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In this work, synthesis of some new five coordinated zinc halide/pseudo-halide complexes of a N3-triden-
tate ligand is presented. All complexes were subjected to spectroscopic and physical methods such as FT-
IR, UV–visible, 1H and 13C NMR spectra, thermal analyses and conductivity measurements for identifica-
tion. Based on spectral data, the general formula of ZnLX2 (X = Cl�, Br�, I�, SCN� and N3

�) was proposed for
the zinc complexes. Zinc complexes have been also prepared in nano-structure sizes under ultrasonic
irradiation. X-ray powder diffraction (XRD), scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) were applied for confirmation of nano-structure character for the complexes.
Among the complexes, zinc azide complex structure was analyzed by X-ray crystallography. This com-
plex crystallizes as a triplet in trigonal system with space group of P31. The coordination sphere around
the zinc center is well shown as a distorted trigonal bipyramidal with three nitrogen atoms from Schiff
base ligand and two terminal azide nitrogen atoms attached to zinc ion. Various intermolecular interac-
tions such as NAH� � �N, CAH� � �N and CAH� � �p hydrogen bonding interactions stabilize crystalline lattice
so that they causes a three dimensional supramolecular structure for the complex. In vitro screening of
the compounds for their antimicrobial activities showed that ZnLI2, ZnL(N3)2, ZnLCl2 and ZnL(NCS)2 were
found as the most effective compound against bacteria of Bacillus subtilis, Staphylococcus aureus, Pseudo-
monas aeruginosa and Escherichia coli respectively. Also ZnLI2 and ZnLCl2 complexes were found more
effective against two selected fungi than others. Finally, thermal behaviors of the zinc complexes showed
that they are decomposed via 2–4 thermal steps from room temperature up to 1000 �C.
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Table 1
Analytical and physical data of the zinc complexes.

Run Complexes Color M.P(Dec.a)
(�C)

Yield
(%)

K�M

(cm2 X�1 M�1)

1 ZnLCl2 Cream 150 40 0.018
2 ZnLBr2 Orange 159 65 0.014
3 ZnLI2 Orange 130 70 0.31
4 ZnL(NCS)2 Yellow 208 84 0.019
5 ZnL(N3)2 Cream 137 40 0.017

a (Dec.) refers to decomposition temperature of the compounds.
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Introduction

Bioinorganic chemistry is an active research area for inorganic
chemists that it has been initiated from the successive synthesis
of cis-platin as an anticancer drug [1,2]. As found in many reports,
metal ions have enhanced the efficacy of organic drugs when the
metals placed in their structures [3,4]. Metal coordination com-
pounds have a constructive role in biological activity point of view
[5–9]. Among various complexes, Schiff base metal complexes are
more pleasant than many other ones [10]. They are easily synthe-
sized and have excellent characteristics and applications in various
scientific fields such as biochemistry, optical, catalysis, agriculture,
dye and enzyme modeling [11–13]. A literature survey shows
notable biological activities of the Schiff base metal complexes
including antibacterial, antifungal, anti-flammatory, analgesic,
anti-tubercular, anti-oxidant activities and antiviral effects [14–
20]. In addition, possibility of ligand exchange in Schiff base com-
plexes provides an opportunity to design and synthesize of new
product for especial biological usage with regard to bacterial resis-
tant to current organic-based drugs. The interaction of these com-
plexes with DNA leading to binding or cleavage proposes their
anti-cancer potentials as new therapeutic agents [21–23]. These
useful utilities cause the Schiff bases play an important role in
medicinal chemistry field and are considered as target substance
for many synthetic scientists. The study of nano structure com-
pounds is an extremely popular field because of their unique prop-
erties that are absolutely different with respect to them in bulk
phase that is related to the large numbers of surface molecules.
Choosing the proper synthetic process is an important factor in
control of the size of materials at the sub micrometer scale so that
selecting a proper method is a serious step in nanotechnology field
[24,25]. Nano structure inorganic zinc compounds have been
reported [26,27] but the reports for nano structure coordination
zinc compound are rarely found.

Herein, in continuation of our previous reports [28–33] the syn-
thesis and characterization of some new zinc complexes of a tri-
dentate Schiff base ligand entitled as (E)-N1-((E)-3-
phenylallylidene)-N2-(2-((E)-((E)-3-phenylallylidene) amino)
ethyl) ethane-1,2-diamine are presented. The nano-structure zinc
complexes were also prepared under ultrasonic irradiation. Zinc
azide complex structure was analyzed by X-ray crystallography.
Furthermore, antibacterial/antifungal properties and thermal
behaviors (TG/DTG/DTA) of all zinc complexes are investigated.

Experimental

Materials and methods

All chemicals such as trans-3-phenyl-2 propenal, diethylenetri-
amine and zinc salts were provided from the Aldrich and/or Merck
chemical companies in high purity. Zinc thiocyanate and azides
were freshly prepared according to our previous report [28]. Infra-
red spectra were obtained by a JASCO-FT/IR680 instrument on the
range of 4000–400 cm�1 as KBr pellets. A Bruker DPX FT/NMR-
400 spectrometer was applied to record 1H and 13C NMR spectra
in dimethylsulfoxide. The electronic spectra of the compounds in
chloroform were obtained from a JASCO-V570 spectrophotometer
instrument in the range of 200–800 nm. BUCHI B-545 instrument
was applied for recording of melting points or decomposition tem-
perature of the complexes. A Metrohm-712 conductometer with a
dip-type conductivity cell made of platinum black was applied for
measurements of molar conductivities of the compound in chloro-
form and/or dimethylformamide. A Perkin–Elmer Pyris model
instrument was applied for record of thermo-gravimetric diagrams.
Scanning electron microscopy (SEM) images were captured on a
Hitachi S-1460 field emission scanning electron microscope using
Ac voltage of 15 kV. TEM image was obtained on instruments of Phi-
lips CM-10 TEM microscope operated at 100 kV. X-ray powder dif-
fraction (XRD) spectra were recorded on a STOE type STIDY-MP-
Germany X-ray diffractometer with Cu Ka radiation (k = 1.5418).
The high-power ultrasonic unit Bandelin Super Sonorex RK-100H
with ultrasonic peak output 320 W and HF power 80 Weff has been
used for preparation of nano structure complexes.

