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1 Introduction

The synthesis of a Cu(n) Schiff base complex using
a bidentate N,O, donor ligand: crystal structure,
photophysical properties, and antibacterial
activitiest

Yaning Guo, (D} Xiaobing Hu, Xinli Zhang, Xiaohua Pu and Yue Wang

In this paper, a new mononuclear Cu(i) complex was synthesized by using a bidentate N,O, Schiff base
ligand, (E)-2-bromo-4-chloro-6-[(2,6-dimethylphenylimino)methyllphenol (HL), with a copper(i) salt in
a methanol solvent. The structures of the HL ligand and the complex were characterized by Fourier
transform infrared (FTIR) spectroscopy, single crystal X-ray diffraction (SCXD), and elemental analysis
(EA). The Cu(i) center in the complex is four-coordinated by a bidentate N,O, donor ligand, forming
slightly distorted square planar geometry. The detailed studies of their photophysical properties such as
UV-Vis and fluorescence were done and the X-ray diffraction (XRD) patterns were investigated in the
powder forms. Density functional theory calculations were carried out on both the HL ligand and the
Cu(i) complex to investigate the changes in the structural parameters and energies of the HOMO and
LUMO. The results demonstrated that the HOMO and LUMO were effectively separated with the
benzene ring of 2,6-dimethylbenzenamine as the donor unit and the benzene ring of 3-bromo-5-
chlorosalicylaldehyde as well as the chelate ring as the acceptor unit. The effective HOMO-LUMO
separation helps induce intramolecular charge transfer from the HOMO to the LUMO. The HOMO-
LUMO energy gap become smaller when the Schiff base ligand coordinated with Cu(i) ions, which was
most likely due to the Cu(n) perturbation effect. These theoretical calculations supported the
experimentally observed results. The antibacterial activities of the HL ligand and the Cu(i) complex were
studied on Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli. The obtained data
confirmed their potent antimicrobial activity and the Cu(i) complex had the MIC value of 1.25 mmol L™*
against Escherichia coli.

the most important stereochemical models in metal coordina-
tion chemistry.

Schiff bases, as an important series of organic ligands, are
capable of coordinating with metal ions to form stable chelates
via the N atom of the azo-group and other donors such as -OH
and -NH,. Benefiting from the facile synthetic pathways,
excellent coordination ability, good biological activities, and
photochemical properties, the application of Schiff bases
involves not only pharmaceuticals such as antibiotics," antivi-
rals,>* and anti-inflammatory* drugs, but also photoelectric and
dye materials.>® Furthermore, due to their preparative accessi-
bility, structural variety, and potential properties, it is consid-
ered that metal complexes with Schiff base ligands are one of
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It is well-known that mono- and binuclear metal complexes
with the d'° metal centre exhibit excellent photoluminescence
that has great prospects in optoelectronic devices. In recent
years, Schiff base complexes with d'® metals have been exten-
sively explored.” The copper ion has biological activity and it is
an essential trace element in the human body; it plays critical
and crucial roles in many biological processes and enzyme
regulation as well as in the structural and functional enhance-
ment of proteins. Copper complexes have medical applications,
with some of them being used as model molecules for biological
oxygen carrier systems' and some having applications in the
field of analytical chemistry." To date, many copper complexes
with N, O-donor Schiff base ligands and related analogues have
been reported owing to their effective biological activities and
other functional properties. Asma A. Alothman et al. reported
that the synthesized hexadentate N,O, donor Schiff base
ligands and their respective Co(u), Ni(u), and Cu(u) complexes
have shown general antimicrobial ability by the agar well
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diffusion assay." L. Buta et al. studied the magnetic properties
of the polynuclear copper(u) complexes of hexadentate N, O-
donor Schiff base ligands and found that the central copper(u)
ions in these complexes lie in a square planar or a square
pyramidal environment.”* K. Sarmah et al. discovered some
other unique properties of copper complexes from N, O-Schiff
base ligands,™ such as gelation property. These studies indi-
cate that copper complexes from N, O-Schiff base ligands have
promising applications in various fields.'>*®

