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Tris(8-hydroxyquinolinate) metallic complexes, Mq3, are one of the most important 

classes of organic semiconductor materials. Herein, the nature of the chemical bond in 

Mq3 complexes and its implications on their molecular properties were investigated 

by a combined experimental and computational approach. Various Mq3 complexes, 

resulting from the alteration of the metal and substitution of the 8-hydroxyquinoline 

ligand in different positions, were prepared. The mer-/fac-isomerism in Mq3 was 

explored by FTIR and NMR spectroscopy, evidencing that, irrespective of the 

substituent, mer-  and fac-are the most stable molecular configurations of Al(III) and 

In(III) complexes, respectively. The relative M–ligand bond dissociation energies were 

evaluated experimentally by electrospray ionization tandem mass spectrometry (ESI-

MS-MS), showing a non-monotonous variation along the group (Al > In > Ga). The 

results reveal a strong covalent character in M–ligand bonding, which allows for 

through-ligand electron delocalization, and explain the preferred molecular structures 

of Mq3 complexes as resulting from the interplay between bonding and steric factors. 

The mer-isomer reduces intraligand repulsions, being preferred for smaller metals, 

while the fac-isomer is favoured for larger metals where stronger covalent M–ligand 

bonds can be  formed due  to  more extensive  through-ligand conjugation mediated  

by metal ‘‘d’’ orbitals. 

 

 

Introduction 

Metallic complexes based  on  8-hydroxyquinoline  belong  to one of the most important 

classes of electroluminescent and electron transport materials largely used as constituents 

of organic light emitting diodes  (OLEDs).1  Generally  abbreviated as Mq3,  these  compounds  

are  coordination  complexes  wherein the trivalent metal, M(III), is bonded to three bidentate 
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8-hydroxy- quinolinate ligands (q). Among the Mq3, tris(8-hydroxyquinolinate)- aluminium(III),  

Alq3,  was  the  first  to  be  used  in  OLEDs,  since the pioneering work of Tang and Van 

Slyke.2 This compound is extensively used in organic electronics because of its thermal 

stability;   ease  of  synthesis,   purification,   and physical-vapour deposition; and exceptional 

electron transport and electro- luminescent properties as an organic thin  film.3  According  

to the literature, Gaq3 and Inq3, and more recently some substituted Mq3 complexes, can 

also present notable electronic properties and electroluminescence yields, which makes 

them promising alternatives as emitting and charge transport materials.4  Moreover,  the  

introduction  of   small   substituents in the ligands or subtle structural changes in Mq3  

complexes offer, not only a simple way to explore tunable materials, but  also a powerful 

systematic approach to study the molecular, optical and charge  transport properties  of  

these compounds  at a  more  fundamental level. 

Metallic Mq3 complexes have octahedral geometry and can occur in two different 

stereoisomers: meridional (mer-) and facial (fac-), as depicted in Fig. 1. 

The efficiency, stability and emission behaviour of organic electronic devices based  

on  Mq3  complexes  are  influenced by their molecular configuration (e.g. mer-Alq3 

has green and fac-Alq3 has blue light emission).5 In OLEDs, fac-isomers are 

particularly desirable due to their blue-shifted fluorescence and high quantum yield.5 

The mer-isomers of Alq3 and Gaq3 are observed at ambient conditions and can be 

converted to the fac-isomers  by  annealing  at  T > 650  K.6  For  Alq3  various 

polymorphic structures were observed and characterized by crystallography and 

spectroscopy.5d,e,7 The polymorphs have distinct morphological and electronic 

properties according to weather they contain the mer- or fac-isomers and to their crystal 

packing, thus affecting the performance of the organic devices into which they may be 

incorporated. Although the mer-isomer is likely the most stable molecular configuration 

of Alq3 and Gaq3, the case of Inq3 is more uncertain, with the fac-isomer appearing as the 

most stable at room temperature.6d,8 The tendency across the group gets more puzzling 

since Tlq3 was found to be mer-.9 Gas phase theoretical studies indicate that the mer-

isomer is energetically more stable by 20 kJ mol-1 in all Mq3 complexes (M = Al(III), 

Ga(III), In(III)).6d,10 This difference is high enough to guarantee that under most 

conditions the fac-isomers would not be experimentally observable, thus suggesting the 

inadequacy of the generally used theoretical methods for these studies. The knowledge 

about the nature of the chemical bond in Mq3 complexes helps to understand their 

structural preferences and provides insights about their chemical stability, and charge 

transport and optical properties. However, the literature reports on this subject are still 

scarce and inconclusive.1a,11 

In the light of this state-of-the-art, a better understanding about the molecular 

stability of Mq3 complexes is required. Herein, the effects of metal and ligand 

substitution on the molecular isomerism and M–ligand bond strength in Mq3 were 

investigated experimentally and theoretically by spectroscopic, mass spectrometry and 

DFT studies for the compounds presented in Fig. 2. 
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This research aims to: (a) establish which factors most influence mer-/fac-isomerism; (b) 

define bonding patterns in Mq3 complexes. The performance of organic electronic devices 

depends significantly on the molecular and supramolecular properties of their constituents. 

Therefore, the insights obtained in this work are of fundamental importance for 

understanding the exceptional properties of Mq3 compounds as organic semi- conductors, 

and to guide research in the quest for tunable and improved organic materials for a variety 

of sustainable energy technologies. 

 

Experimental 

Synthesis and purification of the metallic complexes 

All the metallic complexes under study (Fig. 2) were synthesized by reacting the metal 

chloride MCl3 (M = Al(III), In(III)) with the corresponding 8-hydroxyquinoline ligand  in a basic  

(KOH)  solution of H2O/EtOH. All starting reagents were obtained commercially and used  

without  further  purification. 

