2)°]. The
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Table 3. Hydrogen bond distances [nm] and angles [°] in complex 1

D-H d(D-H) d(H-A) DDHA d(D-A) A
O1TW-H1WB 0.085 0.198 144 0.2710(7) 04!
O4W-H4WB 0.087 0.195 145 0.2710(7) 04t
O4W-HAWA 0.087 0.195 135 0.2644(8) 02t
O3W-H3WB 0.085 0.238 122 0.2929(8) o1V
O2W-H2WA 0.085 0.227 163 0.3088(8) 03WY
O2W-H2WB 0.085 0.196 149 0.2728(8) 03V

Symmetry codes for complex 1: i, -0.5 + x, 0.5 — y, z; ii, 0.5 + x, 0.5 — y, z; iii, 1.5 — x, -0.5 + y,
1-2iv, 05 —x, 05+y, 1-2z v, x, -y, 0.5—-2; vi, 1 —x, y, 0.5+ z
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Fig. 2. (a) 1D chain structure; (b) 2D layer structure; (c) 8D supramolecular structure via hydrogen
bonds interactions of complex 1 (symmetry codes: i, —0.5 + x, 0.5 — y, z; ii, 0.5 + x, 0.5 — y, z; iii,
1.5-x, 05+y, 1 -2 iv, 0.5-x%x, 05+y, 1 -2z v, x, —y, 0.5 —2; vi, 1 —x, y, 0.5+ 2. All

hydrogen atoms are omitted for clarity.

distances of Zn—-O/N [0.2061(5)—0.2139(5) nm]
are comparable with those found in other re-
lated Zn(ll) complexes (Table 2).

In the crystal building, the 0D structure is
connected into a three-dimensional supra-
molecular network structure by hydrogen bond-
ing (Table 3). Along the a axis, O1W and O4W
atoms in different H,O molecules are con-
nected with O4 and O4ll on the adjacent
8-hydroxyquinoline[d(O1WO4) = 0.2710(7)
nm, Z O1W-H1WBO4 = 144°; d(O4WO4i) =
0.2710(7) nm, £ O4W-H4WBO4 = 145°],

240

forming a one-dimensional (1D) chain struc-
ture (Fig. 2a). In addition, along the b axis
O4W and O3W atoms from H,O molecules
are connected with 02l and O1V on sulfonic
acid groups in adjacent chains [d(O4WO2il)
= 0.2644(8) nm, £ O4W-H4WAO2ii = 135°;
d(O3WO1Vv) = 0.2929(8) nm, ~« O3W-
H3WBO1V = 122°], forming a two-dimen-
sional (2D) layered structure (Fig. 2b). Fi-
nally, as a hydrogen bond donor, O2W atom
is connected with O3W'Y and O3Vl in the
two adjacent layers to form a 3D network

Functional materials, 29, 2, 2022
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Fig. 3. 2D layer structure via m--m interac-
tions of complex 1 (symmetry codes: i, —0.5
+x, 05—y, z ii, 0.5 +x, 0.5 -y, z. Al
hydrogen atoms are omitted for clarity.

structure  [d(O2WO3IWY) = 0.3088(8) nm,
Z O2W-H2WAO3W' = 163°; d(02WO3V)) =
0.2728(8) nm, <« O2W-H2WBO3Vi = 149°]
(Fig. 2¢). In the crystal building, due to the
H,L ligand containing 8-hydroxyquinoline
and benzene rings, there are abundant n—n
stacking interaction (Fig. 3). The range of
center distance between 8-hydroxyquinoline
and benzene rings was calculated by Platon
program as [3.677(4)—-5.852(5) A], and com-
plex 1 was connected to form 2D supra-
molecular layered structure (Table 4). Non-
covalent bonding forces such as hydrogen
bonding and 7w--n stacking interaction play
an important role in building and stabiliz-

a ——experiment
b — simulation

| a
Lw L—-’\‘- WJ “L—)'Mjk’wwm
e
5 10 20

intensity (a.u.)

=3

25 30 35 40
20 (degree)

15
Fig. 4. The experimental (a) and simulative

(b) powder X-ray diffraction patterns for
complex 1.

ing the supramolecular grid structure of
complex 1.

In order to confirm the structural homo-
geneity of the bulk power materials, Power
X-ray diffraction (PXRD) experiment has
been carried out. The PXRD experimental
and computer-simulated patterns are in
good agreement with each other (Fig. 4), in-
dicating phase purity of complex 1.

In order to further determine the ther-
mal stability of complex 1, thermogravimet-
ric analyzer has been determined. The ex-
perimental results show that the weight loss
from 120 to 158°C is consistent with the
removal of four coordinated H,O molecules
(exp. 15.49 %, cal. 15.45 %). The total
weight loss of 66.98 % from 220°C to
340°C can be attributed to the release of a

Table 4. Selected n—r interactions geometry for complex 1

Complex 1

Cg(l) = Cg(J) Cg—Cg, o, ° Y, ° Cgl_Perp, CgJ_Perp,
Cg2 — Cg2! 5.852(5) 16 43.52 59.60 2.961(3) —4.244(3)
Cg2 — Cg2i 5.852(5) 16 59.60 43.52 —4.244(3) 2.961(3)
Cg2 — Cg3 4.029(5) 13.8(4) 25.95 39.47 3.110(3) -3.623(3)
Cg2 — Cg3i 4.519(5) 13.8(4) 37.54 24.30 -4.118(3) 3.583(3)
Cg3 — Cg3 3.677(4) 11 12.11 8.82 3.633(3) —3.595(3)
Cg3 — Cg3i 3.677(4) 11 8.82 12.11 —3.595(3) 3.633(3)
Cg4 — Cgd4i 4.760(5) 61 11.64 70.66 -1.577(4) 4.663(4)

Cg(l) = Plane number I (= ring number in () above) (Cg2=N3 - C1 >C2 > C3 — C4 - C5; Cg3 =
C4->5C5 -C6—-5C7—>5C8>C9;Cg4=C10—>C11 - C12 > C13 — C14 — C15) (Symmetry codes
for complex 1: i, -0.5 + x, 0.5 — y, z; ii, 0.5 + x, 0.5 —y, 2).

