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hydroxyquinoline group containing
benzimidazole†
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and Zhengfang Wang

A novel fluorescent zinc complex with 8-hydroxyquinoline containing benzimidazole ligands has been

designed and synthesized. Its emission, IR spectroscopy, thermo-gravimetric analysis as well as

electrochemical properties have been studied. The solid-state structures were determined via single

crystal X-ray diffraction and powder X-ray diffraction. It was found that the ligands around the Zn atoms

are distorted by the constrained coordination environment. Computational studies have also been

performed to provide insights into the electronic transitions, excited state origins and electrochemical

properties of the complex. Based on the observed luminescence phenomena and the quantum chemical

calculated results, it was also investigated that the energy transfer mechanism for the luminescence of

the complex, which indicated that the ligand structural distortion could cause the blue shift in the

emission profile of the complex.
Introduction

Since the reports by Tang et al.,1 organic light-emitting diodes
(OLEDs) have received considerable attention due to their
application in various displays.2 In the eld of luminescence,
metal complexes have attracted intensive research interest
because of displaying a double role of electron transport and
light emission, higher environmental stability, and a much
greater diversity of tunable electronic properties by virtue of the
coordinatedmetal center and the ligands. In general, bothmain
group metals and transition metals can be used as the metal
centers of the complexes in numerous OLED materials.3 8-
Hydroxyquinoline was originally used as a gravimetric reagent
to analyse the concentration of metal ions owing to its excellent
coordinating abilities.4 Because of the intense luminescence
and good stabilities of the resultant complexes such as
aluminium tris(8-hydroxyquinolinate) and zinc bis(8-
hydroxyquinolinate), they are incorporated in OLED devices as
emissive layers.5 For the full-colour display, red, green, and blue
emitting materials are essential to apply in OLED devices.
Unfortunately, due to the high energy of blue light, those
materials developed so far are inferior to green and red in terms
zhou Institute of Technology, Guangzhou,

l.com

ESI) available: Further details are given
2007031 and 2007032. For ESI and
ther electronic format see DOI:

–32496
of electroluminescence (EL) efficiency and device lifetime.
Therefore, the development of materials that emit blue light
with a pure colour and high efficiency is still required. Although
numerous molecules have been designed and synthesized as
the blue emitting materials,6 the metal complexes were rarely
reported because of the large conjugation in the molecule and
the low energy in the triplet excited state.

In this study, we report the design, synthesis, characteriza-
tion and crystal structure of a new zinc complex with 8-
hydroxyquinoline containing benzimidazole ligands, [Zn2L12].
Compared with the similar complex Zn(BIBQ)2 reported by us,7

the photophysical and electrochemical properties of [Zn2L12]
and its ligand have also been studied and supported by
computational studies, which have revealed that the structural
distortion results in the blue shi of emission.
Experimental
Materials and general methods

All chemicals used were of AR grade. Solvents used for synthesis
were distilled over appropriate drying reagents. The FTIR
spectra were obtained on a Nicolet AV-360 spectrometer (KBr
pellet). NMR spectra were recorded on a Bruker DRX-400 NMR
spectrometer at room temperature in CDCl3 using TMS as the
internal reference. Lower resolutionmass spectra were obtained
on an Applied Biosystems Mariner time-of-ight mass spec-
trometer using an electrospray ionization technique (ESI). The
elemental analysis is achieved on a PerkinElmer 2400
This journal is © The Royal Society of Chemistry 2020
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microanalyser. Thermogravimetric analysis (TGA) was con-
ducted under nitrogen atmosphere at a heating rate 20 K min�1

with a NETZSCH TG 209 F3 Tarsus. The uorescence spectra
were conducted on a Hitachi F-4600 luminescence spectrometer
with a xenon lamp as the light source. Cyclic voltammetry were
performed using a CH Instrument, Inc. model CHI 620A elec-
trochemical analyzer. Electrochemical measurements were
performed with 0.1 M nBu4NPF6 (TBAH) as a supporting elec-
trolyte at room temperature. The reference electrode used was
a Ag/AgNO3 (0.1 M in acetonitrile) electrode and the working
electrode used was a glassy carbon electrode (CH Instruments,
Inc.) with a platinum wire as the counter electrode. The redox
potentials are based on values measured from differential
pulsed voltammetry and are reported relative to a ferrocene/
ferrocenium (Fc/Fc+) redox couple used as an internal reference.

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were recorded on an
X'pert Philips diffractometer with CuKa radiation (l ¼ 0.15406
nm). All data were collected at room temperature over the
angular 2q range 5–50� with a step of 0.01� and a counting time
of 1.5 s per step.

