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By using 4-[(8-hydroxy-5-quinolinyl) azo]-benzoic acid (H,L) ligand, a new inorganic-or-
ganic hybrids, formulated as [Cu(HL™),]-2DMA (1) (DMA = N,N-Dimethylacetamide), has
been synthesized successfully under conventional solvothermal conditions. Complex 1 ex-
hibits a zero-dimensional (0D) structure, which is linked into a one-dimensional (1D)
supramolecular network by n—mn stacking interaction. In addition, the antibacterial prop-
erty of complex 1 was tested. The antibacterial property of complex 1 in relation to
Gram-positive bacteria is slightly better than in relation to Gram-negative bacteria in
complex 1.

Keywords: solvothermal conditions, supramolecular network, antibacterial property,
-1 stacking interaction.

Hoeuit kommaexc Cu(ll), nmoGymoBanuit 3 4-[(8-rinporcu-5-xinoainin)azo]-Genzoitnoi
KHCJIOTH: CHHTE3, KPHCTAJIIYHA CIPYKTypa Ta aHTHOAKTepiansHi Biaacrtusocti. Yanan Luo,
Hongxu Bai, Hongri Fan, Liying Yu, Heyun Zhu, Jiamu Song, Jiao Guan

3 BuKopucraEHAM Jirangy 4-[(8-rizpoxcu-5-ximoninim)aso]-6ernsoitnoi xkucmoru (H,L) 6ys
YCHIITHO CHUHTe30BAHUII HOBUII HeopraHiuwo-opramiunuii ribpuzp, chopMyIbOBaHUI HAK
[Cu(HL™),]-2DMA (1) (DMA = N,N-gumeTuIalieTaMis) B 3BUYANHUX COJILBOTEPMIUHUX yMO-
Bax. Komnnexe 1 mae nyabBumipny (0D) crpyrTypy, fiKa moB’sizana 3 ogHoMBuMipHOio (1D)
CYIPaMoOJIEeKYJIAPHOI CiTKOI uepes NM—T crekinr-ssaemoxiio. Kpim Toro, 6ysno mepeBipeno
anTmbaKTepianbuy BiacTuBicTh Kommiuexcy 1. Aurubarrepianbui BractuBocTi Kommiexcy 1
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IeIlo Kpalli IpPoTH IPAMIO3UTHUBHUX OarTepili, HiYK IPOTH IpaMHeraTUBHUX OaKTepii.

1. Introduction

In recent years, with the continuous re-
search on metal organic framework materi-
als, more and more functional properties
have been discovered [1-8]. Studies have
appeared on the use of organometallic scaf-
fold materials in solid antibacterial agents
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[4]. Among them, the mechanism that may
produce antibacterial effects has also at-
tracted wide attention [5]. After extensive
research, it has been found that the main
mechanisms of action of metal organic
framework materials in antibacterial as-
pects can be summarized into the following
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three situations [6—8]. The first is the
structural degradation of metal organic
frameworks. The second is the slow release
of metal center ions in metal organic frame-
work materials. The third is the reaction
between metal organic framework materials
and surface-active antibacterial metals.
These are all the main reasons that may
cause antibacterial activity. Among the re-
ported metal organic framework materials,
silver, zinc, copper, cobalt and nickel ions
are common metal central ions with antibac-
terial functions [9, 10]. These antibacterial
crystal materials have been tested for an-
tibacterial activity in both Gram-negative
Escherichia coli (E. coli) and Gram-positive
Staphylococcus aureus (S. aureus) [11]. In
2017, Jimmy Restrepo et al. synthesized a
three-dimensional porous zinc-based metal
organic framework crystal material using
hydrazine benzoic acid as an organic ligand.
The crystalline material has a certain an-
tibacterial effect on gram-positive S.
aureus, which inhibits bacterial growth and
metabolic activity. The maximum effective
inhibitory concentration is about 20 mg/L.
The results showed that the antibacterial
mechanism was associated with the release
of the organic ligand hydrazine benzoic acid
in the crystalline material, which destroyed
the cells of S. aureus and resulted in an
antibacterial effect [12]. Among them, the
release of zinc ions also plays a certain an-
tibacterial role, but the effect is weaker
than that of organic ligands. In order to
further understanding the antimicrobial
mechanism of metal organic framework
crystal materials, many studies are still on-
going [13].

In this paper, the complex [Cu(HL~
)2]12DMA (1) was successfully synthesized
with 4-[(8-hydroxy-5-quinoline) azo]-benzoic
acid. Complex 1 was determined by single-
crystal X-ray diffraction, elemental analy-
sis, thermogravimetric analysis and powder
X-ray diffraction. Finally, the antibacterial
property of complex 1 was investigated by
using the bacteriostatic method and the
growth curve method.