General synthetic procedure. A solution of metal(III) chloride (1 mol equiv.-1) and 8-

hydroxyquinoline derivative (3.5 mol equiv.-1) in 50 ml of H2O/EtOH (1 : 1) was maintained 

under stirring at     T = 60 1C. After complete dissolution of the two reactants a solution  of  

KOH  (4  mol  equiv.-1)  in  25  ml  of  H2O  was  added and the mixture maintained at 60 1C 

under stirring for 2 hours. The yellow precipitate formed was filtered and washed with 

water, ethanol and acetone. The resulting solid was purified by heating under vacuum in 

order to remove residues of free 8-hydroxyquinoline ligand and other volatile impurities. 

The overall reaction yields were in the order of 50–80%. The purity of the samples was 

accessed by the spectroscopic studies used for compound characterization, showing the 

presence of minor (<2  mol%)  impurities  (e.g. free  8-hydroxyquinoline  ligand)  in all cases. 

The detailed synthesis and characterization data for    all complexes studied are presented 

as the ESI.† The synthesis and purification of the unsubstituted metallic complexes of tris(8-

hydroxyquinolinate) of Al(III), Alq3, Ga(III), Gaq3, and In(III), Inq3, were reported in a 

previous  study.6d 

 

General spectroscopic techniques 

The FTIR spectra of solid samples of the Mq3 complexes studied and of the free ligands 

were recorded at T = 298.1 K using a FTIR Spectrum BX equipped with an ATR Pike 

Tech- nologies  GladiaATR™ sample  holder. The  UV-Vis spectra  of  all Mq3 complexes 

and of the free ligands in CH2Cl2, at T = 298.1 K, were recorded with an Agilent 8453 

diode array UV-Vis spectrometer, using a quartz cell with a path length of 10.00 mm. 

Temperature control was achieved by means of a Julabo F25 HP refrigerated circulator. 

The concentration of the samples was in the order of 10-5  M. 

 

Solution and solid NMR spectroscopy 

The 1D 1H and 13C, and 2D 1H NOESY and 15N HMBC NMR spectra in solution of the 

synthesized Mq3 complexes and of the free ligands were recorded on a Bruker Avance 300 

[operating at 300.13 MHz (1H), 75.47 MHz (13C)] spectrometer, at T = 298 K, using TMS as 
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internal reference and CDCl3 as the solvent. The solid  state  13C  CP/MAS  NMR  spectra  of  

the  Mq3  complexes and of the free ligands were acquired on a Bruker Avance 400 

spectrometer. 

 

Mass spectrometry studies 

Electrospray ionization mass spectra  (ESI-MS)  and  tandem mass spectra (ESI-MS-MS) 

were acquired with a Micromass Q-Tof 2 (Micromass, Manchester, UK), operating in the 

positive ion mode, equipped with a Z-spray source. Source and desolva- tion temperatures 

were 353 K and 373 K, respectively. The Mq3 compounds were dissolved in CHCl3, the 

solutions thus obtained diluted   in   CH3OH/trifluoroacetic   acid   (0.1%)   and   introduced at  

10  l  min-1  flow  rate  into  the  electrospray  ion  source.  The capillary and the cone voltage 

were 3000 V and 30 V, respectively. Nitrogen was used as nebulisation gas and argon as 

collision gas. ESI-MS-MS spectra were acquired by selecting the precursor ion with the 

quadrupole, performing collisions with argon at variable energies (ELab) in the hexapole and 

analysing the fragment ions thus produced with the TOF analyser. The spectra represent an 

average of approximately 100 scans. To implement energy- variable collision induced 

dissociation the applied collisional activation voltage (ELab) is increased by small 

increments while the relative abundances of the  precursor  and  fragment  ions  are 

monitored. The energy required to dissociate 50% of the precursor ion was registered as 

ELab,1/2. In this inelastic collision of the projectile ion with the target neutral, the total 

available energy for conversion of translational (or kinetic) to internal (or vibrational) 

energy of the projectile ion is the center of mass energy, Ecm, which can be calculated from 

ELab,1/2  and  the masses for the neutral target (mt) and precursor ion (mp), according to 

eqn  (1): 

 

 
 

 

Computational  chemistry calculations 

All quantum chemical calculations were performed using the Gaussian 09 software 

package.12 The optimized geometries and respective electronic energies for Mq3 and Mq2 

complexes and the free ligands were computed at the M06-2X/6-31+G(d,p)/SDD level of 

theory (the SDD Effective Core Potential basis set was used for the heavy atoms of Ga, In and 

Br, and 6-31+G(d,p) was used for the other atoms).13 Frequency calculations, at the M06-

2X/6-31+G(d,p)/SDD level, were performed for both the mer- and fac-isomers of Alq3, 

Gaq3 and Inq3, and for some other relevant molecular species – no  imaginary  frequencies  

were found, confirming that the structures correspond to true minima. The corresponding 

electronic energies were corrected for the zero-point  energy (ZPE)  and  thermal  enthalpies 

to T = 298.15  K, using no scaling factors (this  is  a  reasonable  approximation  for relative 

comparisons of molecular energetics). NBO point charges were calculated for all 8-

hydroxyquinolinate ligands at the M06-2X/6-31+G(d,p)/SDD level of theory. The use of the 
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M06-2X functional ensures that dispersive interactions, which are important for describing 

intraligand interactions in the complexes, are taken into account.13 All calculations were 

performed without symmetry restrictions. 

 

Results and discussion 

General remarks 

The characterization data of all  studied  Mq3  complexes  confirms the expected structures 

and are consistent with a hexacoordinated octahedral  geometry. 

 

Evaluation  of mer-/fac-isomerism 

Fig. 3 shows the different protons in the 8-hydroxquinolinate structure. The 1H 

(presented in Fig. 4) and 13C (presented as the ESI†) NMR spectra in solution show a clear 

distinction between the  Al(III) and  In(III) complexes. 

