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Abstract—The equilibria and kinetics of complex formations by AI(III) with Semi-Xylenol Orange (SXO) and
Semi-Methylthymol Blue (SMTB) in aqueous solution have been investigated potentiometrically and spectropho-
tometrically. AI(III) forms three complex species, AIHL, AIL™ and AI(OH)L*". The stability constants were
determined and their structures have been discussed. Kinetic results are interpreted in term of a two-step
mechanism including a pre-equilibrium. Second order rate constants of the forward reaction between the Al(III)
aquo ion and ligand acid species were determined from the dependence of the reaction rate on the hydrogen ion
concentration. Substitution of the water in the AI(IIT) aquo ion by the ligand species is assumed to involve several
water molecules including the outer sphere water and the removal of these is assumed to be the rate determining.
The rate was accelerated by the addition of a polar organic solvent.

" INTRODUCTION

In chelatometric titration and colorimetric determination
of metal ions, the reaction rate of the metal ion with the
indicator is extremely important, as also is the equili-
brium condition. A slow rate leads to a vague end point
for the titration. In such cases, one needs heating or must
use back titration (AP*[1], Cr’*[2], Ga**, In®"[3],
Zr**[4]). Moreover, the mechanism of the reaction be-
tween the metal ion and indicator is often incompletely
known because of the many reaction species involved.

In the present work, Al(III) was chosen as a metal ion
which reacts slowly with the indicator, and the rates of
complex formation with Semi-Xylenol Orange (SXO) and
Semi-Methylthymol Blue (SMTB), which are useful in-
dicators for a number of metal ions, are investigated. The
substitution reaction of the water coordinated in the
AI(IIT) aquo ion by the ligand is assumed to be rate
determining and the rate was found to be accelerated by
polar organic solvents.

EXPERIMENTAL

Reagents, apparatus and experimental methods for the poten-
tiometric and spectrophotometric investigation of the equilibria
were the same as described earlier (5].

Kinetic measurements on complex formation were performed
as follows: an SXO or SMTB solution of the proper pH and ionic
strength (u =0.1) was prepared, and 3 mi of the solution was
placed in a thermostatted cell with a 1.0 cm light path. 0.5 ml of
AI(IT]) solution, adjusted to the desired temperature and pH, was
added by a syringe with a plastic needle and mixed within 3 sec.
The absorbance of the solution, at a suitable wavelength, was a
function of the reaction time and was measured by a Hitachi
Perkin-Elmer Model 139 Spectrophotometer with a Hitachi
Model J122 Digital Reading Meter. The pH of the solution was
adjusted by perchloric acid and sodium hydroxide and the ionic
strength by sodium perchlorate. The concentrations of SXO and
SMTB were 2.76x 107> M and 4.26 X 107> M, respectively. The
cell room was thermostatted within =0.2°C by circulating water
and the measurements were done between 5 and 25°C.

RESULTS

Equilibria of complex formation
Figure | shows the Tesults of pH titration of an
AI(IIN-SXO solution together with that of an Al(IIl)-
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EDTA solution, which will be discussed below. The
behaviour of the SMTB system was similar to that for
SXO and discussion will be combined with that of SXO.
There are three buffer regions and following reactions
may be occurring in each region.
a =0-4:
AP + Hu.SXO —= AISXO™ +4H"

a =4-5:

AISXO™ + H,O = Al(OH)SX0*" +H"
a>>5s:

Al(OH)SXO*™ + H,0 == AlO,” + HSXO>" +H"

HSX0*~ == SXO0* +H".

