In the previous papers the basic polarographic characteristics of the aluminium
halides solutions in acetonitrile and tetrahydrofuran, the stability of these systems
in time [1] and the effect of an excess of free halides on the behaviour of AICl, and
AlBr; solutions in acetonitrile [2] have been investigated. In this paper attention is
paid to the influence of water in the organic solvent upon the electrochemical
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The influence of water in the solvent upon the shift of the half-wave potentials of
aluminium salts in acetonitrile, tetrahydrofuran and dimethylformamide has been
investigated. It was found that the shift may be correlated with donacity values of the
respective solvents and water. Particular attention was paid to the influence of water on
the solutions of aluminium chloride and bromide in acetonitrile; this is discussed with
respect to the aluminium—halogen bond stability and the related self-ionization effect.

H3y4anoch BAMSHHME MPHCYTCTBHA BOAbI B PACTBOPHTENE HAa CABHI MOTEHLHAJIOB
MOJIYBOJIH COJIEH ATIOMHHHUSA B alETOHHTPHIE, TETParuapodypaHe ¥ TUMETHI(HOPMAMH-
ne. bbuio HaimeHo, YTO CABMI B OTHAENbHBIX PaCTBOPHTENAX MOXHO KOPPEIHpPOBaTh CO
3HaYEHUAMH JJOHOPHO#H CNOCOGHOCTH 3THX PaCTBOPHTEJNIEH MO OTHOIIEHHIO K 3HAYCHHIO
AOHOPHOM cnoco6HocTH Bofbl. CneunanbHO pa3bMpaeTcs BIHAHHE BONbI HA PacTBOPLI
XJopHaa 1 GpoMKIa ATIOMHHHSA B allETOHHTPWIE, KOTOPOEe 06CYXKAAETCH C TOYKH 3PEHHA
NPOYHOCTH CBA3H AIIOMHHUA—TAJIOreH U C HUM CBSI3aHHBIM 3(PEKTOM aBTOHOHH3ALHH.

behaviour of aluminium.

Low water contents below 100 p.p.m. (5% 107> mol1™') may influence the
electrode kinetics through adsorption effects and changes of the dielectric constant
in the interphase. It is very laborious, however, to remove these last traces of
. To some extent, it depends on the type of solvent to be purified. For
example, tetrahydrofuran can be disposed of water down to 10—15 p.p.m. by
distillation with alkali metals. In acetonitrile, there always remain approx.
50 p.p.m. of H,O. Both p.p.m. values are within a milimolar concentration range.

value
water

Abbreviations:

AN

Acetonitrile.

BDCI  Bis(diphenyl)chromium(I) iodide.
DMF Dimethylformamide.

TEAC] Tetracthylammonium chloride.
THF Tetrahydrofuran.
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At higher concentrations (above 100 p.p.m.) water usually takes part in the
solvent—solute and solute—solute equilibria in solution. In this respect namely the
formation of aqua complexes is to be considered which brings about changes of the
diffusion coefficients of the particles transported towards the electrode and affects
also the process of loosing the solvation shell in the course of electroreduction. Ions
forming strong aqua complexes may not get rid of the hydration shell at all during
the electroreduction process which is just the case of aqua aluminium ions [3].

The stability of an ion—solvent bond is, under certain simplifying conditions,
proportional to the donacity value of the respective solvent. Three organic
solvents: acetonitrile, tetrahydrofuran, and dimethylformamide were applied in
combination with water to verify the relation between the donacity value and the
half-wave potential of aluminium ions in each solvent.

The main aim of the whole study is, however, to look for the correlations
between the solution properties and composition and its electrochemical behaviour
with respect to the electroreduction of aluminium. From this aspect, the critical
amount of water in the organic medium is of primary importance. It is necessary to
find the correlation between the high hydrophylic properties of an aluminium ion
and the experimental difficulties connected with operating a totally nonaqueous
system.

Experimental

All experimental conditions such as apparatus, preparation and purification of the aluminium salts,
purification and drying of solvents and inert gases are described in detail in [1] and [4].

Results

The changes of the half-wave potentials and limiting currents of aluminium halides with increasing
water concentration were investigated with AICl,, AlBr,, and AICI,—TEACI system in acetonitrile.
Further, the effect of water addition to tetrahydrofuran on the electroreduction of AICI, and to
dimethylformamide on the electroreduction of aluminium perchlorate was followed. All the measured
potential values were corrected with respect to the half-wave potential of bis(diphenyl)chromium(I)
iodide (hereafter referred to as BDCI).

