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3d transition metal complexes with a julolidine‒quinoline based 

ligand: structures, spectroscopies and optical properties 

Daniel J. Fanna,a Yingjie Zhang,*b Li Li,a Inna Karatchevtseva,b Nicholas D. Shepherd,a,b Abdul 
Azim,a Jason R. Price,c Janice Aldrich-Wright,a Jason K. Reynoldsa and Feng Li *a 

A Schiff base type ligand with the combination of the julolidine and the quinoline groups has been reported as a potential 

chemosensor in detecting cobalt(II) ion among other heavy and transition metal ions in solution. However, no crystal 

structure of such ligand with any metal ions has been reported. In this work, its complexation with 3d tranisition metal 

ions (Mn(II), Co(II), Ni(II), Cu(II) and Zn(II)) has been investigated with five new complexes being synthesised, 

spectroscopically and structurally characterised. [Mn2L2(CH3OH)2(CH3COO)2]·CH3OH (1) {HL (C22H21N3O) = ((E)-9-((quinolin-

8-ylimino)methyl)-1,2,3,5,6,7-hexahydropyrido[3,2,1-ij]quinolin-8-ol)} shows a dinuclear structure with two Mn:L:acetate 

(1:1:1) units bridged by two methanol molecules. [CoL2(NO3)]·CH3OH·H2O (2) and [NiL2]·H2O (3) exhibit mononuclear 

structures with Co:L or Ni:L ratio of 1:2. [CuL(CH3COO)]·1/3CH3OH (4) demonstrates a mononuclear structure and the Cu 

ion has a square planar coordination polyhedron with a L ligand and a highly non symmetrical acetate anion. 

[Zn2L2(CH3COO)2]·CH3OH (5) has two types of dinuclear units, both with two ZnL units bridged by two acetate anions but in 

three different bridging coordination modes. Their vibrational modes, absorption and photoluminescent properties have 

also been investigated. 

Introduction 

In last decades, colorimetric supramolecular chemistry has 

attracted considerable attention due to the promise of optical 

based applications in new technological fields, e.g. 

chemosensors, fluorescent probes, biomedical imaging, dye-

sensitised solar cells, and phase-change optical data storage.1 

The success of these applications is fundamentally reliant on 

the interactions between colorimetric molecules and external 

stimulus, such as guest molecules, temperature, pressure, 

and/or light.2 Exploration of the systems controlling these 

interactions is vital for an in-depth understanding into how 

molecular forces mediate the characteristics within a 

supramolecular system.3 Subsequently, this knowledge has 

potential to be utilised in future syntheses to accurately design 

a supramolecular system for targeted applications, through 

directed self-assembly techniques.4 

 The julolidine function group is well known for its visible 

and fluorescent optical properties, while acting as a strong 

signal unit.5 Consequently, it has become a popular functional 

group in colorimetric studies of metallo-supramolecular 

system. The versatility of julolidine has been observed in many 

chemosensor systems which exhibit selective molecular 

recognition often for a metal ion6 or anion.7 In addition, 

julolidine has exhibited fluorescent properties in nature which 

can be explored in the application of fluorescence sensor.8,9 

 Despite strong research effort into julolidine systems, only 

limited examples of material characterisation involving solid 

state techniques such as single crystal X-ray diffraction, 

electron microscopy and vibrational spectroscopy have been 

utalised.10  

 The Schiff base ligand, HL (see below), consisting of 8-

hydroxjulolidine-9-carboxylaldehyde with 8-aminoquinoline, 

has been reported by Kim and coworkers.11 Previous studies 

have demonstrated such ligand has the potential as a Co(II) 

chemosensor, and a complex of CoL2 in solution was confirmed 

by electron spray ionisation‒mass spectroscopy (ESI-MS).11 

However, no crystal structure for any metals with HL is 

currently available. Clearly there is an urgent need to fill an 

important niche of structural investigations between solution 

and solid state studies. More importantly, the structural 

knowledge will, in turn, provide direct input into the ligand 

design for future chemosensors towards the potential 

detection of transition and heavy metal ions.  
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 The main focus of this contribution is the structure 