Synthesis of ligand

The ligand was synthesized according to previous report via a
condensation reaction between trans-3-phenyl-2 propenal, and
diethylenetriamine in 2:1 M ratio in ethanol solvent under vigor-
ous stirring at room temperature [33].

Synthesis of zinc complexes

For the synthesis of the zinc complexes, the fresh ligand solu-
tion was gradually added to zinc halide, thiocyanate or azide salts
solution as equimolar in ethanol under severe stirring and then the
mixture was stirred about 1–2 h at room temperature. At the end,
the obtained precipitate of zinc complexes was filtered and washed
with ethanol. For more purification, the products were recrystal-
lized from dichloromethane/ethanol mixture (1:1) and then dried
in vacuum. The physical and spectral data (IR and UV–visible) of
the compounds have been compiled in Tables 1 and 2. The 1H
and 13C NMR data of zinc complexes based on Scheme 1 are listed
as follow:

Ligand(L); 1HNMR(in DMSO): 7.79(d, 1Hf, J = 10.02 Hz), 7.76(dd,
2Hc, J = 6.80 Hz, J = 3.30 Hz), 7.61(bd, 2Hc0, J = 7.49 Hz), 7.48(m,
7Hbb0 ,aa0 ,e0), 7.11(d, 1Hd, J = 16.22 Hz), 7.00(d, 1Hd0,
J = 16.21 Hz), 6.87(dd, 1He, J = 15.96 Hz, J = 7.59 Hz), 4.05(m,
1Hf0), 3.98(m, 2Hg0), 3.89(m, 2Hh0), 3.82(m, 2Hh), 3.74(bs, 2Hg),
3.19(bs, 1HNH). 13CNMR (in DMSO): 13C NMR (in DMSO):
167.02(C7), 146.79(C5,50), 131.22(C4,40), 129.07(C1,10),
128.72(C2,2), 128.49(C3,30), 127.47(C6,60), 108.37(C70) 55.52(C90),
49.87(C9), 43.63(C8), 42.37(C80) ppm [33].
[ZnLCl2]: 1HNMR (in DMSO): 8.26 (d, 2Hff0, J = 8.99 Hz), 7.78(m,
2Hee0), 7.60(d, 4Hcc0, J = 6.98 Hz), 7.47(m, 6Hbb0 ,aa0), 7.25(d, 2Hdd0,
J = 15.67 Hz), 3.66(bs, 4Hhh0), 2.90(bs, 4Hgg0 and 1HNH) ppm.
13CNMR (in DMSO): 166.07(C7,70), 143.81(C5,50), 135.36 (C4,40),
129.78(C1,10), 129.04(C2,20), 128.66(C3,30), 127.45(C6,60),
56.02(C8,80), 48.14(C9,90) ppm.
[ZnLBr2]: 1HNMR (in DMSO): 8.31(d, 2Hff0, J = 8.99 Hz), 7.80 (dd,
2Hee0, J = 15.80 Hz, J = 8.40 Hz), 7.62(d, 4Hcc0, J = 7.19 Hz), 7.47
(m, 6Hbb, aa0) 7.27(d, 2Hdd0, J = 16.00 Hz), 3.68(m, 4Hhh0),
2.93(bs, 4Hgg0 and 1HNH) ppm. 13CNMR (in DMSO):
166.46(C7,70), 144.31(C5,50), 135.30 (C4,40), 129.92(C1,10),
129.09(C2,20), 127.50 (C3,30), 126.86(C6,60), 55.98(C8,80), 48.14
(C9,90) ppm.
[ZnLI2]: 1HNMR (in DMSO): 8.37(d, 2Hff0, J = 8.69 Hz), 7.78(md,
2Hee0, J = 25.12 Hz), 7.63(d, 2Hc, J = 7.23 Hz), 7.56(d, 2Hc,
J = 7.45 Hz), 7.47(m, 6Hbb0 ,aa0), 7.43(d, 2Hdd0, J = 22.51 Hz),
3.64(bs, 4Hhh0), 2.95(bs, 4Hgg0 and 1HNH 0) ppm. 13CNMR (in



Table 2
Vibrational (cm�1) and electronic spectral data of tridentate Schiff base (L) and its zinc complexes.

Compound mCHarom mNAHamine mCH (alkene) mCH (aliph.) mCH (imine) m(SCN/N3) mC@N mC@C mMAN kmax(nm) (e, cm�1 M�1)

Ligand 3056 245 3025 2925 2834 – 1635 1492–1450 – 228(33951)–281(30840) [33]
ZnLCl2 3057 3234 3025 2934 2873 – 1632 1492–1450 506 227(18594)–297(22182)
ZnLBr2 3056 3214 3025 2931 2876 – 1630 1490–1450 505 227(20521)–298(27665)
ZnLI2 3054 3205 3022 2927 2867 – 1630 1489–1449 507 227(23880)–299(32862)
ZnL(NCS)2 3056 3211 3023 2929 2880 2075 1633 1488–1448 447 226(20938)–297(35292)
ZnL(N3)2 3054 3210 3026 2927 2877 2063 1632 1488–1469 445 229(19301)–291(31760)

