
Thermally stable zinc disalphen macrocycles showing solid state 
and aggregation induced enhanced emission (AIEE) 
Jameel A. Marafie,a Donal D. C. Bradley,*b and Charlotte K. Williams*c 

a Department of Chemistry, Imperial College London, London, SW7 2AZ, United Kingdom; b Departments of Engi-
neering Science and Physics, Division of Mathematical, Physical and Life Sciences, University of Oxford, 9 Parks 
Road, Oxford OX1 3PD, United Kingdom; c Department of Chemistry, Chemistry Research Laboratory, 12 Mansfield 
Road, University of Oxford, Oxford OX1 3TA, United Kingdom. 
 

KEYWORDS. Light emission, salphen, macrocycle, zinc, aggregation induced enhanced emission (AIEE). 

ABSTRACT: In order to investigate the solid-state light emission of zinc salphen macrocycle complexes, 7 dinuclear zinc 
salphen macrocycle complexes (1 – 7), with acetate or hexanoate co-ligands, are synthesised. The complexes are stable in 
air up to 300 °C, as shown via thermogravimetric analysis (TGA), and exhibit green to orange-red emission in solution 
(λem = 550 – 600 nm, PLQE ≤ 1 %), and slightly enhanced yellow to orange-red emission in the solid state (λem = 570 – 625 
nm, PLQE = 1 – 5 %). Complexes 1, 2, 4, 5, and 7 also display aggregation induced enhanced emission (AIEE) when hexane 
(a non-solvent) is added to a chloroform solution of the complexes, with complex 4 displaying a 75-fold increase in peak 
emission intensity upon aggregation (in 0.25:0.75 chloroform: n-hexane mixture).

Introduction  
Metal salen complexes have been extensively studied in ca-

talysis,1 as have the related metal salphen complexes,1-2 pri-
marily due to their high activity and selectivity across a wide 
range of chemical reactions. Many salen3 and salphen com-
plexes4 are known to display emission within the visible spec-
trum. In particular, aluminium salens 3i, 5 have shown blue-
green emission, with solution photoluminescence quantum 
efficiencies (PLQEs) up to 40 %, and thin film PLQEs up to 
24 %. Aluminium salen complexes have also been employed 
as suitable host materials6 and hole blocking layers7 in organic 
light emitting diodes (OLEDs), demonstrating their facility to 
transport charges effectively within electronic devices. Some 
platinum salens3d, 3e have shown yellow-red emission (solution 
PLQEs up to 27 %) and have been investigated as emitters 
within OLEDs, the best performing device within that study 
displaying an efficiency of 31 cd A-1 and a device lifetime of 
up to 77,000 hours at 500 cd m-2.  

Salphen complexes are less prevalent in catalysis than salen 
complexes, and have extended electronic conjugation and 
higher rigidity. Salphens have so far shown greater promise 
for applications in fields such as sensing and electronics. For 
example they have been used as building blocks in supramo-
lecular chemistry,8 as columnar liquid crystals,9 and in the 
electronic modification of carbon nanotubes.10 They have also 
proven to be useful optical sensors, such as in their binding to 
DNA;11 detection of nitro compounds by the quenching of 
their fluorescence;3g, 4d the sensing of lead ions;4b and as recep-

tors for various anions,12 to highlight just a few selected ex-
amples. 

There have been several reviews on the synthesis and appli-
cations of these types of π-conjugated systems and related 
salphen compounds,13 detailing their versatility and the scope 
for further research into their properties. Zinc salphens are 
particularly interesting, as a range of mono-,3g, 4d, 8d, 14 di-,4a, 13, 

15 and multi-nuclear13, 15a, 16 compounds can readily be isolated. 
In addition, zinc is a widely available, inexpensive metal, and 
thus compounds of zinc are desirable substitutes for com-
pounds of rare metals, such as iridium and platinum, which 
remain common in optoelectronic devices.11b, 17 

Aggregation induced enhanced emission (AIEE)18 is a phe-
nomenon in which the photoluminescence quantum efficiency 
(PLQE) of a substance is enhanced when its molecules are 
aggregated.4c, 19 AIEE is essentially the opposite effect to ag-
gregation caused quenching (ACQ) - common in laser dyes 
and other light-emitting materials - and increasingly many new 
chemical compounds are being discovered or designed to dis-
play it.18, 20 Some organic salen-based gel systems4c and salen 
ligands,19e have also been identified as AIEE materials, among 
which several have been applied in organic optoelectronic 
devices, as fluorescent probes, and for cell imaging.  

The emission enhancement in salen based gel systems has 
been attributed to the formation of J-aggregates, which help to  
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Scheme 1. Generic reaction scheme for the formation of zinc salphen macrocyclic complexes (1-7). 

 
(i) 2 equivalents of zinc acetate dihydrate or zinc (bis)hexanoate, methanol/ chloroform, reflux, 6-18 h. 

prevent intramolecular rotations in these compounds.4c In a 
recent and extensive study on AIEE-active salen ligands,19e 
several strong non-covalent intermolecular interactions (H···π, 
H···H, O···H, and N···H) and weak intermolecular face-to-
face π-π interactions were suggested to be important.Enhanced 
solid state PLQEs of up to 75 % were reported, whilst in solu-
tion many of the salen compounds had PLQEs of less than 1 % 
(the highest solution PLQE was 10 %). AIEE has also been 
demonstrated with salicylaldehyde-azine functionalised mate-
rials,19b, 19f, 19g which are structurally similar to salens and sal-
phens. These organic compounds have made use of AIEE 
mechanisms and may be useful for hydrazine detection,19g and 
as fluorescent pH probes.19f  

There are far fewer reports of metal complexes that display 
AIEE,14c, 19b, 21 compared with the large library of organic 
AIEE materials.18, 20 However, as the melting and decomposi-
tion temperatures of metal complexes are typically greater 
than organic compounds, thermally stable metal complexes 
that display AIEE are desirable for processes or applications 
that subject the materials to higher temperatures (e.g. > 200 
°C). In fact in one report the AIEE properties and thermal sta-
bility of salicylaldehyde-azine containing ligands were both 
improved upon complexation with small quantities (up to 4 
wt%) of zinc(II) ions.19b The thermal stability and AIEE prop-
erties of similar zinc based compounds may therefore prove 
useful for future applications.  