characterisation and fluorescence properties of the julolidine-

quinoline based ligand HL with selected 3d transition metal 

ions. Herein we report the synthesis, spectroscopies, 

structures and optical properties of five new complexes of HL 

with Mn(II), Ni(II), Co(II), Cu(II) and Zn(II) ions in the presence 

of acetate (OAc) and Co(III) in the presence of nitrate anions 

for structure only: a dinuclear structure with two 

Mn(L)(OAc)(CH3OH) units bridged by the two methanol 

molecules for [Mn2L2(CH3OH)2(CH3COO)2]·CH3OH (1); two 

mononuclear structures with Co:L/Ni:L ratio of 1:2 for 

[CoL2(NO3)]·CH3OH·H2O (2) and [NiL2]·H2O (3); a mononuclear 

structure in the form of Cu(L)(OAc) for 

[CuL(CH3COO)]·1/3CH3OH (4); and two types of dinuclear units, 

both with pairs of Zn(L)(OAc) units bridged by the two acetate 

anions but in three different bridging coordination modes for 

[Zn2L2(CH3COO)2]·CH3OH (5). 

Experimental section 

Materials 

All reagents were purchased from commercial sources and 

used without further purification. 

Physical measurements 

The 1H NMR spectrum was recorded on a Bruker 300 MHz 

spectrometer. Scanning electron microscope ‒ electron 

dispersive spectroscopy (SEM-EDS) was conducted using a 

Zeiss Ultra Plus SEM (Carl Zeiss NTS GmbH, Oberkochen, 

Germany) under an accelerating voltage of 20 kV. Electrospray 

ionisation high resolution mass spectroscopy (ESI-HRMS) 

analysis was conducted utilising a Waters Xevo 

QToF/nanoaquity UPLC in positive ion mode. Raman spectra 

were recorded on a Bruker Senterra using the OPUS software 

and excitation laser 785 nm in the range of 2,000‒100 cm-1. 

Absorption spectra were collected using an Agilent Cary 100 

spectrophotometer. Fluorescent emission measurements were 

conducted on a Shimadzu RF-5301PC instrument with a Xenon 

lamp and excitation wavelength of 470 nm. Solid state 

fluorescent emission spectra were measured on an Olympus 

FluoView™ FV1000 Confocal Laser Scanning Microscope, with 

an external Argon Ion laser (488 nm). 

Ligand synthesis 

The synthesis of ligand (HL) involved Schiff base condensations 

using an optimisation of a literature method.11 8-

hydroxyjulolidine-9-carboxaldehyde (500 mg, 2.3 mmol) was 

dissolved in 15 mL acetonitrile. To this solution, an acetonitrile 

solution of 8-aminoquinoline (330 mg, 2.3 mmol) in 15 mL was 

added drop wise. After that, a few milligrams of p-

toluenesulfonic acid was added as a catalyst. This reaction was 

conducted at reflux condition under nitrogen atmosphere for 

18 hours. Once reflux had concluded, the solution underwent 

a hot filtration to remove any solid impurities. The filtrate was 

left to evaporate, additional CH3CN added and a yellow 

precipitate collected. This process was repeated three times, 

with an approximately 60% yield. 1H NMR (300 MHz, CDCl3): δ 

9.01 (q, 1H), 8.36 (s, 1H), 8.13 (q, 1H), 7.54 (d, 3H), 7.44 (q, 

1H), 6.74 (s, 1H), 3.26(t, 4H, julolidine - aliphatic ring), 3.85 (t, 

2H, julolidine - aliphatic ring), 2.65 (t, 2H, julolidine - aliphatic 

ring), 1.95 (m, 4H, julolidine - aliphatic ring). ESI-HRMS 

(positive-ion detection, MeOH): m/z = 344.1767 (calc. 

344.1763 for [HL+H]+). 

Complex synthesis 

The complexation of HL with Mn(II), Co(II), Ni(II), Cu(II) and 

Zn(II) ions was carried out using metal acetates. As the 

procedures of preparing the five complexes are essentially the 

same, the general preparation of complexes 1-5 is detailed 

below. 

 HL (100 mg, 0.29 mmol) was dissolved in 15 mL of 

methanol. The required metal (Mn(II), Co(II) Ni(II), Cu(II) and 

Zn(II)) acetates (0.145 mmol) in 15 mL of methanol was slowly 

added to the above ligand solution. The mixture was then 

heated at 70°C for 90 minutes. Hot filtration was immediately 

conducted to remove any solid impurities. The product of 1-5 

was obtained by slow evaporation. The single crystals of 1, 3-5 

used for X-ray crystallography were obtained by slow diffusion 

of diethyl ether vapour into the resulting complexes in MeOH. 