An addition of water to acetonitrile exhibits only a very slight effect upon the half-wave potential and
limiting current of AICI, as it can be seen in Table 1. Only a negligible decrease of the wave height may
be observed when adding 0.55 mol 1-* of water (1 volume %). The situation is different when an excess
of chloride is present. As it was already stated before [2], a three-fold molar excess of TEACI over AICI,
causes an increase of the limiting current of AICI,. This can be clearly seen also from a comparison of /
values in the first lines of Tables1 and 2. An addition of 0.55moll™* of H,O to the above
AICl,—TEACI system results in a further not very significant increase of the limiting current while the
half-wave potential remains practically unchanged. At a molar ratio of AICl, to TEACI 1:6 and
0.55 mol 1-* of H,O a new wave is formed with a half-wave potential by 300 mV more negative than the
potential of the original wave. With water content increased up to 1.65 mol I the original and the
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Table 1

Changes of the half-wave potential and limiting current
of AICI; in acetonitrile in the presence of water
Concentration of AICL: 5107 mol 17!

Concentration of H,O

El/chrr I
6
volume % mol I v A L0
0 0 -0.395 2.04
0.1 0.055 -0.395 1.96
1.0 0.55 -0.400 1.88

Table 2

Changes of the half-wave potential and limiting current of AICl,
in acetonitrile in the presence of an excess of free halide and water
Concentration of AICl;: 5X10™* mol 1™

Molirsatis Concentration Concentration of H,O E .
AICL, : TEACI of TEACI v A 10°
3 mol ™! volume % mol ™!
1:3 1.5x1073 0 0 -0.395 24
1:3 1.5x1073 1.0 0.55 -0.400 2.48
1:6 3x1073 0 0 -0.400 2.84
1:6 3x107° 1.0 0.55 -0.430 2.64
-0.710

1:6 3x107? 3.0 1.66 -0.600 2.64

newly formed waves merge into one. The half-wave potential of this wave is by 200 mV more negative
than the half-wave potential of AICI, in water-free acetonitrile. The precise values of the corrected
half-wave potentials and limiting current for the AICL,—TEACI system in acetonitrile in the presence of
water are given in Table 2.

In the case of AlBr, electroreduction in acetonitrile the influence of water is much more remarkable.
The corrected values of the half-wave potentials of AlBr, two-step reduction in acetonitrile as given in
[2] are the following: E,, .= —0.230V and E,, .= —0.630 V. The addition of water exhibits
a crucial effect upon the positive wave. Its potential shifts towards negative values and at the same time
the wave becomes ill defined. At a concentration of water 0.55 mol1™' the positive wave merges
completely with the negative one. The limiting current of the resulting negative wave corresponds to the
sum of the positive and negative wave limiting currents in water-free acetonitrile. The maximum on the
negative wave becomes lower and less sharp in the presence of water. These effects are schematically
illustrated in Fig. 1.

The influence of the presence of water in tetrahydrofuran on the half-wave potentials of AICI,
reduction is summarized in Table 3. It should be noted that both waves of the AICI, reduction in
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Fig. 1. Schematic diagram of the influence of water additions on the polarographic record of AlBr, in
acetonitrile.
Concentration of AIBr,: 5x 10™* mol 17",
1. Polarogram of AlBr, in water-free acetonitrile; 2. 0.055moll™" H,0; 3. 0.11 moll™' H,O;
4. 0.55 mol I"' H,0.

tetrahydrofuran are ill defined, therefore the given half-wave potential values are only approximate.
Despite of this, it can be stated unambiguously that in the presence of water the half-wave potential of
the negative wave shifts positively while the positive wave diminishes. The limiting current of the
resulting negative wave is lower than the sum of both waves in water-free tetrahydrofuran.

In dimethylformamide, the influence of the presence of water upon the reduction of aluminium
perchlorate was investigated. The effect is entirely opposite to that in both above-mentioned solvents:
the peaks shift towards more positive values of potential (Table 4).

Note: This system was studied by cyclic voltammetry on the hanging mercury drop electrode. The
presented peak potential values are the actually measured values, not the corrected ones. At
a concentration of 0.275 mol I™' H,O in dimethylformamide the positive peak of Al(ClO,), shifts by

Table 3

Changes of the half-wave potentials of AICI, in tetrahydrofuran in the presence
.of water
Concentration of AICl;: 5X107* mol 1™

Concentration of H,O
Ellz;-:-wrr El/anwn'
volume % mol 1! \Y \Y
1] 0 -0.560 —0.980
1.0 0.55 - -0.930
20 1.10 - -0.920
3.0 1.65 - -0.910
4.0 2.20 - -0.900
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Table 4

Changes of the peak potentials of AI(III) in dimethylformamide
in the presence of water*
Concentration of Al(ClO,);: 107> mol I7'

Concentration of H,O

Ejpos 1) E E, ;) Epneg )
volume % mol 1! \% v v \Y
0 0 2.0 — = 2.2
0.5 0.278 1.8 — — 2.05
1.0 0.55 1.3 - — 2.0
1.95 1.08 1.3 - 1.8 2.0
4.75 2.64 - 1.65 1.8 2.03
9.1 5.05 - 1.7 — 2.03
16.7 9.28 - 1.65 - 2.03

* See Experimental.