Single-crystal X-ray diffraction

The diffraction data from a selected single crystal were collected
at room temperature on a MAR diffractometer with a 300 mm
image plate detector using graphite monochromatized MoKa
radiation (l ¼ 0.71073 �A). The structure was solved by direct
methods employing the SHELXS-97 program8 on PC. Zn and
many non-H atoms were located according to the direct
methods. The positions of the other non-hydrogen atoms were
found aer successful renement by full-matrix least-squares
using program SHELXL-97 (ref. 9) on PC.

Computational details

All calculations were carried out using Gaussian 09 soware
package.10 The molecular structure optimization and molecular
orbital calculations were conducted using density functional
theory (DFT) calculations with a B3LYP functional and 6-31G*
basis set. The electronic properties such as HOMO and LUMO
energies were determined by time-dependent DFT (TD-DFT)
approach.

Syntheses

Synthesis of 2-((2-(8-hydroxyquinolin-2-yl)-1H-benzo[d]
imidazol-1-yl)methyl)quinolin-8-ol, L1. Thionyl chloride (1.5
mL, 20 mmol) was added to silica gel (4.5 g) dissolved in 15 mL
of anhydrous DCM. The mixture was stirred for 1 h at room
temperature under an inert atmosphere of nitrogen. Then, o-
phenylenediamine (1.5 g, 14.5 mmol) and 8-hydroxyquinoline-
2-carbaldehyde (2.1 g, 7.5 mmol) were added to this suspen-
sion. The reaction mixture was stirred overnight and then it was
poured into water and made neutral with saturated aqueous
sodium hydrogencarbonate solution. The precipitate ltered
and washed with EA. The solvent was extracted with EA (3� 100
This journal is © The Royal Society of Chemistry 2020
mL). The combined organic washed with brine and were dried
over anhydrous Na2SO4, ltered and the solvent removed in
vacuo. The obtained off-white product was subjected to column
chromatography with EA/PE as the eluent to give off-white
crystals (yield 60%, 1.65 g). Mp: 161–162 �C; 1H NMR (400
MHz, CDCl3): d 8.56 (2H, d), 8.28 (2H, d), 8.01 (2H, d), 7.61 (1H,
d), 7.50–7.27 (7H, m), 7.21 (1H, d, 7.6), 7.10 (1H, d), 6.40 (2H, s);
ESI-MS (m/z): 419 (M + H)+. Elemental analyses (C, H, N) anal.
calc. for C26H18N4O2: C, 74.63; H, 4.34; N, 13.39, found: C, 74.55;
H, 4.32; N, 13.27.

Synthesis of [Zn2L12], complex 1. A solution of zinc acetate
(0.08 g, 0.43 mmol) in methanol (20 mL) was added dropwise to
a solution of L1 (0.04 g, 0.095 mmol) in methanol (20 mL) and
was kept stirring and reuxed under an inert atmosphere of
nitrogen for 0.5 h. This mixture was reuxed for 8 h under
constant stirring. On cooling the reaction mixture to 4 �C,
a yellow-colored product was precipitated out. It was ltered
and washed with excess methanol and water. The product was
isolated as yellow solid and further puried by recrystallization
to afford crystals. (Yield 52%, 0.023 g). The molecular structures
of it was determined via single crystal X-ray diffraction.
Results and discussion
Synthesis and characterization

Synthetic route to the ligand, L1, and the complex, [Zn2L12], is
shown in Scheme 1. In all these cases, off-white or yellow-
colored products were obtained and puried either via
column chromatography or by the recrystallizationmethod. The
products were characterized via elemental analyses, IR, 1H
NMR, mass and X-ray crystallography. Furthermore, these
results agree with the proposed structures for the bimetallic
complex, which is a coordination dimer featuring each L1
ligand involved in the two Zn(II) atoms both in solution and in
the solid phase.
Single crystal X-ray crystallography

The molecular structures of two compounds were determined
via single crystal X-ray diffraction. There are some disorders of
solvent molecules in both crystals. The single crystal analysis of
L1 shows that it belongs to the monoclinic crystal system with
the space group P21/n. The crystallographic and structure
renement data are shown in Table S1,† and the selected bond
distances and angles are shown in Table S2.† As shown in Fig. 1,
for ligand L1, it was noticed that the benzimidazole ring and
one 8-hydroxyquinoline ring are co-planar (represented in green
color). The other 8-hydroxyquinoline ring attached to the
methylene group (represented in red color) is almost perpen-
dicular to the benzimidazole plane with a dihedral angle of
81.88�. Signicant intramolecular hydrogen bonding between
O–H/O (2.047�A) and O–H/N (2.158�A) were present. The two
monomeric units of L1 are associated to each other through p–