Fig. 1. Potentiometric titration curves of AI(III) complexes with

following ligands at 25°C. 1-SXO only, 2-AI(II1}-SXO, 3-Al(III)}-

EDTA. SXO and EDTA: 1.0x 107> M, AI(IID); 1.0X 107° M. a=
number of moles of base added per mole of ligand.
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In an acidic solution (pH 2,3), the absorption spectrum
of the AI(IIN-SXO solution had two absorption maxima
as seen on curve 2 in Fig. 2. When the concentration of
Al(Ill) was increased, the absorbance at longer
wavelength increased and one at shorter wavelength
decreased as seen in curve 3. The absorption on the
shorter wavelength side may attribute to the free ligand
and the other to the complex. This indicates that
complex formation in such an acidic solution is in-
complete and unreacted ligand is present. This unstable
complex is probably a protonated complex, AIHSXO.
- With increase of pH from 2 to 4, the absorption on the
shorter wavelength side disappeared and Am.. at the
longer wavelength shifted to shorter wavelength as seen
on curve 4, but the spectrum did not show any changes
between pH 4-6. Considering the pH jump at a = 4 in the
pH titration curve, the spectrum in the pH range 46
should be that of the complex species, AISXO™. Above
pH 6, the spectrum slightly shifted towards longer
wavelength as seen on curve 5 and became constant
between pH 7, 8. The spectrum between pH 7, 8 may be
assigned the complex species AI(OH)SXO?*". Above pH
8, the spectrum changed abruptly and became similar to
that of SXO. This is due to the dissociation of
Al(OH)SXO0*" by hydrolysis and finally the formation of
AlO;™ and free ligand species. From the results of the
mole-ratio method, Al(III) forms complexes of 1:1 mole
ratio of AI(III) to SXO at any pH between 4 and 7. The
optical constants of the complex species are shown in
Table 1.

The formation constants of the complex species were
calculated by the method described earlier [5], and results
are listed in Table 2.

Measurement of rate constant for complex formation

The measurement of the rate constant for AI(III)
complex formation with SXO or SMTB was performed
in an acidic medium (pH 3, 4), because above pH 4 some
hydrolysis and polymerization of AI(III) occurred and
below pH 3 complex formation was incomplete, as
mentioned above. The AIIII)-SMTB was similar in
behaviour to the AI(III)-SMTB system.

The rates of complex formation were measured at 5,
10, 15, 20 and 25°C. A plot of In (A-— A,) against time
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Fig. 2. Absorption spectra of Al(III)-SXO complexes at different

pH values. 1-SXO: 1.38x 107°M, 2, 4, 5 and 6-Al(III): 3.04x

107° M, SXO0: 1.50x 107 M, 3-Al(III): 3.57 % 107* M, SXO: 1.50 x
107 M. pH: 1-2.83, 2-2.83, 3-2.84, 4-4.95, 5-7.47, 6-11.16.

Table 1. Wavelengths and absorptivities for Al(III) complexes
with SXO and SMTB

Wavelength Absorptivity
(Amax nMm) (10*1moi~' cm™)
Complex
species SXO0 SMTB SXO SMTB
AIHL 520 522
AlL™ 470 473 2.89 1.75
A(OH)L* 482 486 1.72 1.66

Table 2. Formation constants of AI(III) complexes at 25°C and

u=0.1
LogK
Reactiont SX0 SMTB EDTA
Al+L = AIL 16.7 17.9 16.1
Al+HL = AIHL 9.1 9.3
H+ AIL = AIHL 32 3.5
H+ AI(OH)L = AIL + H,0 7.2 7.6 8.3

tCharge of ion is omitted.

was linear as seen in Fig. 3 where A is the absorbance
at equilibrium and A, is the absorbance at time ¢. The
observed rate constant k.. was calculated from the
slope of this plot. The linearity of this type of plot
indicates that the approach to equilibrium is first order.
In these solutions, unreacted ligand and AI(III) ions are
present as aquo ions or outer-sphere association complex
ions. The outer-sphere complex is in labili equilibrium
with the ligand and AI(III) ion. Therefore first order
reaction suggests that the formation of the inner-sphere
complex from the outer-sphere complex is rate deter-
mining, and the following two step mechanism is
shown [6].

Kp
AI(ITD) + SXO === AI(II]) ... SXO

(Kp: pre-equilibrium constant)
I
AlID) . . . SXO = Al(III)SXO.
k

The concentration of AI(III) was kept in large excess
over that of SXO and was regarded as almost constant

during the reaction, thus k.s can be written as a function
of [AI(TID)].

