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escence emission of D–A type
asymmetrical Zn(II) complexes by extending the p–
p stacking interaction†

Wen-Jie Wang, Liang Hao, Chao-Yuan Chen, Qi-Ming Qiu, Ke Wang, Jian-Biao Song
and Hui Li *

Two D–A type asymmetrical Zn(II) coordination complexes, [ZnL1(C2H5OH)] (1) (H2L
1 ¼ 2,4-di-tert-butyl-6-

((E)-((2-((E)-(2-hydroxybenzylidene)amino)-4-nitrophenyl)imino)methyl)phenol) and [ZnL2(DMF)]$DMF (2)

(H2L
2 ¼ 1-((E)-((2-((E)-(3,5-di-tert-butyl-2-hydroxybenzylidene)amino)-5-nitrophenyl)imino)methyl)

naphthalen-2-ol), were designed, synthesized, and studied. Their fluorescence properties were

comprehensively analysed based on their single-crystal structures. The results showed that the red-shift

of fluorescence emission from complex 1 to complex 2 was successfully pushed via the strategy of

extending the p–p stacking interaction.
Introduction

In recent years, among the metallosalphen complexes, Zn(II)
complexes have exhibited excellent electroluminescence and
photoluminescence properties and have been particularly
employed in the fabrication of uorescent probes, organic solar
cells, and OLEDs.1 Among these, asymmetrical Zn(II) salphen
Schiff base complexes have gained extensive attention. To be
specic, the design and study of Zn(II) salphen complexes
bearing donor–acceptor groups have been the interesting eld
due to their tunable electronic properties that are mainly uti-
lised for developing good luminescent materials, owing to ICT
(intramolecular charge transfer).2 Besides modifying the push–
pull electronic ability of the functional groups, other effective
methods to tune the properties of D–A-type asymmetrical Zn(II)
salphen Schiff base complexes have also been reported in the
literature.3 One among these is extending the p-conjugation
system in the ligands at the molecular structure level, which
affects photoluminescence, conductivity, redox activity, and so
on.4 In 2011, Araki et al. reported that the absorption band can
red shi from 400 nm to 500–600 nm, owing to the conversion
of benzene rings into naphthalene rings, for a series of salphen
complexes.5 On the other hand, the macroscopic properties,
especially the photophysical properties such as absorption,
emission, or nonlinear optical properties, strongly depend on
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p–p stacking, H-bonding and/or other noncovalent interactions
including those involved in the M–L coordination bond.6

Recently, studies on uorescent dipeptide nanoparticles for
targeted cancer cell imaging and real-time monitoring of drug
release have been reported, which were inspired by the red-shi
observed in the yellow uorescent protein that results from p–p

stacking and the enhanced uorescence intensity observed in
the green uorescent protein mutant, which results from the
structure rigidication by Zn(II).7 From molecular and crystal
engineering point of view, ligand design must consider p-
conjugation systems and electron donor and accepter motifs
combined via noncovalent interactions to tailor molecular
structure and control the pattern of molecular packing.

In this study, two types of D–A type asymmetrical salphen
ligands based on 4-nitrobenzene-1,2-diamine and 3,5-bis(1,1-
dimethylethyl)-2-hydroxy-benzaldehyde with salicylaldehyde to
form 2,4-di-tert-butyl-6-(((E)-((2-((E)-(2-hydroxybenzylidene)
amino)-4-nitrophenyl)imino)methyl)phenol) (H2L

1) or with
naphthaldehyde to form 1-((E)-((2-((E)-(3,5-di-tert-butyl-2-
Scheme 1 Schematic for the preparation of [ZnL1(C2H5OH)] (1) and
[ZnL2(DMF)]$DMF (2).

