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Studies have bben made on the coordination behanour of the dumhdum(lI1) 8quhohnol-S-lulfonte 
(hqs)' and aluminium(I11) nqd complexes' with hqr in 0.1 mol dm-' aqutoui sodium chloride 
solution at 25'. Mixed-ligand compkx formation WM evidenced by electronic ablorption spectral 
and other Bpcctsophotometric equilibrium atudbs. Stopped-fiw kinetic studies revepbd that mixed- 
ligand compkx formation with a monoaqi complex procaedr vb iti m a d o n  with Hh #-and hqia- 

and hq& and also of (AI(OH)(H,O),]p with H,hqr and Hhqr: Coordination mechpnirmr and 
structures for the mixed4gand and the trishqi complexes am also diacusrsd. 

whenaa formation of the tris-hqr complex proaeda v ia  the reaction of (AI(H,O),] 2 with Hhqs- 

INTRODUCTION 

Selectivity of coordination modes in the formation of metal complexes with multi- 
dentate ligands is ascribed either to the bulkiness of or to the geometry of the ligands. 
In the first categor belongs the formation of aluminium(II1) complexes with 2-methyl- 
8quinolinol(mhq), where coordination of the third mhq ligand is hindered sterically 
by the interaction of the methyl group of the entering species with the coordinated mhq 
ligands. It is also true of the aluminium 111 complex with 8hydroxy-7-[(6'-sdfo-2'- 
naphthyl)azo] qdnoline-5-sulfonate(nqs),'S ;here coordination of the second and 
third nqs ligands are hindered sterically by the interaction of the bulky naphthylazo- 
group of the entering ligand with the coordinated one. To the second category belongs 
the formation of the aluminium(II1) complex with 8hydroxy-7-[(8'-hydroxy-3', 6'- 
disulfo-1 '-naphthyl)azo] quinoltneJ-sulfonate;' whose coordination is limited either to 
a terdentate or to a bidentate by steric restrictions due to the geometry of the ligand. 

In the former case, coordination of ligands less bulky than the initial bulky one would 
result in the formation of mixed-ligand complexes. This is one of the principal reasons 
behind the present study in which nqs and 8quinolinol-5-sulfonic acid (hqs)' were 
chosen as the bulky and compact bands, respectively. Another reason was to charac- 
terize the coordination of two less bulky ligands to the mono nqs complex, [Al(nqs) 
(H,O),] , by comparing the thermodynamics and kinetics of mixed-ligand complex 
formation with those of the rris-hqs complex. 

?To whom coneipondenar rhould be addreucd 
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EXPERIMENTAL 
K. HAYASHI et al. 

Reagents 
The ligand nqs was synthesized by diazotation of 6-aminonaphthalene-2-sulfonic acid 
followed by coupling with hqs,' and was purified by repeated precipitation from 
dioxane. Calcd. for CIPH~3N3O7S2*4.5H20: C, 42.22; H, 4.10; N, 7.77%. Found. C. 
41.61; H, 4.02; N, 7 . W .  

The ligands hqs (analytical grade) was supplied by the Kanto Chemical Co. Ltd., or 
the Tokyo Kasei Kogyo Co. Ltd., and used without purification. 

An aqueous aluminium(III) solution was prepared from analytical grade nitrate salt 
from the Wako Pure Chemicals Ind. Co. Ltd., and acidified slightly with a small amount 
of hydrochloric acid to prevent its hydrolysis. All other chemicals were of analytical 
or equivalent grade and used without further purification. 

Memmmmts 
Complex formation reactions were followed spectrophotometricdy in 0.1 mol dm-' 
aqueous sodium chloride at 25". For mixed-ligand complex formation, nqs was added 
in the first place to compkte the formation of the mono-nqs complex of aluminiurn(II1) 
quantitatively,' and then hqs waa added in an appropriate amount. A sodium acetate- 
acetic acid buffer was used to maintain pH and its concentration was kept below lo-' 
mol dm-3 so that its coordination to the metal ion could be neglected and so that the 
ionic strength could be maintained practically constant with sodium chloride. 