Salphen macrocycle complexes were targeted as they have 
high levels of conjugation, and show precedent for light emis-
sion (vide infra). Whilst macrocyclic salen and salphen struc-
tures are well documented,13b, 15b, 16, 22 there are fewer examples 
of the smaller [2+2] disalphen macrocycles,15b, 22a, 22b, 23 alt-
hough some patents claim applications as electrode catalysts 
for fuel cells24 and batteries.25  

[2+2] zinc disalphen macrocycles, with chloride and nitrate 
co-ligands, have previously been reported as green emitters in 
DMSO solution, displaying 2 distinct peaks at 480 nm and 521 
nm (with chloro co-ligands), and at 480 nm and 527 nm (with 
nitro co-ligands).15b, 23e The absorption bands were assigned to 
metal to ligand charge transfer (MLCT) (d  π*) transitions 

due to the relatively high extinction coefficients (1.9 – 2.9 x 
104 M-1cm-1). The zinc disalphen macrocycles displayed fluo-
rescence lifetimes in solution of 650 ps and 480 ps, and were 
emissive in the solid state with red-shifted emission spectra 
(λem = 565 and 575 nm).15b However, no efficiency data was 
provided for the solution or solid state emission. 

In a separate study, the high and low energy absorptions of a 
zinc disalphen macrocycle, with nitro co-ligands, were as-
signed as ligand centered (LC) n→π* and MLCT bands re-
spectively,23e with emission being observed at 500 nm. Zinc 
disalphen macrocycles showed red-shifted emission compared 
to the zinc disalen macrocycles that were investigated. The 
PLQE of the zinc disalphen was 14.3 % in DMSO/water, sig-
nificantly higher than that of the zinc disalen macrocycle 
complexes (PLQEs = 3.0 – 8.4 %). However, there was no 
reporting of the solid state PLQEs of these compounds. 

To the best of our knowledge, there have not yet been any 
reports on the light emission properties of [2+2] zinc disalphen 
macrocycles with carboxylate co-ligands, and more generally 
no reports have indicated the existence of AIEE phenomena 
for such macrocycles. In addition, knowledge of solid state 
PLQEs is required for the development of solid-state devices.  

Here, a series of new [2+2] zinc salphen macrocycle com-
plexes is prepared and their electronic and photophysical 
properties investigated, including their PLQEs in both solution 
and solid state. The results indicate that AIEE can indeed oc-
cur for zinc disalphen macrocycles.  

 

Results and Discussion 
Synthesis. 7 Zinc disalphen macrocycle complexes, with 

acetate (1 – 3, and 7) or hexanoate co-ligands (4 – 6), were 
synthesised in moderate to good yields (23 – 81 %, Scheme 
1). The reactions were all carried out under aerobic conditions, 
except for complex 7, due to the instability of the diamine 
starting material.16 The formation of the macrocyclic products 
required high dilution conditions and slow addition of the di-
amine reagent. 
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Figure 1. (a) The absorption spectra of complexes 1 – 7 in acetonitrile solution at 4.0 – 5.6 x 10-5 M and (b) 5.0 – 7.0 x 10-6 M con-
centration. 

The crude complexes were readily isolated via filtration of 
the reaction mixture after cooling to ambient temperature. 
Analytically pure complexes were obtained after recrystallisa-
tion from chloroform/diethyl ether (complexes 1, 2, 4 and 5) 
or chloroform/hexane (complex 7), whereas complexes 3 and 
6 were analytically pure after filtration. All of the complexes 
were air stable up to at least 300 °C as shown via thermograv-
imetric analysis (TGA) (S34 – S340, ESI). 

The isolated complexes were either amorphous or micro-
crystalline powders, and were characterised by 1H NMR, mass 
spectrometry, and elemental analysis, providing clear evidence 
for the formation of the fully conjugated, macrocyclic prod-
ucts in high purity (see ESI).   

The 1H NMR spectra (S1 – S5, ESI) of complexes 1, 2, 4, 5, 
and 7 were obtained for d-chloroform solutions. Useful infor-
mation was difficult to obtain, however, for complexes 3 and 
6, due to their low solubilities in CDCl3 and also in d-DMSO.  

Where 1H NMR spectra could be obtained, a characteristic 
signal for the imine protons was observed at around 9 ppm 
(integration of 4), along with the expected aromatic signals 
between 7-8 ppm. The tert-butyl signals were observed at ~1.4 
ppm for complexes 1, 2, 4, 5 and 7 in addition to the character-
istic signals of coordinated acetate or hexanoate co-ligands, all 
with the expected integration ratios. A weak 13C NMR spec-
trum of complex 7 could be recorded in CDCl3, and all car-
bons containing C-H bonds could be assigned via a HSQC 
experiment (S6, ESI). The solubilities of complexes 1 – 6 
were too low to obtain useful 13C spectra. 

Absorption Spectroscopy. The absorption spectra of the 
complexes were recorded in acetonitrile (Figure 1 and S7 – 
S10, ESI). The lowest energy absorptions were between 380 – 
480 nm, and are tentatively assigned to MLCT transitions 
based on the extinction coefficients (ε) (T1, ESI). Light scat-
tering was observed with most of the spectra in acetonitrile 
solution, even at a range of concentrations (Figure 1 and S7 – 
S10, ESI), suggesting the presence of aggregates rather than 
just isolated molecular species. For complexes 1, 2, 4, 5, and 
7, it is likely that a combination of isolated molecular species, 
J-, and H-aggregates are present. This is seen within the litera-
ture for other molecular materials that form H- and J-
aggregates, resulting in additional absorptions at higher and 
lower energies, respectively, compared with the isolated mo-

lecular species.26 This may also be the case for complexes 3 
and 6, however their spectra were relatively broad and feature-
less, and therefore more difficult to assign. 

The spectra of complexes 1 – 7 had two major peak maxi-
ma, both of which are assigned to the isolated molecular spe-
cies on the basis that they change little with dilution (c.f. Fig-
ures 1(a) and (b)). The higher energy absorptions occur be-
tween 293 – 307 nm, whereas the lower energy absorptions 
occur between 380 – 420 nm. The absorption features found 
between these maxima may then be attributed to the presence 
of H-aggregates, whereas the absorptions that are observed as 
shoulders at lower energies (> 420 nm) are attributed to J-
aggregates. As expected, these latter absorptions do noticeably 
decrease in relative intensity upon dilution.  

