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Abstract

Fluorescentspeciesformwhen Ga(lll) and In(lll) ions interact with 1,4-dihydroxyanthraquinone (quinizarin), in aqueous and non-aqueous
media. Time dependence, temperature, solvent, counterion and pH effects studies have been performed in order to interpret the behaviour
of this ligand in the presence of Ga(lll) and In(lll) ions.

Quinizarin by itself is not fluorescent, but both its absorbance and fluorescence intensity increase proportionally to the complexation
with Ga(lll) and In(lll), thus suggesting the supramolecular nature of these complexes, which could be used as fluorescence sensors.

The fluorescent quantum-yield values of the QNZ complexes with Al(111), Ga(lll) and In(lll) ions are negatively affected by the increase
of the size of M(lll) ions, suggesting that the increase in metal size weakens the supramolecular interaction with QNZ.

Potentiometric studies, performed between pH 3 and 6, suggest the formation of 2:1 QNZ/In(lll) species, having tohigition
constant.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction azacrown, the latter acting as a senfl?]. The uncom-
plexed system does not fluoresce, the fluorophore being
1,4-Dihydroxyanthraquinone (quinizarin, QNZ) is accred- deactivated by an electron-transfer process taking place
ited with properties that span from being used as a fungicide between the crown and the anthracene. However, the in-
and pesticide, to being employed as a dye, a photoinitiator corporation of K ions in the crown reinstates the typical
and an additive in lubrican{d]. It also serves as a model for anthracene emission by means of PET inhibition through
anthracycline antitumour antibiotid®]. Significantly, the the metal-ligand interaction.
fluorescent complexes of quinizarin with lithium and boron  In this connection, we have studied the effect of the
ions are used as spectrophotometric analytical reagents forromplexation of QNZ with metal ions that generate flu-
these metal§3,4]. orescence. Previously, we have investigated the lumine-
The literature on the speciation of quinizarin complexes scence-producing interaction between QNZ and Al(lll) ions
is not mature5,6]. Early reports suggest the formation of [15-17] Here we report the studies on the systems consist-
non-polymeric species, having 1:1, 1:2 or 1:3 metal/QNZ ing of QNZ and the trivalent metal ions Ga(lll) and In(lll).
stoichiometry[6—8]. In contrast, recent reports cite the for-
mation of polymeric complexes with 1:1 or 2:3 metal/QNZ
ratio[1,5,9,10] . 2. Results and discussion
Recently, a number of fluorescent sensors and switches
have been designedl1-14] Most of them operate
through photo-induced electron-transfer (PET) and consist
of two-component systems. For example, an anthracene
light-emitting moiety has been linked to an 18-membered

2.1. Preliminary solution studies

The effect of Ga(lll) ions was determined mainly using
Ga(acaq). This was found to be the best compound for
* Corresponding author. Tek44-161-247-6520; solubility reasons. _The use of GaQ@las restricted to those
fax: +44-161-247-1438. alcohols where no interaction between Gasiid the solvent

E-mail addressn.allen@mmu.ac.uk (N.S. Allen). itself occurred.
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Fig. 1. UV-Vis spectra of solutions of quinizarin and QNZ/Ga(aga) different molar ratios in-BuOH.

Fig. 1shows the UV-Vis spectra of solutions of QNZ and that at 570nm.Table 1 also contains the data for the
of QNZ/Ga(acag) at various molar ratios. The QNZ solu- QNZ/In(acac} complexes. Their UV-Vis spectra are, in all
tions have a yellow-orange colour that is solvent dependent,solvents, consistent with uncomplexed QNZ.
and the UV-Vis spectra are characterised by a broad band Typical fluorescence spectra of the QNZ/Ga(lll) species
centred at ca. 480 nm. Upon progressive addition of Ga(lll) that formed in solution while increasing the metal molar ra-
ions to QNZ, the development of a fluorescent pink/orange tio, are given irFig. 3. The formation of the pink colour was
species occurred. coincident with the formation of two bands and a shoulder

The QNZ/Ga(acag) solutions have solvent-dependent centred, respectively, at ca. 580, 620 and 665 nm when
UV-Vis spectra. With the alcohols from MeOH teBuOH, was 560 nm.
the spectra are characterised by the slow disappearance of The effect of In(lll) ions, and any influence of coun-
the broad band at 480 nm, that becomes a shoulder, anderion in determining speciation and fluorescence, was
with the appearance of two bands having maxima at ca.