Unfortunately, the single crystal of complex 2 in acetate form 

can’t be obtained, although several crystallisation methods 

have been performed. While a single crystal of 2 was 

successfully obtained using Co(II) nitrate instead of acetate 

with the addition of triethylamine for deprotonation of HL. 

1: Yield: 62%. UV/Vis (MeOH): λmax/nm = 468, Raman (solid 

state, Laser = 785 nm): 1563, 1494, 1467, 1371, 1302, 1224, 

1090, 807 cm-1. ESI-HRMS (positive-ion detection, MeOH): m/z 

= 739.2599 (calc. 739.2593 for [MnL2]+); 397.1007 (calc. 

397.0987 for [MnL]+); 

2: Yield: 40%. UV/Vis (MeOH): λmax/nm = 495, Raman (solid 

state, Laser = 785 nm): 1615, 1563, 1493, 1467, 1371, 1302, 

1220, 1090, 520, cm-1; ESI-HRMS (positive-ion detection, 

MeOH): m/z = 743.2559 (calc. 743.2545for [CoL2]+); 401.0951 

(calc. 401.0938 for [CoL]+); 

3: Yield: 73%. UV/Vis (MeOH): λmax/nm = 480, Raman (solid 

state, Laser = 785 nm): 1617, 1564, 1490, 1463, 1418, 1372, 

1298, 1264, 1233, 1088, 1020, 960, 803, 502 cm-1. ESI-HRMS 

(positive-ion detection, MeOH): m/z = 743.2646 (calc. 

743.2644 for [NiL2+H]+); 400.0950 (calc. 400.0960 for [NiL]+); 

4: Yield: 46%. UV/Vis (MeOH): λmax/nm = 468, Raman (solid 

state, Laser = 785 nm): 1567, 1494, 1467, 1376, 1320, 1298, 

1273, 1232, 1093, 1027, 961, 807, 519, 490 cm-1. ESI-HRMS 

(positive-ion detection, MeOH): m/z = 405.0913 (calc. 

405.0902 for [CuL]+); 

5: Yield: 66%. UV/Vis (MeOH): λmax/nm = 468, Raman (solid 

state, Laser = 785 nm): 1565, 1494, 1466, 1428, 1373, 1301, 

1236, 1091, 1065, 969, 896, 829, 806, 635, 505, 442, 316 cm-1. 

ESI-HRMS (positive-ion detection, MeOH): m/z = 406.0902 

(calc. 406.0898 for [ZnL]+). 

Single crystal X-ray diffraction 

The single crystal X-ray diffraction measurements for 

complexes 1-5 were carried out on the MX1 beamline at the 

Australian Synchrotron. Diffraction data were collected using  
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Table 1. Crystal data and refinement details for complexes 1-5. 

 

Si<111> monochromated synchrotron X-ray radiation (λ = 

0.71074) at 100(2) K with BlueIce software12 and were 

corrected for Lorentz and polarization effects using the XDS 

software.13 An empirical absorption correction was then 

applied using SADABS.14 The structures were solved by direct 

methods and the full-matrix least-squares refinements were 

carried out using a suite of SHELX program15 via Olex2 

interface.16 All non-hydrogen atoms were located from the 

electron density maps and refined anisotropically. Hydrogen 

atoms bound to carbon atoms were added in the ideal 

positions and refined using a riding model. The refinement of 4 

revealed that one (Cu3) of the three distinguished monomeric 

units has a carbon atom at the julolidine side disordered in two 

equal positions. In addition, the carboxylate O atom occupying 

one of the square positions deviates from the plane. 