(e) Refers to absorption coefficient.
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Scheme 1. The structure of the zinc complexes.
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DMSO): 167.69(C7,70), 146.26(C5,50), 134.76(C4,40), 130.37(C1,10),
129.11(C2,20), 127.63 (C3,30), 125.43(C6,60), 55.43 (C8,80), 46.49
(C9,90) ppm.
[ZnL(NCS)2]: 1HNMR (in DMSO): 8.36(d, 2Hf,f0, J = 9.20 Hz),
7.78(d, 4Hc,c0, J = 6.75 Hz), 7.51(m, 4Hee0 ,a,a0), 7.44(t, 4Hbb0,
J = 6.34 Hz), 7.38(d, 2Hdd0, J = 15.88 Hz), 3.63(bs, 4Hh,h0),
2.86(bs, 4Hg,g0 and 1HNH) ppm. 13CNMR (in DMSO): 167.61
(C7,70), 146.26(C5,50), 134.89 (C4,40), 134.01(CNCS), 130.19(C1,10),
128.97(C2,20), 128.01(C3,30), 125.12(C6,60), 56.11(C8,80), 47.26
(C9,90) ppm.
[ZnL(N3)2]: 1HNMR (in DMSO): 8.37(d, 2Hff0, J = 8.85 Hz), 7.70(d,
4Hc,c0, J = 6.95 Hz), 7.47(m, 6Hb,b0 ,a,a0), 7.35(d, 2H0dd, J = 15.89 Hz),
7.24(dd, 2H0ee, J = 15.89 Hz, J = 8.94 Hz), 3.64(bs, 4Hh,h0), 2.88(bs,
4Hgg0 and 1HNH) ppm. 13CNMR (in DMSO): 166.74(C7,70), 145.17
(C5,50), 135.18 (C4,40), 129.96(C1,10), 129.03(C2,20), 127.77 (C3,30),
126.02(C6,60), 55.83(C8,80), 48.04 (C9,90) ppm.

Synthesis of nano-structure zinc complexes

An ethanolic solution of the tridentate ligand (1 mmol in 20 mL)
was drop wise added into a zinc salts in ethanol (1 mmol in 20 mL)
during 30 min under ultrasonic irradiation. After complete addi-
tion, the solution was kept in the ultrasonic bath for a period of
60 min. The obtained precipitates were filtered and dried.

Single crystal X-ray diffraction

An Oxford Diffraction Xcalibur system was used to collect X-ray
diffraction data at 150 K. The crystal structures were solved by
direct methods (Shelxs-97) and refined by full matrix least-squares
using Shelxl-2014 within the Oscail package [34,35].

Antibacterial study (in vitro)

Antibacterial properties of the zinc complexes as compared with
free ligand were studied in vitro against two Gram-negative (Pseu-
domonas aeruginosa (ATCC: 9027) and Escherichia coli (ATCC:
25922) and two Gram-positive bacterial strains (Bacillus subtilis
(ATCC: 6633) and Staphylococcus aureus (ATCC: 6538) by the disk
diffusion method [36]. All bacteria were inoculated on the surface
of the Muller Hinton Agar (Merck) (24 h old), including nearly
0.5 � 106 colony forming units (CFU/mL), and then were spread
by a sterile cotton swab. The trial samples were prepared in specific
concentrations (10, 20 and 30 mg/mL in DMSO) in the sample tubes.
In the disk diffusion method, the sterilized paper disks (6.4 mm in
diameter and adsorption capacity of 50 lL) were soaked in the com-
plexes solution and located on the inoculated Muller Hinton Agar
medium. After incubation of the plates at 37 �C for 24 h, the anti-
bacterial activities were evaluated by measuring the diameter of
inhibition zone (in mm) of the growth around the disks on the
plates. Amoxicillin, Penicillin and Cephalexin were selected as ref-
erence bactericidal drugs (positive controls) for any comparison
in our conditions. A blank test showed no effect for DMSO against
microorganisms studied in this work [30,37].

Antifungal study (in vitro)

Candida albicans and Aspergillus niger were our candidate for
in vitro investigation of the antifungal activities of compounds by
disk diffusion method on the surface of Sabouraud Dextrose Agar
(Oxoid, Hampshire, England) inoculated with 105 (CFU/mL) spore
suspension of fungi. The disks were put at the different positions
on the agar surface of plates whereas were impregnated with the
compound solutions (10, 20 and 30 mg/mL in DMSO). The Petri
dishes of C. albicans were incubated at 34 �C for 24–48 h while
the Petri dishes of A. niger were incubated at 38 �C for 7 days.
Finally, diameter of inhibition zones around the disks was mea-
sured as antifungal activities of the compounds.

Results and discussion

Physical and analytical data

Based on physical and analytical data presented in table 1, gen-
eral formula of ZnLX2 (X = Cl�, Br�, I�, SCN� and N3

�) is proposed
the complexes that has been exhibited in Scheme 1. The X-ray
crystallography of ZnL(N3)2 confirmed the suggested structure for
the complexes as shown in Scheme 1. Ligand is obtained as viscose
oil but all complexes are formed as solid powders. All compounds
are stable at room temperature. Solubility test of the compounds in
different solvents indicated that chloroform, dichloromethane,
dimethylformamide and dimethylsulfoxide are suitable solvent
for them. Melting points or decomposition temperature of the zinc
complexes are placed in the range of 129–208 �C as found in
Table 1. The molar conductivity values of zinc complexes were
evaluated in dichloromethane (10�3 M) at room temperature sug-
gesting non-electrolytic nature for them.

XRD analysis

X-ray powder diffraction (XRD) patterns of ZnLCl2, ZnLBr2 and
ZnLI2 have been recorded in the 2h range of 0� to 90� to study
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the particle size and size distribution of them. XRD patterns of the
zinc complexes show the sharp crystalline peaks indicating their
crystalline phase. The XRD patterns of zinc chloride, bromide and
iodide complexes have been presented in Fig. 1.

The average particle size of the complexes has been calculated
using Sherrer’s formula from the broadening of the XRD peaks
Fig. 1. XRD patterns of zinc chloride (A), bromide (B) and iodide (C) complexes.
(D = 0.891k/b cos h, where D is the average grain size, k is the X-
ray wavelength, h and b are the diffraction angle and full-width
at half maximum of an observed peak, respectively). The average
crystallite size of the particles was found to be around 32.2 nm
and 27.6 nm for ZnLCl2 and for ZnLBr2 respectively. The size distri-
bution plots of the complexes have been displayed as column plots
in Fig. 2.