520 and 570 nm, the latter band showing structure even at

high QNZ/Ga(lll) ratios. In the case afBuOH, instead, I:i%e alrison of the maximum wavelengths of absorbance and emission
the band at 484 nm is still predominant in the QNZ/Ga(lll) ] Q‘:\IZ/M(”I) compounds 140 In Ciforent alcahole

spectra together with the band at ca. 560 nm forig. 2

shows the UV-Vis spectra for QNZ/Ga(acac) at 1:1, 1:3, Solvent  Ga(acag)  In(NOg)s-5H0 Al(acacy  In(acac)

1:5 and 1:10 ratio in different solvents. [15]

Table 1reports the wavelengths of the bands with high- 'I‘E"t%%H gg; gig 26738 322
est absorbance for the QNZ complexes with Ga(agac) p,oy 570 519 571 485
IN(NO3)3-5H,O and Al(acaq. These compounds have i.proH 570 518 571 484
been selected because they give the highest fluorescenc8uOH 571 519 572 483
guantum-yield values. The 1:40 QNZ/Ga(aga@) MeOH, tBuOH 484 Sparingly soluble 571 Soii?éingly

produces a band at 521 nm having higher absorbance than
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Fig. 2. Solvent effect on the UV-Vis spectra of QNZ/Ga(agac)
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Fig. 3. Fluorescence spectra from the titration of QNZ with (a) Ga(adaexc = 565nm); and (b) IN(N@)3-5H20 (Aexc = 551 nm).

determined through the use of the following com-  While it was found previously that Al(lll) complexes of
pounds: In(acag) In(NO3)3-5H2,0 and InC-4H,O. The QNZ all gave a similar UV-Vis spectrd 7], in the case of
choice of the In(lll) precursors necessarily limited the In(lll), the UV-Vis spectra were counterion dependent. In the
range of solvents that could be used due to solubility case of nitrate, the broad band typical of QNZ at ca. 480 nm,
problems. moves to higher wavelengths and becomes a shoulder while



Absorbance

L. Quinti et al./Journal of Photochemistry and Photobiology A: Chemistry 155 (2003) 93-106

1.000
0.900 - )
0.800 - A AN
LN S '.“.‘
! LC AT :rl'-.
0.700 - 4 "."'\.‘ :.' R
o 0.600
o
c
]
£ 0.500 |
]
< 0.400 |
0.300 -
0.200 -
0.100 -
0.000
380 420 460 500 540 580 620
Wavelength (nm)
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Fig. 5. Comparison of UV-Vis spectra for 1:40 QNZ/In(§lxompounds in EtOH.
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two other peaks form at ca. 520 and 560 nm. Examples aremolar ratios higher than 1:5, the band at ca. 560 nm was

shown inFig. 4. The peak at 520 nm has a greater absorbancealways found to have higher absorbance than that at ca.

than that at 560nm even at high QNZ/In(lll) ratios, this 520 nm[17].

being analogous to QNZ/Ga(acacThe UV-Vis spectra of

the QNZ solutions with In(acag)ynd InCh-4H,0, instead, 2.2. Time measurements

are broadly QNZ in character with an additional peak at ca.

560 nm, of one-fourth intensity of that at 480 nm. A compar-  With all the solvents, the formation of the pink/orange

ison among the spectra of QNZ with different In(lll) sources colour upon addition of Ga(lll) or In(lll) ions to quinizarin

is shown inFig. 5. The solutions of QNZ/In(Ng@)3 were occurred after some time. From qualitative kinetic stud-

pink-coloured while those of QNZ/In(aca@nd QNZ/InC} ies, performed using both UV-Vis and fluorescence spec-

were orange. troscopy, it was concluded that the reaction between QNZ
Typical fluorescence spectra (not shown) of the QNZ/In(lll) and Ga(acag) was approaching equilibrium after 75min

species that formed in solution while increasing the metal from the mixing of metal and ligand (as shownhiyg. 69.

molar ratio, also show two bands and a shoulder centred, Therefore, 120 min from the mixing of the reagents was

respectively, at ca. 575, 610 and 660 nm wheR. was estimated as a reasonable interval of time after which

560 nm. the recording of the spectra was not unduly affected by
We can conclude that with both Ga(lll) and In(lll) com- equilibration.

