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Crystal Structures and Biological Studies Two Novel Zinc Complexes
Derived from para-Vanillin and Acetylacetone. Two New Precursors
for Preparation ZnO Nanoparticles!
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Abstract—In the present study, two new zinc complexes with the chemical formulas of [Zn(2-Ampy)(Acac),]
(I) and [Zn(p-Van),(H,0),] (II) were synthesized and characterized by FT-IR, '"H NMR, and UV-Vis spec-
troscopy. Moreover, the crystal structures of the complexes were determined by X-ray diffraction technique.
Single-crystal X-ray diffraction analyses (CIF files CCDC nos. 1513672 (I) and 1513673 (II)) revealed that
complex I has a distorted square pyramid environment, and complex II has a distorted octahedral geometry.
The complexes were also screened for in vitro antibacterial activities against some bacteria. The results show
that complexes have the effective antibacterial activities. The complexes were employed to prepare ZnO
nanoparticles by the combustion synthesis method at 700°C for 8 h. The nanoparticles were characterized,
using powder X-ray diffraction analysis (PXRD), scanning electron microscopy and transmission electron
microscope. PXRD analysis showed the presence of pure phase in both samples. Furthermore, the crystallite
size was approximately 37 and 42 nm for ZnO prepared from complexes I and II, respectively.
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INTRODUCTION

In recent years, metal oxides have received great
attention due to their special properties such as unique
optical properties and special electronic properties as
compared to the bulk materials [1, 2]. These properties
can be controlled by changing the size of nanoparti-
cles, surface-to-volume ratio, synthesis techniques,
and growth temperature [3, 4]. Among the semicon-
ductor nanomaterials, ZnO particles have attracted
considerable attention owing to their unique and
attractive properties. ZnO particles are n-type semi-
conductors with a wide band gap (3.3—3.6 €V) and a
high excitation binding energy of 60 mV at room tem-
perature [5—8]. Moreover, ZnO can be employed in
the new generation of semiconductor materials,
including photocatalysts, light-emitting diodes, gas
sensors [9], solar cells [10], UV-light emitting diodes,
and display screens [11—13]. Several physical and
chemical methods have been applied in the produc-
tion of ZnO nanostructures such as
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solvothermal methods [14], sol-gel, and chemical
vapor deposition [15—17]. Furthermore, the combus-
tion synthesis method has been reported as a new, sim-
ple, low-cost, and rapid process method, allowing an
effective synthesis of ZnO for its industrial production
[18]. However, little attention has been focused on the
synthesis and study of ZnO nanostructures with metal
complexes [19—21]. In the present research, we syn-
thesized complex [Zn(2-Ampy)(Acac),] (I) after that
2-aminopyridine (2-Ampy) and acetyl acetone (Acac)
reacted with Zn(CH;COO), - 2H,0. We also synthe-
sized complex [Zn(p-Van),(H,0),] (II) after that
4-hydroxy-3-methoxybenzaldehyde (p-vanillin)
reacted with Zn(ClO,), - 6H,0. We prepared ZnO
nanoparticles via the solid state thermal decomposi-
tion of the Zn(Il) complexes. Synthetic procedure for
the preparation of complexes I, II and ZnO nanopar-
ticles are given in Scheme 1:
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EXPERIMENTAL Afterwards, an ethanol solution of Zn(ClO,), - 6H,0

Materials and physical measurements. All chemi-
cals and solvents were purchased from commercial
sources and were used without further purification.
FT-IR spectra in KBr plates were obtained on an FT-
IR SHIMADZU spectrophotometer. In addition,
UV-Vis spectra were recorded on a UV-1650 PC SHI-
MADZU spectrophotometer in methanol solutions.
'H NMR measurements were performed on an NMR
BRUKER 300 MHZ spectrometer, using CD;0D as
the solvent. Powder X-ray diffraction (PXRD) pat-
terns of the complexes were recorded on a Bruker AXS
diffractometer D8 ADVANCE with CuK|, radiation.
TEM images were obtained from a JEOL JEM 1400
transmission electron microscope (TEM) with an
accelerating voltage of 120 kV, and SEM images were
collected by a Philips XL-30ESEM (SEM = scanning
electron microscopy).