SEM and TEM of the compounds

SEM images of zinc complexes were recorded to show the mor-
phologies of nano-structure character of them. From the SEM
images (Fig. 3), it is observed that grains are well resolved. Irregu-
larly shaped particles and agglomerated structure are observed so
that non-uniform morphology is seen. Also as Fig. 3 represents, the
morphologies of nano structure compounds are different for vari-
ous complexes.

As a typical picture, TEM image of zinc thiocynate complex has
been recorded and exhibited in Fig. 4. The TEM image well shows
Fig. 2. Particle sizes distribution for nano-structure zinc chloride (A), bromide (B)
and iodide (C) complexes.



Fig. 3. SEM images of zinc chloride (A), bromide (B) and iodide (C) respectively.

Fig. 4. TEM image of ZnL(NCS)2.
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that the average size of zinc thiocynate complex particles is smaller
than 100 nm.

These nano-structure Schiff base complexes may show
improved properties in current applications of them in analytical,
biological and inorganic biochemistry area with respect to bulk
analogue.

IR spectral description

Table 2 summarizes vibrational spectral data of the zinc (II)
complexes in compared to ligand. Some weak vibrations at 3056,
3025, 2925 and 2834 cm�1 in IR spectrum of ligand is found that
are attributed to stretching vibrations of aromatic, olefinic, ali-
phatic and iminic CAH bonds, respectively A broad peak at
3245 cm�1 refers to NAH of secondary amine in free ligand. Com-
parison of the IR data of the zinc complexes with free ligand ones
presents good evidences for the coordination of ligand to zinc ion.
A meaningful shift of IR spectral data of ligand when it is coordi-
nated to zinc ion is found in Table 2. A sharp band appeared at
1635 cm�1 assigned to ˆ(C@N) (azomethine) of ligand, shifts to
lower wave numbers in the range of 1630–1632 cm�1 accompa-
nied by an enhancement in intensity in all complexes IR spectra
[7,38]. This change well indicates the involvement of azomethine
nitrogens in coordination to the zinc center. One reason for the
wave number shifts in the complexes spectra, may be due to p-
back bonding of metal (d10) to p⁄ of azomethine bond of ligand
[39]. Moreover, notable shifts by 11–40 cm�1 in vibration of sec-
ondary amine group NAH strongly confirms participation of this
group in coordination of ligand to zinc ion. In other side, in com-
plexes spectra, some weak absorption frequencies at 445–507
may be due to the stretching vibrations of M–N in the complexes
[28–33]. Finally, observation of very strong peaks at 2075 cm�1

and 2063 cm�1 are considered as powerful evidences supporting
the coordination of N-thiocyanate and azide anions to zinc ion
[40,41].

UV–visible spectra

The electronic spectral data of the ligand and its zinc complexes
at concentration of 10�5 M in dichloromethane have been tabu-
lated as Table 2. The UV–visible spectrum of the ligand show two
considerable absorption bands, one at 227 nm and the other at
281 nm, that may be assigned to p–p⁄ electronic transition of ben-
zene rings and azomethine bonds respectively [29,30]. In the zinc
complexes spectra, the first band showed no considerable shift
(1–2 nm) whereas the second band appeared as red shifted bands
by 9–20 at 290–301 nm that these red shifts is because of elonga-
tion in conjugation of system after coordination of the ligand to
zinc ion via azomethine nitrogens.

1H and 13C NMR spectra

The 1H and 13C NMR spectra of the compounds were recorded in
DMSO-d6 as solvent. Detailed assignments of 1H and 13C NMR
spectra along with coupling constants of the signals for all com-
plexes have been presented in experimental section based on
Scheme 1. According to our previous report, the ligand is formed
as an imidazolidine Schiff base in one side of structure. After com-
plexation, the ligand ring is opened so a tridentate bis-imine com-
pound is formed based on spectral evidences and X-ray structure. A
doublet signal with a coupling constant of 10.02 Hz at 7.79 ppm is
assigned to azomethine proton in the 1H NMR spectrum of ligand.
In the complexes spectra, this signal shows downfielded shift to
new chemical shifts in the range of 8.26–8.38 Hz that well supports
participation of azomethine nitrogen atoms to the zinc ion [42,43].
The aromatic ring protons of the ligand (Ha, Ha0) and (Hb, Hb0)
appeared as multiple peak at 7.48 ppm. Coordination of ligand to
zinc center cause that these signals shift to new position, so we
find them as multiplet peaks (may be due to an overlap between
(Ha,a0 , Hb,b0)) in the range of 7.47–7.50 ppm. In an imidazolidine



Table 3
Crystal data and structure refinement for zinc azide complex.

Chemical formula C22H25N9Zn
Formula weight 480.88
Crystal system Trigonal
Crystal size (mm) 0.50 � 0.25 � 0.20
Space group P31

Temperature (�K) 293.0(2)
Wavelength (Å) 0.71073
a (Å) 28.104(2)
b (Å) 28.104(2)
c (Å) 7.9718(6)
a (�) 90
b (�) 90
c (�) 120
V (Å3) 5452.9(9)
Z 9
Dcalc (Mg/m3) 1.318
l (mm�1) 1.041
F(000) 2250
Absorption correction Semi-empirical from

equivalents
Theta range for data collection (�) 3.348–25.348
Index ranges �29 6 h 6 33

�32 6 k 6 21
�9 6 l 6 9

Maximum and minimum transmission 1.00000 and 0.27841
Refinement method Full-matrix least-squares on F2