p stacking with the distance of 3.870 �A.
The bimetallic complex [Zn2L12] crystallizes in the triclinic

system in the P�1 space group. The crystal and structure rene-
ment data are collected in Table S3,† while selected bond
RSC Adv., 2020, 10, 32490–32496 | 32491
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Scheme 1 Synthesis of the L1 and complex [Zn2L12].
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distances and angles are tabulated in Table S4.† The X-ray
crystal structure of the complex also is shown in Fig. 2. The
zinc complex exists as a dimer. Moreover, the bimetallic
complex molecule corresponds to a buttery-shaped with a near
C2 rotation axis. Both of the L1 ligands are involved in the Zn
Fig. 1 (a) Crystal structure of L1. (b) Hydrogen bonds, p–p stacking
and dihedral angles between the planes in L1. Hydrogen atoms have
been omitted for clarity. Thermal ellipsoids are shown at the 30%
probability level. (The plane containing the benzimidazole ring and the
8-hydroxyquinoline ring is shown in green, and the plane containing
the other 8-hydroxyquinoline ring is shown in red.)

32492 | RSC Adv., 2020, 10, 32490–32496
atoms. Each Zn center is coordinated by two N atoms and two O
atoms from two 8-hydroxyquinoline moieties of the same L1
ligand and one N atom from the benzimidazole of the other
ligand as a h coordination. The Zn–N and Zn–O bond lengths
range from 2.040(3) to 2.195(3) �A and from 1.997(3) to 2.021(3)
�A, respectively. These values are within the range of bond
distances for similar systems.11 Compared with the L1 crystal,
there is a signicant dihedral angle of 68.62� (Fig. 2d) between
the benzimidazole plane (represented in red color) and the 8-
hydroxyquinoline ring (represented in blue color) in the
complex. Such a structural distortion is presumably induced by
the constrained coordination environment around the Zn atom
and led to the benzimidazole and the 8-hydroxyquinoline (no
longer co-planar). Moreover, it is notable that the complex
involves strong intramolecular p–p stacking interactions. As
shown in Fig. 2b, the aromatic rings of pairs of benzimidazoles
as well as hydroxyquinolines possess signicant offset face-to-
face p–p stacking interactions, where the centroid-to-centroid
distances are in 3.327 �A and 3.160 �A, respectively.

Powder X-ray diffraction and IR

Powder X-ray diffraction (PXRD) patterns were used to verify the
phase purity of the bulk sample in the solid state (Fig. 3). The
PXRD pattern of the as-synthesized sample of the complex
[Zn2L12] and the simulated one are subtly different, which is
presumably induced by the solvent molecules in the crystal and
similar to the other reports.12

The IR spectra of L1 (Fig. 4) shows one characteristic
absorption peak at 844 cm�1, thus verifying the presence of N–H
bending vibration. In addition, the absorption peak of O–H is
observed at 3360 cm�1. A sharp peak at 744 cm�1 can be
assigned to the out-of-plane bending mode of the transvinylene
groups, suggesting that the generated double bond is mainly in
the aromatic ring conguration.

Electrochemical studies

Electrochemical properties of the complex [Zn2L12] and its
ligand L1 were studied by cyclic voltammetry in a dimethyl
sulfoxide solution. The electrochemical data for the compounds
are given in Table 1, Fig. S2 and S3.† In order to understand the
energy levels of molecules, the HOMO (highest occupied
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Crystal structure of [Zn2L12]. (b) Intramolecular p–p interaction and Zn–N and Zn–O bond in the complex. (c) and (d) Dihedral angles
between the planes in the complex. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are shown at the 30% probability level.
(The plane containing the benzimidazole ring is shown in red. The plane containing one 8-hydroxyquinoline ring attached to the methylene
group is shown in red. The plane containing the other 8-hydroxyquinoline ring is shown in blue.)
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molecular orbital) and the LUMO (lowest unoccupied molecular
orbital) energy levels of the ligand and the complex were esti-
mated via cyclic voltammetry. The ferrocene/ferricenium redox
couple ion (Fc/Fc+) was used as an internal standard.13 The
cyclic voltammogram of L1 exhibits one irreversible anodic
Fig. 3 Powder XRD patterns of the complex [Zn2L12] (red) compared
with the simulated (black).