With the exception of metal ions, the properties of
compounds can be manipulated by intra- or intermolecular
forces such as coordinate bond, hydrogen bond, - -7 stacking,
and the interaction of the electron transfer ECT. These inter-
actions can incorporate Schiff bases and their metal complexes
into discrete small molecules, oligomers, or polymers, leading
to the influence on the self-assembly process in the supramo-
lecular frameworks and some properties. Further, such incor-
poration can provide metal complexes derived from Schiff base
ligands with some intriguing properties and have been widely
applied in analytical,"” catalytic,'®" luminescent,**** medicinal
and functional molecular-based chemistry.”**® Now, efforts
have shifted towards exploring their application in photonic
applications,* especially in the field of luminescent Schiff bases
complexes.”>>*

Therefore, as an extension of the research on the structural
characterization and properties of Schiff bases complexes with
ligands containing O and N atoms, in this contribution,
a bidentate N,0, Schiff base ligand and its Cu(un) complex were
synthesized and characterized by single crystal X-ray diffraction,
elemental analysis and FTIR spectroscopy. The detailed study of
their photophysical properties such as UV-Vis and fluorescence
were done. Density functional calculations were carried out to
investigate the changes in the structural parameters, and the
energies of HOMO and LUMO. To further investigate the bio-
logical activity of the HL ligand and the Cu(u) complex, the
antibacterial activities against Staphylococcus aureus, Pseudo-
monas aeruginosa, and Escherichia coli were evaluated.

2 Experimental
2.1 Materials and measurements

Elemental analyses were performed on a Vario EL-III analyzer.
Fourier transform infrared (FTIR) spectra were obtained at
room temperature using a PerkinElmer infrared spectrometer.
"H NMR spectra were recorded using a Varian 400 MHz NMR
spectrometer with deuterated dimethyl sulfoxide (DMSO-dg) as
the solvent and tetramethylsilane (TMS) as the internal refer-
ence. Crystal structures were determined on a Bruker APEX II
CCD area diffractometer. Ultraviolet visible (UV-Vis) absorption
spectra were recorded on a UV-2550 spectrometer with a wave-
length range of 250-800 nm. Fluorescence spectra were recor-
ded at room temperature using a Horiba Scientific Fluoromax-4
spectrofluorometer with spectroscopic grade DMSO as the
solvent. The slit widths of excitation and emission measure-
ment were both 5 nm. The fluorescence spectra of the solutions
of the compounds and the reference solutions were optimized
by subtracting the solvent peak that was part of the background.
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Density functional theory (DFT) computations were performed
using the Gaussian 09 software package with the B3LYP func-
tional and the 6-31G(d) basis set.

3-Bromo-5-chlorosalicylaldehyde and 2,6-dimethylbenzen-
amine were purchased from J&K Chemical Ltd. All other
chemicals were commercial products and used without further
purification.

2.1.1 Synthesis of HL ((E)-2-bromo-4-chloro-6-[(2,6-
dimethylphenylimino)methyl]phenol, = C;5H;;BrCINO).  3-
Bromo-5-chlorosalicylaldehyde (2.35 g, 0.01 mol) dissolved in
methanol (50 mL) was added to 2,6-dimethylbenzenamine
(1.21 g, 0.01 mol) in methanol (50 mL). The reaction mixture
was heated to 50 °C for 1 h and then cooled to room tempera-
ture, followed by concentrating the resulting mixture to a yellow
solid product. The yield was 2.71 g (82%). For C,5H;3BrCINO:
anal. caled, %: C, 53.16; H, 3.84; N, 4.13. Found, %: C, 53.11; H,
3.89; N, 4.10. "H NMR (400 MHz, DMSO-dg), 6: ppm: 8.65 (s, 1H),
7.87 (d, J = 2.5 Hz, 1H), 7.78 (d, J = 2.6 Hz, 1H), 7.15 (d, ] =
7.5 Hz, 2H), 7.07 (dd, J = 8.2 Hz, 1H), 3.31 (s, 1H), 2.16 (s, 6H);
13C NMR (100 MHz, DMSO-dg), 6: ppm: 167.26, 157.08, 146.72,
135.52, 131.80, 128.82, 128.59, 125.98, 123.01, 120.37, 111.45,
18.48. The "H NMR and "*C NMR spectra (DMSO-d,) of the HL
ligand are shown in Fig. S1.}