Reflections collected 14560
Independent reflections 10322
Rint 0.0419
Goodness-of-fit (GOF) on F2 1.090
Final R indices [I > 2r(I)] R1 = 0.0649, wR2 = 0.1490
R indices (all data) R1 = 0.0844, wR2 = 0.1734
Data/restraints/parameters 10322/757/866
Largest difference in peak and hole (e Å�3) 0.519 and �0.588
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structure of free ligand [33], Hc and Hc0 are expected to be different
so that they appear at 7.76 and 7.61 ppm as doublet of doublet and
broad doublet peaks respectively. In the complexes spectra, Hc and
Hc0 are found as downfielded signals in the range of 7.60–7.78 ppm.
In the 1H NMR spectrum of ligand, the signals at 7.11 and
7.00 ppm ppm are attributed to alkenic hydrogens of Hd and Hd0

respectively. Hd and Hd0 are observed as a doublet peak with cou-
pling constant of 8.80 Hz as downfielded signal in the range of
7.25–7.44 ppm in the zinc complexes. He and He0, after splitting
by neighboring hydrogen atoms, appear as multiplet and doublet
of doublet signals at 7.48 and 6.87 ppm Hz respectively. After coor-
dination of ligand, these signals notably are downfielded to the
range of 7.54–7.97 ppm. In free ligand spectrum, aliphatic hydro-
gens of Hh,h0 and Hg,g0 appear as three multiplet signals and a broad
singlet peak in the range of 3.98–3.74 ppm that were downfielded
to 3.63–3.3.8 ppm and 2.86–2.95 ppm in zinc complexes respec-
tively. The signal that appears in ligand spectrum at 3.19 ppm
may be related to amine proton (NH) that appears in the range
of 2.86–2.95 ppm at the zinc complexes spectra. In the 13C NMR
spectrum of the ligand, azomethine carbon signal of C(7) appeared
at 167.02 ppm. This signal was significantly upfielded to 166.07–
166.74 ppm in the zinc complexes that is a powerful evidence to
confirm the complex formation via azomethine nitrogen coordina-
tion to zinc ion. The signal at 146.79 ppm was attributed to C(5,50)

that undergoes a blue shift to 143.81–146.26 ppm in the com-
plexes spectra. According to free ligand spectrum, the peak at
129.07 ppm was belonged to C(1,10) that is downfielded to
129.78–130.37 ppm in all complexes spectra. C(4,40) is assigned to
a peak at 131.22 ppm in ligand spectrum that shifts to 134.76–
135.36 ppm in the zinc complexes. Based on ligand spectrum,
C(2,20) peak appeared in 128.72 ppm that is downfielded to the
range of 128.97–129.11 ppm when the ligand is attached to the
zinc ion. The signals appeared at 128.49, 127.47, 55.22 and
49.34 ppm are assigned to other ligand carbons of C(3,30), C(6,60),
C(8,80) and C(9,90), respectively that all of them were upfielded to
the ranges of 127.50–127.66, 125.12–127.45, 55.43–56.11 and
46.49–48.14 ppm at zinc complexes spectra. An additional signal
with respect to other complexes, appeared at 134.04 ppm in zinc
thiocyanate complex is assigned to C(NCS). Regarding the spectral
data from 1H and 13C NMR spectra and a comparison between sig-
nal positions in ligand and zinc complexes well support the sug-
gested structure for the zinc complexes (Scheme 1).

Crystal structure of zinc azide complex

Suitable crystal of 1 for X-ray structure analysis was grown
from an ethanolic solution. The crystallographic and refinement
data are tabulated as Table 3. Zinc azide complex crystallizes as
triplet in trigonal system with space group of P31. There are three
crystallographically independent (but chemically equivalent)
molecules in the asymmetric unit. An ORTEP view of zinc azide
complex is shown in Fig. 5. Selected bond parameters relevant to
the Zn coordination sphere are collected in Table 4. The coordina-
tion sphere around the zinc centers is well described as five coor-
dinated distorted trigonal bipyramide with three nitrogen atoms
from Schiff base ligand and two terminal azide nitrogens bonded
to zinc. The equatorial positions are occupied by the central nitro-
gen atom of the Schiff base ligand and two terminal azide nitrogen
atoms while two azomethine nitrogen atoms of the Schiff base
ligand occupy the axial positions. The axial bond angle (156.0(5)�
in Zn1, 157.3(6)� in Zn2, and 157.0(5)� in Zn3 molecule) deviates
from the ideal 180�, and this deviation is due to the structural con-
straints of the Schiff base ligand. The equatorial bond angles
(115.0(6)–127.3(5)� in Zn1, 113.0(7)–129.7(7)� in Zn2, 111.4(6)–
128.4(6)� in Zn3 molecule) also have some deviation from the ideal
120�. The sum of the three equatorial angles is 360� at Zn1, 359.9�
at Zn2, and 359.9� at Zn3. The ZnANimine distances (axial bonds)
are from 2.20(1) to 2.29(2) Å in the three molecules. The ZnANamine

distance is 2.08(1) Å for Zn3 and 2.09(1) Å for Zn1 and Zn2. The
ZnANazide bonds have the shortest length and range from 1.95(2)
to 2.02(2) Å. All bond lengths and angles are within the range of
other related complexes with similar geometry [44,45]. The dihe-
dral angle between phenyl rings is 27.96� in Zn1, 40.84� in Zn2,
and 32.45� in the Zn3 molecules.

The crystal lattice is packed by intermolecular interactions such
as NAH� � �N, CAH� � �N and CAH. . .p hydrogen bonding interactions.
Terminal azide groups participates in classic (NAH� � �N) and non-
classic (CAH� � �N) hydrogen bonds. NAH� � �N hydrogen bonds are
formed between NAH group of secondary amine of Schiff base
ligand from one molecule and terminal azide nitrogen atoms from
other molecule. There are three kinds of strong hydrogen bonds of
NAH� � �N in the crystal structure (Table 3). Each independent mole-
cule in asymmetric unit constitutes one of these bonds. Azide groups
also involves in some CAH� � �N hydrogen bonds with aliphatic and
aromatic hydrogen atoms of Schiff base ligand as donor (Table 5).
Zn1, Zn2, and Zn3 molecules are connected to five, six, and four other
molecule via XAH� � �N (X = C, N), respectively (Fig. 6). In addition,
there are a number of CAH� � �p interactions in crystal structure of
zinc azide complex that their distances and angles are well within
the accepted rang of CH� � �p interactions (Table 5) [46]. These inter-
molecular interactions stabilize the molecular structure and lead to
a three dimensional supramolecular structure.