This journal is © The Royal Society of Chemistry 2017
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hydroxybenzylidene)amino)-5-nitrophenyl)imino) methyl)
naphthalene-2-ol) (H2L

2) were designed (Scheme 1). The
remarkable characteristic of the ligand is the presence of two
different aldehydes that form asymmetrical salphen-type
ligands. Most importantly, a synthesis strategy was developed to
controllably construct the target compound with high yield,
which is a great challenge in the synthesis of asymmetrical
salphen-type ligands to avoid derivative mixtures. Moreover,
their Zn(II) complexes were obtained. Based on single-crystal
structure analysis, the uorescence properties of the two coor-
dination complexes [(ZnL1(C2H5OH)] (1) and [ZnL2(DMF)]$DMF
(2) were comprehensively studied. The results showed that the
uorescence emission red-shi from complex 1 to complex 2
was successfully pushed via extending the p–p stacking inter-
action. In addition, aggregation-induced emission was observed
in the crystallized solid state of complex 2.

Experimental section
Materials

All chemicals used were of analytical grade, purchased from
Alfa Aesar Chemical Company, and were used without further
purication. Organic solvents of analytical grade were supplied
via commercial sources and used as received.

Synthesis of the precursor 1 and 2

Precursor 1. Salicylaldehyde (0.611 g, 5 mmol) in ethanol (10
mL) was added to a stirred solution of 4-nitrobenzene-1,2-
diamine (0.766 g, 5 mmol) in absolute ethanol (25 mL). The
resultant mixture was stirred and reuxed for 5 hours. A light
yellow precipitate was formed and ltered (yield: 76.7%). Anal.
calcd for C13H11N3O3: C, 60.70; H, 4.31; N, 16.33. Found: C,
60.58; H, 4.56; N, 16.30. 1H NMR (400 MHz, DMSO-d6) d (ppm):
6.73–6.63 (s, 2H), 6.80 (d, J¼ 8.8 Hz, 1H), 7.02–6.94 (m, 2H), 7.42
(t, J ¼ 7.9 Hz, 1H), 7.82 (d, J ¼ 7.6 Hz, 1H), 7.99–7.91 (m, 2H),
8.97 (s, 1H), 11.83 (s, 1H) (Fig. S3†).

Precursor 2. The same above mentioned procedure was
applied to synthesise precursor 2 except for naphthaldehyde
was used instead of salicylaldehyde. An orange powder was
obtained and ltered (yield: 79.6%). Anal. calcd for C17H13N3O3:
C, 66.44; H, 4.26; N, 13.67. Found: C, 66.31; H, 4.14; N, 13.58. 1H
NMR (400 MHz, DMSO-d6) d (ppm): 6.67 (s, 2H), 6.86 (d, J ¼
8.9 Hz, 1H), 7.21 (d, J ¼ 9.1 Hz, 1H), 7.42 (t, J ¼ 7.4 Hz, 1H), 7.60
(t, J ¼ 7.4 Hz, 1H), 7.89 (d, J ¼ 8.0 Hz, 1H), 7.98 (dd, J ¼ 8.9,
2.3 Hz, 1H), 8.03 (d, J¼ 9.1 Hz, 1H), 8.18 (d, J¼ 2.4 Hz, 1H), 8.63
(d, J ¼ 8.5 Hz, 1H), 9.75 (s, 1H), 14.60 (s, 2H) (Fig. S4†).