2.1.2 Synthesis of the Cu(u) complex [Cu(C,5H,;,BrCINO),].
Cu(NO3), (1 mmol, 188 mg) in methanol (20 mL) was added
dropwise to HL ligand (0.68 g, 2 mmol) in methanol (50 mL),
and the resultant brown reaction mixture was stirred at room
temperature for 1 h and then filtered. The filtrate was left in air
to evaporate the solvent and brown crystals were obtained after
10 days. The product was collected by filtration, washed with
cooled methanol, and then dried in air. The yield was 0.32 g
(46%). Black single crystals suitable for single crystal X-ray
diffraction were grown in methanol by slow evaporation. For
C30H,4Br,Cl,CuN,O,: anal. calcd %: C, 48.73; H, 3.25; N, 3.79.
Found, %: C, 48.67; H, 3.32; N, 3.82.

2.2 X-ray structure determination

Crystal structure determination of HL ligand and the Cu(u)
complex was carried out on a Bruker APEX II CCD area
diffractometer equipped with graphite-monochromatized
MoKa (A = 0.071073 nm) using ¢-w scan technique at
different temperatures. The structures were solved by direct
methods and refined on F> by full-matrix least-squares
methods using SHELX-97.°%%" All the non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were
included at geometrically calculated positions and refined
using a riding model. The crystal data, experimental details,
refinement results, and details of structure determinations
are shown in Table 1. The selected bond lengths and bond
angles are shown in Table S1,f and the parameters of
hydrogen bonds and halogen-halogen interaction for
compounds are shown in Table S2.} ESIf for structures of HL
and the Cu(n) complex have been deposited with the Cam-
bridge Crystallographic Data Centre (no. 1040318 for HL and
1040317 for Cu(u) complex; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).

This journal is © The Royal Society of Chemistry 2019
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Table 1 Crystallographic data and structure refinement for HL and the Cu(i) complex®
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Value
Parameter HL Cu(u) complex
Empirical formula C,5H;3BrCINO CuCj3oH,4Br,Cl,N,0,
Formula weight 338.62 738.77
Temperature/K 133(2) 153(2)

Crystal size/mm

Crystal system, space group
a, b, c/nm

a, B, v/(°)

vnm?

DJg em ™, Z

w/mm™*

F(000)

Index ranges (A, k, {)

6 range/(°)

Reflections collected/unique
Absorption correction

Max. and min. transmission
R, wR [I = 20 (I)]

R, wR [all data]

GOF on F*

(Amea)u (Ap)min/(e . 1’11’1’173)

0.34 x 0.30 x 0.19

Monoclinic, P2,/c

1.2621(5), 0.9092(3), 1.3389(5)

8 = 116.556(4)

1.374(9)

1.637, 4

3.176

680
—17=h=17,-12=k=12,-18=[=18
2.81 to 30.03

10 049/3954

Semi-empirical from equivalents
0.5911 and 0.4115

0.0337, 0.0698

0.0529, 0.0740

0.999

1143, —645

0.32 x 0.28 x 0.19

Monoclinic, C2/c

1.0515(2), 1.8508(4), 1.5602(3)

8 = 106.547(9)

2.9105(10)

1.686, 4

3.711

1468
—15=h=15,-25=k=27,-22=[=22
2.95 to 31.51

18 540/4821

Semi-empirical from equivalents
0.5391 and 0.3831

0.0336, 0.0710

0.0422, 0.0751

0.99

652, —633

“ Final weighting scheme: w = 1/[¢%(Fy?) + (0.0335P)> + 0.0000P], where P = (F,> + 2F.%)/3 for 1; w = 1/[¢*(Fy?) + (0.0328P)> + 0.0000P], where P = (Fo> +

2F.%)/3 for 2.