The Al(III) species present more complex spectra, with more peaks and less equivalent 

protons, while the spectra of In(III) complexes are simpler and better resolved. This 

indicates that   in CDCl3 solution, irrespective of the substituent, the Al(III) complexes adopt 

the mer-configuration (where all ligands are spatially different and chemically non-

equivalent), while the more symmetric fac-isomer (where all ligands are equivalent) is the 

preferred one in In(III) complexes. The NMR spectra of Al(qCH3)3, for which 

decomplexation occurred in solution (the spectrum presented in Fig. 4 for this compound 

corresponds to the free ligand), and Al(qBr)3, which has very low solubility in CDCl3, could 

not be recorded. Although in the mer-isomer all three ligands are non-equivalent, only 

Al(qNO2)3 presents three sets of distinguishable resonance signals. In the other complexes 

of Al(III), Alq3 and Al(qCl)3, only two sets of signals (in a 2 : 1 ratio) can  be distinguished, 

with two  ligands  being  chemically similar producing superimposed peaks. It can also be 

noted that the change in the chemical shifts of 8-hydroxyquinoline upon com- plexation is 

more significant for the complexes with the –NO2 group,  Al(qNO2)3  and  In(qNO2)3.  This  

can  be  related  with the strong electron withdrawing and polarizing capabilities of the 

–NO2 group, and will be discussed in more detail later. 

The mer-/fac-isomerism in the solid phase was evaluated by FTIR and solid state NMR 

spectroscopy. The comparison between the  FTIR  spectra  of  the  free  8-hydroxquinolinate   

ligands   and the corresponding Al(III) or In(III) complexes clearly shows the disappearance 

of the broad –OH peak of quinoline (at ~3200  cm-1)  and  the  appearance  of  two  peaks  

at  ~1100  and ~1300   cm-1,   which   indicate   formation   of   the   M–O   bond. These 

results corroborate the successful synthesis of the complexes  and  their  purity  (no  

significant  quantities  of  the  free ligands were detected). Fig. 5 presents two regions of the 

FTIR spectrum where some differences between the complexes can be  observed.  In  the  

fingerprint  region  (800–400  cm-1)  a  systematic differentiation between the Al(III) and 

In(III) complexes   is detected. The simulated FTIR spectra (unscaled  frequencies  at the 

M06-2X/6-31+G(d,p) level, presented as the ESI†) for isolated Alq3 and Inq3 indicate only 

minor differences between the mer- and fac-isomers in this region but are in agreement 

with the experimental results when comparing between the two metals. These results 

suggest that these spectral differences are mostly related with the identity of the central 
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metal and have small dependence on the molecular configuration adopted by  the  complex.  

In  the  1400–800  cm-1  region  the  differences between Al(III) and In(III) complexes are 

more subtle. While for the M(qNO2)3  and M(qBr)3  cases the Al(III) and In(III) spectra are 

virtually superimposed (high degree of peak  matching),  for  Mq3, M(qCH3)3 and M(qCl)3 

there is a lower degree of similarity (e.g. in Al(qCH3)3  there is a strong peak at B1010 

cm-1  that is absent in In(qCH3)3). Also considering that the C–O bond stretching  modes  

lie  within  this  spectral  window  these differences might be related with mer-/fac-

isomerism. The question of which mer- or fac-isomer is present in each  compound  cannot 

be answered accurately by FTIR. However, these results suggest that if configurational 

differences exist between Al(III) and In(III) complexes in the solid phase, they are more 

likely in Mq3,   M(qCH3)3   and M(qCl)3. 

Fig.  6  presents  the  13C  CP/MAS  NMR  spectra  of  the  solid Al(III) and In(III) complexes 

studied. It can be observed that all Al(III) complexes show complex spectra with many 

crests and broad peaks, which is consistent with the adoption of the less symmetric mer-

configuration. This observation agrees with the NMR results in solution, which indicated 

that the mer-isomer is observed for all the Al(III) complexes measured. The complexes 

Inq3, In(qCH3)3 and In(qCl)3 have better resolved spectra than  the Al(III) analogues, 

presenting less and sharper peaks, a fact that suggests the occurrence of the more 

symmetric fac-isomer. This is also in accordance with the configurational preference  for 

this isomer for all In(III) complexes in solution, as observed  by NMR. On the other hand, the 

13C  CP/MAS  NMR  spectra  of  the complexes In(qNO2)3 and In(qBr)3 are very similar to 

those  of the corresponding Al(III) derivatives. When combining  this  fact with the FTIR 

results, which indicated nearly superimposed spectra in the 1400–800 cm-1 region for 

M(qNO2)3 and M(qBr)3 (M = Al(III), In(III)), it can be proposed that, for  both  metals,  these 

substituted complexes adopt the mer-configuration in the solid  phase. 

These results are a strong indication that all Al(III) complexes studied occur as the mer-

isomer, both in solution and in solid phase. For the In(III) complexes, despite all of them 

being fac-in solution, their configuration in the solid phase depends on the substituent. 

These results evidence that mer- and fac-are the most stable molecular configurations 

of Al(III) and In(III) complexes, respectively. The preference of In(qNO2)3 and In(qBr)3 

for the mer-isomer in the solid phase can be explained by the effect of these substituents 

on the intermolecular interactions each isomer can establish. Recently, it was shown that 

mer-Alq3 and mer-Gaq3 present higher melting temperatures, Tm, and enthalpies of 

sublimation, subH0 , than  fac-Inq3,  indicating  that the mer-configuration leads to stronger 

cohesive forces in  the  solid   phase.6d   With   the   introduction   of   the   highly polarizing 5-