Consequently, the relatively higher negative residue density at 

Cu3 causes several alerts at B level. Furthermore, the data 

completeness for 4 is a bit low due to its crystallization in low 

symmetry space group and the crystal suffered gradual 

radiation damage which only allows one circle data collection 

possible. All potential hydrogen bonds were calculated using 

PLATON.17 

Results and discussion 

Synthesis and characterization 

Ligand HL was prepared by optimising a literature 

procudeure.11 1H NMR spectrum (Fig. S1, ESI†) and 

electrospray ionization high resolution mass spectrometry (ESI-

HRMS) (Fig. S2, ESI†) results were consistent with the 

proposed structure of HL. Complexes 1-5 were prepared by 

reactions of metal acetates and HL in methanol with a ratio of 

1:2. Although the extra ligand has been applied for all 

reactions, only Ni(II) and Co(III) complexes can be obtained in 

the formula of ML2 in solid state. In solution, ESI-HRMS results 

(Figs. S3, 6, 9, 12 and 14, ESI†) easily revealed major peaks of 

ML2 for complexes 1, 2 and 3, and ML for complexes 3, 4 and 

5. A few minor fragments of ML for 1 and 2 were also 

iden\fied (Figs. S3 and 6, ESI†). The appropriate isotope 

patterns for their complexes were observed (Figs. S4, 5, 7, 8 

10, 11, 13 and 15, ESI†) and the isotopic distribu\ons for ML or 

ML2 are in great agreement with their calculated patterns. In 

addition, SEM-EDS analysis confirmed the presence of C, N, O 

and Mn in 1; C, N, O, Co in 2; C, N, O and Ni in 3; C, N, O, Cu in 

4; and C, N, O, Zn in 5 (Figs. S16‒S20, ESI†). 

 

Structure description and discussion 

The crystal data and refinement details for complexes 1-5 are 

summarized in Table 1 and selected bond lengths of the metal 

coordination polyhedron are listed in Table 2. The asymmetric 

unit of 1 contains a Mn(II) ion coordinated by a tridentate L 

ligand, a monodentate acetate and a methanol molecule. The 

expansion by symmetry suggests that the structure of 1 is 

constructed with two Mn(L)(OAc) units linked by two bridging 

methanol molecules forming a dinuclear complex (Fig. 1a). The 

Mn(II) ion is six-fold coordinated with a chelating L [2.051(2) Å 

for Mn1‒N1, 1.999(2) Å for Mn1‒N2 and 1.881(2) Å for 

Mn1‒O1], a monodentate acetate [2.182(2) Å for Mn1‒O2] 

and two bridging methanol molecules [1.896(2) and 2.258(2) Å 

for Mn1‒O4 and Mn1‒O4’] making a slightly distorted 

octahedral coordination environment for the Mn metal centre. 

The Mn-Mn distance within the dinuclear complex is 3.222(1) 

Å. The L ligand adopts fairly flat conformation (Fig. 1b). Strong 

π‒π interactions between dinuclear units (Fig. 1b) lead to the 

formation of one dimensional (1D) columns along the 

crystallographic c-axis (Fig. 1c). The free terminal carboxylate  

Complex 1 2 3 4 5 

Formula C50H53N6O9Mn2 C45H44N7O6Co C44H42N6O3Ni  C73H73N9O10Cu3  C49H50N6O7Zn2 

Formula weight 991.86 837.80 761.54 1427.02 965.73 

Crystal system monoclinic monoclinic monoclinic monoclinic triclinic 

Space group P21/n P21/n C2/c P21/c P-1 

a (Å) 10.460(2) 21.900(4) 20.534(4) 8.9270(18) 12.804(3) 

b (Å) 12.325(2) 18.010(4) 13.565(3) 23.859(5) 17.462(3) 

c (Å) 18.253(4) 23.630(5) 15.695(3) 29.072(6) 19.515(4) 

α (o) 90 90 90 90 87.20(3) 

β (o) 94.73(3) 101.89(3) 125.65(3) 98.29(3) 88.48(3) 

γ (o) 90 90 90 90 89.90(3) 

Volume (Å3) 2345.2(8) 9120(3) 3552.3(16) 6127(2) 4356.5(15) 

Z / μ (mm−1) 2 / 0.602 8 / 0.429 4 / 0.599 4 / 1.105 4 / 1.162 

Min./Max. θ [o] 2.239/30.164 1.155/27.924 2.005/27.914 1.653/25.499 1.045/30.069 

dcalcd (g cm−3) 1.405 1.220 1.424 1.547 1.472 

GOF 1.038 1.104 1.082 1.075 1.085 

Final R1 
a [I > 2σ(I)] 0.0638 0.0808 0.0340 0.0763 0.0620 

Final wR2 
b [I > 2σ(I)] 0.1797 0.2523 0.0859 0.2068 0.1658 

a R1 = Σ∥Fo|−|Fc∥/|Fo|.  b wR2 = {Σ[w(Fo
2 − Fc

2)2]/Σ[w(Fo
2)2]}1/2. 
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Table 2. Selected bond lengths of metal coordination polyhedron in 1-5. 