2.3 Computational details

Density functional theory (DFT) computations were carried out
using the Gaussian 09 software package with the B3LYP func-
tional and the 6-31G(d) basis set.*” In the DFT calculations, the
geometry of both the HL ligand and the Cu(u) complex were
fully optimized in the gas phase without any symmetry
constraints using the non-local hybrid density functional
B3LYP.*

3 Results and discussions

The HL ligand was synthesized in absolute methanol in good
yields (82%) and the Cu(u) complex was prepared by reaction of
HL ligand with cupric nitrate in methanol, in accordance with
the following synthetic procedure. HL ligand is yellow but the
Cu() complex is black. Note that both the HL ligand and the
Cu() complex are stable in air at room temperature and soluble
in common polar organic solvents such as DMSO, methanol,
and ethanol. The elemental analyses are in good agreement
with the chemical formulas proposed for them (Scheme 1).

3.1 Crystal structure descriptions

The crystal structures of the HL ligand and the Cu(u) complex
with the atomic marks are presented in Fig. 1 and 2, respec-
tively. The HL ligand presents the typical Schiff base molecule
features and the complex reveals a mononuclear nature with
Cu(n) ion coordinated at the center of two Schiff base species,
where all the bond lengths and angles are in normal ranges. On
the basis of the crystal data, E configuration with respect to the
azomethine ~-CH=N- bond is exhibited in both the raw ligand

This journal is © The Royal Society of Chemistry 2019

and the complex. The distance of C(7)=N(1) in the Cu(u)
complex (0.1292(2) nm) is a little longer than that of the HL
ligand (0.1276(3) nm). The dihedral angle of two phenyl rings
(ring A, C(1)-C(6); ring B, C(8)-C(13)) of the Cu(u) complex is
89.40(5)°, which is much larger than that of the HL ligand

CH,
cl CHO  H,N

. j@ methangl HsC

Cl =N
Br HeC \ HC
X Cu(NOy). C g
al <, methano O~Cu—q
N Br oq \
H;C 3
OH @fN\ cl

B
r CH,4

Scheme 1 The general synthetic routes for HL and the Cu(i) complex.
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Fig.1 Molecular structure of HL with displacement ellipsoids drawn at
the 30% probability level.
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Fig. 2 Molecular structure of the Cu(i) complex. Displacement ellip-
soids are drawn at the 30% probability level and the hydrogen atoms
are omitted for clarity. Symmetry code: #1 —x + 1, y, —z + 1/2.

(62.40(6)°). It can be interpreted in the coordination effect and
steric effects. Moreover, the whole molecule of the HL ligand is
not coplanar with the dihedral angles of 62.40(6)° (A and B) due
to the steric effect of two methyl groups.

In the crystal structure of the HL ligand, the intermolecular
interactions of C-H---O and C-H---Cl hydrogen bonds appear
along the lateral direction. The discrete monomeric molecule is
fettered by intermolecular hydrogen bonds C(14)-H(14c)---O(1)
and C(12)-H(12)---Cl(1), leading to a 1D zig-zag chain along the
c-axis (Fig. 3, Table S27). Also, the molecules are further con-
nected to form a 3D network structure by C-H---t and C(12)-
H(12)---Cl (1) interactions (Fig. S3, Table S27).

In the crystal structure of the Cu(u) complex, the Cu(u) centre
is four-coordinated in a square planar geometry, with two
phenolate O and two imine N atoms of a Schiff base ligand.
Each ligand acts as a bidentate ligand. The geometry around
Cu(n) in the complex is in a slightly distorted square planar
environment, where the dihedral angle between the two coor-
dination planes defined by O(1)Cu(1)N(1) and O(1)#1Cu(1)N(1)
#1 (symmetry: #1: —x + 1, y, —z + 1/2) is 42.6°, which is ascribed
to the slight steric effect of the substituent group in the

e
2,/‘? h/}/ /‘7/
A ¢ 4
YAl S S
\—-( f H |:-<.|;f_\ i “l r’ "~ \-‘ f h g
1\’J Y Yty vy
o 4 N, 4 ‘L
v A AJ