Electronic absorption spectra were measured with a JASCO spectro photometer, 
model UVIDEC-1. Kinetic measurementswere made at 25.0 f 0.1' with a JASCO spectro- 
photometer, model SS-25, to which a stopped-flow apparatus, model SFCJ,  a data pro- 
cessor, model DP-500, and a WATANABE SOKKI X-Y recorder, model WX-441, were 
attached. Kinetic runs were performed under pseudo-fustarder conditions with respect 
to hqs. Absorbance changes were followed at 375 nm and 350 nm for mixed-ligand com- 
plex and rris-hqs complex formation and the pseudofirstader rate constant, b d ,  
was calculated from the relation, 

Acq/(Aaq - A)= 1 6 w . t  
where A and Aaq stand for absorbances at time 1, and at equilibrium, respectively. The 
pH of the reaction solution waa meamred using a HORIBA pH meter, model F'I-SS, 
with glasa and 333 mol dm-' potassium chloride calomel electrodes. Hydrogen ion 
concentration, - log [If], was calculated according to the relation, 

where fH+ is activity coefficient of the hydrogen ion in 0.1 mol dm-' aqueous sodium 
chloride at 25" and the value of 0.83 was taken from the literature.' 

- log [H*] = pH,,, + 1- fH+ 

RESULTS 

Electronic absorption spectm 

Figure 1 shows the abaorption spectra of the mono-nqs complex in the absence (curve 1) 
and in the presence (curve 2) of two moles of hqs per mole of the mono-nqs complex 
together with the spectrum of the nis-hqs complex (curve 3). Curve 2 represents both of 
the apcctral features of curves 1 and 3; an rbaorption band at 24,000 cm-' due to n + n* 
transitions of the azo-group and two absorption bands at 31,000 and 34,000 cm-' due 
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AZOQUINOLINOL COMPLEXES OF AL(II1) 245 

to n -* n* transitions of the fused heterocyclic and aromatic rings of the coordinated 
nqs ligand together with two absorption bands at 27,000 and 39,500 cm-' due to n + R+ 
transitions of the fused heterocyclic rings of the coordinated hqs ligand. These spectral 
features demonstrate that hqs coordinates to the mono-hqs complex to form a mixed- 
ligand complex of the t pe [Al(nqs)(hqs); ] 4: l'his deduction was checked separately by 
the mole ratio method. A clear inflexion point was present at the mole ratio of 2, below 
which a strict linearity was held between the absorbance and the mole ratio. "his fact 
indicates that the mixed-ligand complex is formed without any liberation of the co- 
ordinated nqs ligand. 

I? 

For?na&n and stabiliv 
Based on the above-mentioned results, the formation of the mixed-hgand complex can be 
expressed as' shown in ( I ) .  

[Al(HzO)6]3, t Hnqs2-t 2Hhqs- 3 [Al(nqs)(hq~h]~-t 3H* 

Kaq = [ [Al(nqs)(hqsh ]'-I [H+I I [ [WHz 01, I "I I [ H d - l  I [Hhqfl (0 
The hydrolysis constant of the aluminium(II1) ion, KnH, and the protonation constants 
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In (10) the A - Amh term is the difference in absorbance between a solution containing 
both metal ion and ligands and a solution without metal ion; ell' and EH" stand for 
molar absorption coefficients of the mixed-ligand complex [Al(nqs)@qsh 1'; and the 
ligand species Hnqs'; respectively. Experimental results were plotted as shown in Figure 
2, from which kq was found to be 4.46 f 0.20. 