2. Experimental

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

Synthesis of [Cu(HL™),]-2DMA (1). Com-
plex 1 was synthesized by Cu(NO3z), and HoL
under conventional solvothermal conditions.
A mixture of HoL (5 mg, 0.017 mmol),
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Cu(NOz), (30 mg, 0.16 mmol), DMA
(12 mL) was dissolved at room temperature
for 1 h until a clear red solution formed.
The pH value of the above mixture was ad-
justed to pH = 6.5 with 2 mol/L HCI. The
mixture was kept stirring for 1 h at room
temperature, finally put into a Teflon-lined
autoclave and kept under autogenous pres-
sure at 130°C for 72 h. After slow cooling
to room temperature, red rod crystals were
filtered and washed with MDA and dried.
For C40H38CUN808 (MI’ = 82232) C 5842,
H 4.66; N 13.63; found: C 58.38; H 4.74; N
13.58.

Structure determination. Complex 1 was
stable under ambient conditions and single
crystals were glued on thin glass fibers.
Diffraction intensities were measured with
a Bruker Apex II CCD area-detector diffrac-
tometer (Mo Ko, 0.071073 nm). An empiri-
cal absorption correction was applied to the
data using the SADABS program. The
structure was solved by the direct method
(SHELXS-97) and refined by full matrix
least squares [15]. The distribution of all
non-hydrogen atoms was refined as anisot-
ropic. All hydrogen atoms were located geo-
metrically by the program OLEX-2 [16]. The
final formula was derived from crystal-
lographic data combined with elemental and
thermogravimetric analyses data. CCDC-
2268162 contains the supplementary crys-
tallographic data for this paper.

Testing of antibacterial property. The fol-
lowing solution was prepared for antibacte-
rial experiments. The organic ligand (H-L)
solution with the concentration of 5 mg/mL
was prepared by ultrasonic stirring of
50 mg organic ligand in 10 mL distilled
water. About 50 mg of complex 1 was
stirred in 5 mL of distilled water by ultra-
sonic agitation to prepare a complex 1 solu-
tion with a concentration of 10 mg/mL (so-
lution 1). 2.5 mL of solution 1 was taken
into 2.5 mL distilled water and ultrasoni-
cally stirred into a complex solution of
5 mg/mL (solution 2). Then 1.5 mL of solu-
tion 2 was mixed into 1.5 mL distilled
water and ultrasonically stirred into a com-
plex solution of 2.5 mg/mL (solution 3).
For wultrasound treatment, filter paper
sheets with a diameter of about 6 mm were
placed into sterile distilled water, H,oL solu-
tion, solution 1, solution 2 and solution 3
respectively. 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 and irradiated by ultraviolet
lamp for sterilization. The disc diffusion
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Fig. 1. Coordination environments of Cu1 in complex 1 (symmetry code: i, —x

(a)

° Aa

(b) .
—S%
AN

et

3. 642(2)A\

3. 664(2)A \ 3.694(2)A

, —Y, 1-2).

p 3\;1 _ }—\_f‘*}ﬁj&/\fﬁ v }'{

A",‘L——‘d’o

/x‘—x—s—\" -l

3.728(2)A

w——ﬁﬁ?‘"’\ =i

Fig. 2. (a) Complex 1 is linked with an adjacent DMA molecule via hydrogen bonds interactions; (b)

1D chain structure via n—n interactions of complex 1 (symmetry code: ii, 3jx,

atoms are omitted for clarity.

method was used to determine the inhibi-
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,
solution 2 and solution 3 were placed in a
fixed position. Seeding was carried out 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 dis-
solved in the sterilized liquid medium,
sealed and stirred by ultrasound. Medium
solutions containing complex 1 at concen-
trations of 0, 6.5, 12.5, 25, 50, 100, 200
and 400 pg/mL were placed in a sterile
platform for UV irradiation for steriliza-
tion. A certain amount of Staphylococcus
aureus culture was inoculated into the lig-
uid medium with the same volume and dif-
ferent concentrations of complex 1, and
placed in an incubator of 37°C. After 0, 3,
6, 9, 12, 16, 18, 21 and 24 h, the absor-
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-y, —z. All hydrogen

bance of the above solution (including the
same volume of Staphylococcus aureus and
different concentrations of complex 1) was
measured by an UV-Vis spectrophotometer
at fixed wavelength of 600 nm (according
to the literature) [17].