1    

Mn1‒O1 1.881(2) Mn1‒N1 2.051(2) 

Mn1‒N2 1.999(2) Mn1‒O2 2.182(2) 

Mn1‒O4 1.896(2) Mn1‒O4’ 2.258(2) 

2    

Co1‒O1 1.881(2) Co1‒N1 1.946(3) 

Co1‒N2 1.904(3) Co1‒O2 1.874(2) 

Co1‒N4 1.935(3) Co1‒N5 1.907(3) 

Co2‒O3 1.878(2) Co2‒N7 1.940(3) 

Co2‒N8 1.905(3) Co2‒O4 1.879(2) 

Co2‒N10 1.941(3) Co2‒N11 1.900(3) 

3    

Ni1‒O1 2.028(2) Ni1‒N1 2.094(2) 

Ni‒N2 2.021(2)   

4    

Cu1‒O1 1.895(3) Cu1‒N1 1.985(4) 

Cu1‒N2 1.944(4) Cu1‒O2 1.948(3) 

Cu1‒O3 2.678(4) Cu2‒O4 1.896(3) 

Cu2‒N4 1.999(3) Cu2‒N5 1.939(4) 

Cu2‒O5 1.950(4) Cu2‒O6 2.763(3) 

Cu3‒O7 1.842(4) Cu3‒N7 1.992(4) 

Cu3‒N8 1.977(4) Cu3‒O8 1.962(4) 

Cu3‒O9 2.677(4)   

5    

Zn1A‒O1A 1.974(2) Zn1A‒N1A 2.134(3) 

Zn1A‒N2A 2.052(2) Zn1A‒O1AA 2.070(2) 

Zn1A‒O1BB 2.108(2) Zn1B‒O1B 2.007(2) 

Zn1B‒N1B 2.181(3) Zn1B‒N2B 2.042(2) 

Zn1C‒O1C 1.998(2) Zn1C‒N1C 2.185(3) 

Zn1C‒N2C 2.030(2) Zn1C‒O2CC 2.011(2) 

Zn1C‒O1DD 2.007(2) Zn1D‒O1D 1.988(2) 

Zn1D‒N1D 2.150(3) Zn1D‒N2D 2.060(3) 

 

Table 3. Calculated hydrogen bonds for complexes 1-5. 

Donor—H···Acceptor d(D—H) d(H···A) d(D···A) ∠(DHA) 

1     

O5—H5A···O3 0.82 2.16 2.682(8) 122 

2     

O1A—H1A···O1B3 0.82 2.54 2.8221 102 

O2A—H2A···O2B2 0.82 2.18 2.7902 132 

3     

O1W—H1W···O1 0.89 2.03 2.820(2) 149 

4     

O1S—H1S···O6 0.82 1.90 2.719(7) 176 

5     

O1S—H1S···O2CC 0.82 1.91 2.725(4) 170 

O2S—H2S···O2BB 0.82 1.90 2.717(4) 173 

 

O atom of the acetate anion is involved in hydrogen bonding 

with the lattice methanol molecule (Table 3). 

 Complex 2 has two 1:2 monomeric structures (Fig. 2a, b) in 

the asymmetric unit with two Co(III) ions each six-fold 

coordinated by two L ligands [1.946(3) Å for Co1‒N1, 1.904(3) 

Å for Co1‒N2 and 1.881(2) Å for Co1‒O1; 1.935(3) Å for 

Co1‒N4, 1.907(3) Å for Co1‒N5 and 1.874(2) Å for Co1‒O2; 

1.940(3) Å for Co2‒N7, 1.905(3) Å for Co2‒N8 and 1.878(2) Å 

for Co2‒ O3; 1.941(3) Å for Co2‒N10, 1.900(3) Å for Co2‒ N11 

 

 
Fig. 1. Structure of 1: An ellipsoidal plot (50% probability) of the dinuclear 
structure (a), π-π interactions between dimer units (b) and a crystal packing view 
along the c-axis (c).  

and 1.879(2) Å for Co2‒O4] making octahedral coordination 

environments for the Co metal centres. The L ligands have 

fairly flat conformations leading to parallel packing in the 

crystal lattice (Fig. 2c). The lattice methanol molecules and 
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Fig. 2. Structure of 2: The ellipsoidal plots (50% probability) of the mononuclear 
structures (a, b) and a crystal packing along the c-axis (c). 

 
 

Fig. 3. Structure of 3: An ellipsoidal plot (50% probability) of the mononuclear 
structure (a) with hydrogen bonds in orange and a crystal packing along the c-
axis (b).  

 

nitrate anions are involved in hydrogen bonding (Table 3). 

Although Kim and co-workers11 have reported the preparation 

of ligand (HL) and its use as a Co(II) chemosensor, no X-ray 

structure of the corresponding cobalt complex was presented. 