_ kK, [AI(IID]

kovs = T3 Al * & )

Equation (1) can be converfed to:

1 : 1

=== +
kovs =k kK, [AIID)]

@

1
:

If the AI(III) concentration is sufficiently low, namely
1 < K, [AI(II])], eqn (1) reduces to:

kobs = KK, [AI(IID)] + k. 3)

The value of k was obtained from the intercept of a plot
of kobs Vs [AI(IID)] as seen in Fig. 4. Using this k value, a
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-In(Ag— Ay)

!, sec

Fig. 3. Plot of —In(A<— A,) vs time ¢ at 15°C. pH 3.60. SXO:
2.76 x 1075 M. Al(III): 1 176X 107* M, 2 3.57%107* M, 3-7.14x
107*M, 4-1.47x 107> M.
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Fig. 4. Plot of kos vs total concentration of Al(III) at various
hydrogen ion concentrations at 15°C. pH: 1-3.37, 2-3.60, 3-4.01,
4-4.26.

plot of 1/(keos — k) vs 1/[AI(III)] resulted in a straight line
as shown in Fig. 5.

Figure 4 shows the intercept is near the origin in all
cases. This is consistent with a large value of the ap-
parent stability constant K aamsxo-

Now

K aiamsxo = kaSP (4)
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Fig. 5. Plot of 1/(koss — k) vs inverse of the total concentration of
AI(III) for AI(IIN)-SXO system at various hydrogen ion concen-
trations at 15°C. pH: 1-3.37, 2-3.60, 3-4.01, 4-4.26.

K _ [AldIDSXO] _  [AISXO7] )
AIIIDSXO [AI(III)][SXO] = [A13+][Sxo4—] 2]

1
-+ KiK, KK H]I*

a=

1+K1[H]+

where K, is the acid formation constant of SXO, K; =
[H;SXO'~*)/[H][H:-:SXO'~*]. kK, was calculated to be
4.9 at pH 3.37 and 7.2 at pH 4.01 from the slope in Fig. 5
(15°C). KA](III)SXO at pH 3.37 and at pH 4.01 were
calculated to be 6.3x 10* and 2.0 x 10° from eqn (5) in
which 10'*°, 107*", 10*© and 10"~ for K, K>, K5 and K,
(=01, 25°C)[7]1 and 107 for Kasxo=
[AISXO™J/[AP*][SX0*] (u = 0.1, 25°C) were used and
the. hydrogen ion concentration [H] was calculated
directly from the observed value of the pH without
correction for activity coefficients. Using these kK, and
K aamsxo values, k was found to be 7.8% 10~ and
3.6x 107 It is difficult to discuss the value of K,,
because 1/k corresponds to the intercept in Flg 5 which
is very small, so that there is uncertainty in K, cal-
culated using this k value.

kobs increases with increase in pH as seen in Fig. 3.
This is interpreted as due to the acid dissociation of the
aquo ion, Al(III) and SXO. Considering all possible
chemical species in the pH range 3, 4, second order rate
constants are defined as follows: ~

k “ k2
AP* + HuSXO ——> AIOH* + H,SX0 —
AP* + HiSXO™ — s AIOH? + HySXO™ — 2

k
AP* + HoSXO?™ ——> AIOH>* + HySX0?™ ———

Contributions of charged ligand species, HSXO™ and
SXO0*", and the formation of polynuclear hydroxo com-
plexes of the AI(III) ion may be neglect under the pre-
sent experimental conditions. The protonisation of the
ligand and the hydrolysis of metal ion are known to be
fast compared with the complex formation reaction(8].
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Following equation expresses the forward rate constant
kK, for complex formation,
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be given by formula III. It may be noted t@e absorptio_n
spectrum corresponding to the AI(OH)SXO"™ (curve 5 in

kK, =

”K I<"I<4[I-r]3 ‘ Kz(ksz 4'kﬂ[(d [H]z+(ky3K Tksz;)[H]+k23

1+ K, [H])(1+K3[H]TK3K4[ ])

(6)

where K, is acid formation constants of AI(ID), K, =
[Al(OH,),**1/[AI(OH),).— (OH)**][H]. ka was evalu-
ated from the slope in plot of 1/(kobs — k) vs 1/[AI(II])] in
Fig. 5. As seen in Fig. 6, kK, (1+ K. [H])(1+ K;K[H])
plotted against [H] gives a straight line, where the
hydrogen ion concentration [H] was calculated directly
from the observed value of the pH without correction of
activity coefficients and K, = 10°°® (. -0, 25°C)[9]. The
linearity implies that the rate constants k»s and k5 and/or
ko, are sufficiently larger than the others. The term of ks
corresponds to the intercept, and term k3K, + k2K to
the slope, so that the values of k,; and k,, are in-
distinguishable (10, 11]. Values of k.3 and k»» have been
calculated by attributing the slope only to the terms
ki:Ka and k;Ks, respectively.