Stability constants, BIl2 and flll,i, were calculated based on the following definitions 
and relations, 

0, = [ w ( n q s ) o w 2  I 4 - ~  I [ W(H, 0I61 *I [nqS3-i [w-i 
= &q kl (nqa)h ( h q r t  (11) 

in the light of the kq value obtained above, the stability constant, 
tonation constants, )Gl(nsr)a and k.1mqr).9 

and the pro- 

I h e  rnkhqs complex formation constant can be expressed as shown in (14). 
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AZOQUINOLINOL COMPLEXES OF AL(1II) 241 

2 L 6 8 10 

lO%* k ~ ~ ~ ~ q r ~ l K I ~ ( l ~ ~ ~ / l K I ) D l ' i ) / d m ~ g ~  

FIGURE 2 Relation between 1/(A - A,& and ( 1  + kpqur)[H*])' (1 + Krn/[H+])[H+j'. 
Cm : 4.00 X lo-' mol dm". C,: 4.00 X lo-' mol dm- , and Cb: 8.00 X lo-' mol dm-'; 
absorbance rneaaurement: 375 nm. 

Under the condition that the tris-hqs complex is mainly present, i.e., C&, > 3Ch, where 
total concentrations of aluminium(II1) and hqs, C; and Ciq,, are defined as 

c:, = [ [A(Hm6 1 '1 + [ W ~ O H ) O I ~ ~  I a '1 +  low^ I '-1 
CL,  2 [H2hqs] + [Hhqs-] + [hqsa-] 

(15) 

(16) 

(20) can be given from eq. (14) - (26) and the following absorbance-concentration rela- 
tions are evident, 

where eaHhq, and €103 stand for molar absorption coefficients of the lipnd species Hahqs, 
and the his-hqs complex, respectively. Figure 3 shows experimental data for the relation 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



248 K .  HAYASHI et al. 

I 
41  43 cs 

- log  IWI 

FIGURE 3 Relation between RA') and - log (H'J .  C& : 4.00 X lo-' mol dm" and Chq,: 4.00 x 
lo4 mol dm-' ; rbrorbrna rnusurement: 360 nm. 

between f(A') and - log (H'), from which log 
stability constant, 0103, was calculated using (21). 

was calculated to be -2.20 f 0.04. A 

Stability constants for the intermediate mixed-ligand complex, Bill, the mono-hqs 
complex, B l O l ,  and the bb-hqs complex, Blm,  

were determined or estimated a c c o r d q  to  the following way. Among them, Blol and 
film were determined spectrophotometrially by using the known data of &o3 from the 
following relation (see Appendix). 
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AZOQUINOLINOL COMPLEXES OF AL(II1) 

TABLE 1 
Protonation comtantn of the ~ a n d s  

24 9 

Ligand Logk,  Log k, Remarks* Reference 

8.35 3.84 0.1 mol dm* KNO, 

8.47 f 0.01 3.98 f 0.01 0.1 mol dm-’ KNO, 
(pot entiomet ry) 

(pot cntiometr y) 

(potentiometry) 

(potcntiometry) 

(potentlometry) 

8.48 f 0.05 3.92 t 0.03 0.1 moldm” KNO, t 

8.66 4.09 0.005 mol dm“ HCIO, 

hqs 8.48 4.19 p = 0.01, log k, = 2.04 

~~ ~~ 

8.42 f 0.07 3.93 f 0.05 p = 0.1 

8.757 4.112 p = O  * 
8.97 f 0.10 4.06 f 0.11 0.1 moldm-’ NaCl present work 

(spectrophotometry) 

nqs 7.62 f 0.05 3.00 f 0.08 0.1 mol dm-’ NaCl 2 
(npcctrophotometry) 

*The data refers to 25”, t L.C. SiIlCn, C. Schwuzenbach, and A.E. Martell, Srubfltry Conrtonrs of 
Merul-Ion Complexer, Sp. Publ. No. 17, p 609 (1964); No. 25, p 592 (1971), The Chemical Society, 
London, * R.M. Smith and A.E. Martell, Ofrlapl Srubrarry Contruntr, 2, 227 (1975). Plenum Preas, 
New York. 