Antibacterial bioassay (in vitro)

Antibacterial activities of the zinc complexes as compared with
free ligand were tested by disk diffusion method. Two gram-positive
(S. aureus and B. subtilis) and two gram-negative (E. coli and P. aerugin-
osa) bacteria were applied for these tests. The obtained data from bio-
logical evaluation have been tabulated as Table 6 in which diameter of



Fig. 5. ORTEP diagram of zinc azide complex with the atom numbering scheme. The atoms are represented by 20% probability thermal ellipsoids. Hydrogen atoms are
omitted for clarity.

Table 4
Selected bond lengths (Å) and bond angles (�) data for zinc azide complex.

Molecule 1 Molecule 2 Molecule 3

Bond length (Å)
Zn1AN1 2.29(2) Zn2AN10 2.25(1) Zn3AN19 2.27(1)
Zn1AN2 2.09(1) Zn2AN11 2.09(1) Zn3AN20 2.08(1)
Zn1AN3 2.20(1) Zn2AN12 2.23(1) Zn3AN21 2.21(1)
Zn1AN4 1.99(1) Zn2AN13 1.99(3) Zn3AN22 1.98(2)
Zn1AN7 1.98(1) Zn2AN16 1.95(2) Zn3AN25 2.02(2)
N4AN5 1.18(2) N13AN14 1.16(3) N22AN23 1.14(2)
N5AN6 1.18(3) N14AN15 1.14(3) N23AN24 1.14(2)
N7AN8 1.12(3) N16AN17 1.19(3) N25AN26 1.14(3)
N8AN9 1.14(4) N17AN18 1.14(4) N26AN27 1.15(4)

Bond angle (�)
N1AZn1AN2 78.5(5) N10AZn2AN11 77.4(6) N19AZn3AN20 78.4(5)
N1AZn1AN3 156.0(5) N10AZn2AN12 157.3(6) N19AZn3AN21 157.0(5)
N1AZn1AN4 93.8(5) N10AZn2AN13 95.0(7) N19AZn3AN22 99.4(6)
N1AZn1AN7 98.9(5) N10AZn2AN16 94.9(7) N19AZn3AN25 94.6(6)
N2AZn1AN3 77.6(5) N11AZn2AN12 79.9(7) N20AZn3AN21 78.6(5)
N2AZn1AN4 117.7(6) N11AZn2AN13 113.0(7) N20AZn3AN22 128.4(6)
N2AZn1AN7 127.3(5) N11AZn2AN16 129.7(7) N20AZn3AN25 111.4(6)
N3AZn1AN4 95.6(5) N12AZn2AN13 93.1(8) N21AZn3AN22 95.5(6)
N3AZn1AN7 97.0(5) N12AZn2AN16 100.2(7) N21AZn3AN25 92.9(6)
N4AZn1AN7 115.0(6) N13AZn2AN16 117.2(8) N22AZn3AN25 120.1(7)
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inhibition zone from the growth (in mm) are reported as antibacterial
activities. Based on the resultant data, the antibacterial tests of the
zinc complexes (with disks soaked in 10, 20 and 30 mg/mL of active
compound) showed different activity for them at the same condi-
tions. In an overall view, it was found that the ligand has lower activity
with respect to zinc complexes against microorganisms. According to
Table 6, ZnLI2 was found as the most effective compound against B.
subtilis. The antibacterial activities of the zinc complexes against S.
aureus can be ordered as following trend:

ZnLðN3Þ2 > ZnLðNCSÞ2 > ZnLI2 > ZnLBr2 > ZnLCl2 � Ligand
ZnLCl2 and ZnL(NCS)2 complexes were found to be the most impres-
sive compounds against P. aeruginosa and E. coli respectively. Stan-
dard drugs including Amoxicillin, Penicillin and Cephalexin were
used as positive blank to compare their antibacterial activities with
the activities of the zinc complexes. Some images of inhibition
zones around the constructed disks are shown in Fig. 7. All com-
pounds showed acceptable efficiency against bacteria in compari-
son with standard compounds [30] so introducing these kinds of
zinc complexes with bactericidal potential may be of interest in bio-
chemistry point of view.



Table 5
Intermolecular interactions in zinc azide complex.

Interaction (DAH. . .A) DAH (Å) H���A (Å) D���A (Å) <A���HAD (�)

NAH���N N2AH2N���N9i 0.98(2) 2.06(4) 2.93(4) 147
N11AH11N���N18ii 0.98(2) 2.12(4) 2.99(4) 146
N20AH20N���N24iii 0.98(1) 2.09(2) 2.97(2) 148

CAH���N C63AH63���N4 0.93(3) 2.53(2) 3.45(3) 173
C62AH62���N6iv 0.93(3) 2.71(2) 3.50(3) 143
C4AH4A���N7v 0.97(2) 2.67(1) 3.59(2) 160
C5AH5B���N9iv 0.97(2) 2.74(2) 3.68(3) 164
C10AH10���N15iv 0.93(2) 2.50(2) 3.41(3) 165
C15AH15���N15v 0.93(4) 2.55(2) 3.33(4) 142
C35AH35���N15iv 0.93(3) 2.60(2) 3.46(3) 153
C27AH27A���N16vi 0.97(2) 2.75(1) 3.65(2) 155
C29AH29B���N16vii 0.97(3) 2.70(2) 3.66(4) 170
C26AH26B���N18viii 0.97(3) 2.64(3) 3.35(3) 130
C28AH28B���N18vi 0.97(2) 2.69(4) 3.60(4) 156
C48AH48B���N22ix 0.97(3) 2.65(2) 3.57(4) 160
C49AH49A���N24iv 0.97(2) 2.74(2) 3.67(3) 161
C37AH37���N27viii 0.93(3) 2.48(3) 3.19(4) 134