pounds, the equilibrium of the reaction with QNZ lies less ~ The QNZ/In(lll) solutions in general reached equilibrium

towards the formation of the fluorescent species, responsi-faster than that of QNZ/Ga(acac)rhe fastest reaction was

ble for the band at 570 nm, than in the complexes of QNZ found to be that with In(N@)3-5H,0: it reaches completion

with Al(lll) compounds. With the latter, at QNZ/AI(III) in less than 30 min, as shown kg. 6h
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Fig. 6. Studies of the absorbance vs. time of QNZ with (a) Ga(gcaw)l (b) In(NQ)3-5H,0.
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All the spectra reported in this work were recorded after and the mole ratio. Examples of these experiments are

equilibration of the solutions had occurred. shown inFigs. 1-4 In titrations, the M(lll) ions were added
to QNZ up to ratios of 60:1 or 75:1 metal/ligand. These so-
2.3. Speciation studies lution studies suggested that the species forming in solution

were supramolecular assemblies. In fact, both absorbance

The speciation of the fluorescent M(III)/QNZ complex- and fluorescence intensity were found to increase propor-
ation process was investigated in solution using optical tionally with the ratio of metal/quinizarin up to ratios of
methods such as the continuous variation (Job’s method)60:1, as shown irrigs. 7 and Hor, respectively, Ga(acac)
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Fig. 7. Titration of quinizarin with Ga(acag)n (a) t-BuOH followed by UV-Vis spectroscopy; and (b)PrOH followed by fluorescence.
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and InCk-4H,0. In some instances, enhanced fluorescence2.4. Temperature effect
was found even at higher ratios.

The difficulty in recovering quinizarin complexes, descri- UV-Vis studies of 1:1, 3:1 and 5:1 M(lll) to QNZ
bed in more detail later, and the poor quality of the charac- solutions at 298 and 323K, revealed that tempera-
terisation data available from the literature make reasonableture does not influence the formation of the fluorescent
the hypothesis of supramolecular complexes forming. species.
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2.5. Solvent effect investigation of the species formed by QNZ and Al(lll) ions

[17], attention was mainly focused on the following three
In evaluating any solvent effect on fluorescence quantum M(Il)/QNZ ratios: 20:1, 40:1 and 60:1. The trends for PrOH,

yields, Ga(acag)was the favoured source of Ga(lll) ionsand i-PrOH and BuOH are reported Rig. 9a Even at these
the solvents investigated were methanol, ethanol, propanol,high metal/QNZ ratios, fluorescence quantum-yield values
iso-propanol, butanol antert-butanol. In analogy with the  were found to increase proportionally with the M(IIl) ratio.

0.3

Quantum yield

T T T T

0 10 20 30 40 50 60 70
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Quantum yield

T T T T
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Fig. 9. Quantum-yield values for different ratios of (a) QNZ/Ga(agae)d (b) QNZ/In(NQ)s.
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Considering the solvent effect, the following trend for the
quantum yields was found with all three Ga(lll)/QNZ ratios:
i-PrOH > BuOH > PrOH > EtOH > MeOH > ¢-BuOH.
The values spanned from 0.05 witHBUOH to 0.25 with
i-PrOH.Fig. 10shows the quantum-yield values of the 60:1
Ga(acac¥QNZ ratio in all the alcohols.

The same behaviour is reported for the interaction of QNZ
with In(lll) ions. In(NO3)3-5H2,0O was the chosen source
of In(lll) ions and the solvents investigated were methanol,
ethanol, propanolso-propanol and butanol. Attention was
mainly focused on the following three M(III)/QNZ ra-
tios: 20:1, 40:1 and 75:1 and the trends for MeOH, PrOH,
i-PrOH and BUOH are reported ifig. 9h Even at these
high metal/QNZ ratios, quantum yields were found to in-
crease proportionally with the M(lIl) ratio, in analogy with
what had been found with Ga(lll) and Al(lll) ions.

Considering the solvent effect, the following trend for the
quantum-yield values was found with all three In(l11)/QNZ
ratios: BUOH > i-PrOH ~ PrOH ~ MeOH > EtOH
and the values spanned from 0.09 with EtOH to 0.17 with
BuOH. Fig. 11shows the quantum-yield values of the 75:1
IN(NO3)3/QNZ ratio for all the alcohols.

In Fig. 12 the fluorescence quantum-yield values of
QNZ/Al(acacky, QNZ/Ga(aca@) and QNZ/In(NQ)3 are
compared in different solvents. With all the solvents the
complexes with Ga(lll) and In(lll) ions give values that
are half, or less than those obtained with Al(Ill) ions. The
following trend is found: QNZ/AllIl) > QNzZ/Galll) ~

QNZ/In(ll1) which suggests that the size, or the charge den-
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sity, of the metal ions influence the formation of fluorescent
complexes.