Equation (25) can be solved numerically for BIOl and Blol by a curve-fitting method” 
with a normalized curve of 

Y = 3 - 

with BIOI = b&03’/’ and BIOI = ~ S I O ~ / ’ ,  provided that &H/[H‘‘I is negligibly smaller than 
unity, a condition which can be satisfied by an appropriate choice of experimental condi- 
tions. Experiments were carried out at 360 nm for a set of solutions containing total hqs 
and aluminium(II1) concentration ratios (C;$,/C:;) of 1-3; F and [hqs’l were calculated 
using c45) and (A6) in the Appendix, and the results are given in Figure 4, from which 
Plol and BIol were obtained as shown in Table 11. 

The stability constant, B I ~ ~ ,  could not be obtained directly from the experimental data 
due in part to  difficulty in the reliable determination of the molar absorption coefficients 
of the intermediate mixed-ligand complex species and in part to the complexity of the 
equilibria to which it refers. Hence BIl1 was estimated from the known data for Blol, film, 
0103, jlI1o, and Pl12 by taking into account similarities in the coadination modes of the 
ligands nqs and hqs and in the thermodynamic characteristics of the mixed-band and hqs 
complexes. Results are given in Table 11. Furthermore, a stability constant, defined 
by (27) 

P l 1 . I  = “ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 ~ ~ 2 1 2 - 1 / ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 ~ ~ ~ 1  1 [hss2-l = P I 1 1  /I3110 

(3 t 2bX +aX2)/(1 t bX +ax2 t X3) (26) 

(2 7) 

was calculated from the known data. These stability constants together with the corres- 
ponding Gibbs standard free energy change (-A%) are summarized in Table 11. 
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250 K. HAYASHI ct 01. 

log rhqs2-l 

FIGURE 4 Relation between F and log [lqs'-]. CG: 4.00 X lo-' mol dm-', C a C ; :  1 - 3;  
abmrbma measurement: 360 nm. The line is the theoretical equation Y = 3 - (3 + 2 X lO*.W [hqs'-] 
+ io17*i lhqs'-l~)/(i + io** I h q n z - 1  + 1017" lhqs1-j' + 10y.p l ~ S ' - j ' ) .  

Kinetics and mechanism. 
It seems reasonable from the foregoing results that the formation of the mixed-ligand 
complex from the mno-nqs  complex proceeds vh intermediate formation of the species 
[Al(nqs) (hqs) (H,O),] '-. The ratedetermining step should lie either in the formation of 
the intermediate mixed-ligand complex (stage I) or in the reaction of the intermediate 
complex with the second hqs ligand stage 11). For both of the cases, the coordinating 

Therefore three reaction pathways are anticipated for each stage. For stage I, 

TABLE 11 
Stablltty andants  and related data 

ligand species may be H2hqs or hqs \ - together with the predominant species Hhqs-. 

Compkx (W' Log PIU - A G ~ / ~ I  m o l l  ** Remarks 

7.88 i 0.18 
17.6 i 0.6 
9.1 i 0.7 
26.21 i 
18.3 i 0.6 
9.24 i 0.14 
17.61 f 0.24 
24.10 i 0.35 

45.0 i 1.0 Ref. no. 2 
100 i 3  a 
55 i4 b 
149.6 i 2.5 
105 i 4 C 

52.7 f 0.8 
100.5 i 1.4 
141.0 i 2.0 

lAl(~s)j(hqa)fiH,O),* (i+D I (s*i*b. ** Calculated by the relation -AGij  = RT ln&u with no 
correction for the activity ooefndent to zero bnic  strength. aE.stlnutbd from bIo l ,  blor ,  bra,, 
bIlr, a d  b l l r .  bCalcuhted from bllr md bill. cCalculated from bile and f l l 1 2 .  All the data relate to 
0.1 mol dm" aqueous aodium chloride solution at 25". 
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d [A"qs)(hqs)a 1 4'1 /dt 