3. Results and discussion

[Cu(HL™),]-2DMA (1) was synthesized by
the traditional solvothermal method with
Cu(NO3), and H,L. Single-crystal X-ray dif-
fraction analysis reveals that complex 1
crystallizes in the triclinic crystal system,
space group P-1, which exhibits a 0D struc-
ture (Table 1). In addition, an asymmetric
structural unit of complex 1 contains a
Cu(ll) ion, an L~ ligand and two crystallization
DMA molecules (Fig. 1).

Cu(ll) ion is four coordinated by two oxy-
gen atoms and two nitrogen atoms. Among
them, Cul is coordinated by O1, O1', N1
and N1' from two different H,L molecules,
respectively, forming a quadrilateral struc-
ture. In complex 1, the L~ ligand adopted
chelation coordination mode. In addition,
the bond angle range of Cul is [84.88(8)°—

Functional materials, 30, 3, 2023
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Table 1. Complex 1 of crystal data collections and structure refinements

Complex 1
Formula C4gH23CUNgOg Fw 822.32
Crystal system triclinic V/nm? 0.9456(8)
Temperature, K 293(2) Space group P-1
a, ° 85.86(2) Pt Mgm 3 1.444
B, ° 80.90(2) u, mm™! 0.643
Y, ° 68.44(2) Reflections collected 4814
a, nm 0.7388(3) Z 1
b, nm 0.7773(4) F(000) 427
¢, nm 1.7936(8) 0 range (°) 1.150-28.668
Final R%? indices [I > 2o(I)] R; = 0.0509 R indices (all data) R, =0.0784
wR, = 0.1275 wR, = 0.1445
Independent reflections (R;,,) 3425(0.0279) GOF 0.996
Table 2. Selected bond lengths (nm) and angles (°) for complex 1
Complex 1
Cu1-01 0.1932(2) Cu1-01¢ 0.1932(2)
Cu1-N1i 0.1967(2) Cu1-N1 0.1967(2)
01-Cu1-01f 180.0 O1-Cu1-N1it 95.12(8)
O1i—-Cu1-N1it 84.88(8) O1i—-Cu1-N1¢ 95.12(8)
O1-Cu1-N1 84.88(8) N1-Cu1-N1# 180.0
symmetry code for complex 1: i, —x, —y, 1-z
Table 3. Hydrogen bond distances [nm] and angles [°] in complex 1
D-H d(D-H) d(H*"*A) ?DHA d(D-A) A
O1-H1 0.082 0.180 170 0.2710(7) 041t

Symmetry code for complex 1: ii, 3-x, —y, —z.

180.0°]. The distances of Cu-O/N
[0.1932(2)-0.1967(2) nm] are comparable
with those found in other related Cu(ll) com-

plexes (Table 2).
O3 on the carboxylic acid group is con-

nected with O4l in the adjacent DMA mole-
cule [d(03041) = 0.2608(5) nm, angleO3—
H304/l = 170°] (Table 8, Fig. 2(a)). In addi-
tion, there are abundant n—n stacking
interactions in the crystal building (Fig.
2(b)). The range of center distance between
8-hydroxyquinoline and benzene rings was
calculated by the Platon program as
[3.642(2)—3.728(2)13&], and complex 1 was
linked to form a 1D supramolecular chain
structure (Table 4).
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In order to confirm the structural homo-
geneity of the bulk power materials, a
power X-ray diffraction (PXRD) experiment
has been carried out. The PXRD experimen-
tal and computer-simulated patterns are in
good agreement with each other (Fig. 3), in-
dicating phase purity of complex 1.

In order to determine the thermal stabil-
ity of complex 1, the thermogravimetric
analyze has been determined. The experi-
mental results show that the weight loss in
the range of 172 to 423°C is consistent with
the removal of two crystallization DMA
molecules (exp. 20.98 %, cal. 21.19 %).
The total weight loss of 69.22 % in the
range of 442°C to 938°C can be attributed
to the release of two HL™ ligands (cal.
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Table 4. Selected n—n interactions geometry for complex 1

Complex 1
Cg() — Cg(J)| Cg—Cg, o, ° B, © Y, © Cgl_Perp () | Cgd_Perp ()
Cg3 — Cg4lil | 3.664(2) 1.10(2) 21.17 20.28 3.437(2) -3.417(2)
Cg3 — Cgblv | 8.642(2) 3.36(2) 16.71 14.55 3.525(2) -3.488(2)
Cgd — Cg4lil | 3.694(2) 0 22.49 22.49 3.413(2) 3.413(2)
Cgd — Cgblv | 8.728(2) 4.19(2) 20.53 24.46 3.394(2) -3.492(2)