Preparation of complex 1 and 2

[ZnL1(C2H5OH)] (1) was synthesized via a template method. A
solution of precursor 1 (26 mg, 0.1 mmol) in ethanol (10 mL)
and 3,5-bis(1,1-dimethylethyl)-2-hydroxy-benzaldehyde (26 mg,
0.1 mmol) in ethanol (2 mL) was mixed and stirred in a 25 mL-
round-bottom ask. Then, Zn(OAc)2$2H2O (20 mg, 0.1 mmol) in
ethanol (1 mL) was added to the reaction mixture. The resultant
solution was stirred at 85 �C for 6 h. The orange precipitate was
obtained via ltration. The pure product was obtained via
This journal is © The Royal Society of Chemistry 2017
recrystallization from ethanol in 43.6% yield. Orange prism
single crystals suitable for X-ray diffraction analysis were ob-
tained aer 7 days via evaporation at room temperature
(Fig. S8†). Anal. calcd for C28H29ZnN3O4: C, 62.63; H, 5.44; N,
7.83. Found: C, 62.47; H, 5.36; N, 7.77. 1H NMR (400 MHz,
DMSO-d6) d (ppm): 1.57–1.21 (m, 18H), 6.58–6.50 (m, 1H), 6.75–
6.63 (m, 1H), 7.40–7.22 (m, 3H), 7.48 (dd, J ¼ 7.9, 1.7 Hz, 1H),
8.11 (t, J ¼ 10.0 Hz, 1H), 8.27–8.17 (m, 1H), 8.76 (dd, J ¼ 10.4,
2.3 Hz, 1H), 9.10 (d, J ¼ 3.8 Hz, 1H), 9.19 (d, J ¼ 9.7 Hz, 1H)
(Fig. S5†).

[ZnL2(DMF)]$DMF (2) has been prepared following the same
procedure as described for complex 1. Red powder product was
obtained with yield of 46.2%. Orange red block single crystals
suitable for X-ray diffraction analysis were obtained by evapo-
rating under room temperature aer a week (Fig. S9†). Anal.
calcd for C32H31ZnN3O4: C, 65.48; H, 5.32; N, 7.16. Found: C,
65.37; H, 5.36; N, 7.07. 1H NMR (400 MHz, DMSO-d6) d (ppm):
1.29 (s, 9H), 1.50 (s, 9H), 6.89 (d, J ¼ 9.2 Hz, 1H), 7.29–7.20 (m,
2H), 7.41–7.35 (m, 1H), 7.51 (t, J ¼ 7.1 Hz, 1H), 7.69 (d, J ¼
7.8 Hz, 1H), 7.80 (d, J¼ 9.3 Hz, 1H), 8.09 (d, J¼ 8.6 Hz, 1H), 9.10
(s, 1H), 9.79 (s, 1H) (Fig. S6†).

Physical measurements

Elemental analyses (C, H, and N) were performed via a EA3000
elemental analyzer. FT-IR spectrum was obtained by a Nicolet-
360 FT-IR spectrometer using KBr pellets in 4000–400 cm�1

region. 1H NMR spectra were acquired via a 400 MHz Bruker FT-
NMR spectrometer using DMSO-d6 solvent. UV-vis spectra were
obtained via a TU-1950 spectrophotometer. The luminescent
spectra for the liquid state were obtained at room temperature
using a Hitachi F-7000 FL spectrophotometer with a xenon arc
lamp ashen light source. In the measurements of emission
spectra, the pass width was Ex¼ 5 nm and Em¼ 5 nm. In all the
measurements, the sample concentration 5 � 10�5 M was
maintained. Only freshly prepared solutions were used for the
spectroscopic study, and all the experiments were carried out at
room temperature (298 K). X-ray powder diffraction (XPRD) of
the samples was carried out using a Japan Rigaku D/max gA X-
ray diffractometer equipped with graphite-monochromatized
Cu Ka radiation (l ¼ 0.154060 nm). Thermogravimetric anal-
yses (TGA) were carried out using a DTG-60H thermal analyzer
under nitrogen atmosphere from room temperature to 800 �C at
the heating rate of 10 �C min�1. The SEM images were obtained
via Hitachi JSM-7500F scanning electron microscopy and the
confocal uorescence images were obtained via FV 1000 laser
scanning confocal microscopy.