= (kao [HzhqsI +ki i  [~WS-I + kza [hqsz-I 1 [[WW)(hqs)(HzO)zI '-1 
- (k-rn [H'] ' + k-21 [H'] t k-2211 [Wqs)(hqs)aI '-1 (29) 

El 
where k is the forward rate constant for the pathway involving [Al(nqs)(hqs) 
(H20)4-iy' (i = 0 and 2) and Ha&& (j = 0 - 2) and k g  is the reverse rate constant. 
these cases, protolytic processes were assumed to  be always at equilibrium since they are 
very fast compared to the wordmation processes." 

Under pseudo-fustader kinetic conditions with respect to hqs concentration, the 
following relations can be deduced for each stage by use of total hqs concentration, C&: 

Cz& 1 [HI hqs] t [Hhqs-] t [hqsz-] 

k b b d  =kiOkal(hqi)ka2(hqi) [Hi]' tkilkal(tq8)[H*l 'kf2 

(30) 

(32 1 
where, for stage I (i = 0). 

(32") 

Hence the reaction mechanism can be deduced by plotting k&,d derived from the 
experimentally obtained b d  data for either (31') or (32") a w t  [H+] as a best fit for 
(32). A series of bw data was recorded by a stopped-flow technique. Reasonable results 
were obtained when &d was calculated using (31') and a linear relation was found 
between kbbd and [H'] (cf: Figure 5 ) .  It can be concluded that the ratedetermining 
step is in stage I and that the reaction proceeds through the interaction of the mono-nqr 
complex with the species Hhqs-(kol) and hqs"k) .  

Analogously, m*s-hqs complex formation may proceed stepwlse through the mono-and 
bis-hqs complex species. If the ratedetermining step involves the coordination of the fmt 
hqs ligand to the aluminium(I1I) ion, which was found to be the case, six reaction path- 
ways are anticipated by taking KOH, k,l(hq,) and l~.~(hgr) into account, and 

~ ~ " ~ ~ H ~ ~ ) , I * I  /dt (= d[[Al(h(P)d3-1 /dt) 

= (kl, [HzhqsI k3l [)Ihqs'] ' k'32 [hqs"] )[ [Ai(H'20)61 '*I 
+ (km [Hzhqgl + h i  [Hhqs-I +km [hqS"I )"WW(HzOh I "I 
- I k-r, [H'] + (k-31 + k-p)[H*I + &-a + k-21) + b a  [OH-] I [ [Al(hq~) 

(Hz0)41+1 (32) 
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25 2 K .  HAYASHI ef al. 

1061H'I /dm-3mol 

FIGURE 5 Relatiod between k&d and (Hi]. Cz: 8.00 X 10- mol dm" , CS;' 
dm" , and Ck,: 8.00 X lo-' - 4.00 X 10- mol dm9; absorbance measurement:?37S nm. 

where k,, is the forward rate constant for the reaction of [Al(OH)3,(H20)3+,] m+ 
(m = 2 and 3) and Hzahqsn' (n = 0 - 2) and k,, is the reverse rate constant. The 
following relation can be deduced under pseudo-fmt-order kinetic conditions with 
respect to  hqs concentration. 