Synthesis of I. Acetylacetone (0.20 g, 2.0 mmol)
was dissolved in methanolic (15 mL). To this solution
was added 2-aminopyridine (0.19 g, 2.0 mmol) in
methanolic (15 mL) and stirred for an hour. Subse-
quently, a methanol solution of Zn(CH;COO), -
2H,0 (0.22 g, 1.0 mmol) was added dropwise to the
methanolic solution, and the mixture was refluxed for
3 h. Upon slow evaporation of the solvent over 4 days,
colorless crystals of complex I formed. Cubic colorless
crystals of were formed after 1 week.

FT-IR (KBr; Vv, cm™'): 3352 s, 3427 s (N—H).
UV-Vis (CH,0H; A, nm (g, L mol~' cm™")): 233
(31700), 288 (62400). '"H NMR (CD;0D, 300 MHz):
5.35-7.82 (m., 4H), 6.57 (m., 2H), 1.92(s., 12H).

Synthesis of II. A mixture of 4-hydroxy-3-
methoxybenzaldehyde (p-vanillin) (0.30 g, 2.0 mmol)
and 2-aminopyridine (0.19 g, 2.0 mmol) in ethanol
(25 mL) was stirred for an hour at room temperature.
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(0.37 g, 1.0 mmol) was added dropwise to the reaction
mixture and the resulting solution was refluxed for 4 h.
Yellow crystals of complex II were formed after five
days.

FT-IR (KBr; V,,,, cm™): 1647 s (C=0). UV-Vis
(CH;OH: A, nm (&, L mol~! cm~')): 230 (41800),
280 (31300), 313 (29400). 'H NMR (CD,OD,

300 MHz): 6.86—7.44 (m., 6H), 9.56 (s., 2H), 3.70
(s., 6H).

Synthesis of ZnO nanoparticles was carried out by
the thermal decomposition of the complexes. The
complexes were heated at 700°C for 8 h. ZnO
nanoparticles, i.e., S1 and S2, were synthesized from
complexes I and II, respectively. The nanoparticles
were characterized by FT-IR, XRD, SEM, and TEM.

X-ray crystallography. Diffraction data were col-
lected by w-scan technique at 130(1) K and room tem-
perature for complexes I and II, respectively, on
Rigaku Super Nova four-circle diffractometer with
Atlas CCD detector and mirror-monochromated
CuK,, radiation (A = 1.54178 A). The data were cor-
rected for Lorentz-polarization and absorption effects
[22]. Precise unit-cell parameters were determined by
a least-square fit of reflections with the highest inten-
sity (4448 and 2700 for complexes I and II, respec-
tively) selected from the whole experiment. The struc-
tures were solved with SIR92 [23] and were refined
with the full-matrix least-square procedure on F? by
SHELXL-2013 [24]. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms from methyl
groups were placed in idealized positions and were
refined as “riding model” with isotropic displacement
parameters set at 1.5 times U,, of appropriate carrier
atoms. All other hydrogen atoms were found in differ-
ence Fourier maps and were isotropically refined.

No.1 2018
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Table 1. Crystallographicdata and structure refinement of complexes I and I1

Parameter Value
I 11

Formula C;5sHy0N,04Zn CsH304Zn
Formula weight 357.70 403.67
Crystal system Monoclinic Monoclinic
Space group P2,/n C2/c
a, A 7.41205(14) 22.1177(9)
b, A 8.14709(18) 10.5209(4)
¢, A 26.8618(5) 7.7767(3)
B, deg 93.4931(17) 106.871(4)
v, A3 1619.08(6) 1731.74(12)
VA 4 4
Peatcas & €M™ 1.47 1.55
F(000) 744 832
u, mm~! 2.28 2.35
0 Range, deg 6.11-73.78 8.05-77.46
Reflections collected/unique 5927/3154 2682/1536
Rint 0.045 0.027
Reflections with 1> 26(J) 2844 1499
R, wR, (I > 20(1)) 0.041, 0.101 0.041, 0.108
R,wR, (all data) 0.045, 0.105 0.041, 0.109
GOOF 1.08 1.08
APrna/ AP min: € A 0.88/—0.43 0.61/-0.93

Table 1 lists the relevant crystallography and refine-
ment data.

