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The aluminium halides were polarographically investigated in aceto-
nitrile and tetrahydrofuran. Their stability with time and their basic
polarographic characteristics were determined. The half-wave potentials
of the studied systems in tetrahydrofuran are approximately by 700 mV
more negative than in acetonitrile. The stability of aluminium halides is
greater in acetonitrile than in tetrahydrofuran and in both solvents decreases
with increasing halide radius.

[Moaaporpadiyeckn H3YYadHMCh TATOTEHIIBl ATOMHHHUA B ALETOHHTpIHIe
it Trerparnjgpodypare. Onpefeansic, NX OCHOBHbIE MoJaAporpaduyeckiie KOH-
CTAHTHI, & TAKHe HX YCTOIYIIBOCTb CO BpeMeHeM. IToTeHIaM 0Ty BOIHEL HBY-
4aeMBIX CIICTeM B TeTparugpogypate npudan3ureasto Ha 700 mV oTpuuaTesib-
Hee, YeM B aleTOHHTPILIE. YCTOiYIBOCT AJIOTeHN0B AMOMITHHA BHILIE B ale-
TOHUTpHJIE, YeM B Terparugpodypane 1 B 000HX PACTBOPHTEIAX MOHHKAETCA
¢ yBeJHYeHHEM pajiyca rajoresa.

The aluminium(III) ions form strong aqua complex [Al(H20)g]3*+ which makes
the direct deposition of aluminium from aqueous solutions rather difficult [1].
Electroplating by aluminium from aqueous solutions is accompanied with hydrogen
evolution and thus with poor quality of the deposit. This was one of the reasons
for applying various organic media in the electrodeposition studies of aluminium
and similar elements. Several of industrial patents, mainly in USA, are devoted
to this problem. However, the basic relations between the solution composition
and the electrochemical properties remain unexplored. The aim of this work was
the study of aluminium halides in organic media from the above-mentioned point
of view.

Experimental

Three-electrode system was used for measurements in the organic solvents: DME
as a working electrode, platinum wire as a counter electrode, and aqueous SCE as a re-
ference. The DME characteristics were as follows: the mercury reservoir height h =
= 73 cm, the drop time t; = 4.5 s, and the flow rate of mercury m = 2.3 mgs-1.

Owing to an unknown and varying junction potential value between the water and
organic phase, the comparison of the measured potential values in different solvents
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is almost impossible. In order to avoid this difficulty, a so-called pilot ion, bis(diphenyl)-
chromium(I) iodide was applied (hereafter referred to as BDCI). Due to its small charge,
Jarge ionic radius and high symmetry, the assumption can be made of negligible solvation
and thus of small differences in its reduction potential values in various solvents. The
half-wave potential of the pilot ion mentioned is —0.625 V vs. scE in dimethylforma-
mide. This value was chosen as reference.

The polarographic measurements were carried out on a Radelkis OH-102 polarograph.
Supporting electrolytes used were lithium perchlorate, tetraethylammonium perchlorate
(TEAP) and in the case of the microcoulometric determination of the charge number
of the electrochemical reaction it was tetrabutylammonium perchlorate (TBAP). The
water from the lithium perchlorate was removed by melting in an electrical furnace at
350°C, followed by crushing and drying in vacuum oven for 48 hrs. The preparation
of TEAP was already described [2].

Due to the high reactivity of the studied aluminium halide systems towards water,
all solutions were prepared in an inert atmosphere of dried argon or nitrogen. For these
preparations, partly an adapted drying box originally used for work with radioactive
material and partly the vacuum-line securation technique was applied [3]. Immediately
before taking a polarographic record, nitrogen or argon was passed through the electroly-
tic vessel for 5—10 min. Before entering the vessel, the respective inert gas was passed
through a column with copper catalyst for removing oxygen, then through a column
with molecular sieves Nalsit 4 for removing water, and finally saturated by the solvent
under investigation.

Acetonitrile (Malinckrodt) was purified according to the adapted method of Baucke
et al. [4]. Tetrahydrofuran was distilled twice with metallic sodium, then refluxed with
caleium hydride and metallic sodium again and distilled in dried nitrogen atmosphere
with metallic sodium.

Aluminium chloride, anal. grade (Merck) was purified by doubled sublimation in dried
nitrogen. Aluminium bromide was prepared from the bromine and metallic aluminium
and then purified by distillation under reduced pressure with aluminium spoons in dried
nitrogen [5]. Aluminium iodide was prepared by direct reaction of an excess of metallic
aluminium with iodine at increased temperature in sealed tubes.