8.00 x lo-' mol 

Gbsd = k3okal(hqs)b2(hqs) [H+1' ' (k31 klo%i(hq&H) ksl(hqs) IH*l 
(k32 t.k21ka1(hqs)kH) 'k22kH[w1-1 (33) 

+ 1 1  k:bd Ikobd(CGs/(l ' kal(hqr) [H+1 ' krl(hqs)ka2(hqs) [H 1 1) / l l / f l I o j  

(Chqs/(l 'kil(hqs)"H+] tkal(hqs)b2(hqs)"H 1 1) 1 (331 

C& [H2hqs] + [Hhqs-] + [hqs2-] (34) 

+ i  3 

A series of k&d data were recorded under the conditions shown in Figure 6. Reasonable 
results were obtained when k& was calculated from k&d assuming that (339 should 
hold, and a linear relation was found between Gd and [H*] (c.f: Figure 6). It can be 
deduced that the ratedetermining step involves the co-ordination of the first hqs to the 
metal ion and that the reaction proceeds through the reactions of [Al(H20)6]3* with 
Hhqs- &I) and hqs" (k,) and of "(OH) (H10)S]2+ with H,hqs ( k m )  and Hhqs' 
(k21). All the kinetic and related data are summarized in Table 111. 

DISCUSSION 

Formation of the mixed-ligand complex is evidenced by an absorption spectrum which 
shows features characteristic of coordinated nqs and hqs. The related stability 
constants,'2 kinetic, and thermodynamic data are given in Tables 11 and 111. These results 
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AZOQUINOLINOL COMPLEXES OF AL(II1) 25 3 

0 5 m 15 

1061H'I/dm3mol 

FlCURE 6 Relation between k&j and IH+]. Ci,': 2.00 x lo-* moldm- and C&: 6.00 X 10- - 
1 .OO x 10- mol dm"; absorbance measurement: 350 nm. 

indicate that the mixed-ligand complex is formed from the mono-nqs complex and hqs. 
Examination of molecular models suggests that two hqs units can be accommodated by 
mono-nqs complex to form mixed-ligand complexes, and either the facial or the meri- 
dional configuration with respect to the coadinated donor atoms is possible. The mixed- 
ligand complex may be present preferentially in either of these two geometricalisomers, 
but it was not possible to assign a structure experimentally due to the lability of the 
complex in solution. 

The present kinetic results indicate that the ratedetermining step for the formation of 
the tris-hqs complex concerns the madinat ion of the first hqs ligand to the 
alwninium(II1) ion and that of the mixed-ligand complex is likewise involves the 
comdination of the first hqs ligand to the mono-nqs complex. This means that in the 
formation of the rris-bidentate complex the rate is slowest in the coordination of the first 
ligand and fastest in that of the third ligand. Hence it may be argued that the co-ordinated 
water molecules around the metal ion are increasingly labilized by substitutional 
introduction of the ligands in the primary co-ordination sphere. 

Comparison of the kinetic data concerning the reactions of [AI(H,O),] * with nqs3- 
(k33) and of [AI(OH)(H,O),]'+ with Hqsl- (kaa) with those of [AI(H,O),I3+ with 
hqs" (kp) and of [AI(OH)(H,O)s] a+ with Hhqs' (kZ1) indicates that both nqs and hqs 
behave kinetically in a similar manner and that the madinat ion mechanism can be 
discussed in terms of the quinolinol group. There are two possible ways for the order of 
the donor atoms, N and 0, in the coadination of the quinolinol group in the fully 
deprotonated state to  the aluminium(1II) ion. The present results (Table 111) show that 
the rates concerning the fully deprotonated ligand species are substantially faster than 
those concerning the slngly protonated ligand species. Furthermore, the alumiNum(1II) 
ion generally forms more stable bonds with oxygen donor atoms than with nitrogen 
donor atoms. It may be inferred that the oxygen atom of the deprotonated ligand co- 
ordinates substitutionally for the water molecule at the metal ion as a unidentate ligand, 
and that this process will be the ratedetermining step. The nitrogen atom may then co- 
ordinate to the metal atom to complete the five-membered chelate ring. For the quino- 
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linol group in the singly protonated state, the nitrogen atom may donate first because the 
phenolic oxygen atom is protonated. This may be followed by the interaction of the phe- 
nolic oxygen atom with the central metal atom to form the chelate ring with the loss of a 
proton. 