In their studies, the majority of the evidence suggested that 

the complex was a Co(II) species, the ESI-MS result was in 

conflict with this in that it was in accord with the presence of 

Co(III). In this study, the Co(III) structure determined indicates 

that the aerial oxidation of the initial cobalt(II) complex formed 

in solution does happen during the crystallization process 

which started in 10 hours.  

 The asymmetric unit of 3 has half of a Ni(II) ion on a centre 

symmetry coordinated by a tridentate L ligand with half a 

lattice water molecules. The expansion by symmetry suggests 

that 3 has a 1:2 monomeric structure (Fig. 3a) with a Ni(II) ion 

six-fold coordinated by two L ligands [2.028(2) Å for Ni1‒N1, 

2.094(2) Å for Ni1‒N2 and 2.028(2) Å for Ni1‒O1] making an 

octahedral coordination environment for the Ni metal centre. 

The L ligand has slightly twisted boat conformation (Fig. 3a). 

The lattice water molecule has hydrogen bonding with both L 

ligands (O1 and O1#) (Fig. 2a) (Table 3). The monomers in the 

butterfly shape are packed in the crystal lattice (Fig. 3b).  
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Fig. 4. Structure of 4: An ellipsoidal plot (50% probability) of the mononuclear 
structure (a), π-π interactions between monomers (b) and a crystal packing view 
along the c-axis (c).  

 

 The asymmetric unit of 4 contains three distinguished 

monomeric structures, each was made up of a Cu(II) ion five-

fold coordinated by a L ligand [1.985(4) to 1.999(3) Å for 

Cu‒N1/N4/N7; 1.939(4) to 1.977(4) Å for Cu‒N2/N5/N8 and 

1.842(4) to 1.896(3) Å for Cu‒O1/O4/O7] and a chelating 

acetate anion [1.948(4) to 1.962(3) Å Cu‒O2/O5/O8 and 

2.677(4) to 2.763(3) Å Cu‒O3/O6/O9] making square planar 

coordination polyhedra for the Cu metal centres (Fig. 4a) as 

Cu-O3/O6/O9 weak bonding represents an intermediate 

coordination mode of acetate between mono- and bidentate. 

Extensive π‒π interactions (Fig. 4b) between monomers lead 

to the parallel crystal packing in the crystal lattice (Fig. 4c). A 

free terminal carboxylate O atom (O6) from one of the acetate 

anions is involved in hydrogen bonding with the lattice 

methanol molecule (Table 3). 

 The structure of 5 is composed of two dinuclear units (Fig. 

5a, b) in the asymmetric unit. Each dimer unit has two pairs  

 
Fig. 5. Structure of 5: Ellipsoidal plots (50% probability) of dinuclear unit 1 (a), 
unit 2 (b) and a crystal packing view along the c-axis (c).  

of ZnL units bridged by two acetate anions. In the dimer unit 1 

(Fig. 5a), both Zn(II) ions are five-fold coordinated with a 

chelating L [2.134(3) Å for Zn1A‒N1A, 2.052(3) Å for 

Zn1A‒N2A, 1.974(3) Å for Zn1A‒O1A; 2.181(3) Å for 

Zn1B‒N1B, 2.042(3) Å for Zn1B‒N2B, 2.007(2) Å for 
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Zn1B‒O1B] and two bridging acetates [2.070(2) Å for 

Zn1A‒O1AA, 2.108(2) Å for Zn1A‒O1BB; 2.014(2) Å for 

Zn1B‒O1AA, 2.022(2) Å for Zn1B‒O2BB] making slightly 

distorted trigonal bipyramidal coordination environments for 

both Zn metal centres. The two bridging acetate anions adopt 

different coordination modes: one bridges through only one 

carboxylate O and the other bridges through both carboxylate 

O atoms in the cis- arrangement. In the case of dimer unit 2 

(Fig. 5b), both Zn(II) ions are coordinated with one chelating L 

[2.185(3) Å for Zn1C‒N1C, 2.030(3) Å for Zn1C‒N2C, 1.998(2) Å 

for Zn1C‒O1C; 2.150(3) Å for Zn1D‒N1D, 2.060(3) Å for 

Zn1D‒N2D, 1.988(2) Å for Zn1D‒O1D] and two bridging 

acetates [2.007(2) Å for Zn1C‒O1DD, 2.011(2) Å for 

Zn1C‒O2CC; 2.129(2) Å for Zn1D‒O1CC, 2.120(2) Å for 

Zn1D‒O1DD, 2.480(2) Å for Zn1D‒O2DD]. Again the two 

acetate anions have different coordination modes: one bridges 

through both carboxylate O atoms in the cis- arrangement 

whilst the other one chelates to one metal centre and then 

bridges to the other via one carboxylate O atom making five-

fold coordination of Zn1C in a trigonal bipyramidal polyhedron 

and six-fold coordination of Zn1D in octahedral polyhedron. 