3. Counterion effect

Evidence for any counterion effect was investigated in
EtOH comparing the quantum-yield values obtained with
In(acacy, In(NOg)3-5H,0, and InC-4H,0. The 1:20, 1:40
and 1:75 QNZ/In(lll) molar ratios were investigated and the
results are reported iRig. 13 These data reflect the differ-
ent acidity of the In(lll) materials and their degree of disso-
ciation in solution. The highest quantum-yield values with
the first two ratios were given by interaction with In(acac)
and InCg. When the QNZ/In(lll) stoichiometry was 1:75,
instead, the quantum-yield values were found to be similar
with all the three In(lll) compounds, with In(N§); giving
slightly higher values.

3.1. Stability constants measurements

Quinizarin protonation constants and the stability con-
stants of its In(lll) complexes were investigated potentio-
metrically in dioxane/water 80:20. The ligand protonation
constants have been reported previoydly]. Bearing in
mind the results obtained previously with Al(III)/QNZ, the
conditions chosen for the study with In(lll) were M/L 1:2.

The same precipitation problem encountered in the analo-
gous experiment with Al(lll) occurred with In(lll). A bright

[ QNZ/Al(acac)3 1/75 B QNZ/Ga(acac)3 1/60 01QNZ/In(NO3)3 1/75]
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Fig. 12. Comparison of quantum-yield values for QNZ with Al(Ill), Ga(lll) and In(lll) ions in different alcoholic solvents.
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Fig. 13. Counterion effect on the quantum-yield values of QNZ/In(lll) compounds in EtOH (Rhodamine B has been used as refesenéd5 nm).

pink/red material appeared in the titration beaker evenin this  The titration curve for the In(Il1)/QNZ experiment is sim-
case after pH 6. The precipitated material was too scarce toilar to that obtained in the Al(II1)/QNZ experiment as shown
allow successful analysis by mass spectrometry. in Fig. 14 where the two curves are plotted together.
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Fig. 14. Comparison among the titration curves of QNZ/Ing){Cand QNZ/AI(NGs); with NaOH in dioxane/water 4:1.
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Table 2

Comparison of stability constants for the QNZ/In(lll) and QNZ/AI(Ill) species measured potentiometrically in dioxane/water 80:20
Complexation reactions Stability constants (g ) In(I)/QNz Al(III/QNZ [15]
M3t +20NZ  [M(QNZH),]*+ + 2H* log B212 40.86 (0.09) 40.07

M3t 4+ 2QNZ  [M(QNZ~2H)(QNZ )] + 3H* log B211 - 37.13

M3t +2QNZ  [M(QNZ~2H)5]~ 4+ 4H* log B210 32.27 (0.06) 31.40

pKa's for QNZ: pK; 10.39 and K, 9.93[15]. BLmH represents the overall stability constants for the protonated complexes suchy thabdicates
the stability for the non-protonated species, ML. The overall stability constants correspdad-t&, - K3 - K4 - ... - K,, whereK,, are the stepwise
protonation constants definedigs= [H,L " 3+]/[H*][H, L@+,

The stability constants for QNZ/In(Ng); obtained in found: QNZ/AI(IIT) > QNzZ/Galll) ~ QNZ/In(lll) which
this work are in good agreement with those obtained for suggests that the size, or the charge density, of the metal
QNZ/AI(IIN), as shown inTable 2 The overall stability con-  ions are important factor for the efficient formation of fluo-
stants that resulted from the refinement of the titration data rescent complexes. The M(lll)-ion size increases from 0.535
were 212 andpBz1g, i.e. the species that form are [IgH,]™ to 0.800 A[19] going from Al(Il) to In(lll), disfavours the
and [InLp]~. They indicate that highly stable species form formation of the fluorescent species. With both Ga(lll) and
in solution. In(lll) ions the equilibrium of formation of the fluorescence
The speciation data were also calculdte®]. The species  complexes with QNZ was found to lie more towards the
[InL2H2]* has its maximum of formation (30%) around reactants than with the QNZ/AI(Ill) complexes. Therefore,
pH 4.2. [InLy]~ is instead the predominant species (80%) among those investigated so far, the Al(111)/QNZ complexes
at precipitation, at pH 5.36, while 10% of In(lll) is still are the most promising to be developed as fluorescent sen-
uncomplexed. sors. Further investigation of the interaction between QNZ

and In(lll) ions are currently under investigation.
3.2. Attempts of isolation of the fluorescent species