NO2 and the bulky 7-Br substituents the gain in cohesive energy in the mer-relative to the 

fac-isomer is probably enhanced, thus overcoming the molecular preference for the fac-

configuration in these In(III) complexes. For the unsubstituted Alq3 and Inq3 these results 

agree with the previous literature reports, which indicate that  in  solid  and  solution  the  most  

stable  isomer  of  Alq3  is the mer- and of Inq3 is the fac-.5,6,8 

Table 1 presents the computationally calculated mer- - fac- electronic isomerization 

energies, elE0K(mer - fac), for the complexes studied, at the M06-2X/6-
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31+G(d,p)/SDD level of theory. For the unsubstituted complexes the calculated enthalpies 

of isomerization, H298K(mer - fac) (including ZPE and thermal correction to enthalpy 

to T = 298.15 K), give virtually the same results, confirming that these corrections 

effectively cancel out in the mer- - fac- reaction scheme. Hence, it is a valid approximation 

to evaluate energetics based solely on elE0K(mer - fac). As previously reported, 

computational methods can predict the lower preference of Inq3, relative to Alq3 and 

Gaq3, for the mer- isomer,6d,10 but are unable to reproduce the higher stability of the 

fac-isomer for all In(III) complexes. However, a regular trend in elE0K(mer - fac) 

with the substituent can be observed for Al(III) and In(III) complexes, 2-CH3 and 7-Br 

increase the relative stability of the mer-isomer and the other substituents have a 

negligible effect compared to  the  unsubstituted  Mq3.  This  effect is larger for 2-CH3 than 

for 7-Br because the substituents  in position 2 of 8-hydroxyquinolinate are placed in very 

short contact with the other ligands, whereas in position 7 they are significantly further 

away (optimized geometries are presented as  the ESI†). 

The observation that bulky groups in interior positions of  the complex further increase 

the relative stability of the mer-isomer is  in  accordance  with  the  fact  that  steric  

repulsions  between ligands are generally stronger in the fac-configuration.14 This is 

probably an additional contribution for In(qBr)3 adopting the mer-configuration in the 

solid phase, as observed experimentally. It is also worth noting that for all substituents 

elE0K(mer - fac) is always greater for Al(III). This is consistent with the 

experimental results in relative terms (higher tendency of In(III) complexes to be fac-), 

and is probably related with the smaller size of Al. A smaller metal atom leads to shorter M–

ligand bonds and accentuates intraligand repulsion, thus increasing the energetic gain 

associated to the mer-configuration. On the other hand, the optimized geometries of the 

mer-/fac-Mq3 complexes studied (presented as the ESI†), as well as the reported X-ray 

crystallographic structures of mer-Alq3, mer-Inq3 and fac-Inq3,6a,7a,8 evidence a slightly 

larger variation of  the  M–ligand  bond lengths (M–N and M–O) within the mer-isomers. 

This is related with the existence of three linear N–M–O bond arrangements in the more 

symmetric fac-isomer versus one N–M–N, one O–M–O and one N–M–O in the mer-isomer. 

Based on the experimental and computational results it is anticipated that the rationale 

behind mer-/fac-isomerization in Mq3 compounds resembles the general accepted 

arguments for typical mer-/fac-complexes, like M(CO)3(PR3)3.14 The facial arrangement 

is generally electronically favored because it has three linear X–M–Y configurations  of  

atoms/groups/ligands with different donor/acceptor characteristics in the 

spectrochemical series. On the contrary, the meridional arrangement has only one such 

configuration, while the two others place equal  groups in a X–M–X alignment. The X–M–Y 

arrangement     is usually preferred because it avoids two ligands with identical electronic 

characteristics competing for the same metal ‘‘d’’ orbital. Hence, in the case of Mq3  a  linear  

N–M–O  arrangement is expected to be electronically preferred over N–M–N or O–M–O. On 

the other hand, repulsive intraligand steric interactions are reduced in the  mer-isomer, and 

this effect is more important for bulkier ligands and smaller metals. The preferred 

configuration of a given complex results from the compromise between the bonding 
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and steric factors. This is consistent with the preference of Al(III) complexes for the mer-

isomer – the steric repulsions in the fac-isomer are stronger and overcome the energetic 

advantage of establishing three linear N–M–O bonding configurations. This tendency 

also holds for the Mq3 complexes of Fe(III) and Co(III), which have atomic and ionic radii 

comparable to those of Al and Ga, and were observed as the mer-isomers in the crystal 

phase.15 The fac-isomer is favoured in In(III) complexes because the size of the metal is 

larger and the bonding factor prevails. To have a quantitative idea of the influence of the 

metal on the intraligand steric repulsions the electronic interaction energy, 

elE0K(int.), between  the three  8-hydroxyquinolinate ligands  in Alq3  and  Inq3  was  

evaluated  at  the  M06-2X/6-31+G(d,p)  level of theory according to the following reaction: 

3q•   [q•3], where q• is the 8-hydroxyquinolinate radical and [q•3] represents the 

intermolecular complex formed between the three ligands with the geometry they adopt in 

the respective Mq3 complexes (the metal was removed from the Mq3 optimized geometry 

and a single point energy calculation, without BSSE correction, was performed in the 

resulting aggregate; for q• were considered its relaxed optimized geometry and the 

geometry it adopts in the complex). The results, presented as the ESI,† clearly indicate that 

for Alq3 the intraligand repulsive interactions are considerably larger than for Inq3, 

considering both the mer- and fac-isomers. The average calculated M–N and M–O distances 

are, respectively: 2.07 and 1.88 Å for mer-Alq3, and 2.25 and 2.07 Å for mer-Inq3. 