Cg—-Cg = Distance between ring Centroids (Ang.)

Alpha = Dihedral Angle between Planes I and J (Deg)
Beta = Angle Cg(l) —» Cg(J) or Cg(l) - Me vector and normal to plane I (Deg)
Gamma = Angle Cg(l) —» Cg(J) vector and normal to plane J (Deg) Cgl_Perp = Perpendicular distance

of Cg(l) on ring J (Ang.)

Cgd_Perp = Perpendicular distance of Cg(J) on ring I (Ang.)

Functional materials, 29, 2, 2022
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Fig. 5. TGA curve of complex 1.

L2- ligand (cal. 67.03 %). According to
weight loss analysis, the final product may be
ZnO? (exp. 17.48 %, cal. 17.52 %) (Fig. 5).

As shown in Fig. 6a and b, the antibacte-
rial activities of complex 1 were studied
against Gram-negative Escherichia coli (E.
coli) and Gram-positive Staphylococcus
aureus (S. aureus). The results showed that
filter paper with blank H,L ligand and low
concentration of complex lhad no antibacte-
rial activity against E. coli and S. aureus in
Petri dishes. Subsequently, with the in-
creasing concentration of complex 1, the
high concentration of complex 1 showed
relatively excellent antibacterial activity
against both E. coli and S. aureus. In addi-
tion, in Fig. 6a and b, it can be seen that
complex 1 has stronger inhibitory effect
and better antibacterial performance on E.
coli compared with S. aureus. By comparing
the antibacterial activities of H,L ligand
and complex 1 of different concentrations,
it was indicated that the ligand itself did
not have antibacterial activities, and the in-
hibition zone of the complex 1 with the con-
centration of 5 mg/mL was larger than
other concentrations. The results indicated
that complex 1 had a good antibacterial ac-
tivity, which was mainly due to the slow
release of the complex 1 to Zn2*.

In order to further study and verify the
antibacterial activities, the effect of com-
plex 1 on the growth of E. coli was tested.
The results showed that the growth curve of
E. coli treated with 12.5, 25 and 50 ug/mL
complex 1 was almost the same as that
treated with 0 pg/mL complex 1, showing
typical growth curve (Fig. 7). Therefore, it
was shown that complex 1 had no inhibitory
effect on E. coli at low mass concentration.
0OD600 of E. coli treated with 100, 200 and
400 pg/mL of complex 1 showed no obvious
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Fig. 6. (a) Optical photograph of complex 1
for negative E. coli; (b) Optical photograph of
complex 1 for positive S. aureus.

0.8 g— 0 ug/mL
—8— 12.5 ug/mL
—d— 25 ug/mL
=¥= 50 ug/mL
—&— 100 ug/mL
—<¢— 200 ug/mL
—»— 400 ug/mL
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Fig. 7. Growth curves of E.coli in different
concentrations of complex 1.

change at about 6-9 h compared with
OD600 atinitial stage, indicating that com-
plex 1 had inhibitory effect on the growth
of E. coli. However, with the extension of
time, the growth trend of E. coli treated
with 100 pg/mL complex 1 tended to the
typical E. coli growth curve, which indi-
cated that the delay period of E. coli was
prolonged relative to the low concentration.
After 24 h culture, the highest OD600 of E.
coli treated with 100 pg/mL complex 1 was
close to the control group at 0 pug/mL. That
is, when E. coli reached a certain level,
complex 1 with a mass concentrationless
than 100 pg/mL could no longer inhibit the
growth of E. coli. Only complex 1 with a
mass concentration 200 ug/mL could com-
pletely inhibit the proliferation and growth of
E. coli in the culture medium within 24 h.
The antibacterial activities of complex 1
mainly depend on the release of Zn2*,
Through the continuous release of ZnZ*, the
original chemical balance between Zn2* and
ligand and the ion channel of metal ion
transport is destroyed, and the integrity of
cell membrane is finally destroyed, thus

Functional materials, 29, 2, 2022
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achieving the purpose of antibacterial.
Through the study of the antibacterial prop-
erties of complex 1, it was found that com-
plex 1, as the storage of metal ions, could
continuously release Zn?* with the collapse
of complex structure, which was the main
reason forthe continuous antibacterial ef-
fect of complex 1 material. Complex 1 is an
insoluble solid material, which may be a
good solid antibacterial agent.

4. Conclusion

In this paper, a Zn(ll)-based coordination
polymer [Zn(L2‘)(H20)4] with OD structure
was successfully synthesizedby solvothermal
synthesisusing H,L ligand and Zn(ll) ion.
The 0D structure is connected into a 3D
supramolecular network structure by hydro-
gen bonding and w1 stacking interaction.
Complex 1 showed good antibacterial prop-
erties in the inhibitory region of Gram-
negative E. coli. And complex 1 with a mass
concentration of more than 200 pg/mL
could completely inhibit the proliferation
and growth of E. coli in the culture medium
within 24 h. It also indicated that the crys-
tal material of the complex 1 had a good
application potential in the field of biology.
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