CAH���p C4AH4B���Cg(1) 0.97(2) 3.086 3.897 142
C7AH7A���Cg(2) 0.97(2) 3.002 3.823 143
C26AH26A���Cg(3) 0.97(2) 3.082 3.995 157
C29AH29A���Cg(4) 0.97(2) 2.975 3.726 135
C48AH48A���Cg(5) 0.97(3) 3.019 3.843 142
C51AH51B���Cg(6) 0.97(3) 3.078 3.949 157

Symmetry transformations used to generate equivalent atoms: (i) �y + 1, x � y + 1, z � 2/3, (ii) �x + y � 1, �x + 1, z + 2/3, (iii) �y + 2, x � y + 2, z � 2/3, (iv) x, y, 1 + z, (v) 1 � y,
1 + x � y, z + 1/3, (vi) x, y, �1 + z, (vii) �1 � x + y, 1 � x, �1/3 + z, (viii) 1 � y, 2 + x�y, z � 2/3, (ix) 2 � y, 2 + x � y, 1/3 + z.
Ring code: Cg(1): C11, C12, C13, C14, C15, C16; Cg(2): C17, C18, C19, C20, C21, C22; Cg(3): C33, C34, C35, C36, C37, C38; Cg(4): C39, C40, C41, C42, C43, C44; Cg(5): C55, C56,
C57, C58, C59, C60; Cg(6): C61, C62, C63, C64, C65, C66;

Fig. 6. Hydrogen bonds induced by azide groups in zinc azide complex structure.

524 M. Montazerozohori et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 138 (2015) 517–528
Antifungal bioassay

All zinc complexes were screened for their in vitro antifungal
activities against C. albicans and A. niger as two fungi by disk diffu-
sion method [47]. The antifungal activities data as zone diameter of
Table 6
Antibacterial activity of the zinc complexes as diameter of zone of inhibitiona (mm) aroun

Compound Gram-positive

Bacillus subtilis Staphylococcus aureus

10b 20 30 10 20 30

Ligand 10 12 12 11 12 13
ZnLCl2 8 9 13 7 10 13
ZnLBr2 10 13 15 9 10 14
ZnLI2 25 27 30 10 14 17
ZnL(NCS)2 10 11 13 13 16 18
ZnL(N3)2 22 23 23 15 17 19

a All data are the mean of two measurements.
b The numbers in this row refer to compound concentrations.
inhibition (mm) of the growth around the disk saturated with 10,
20 and 30 mg/mL of active compound have been compiled in
Table 7. Similar to antibacterial activities, antifungal properties of
the zinc complexes were found to be more notable as compared
with free ligand. Among the complexes, ZnLI2 showed more inhib-
itory effect against C. albicans whereas ZnLCl2 was more impressive
than other complexes against A. niger. Some properties such as
structure and lipophilicity character of the tested compounds
and cell membrane characteristics of microorganism may be con-
sidered as important factors controlling the antimicrobial activity.
It seems that attaching the zinc cation to ligand causes suitable
lipophilicity nature for the complexes facilitating their passage
from microorganism cell wall [48]. This causes more effective
block of the active site of enzyme of microorganisms which pre-
vents their growth. Off course, the role of coordinated X ions with
different electronegativity and steric effects may be effective on
antimicrobial activities of the complexes [49].

Thermal analyses of the zinc complexes

Thermal analyses of the zinc complexes were performed under
nitrogen atmosphere with the heating rates of 10 �C/min from
room temperature to 1000 �C. Thermal stability of the zinc
d constructed disks (saturated with 10, 20 and/or 30 mg/mL) against some bacteria.

Gram-negative

Pseudomonas aeruginosa Escherichia coli

10 20 30 10 20 30

8 10 11 R R 6
11 14 16 10 14 18

9 10 14 9 12 18
11 11 11 12 14 20

8 9 11 19 20 21
12 13 15 16 17 20



Fig. 7. Inhibition zone around the disks containing zinc complexes; (A) ZnLI2 against Pseudomonas aeruginosa; (B) ZnL(N3) against Staphylococcus aureus; (C) ZnL(NCS)2

against Aspergillus niger; (D) ZnLCl2(D1), ZnLBr2(D2) and ZnLI2(D3).

Table 7
Antifungal activity of the compounds as diameter of zone of inhibitiona (mm) around
constructed disks (saturated with 10, 20 and/or 30 mg/mL) against two fungi.

Compound Candida albicans Aspergillus niger

10b 20 30 10 20 30

Ligand [33] 10 15 15 9 17 20
ZnLCl2 7 22 27 10 33 40
ZnLBr2 29 NR NR NR 22 32
ZnLI2 15 26 34 R 24 35
ZnL(NCS)2 20 24 30 15 18 20
ZnL(N3)2 21 22 23 17 17 18

a All data are the mean of two measurements.
b The numbers in this row refer to compound concentrations.
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complexes and probable existence of water molecules inside or
outside of the coordination sphere of them were two major reasons
in this survey. The related thermal plots of complexes (TG/DTG/
DTA) are depicted in Fig. 8. All thermo-gravimetric data including
thermal decomposition ranges, mass loss (%) and kinetic activation
parameters of each thermal decomposition step of the zinc com-
plexes are collected in Table 8.