Crystallographic data for the structural analysis has
been deposited with the Cambridge Crystallographic
Data Centre (CCDC nos. 1513672 (I) and 1513673
(IT); deposit@ccdc.cam.ac.uk, or www: www.ccdc.
cam.ac.uk).

Biological studies. Zinc complexes I and II were
tested against microorganisms, namely Bacillus subti-
lis (B. subtilis; PTCC no. 1023; Gram-positive),
Staphylococcus aureus (S. aureus; PTCC no. 1431;
Gram-positive), FEnterobacter cloacae (E. cloacae;
PTCC no. 1798; Gram-negative), and Escherichia coli
(E. coli; PTCC no. 1399; Gram-negative). The mini-
mal inhibitory concentrations (MIC) of complexes
exhibiting no visible growth compared with the drug-
free control wells were determined by a broth macro-
dilution method, using LB broth and final inoculums
of 105 and 106 cfu/mL [25, 26]. MBC is the lowest
antibiotic concentration required to Kkill a particular
bacterium. To measure the minimum inhibitory con-
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centration (MBC), 100 uL of all clear tubes from a
dilution MIC test was spread on Mueller—Hinton agar
plates and was incubated at 37°C overnight. Each
organism was tested in duplicate on different days to
measure the reproducibility of the test. The results
obtained were compared with Kanamycin and chlor-
amphenicol as reference standards, and DMSO was
also utilized as the positive control.

RESULTS AND DISCUSSIONS

Two new zinc complexes were synthesized and
characterized by FT-IR, '"H NMR, UV-Vis (Table 2),
and X-ray crystallography. Both complexes were solu-
ble in common organic solvents such as methanol,
ethanol, and CH;CN. Some spectroscopic data for
metal complexes in Table 1 are in good agreement with
the expected values.

In the FT-IR spectrum of complex I, the charac-

teristic peaks at 3352 and 3429 cm ™! indicate the exis-
tence of NH, group in the complex; in addition, the

No.1 2018
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Table 2. Spectroscopic data for complexes I and 11

JAFARI et al.

UV-Vis (Apay, NM)
Compound Selected IR? "H NMR (3, ppm)® 1 -1
(¢, Lmol”" cm )¢
I 3352 s (N—H) 5.35-7.82 (m., 4H, Ar), 6.57 (m., 2H, |233 (31700), 288 (62400)
3427 s (N—H) CH), 1.92 (s., 12H, CH3)
11 1647 s (C=0) 6.86—7.44 (m., 6H, Ar), 9.56 (s., 2H, | 230 (41800), 280 (31300), 313 (29400)
CH=0), 3.70 (s., 6H, OCH3)

4 K Br pellets, ® solvent is CD 30D, ©solvent is methanol.

bands around 1658 cm™! are assigned to the C=0
vibrations of acetylacetone. The infrared spectrum of
the complex IT shows a peak at 1647 cm™! which is
attributed to the stretching vibrations of the aldehyde
group (C=0). This peak demonstrates that the alde-
hyde group does not participate in the formation of
bonds with metals. The broad band at 3186 cm™! can
be assigned to the stretching vibrations of OH groups
in H,O.

The electronic spectrum of complex I in MeOH
indicates two peaks at 233 and 288 nm. These peaks
can be assigned to intra-ligand © — mt* transitions [27].
For complex II, the bands observed at 230, 280, and
313 nm are attributed to the T — 7* transitions of the
aromatic ring and C=0 group of ligands. The band at
356 nm is attributed to the metal to ligand charge
transfer.