The Zn‒Zn distances within the dimer units range from 

3.625(4) Å for Zn1A‒Zn1B to 3.701(4) Å for Zn1C‒Zn1D. The L 

ligands adopt very flat conformations (Fig. 5c) leading to 

isolated dimers packing along the crystallographic c-axis (Fig. 

5c). Carboxylate O atoms (O2BB and O2CC) are involved in 

hydrogen bonding with the lattice methanol molecules (Table 

3).  
Three structural types, e.g. 1:1 monomer (4); 1:2 monomer (2 

and 3); 2:2 dimer (1 and 5) have been identified in this study. 

The coordination of HL to Cu(II) produced a square planar 

polyhedron in 4 where a tridentate L and an acetate anion 

were bound to the metal centre with the acetate in a highly 

non symmetrical fashion. It is interesting to observe one 

normal carboxylate O bonding to Cu(II) ion with average bond 

length of 1.951(3) Å for Cu1-O2/O5/O8 whilst the other with 

much longer average Cu-O bond, average 2.704(3) Å for 

Cu1‒O3/O6/O9. This represents an intermediate coordination 

mode between mono- and bidentate with the second oxygen 

atom weakly interacting with the metal centre. Such acetate 

bonding to Cu(II) ion has been observed in early studies.18 The 

mononuclear structure with metal to ligand ratio of 1:2 

exhibiting an octahedral coordination geometry was found for 

both Co(III) in 2 and Ni(II) in 3. In the literature, many 

complexes of Mn(II), Fe(II)/(III), Co(II)/(III), Ni(II) and Zn(II) ions 

with Schiff base ligands in the similar tridentate (N, N, O) 

geometry result in similar 1:2 complexes due to the preferred 

metal octahedral coordination polyhedra.19 Although Mn(II) 

ions in 1 also adopt octahedral coordination geometry, its 

structure was not consistent with that observed for Co(III) and 

Ni(II). Instead, two MnL(OAc) units were bridged together by 

two methanol molecules forming a dimer with two 

monodentate acetate anions. This dimer structure was quite 

unique not only because a 1:2 coordination arrangement was 

not formed but also due to the fact that the dimer was bridged 

through methanol molecules. A slightly different dimer 

structure has been identified in 5 with acetate anions bridging 

in three different coordination modes. In fact, the acetate 

anions are present as monodentate in 1 and 4, and bridging in 

5. It is apparent that the crystal structures obtained in this 

study have been controlled by two main factors. One is the 

metal preferred coordination geometry and the other is the 

competition of additional ligands, e.g. acetate anion and 

methanol solvent in the case of 1 and 5. It is also observed that 

the L ligand can adopt flexible, from fairly flat (1, 2, 4 and 5) to 

bending (3) conformations. The flat ligand conformations 

present in 1, 2, 4 and 5 lead to closely parallel packing of 

ligands in the crystal lattice. Consequently, π‒π interactions 

are very common in their crystal structures. 

 

 
Fig. 6. Raman spectra of HL and 1-5 in 2,000-200 cm-1 region. 

 

Raman spectroscopy 

The vibrational modes of the five complexes have been 

examined using Raman spectroscopy. All Raman spectra of 

complexes 1-5 (Fig. 6) resemble each other quite well and are 

similar to the Raman spectrum of HL (Fig. 6) due to the 

presence of the same ligand. Common features mainly from 

quinoline functional group20 include: ν(C=C) at 1564 cm-1; 

ν(C=N) at 1494 cm−1; ν(CC) + ν(CN) at 1466 and 1321−1300 

cm-1; ν(C−C) at 1370 cm-1; ν(C−N) + δ(CH), in-plane bending at 

1234 cm-1; δ(CH), in-plane bending + δ(CNC) at 1093 cm-1; 

ν(CNCH) at 965 cm-1; δ(CH), out-of-plane bending + δ(CCC) + 

δ(CCN) at 806 cm-1. 