Since the TG plots shows no weight loss below the 200 �C,
absence of water molecules in the complex structures is confirmed.
According to thermal analyses data, it is found that the zinc com-
plexes demonstrate different kinds of decomposition pathways.
ZnLCl2 is decomposed during four steps while ZnLBr2 and ZnLI2

are thermally destructed in three thermal steps. On the other hand,
ZnL(NCS)2 and ZnL(N3)2 exhibit different patterns so that two ther-
mal steps are observed for decomposition process. Zinc halide com-
plexes show two types of thermal behavior so that zinc iodide
complex leave out a metallic residual of zinc but zinc chloride and
bromide complexes are absolutely decomposed without any resid-
ual. Both of zinc azide and zinc thiocynate are decomposed with
residuals of Zn(NCS) and Zn at the end respectively. It is found that
in all zinc complexes, the organic segment including phenyl rings
eliminated at first decomposition step. Among the complexes, ZnLI2

had minimum mass loss in the first step with amount of 11.72%
while the maximum mass loss in first step was belonged to
ZnL(NCS)2 with amount of 36.41%. Regarding Table 8, initial tem-
perature for starting of decomposition for zinc complexes was in
the range of 180–200 �C while final temperature was in the range
of 530–750. Also, zinc halide complexes need higher temperature
(700–750 �C) for entirely decomposition than zinc azide and zinc
thiocynate (530–640), so zinc halide complexes, especially ZnLCl2,
were suggested to be more thermal stable against thermal decom-
position. Furthermore, the thermodynamic activation parameters
of decomposition processes of the complexes entitled as activation
energy (DE⁄), enthalpy (DH⁄), entropy (DS⁄) and Gibbs free energy
change (DG⁄) of the decomposition were estimated graphically by
plotting of data based on the Coats–Redfern relation [50]. Table 9
summarizes the calculated data. The activation energies of thermal
decomposition steps were evaluated in the range of 25.84–
185.49 kJ/mol. The high values of the activation energies suggest
thermal stability for the complexes. In all thermal steps, evaluated
values for DS⁄ are negative. Negative values of DS⁄ nearly at all ther-
mal steps indicate an ordered character or slower rate than normal
processes for thermal decomposition steps [51]. Ultimately, DH⁄

and DG⁄ values have positive amount in the ranges of 20.28–
185.49 and (1.71–2.62) � 102 kJ/mol respectively representing
endothermic pathway at all thermal steps.



Fig. 8. TG/DTG/DTA plots of ZnLCl2 (A), ZnLBr2 (B), ZnLI2 (C), ZnL(NCS)2 (D) and ZnL(N3)2 (E) complexes.

Table 8
Thermal analysis data of the zinc complexes including temperature range, differential thermal gravimetry (DTG) peak, mass loss, proposed segment and final residuals.

Compound Temperature range (�C) Mass loss (%) found (Calculated) DTG peak (�C) Proposed segment Final residue

ZnLCl2 200–375 24.00 (24.17) 320 C9H8 –
375–520 18.50 (18.75) 395 C7H6

520–585 29.22 (29.17) 530 C7H14N3

585–750 27.02 (27.71) 605 ZnCl2

ZnLBr2 180–370 20.43 (20.43) 305 C9H8 –
370–474 20.49 (20.43) 415 C9H8

474–740 58.48 (59.14) 590 C5H12N3Br2Zn

ZnLI2 200–320 11.72 (11.60) 310 C6H5 Zn
320–550 37.02 (40.62) 375 C17H23N3

550–700 37.18 (38.22) 590 I2

ZnL(NCS)2 200–425 36.41 (36.71) 305 C15H13 Zn(SCN)
425–640 38.12 (37.20) 548 C9H15N4S

ZnL(N3)2 200–360 26.36 (26.32) 310 C9H8N Zn
360–530 60.63 (60.75) 500 C14H20N8
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Table 9
Thermo-kinetic parameters of the thermal decomposition steps of the zinc complexes.

Compound Decomposition step (�C) E⁄ (kJ/mol) A⁄ (1/S) DS⁄ (kJ/mol K) DH⁄ (kJ/mol) DG⁄ (kJ/mol)

ZnLCl2 200–375 57.24 1.83 � 102 �2.07 � 102 52.31 1.75 � 102

375–520 25.84 9.75 � 10�2 �2.71 � 102 20.28 2.02 � 102

520–585 96.11 2.89 � 103 �1.87 � 102 89.39 2.41 � 102

585–750 78.31 8.62 � 101 �2.17 � 102 71.00 2.62 � 102

ZnLBr2 180–370 37.14 2.53 �2.43 � 102 32.33 1.73 � 102

370–474 43.65 3.19 �2.42 � 102 37.92 2.05 � 102

474–630 55.33 4.03 �2.42 � 102 48.15 2.57 � 102

ZnLI2 200–320 90.94 7.07 � 105 �1.38 � 102 86.15 1.66 � 102

320–550 37.52 8.99 � 10�1 �2.52 � 102 32.13 1.96 � 102

550–700 104.92 4.75 � 103 �1.83 � 102 97.74 2.56 � 102

ZnL(NCS)2 200–425 53.22 6.55 � 101 �2.16 � 102 48.33 1.75 � 102

425–640 71.61 8.49 � 101 �2.16 � 102 64.77 2.43 � 102

ZnL(N3)2 200–360 53.80 1.38 � 102 �2.10 � 102 48.94 1.71 � 102

360–530 191.93 5.83 � 1010 �4.68 � 101 185.49 2.22 � 102
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Conclusion

A series of some novel zinc complexes with a tridentate Schiff
base ligand was successfully synthesized. In addition, the nano-
structure forms of them have been also prepared under ultrasonic
irradiation. The synthesized complexes were characterized by vari-
ous spectral and physical methods such as FT-IR, UV–visible, 1H and
13C NMR, X-ray crystallography, thermal analyses, melting points
and molar conductivity. Zinc azide complex structure was analyzed
by X-ray crystallography. The complex crystallizes as a triplet in tri-
gonal system with space group of P31. SEM, XRD and TEM techniques
were used for investigation morphology and size of nano-structure
complexes. Evaluation of antibacterial and antifungal activities of
the zinc complexes with respect to free ligand was performed.
Accordingly, ZnLI2 and ZnL(N3)2 were found as the most effective
agents among the zinc complexes against B. subtilis and S. aureus
while ZnLCl2 and ZnL(NCS)2 showed good inhibitory effects against
P. aeruginosa and E. coli respectively. Also among the complexes,

ZnLI2 and ZnLCl2 were found as more impressive in fighting with C.
albicans and A. niger with respect to others. Finally, thermal analyses
of the zinc complexes revealed that they are decomposed via 2–4
thermal steps from room temperature to 1000 �C.
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