'H NMR spectra of the complexes were recorded
in CD;0D. In 'H NMR spectrum of complex I, the

b
0\‘ 0 CHO
AN
OHC >0 | Mo
M OH,

Hp

H-aromatics
/—A_—\

signal at 1.92 ppm is related to the methyl protons,
while that at 5.35 ppm is related to C—H protons.
Moreover, the aromatic protons appear in the appro-
priate region of 6.57—7.82 ppm.

'H NMR spectrum of complex II shows a sharp
singlet signal at 9.56 ppm, which is assigned to the
aldehyde proton (Fig. 1). The aromatic protons appear
in the appropriate region of 6.86—7.44 ppm. The sin-
glet signal at 3.70 ppm is attributed to CH; protons of
methoxy group.

Figure 2 shows the perspective views of complexes I
and II. Table 3 lists some geometrical data. In
complex I, zinc is five-coordinated by two anionic
acetylacetone and 2-aminopyridine ligands in quite
regular square pyramidal fashion. However, complex I
isdifferent. It is C, symmetrical (Zn lies on the twofold
axis) and six-coordinated (O(6)) by two ligands and
two water molecules. The coordination resembles dis-
torted octahedron with one of the angles deviating sig-

HDO

E—

]

1.0028

Lo

1.0023

1.0018

Integral
_/_

1.0034

-

-
3.0000
E—

3, ppm

Fig. 1. 'H NMR spectrum
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of complex II in CD;0D.
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(b)

Fig. 2. Perspective view of complexes I (a) and II (b); ellipsoids are drawn at the 50% probability level; hydrogen atoms are shown

as spheres of arbitrary radii.

nificantly from 180°. In the crystal structures of both
compounds, hydrogen bonds play an important role.
In complex I, there are intra- and intermolecular
bifurcated N—H---O hydrogen bonds between amino
hydrogens and all oxygen atoms, which connect mol-
ecules into infinite chains along x direction (Fig. 3a).
In complex II, water molecules connect complexes to
centrosymmetric dimers (Fig. 3b) which are further
expanded by the other O—H---O hydrogen bonds into
a three-dimensional network. Table 4 lists the details
of hydrogen bonds.

MIC and MBC of the complexes were tested
against four bacteria. Table 5 and Fig. 4 present the
biological activities of the metal complexes I and II.
The compounds show a significant antibacterial activ-
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ity against all test organisms. A comparative study of
the MIC and MBC values for the complexes shows
activities against Escherichia coli and Enterobacter clo-
acae, but complex I shows stronger activity against all
of the bacteria.

In the FT-1IR spectra of zinc oxide (ZnO) nanopar-
ticles obtained from complexes I and II, the peaks at
400—450 cm™! are attributed to the Zn—O stretching
band, which is consistent with that reported before
[28]. This band and the absence of the stretching
vibrations of organic groups in both complexes indi-
cate the formation of ZnO nanoparticles.

Figure 5 shows the structural analyses performed
by FullProf program. The structural analyses were
performed by employing profile matching with con-

No.1 2018
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Table 3. Relevant geometrical data (A, deg) with s.u.’s in parentheses*

I I

Bond d,A Bond d,A
Zn(1)-O(2B) 2.0134(14) Zn(1)-0(1) 1.9738(15)
Zn(1)-0(4B) 2.0233(12) Zn(1)-0(1w) 2.0383(17)
Zn(1)-020) 2.0269(12) Zn(1)-0(2) 2.3317(15)
Zn(1)-0(40) 2.0308(14)
Zn(1)-N(14) 2.0674(14) 1.862(2)

Angle o, deg Angle , deg
0(4B)Zn(1)0(20) 154.91(5) O(1w)Zn(1)0O(2) 171.50(6)
O(2B)Zn(1)0O(4C) 153.90(6) O(1)Zn(1)O(1)' 155.56(9)
* Prime denoted symmetry code 2 —x, —y, 1 —z.