DISCUSSION

The donor atoms in SXO are two carboxylic oxygens,
phenolxc oxygen and tertiary nitrogen. In the complex
species AISXO™, all the donor atoms may coordinate to
the AI(III), and the structure of AISXO™ will be given by
formula II. The spectrum corresponding to AIHSXO
(curve 3 in Fig. 2) is quite different from that of SXO at
the same pH value (curve 1). This suggests the phenolic
oxygen to be coordinating to the AI(III) ion, because the
electronic structure of the sulphonphthalein nucleus will
be changed by the coordination of the oxygen. The
carboxylic oxygens are considered to be dissociating in
the present experimental pH range, and two carboxylic
oxygens probably coordinate to the AI(III) ion. Accord-
ingly the proton of AIHSXO may be attached to the
nitrogen atom which may therefore be uncoordinated as
seen in formula I. This is reasonable in that nitrogen has
less affinity for the Al(III) ion than does oxygen. As to
Al(OH)SXO™, hydroxo-bridges[12] are likely as found in
the hydrolysis of metal aquo ions. Thus, dimerization
probably occurs and the sturcture of AI(OH)SX0?*™ will
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Fig. 2) is a little broad and is different from the spectra of
the other complex species.

The stability constants of the AI(III) complex with the
tetradentate ligands SXO and SMTB are larger than with
the hexadentate EDTA. This is confirmed by fact that
substitution of SXO or SMTB in the AI(III) complex by
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Fig. 6. Plot of KK,(K,[H]+ )(K:KJHP+Ks[HI+1) vs

hydrogen ion concentration for AI(III)-SXO system at 15°C.
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EDTA did not occur in the pH range 2-5. This may be
explained by the fact that affinity of the phenolic oxygen
for the AI(II]) ion is stronger than that of the tertiary
nitrogen of EDTA. Further all the donor atoms of EDTA
do not coordinate to AIIID[13] in acidic solutions.
However, the dissociation of the complex
AI(OH)EDTA*™ to AlO.” and EDTA®*" occurs in a
higher pH range than does A(OH)SXO?" as seen in the
much sharper inflection of the AI(III)-EDTA curve at
a = 5 than that of AI(IIT)-SXO at a =5 in Fig. 1, indicat-
ing the AI(OH)EDTA* to be more stable than the
AI(OH)SXO?*". One of the coordination positions of
AI(TIT) is assumed to be occupied by a hydroxo ion and
all the other positions by the donor atoms of EDTA. So
it may be difficult for AI(OH)EDTA?*" to dimerized and
the monomer should be stable, and coordination of
further hydroxide ion does not occur.

The second rate constant for the reaction of the Al(III)
aquo ion with ligand acid species is presented in Table 3.
The values of the energy and entropy of activation, AE™
and AS™, were calculated from the temperature depen-
dence of the rate constant. ’

Complex formation by AI(III) with SXO or SMTB has
been assumed to proceed through an outer-sphere asso-
ciation complex to form the inner-sphere complex. SXO
or SMTB have four donor atoms, so the mechanism of
the reaction of the outer-sphere complex to form the
inner-sphere complex may involve several steps. Under
the present condition (pH 3, 4), one or both of the
carboxylic oxygens and the sulphonic oxygen have
negative charges because of proton dissociation. The
outer-sphere complex will be formed between these
negative charged oxygens and the positively charged
AI(IID) aquo ion. The first of all, one of the carboxylic
oxygens coordinates in the inner-sphere of the AI(III).
The rate determining step will be in the substitution of
coordinated water by the carboxylic oxygen, further
coordination by the ligand will then take place more
easily. The tertiary nitrogen is positively charged by the
protonation and repels the Ai(IIl) ion, thus the coor-
dination of the nitrogen must be the last step.