Results
The stability of aluminium halides in acetonitrile and tetrahydrofuran solutions

The stability of aluminium halides in the studied solvents was followed by two
lines. First, the dissolution reaction of the halide itself in the solvent in the prepa-
ration of a stock solution was observed visually. Second, the stability of the de-
polarizer with time after dilution of the stock solution of halide by the supporting
electrolyte was followed polarographically.

The stock solution of 10-1 molar AlCl3 in acetonitrile is stable for several days.
After dilution by the supporting electrolyte to the concentration of approximately
2 x 10~% M-AICI3 no change of the polarographic wave height and potential is recorded
with time. Contrary to this, in aqueous solutions a shift of the half-wave potential
to the negative region with time was observed [1, 6]. AlBr3 is less stable: approxi-
mately 24 hrs after dissolution 101 molar stock solution of AlBrg in acetonitrile
gets brownish coloured. After dilution by the supporting electrolyte to the concen-
tration 2 X10-4 M of AlBrj, the first polarographic record taken 2 min after dilution
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shows two waves; in the following record taken 6 min after dilution the height
of the two waves lowers. After this time, no further changes occur in the wave
heights as can be clearly seen in Fig. 1. This time effect was in further experiments
eliminated by recording all polarograms with fresh stock solution of AlBrz 9 min
after mixing with the supporting electrolyte.

Fig. 1. The change of the limiting current of
the polarographic waves of AlBrs in aceto-

nitrile with time. Concentration of AlBrs R Y Y NN N W
10-3 M. 4 8 12 16 20 24 28 32
1. Negative wave; 2. positive wave. t/min

The dissolution reaction of aluminium iodide in acetonitrile is rather violent,
accompanied by an increase of temperature and fast colouring of the solution.
For this reason, a stock solution of aluminium iodide with defined concentration
of the solute could not be prepared. The experiments were carried out with the
corresponding amount of aluminium iodide dissolved directly in the supporting
electrolyte. Curve I in Fig. 2 was recorded after a time interval passed between
the dissolution of the solid Allz and polarization of the electrode to the reduction
potential required. The curves 2, 3, and 4 arerecorded in 4 min intervals. The first
record shows one positive wave at the potential of —0.55 V — this wave could
most likely be attributed to the depolarization of oxygen absorbed in the solid
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Fig. 2. The change of the polarographic record of All; in acetonitrile with time. Support-
ing electrolyte 0.1 M-LiClO4, 100 mV/absec.
Time: 1. recorded immediately after dissolution of Alls in the supporting electrolyte;
2. after 4 min; 3. after 8 min; 4. after 12 min.
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Allz — and one negative wave at the potential of —1.52 V The following record
(curve 2) shows only a slight indication of the positive wave and a decrease of the
negative one. Approximately 10 min after the dissolution, a new wave could be
observed on the polarographic record at the potential of approximately —1.24 V
(curve 3). This wave shows no changes with time; the wave at —1.52 V continues
to decrease smoothly. The difficulties in preparing a stock solution of Alls in aceto-
nitrile and the described continuing time effects on the polarographic record were
the reasons for refraining for the present from further experiments with this com-
pound.

The dissolution reaction of aluminium halides in tetrahydrofuran is more violent
in comparison with the reaction in acetonitrile. The overall tendency, however,
is the same as in acetonitrile: the most violent is the reaction of Alls, then AlBrs,
and less intensively reacts AICl3. The dissolution of Alls and AlBrs is accompa-
nied with gas evolution and brown colouring of the solution. The stock solution
of AlCl3 in tetrahydrofuran is stable for several hours.

The reaction product of the Allz dissolution in tetrahydrofuran produces no
defined polarographic wave and therefore could not be polarographically investi-
gated. The reaction of AlBrs after dilution with the supporting electrolyte is so
fast that only the final product can be polarographically recorded. Only the dilution
reaction of AlCl3 with the supporting electrolyte can be polarographically followed.
Fig. 3 shows the change with time of both waves of AlCl3 in tetrahydrofuran obtained
after dilution of 10~1 molar stock solution of AICl3 by the supporting electrolyte
to the concentration of 2.5 x 10~% molar. The height of both waves increases smoothly
in the first time interval of approximately 15 min. This time effect was eliminated
by recording all polarograms with fresh stock solution of AlCl3 20 min after mixing
with the supporting electrolyte.
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0 6 12 18 24 30 36 t/min 4 6 8x107¢ M-Alcy,
Fig. 3. The change of the limiting current Fig. 4. The limiting diffusion current of
of the polarographic waves of AlCl AlICl3 in acetonitrile as a function of the
tetrahydrofuran with time. Concen- concentration of AlCls.