Fig. 3 The one-dimensional chain of HL along c-axis (C—H---Cl and
C—-H---O hydrogen bonds were showed as dashed lines, hydrogen
atoms were omitted for clarity. (i) x — 1, —y + 3/2,z — 1/2; (i) x, =y + 1/2,
z+1/2).
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Fig. 4 A view of 1D sheet structure in the Cu(i) complex formed
through C—H---Cland C—H---m interactions. Symmetry code: #2 —x +
12, -y +1/2, =z + L, #3x — 1/2, -y + 1/2, z — 1/2.

aromatic ring. Bond angles O(1)-Cu(1)-N(1), N(1)-Cu(1)-N(1)
#1, and O(1)-Cu(1)-O(1)#1 are 93.13(6), 150.41(9), and
156.81(8)°, respectively, which are also consistent with the
observation of the geometry. The dihedral angles A and B are
89.40(6)°, and the phenyl ring plane (ring B) and the chelate ring
(O(1)/Cu(1)/N(1)/C(1)/C(2)/C(7), rms deviation of fitted atoms
0.0891) are nearly perpendicular with a dihedral angle of
83.88(5)°, which is interpreted by conjugation effect and large
steric hindrance of two adjacent methyl groups on ring A. By
contrast, the phenyl ring plane (ring A) and the chelate ring are
nearly coplanar with a dihedral angle of 5.91(7)° due to the
coordination and conjugation effects. The fact is that the cor-
responding planes are generated by symmetry. The Cu-O and
Cu-N bond distances in the complex are 0.18841(12) and
0.19772(15) nm, respectively, and also have normal values as
compared with other similar copper complexes.***

In the structure of the Cu(u) complex, discrete monomeric
molecules are held together by C-Cl---H and weak C-H--®
interactions (distance H10---centroid of ring C1-C6: 0.2826 nm;
angle between C(10)-H(10)---Cg: 125.4°; distance C(10)---Cg:
0.3470 nm) to form a 1D sheet structure (Fig. 4). The hydrogen
bonding data are summarized in Table S2.f The results reveal
that these interactions not only play an important role in the
formation, stability, and crystallization of the Cu(u) complex but
also extend molecules into a 1D supramolecular chain.

3.2 FTIR analysis

The FTIR spectrum of the HL ligand showed weak bands in the
3503 cm™ ' region, which are assigned to the »oy vibration from
the phenolic groups. The absence of the phenolic group bands
in the Cu(u) complex indicates that the hydroxyl groups are
deprotonated during coordination. The »(C=N) stretching
vibration in the Cu(i) complex (1606 cm ™) is shifted by 12 cm "
towards lower frequencies compared to the raw Schiff base
ligand, implying the coordination of the imine nitrogen atom to
the copper ion. The intense band at 1289 cm ' assigned to
phenolic C-O linkage shifts towards higher wave numbers of
1322 ecm ' for the Cu(un) complex, further confirming the
involvement of deprotonated phenolic groups in bond forma-
tion with the copper atom. The FTIR spectra of the HL ligand
and the Cu(u) complex are shown in Fig. S4.t

This journal is © The Royal Society of Chemistry 2019
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3.3 Thermal analysis

The thermal properties of the Cu(u) complex were investigated
under nitrogen atmosphere with a heating rate of 5°C min™%;
the temperature range was from RT to 800 °C. As shown in
Fig. 5, the Cu(u) complex has a high thermal stability up to
272 °C. The thermograms show two weight-loss steps. The first
step is from 272 °C to 308 °C, which is ascribed to the partial
loss of the ligand in the Cu(u) complex with a weight loss of
46%. In the second step, a gradual weight loss appeared over
a temperature range of 308-800 °C, which may be assigned to
the complete decomposition of the ligand around the copper
ion. The residue at 800 °C should be due to copper oxide and
a small amount of carbon.