The complexation rate for the AlI** aquo ion with the
SXO or SMTB acid species, H,L*", is faster than the
exchange rate of the inner-sphere coordinated water
molecules of the AI** aquo ion[14]. This may be due to
the difference in the number of donor atoms. The tetra-
dentate ligands SXO or SMTB have a better chance of
coordination on collision than the monodentate water.

The reaction rate of AIOH** with H,L*" is higher than
that of AI** with H,L*" for both ligands. It is under-
standable donation by hydroxide ions to the central
AI(IIT) ion makes easier dissociation of the coordinated
water. This further shows that the elimination of the
inner-sphere coordinating water molecule from the
AI(III) aquo ion is the rate-determining step[6]. In ad-
dition hydrogen bonding may take place between

AIOH** and H,L?>" more effectively in the activated
complex; especially hydrogen bonding between the pro-

‘ton attached to the positively charged nitrogen atom and

the negatively charged hydroxide ion which must
decrease the electronic repulsion between like-charged
nitrogen atom and AI(III) ion. These explanation are also
supported by lower energy of activation for the reaction
between AIOH>* and H,L*~ compared to that of the
reaction between AP* and H.L?". But the entropy of
activation for the AIOH?** has smaller value than that for
the AI’*. This may be because the activated complex
formed between the AP and H,L?>~ will carry more
positive charge than the activated complex between
AIOH** and H,L>, so that the former activated
complex will solvate more strongly.

Table 3 shows the high reactivity of AIOH>* with
H,L". It is difficult to discuss this reactivity because ki3
and k2, have not been separated in eqn (6). Values of ks
and k., have been calculated by attributing the slope
only to the term k3K, and kK3 respectively. In the
present experimental condition (pH 3, 4), HsL™ is
present in small amount (1-0.03% calculated from acid
formation constants of SXO) so that the contribution of
k25K to the slope is very small compared with k3K,
thus value of k» is not accurate.

The ligand species of SXO have higher reactivity with
AI(III) ion than those of SMTB. A reasonable explana-
tion is in the difference in ligand structures. SXO has
methyl and protons at R, and R, in sulphonophthalein

ln'I?Kp

3.0 35 4.0
InCH01
Fig. 7. Rates of AI(IIT) complex formations with SXO and SMTB

in the mixed solvent of water and dioxane at 5°C. C, SXO; @,
SMTB. pH: 1,2-3.8, 3,4-3.0.

Table 3. Rate constants of Al(III) complex formation at 25°C and p = 0.1

k AE”" AS™
M™'sec™") (kcal M™") (calMK™)
SX0 SMTB SXO SMTB SXO SMTB
AP+ H, LT — 243x10  6.83 314 328 535 554
AIOH* + H, LY — 1.51x 102 6.33x10 27 244 216 316
AIOH** + H;L™ — 6.11x10°  1.07x10> 313 325 638 644
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nucleus as seen in formula IV which SMTB has iso-butyl
and methyl groups.

Hence: (1) the phenolic oxygen of SMTB is more
electron donating than that of SXO and the activated
complex with SMTB will be more stabilized, (2) R, is
ortho of the phenolic oxygen so that, SMTB will
experience larger steric hindrance than does SXO. To
clarify this conclusion, the reaction rates in the mixed
solvent water plus dioxane were then measured. With
increase in mole fraction of dioxane, the reaction rates
increased and the plot of kK, vs In [H,O] was linear with
a slope —7.8 at pH 3.8 and - 6.8 at pH 3.0 for the SXO
system, and — 9.6 and — 9.3 for the SMTB system as seen
in Fig. 7. Thus facts indicate that the substitution reac-
tion involves several water molecules in addition to the
inner-sphere coordinated water molecule. The effect of
the rearrangement of the surrounding water molecules on
forming the activated complex with the more bulky
ligand SMTB leads to a lower reactivity in 100% water.
However, with increase of mole fraction of dioxane, the

effect on the surrounding water molecules is reduced and
then the SMTB, which is more electron donating, has the
higher reactivity.
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