200 mV, the negative one by 150 mV positively as compared with a water-free solvent. An increase of
the water concentration causes a further positive shift of the positive peak but no further shift of the
negative peak was observed. The heights of both peaks undergo remarkable changes. The negative peak
current increases up to a maximum at 0.55 mol 1-' H,O, when it reaches a value by 60% higher than the
peak in water-free dimethylformamide. With a further increase of H,O content this peak height
decreases. The positive peak height decreases in the whole followed water concentration range; at
1.1 mol 1! H,0 it disappears completely.

Discussion

The differences between the half-wave potentials in the respective solvents may
be ascribed to the different changes in the Gibbs solvation energy values. This
thermodynamic quantity is under certain simplifying conditions in a direct relation
to the donacity value of the solvent. The donacity was defined by Gutmann [5] as
the positive value of the reaction heat of reaction between one mole of antimonium
pentachloride and one mole of the solvent in question in an inert medium. The
simplifying conditions are : The depolarizer forms no complexes and ionic pairs and
its activity coefficient in the solvent approaches one. The last condition is actually
fulfilled with the depolarizer concentration applied: 5 x 10~ and 10~ mol I"". The
ionic pairs formation, most likely with the supporting electrolyte ions which are in
a large excess, could not be excluded in tetrahydrofuran because of its low
dielectric constant values. The complex formation may occur with aluminium
halides in acetonitrile as a result of self-ionization [6]. The reaction was discussed
elsewhere [1,2]. The formation of complex particle AlX; competes with the
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formation of simple solvated ions AI(AN).* dependent on the stability constants of
both compounds and the solution composition.

The relation between the half-wave potentials of aluminium halides in
acetonitrile and tetrahydrofuran as well as their shift in the presence of water is in
a good agreement with the donacity values of the respective solvents despite the
fact that the required simplifying conditions are not entirely fulfilled:

Solvent: DMF >THF >H,O > AN.
Donacity value: 26.6 20 18 14.1.

The small shift of the half-wave potential of AICI, in tetrahydrofuran in the
presence of water (Table 3) corresponds to the slight difference between the
donacity values of tetrahydrofuran and water. The donacity value of dimethylfor-
mamide is much higher than that of water; the solvates in DMF are more stable.
This fact is reflected in a remarkable positive shift of the AI(III) peak potentials in
DMF when water is added (Table 4). The high stability of the bond between
aluminium ion and dimethylformamide is confirmed by other observation, too. The
AI(III) ion is reduced in DMF on a hanging mercury drop by three electrons but it
is not disposed of its solvation shell and, consequently, cannot difuse into mercury
and remains adsorbed on the electrode surface [4].

In acetonitrile, the opposite is true. The addition of water causes always
a negative shift of the halides reduction (Table 2 ; Fig. 1). The half-wave potential
values of both AICl, and AlBr, in the presence of water are very close to each other
though in the case of AICI, higher water concentration is required to shift the
reduction potential. The explanation of these effects is to be found in the
substitution reactions of aluminium halide complexes with water molecules.
According to [1], in the solution the particles AIX$™™" AN (n=1 to 4) are
present. First, the substitution of the loosely bound acetonitrile molecules in the
outer sphere of the complex by water molecules takes place. The substitution of
halide is different depending on the stability of aluminium—halogen bond. The
aluminium—chlorine bond is very stable, therefore relatively high water concentra-
tions are needed for substitution: 10°-fold molar excess of water over aluminium
chloride. Aqua complex is formed and reduced in a new negative wave

AIXC™"+mH,0 =2 [AI(H0),]'+nX" (A)

The aluminium—bromine bond is evidently less stable than the alumi-
nium—chlorine one. Therefore, the substitution (A) starts from the lowest
measured water concentrations and continues gradually with increasing water
concentration. Consequently, a continuous shift of the AlBr, positive wave in the
negative direction can be observed.

As suggested earlier [2], the reduced particle in the case of chloride reduction is
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assumed to be the AICI; anion. In the case of the two waves of AlBr, reduction, in
the positive wave the reduction of the AIBr; anion is assumed whereas in the
negative wave the cations AIBr;, AIBr** or A’ solvated by acetonitrile are
reduced. The half-wave potential of the cation reduction coincides with the
half-wave potential of the aqua complex and, consequently, no shift of the negative
AlBr, wave can be observed in the presence of water.
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