 

Trends in M–ligand bond dissociation  energies 

The UV-Vis spectra in CH2Cl2 for all  the  complexes  studied  and the free ligands are 

presented as the ESI.† No noteworthy spectral differences are observed between the Al(III) 

and In(III) complexes, and hence UV-Vis is unable to distinguish between the mer- and fac-

isomers. When comparing with the corresponding free ligands all complexes show the 

expected bathochromic and hyperchromic shifts. A small but regular bathochromic shift 

(6  nm)  in  the  highest  wavelength  peak  can  be  noticed  for the In(III) complexes 

relative to the Al(III) analogues. This can indicate a slightly more extensive electronic 

conjugation in the In(III) complexes and will be  discussed  in  more  detail  later.  Fig. 7 

shows the UV-Vis spectra of the Mq3, M(qCH3)3 and M(qNO2)3  complexes  (M  =  Al(III),  

In(III)),  evidencing significant bathochromic and hyperchromic shifts in the compounds 

with the –NO2 substituent, and a total and a partial ligand decomplexation in Al(qCH3)3 

and In(qCH3)3, respectively. In the cases  of the M(qNO2)3 complexes comparison with the 

UV-Vis spectrum of the corresponding free quinoline ligand (presented  as the ESI†) reveals 

that the main reason for the spectral differences is the presence of the strong chromophore 

–NO2 group,  and no significant evidences for charge transfer  were  found.  For In(qCH3)3 

the existence of the complexation  equilibrium  was confirmed by observing the spectral 

changes with varying initial concentrations of the complex. The results are presented as the 

ESI† and show the expected decrease of the ligand’s relative concentration for higher initial 

concentrations of the complex.  The  virtually  complete  decomplexation  of  Al(qCH3)3 in 

solution was observed before by 1H NMR; however, due to the higher sample 

concentrations  generally  used  in  NMR,  the partial decomplexation of In(qCH3)3 is only 

observed if the lower   concentrations  required  by  UV-Vis  are  used  (in  the   1H NMR 
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spectrum no free ligand was detected). These observations evidence the weakening effect 

of the 2-CH3 substituent on the   M–ligand bond. 

The calculated HOMO/LUMO energies, using M06-2X/ 6-31+G(d,p)/SDD (presented as the 

ESI†), indicate that the effects of  metal  and  substituent  on  band  gap  are  small  (0.1  eV)  

in both the mer- and fac-isomers. Nevertheless, the molecular conformation has a slightly 

stronger effect, particularly if the metal is Al(III), with the fac-isomers presenting a band 

gap 0.2–0.3 eV higher than the corresponding mer-analogues. 

The relative M–ligand bond dissociation energies for the complexes studied in the gas 

phase, expressed as Ecm,1/2, were evaluated by ESI-MS-MS of the ions [Mq3 + H]+, 

[Mq3 + Na]+, [M(qR)3  + H]+, [Mq2]+  and [M(qR)2]+  at variable collision energy (see the 

ESI† for spectra examples). The main fragmentation reactions observed in all spectra 

are represented in Fig. 8. Although the two fragmentation reactions are quite different 

in nature (heterolytic without metal reduction vs. homolytic with metal reduction), the 

relative trends with the substituents are valid and comparable. The results for the 

unsubstituted complexes  are  presented  in  Table  2.  A  decrease  of  Ecm,1/2  with  the 

increase of the metal size (Al < Ga < In) could in principle be expected because of the 

lengthening of the M–ligand bonds. However, for both the [Mq3 + H]+ and [Mq3 + Na]+ 

ions a non-monotonous tendency in Ecm,1/2 (Al > In > Ga) with the size of the metal 

is observed. More specifically, this result supports that Inq3 adopts a different 

configuration from  Alq3 and Gaq3. According to the results presented before it is safe to 

assume that, also in the gas phase, Alq3 and Gaq3 are mer- and Inq3 is  fac-. From Alq3 to 

Gaq3,  Ecm,1/2  decreases  due  to  the  longer  and weaker M–ligand bonds in the Ga(III) 

complex. In Inq3 the lengthening of the M–ligand bonds is partially compensated by the 

isomerization to the fac-isomer, which, as referred before, leads  to stronger  M–ligand  

bonding  when the steric factor  is   less significant.  The higher  Ecm,1/2  values observed  

for [Mq3  +  Na]+ suggest the establishment of Na+·· ·O and/or Na+·· · interactions with the 

8-hydroxyquinolinate ligands, which are  also  broken  in the  process. 

For the [Mq2]+  complexes the trend in Ecm,1/2  is more regular, decreasing 

monotonously with the increase of the metal size; e.g.:  homolytic  bond  dissociation  

energies  (in  kJ  mol-1),  at T = 298 K, for Al–O (502 ± 11), Ga–O (374 ± 21) and In–O 

(346 ± 30).16 This is in accordance with the tetrahedral geo metry adopted by Mq2 

complexes – confirmed by geometry optimization at the M06-2X/6-31+G(d,p)/SDD level 

(see the ESI†)  –  which  doesn’t  have  X–M–X  nor  X–M–Y  linear  bond arrangements and 

virtually eliminates intraligand interactions. These results support that the structure 

and energetics of octahedral Mq3 complexes are ruled by the intrinsic electronic factors 

of M–ligand bonding and intraligand interactions. The results for the unsubstituted 

Mq3 and Mq2+ corroborate the adopted structures and the interplay between the 

bonding and steric factors in these complexes. 

The results of Ecm,1/2 for the substituted complexes are presented in Table 3. Fig. 9 

shows the graphical representation  of Ecm,1/2 for all the Mq3 complexes studied. It can be 

observed that substituents have a significant effect on the strength of the M–ligand bond 
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and that approximately the same tendency with the substituent is followed for both metals. 

The Al(III) show reproductively higher Ecm,1/2 values than the In(III) complexes, 

suggesting that the substituents produce  similar  effects  on  both  complexes.  The   

weakening   of   the  M–ligand   bond   for R = 2-CH3 is explained by the increased intraligand 

steric repulsions brought about by the presence of the more bulky methyl groups in a 

central and interior position of the complex. These results are in agreement with the 

decomplexation of Al(qCH3)3  and  In(qCH3)3  in  solution,  as  observed  by  1H   NMR and 

UV-Vis. Solvation effects and the existence of competing complexation equilibria in solution 

(the relative magnitude of which depend on the identity of the metal) are probably the 

reason why decomplexation in solution is more extensive in the Al(III)  complex, despite  its 

higher  value of  Ecm,1/2. 