The high energy absorptions of complexes 1 and 4 occurred 
at 294 nm, whereas a bathochromic shift for complexes 2 and 
5 occurred due to the introduction of methyl substituents in the 
R2 position. A further bathochromic shift was observed to 307 
nm when the methyl groups were replaced with neopentoxy 
groups, as in complex 7.  

The lower energy absorptions of complexes 1, 2, 4, and 5 
were all the same at ~417 nm, whereas for complex 7 (Figure 
1a and S10, ESI) a bathochromic shift to 420 nm was ob-
served. In contrast, hypsochromic shifts in the absorption 
spectra of complexes 3 and 6 (Figure 1 and S9, ESI) were 
detected, with absorption maxima at 380 nm for the lowest 
energy transitions.  

From the absorption spectra of all the complexes it is clear 
that the presence of electron withdrawing groups in the R1 
position shifts the absorption spectra to higher energies, 
whereas the presence of electron donating groups in the R2 
position shifts the spectra to lower energies. 

There was no obvious trend observed in the absorption 
spectra with the different co-ligands (acetate or hexanoate), 
and the results suggest that they have no, or only minimal, 
effects on the optical gap of the complexes. However, the dif-
ference in carbon chain lengths of the co-ligands may have 
subtle effects on the arrangement of various aggregation 
states. This may explain the differences in the absorption spec-
tra between the complexes, at various concentrations, and the 
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degree of change in the relative populations of isolated mole-
cules, and H- and J-aggregates.  

Solution Emission. All of the complexes emit light in both 
acetonitrile (Figure 2, S11 – S14, ESI) and chloroform solu-
tion on excitation into the lowest energy absorption bands with 
a halogen light source (λex = 390 – 425 nm). In acetonitrile 
solution, the peak maxima (λmax) range from 530 – 600 nm 
(Figure 2). Broad green emission at λmax = 550 – 560 nm was 
observed from complexes 1, 2, 4, and 5, and a distinctive hyp-
sochromic shift in the emission wavelength by 10 – 20 nm on 
dilution from 10-5 M to 10-6 M concentration was noted (S11 – 
S12, ESI). This observation can be explained by a relative 
reduction in J-aggregate and a relative increase in isolated 
molecular species emission on dilution.  

 

Figure 2: Normalised emission spectra of complexes 1 – 7 in 
acetonitrile solution at 4.0 – 5.6 x 10-5 M concentrations, λex = 
390 – 425 nm. 

The emission spectra of complexes 3 and 6 in acetonitrile 
solution (Figure 2 and ESI) were blue-shifted compared to the 
other complexes, with a sharp peak at 530 nm, and broad 
emission from 450 – 650 nm. The intensities of the sharp 
peaks decreased on dilution and a slight hypsochromic shift 
from 530 nm to 525 nm (S9, ESI) was observed, again likely 
due to the reduction in the number of J-aggregates. 

The emission spectrum of complex 7 in acetonitrile solution 
(Figure 2 and S14, ESI) displayed a bathochromic shift com-
pared to all other complexes, with a broad emission maximum 
at 600 nm, and a vibronic shoulder at ~ 560 nm that mirrored 
the structure in the corresponding absorption spectrum.  

The solution PLQEs of complexes 1, 2, 4, 5 and 7 were de-
termined in chloroform using fluorescein as an internal stand-
ard (S19 – S25, ESI). This gave values of ~ 1 % or lower for 
each of the complexes (Table 1). These low values may be 
explained by the absence, or low population, of J-aggregates, 
combined with the relative increase in isolated molecular spe-
cies, which can more readily relax to the ground state via vi-
brational energy dissipation.  

Solution Excitation Spectroscopy. In order to further test 
the hypothesis that the presence of J-aggregates helps to im-
prove the emission of the zinc macrocycle complexes, the 
excitation spectra of the complexes were recorded at high (4.0 
x 10-5 M) and low concentrations (1.3 x 10-6 M) (S15 – S18, 
ESI). The results clearly indicate that, at the higher concentra-

tion, light emission intensities (at λem = 530 – 600 nm) are 
retained when the excitation wavelength is moved to the long-
er wavelengths that correspond to J-aggregate absorption (> 
420 nm for complexes 1, 2, 4, and 5, > 425 nm for complex 7, 
and > 400 nm for complexes 3 and 6). These effects are par-
ticularly prominent for complexes 2, 4, 5, and 7. In addition, 
following dilution to 1.3 x 10-6 M concentration the longer-
wavelength-excited light emission for each of the complexes 
decreases, just as expected for a reduction in J-aggregate 
population. 

The excitation spectra for complex 7 at high (4.0 x 10-5 M) 
and low (1.3 x 10-6 M) concentration (S18, ESI) show these 
effects very clearly. At high concentration, the emission (λem = 
600 nm) does not begin to fall rapidly until the excitation 
wavelength exceeds ~500 nm, whereas at low concentration 
the emission intensity decreases rapidly at excitation wave-
lengths greater than ~425 nm.  

Solid State Emission. The solid state emission spectra of 
complexes 1, 2, 4, 5, and 7 (Figure 3 and S26 – S28, ESI) 
were recorded using the analytically pure powders, all display-
ing bathochromic shifts by varying extents to the solution 
emission spectra, yielding bright yellow to orange-red emis-
sions (peak maxima ranging from 569 nm to 630 nm). The 
solid-state emission from complexes 3 and 6 were not record-
ed as the emission intensities were significantly lower than for 
the other complexes.  

 

Figure 3: Emission spectra of complexes 1, 2, 4, 5, and 7 in 
the solid state (as powders), λex = 440 nm. 

Table 1. PLQE values of complexes 1-7. 