Mechanistically, the co-ordination proceeds by an associative (or associative inter- 
change) or a dissociative (or dissociative interchange) mechanism, or more specifically, 
the Eigen-Tamm dissociative, stepwise co-ordination m~chanism,'~ to which the reaction 
of aluminium(II1) ion with sulfate," ~alicylate,'~ 5-~ulfosalicylate,'~ formate," semi- 
sylenol orange and semi-methyl-thymol blue" belong. If the co-ordination of the quino- 
linol group proceeds by the dissociative, stepwise co-ordination mechanism," then the 
observed rate constant (kf), which is defined as the product of the outersphere associa- 
tion constant (K,,,) and the dissociation rate constant of the co-ordinated water molecule 
(k-" o), should vary with and should be little influenced by the nature of the 
entenng ligands. Our tentative estimation of k-HIO from &, calculated by the Fuoss 
equation1ep with the assumption of the distance of closest approach of the metal cation 
and the anionic ligand species to be about 5 x 10-" m, a dielectric constant for the 
solvent medium of 78.3, the ionic strength (p) of the solution being 0.1 mol dmm3, the 
temperature at 298 K, and from our kinetic data (a in Table 111, gave values of k-HIO 
several orders of magnitudes higher than those from the kinetic constants (kf) cited 
above'+'' and those measured directly as the exchange rate constant for the co-ordinated 
water molecule with bulk solvent molecules."*" Of course some of the assumptions 
involved in the estimation of kdl0 given here may be invalid and it may be necessary to 
take into account thermo dynamic properties related to the activated state in order to 
deduce the reaction mechanism conclusively. Nevertheless, it should be pointed out that 
the complex formation behaviour of the aluminium(II1) ion can not always be satis. 
factorily explained simply by a mechanism in which the disoociation of the water 
molecule from the primary co-ordination sphere of the metal ion is the ultimate rate- 
determining step. 
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APPENDIX 

like to the mixed-band complex case, the following relations can be derived for the 
formation of the rrishqs complex with respect to total aluminium(I1I) and hqs 
concentrations, C:; and C L ,  and absorbance of a solution containing both aluminium 
(111) and hqs and of one containing hqsalone at the same [H’] , A” and A:i,, , respectively. 

c:; = “A1(H,0)6l3*1 + “ArOH)(H20)I12*l + l ~ A ~ h q ~ ) ~ ~ 2 O ) 4 1 + 1  

+ [ w(hqs)2(H20)2 1-1 + [ I A K ~ ~ ~ ) ~ I  ’-1 (A  1)  

where and E , ~  stand for the molar absorption coefficients of the mono- and bis-hqs 
complexes, respectively. 

It would be appropriate to assume for such non-transition metal complexes of 
aluminium(I1I). where chromophoric characteristics concern solely the coqrdinated 
ligand side, that the molar absorption coefficient of the b8-hqs complex is approximately 
twice as large as that of the mono-hqs complex, elOl elol), and that that of the 
rk-hqs compkx is three times as large as that of the mono-hqscomplex,elm Y 3e. Hence 
the following relation can be derived from (Al)  - (A4). 

2 4 ~  

F = 3 - 1[3(1 + ~ H / [ H * ] ) + ~ ~ I O I [ ~ ~ ~ ~ - I  +flicn[hqs2-I2I/I(l +&H/[H*l) 

+ &OI [hqs”] + Bln [hqs”] ’ + 0103 [hqs’-I ’I 
F (A”- A”&)/((€ - A”h/C:q*) C:i I (AS,  25) 
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In (AS), E can be calculated from the €103 determined experimentally for the tris-hqs 
complex and [hqs'-] from eq. (A6) which was in turn derived from (A2) - (A4). 

[hqs'-I = (CLqAA" - ~C;63)/(kal(tqa) Wl (1 + k.i(hqr) [H+l) 
x (ALh -EC&&) (A@ 
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