The comparison between the values of Ecm,1/2 for Al(III) and In(III) complexes suggests 

that the effect of introducing the 2-CH3 substituent is more marked in the case of In. 

This is consistent with the molecular configurations adopted by these complexes, mer- 

for Al(III) and fac- for In(III), as evidenced in this work by other techniques. As illustrated 

in Fig. 10, while in the mer-complex one methyl substituent is further  away  from the 

other two, the fac-isomer places all three methyl groups in close proximity, thus 

contributing for stronger intraligand repulsions and consequently a more noticeable 

weakening of the  M–ligand bond. 

The ESI-MS-MS results suggest stronger M–ligand  bonding for the complexes with the 5-

NO2 substituent. In principle, the presence of the strong electron withdrawing –NO2 group 

could lead to the weakening  of  the  M–ligand  bond  by  decreasing  the negative charge of 

the coordinating oxygen atom and thus reducing the electrostatic interaction with the M3+ 

ion. As previously observed, the UV-Vis spectra  of  these  compounds show  a  significant  

bathochromic  and  hyperchromic  shifts; which, apart from the presence of the strong –NO2 

chromophore, can also have a contribution from a more pronounced electron delocalization 

throughout the complex. This is supported by the comparison of the 1H NMR spectra of the 

free ligands and the respective Al(III) and In(III) complexes – for R = 5-NO2 there are marked 

differences in the chemical shifts of  some  protons between the free ligand and the complex, 

while for the other substituents the differences upon complexation are less significant. The 

greater alterations in the chemical environment of the 8-hydroxyquinoline protons upon 

complexation suggests the existence of some  electronic  and/or  stereochemical  factor  that  

is  more  relevant  in  the  R  =  5-NO2   complexes.  The comparison between  the  2D  1H  

NOESY  NMR  spectra  of Alq3,  Al(qNO2)3 and In(qNO2)3 suggests that no additional 

stereochemical effects exist in the M(qNO2)3 complexes. On the other hand, a greater 

electron delocalization in these molecules is consistent with these observations,  since 

it  leads to a different charge  distribution in the ligands and influences the chemical shifts. 

The other important consequence of the higher degree of conjugation in  the 5-NO2 

complexes is the strengthening of the  M–ligand  bonds, as indicated by the ESI-MS-MS  

results.  Examination  of the 2D 1H NOESY and 15N HMBC NMR results for Al(qNO2)3 

indicates the existence of two types of non-equivalent aromatic nitrogens in a 2 : 1 ratio (see 

the ESI† for details). One 15N chemical shift is attributed to the ligand with the N–M–O  
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bonding relation (corresponding  to the ligand more to the left   in the mer-Mq3  isomer in 

Fig. 1), and the other 15N chemical   shift is attributed to the two equivalent nitrogens of the 

other two ligands with N–M–N relations. In fact, the N–M–O ligand is the one for which the 

1H chemical shifts are more deshielded   and more similar to the fac-In(qNO2)3 complex, 

in which all ligands have the same N–M–O bond configuration. It is interesting to note that, 

although –Cl and –Br are substituents with similar electronic properties, they have opposite 

effects on Ecm,1/2. Stereochemical effects can be neglected in both  cases  –  in position 7 of 

8-hydroxyquinolate the bulky –Br group is relatively far from the other ligands in the complex 

and no significant intramolecular steric repulsions are expected (if these were important they 

would probably decrease Ecm,1/2 relative to the unsubstituted Mq3, which is not the case).  

Since  the  distinct effects of the halogen substituents, 5-Cl and 7-Br, cannot be adequately 

rationalized by stereochemical and/or electrostatic considerations alone, these results  

support  that  the  M–ligand bond  has  a  significant  covalent character. 

The calculated heterolytic M–ligand bond dissociation energies, at T = 0 K, elE0K(BD) for 

the complexes studied are presented in Table 4. The calculated energies correspond to the 

reaction: M(qR)3  ->  M(qR)2  +  +  q(R)-,  considering  the  two  mer-  and  fac- isomers. 

The influence of the ZPE and thermal corrections to enthalpy to T = 298.15 K on the bond 

dissociation energies was found to be only meaningful in absolute terms but to yield the 

same results in comparative terms. Hence, these corrections can be neglected for the 

relative evaluation of bonding energetics. To assure  that  the  reaction  M(qR)3  -> 

M(qR)2+  +  q(R)-  is  a  valid approximation to the fragmentation process studied 

experimentally (Fig. 8), the values of DelE0K(BD) were also calculated for the reaction: 

[M(qR)3 + H]+ -> [M(qR)2]+ + Hq(R), for M = Al (results presented as the ESI†) 

– the same tendency with the substituent was verified. This is reasonable because 

M(qR)3 and q(R)-  have   comparable   relative   affinities   for   H+,   and   this contribution 

can be neglected if comparing substitution trends. As it was also the case in the evaluation of 

mer-/fac-isomerism, the DFT computational results agree only partially with experiment. 

The computational results correctly predict the lower bond dissociation energy for both 

isomers of the R = 2-CH3 complexes. The relative trends in bond energetics for the 

halogenated complexes are also adequately reproduced by the DFT results. The reason 

why the M–ligand  bond  is  stronger  in  M(qBr)3 (R = 7-Br) can be related with the 

destabilization of the [M(qBr)2]+ product, as evidenced by its significantly lower value of 

Ecm,1/2 (Table 3). However, the results for R = 5-NO2 are in contradiction with 

experiment, with the computational DFT results  following  the  expected  behavior  if  the  

M–ligand  bond was assumed to be ruled by electrostatic interactions, as it was previously 

suggested in the literature.11b If considering that the Al(III) complexes are mer- and the 

In(III) are fac-, the computational results also correctly predict stronger M–ligand bonding 

for  the  Al(qR)3  complexes for  all substituents. 