This journal is © The Royal Society of Chemistry 2020
peak at Epa ¼ 1.07 V and one irreversible cathodic peak at Epc ¼
�2.12 V, which are equal to EHOMO ¼ �5.47 eV and ELUMO ¼
�2.28 eV, respectively. The HOMO and LUMO energy levels
were calculated using the equations, EHOMO ¼ �[(EOX � E1/2,
ferrocene) + 4.8] eV and ELUMO ¼ �[(Ere � E1/2, ferrocene) + 4.8] eV.
It was found from the experiment that one irreversible oxidation
Fig. 4 FTIR spectra of L1.

RSC Adv., 2020, 10, 32490–32496 | 32493
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Table 1 Electrochemical data and quantum chemical calculated data
for L1 and [Zn2L12]

Epa ox EHOMO
a EHOMO

b Epc re ELUMO
c ELUMO

b

L1 1.07 V �5.47 eV �5.66 eV �2.12 V �2.28 eV �1.86 eV
[Zn2L12] 0.75 V �5.15 eV �4.65 eV �2.06 V �2.46 eV �1.93 eV

a The energy levels were calculated via EHOMO ¼�[(EOX � E1/2, ferrocene) +
4.8] eV. b The energy levels were calculated using density functional
theory calculations. c The energy levels were calculated via ELUMO ¼
�[(Ere � E1/2, ferrocene) + 4.8] eV.
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event at Epa ¼ 0.75 V and one irreversible reduction event at Epc
¼ �2.06 V for [Zn2L12]. The HOMO and LUMO energy levels of
the Zn complex are determined as �5.15 and �2.46 eV,
respectively. It is indicated that the energy band gaps of L1 and
[Zn2L12] are 3.19 eV and 2.69 eV, respectively. These energy
levels are similar to that of the other Zn(II)-hydroxyquinoline
systems, BIBQ and Zn(BIBQ)2, which are reported by our group
earlier.7

Emission spectra

The emission properties of L1 and [Zn2L12] were studied at
room temperature in the CH2Cl2 solution (10�5 M) and the
uorescence emission spectra are shown in Fig. 5. The emission
spectra of L1 exhibits one emission peak and one shoulder at
472 nm and 406 nm, respectively. Compared with the L1, the
corresponding complex [Zn2L12], the energy gap of which is
smaller, exhibits the maximum emission peak at 413 nm with
a shoulder at 507 nm. This uorescence property is different
from the similar complex Zn(BIBQ)2, which shows a red shi of
the emission peak (493 nm) when compared with the ligand
BIBQ (404 nm).7 According to the result of computational
studies, the origin of the different luminescence behavior of
[Zn2L12] has been ascribed to the molecular structural
distortion.

Computational studies

Density functional theory (DFT) and time-dependent density
functional theory (TDDFT) calculations have been performed to
Fig. 5 PL spectra of (a) L1 and (b) [Zn2L12].

32494 | RSC Adv., 2020, 10, 32490–32496
provide further insight into the properties and the interrela-
tionship of molecular structures, molecular orbitals, electro-
chemical and emission of L1, [Zn2L12] and Zn(BIBQ)2.

The frontier molecular orbitals of those compounds are
shown in Fig. 6b–d. The contours for the HOMO and LUMO
obtained from the calculations of the ligand L1 (Fig. 6c) show
the HOMO is primarily localized on the 8-hydroxyquinoline,
which is attached to the methylene and is non-conjugate with
other parts, whereas the LUMO is predominantly on the other
conjugation group consisted of the benzimidazole and the
other 8-hydroxyquinoline. Therefore, the electronic CT transi-
tion in the L1 between the HOMO and LUMO (S1) is restricted
with a small oscillator strength (f ¼ 0.015). Being different from
the HOMO, the HOMO�1 is mainly localized on the benz-
imidazole and the coplanar 8-hydroxyquinoline, which is nearly
same as LUMO. Therefore, the electronic transition is stronger
between the HOMO�1 and LUMO (S2, f ¼ 0.100) than the S1. It
was also found that the LUMO+1 is originated from the p*

orbital of the 8-hydroxyquinoline, which is non-conjugate with
the benzimidazole and coincides with HOMO, resulting in the
easier electronic CT transition between the HOMO and LUMO
(S3, f ¼ 0.041) than the S1. According to the oscillator strengths
of the S1, S2 and S3, the emission peaks at 472 nm and 406 nm
of L1 is considered to be comprised of the LUMO to HOMO�1 (f
¼ 0.100) and the LUMO+1 to HOMO (f ¼ 0.041), respectively.
The energy values of HOMO and LUMO of L1 also are computed
via DFT, which are �5.66 and �1.86 eV respectively.