stant scale factors. The red lines (/) in this figure are
the intensities observed, the black ones (2) are the data
calculated, and the blue ones (3) are the difference
(Yobs—Ycalc); additionally, the blue bars indicate the
positions of Bragg reflections. It was found that the
samples were crystallized in a hexagonal crystal struc-
ture with the space group of P63mc [29]. The ratio of
peak intensity of the peak at 26 = 34.6° with the miller
indices of (002) to that of the highest peak at 20 =

36.2° for S2 (517/1107 = 0.46) is smaller than that for
S1(542/648 =0.83). This smaller ratio is the main dif-
ference between PXRD patterns of S1 and S2. Fur-
thermore, the ratio of peak intensity of the peak at
20 = 31.7° with the miller indices of (100) to that of the
highest peak at 20 = 36.2° for S2 (642/1107 = 0.46) is
smaller than that for S1 (724/649 = 1.10). These dif-
ferences indicate that by changing the reaction condi-
tion, the crystal of S2 becomes smaller than that of S1

(@)

(b)

Fig. 3. Hydrogen bonded chain of the complex I (a) and hydrogen bonded dimer of complex II (b).
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Distance, A
D_H--A Angle D—H-A, deg
D—H H-A DA
I
N(2A4)—H(241)--0(2B)’ 0.75(5) 2.52(4) 3.188(2) 149(4)
NQA)—H(241)--0(2C) 0.75(5) 2.48(5) 3.121(2) 145(4)
N(24)—H(242)--O(4B) 0.83(5) 2.51(5) 3.085(2) 128(3)
NQA)—H(242)---0(4C) 0.83(5) 2.29(4) 3.030(2) 148(4)
11
O(1w)—H(1w1)---O(41)i 0.81(4) 1.91(4) 2.717(3) 170(3)
O(1w)—H(1w2)--O(1)ii 0.78(3) 1.94(3) 2.711(2) 168(3)

* Symmetry codes: i +x, vz ii —12+x,1/2—y,—1/2+z fii 5 —-X,—y,2—2z

Table 5. MIC and MBC of synthesized compounds against growth of bacteria, ug mL~!

Gram negative bacteria Gram positive bacteria
Compound E. coli E. cloacae S. aureus B. subtilis
MBC MIC MBC MIC MBC MIC MBC MIC
I 175 150 175 175 250 225 325 250
1I 275 250 325 250 500 275 500 500
Kanamycin 4 3.8 3.3 3.2 3.2 3 4 3.6
Chloramphenicol 4.5 4.2 3.5 3.5 2.5 2.4 4.2 4
Table 6. Crystalline parameter data and Rietveld analyses factors of S1 and S2
Cell parameter
Sample Cell volume, A RF RBragg X2
a c
S1 3.248840 5.204098 54.929053 1.13 1.51 2.4
S2 3.249409 5.204412 54.951611 2.73 3.40 3.14
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol.44 No.1 2018
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at x and z directions. Therefore, according to the
above-mentioned data, z direction is the growth direc-
tion of the rod in the length size because the direction
of S2 is smaller than that of S1. Table 6 shows that the

Intensity
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MBC, pg/mL
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B. subtills
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Chloramphenicol

Fig. 4. Histogram showing the comparative activities MIC (a) and MBC (b) of compounds I and II.

(a) (b)
900 - 1300 -
1 Yobs 1100 + 1 Yobs
700 - — 2 Ycalc — 2 Ycalc
§ — 3 Yobs-Ycalc 900 + — 3 Yobs-Ycalc
500 700
500 -
300 . ;
300 - ;
100 J 1,2 100 - l A 1,2
A A -
I I Lo ! ! o 3 I
J ﬂMM,ﬁwwj’ “Jr‘ 4 ek
30 40 50 60 70 80 30 40 50 60 70 80
20, deg 20, deg

Fig. 5. PXRD patterns and Rietveld analyses of S1 (a) and S2 (b).
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cell parameters are nearly constant, and the cell vol-
ume of S2 is a bit larger than that of S1.