The trend  in M–ligand  bond  strength for the tetra-coordinated M(qR)2 complexes (Table 

3) is clearly different from that observed for the octahedral M(qR)3 compounds. The 

structure of all M(qR)2 species was confirmed to be tetrahedral by M06-2X/ 6-
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31+G(d,p)/SDD optimization calculations (presented as the ESI†). In this geometry the two 

2-CH3 substituents are sufficiently far away from each other to practically eliminate steric 

repulsions. The increase in Ecm,1/2 for  M(qCH3)2+  relative  to Mq2+  (R  =  H)  can  be  

explained  by  the  inductive  effect  of  the methyl group, which increases the negative charge 

on the coordinating O and N atoms and consequently the electrostatic interactions with the 

central metal. The effect of the halogens 5-Cl and 7-Br can be understood by their electron 

withdrawing capabilities by inductive effect, which decreases the negative charge on the 

coordinating O and N atoms (the more pronounced decrease of Ecm,1/2 for 7-Br is due to its 

closer proximity). The same reasoning can be applied to the 5-NO2 substituent, a strong 

electron withdrawer by inductive and mesomeric effects. The NBO partial charges for all the 

8-hydroxyquinolinate ligands were calculated at the M06-2X/6-31+G(d,p) level and the values 

of the negative charges on the coordinating N and O atoms compare well with the 

experimental results for Ecm,1/2 (detailed results presented  as the ESI†).  Tetrahedral  

M(qR)2  complexes  have less participation of the metal ‘‘d’’ orbitals in bonding (sp3 

hybridization) and the absence of linear X–M–X or X–M–Y bond arrangements prevents 

an effective through-ligand orbital overlap (mediated by the metal ‘‘d’’ orbitals). Hence, 

there is less electronic conjugation between the ligands and this can explain the fact of –

NO2 not having the same effect of strengthen the M–ligand bond as in the case of 

In(qNO2)3. These results indicate that M–ligand bonding in Mq2 tetrahedral complexes 

is more electrostatic in nature than in the octahedral Mq3, for which electrostatic 

considerations do not suffice to explain the experimental  observations. 

 

Bonding in Mq3 complexes 

This study gives insights on the nature of the chemical bond in Mq3 octahedral 

complexes. The global results indicate that in these complexes the M–ligand bond has 

strong covalent character and cannot be rationalized solely on electrostatic terms. This 

is in agreement with a recent literature report, wherein the authors admit the existence 

of electron delocalization between the metal and the ligand in the complex of Crq3.11a 

This allows for the existence of significant through-ligand conjugation, which is more 

notorious in the cases of the M(qNO2)3 complexes. This picture is consistent with the 

trends in the Ecm,1/2 values and the observed NMR and UV-Vis spectral features. Since 

the octahedral metal center can adopt a sp3d2 hybridization scheme, this electronic 

conjugation is probably mediated by the metal ‘‘d’’ orbitals. The bonding advantage of 

the fac- isomer can also be rationalized on these grounds. As schematically shown in 

Fig. 11, in the N–M–N and O–M–O bonding configurations of the mer-isomer the orbitals 

of the two coordinating N or O atoms are nearly orthogonal, thus reducing substantially 

the degree of through-ligand conjugation. On the other hand, the more parallel orbitals 

of the coordinating N and O atoms in N–M–O bonding (three in fac- and one in mer-) 

enable an extensive overlap with the metal ‘‘d’’ orbital of adequate geometry. The more 

extensive electron delocalization contributes for stronger M–ligand bonding in Mq3  

complexes. The preference of Tlq3 for the mer-isomer9 can also be understood by this 

reasoning. The much larger size of Tl relative to O and N leads to a poorer orbital overlap, 

and a weaker through- ligand conjugation. Hence, the bonding advantage in the fac-isomer 
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is reduced and the steric factor, which favours the mer-isomer, prevails. It is important to 

note that this rationale deviates a bit from that discussed in the previous section for typical 

mer-/fac-isomers, like the  M(CO)3(PR3)3  compounds.14 In the particular case of Mq3 

complexes the main bonding advantage in X–M–Y linear arrangements comes from the fact 

that the orbitals of the ligands ( in the N and sp3 in the O) are nearly  parallel  to  each other  

and both  interact with  the   same metal ‘‘d’’ orbital, enabling direct through-ligand 

conjugation. On the other hand, in X–M–X relations  the  orbitals  of  the  two ligands are 

perpendicular and each of them overlaps preferentially with a different metal ‘‘d’’ 

orbital, thus reducing electron delocalization. In the X–M–X arrangements there is 

virtually no competition between equal atoms for the same metal ‘‘d’’ orbital. In the X–

M–Y relations the atoms interacting with the same metal ‘‘d’’ orbital have opposite 

electronic characteristics – the coordinating N and O integrate, respectively, relatively strong 

 -acceptor and  -donor moieties – and this probably also contributes for a stronger M–

ligand bond. 

The analysis of the computational results indicates that the theoretical methods 

generally used for studying these systems (mostly DFT and MP2)6d,10 are inadequate. 

This is possibly due to a bad description of the M–ligand bond or of electron correlation in 

Mq3 complexes by these methods. 

 

Exploring the supramolecular chemistry of Mq3 complexes 

The formation of some supramolecular  complexes  involving  the Mq3 complexes was also 

detected in the mass spectrometry study. This was further investigated by ESI-MS-MS for 

the unsubstituted  Alq3, Gaq3  and Inq3  complexes.  The main species observed  were  

[(Mq3)2  +  Na]+  and  [(Mq3)–(Mq2)]+ aggregates. The experimental values of Ecm,1/2 for 

these supramolecular aggregates  are  presented in  Table 5. 