Entry Solution 
PLQEa / % 

Solid State 
PLQEb / % 

1 1.1 1.2 

2 0.64 5.0 

3 - - 

4 0.76 4.1 

5 1.0 2.3 

6 - - 

7 1.0 1.6 

a: determined using a fluorescein standard; b: determined 
using an integrating sphere (details in ESI). 
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The solid state PLQEs of the complexes 1, 2, 4, 5, and 7 are 
all slightly enhanced when compared to the solution PLQEs 
(Table 1), although this effect is minimal with complex 1. The 
largest difference was for complexes 2 and 4, which had solid 
state PLQEs that were higher than the solution PLQEs by a 
factor of ~8 and ~5 respectively. The reduction in excited state 
non-radiative decay in the solid state is most likely due to the 
presence of intermolecular interactions which restrict rotations 
and/or vibrations that otherwise dissipate energy or stabilize 
charge separation. Such behavior is common in materials that 
exhibit AIEE.  

Aggregation Induced Enhanced Emission (AIEE). To 
further investigate AIEE, 1, 2, 4, 5, and 7 were completely 
dissolved in chloroform, producing clear yellow solutions. The 
non-solvent n-hexane was then added in portions to induce 
clearly visible aggregation; the clear solutions became increas-
ingly turbid. The emission spectra were recorded after each 
sequential addition of n-hexane. Pure chloroform solutions 
exhibited only very-weak light emission but the intensities 
increased significantly upon hexane-induced aggregation 
(Figure 4, S29 and S30, ESI). Complexes 3 and 6 were of 
insufficient solubility in chloroform for AIEE to be successful-
ly studied (S31, ESI) with this solvent system. 

 

 
Figure 4: Emission spectra (λex = 415 nm) of complexes 2 

(a) and 4 (b) for different chloroform (25 – 100 %): n-hexane 
mixtures. 

Complexes 2 and 4 showed the greatest change in emission 
intensity upon n-hexane addition, consistent with the observed 
increases in PLQE between solution and solid-state samples.  

The emission intensities increased 19-fold for 2 and 75-fold 
for 4 on progressing from the pure (100%) chloroform solu-
tion to a 25% : 75% chloroform : n-hexane mixture (Figure 
4), the latter being the largest increase out of the complexes 
studied. Aggregation of the complexes was typically visible in 
the mixture range between 25 and 50 % chloroform for 1, 2, 4, 
and 5. A larger proportion of n-hexane was required to induce 
aggregation for 7 (S30, ESI), due to its higher solubility in 
chloroform. Even then, a gradual increase in the emission in-
tensity could still be observed on addition of non-solvent, and 
aggregation became clear once the chloroform fraction had 
fallen to 13 %. 

The PLQE values of complexes 4 and 5 were obtained at 
various compositions of chloroform: n-hexane (as shown in 
S32 – S33, ESI) as their aggregates remained suspended in the 
mixtures for long enough to conduct the experiments using an 
integrating sphere. The results provide further evidence of 
AIEE, producing PLQE values of 0.2 % and 1.6 % in pure 
chloroform respectively, which increased upon aggregation to 
5.5 % and 4.8 % in 20 % chloroform: n-hexane solvent.  

The PLQE values of the aggregated species were difficult to 
obtain for complexes 1, 2, and 7 (all of which have acetate co-
ligands) as sedimentation rapidly occurred in the time required 
to set-up samples within the integrating sphere. This sedimen-
tation likely prevented the incident excitation beam from hit-
ting the aggregates of these complexes. This sedimentation did 
not occur as rapidly with complexes 4 and 5, most likely due 
to their hexanoate co-ligands, which could interact with the n-
hexane co-solvent.  

The increase in emission intensity upon aggregation for 
complexes 1, 2, 4, 5, and 7 demonstrates that these materials 
do indeed exhibit AIEE - the first zinc disalphen macrocycle 
complexes reported to do so. The substantial enhancement in 
their light emission, particularly for complexes 2, 4 and 5 of-
fers, additionally, the prospect of a new class of AIEE mole-
cules of interest for applications including sensing. 

 

Conclusions 
The syntheses and isolation of several new [2+2] zinc disal-

phen macrocycle complexes was achieved. The compounds 
are emissive in acetonitrile and chloroform solution (green to 
orange, PLQEs ≤ 1 %), and in the solid state (yellow to or-
ange-red). Complexes 2, 4, 5, and 7 all displayed higher 
PLQEs (2 – 5 %) in the solid state, with complex 2 showing 
the largest emission enhancement; its PLQE increased by a 
factor of 8. The emission intensities of complexes 1, 2, 4, 5, 
and 7 all increased significantly upon aggregation in chloro-
form: hexane solvent mixtures, with complex 4 displaying the 
largest enhancement (75-fold).  

The lack of self-quenching for these complexes in concen-
trated solution, and the enhancement of their emission in the 
solid state, and when aggregated, are typical observations for 
molecules that exhibit AIEE. The ease with which these com-
plexes can be isolated, their tunable electronic structures, and 
their good air and temperature (> 300 °C) stabilities may make 
these new materials useful for processes and applications that 
may not be accessible for previous organic AIEE materials, 
which have tended to possess low melting and decomposition 
temperatures.  
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The PLQE values of these complexes are currently too low 
for them to be readily used as emitting materials in OLEDs. 
However, they might find application in sensors for various 
chemical or biological species. Ligand design changes could 
also be introduced should aqueous solubility be required, for 
example in medical imaging or biological applications. How 
this would affect their light emitting properties remains un-
clear. Further modification of the ligand structure, or co-
ligands, may also allow for PLQE enhancement or for further 
tuning of the light emission to produce deep-red or near-
infrared (NIR) emitters. Work remains on-going to investigate 
other dinuclear and multinuclear zinc salphen complexes, their 
photophysical properties, and potential applications. 

 

ASSOCIATED CONTENT  
Supporting Information.  
The complete experimental procedures and characterisation 
data.  
TGA data, additional absorption and light emission spectra, 
including excitation spectra, data for determination of the 
PLQE values and AIEE experiments. 
This material is available free of charge via the Internet at 
http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 
* Email: charlotte.williams@chem.ox.ac.uk and 
donal.bradley@mpls.ox.ac.uk 

Funding Sources 
The UK Engineering and Physical Sciences Research Council 
Doctoral Training Centre in the Science and Application of 
Plastic Electronic Materials (PE-CDT, grant number 
EP/G037515/1) is acknowledged for providing a studentship 
to JAM.  
 
Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  
We thank Hamamatsu Photonics UK Limited for access to  
equipment (Quantaurus-QY). 