Table 7 shows the crystallite sizes of ZnO prepared
from complexes I and II via Scherrer formula (D =

No. 1 2018
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Table 7. Crystalline data for S1 and S2

20, deg 0, deg B, radian Cos 0 Crystal size, nm
S1
31.77 15.88 0.00336 0.9651 42.63
34.44 17.22 0.00345 0.9551 41.99
36.26 18.13 0.00350 0.9503 41.57
47.50 23.75 0.00392 0.9152 38.56
56.54 28.27 0.00431 0.8807 36.50
62.84 31.42 0.00488 0.8533 33.23
67.91 33.95 0.00502 0.8294 33.24
69.08 34.54 0.00483 0.8237 34.80
S2
31.77 15.88 0.00364 0.9651 39.37
34.44 17.22 0.00376 0.9551 38.49
36.26 18.13 0.00394 0.9503 36.97
47.57 23.78 0.00441 0.9150 34.30
56.60 28.30 0.00507 0.8804 30.99
62.910 31.45 0.00535 0.8530 30.32
67.98 33.99 0.00563 0.8291 29.65
69.08 34.54 0.00553 0.8237 30.41

15.23 um
0 pum
15.23 um

6 um

Fig. 6. FESEM images of S1 (a) and S2 (b).
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Fig. 7. TEM images of sample ZnO prepared from complexes I (a) and II (b).

K k/ BcosO) and the peaks. In this formula, D is the
average crystalline size, A is the X-ray diffraction
wavelength (A = 1.5418 A), K is the Scherrer constant
(0.9), B is the corrected full-width at half-maximum of
the diffraction peak, and 0 is the Bragg angle [30]. The
data demonstrate that the crystallite size of S2 is
smaller than that of S1, and the average crystallite size
is 37 and 42 nm for S2 for S1, respectively.

In this study, the morphology of ZnO nanoparti-
cles of S1 and S2 is investigated, using scanning elec-
tron microscopy (FESEM) and transmission electron
microscopy (TEM). Figure 6 presents the FESEM
images of S1 and S2. It is obvious that the morphology
of the materials obtained is rod and sphere. The sizes
of the ZnO nanoparticles obtained via combustion of
complexes I and II and analyzed by TEM are repre-
sented in Fig. 7. The morphology both samples S1 and
S2 particles is in a nearly spherical shape. According to
Figs. 7a, 7b, we found that the particle sizes of S2 are
significantly smaller than that of S1. Also, Fig. 8 shows
the particle size distribution profiles for S1 and S2 and
reveals that the average diameter particle sizes are
about 150—200 and 70—80 nm for S1 and S2, respec-
tively. On the basis of FESEM and TEM analysis, it is
suggested that parameters, such as reaction tempera-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

ture, reaction time, and method of synthesis affect the
preparation of nanoparticles. Moreover, different pre-
cursors play an important role in the formation of the
crystalline phase, size, and morphology of ZnO
nanoparticles.

Thus in this study, two new Zn(II) complexes were
synthesized and characterized by spectral and analyti-
cal techniques. The crystal structures of both com-
plexes were determined by X-ray crystallography.
Complex I had a distorted square pyramid environ-
ment, and complex II had a distorted
octahedral geometry. The ZnO nanoparticles were
also prepared by a combustion synthesis method at
700°C for 8 h, using zinc(I1I) complexes. The structure
and morphology of the ZnO nanoparticles synthe-
sized were studied by FT-IR, PXRD, SEM, and TEM.
The absence of organic groups in the complexes indi-
cated the formation of ZnO nanoparticles with high
purity. The crystallite size estimated by PXRD was
approximately 37 and 42 nm for ZnO prepared from
complexes I and II, respectively, showing them to be
nano crystalline. It was also found that different pre-
cursors have a significant role in the formation of the
crystalline phase, morphology, and size of ZnO
nanoparticles.

No. 1 2018
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Fig. 8. Particle size distribution profiles of S1 (a) and
S2 (b).
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