3.4 Photophysical properties

The UV-Vis spectra of the HL ligand and the Cu(u) complex in
DMSO are shown in Fig. 6. The ligand HL displayed two distinct
absorption peaks at 262 nm and 340 nm, which were red shifted
to 265 nm and 381 nm, respectively, in the Cu(u) complex. This
can be attributed to the rigidity, which was enhanced after the
ligand coordinated with Cu(u) ion and so, the energy required
for electron transition from the ground state to the excited state
is reduced. Consequently, the absorption of HL ligand is red
shifted after coordination with Cu(u) ion.

The compounds, regardless of the metal ion, show a lower
energy band around 340 nm for HL ligand and 381 nm for the
Cu(u) complex, which is due to T — 7* transition®**” that is an
intramolecular charge transfer (CT transition) involving the
whole molecule and within the azomethine (CH=N) chromo-
phore ground, a band around 262 for the HL ligand and 265 nm
for the Cu(u) complex due to n — 7* transitions.

The optical band gaps (Eg™) were calculated according to
the onset of the absorption spectrum, and the values are
2.59 eV and 2.81 eV for HL ligand and the Cu(un) complex,
respectively (see Table 2). This indicates that the electron
transition of the Cu(u) complex is easier than that of HL
ligand. These results are in accordance with the theoretical
calculations (Table 2).

100

80 +

[=2]
o
1

Weight loss(%)
»
o
1

20+
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Fig. 5 Thermogram of the Cu(i) complex.
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Fig. 6 UV-Vis spectra of HL (28.7 pg mL™Y and Cu() complex
(28.7 pg mL™Y in DMSO at room temperature.

The emission spectra of the HL ligand and the Cu(u) complex
were measured in DMSO at room temperature and are shown in
Fig. 7. The corresponding optimal excitation wavelength (1) is
about 450 nm for the HL ligand and 460 nm for the Cu(u)
complex. The excitation occurs at the lowest energy absorption
band in each case. However, it is interesting to note that the
highest emission band for the ligand is observed at 568 nm,
whereas the emission band maxima for the Cu(u) complex is
shifted to lower wavelength of about 515 nm with a blue shift of
about 53 nm. These blue shifts suggest the complexation of the
Cu(n) complex and the solvent molecules’ effect. The Stokes
shifts for the HL ligand and the Cu(u) complex in DMSO are
118 nm (0.57 eV) and 55 nm (0.29 eV), respectively (see Table 2).
The fluorescence intensity of the Cu(u) complex becomes
weaker than that of the HL ligand. The observed quenching is
predicted to be due to the metal atom perturbation effect, which
can explain the increment in energy dissipation caused by atom
perturbation through non-radiative mode, consequently,
resulting in the decrease in fluorescence intensity.

DFT computations (B3LYP/6-31G) were carried out to
understand the electronic structures of the HL ligand and the
Cu(n) complex; their HOMO and LUMO populations, and their
energies on a relative scale are shown in Fig. 8. In case of the HL
ligand, in the ground state, the electron density at the HOMO
orbitals mainly resides on the m-orbital of the benzene ring in
the 2,6-dimethylbenzenamine moieties, while a considerable
contribution comes from the m-orbital of the benzene ring of 3-
bromo-5-chlorosalicylaldehyde moiety at LUMO. The energy
gap between the HOMO and LUMO is 3.95 eV for the HL ligand.
In case of the Cu(u) complex, the electron density on the HOMO
orbital comes mainly from the ligand 7 orbitals, which are for
the 2,6-dimethylbenzenamine moieties. But the electron
density at the LUMO orbitals mainly resides on the ligand -
orbitals of the benzene ring in the 3-bromo-5-
chlorosalicylaldehyde moiety. The energy gap between the
HOMO and LUMO is 3.16 eV in the Cu(u1) complex. Thus, reverse
intersystem crossing is achieved by harvesting environmental
thermal energy. As a consequence, these molecules can harness