ABBREVIATIONS 
AIEE, aggregation induced enhanced emission, PLQE, photo-
luminescence quantum efficiency, TGA, thermogravimetric 
analysis, DMSO, dimethylsulfoxide, NIR, near infra-red.   

REFERENCES 
1. (a) Cozzi, P. G., Metal-Salen Schiff base complexes in 
catalysis: practical aspects. Chem. Soc. Rev. 2004, 33 (7), 410-21; (b) 
Matsunaga, S.; Shibasaki, M., Recent advances in cooperative 
bimetallic asymmetric catalysis: dinuclear Schiff base complexes. 
Chem. Commun. 2014, 50 (9), 1044-57. 
2. (a) Matsumoto, K.; Saito, B.; Katsuki, T., Asymmetric 
catalysis of metal complexes with non-planar ONNO ligands: salen, 
salalen and salan. Chem. Commun. 2007,  (35), 3619-27; (b) Kuil, M.; 
Goudriaan, P. E.; van Leeuwen, P. W.; Reek, J. N., Template-induced 
formation of heterobidentate ligands and their application in the 

asymmetric hydroformylation of styrene. Chem. Commun. 2006,  
(45), 4679-81. 
3. (a) Meng, Q.-H.; Zhou, P.; Song, F.; Wang, Y.-B.; Liu, G.-L.; 
Li, H., Controlled fluorescent properties of Zn(ii) salen-type complex 
based on ligand design. CrystEngComm 2013, 15 (15), 2786; (b) Zhao, 
S.; Liu, X.; Feng, W.; Lü, X.; Wong, W.-Y.; Wong, W.-K., Effective 
enhancement of near-infrared emission by carbazole modification in 
the Zn–Nd bimetallic Schiff-base complexes. Inorg. Chem. Commun. 
2012, 20, 41-45; (c) Borisov, S. M.; Saf, R.; Fischer, R.; Klimant, I., 
Synthesis and properties of new phosphorescent red light-excitable 
platinum(II) and palladium(II) complexes with Schiff bases for 
oxygen sensing and triplet-triplet annihilation-based upconversion. 
Inorg. Chem. 2013, 52 (3), 1206-16; (d) Che, C. M.; Kwok, C. C.; Lai, S. 
W.; Rausch, A. F.; Finkenzeller, W. J.; Zhu, N.; Yersin, H., 
Photophysical properties and OLED applications of phosphorescent 
platinum(II) Schiff base complexes. Chem. Eur. J. 2010, 16 (1), 233-47; 
(e) Galbrecht, F.; Yang, X. H.; Nehls, B. S.; Neher, D.; Farrell, T.; 
Scherf, U., Semiconducting polyfluorenes with 
electrophosphorescent on-chain platinum-salen chromophores. 
Chem. Commun. 2005,  (18), 2378-80; (f) Komiya, N.; Okada, M.; 
Fukumoto, K.; Iwata, S.; Naota, T., Solid-state emission 
enhancement in vaulted trans-bis(salicylaldiminato)platinum(II) 
crystals with halogen functionality. Dalton Trans. 2014, 43 (26), 
10074-85; (g) Lee, Y.; Koo, H. G.; Jang, S. P.; Erdmann, A. B.; Vernetti, 
S. S.; Kim, C.; Harrison, R. G., Synthesis of a Zn-salen resorcinarene-
based cavitand and its fluorescence response to nitro compounds. 
Supramol. Chem. 2013, 26 (3-4), 245-250; (h) Majumder, A.; Rosair, G. 
M.; Mallick, A.; Chattopadhyay, N.; Mitra, S., Synthesis, structures 
and fluorescence of nickel, zinc and cadmium complexes with the 
N,N,O-tridentate Schiff base N-2-pyridylmethylidene-2-hydroxy-
phenylamine. Polyhedron 2006, 25 (8), 1753-1762; (i) Hwang, K. Y.; 
Kim, H.; Lee, Y. S.; Lee, M. H.; Do, Y., Synthesis and properties of 
salen-aluminum complexes as a novel class of color-tunable 
luminophores. Chem. Eur. J. 2009, 15 (26), 6478-87. 
4. (a) Cucos, P.; Tuna, F.; Sorace, L.; Matei, I.; Maxim, C.; 
Shova, S.; Gheorghe, R.; Caneschi, A.; Hillebrand, M.; Andruh, M., 
Magnetic and luminescent binuclear double-stranded helicates. 
Inorg. Chem. 2014, 53 (14), 7738-47; (b) Tong, W. L.; Yiu, S. M.; Chan, 
M. C., Crowded bis-(M-salphen) [M = Pt(II), Zn(II)] coordination 
architectures: luminescent properties and ion-selective responses. 
Inorg. Chem. 2013, 52 (12), 7114-24; (c) Chen, P.; Lu, R.; Xue, P.; Xu, T.; 
Chen, G.; Zhao, Y., Emission enhancement and chromism in a salen-
based gel system. Langmuir 2009, 25 (15), 8395-9; (d) Germain, M. E.; 
Vargo, T. R.; McClure, B. A.; Rack, J. J.; Van Patten, P. G.; Odoi, M.; 
Knapp, M. J., Quenching mechanism of Zn(salicylaldimine) by 
nitroaromatics. Inorg. Chem. 2008, 47 (14), 6203-11. 
5. Kim, H.; Lee, Y. S., Quantum chemical analysis of salen–
aluminum complexes for organic light emitting diodes. Chem. Phys. 
Lett. 2013, 585, 143-148. 
6. Bae, H.-J.; Hwang, K.-Y.; Lee, M.-H.; Do, Y.-K., Salen-
Aluminum Complexes as Host Materials for Red Phosphorescent 
Organic Light-Emitting Diodes. Bull. Korean Chem. Soc. 2011, 32 (9), 
3290-3294. 
7. Hwang, K. Y.; Lee, M. H.; Jang, H.; Sung, Y.; Lee, J. S.; Kim, 
S. H.; Do, Y., Aluminium-salen luminophores as new hole-blocking 
materials for phosphorescent OLEDs. Dalton Trans. 2008,  (14), 1818-
20. 
8. (a) Curreli, S.; Escudero-Adán, E. C.; Benet-Buchholz, J.; 
Kleij, A. W., Facile Isolation of Bisimines Based on 3,3‘-
Diaminobenzidine:  Direct Access to Unsymmetrical Bimetallic 
Salphen Building Blocks. J. Org. Chem. 2007, 72, 7018-7021; (b) 
Curreli, S.; Escudero-Adán, E. C.; Benet-Buchholz, J.; Kleij, A. W., A 
Modular Approach Towards Nonsymmetrical Bis(metallosalen) 
Building Blocks. Eur. J. Inorg. Chem. 2008, 2008 (18), 2863-2873; (c) 
Kleij, A. W.; Kuil, M.; Tooke, D. M.; Lutz, M.; Spek, A. L.; Reek, J. N., 
Zn(II)-salphen complexes as versatile building blocks for the 
construction of supramolecular box assemblies. Chem. Eur. J. 2005, 11 
(16), 4743-50; (d) Escudero-Adán, E. C.; Belmonte, M. M.; Benet-