Attempts to isolate fluorescent species from a wide range 5 Experimental
of QNZ/M(III) stoichiometries, in the solid state have proved

unsuccessful so far. Experiments have also been set up in All the solvents and reagents were used as purchased.

the presence of a second ligand, namely py, acaalicy- A interval of time longer than 90 min passed between the
Ia[dehxde, salicylic acid, pyrophosphate, in order to form preparation of the samples and the recording of UV-Vis
mixed-ligand complexes but these have also been proveny i orescence spectra. UV-Vis spectra were recorded on

unsuccessful. _ a Hewlett-Packard 8453 spectrophotometer. The concentra-
In some instances, single crystals were recovered but theytion of the solutions was & 10-°M in QNZ

either decomposed by loosing solvent on isolation or they Fluorescence spectra were measured on a Perkin-Elmer

proved to be unsuitable material for X-ray diffractometry. LS 55 Luminescence Spectrometer. Relativalues were
measured at room temperature using 525nm as excita-
tion wavelength for QNZ/Ga(acacpnd 515nm for QNZ/
In(NOg3)3. Rhodamine B in ethanol was used as reference

Speciation studies suggest the supramolecular nature of® = 0.70) [20]._(;I'he_ concentration of the analysed solu-
the QNZ/M(IIl) complexes, where MIl) = Ga, In and  Uons was 5 107°Min QNZ.
Al, as both the absorbance and fluorescence intensity of the
complexes increases proportionally to the M(lll) equivalents 5.1. Potentiometric measurements
up to 60:1 M(II1)/QNZ molar ratio and in certain cases even
further. The 0.5M In(lll) solutions were prepared from nine
Potentiometric studies give QNZ/In(lll) stability constant hydrated nitrate salt, of analytical grade, with deminer-
values in agreement with those reported for QNZ/AI(IIl). alised water. Solution temperatures were maintained at
The 2:1 QNZ/In(lll) species were found to form and to have 25.0+ 0.1°C using a water-jacketed vessel while £®as
high global stability constants. excluded by bubbling nitrogen. lonic strength was main-
From the isolation attempts performed so far it appears tained 0.10 M with NaCI@50 ml of ~10-3M quinizarin,
that the formation of QNZ/M(III) fluorescent species takes or QNZ/In(lll), in dioxane/water 4:1 (v/v) were titrated
place mainly in solution and it suggests the direct partic- in the presence of excess HGI@0.20 M) with standard
ipation of solvents in the stoichiometry of the fluorescent 0.20 M NaOH. The 1:2 In(ll1)/QNZ molar ratio was used.
species. Protonation and stability constants were calculated with
Comparing the fluorescence quantum-yield values ob- HYPERQUAD [21]. Differences, in log units, between the
tained with the different M(lll) ions, the following trend was values of8 provide the stepwise protonation constants. The

4. Conclusions
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species considered were limited to those that could be justi- [4] M.R. Ceba, A. Fernandez-Gutierrez, C.M. Sanchez, Microchem. J.
fied by coordination chemistry. From the stability constants, 32 (1985) 286. _
the distribution curves for the species present at the equi- [ J- Sharma, H.B. Singh, T.S. Rao, Curr. Sci. 55 (1986) 345.

L. - + . [6] R. Kiraly, R.B. Martin, Inorg. Chim. Acta 67 (1982) 13.
librium versus—log [H™] were calculated with the program [7] PH. Merrell, Inorg. Chim. Acta 32 (1979) 99.

DISPLO[18]. [8] M. Roman, A. Fernandez-Gutierrez, J. Suarez, F. Ales, Microchem.
Further information on the species that formed during the J. 34 (1986) 270.

titrations was obtained with the on-line recording of UV-Vis  [9] H.D. Coble, H.F. Holtzclaw, J. Inorg. Nucl. Chem. 36 (1974) 1049.

spectra, using a Hewlett-Packard 8453 spectrophotometef10] J- Sharma, H.B. Singh, Inorg. Chim. Acta 133 (1987) 161.
led to the titration automatic burette. [11] A.W. C_z_arnlk (Ed.), FIuorescgnt chemiosensors for ion and molecule
coup recognition, ACS Symp. Series, 1993, p. 538.
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