RSC Adv, 2019, 9, 41737-41744 | 41741
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Table 2 Photophysical and electrochemical properties of the HL ligand
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and the Cu(i) complex

Calculated ¢ Electrochemical ¢

ACX Aem
Samples (in DMSO) A (nm) (nm) (nm)  Stokes shift* (nm ev™") EPYE, ’(eV) HOMO (eV) LUMO (eV) HOMO (eV) LUMO (eV)
HL 262 340 450 568 118/0.57 3.20/3.95 —5.7413 —1.7875 -5.61 —-2.41
Cu(u) complex 265 384 460 515 55/0.29 2.81/3.67 —5.7196 —2.5552 —5.65 —2.84
1240 1240

¢ Stokes shift in energy (AEsokes) is calculated using: AEsiokes = -
ex

Aem

.? The optical energy gap (E3™) was calculated from the onset of the

UV-Vis absorption spectra as E@Pt = 1240/Aopger- ¢ The HOMO, LUMO, and energy gaps of the two compounds are calculated using the Gaussian 09
software package at the B3LYP/6-31G(d) level of theory.  The HOMO energy level can be estimated from the onset oxidation potential (Espsec) and
Eferrocene 28 follows: HOMO = —[(Eonset = Eferrocene) + 4-80] (€V) and LUMO = ESP* + HOMO.

both singlet and triplet excitons for light emission via fluores-
cence decay channels, and this leads to high external electro-
luminescence efficiency. The HOMO and LUMO energy levels
and the energy gap of the Cu(u) complex are lower than those of
the HL ligand, indicating that the corresponding electron
transition from the HOMO to the LUMO for the Cu(i) complex
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Fig. 7 Fluorescence spectra of HL (a) and the Cu(i) complex (b) in
DMSO at room temperature. Insets are the optical and fluorescent
photographs of HL and the Cu(i) complex in DMSO.
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is easier than that for the HL ligand. These contributions are
helpful in understanding the nature of transition as well as the
absorption spectra of both the ligand and the complex.

3.5 Electrochemical characteristics

The cyclic voltammograms of the HL ligand and the Cu(u)
complex were recorded in acetonitrile using 0.1 MTBAP as the
supporting electrolyte with a scan rate of 100 mV s~ at room
temperature. An ITO glass substrate coated with a thin
synthesized compound film was used as the working electrode.
An Ag/AgCl electrode was used as the reference electrode and
the ferrocene/ferrocenium (Fe/Fe') redox couple was used as the
external standard (Fig. 9). The HOMO and LUMO energy levels
of the HL ligand and the Cu(un) complex can be estimated from
the onset oxidation potential (Eopset) and Eferrocene s follows:**°

HOMO = _[(Eonset - Eferrocene) + 480] (eV)
LUMO = Eg* + HOMO

For the HL ligand, Eonset = 1.34 V and Eferrocene = 0.53 V;
thus, HOMO = —5.61 eV and LUMO = —2.41 eV.

For the Cu(u) complex, Eqnsee = 1.35 V and Eferrocene = 0.53 V;
thus, HOMO = —5.65 eV and LUMO = —2.84 eV.

]3.95ev

Energy level(eV)

-6.5 1
-7.0-

b
HL Cu(ll) complex

Fig. 8 Visualization of the HOMOs, LUMOs, and energy gaps of the HL
ligand and the Cu(il) complex calculated using the Gaussian 09 soft-
ware package.
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The results are listed in Table 2. The HOMO and LUMO
energy levels and the energy gap of the Cu(u) complex are lower
than those of the HL ligand, and this indicates that the corre-
sponding electron transition from HOMO to LUMO for the
Cu(u) complex is easier than that for the HL ligand.

The HOMO energy levels of the HL ligand and the Cu(u)
complex were calculated using Gaussian 09 software and are
relatively low, and the calculated LUMO energy levels of the HL
ligand and the Cu(u) complex are relatively high compared to
the results from the electrochemical study. Thus, the band gaps
between the HOMO and LUMO (E,g), as calculated by the
Gaussian 09 software, are higher than the optical band gaps
(EgP). The discrepancies between the theoretical calculations
and the experimental studies (photophysical and electro-
chemical) might be due to the fact that the calculations have
been performed for a single molecule in the gaseous state,
contrary to the experimental values recorded in the presence of
intermolecular interactions in the solvent.