6 

 

mailto:charlotte.williams@chem.ox.ac.uk


Buchholz, J.; Kleij, A. W., Practical Approach to Structurally Diverse 
Monoimine Salts and Nonsymmetrical Metallosalphen Complexes. 
Org. Lett. 2010, 12, 4592-4595. 
9. (a) Bhattacharjee, C. R.; Chakraborty, S.; Das, G.; Mondal, 
P., Emissive ‘zinc(II)-salphen’ core: building block for columnar 
liquid crystals. Liq. Cryst. 2012, 39 (12), 1435-1442; (b) Kawano, S.; 
Ishida, Y.; Tanaka, K., Columnar liquid-crystalline 
metallomacrocycles. J. Am. Chem. Soc. 2015, 137 (6), 2295-302. 
10. Magadur, G.; Lauret, J. S.; Charron, G.; Bouanis, F.; 
Norman, E.; Huc, V.; Cojocaru, C. S.; Gomez-Coca, S.; Ruiz, E.; 
Mallah, T., Charge transfer and tunable ambipolar effect induced by 
assembly of Cu(II) binuclear complexes on carbon nanotube field 
effect transistor devices. J. Am. Chem. Soc. 2012, 134 (18), 7896-901. 
11. (a) Lowry, M. S.; Bernhard, S., Synthetically tailored 
excited states: phosphorescent, cyclometalated iridium(III) 
complexes and their applications. Chemistry 2006, 12 (31), 7970-7; (b) 
Ulbricht, C.; Beyer, B.; Friebe, C.; Winter, A.; Schubert, U. S., Recent 
Developments in the Application of Phosphorescent Iridium(III) 
Complex Systems. Adv. Mater. 2009, 21 (44), 4418-4441; (c) Abd 
Karim, N. H.; Mendoza, O.; Shivalingam, A.; Thompson, A. J.; Ghosh, 
S.; Kuimova, M. K.; Vilar, R., Salphen metal complexes as tunable G-
quadruplex binders and optical probes. RSC Adv. 2014, 4 (7), 3355-
3363. 
12. Dalla Cort, A.; De Bernardin, P.; Forte, G.; Mihan, F. Y., 
Metal-salophen-based receptors for anions. Chem. Soc. Rev. 2010, 39 
(10), 3863-74. 
13. (a) Rezaeivala, M.; Keypour, H., Schiff base and non-Schiff 
base macrocyclic ligands and complexes incorporating the pyridine 
moiety – The first 50 years. Coord. Chem. Rev. 2014, 280, 203-253; (b) 
Whiteoak, C. J.; Salassa, G.; Kleij, A. W., Recent advances with pi-
conjugated salen systems. Chem. Soc. Rev. 2012, 41 (2), 622-31. 
14. (a) Anselmo, D.; Escudero-Adán, E. C.; Benet-Buchholz, J.; 
Kleij, A. W., Isolation and characterization of a new type of μ-
hydroxo-bis-Zn(salphen) assembly. Dalton Trans. 2010, 39 (37), 8733-
40; (b) Escudero-Adán, E. C.; Benet-Buchholz, J.; Kleij, A. W., 
Expedient Method for the Transmetalation of Zn(II)-Centered 
Salphen Complexes. Inorg. Chem. 2007, 46, 7265-7267; (c) Evans, D. 
A.; Lee, L. M.; Vargas-Baca, I.; Cowley, A. H., Aggregation-Induced 
Emission of Bis(imino)acenaphthene Zinc Complexes: Photophysical 
Tuning via Methylation of the Flanking Aryl Substituents. 
Organometallics 2015, 150219123154006. 
15. (a) Clarke, R. M.; Storr, T., The chemistry and applications 
of multimetallic salen complexes. Dalton Trans. 2014, 43 (25), 9380-
91; (b) Paredes-García, V.; Venegas-Yazigi, D.; Cabrera, A.; Valencia-
Gálvez, P.; Arriagada, M.; Ruiz-Leon, D.; Pizarro, N.; Zanocco, A.; 
Spodine, E., Optical properties of binuclear zinc (II) macrocyclic 
complexes derived from 4-methyl-2,6-diformylphenol and 1,2-
diaminobenzene. Polyhedron 2009, 28 (12), 2335-2340. 
16. Peter D. Frischmann; Amanda J. Gallant; Chong, J. H.; 
MacLachlan, M. J., Zinc Carboxylate Cluster Formation in 
Conjugated Metallomacrocycles: 

Evidence for Templation. Inorg. Chem. 2008, 47, 101-112. 
17. (a) Yersin, H.; Rausch, A. F.; Czerwieniec, R.; Hofbeck, T.; 
Fischer, T., The triplet state of organo-transition metal compounds. 
Triplet harvesting and singlet harvesting for efficient OLEDs. Coord. 
Chem. Rev. 2011, 255 (21-22), 2622-2652; (b) Tsujimura, T., OLED 
Displays Fundamentals and Applications. Wiley: Hoboken, 2012; p 
238; (c) Chou, P. T.; Chi, Y., Phosphorescent dyes for organic light-
emitting diodes. Chem. Eur. J. 2007, 13 (2), 380-95; (d) Baldo, M. A.; 
Thompson, M. E.; Forrest, S. R., Phosphorescent materials for 
application to OLEDs. Pure Appl. Chem. 1999, 71, 2095-2106; (e) 
Adachi, C.; Baldo, M. A.; Forrest, S. R.; Thompson, M. E., High-
efficiency organic electrophosphorescent devices with tris(2-
phenylpyridine)iridium doped into electron-transporting materials. 
Appl. Phys. Lett. 2000, 77 (6), 904; (f) Kawamura, Y.; Goushi, K.; 
Brooks, J.; Brown, J. J.; Sasabe, H.; Adachi, C., 100% phosphorescence 
quantum efficiency of Ir(III) complexes in organic semiconductor 
films. Appl. Phys. Lett. 2005, 86 (7), 071104; (g) Lamansky, S.; 

Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.; Lee, H.-E.; Adachi, C.; 
Burrows, P. E.; Forrest, S. R.; Thompson, M. E., Highly 
Phosphorescent Bis-Cyclometalated Iridium Complexes: 
Synthesis, Photophysical Characterization, and Use in Organic Light 

Emitting Diodes. J. Am. Chem. Soc. 2001, 123, 4304-4312. 
18. Mei, J.; Hong, Y.; Lam, J. W.; Qin, A.; Tang, Y.; Tang, B. Z., 
Aggregation-induced emission: the whole is more brilliant than the 
parts. Adv. Mater. 2014, 26 (31), 5429-79. 
19. (a) Lu, H.; Zheng, Y.; Zhao, X.; LijuanWang; Ma, S.; Han, 
X.; Xu, B.; Tian, W.; Gao, H., Highly Efficient Far Red-Near-Infrared 
Solid Fluorophores: Aggregation-Induced Emission, Intramolecular 
Charge Transfer, Twisted Molecular Conformation, and Bioimaging 
Applications. Angew. Chem. Int. Ed. 2015, 55 (1), 155–159; (b) 
Mohamed, M. G.; Lin, R.-C.; Tu, J.-H.; Lu, F.-H.; Hong, J.-L.; Jeong, 
K.-U.; Wang, C.-F.; Kuo, S.-W., Thermal property of an aggregation-
induced emission fluorophore that forms metal–ligand complexes 
with Zn(ClO4)2 of salicylaldehyde azine-functionalized 
polybenzoxazine. RSC Adv. 2015, 5 (80), 65635-65645; (c) Shimada, 
M.; Tsuchiya, M.; Sakamoto, R.; Yamanoi, Y.; Nishibori, E.; Sugimoto, 
K.; Nishihara, H., Bright Solid-State Emission of Disilane-Bridged 
Donor-Acceptor-Donor and Acceptor-Donor-Acceptor 
Chromophores. Angew. Chem. Int. Ed. 2016, 55, 1-6; (d) Yang, J.; 
Huang, J.; Sun, N.; Peng, Q.; Li, Q.; Ma, D.; Li, Z., Twist versus 
Linkage Mode: Which One is Better for the Construction of Blue 
Luminogens with AIE Properties? Chem. Eur. J. 2015, 21 (18), 6862-8; 
(e) Cheng, J.; Li, Y.; Sun, R.; Liu, J.; Gou, F.; Zhou, X.; Xiang, H.; Liu, 
J., Functionalized Salen ligands linking with non-conjugated bridges: 
unique and colorful aggregation-induced emission, mechanism, and 
applications. J. Mater. Chem. C 2015, 3 (42), 11099-11110; (f) Ma, X.; 
Cheng, J.; Liu, J.; Zhou, X.; Xiang, H., Ratiometric fluorescent pH 
probes based on aggregation-induced emission-active 
salicylaldehyde azines. New J. Chem. 2015, 39 (1), 492-500; (g) Tang, 
W.; Xiang, Y.; Tong, A., Salicylaldehyde Azines as Fluorophores of 
Aggregation-Induced Emission Enhancement Characteristics. J. Org. 
Chem. 2009, 74, 2163-2166. 
20. (a) Hong, Y.; Lam, J. W. Y.; Tang, B. Z., Aggregation-
induced emission. Chem. Soc. Rev. 2011,  (40), 5361–5388; (b) Zhao, 
Z.; He, B.; Tang, B. Z., Aggregation-induced emission of siloles. 
Chem. Sci. 2015, 6 (10), 5347-5365. 
21. (a) Pramanik, S.; Bhalla, V.; Kumar, M., 
Hexaphenylbenzene-Stabilized Luminescent Silver Nanoclusters: A 
Potential Catalytic System for the Cycloaddition of Terminal Alkynes 
with Isocyanides. ACS Appl. Mater. Interfaces 2015, 7 (41), 22786-95; 
(b) Jung, S. H.; Kwon, K. Y.; Jung, J. H., A turn-on fluorogenic Zn(II) 
chemoprobe based on a terpyridine derivative with aggregation-
induced emission (AIE) effects through nanofiber aggregation into 
spherical aggregates. Chem. Commun. 2015, 51 (5), 952-5; (c) Ikeda, 
T.; Takayama, M.; Kumar, J.; Kawai, T.; Haino, T., Novel helical 
assembly of a Pt(II) phenylbipyridine complex directed by metal-
metal interaction and aggregation-induced circularly polarized 
emission. Dalton Trans. 2015, 44 (29), 13156-62; (d) Samanta, S.; 
Manna, U.; Ray, T.; Das, G., An aggregation-induced emission (AIE) 
active probe for multiple targets: a fluorescent sensor for Zn2+ and 
Al3+ & a colorimetric sensor for Cu2+ and F-. Dalton Trans. 2015, 44 
(43), 18902-10; (e) Zhu, Y. X.; Wei, Z. W.; Pan, M.; Wang, H. P.; 
Zhang, J. Y.; Su, C. Y., A new TPE-based tetrapodal ligand and its 
Ln(III) complexes: multi-stimuli responsive AIE (aggregation-
induced emission)/ILCT(intraligand charge transfer)-bifunctional 
photoluminescence and NIR emission sensitization. Dalton Trans. 
2016, 45 (3), 943-50; (f) Murshid, N.; Yuyama, K.-i.; Wu, S.-L.; Wu, 
K.-Y.; Masuhara, H.; Wang, C.-L.; Wang, X., Highly-integrated, laser 
manipulable aqueous metal carbonyl vesicles (MCsomes) with 
aggregation-induced emission (AIE) and aggregation-enhanced IR 
absorption (AEIRA). J. Mater. Chem. C 2016, 4 (23), 5231-5240; (g) 
Evans, D. A.; Lee, L. M.; Vargas-Baca, I.; Cowley, A. H., Photophysical 
tuning of the aggregation-induced emission of a series of para-
substituted aryl bis(imino)acenaphthene zinc complexes. Dalton 
Trans. 2015, 44 (26), 11984-96. 