Cg(I) = Plane number I (= ring number in () above) (Cg8 = N1 - Cl - C2 - C3 - C4 —» Ch; Cgd =
C4-5C5 5C6 ->C7—->C8 >C9; Cgb=Cl0—>Cll - Cl2 - C13 —» C14 — C15) (Symmetry codes
for complex 1: iii, 1-x, —y, 1-z; iv, —1+x, y, 2)
Cg—Cg = Distance between ring Centroids (Ang.)
o = Dihedral Angle between Planes I and J (Deg)

B = Angle Cg(I) — Cg(J) or Cg(l) —» Me vector and normal to plane I (Deg)
v = Angle Cg(I) — Cg(J) vector and normal to plane J (Deg)
Cgl_Perp = Perpendicular distance of Cg(I) on ring J (Ang.)
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Fig. 3. Experimental (a) and simulative (b) 301
powder X-ray diffraction patterns for com-
plex 1. 20+
10
69.14 %). According to the weight loss o
analysis, the final product may be CuO 200 400 600 800 1000
(exp. 9.72 %, cal. 9.67 %) (Fig. 4). Temperature(°C)

As shown in Fig. 5(a) and (b), the antibac-
terial activity of complex 1 was studied
against gram-negative E. coli and gram-posi-
tive S. aureus. The results showed that blank
filter paper with H-L ligand had no antibacte-
rial activity against E. coli and S. aureus in
Petri dishes. The low concentration and high
concentration of complex 1 had no antibacte-
rial activity, but the medium concentration
had slightly antibacterial activity against E.
coli. At the same time, a high concentration
of complex 1 showed a relatively high an-
tibacterial activity against S. aureus. In addi-
tion, in Fig. 5(a) and (b), it can be seen that
complex 1 has a stronger inhibitory effect
and a better antibacterial performance
against S. aureus compared with E. coli. By
comparing the antibacterial activities of HsL
ligand and complex 1 of different concentra-
tions, it was indicated that the ligand itself
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Fig. 4. TGA curve of complex 1.

did not have antibacterial activities, while
the inhibition zone of the complex 1 with
the concentration of 10 mg/mL was larger
than other concentrations. The results indi-
cated that complex 1 had a good antibacterial
activity, which was mainly due to the slow
release of Cu?* from complex 1.

In order to further study and verify the
antibacterial activities, the effect of complex
1 on the growth of S. aureus was tested. The
results showed that the growth curve of S.
aureus treated with 6.5, 12.5 and 25 ug/mL
complex 1 was almost the same as that
treated with 0 pg/mL complex 1, showing
typical growth curve (Fig. 6). Therefore, it
was shown that complex 1 had no inhibitory

Functional materials, 30, 3, 2023
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E. coli

Fig. 5. (a) Optical photograph of complex 1 for negative E. coli; (b) Optical photograph of complex

1 for positive S. aureus.

effect on S. aureus at low mass concentra-
tion. OD600 of S. aureus treated with 50,
100, 200 and 400 pug/mL of complex 1
showed no obvious change after about 0—6 h
compared with OD600 in the initial stage,
indicating that complex 1 had inhibitory ef-
fect on the growth of S. aureus. However,
with increasing time, the growth trend of S.
aureus treated with 50 and 100 pug/mL com-
plex 1 tended to the typical S. aureus
growth curve, which indicated that the
delay period of S. aureus was prolonged
relative to the low concentration. After
24 h treatment, the highest OD600 of S.
aureus treated with 50 and 100 pg/mL com-
plex 1 were close to the control group at
0 ug/mL. That is, when S. aureus reached a
certain level, complex 1 with a mass concen-
tration 50 and 100 pg/ml could no longer
inhibit the growth of S. aureus. Only complex
1 with mass concentrations more than
200 pug/mL could completely inhibit the pro-
liferation and growth of S. aureus in the cul-
ture medium within 24 h. Complex 1 is an
insoluble solid material, which may be a good
solid antibacterial agent.

4. Conclusion

In this paper, a Cu(ll)-based coordination
polymer [Cu(HL™),]-2DMA with the 0D struc-
ture was successfully synthesized by
solvothermal synthesis using H,oL ligand and
Cu(ll) ions. The 0D structure is linked into a
1D supramolecular network structure by n—mn
stacking interaction. Complex 1 showed good
antibacterial properties in the inhibitory re-
gion of Gram-positive S. aureus. Complex 1
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Fig. 6. Growth curves of E. coli for different
concentrations of complex 1.

with mass concentrations above 200 pg/mL
could completely inhibit the proliferation and
growth of S. aureus in the culture medium
within 24 h. This also indicates that the crys-
talline material of complex 1 has a good po-
tential for applications in the field of biology.
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