Single-crystal structure determination

Single-crystal X-ray diffraction data for [ZnL1(C2H5OH)] (1) and
[ZnL2(DMF)]$DMF (2) were obtained using a Bruker-AXS CCD
area detector with graphite monochromated molybdenum Ka (l
¼ 0.71073 Å) radiation at 298 K. Unit-cell parameters were
determined from automatic centering of the reections and
rened by least-square method. The diffraction data were cor-
rected for Lorentz and polarization effects and absorption
(empirically from j scan data). The structure was solved using
RSC Adv., 2017, 7, 20488–20493 | 20489
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direct methods and rened using full-matrix least square tech-
niques on F2 via program SHELXL-97. All non-hydrogen atomic
positions were located on different Fourier maps and anisotrop-
ically rened. Some of the hydrogen atoms were placed at their
geometrically generated positions and other hydrogen atoms
were located from different Fourier maps and isotropically
rened. Crystallographic data are given in Tables S1–S3.†
Fig. 1 (a) ORTEP picture of complex 1. The hydrogen atoms are
omitted for clarity. (b) The structure of the dimer of complex 1 linked
by strong H-bonding (O3–H3A/O1: 1.806 Å, 2.618 Å, 170.9�, violet
dotted line). (c) 1D chain in complex 1 generated from p–p stacking
(3.944 Å, pink dotted line). (d) 3D supramolecular architecture of
complex 1 formed by intra-chain H-bonding C29–H29B/O5 (2.898
Å, 3.851 Å, 171.5�, green dotted line) viewing from the c axis.
Results and discussion
Synthetic strategy

In the synthesis methods for asymmetrical Schiff base,
production of symmetrical by-products and asymmetrical
mixtures are the main drawbacks, for which a controllable,
specic, and effective synthesis strategy towards unique asym-
metrical products needs to be developed. Several strategies have
been reported to overcome the above mentioned drawbacks.8

The widely used method is applying an asymmetrical diamine:
for example, 4-nitrobenzene-1,2-diamine or 2-(aminomethyl)
anilin reacts with an aldehyde, wherein the aldehyde in the
asymmetrical Schiff base is the same. Kleij and his coworkers
have reported a practical approach to synthesize structurally
diverse monoimine salts and asymmetrical metallosalphen
complexes,9 which motivated us to develop monoimine as the
precursor for the construction of asymmetrical Schiff base
ligand and their coordination complexes. 4-Nitrobenzene-1,2-
diamine has been widely used as an asymmetrical diamine for
the construction of Schiff bases.10 The electron-withdrawing
group –NO2 as a strong meta-orienting group makes –NH2 in
the para-position inactive (Scheme 1). In the present study,
monoimine Schiff bases were obtained as the only product with
a high yield of about 70% (Fig. S3 and S4†), which were
precursors for the synthesis of asymmetrical Schiff bases where
in other active aldehydes reacted with –NH2 in the para-position
of the precursors. Herein, the target Zn(II) asymmetrical Schiff
bases coordination complexes were synthesized via a template
method. Thus, a customized method for the synthesis of
asymmetrical Schiff bases and their coordination complexes
was developed taking the molecular merit of 4-nitrobenzene-
1,2-diamine into account.
Crystal structural description

The crystal structure of complex 1 was found to crystallize in the
monoclinic C2/c space group. Zn atom was found to be ve-
coordinated with distorted square pyramidal coordination
geometry (Fig. 1a), with the two phenoxy oxygen atoms (O1 and
O2) and two imino nitrogen atoms (N2 and N3) occupying the
basal coordination sites, while an C2H5OH molecule occupying
the apical position. Note that the Zn atom deviated from the
best coordination plane dened by the atoms N2, N3, O1, and
O2 by 0.3647 Å in direction of the apical C2H5OH oxygen atom
O3. The two strong H-bonds O3–H3A/O1 (1.806 Å and 2.618 Å,
170.9�) between two neighboring asymmetric units resulted in
dimer formation that was a basic repeating unit (Fig. 1b). The
linkage of two dimers was via p–p stacking (3.944 Å) between
the benzene ring of salicylaldehyde and the benzene ring of the
20490 | RSC Adv., 2017, 7, 20488–20493
adjacent dimer that led to innite 1D chain (Fig. 1c). These 1D
chains in the crystal lattice were held together via the H-bond
C29–H29B/O5 (2.898 Å, 3.851 Å, 171.5�) along 3D directions
to form a 3D structure, where C29 and H29B originate from the
methyl group of the coordinating C2H5OH molecule and O5
atom belongs to the electron-withdrawing –NO2 group (Fig. 1d).