7 

 



22. (a) Tian, Y.-Q.; Tong, J., Proton-template synthesis of a π-
conjugated macrocycle and structure of its Ni2(II)-complex. Chin. 
Chem. Lett. 1997, 8 (2), 107-110; (b) Tian, Y.; Tong, J.; Frenzen, G.; 
Sun, J. Y., Proton-Template Synthesis, Structure, and 
Characterization of a Robson-Type Macrocycle with a Totally π-
Conjugated System. J. Org. Chem. 1999, 64 (5), 1442-1446; (c) 
Gallant;, A. J.; Patrick;, B. O.; MacLachlan, M. J., Mild and Selective 
Reduction of Imines:  Formation of an Unsymmetrical Macrocycle. J. 
Org. Chem. 2004, 69, 8739-8744   ; (d) Akine, S.; Varadi, Z.; 
Nabeshima, T., Synthesis of Planar Metal Complexes and the 
Stacking Abilities of Naphthalenediol-Based Acyclic and Macrocyclic 
Salen-Type Ligands. Eur. J. Inorg. Chem. 2013, 2013 (35), 5987-5998; 
(e) Brychcy, K.; Draeger, K.; Jens, K.-J.; Tilset, M.; Behrens, U., 
Complexes with macrocyclic ligands. III. Mono- and dinuclear 
macrocyclic transition metal complexes of ligands of Schiff base 
type: syntheses, structures, electro- and magnetochemical 
properties. Chem. Ber. 1994, 127 (10), 1817-1826; (f) Brychcy, K.; Jens, 
K. J.; Tilset, M.; Behrens, U., Complexes with macrocyclic ligands. II. 
Synthesis, structure and electrochemical properties of a macrocyclic 
CuII2MnII complex of Schiff base type. Chem. Ber. 1994, 127 (6), 991-
995; (g) Brychcy, K. D., Klaus; Jens, Klaus J.; Tilset, Mats; Behrens, 
Ulrich, Complexes with macrocyclic ligands. I. Dinuclear copper(II) 
complexes with a totally π-conjugated macrocycle of Schiff base 
type: syntheses, structures, electro-, and magnetochemical 
properties. Chem. Ber. 1994, 127 (3), 465-476; (h) Vigato, P.; 
Tamburini, S.; Bertolo, L., The development of compartmental 
macrocyclic Schiff bases and related polyamine derivatives. Coord. 
Chem. Rev. 2007, 251 (11-12), 1311-1492. 
23. (a) Mohanta, S.; Adhikary, B.; Baitalik, S.; Nag, K., A 
correlation involving 1H NMR spectra and exchange coupling 
constants of a family of phenoxo-bridged macrocyclic dicopper(ii) 
complexes. New J. Chem. 2001, 25 (11), 1466-1471; (b) Lim, Z.; Forsyth, 

C. M.; Graham, B., Di-μ2-methoxo-bis-{[μ-3,10,18,25-tetra-aza-penta-
cyclo-[17.4.4.3.1.1]triconta -
1(31),2,4(9),5,7,10,12,14,16(32),17,19(24),20,22,25,27,29-hexa-deca-ene-
31,32-di olato]dizinc(II)} bis-(perchlorate) N,N-dimethyl-formamide 
disolvate. Acta Cryst. 2011, 67 (3), m368; (c) Spodine, E.; Valencia-
Gálvez, P.; Fuentealba, P.; Manzur, J.; Ruiz, D.; Venegas-Yazigi, D.; 
Paredes-García, V.; Cardoso-Gil, R.; Schnelle, W.; Kniep, R., 
Magnetic behavior of MnPS3 phases intercalated by [Zn2L]2+ (LH2: 
macrocyclic ligand obtained by condensation of 2-hydroxy-5-methyl-
1,3-benzenedicarbaldehyde and 1,2-diaminobenzene). J. Solid State 
Chem. 2011, 184 (5), 1129-1134; (d) Spodine, E.; Valencia-Gálvez, P.; 
Manzur, J.; Paredes-García, V.; Pizarro, N.; Bernot, K.; Venegas-
Yazigi, D., Optical properties of composites formed by transition 
metal macrocyclic complexes intercalated in thiophosphate layered 
phases. Polyhedron 2012, 44 (1), 187-193; (e) Fuentealba, P.; Serón, L.; 
Sánchez, C.; Manzur, J.; Paredes-Garcia, V.; Pizarro, N.; Cepeda, M.; 
Venegas-Yazigi, D.; Spodine, E., Macrocyclic ZnIIand CuIIcomplexes 
as guests of the hybrid composites based on the layered 
MnPS3phase. Comparison of spectroscopic properties. J. Coord. 
Chem. 2014, 67 (23-24), 3894-3908. 
24. Okada, T.; Koshino, N.; Matsunaga, T.; Higashimura, H.; 
Suenobu, K.; Iwata, M. Electrode catalyst for fuel cell. 2008. 
25. Koshino, N.; Higashimura, H. Cathode catalysts for air 
secondary batteries and air secondary batteries. 2012. 
26. Cadby, A. J.; Partee, J.; Shinar, J.; Martin, S. J.; Spangler, C. 
W.; Bradley, D. D. C.; Lane, P. A., Optical studies of molecular 
aggregates: The photophysics of a thienylene vinylene oligomer. 
Phys. Rev. B 2002, 65 (24). 

 
 

8 

 



 

Graphical Abstract for:  

Thermally stable zinc disalphen macrocycles showing solid state 
and aggregation induced enhanced emission (AIEE) 
Jameel A. Marafie,a Donal D. C. Bradley,*b and Charlotte K. Williams*c 

 

 

 
TOC synopsis 

A series of seven dinuclear zinc salphen macrocycle complexes are weakly photoemissive in solution, 
whilst some complexes show aggregation induced emission in the solid state. 
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