As shown in Fig. 6a, there is a signicant dihedral angle
(67.8�) between the benzimidazole ring and the attached 8-
hydroxyquinoline ring in the optimized structure of the
complex [Zn2L12], which is also in good agreement with those
found in the X-ray crystal structure. The computed energy
values of HOMO and LUMO of [Zn2L12] are �4.65 and �1.93 eV
respectively. The lled p orbitals and the unlled orbitals of the
complex [Zn2L12] are mainly dominated by orbitals, originating
from the L1 ligands (Fig. 6b). The contribution of Zn atoms of
all these orbitals is negligible. Due to the signicant dihedral
angle distorted by the coordination environment in [Zn2L12],
the electron cloud in the orbital is difficult to delocalize from
the 8-hydroxyquinoline ring to the directly linked
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Optimized ground-state geometry of L1, [Zn2L12] and Zn(BIBQ)2; (b) excited states of [Zn2L12] and Zn(BIBQ)2 with oscillator strengths
and contributing orbitals (B3LYP/6-31G*); (c) excited states of L1 with oscillator strengths and contributing orbitals (B3LYP/6-31G*).
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benzimidazole ring, which is different from the L1. The electron
density of the HOMO is localized mainly on one 8-hydrox-
yquinoline ring attached to the methylene and inversely the
LUMO is localized on another two 8-hydroxyquinoline rings,
which are stacked face-to-face to each other. The HOMO�1 and
HOMO�2 are localized on the different 8-hydroxyquinoline
rings respectively which are in both sides of the complex.
Similarly, the LUMO+1 and LUMO+2 are also localized on those
8-hydroxyquinoline rings respectively. It was found that the
electronic transition is weak between the HOMO and LUMO
(S1) due to the structural distortion and non-conjugation,
resulting in a small oscillator strength (f ¼ 0.002) consistent
with the weak emission in the long wavelength region. Simi-
larly, the electronic CT transition between the HOMO�2 and
LUMO is also restricted (f ¼ 0.009) for the same reason. Due to
the fact that the LUMO+1 and HOMO�2 are localized on the
same 8-hydroxyquinoline ring, the oscillator strength of the
electronic transition between LUMO+1 and HOMO�2 in
[Zn2L12] is higher (f ¼ 0.020) than the S1. According to these
oscillator strengths of [Zn2L12] and the energy bandgap between
LUMO+1 and HOMO�2 (3.07 eV) by the computational study,
the short wavelength (413 nm) uorescence emission peak
comprised of the LUMO+1 to HOMO�2 transition for [Zn2L12].
As a comparison, the optimized structure and the frontier
molecular orbitals of Zn(BIBQ)2 are shown in Fig. 6. It was
found that the benzimidazole ring and the 8-hydroxyquinoline
ring are co-planar in the ligand BIBQ, which is different from
the complex [Zn2L12]. In addition, the HOMOmainly consists of
a p orbital of the benzimidazole moieties and the LUMO is
mainly contributed by the p* orbital of the 8-hydroxyquinoline
moieties. Therefore, the charge transfer (CT) at lem ¼ 493 nm of
Zn(BIBQ)2 (ref. 7) corresponds to the excited state relaxation
from LUMO to HOMO with a signicant oscillator strength (f ¼
0.393). Those computed results are in reasonable agreement
with the luminescence experiments of the difference of emis-
sion peaks wavelength in [Zn2L12], Zn(BIBQ)2 and L1 and
support that the structural distortion of the ligand in [Zn2L12]
results in a blue shi of the emission.

Conclusions

A novel bimetallic Zn complex [Zn2L12] has been prepared with
ve-dentate 8-hydroxyquinoline-derived ligands. The molecular
This journal is © The Royal Society of Chemistry 2020
structures of [Zn2L12] and ligand L1 obtained by crystallization
at room temperature were determined by X-ray diffraction. The
single crystal structure of [Zn2L12] shows that the ligands
around the Zn atoms are distorted by the constrained coordi-
nation environment. The luminescence and the electro-
chemical properties of L1 and [Zn2L12] have been studied.
Compared with the L1, the maximum emission peak of the
complex [Zn2L12] shows a blue shi, which is ascribed to the
structural distortion. DFT and TDDFT calculation results are
also consistent with the experimental observations on X-ray
crystallography, emission and electrochemical studies, further
conrming their corresponding assignments. This study
provides further understanding on the photoluminescence
properties of the zinc(II) 8-hydroxyquinoline system and
suggests that the complex [Zn2L12] could be exploited for
further application as a functional material. Moreover, these
results indicated that the ligand structural distortion in the
complex is a promising candidate for designing deep blue
luminescent complex materials. However, the relationship
between the extent of the structure distortion and the lumi-
nescence properties of the complex should be known and
further studies about those are underway.
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