The complex 2 has a similar structure as complex 1 and it
crystallizes in the triclinic P�1 space group. The Zn atom in
complex 2 is also ve-coordinated. A DMFmolecule was present
in the axial position of the distorted square pyramidal geometry
with two naphthyl oxygen atoms (O1 and O2) and two imino
nitrogen atoms (N1 and N2) in the equatorial plane (Fig. 2a).
The planarity of the Zn, 2N, and 2O (ve) atoms in complex 2
was similar to that of those in complex 1 (0.3545 Å); however,
they both were larger than those reported for the related ve-
coordinated Zn(II) salphen complexes.11 This indicated that
the introduction of a benzene ring increased the rigidity of the
conjugate system in the ligands; thus, large Zn atoms cannot
perfectly occupy the N2O2 coordination pocket. This deviated
planarity was not favourable for electron transfer and inu-
enced optical properties further. p–p stacking (3.722 Å)
between rings of naphthaldehyde of an adjacent molecule
linked two mononuclear molecules into a supramolecular
dimer (Fig. 2b). Moreover, p–p stacking interaction within the
dimer (3.880 Å) led to the formation of a 1D chain (Fig. 2c).
Compared to complex 1, these 1D chains in the crystal lattice of
complex 2 were connected to each other via van der Waals
interactions along the 2D and 3D directions (Fig. 2d).
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) ORTEP picture of complex 2. The hydrogen atoms are
omitted for clarity. (b) The structure of the dimer of complex 2 linked
by p–p stacking (3.722 Å, pink dotted line). (c) 1D chain in complex 2
generated from p–p stacking (3.880 Å, green dotted line). (d) 3D
supramolecular architecture of complex 2 formed by van der Waals
contacts, viewing from a axis.
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Clearly, the solvent molecule in the axial position in complex
1 is C2H5OH, which tends to form H-bonding, whereas DMF in
the axial position in complex 2 does not. On the other hand,
naphthalene rings in complex 2 have extended p-system, which
has advantage in terms of p–p stacking. Accordingly, H-
bonding is the dominant intermolecular interaction in
complex 1, whereas p–p stacking is the main interaction in
complex 2. From the viewpoint of molecular design and crystal
engineering, subtle structural changes on ligand may modulate
their molecular packing and their microcosmic structures
(Fig. 3). Moreover, the extended p-system in 2 was conrmed by
its red colors. The experimental and simulated XRD patterns of
complex 1 and 2 have shown the phase purity (Fig. S7†).

Thermogravimetric analyses indicate two main thermal
decomposition processes (Fig. S13†). For [ZnL1(C2H5OH)] (1),
rst weight loss of 8.13% in the range of 80–150 �C correspond
to the removal of ethanol solvent molecule (calc. 8.20%). The
second weight loss at 360–510 �C correspond to the complete
Fig. 3 Images of complex 1 (a and b) and 2 (c and d) obtained via an
optical microscope and a scanning electron microscope.

This journal is © The Royal Society of Chemistry 2017
decomposition of the framework and remaining weight loss
correspond to that of ZnO (calc. 13.92%, obs. 13.81%). For
[ZnL2(DMF)]$DMF (2), free DMF solvent molecule was removed
in the temperature range of 103–210 �C (calc. 10.31%, obs.
10.11%). The complex collapsed at 370 �C.