3.6 X-ray powder diffraction

The powder X-ray diffraction (XRD) spectra of the HL ligand and
its Cu(u) complex are shown in Fig. 10. The diffraction patterns
were recorded in the range of 26 = 2-60°. Each of them exhibits
sharp peaks, indicating their crystalline nature. The X-ray
diffraction peaks of the ligand and the Cu(u) complex were
different. The HL ligand show peaks at 26 = 8°, 16°, 24°, 32°,
and 35°, and the complex displays peaks at 26 = 8°, 10°, 11°,
17°,19°, 21°, and 25°. The peaks at 20 = 16°, 32°, and 35° of the
HL ligand disappear in the complex and new peaks appear at
260 = 10°,11°,17°, 19°, and 21°. This could be attributed to the
formation of the complex. The detailed structures have been
described in the single crystal X-ray diffraction results.

3.7 Antibacterial activity

The HL ligand and the Cu(u) complex were screened for anti-
bacterial activity against Staphylococcus aureus, Escherichia coli,
and  Pseudomonas aeruginosa by the TTC (2,3,5-

TBAP

<
< e vvs rangt) HL
T
)
=
35
(8]
Cu(ll) complex
M L] L] L} L] 1 M L] M L} M ) M 1
15 1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25 3.0

Potential (V vs. Ag/Ag” )

Fig. 9 Cyclic voltammograms of the HL ligand and the Cu(i) complex
in acetonitrile with tetrabutylammonium perchlorate (0.1 M) as the
supporting electrolyte. Inset is the cyclic voltammogram of ferrocene.
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Fig. 10 XRD spectra for the HL ligand and the Cu(i) complex.

Table 3 Antibacterial activity of the tested material (MIC, mmol L™%)

Staphylococcus Escherichia Pseudomonas
Compounds aureus coli aeruginosa
HL ligand 2.5 5 2.5
Cu(r) complex 2.5 1.25 2.5
Penicillin 10 10 2.5

triphenyltetrazolium chloride) method. The minimum inhibi-
tory concentrations (MICs) of the compounds against the
bacteria are presented in Table 3. Penicillin was used as the
reference. The results revealed that the HL ligand and the Cu(u)
complex exhibited significant antibacterial activity against
Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia
coli. It should be noted that the Cu(u) complex has the MIC
value of 1.25 mmol L™ against Escherichia coli, which is much
lower than that of the reference drug.

4 Conclusions

The HL ligand and its mononuclear Cu(n) complex were
synthesized. Both of them were characterized by elemental
analysis, FTIR spectroscopy, and X-ray diffraction analysis. The
HL ligand and its Cu(u) complex show excellent fluorescence
property in DMSO solution and the maximum emission band is
observed at 568 nm for the HL ligand and at 515 nm for the Cu(u)
complex. The DFT calculations demonstrated that the HOMO
and LUMO are effectively separated with the benzene ring of 2,6-
dimethylbenzenamine as the donor unit, and the benzene ring of
3-bromo-5-chlorosalicylaldehyde and chelate ring as the acceptor
unit. The effective HOMO-LUMO separation helps to induce an
intramolecular charge transfer transition from the HOMO to the
LUMO. This leads to a relatively small value for AE; ;. As
a consequence, these are expected to harness both the singlet
and triplet excitons for light emission via fluorescence decay
channels, and this leads to high external electroluminescence
efficiency. The HOMO-LUMO energy gap became smaller when
the HL ligand coordinated with Cu(u), most likely due to Cu(u)
perturbation effect. These theoretical calculations support the
experimentally observed results. The biological assay revealed
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that both the HL ligand and the Cu(u) complex have different
antimicrobial activities, and the Cu(u) complex has the MIC value
of 1.25 mmol L™ against Escherichia coli.
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