 

Absorption and photoluminescence 

The absorption spectra of the five metal acetates [Mn(II), 

Co(II), Ni(II), Cu(II) and Zn(II)] and HL in methanol solutions 

with metal to ligand ratio of 1:2 are shown in Figure 7. HL gives 

double absorption maxima at ∼435 and ∼445 nm and the 

corresponding complexes have the absorption maxima slightly 

shifted to ∼468 nm upon complexation, with further shift to 

∼480 nm for 3. Co(III) ion gives very similar absorption 
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spectrum to that of Ni(II) but with a bit further shift towards 

∼495 nm, consistent with the earlier observation.11 After 

excitation at 470 nm, HL and 1-4 have the fluorescence 

emission maxima at ∼560 nm with the exception of 5 which 

has the fluorescence emission maxima shifted to ∼575 nm. 

(Fig. 7). It is also evident that Mn(II) ion in 1, Co(III) ion in 2, 

Ni(II) ion in 3 and Cu(II) ion in 4 quench the ligand fluorescence 

emissions whilst Zn(II) ion in 5 has enhanced the ligand 

fluorescence emission. It has been well documented that 

paramagnetic metal ions quench fluorescence in systems of 

the present type. On the other hand, Zn(II) with its full-shell 

electronic configuration (d10) does not profit from ligand field 

effects. In addition, Zn(II) ion is photophysically inactive, as it 

does not display any one-electron redox activity and cannot be 

involved in electronic transfer process. However, Zn(II) ion can 

exert an indirect effect on the emitting activity of a proximate 

fluorophore, which may lead to fluorescence regeneration or 

enhancement21, as observed in the present study. 

 
Fig. 7. The absorption and emission spectra of HL and 1-5 in methanol solutions. 

 

 
Fig. 8. The emission spectra of HL, and complexes 1- 5 in solid state. 

The solid state fluorescence emission spectra of complexes 1-5 

together with ligand HL are shown in Figure 8. Similar to the 

observation from the solution study, the fluorescence of HL is 

completely quenched in complexes 2 and 3 which have the 

metal to ligand ratio of 1:2, and partially quenched in 

complexes 1 and 4 which have the metal to ligand ratio of 1:1, 

with emission maxima at ∼588 nm. As expected, the 

enhancement of solid state fluorescence emission of HL by the 

presence of Zn(II) in 5 is obvious with the emission maximum 

shifted to ∼588 nm compared to ∼585 nm for ligand HL. 

Conclusions 

Five new complexes with structures ranging from monomers 

with metal to ligand ratios of 1:1 and 1:2 to dimers bridged by 

either acetate anions or methanol molecules have been 

synthesised and characterised. Octahedral coordination 

geometry is favored in Mn(II), Co(III) and Ni(II) complexes with 

a dimer structure for Mn(II) via unique methanol instead of 

acetate bridging. Co(III) and Ni(II) ions adopt mononuclear 

structures with metal to ligand ratio of 1:2 with flat ligand 

conformation for Co(III) complex and twisted boat ligand 

conformation for Ni(II) complex. The Cu(II) complex shows a 

1:1 mononuclear structure with a square planar coordination 

polyhedron consisting of a L ligand and a highly non-

symmetrical bonded acetate anion. Such a structural 

arrangement is dominated by the preferred coordination 

geometry of Cu(II) ion. The Zn(II) complex has two types of 

dimer structures with pairs of ZnL units bridged by two 

acetates in three different coordination modes. Consequently, 

both five-fold in trigonal bipyramidal and six-fold in octahedral 

coordination environments are present within one compound, 

which is a rare observation. The formation of ligand and the 

corresponding metal complexes has been confirmed by HR-

ESI-MS, SEM-EDS and Raman spectroscopy. In addition, the 

complexation of HL with 3d metal ions results in slightly red 

shifts of the absorption maxima. As expected, the presence of 

Mn(II), Co(II)/Co(III), Ni(II) and Cu(II) ions quenches the ligand 

fluorescence emissions to some extent whilst the presence of 

Zn(II) has shown ligand fluorescence enhancement with the 

emission maximum further red-shift. Further studies on 

different anions and rare earth metal ions with such ligand are 

ongoing and will be reported in due course. 
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TOC: Five new complexes of a julolidine-quinoline based ligand with 3d transition metals featuring three monomers with metal to 
ligand ratios of 1:1 or 1:2, and two dimers bridged by acetate or methanol have been synthesised and structurally characterised. 
 
 
 
 
 
 
 
 
 
 
 

Page 10 of 10Inorganic Chemistry Frontiers

In
or

ga
ni

c
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t