Based on  the  composition  and  fragmentation  of  the [(Mq3)2 + Na]+ aggregates, and the 

monotonous decrease of Ecm,1/2 with the increase of the metal size, a supramolecular 

structure where Na+ is sandwiched between two Mq3 molecules through cation·· ·O and/or 

cation·· · interactions can be suggested. The tendency of Mq3 complexes to bind Na+ is 

also corroborated by the formation of [Mq3 + Na+] aggregates, as discussed before (see 

Table 2). The ability of aromatic systems to bind small cations is already well documented 

in the literature.17 Concerning the [(Mq3)–(Mq2)]+ aggregates the variation of Ecm,1/2 

with the metal suggests that intermolecular binding is favoured for fac-isomers. The 

formation of a covalent supramolecular complex, with the two metals bridged by a 

quinolinate ligand, [q2M–q–Mq2]+, can  in  principle  be  ruled  out because the size and 

shape of 8-hydroxyquinolinate do not allow for a bridged complex without significant steric 

repulsions. One can also anticipate that aromatic interactions between the ligands are 

possibly the main driving force for the formation of these aggregates. Although, with the 

available data, no reliable structures can be proposed, the results demonstrate the ability  

of Mq3 complexes to interact with small cations and to  form small supramolecular 

aggregates. This can be helpful for understanding phenomena  involving  clustering  of  Mq3  
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molecules (e.g. in the deposition of thin-films), and interactions in solution and  at surfaces. 

 

Conclusions 

In this work the effects of the metal and ligand substitution on the molecular isomerism 

and M–ligand bond strength in Mq3 complexes were evaluated by experimental and 

computational methods. The results show that mer-/fac-isomerism is ruled by the identity 

of the metal and is nearly independent of the substituent. The mer-isomer is preferred for 

smaller metals, like Al; the main driving force being the reduction of intraligand steric 

repulsions relative to the sterically more crowded fac-isomer. For bigger  metals,  like  In,  the  

stereochemical  repulsions  are diluted and the fac-isomer is preferred due to stronger M–ligand 

bonding. The results obtained are fully  understandable  if  assuming  that  M–ligand   bonding   

has  strong  covalent   character   and is not ruled by electrostatics.  The  covalent  bonds involve  

the  ligands (p and non-bonding sp3) and the metal ‘‘d’’ orbitals, thus allowing   for through-

ligand electron delocalization. Stronger M–ligand bonding   in   the   fac-isomer   is   explained   

by   the   more  efficient through-ligand orbital overlap in N–M–O linear bond relations, 

relative to the N–M–N and O–M–O predominant in the mer-isomer. This work also highlights 

the inadequacy of most computational methods to describe molecular energetics of Mq3 

complexes. The ability  of  Mq3   complexes  to  bind  Na+   and  form  small   

supramolecular aggregates in the gas phase was also demonstrated. These new insights on 

the molecular isomerism and bonding in Mq3 complexes establish a powerful fundamental 

basis for under- standing their semiconducting properties and provide a guide for the future 

development of improved organic electronic materials. 
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Fig. 1 Schematic representation of the mer-/fac-isomerism in Mq3 complexes 

 

 
 

Fig. 2 Structural formulae of the Mq3 complexes studied herein (M = Al(III), In(III)) and 

adopted acronyms. 

 

 
 

Fig. 3 Molecular structure of the 8-hydroxyquinolinate ligand showing  the six 

different protons. 
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Fig.  4   1H NMR spectra, in CDCl3, of the Mq3 complexes, M = Al(III) (top), (III) 

(bottom) in the aromatic region. Peak assignment is based on Fig. 3. 
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Fig. 5 FTIR spectra of the solid Mq3 complexes studied (M = Al(III), In(III)) in  the  

selected  regions  (left:  1400–800  cm-1,  right:  800–400  cm-1): M = Al(III) (red 

solid lines); M = In(III) (blue dotted lines). 
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Fig. 6   13C CP/MAS NMR spectra of the solid Mq3 complexes,  M  = Al(III) (top),  In(III) 

(bottom). 
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Fig. 7   UV-Vis spectra, in CH Cl , of selected  M(qR) complexes, M = Al(III) (bottom), 

In(III) (top): R = H (black solid lines); 2-CH3 (blue dashed lines); 5-NO2 (red dotted 

lines). 

 

 

 
 

 

Fig. 8 Fragmentation reactions used to evaluate the relative M–ligand bond 

dissociation energies in the ion complexes [Mq3 + H]+ and [Mq2]+ studied by ESI-

MS-MS. 
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Fig. 9   Graphical representation of  Ecm,1/2 (as  measured  by ESI-MS-MS) for the 

Mq3 complexes studied (M = Al(III), In(III)). 

 

 

 
 

Fig. 10 Optimized geometries, at the M06-2X/6-31+G(d,p)/SDD level of theory, of mer-

Al(qCH3)3 and fac-In(qCH3)3, evidencing the relative positions of the methyl 

substituents in the two isomers (distances shown are in Å). 

 

 
 

Fig. 11 Schematic representation of the through-ligand orbital overlap respecting the 

N–M–N (left) and N–M–O (right) bonding relations in Mq3 complexes. 
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Table 1 Calculated mer - fac isomerization electronic energies in the gas phase, 

at T = 0 K, elE0K(mer - fac), for the Mq3 complexes studied, obtained at the M06-

2X/6-31+G(d,p)/SDD level of theory 

 
 

Table 2 Relative metal–ligand bond dissociation energies, as evaluated  by the values 

of Ecm,1/2 obtained by ESI-MS-MS, for the unsubstituted Mq3 complexes 
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Table 3 Relative metal–ligand bond dissociation energies, as evaluated  by the values 

of Ecm,1/2 obtained by ESI-MS-MS, for the substituted Mq3 complexes 

 
 

Table 4 Calculated heterolytic bond dissociation energies, at T = 0 K, elE0K(BD), for 

the Mq3 complexes studied, obtained at the M06-2X/6- 31+G(d,p)/SDD level of theory 
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Table 5 Relative dissociation energies, as evaluated by the values of Ecm,1/2 

obtained by ESI-MS-MS, for some relevant Mq3 supramolecular aggregates 

 
 

 

 

 

 

 

 