Optical properties

UV-vis absorption spectra of both complex 1 and 2 show three
main bands around 200–300 nm, 300–400 nm, and 400–600 nm,
which can be ascribed to n / s*, p / p*, and n / p* tran-
sitions, respectively (Fig. S12†). Moreover, the three absorption
peaks at 246, 308, and 426 nm for complex 1 were relatively red-
shied to 251, 335, and 441 nm for complex 2 in THF solution.
As p/ p* transition is very sensitive to the environment, it can
even red shi 27 nm for complex 1 (308 nm) and 2 (335 nm)
because of stronger p–p stacking resulting from extended p–

system.12 Relatively, the uorescence properties of both
complexes in THF solution and solid state were studied. The
uorescence emission at 426 nm of complex 2 red-shied by
32 nm from that of complex 1 (394 nm), which was the mirror
image of p/ p* transition shown in the absorption spectra; as
the energy of transition absorption is lower, transition energy
from the excited state to the ground state is correspondingly
lower (Fig. 4a). Note that complex 2 has an emission at 610 nm.
This emission band can be attributed to the formation of exci-
mers, according to the study reported by Yang and his
colleagues.13 Because of the pairwise anthracene stacking, an
excimer-like emission band in THF would arise in long-
wavelength range. Herein, due to the existence of two types of
p–p stacking, the pairwise stacking of complex 2 in THF solu-
tion can be conrmed by 610 nm emission band in the uo-
rescence spectra, which was not weak, indicating that the
minimized non-radiative energy dissipation was due to excimer
mechanism, thereby contributing to the enhanced emission as
reported. The uorescence lifetimes of complex 1 and 2 were
measured to be 5.9 ns and 5.4 ns and their quantum yields were
0.16 and 0.23, respectively (Fig. S10 and S11†). Moreover, the
uorescence emission spectra of complex 1 and 2 in other
solvents were also studied, but the uorescence intensity was
found to be too weak (Fig. S12†).

The solid state uorescence spectra show that the maximum
emissions of complex 1 and 2 are at 320 and 364 nm, indicating
red shi as expected (Fig. 4b). Two p–p stacking interactions
(3.722 Å and 3.880 Å) in the crystal lattice of complex 2 were
Fig. 4 (a) The fluorescence spectra of complex 1 (lex ¼ 308 nm, 5.0 �
10�5 mol L�1, THF) and complex 2 (lex ¼ 335 nm, 5.0 � 10�5 mol L�1,
THF); (b) solid state fluorescent spectra of 1 and 2.

RSC Adv., 2017, 7, 20488–20493 | 20491
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Fig. 5 Confocal fluorescence images of complex 1 and 2 in fluores-
cent field (a and d), bright-field (b and e) and the superimposed images
(c and f).
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found stronger than those of complex 1 (3.944 Å). Compared
with the THF solution, the pairwise dimer in complex 2 was tied
together and periodically extended to 3D structure in crystal
lattice. Thus, the excimer-induced 610 nm uorescence emis-
sion in solution red-shied to 650 nm in the solid state, which
has been represented in the confocal uorescence images
(Fig. 5).14 Moreover, visual evidence from laser scanning
confocal microscope is shown in Fig. 5, in which complex 1
exhibited blue uorescence and 2 exhibited red uorescence
with great red-shi. With respect to the abovementioned anal-
ysis and previous literature, the difference between uorescence
behavior could be attributed to the supramolecular state, which
was oen affected by the nature of ligands. There was no doubt
that the supramolecular aggregation affected the functional
properties of the compound, especially the molecular packing
form affected the luminescent properties. Therefore, it was
found to be an effective way to tune supramolecular aggregation
via intermolecular interaction based on molecular structures
and thereby inuence the uorescent properties.

Conclusion

Towards tailoring the molecular structure and controlling the
pattern of molecular packing, two D–A type asymmetrical 4-
NO2-salphen ligands with two different salicylaldehydes were
designed and controllably synthesized with high yield. The
uorescent properties of their Zn(II) coordination complexes
were studied based on the understanding of their crystal
structures. Especially, complex 2 could be used in cell imaging.
With respect to molecular engineering and crystal engineering,
the extended p-system in ligands and enhanced p–p stacking in
the crystal lattice were found to be effective ways to push the
uorescent emission to red-shi. The research results may help
to design new luminescent materials.
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