tration of AlCl; 2.5 x 104 M.
1. Positive wave; 2. negative wave.
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The basic polarographic characteristics of aluminium halides
in acetonitrile and tetrahydrofuran

Aluminium chloride in acetonitrile gives one well defined wave; its half-wave
potential found by logarithmic analysis is —1.08 V vs. scE at the depolarizer con-
centration of 8 x10~4 M. The wave is proportional to the depolarizer concentration
up to the concentration value of 8x10-%M-AlCl3; above this value no change
of the wave height could be observed with the change of the depolarizer concentra-
tion. The graphical illustration of this dependence is given in Fig. 4. At higher
concentration of AlCl3 — approximately 2x10-3 M — the formation of a very fine
precipitate can be observed. It is worth mentioning that at higher concentrations
of AlCl3 — above 5x10-2 M — the substance is again completely dissolved in
acetonitrile. This could be caused by the formation of a soluble dimer (AlClg)s - AN,
the existence of which is known [7]. This concentration region, however, is not sui-
table for polarographic investigation. The UV-VIS spectroscopy technique was
applied. In the mentioned concentration region new absorption peaks were observed
(at 310 and 360 nm) that are not present in the lower concentration region of AlClz
in acetonitrile. The i.r. spectroscopy could not be applied to the large-scale study
owing to the high reactivity of all studied systems towards the cell material.

The reduction of aluminium bromide in acetonitrile proceeds in two steps. The
half-wave potentials estimated by logarithmic analysis of the waves are

E1)2 pos = —0.85V,
E1/2 neg — —1.19V.

Fig. 5 shows the change of current intensity with the depolarizer concentration
for both waves. At the concentration value 4x10-* M of AlBrs the slope of both

MA T 1 T T T T T T

Fig. 4. The limiting diffusion
current of AlBrs in acetonitrile
as a function of the concentration °
of AlBr;. 0 1 1 1 1 1 1 1 ] 11

.. . -4
1. Positive wave; 2. negative wave. T2 3 4 5 6 7 8 9x10'M-A

straight lines changes. The value of the exponent of the wave height dependence
on the mercury reservoir height for the positive wave is y = 0.85, for the negative
one y = 0.00. The polarographic record of the mercury reservoir height dependence
for AlBr; in acetonitrile is in Fig. 6.

In tetrahydrofuran, aluminium chloride exhibits two poorly defined waves with
a potential difference of roughly 150 mV. The positive wave is highly irreversible.
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T T T T Ty ey Fige 6. The dependence of the
’ J T 7 negative wave height for AlBr;
m‘j - in acetonitrile on the mercury
! 7 reservoir height.
2 5 11 48 cm; 2. 56cem; 3. 64 cm;
w7 4. 72 cm; 5. 81 cm.
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The logarithmic analysis of both waves gives the half-wave potential values:
El/‘l pos — —1.72 V,
El/’.’. neg = —1.86V

The positive wave increases proportionally to the depolarizer concentration up to
the value 2x10-3 M of AlCl3. The negative wave dependence on the depolarizer
concentration changes its slope at the value 1.5x10-3 M of AlCl3. The depolarizer
concentration dependence for both waves of AlICl3 in tetrahydrofuran is shown in
Fig. 7.

The half-wave potential of both waves shows no changes with time and depola-
rizer concentration. With decreasing concentration of the supporting electrolyte,
however, a remarkable differentiation of both waves can be observed. The effect
of the change of the supporting electrolyte concentration upon the half-wave po-
tentials of AICI; in tetrahydrofuran is summarized in Table 1.

Aluminium bromide exhibits in tetrahydrofuran also two poorly defined waves.
Their half-wave potentials calculated from the logarithmic analysis are:

El/'z pos — — 1.52 V,
El/‘z neg; — = 1.62V

Aluminium bromide is thus reduced in tetrahydrofuran more positively than alu-
minium chloride, similarly as in acetonitrile.

The basic polarographic characteristics of the studied systems in both aprotic
solvents are given in Table 2. In the third column the experimentally measured
half-wave potential values are listed. In the fourth column are the half-wave po-
tentials corrected for the value of half-wave potential of BDCI according to the
relationship

E12 cor = E1,2 meas — [E1,2 spe1 — 0.625].

(See Experimental.)
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al Fig. 7. The dependence of the limiting
2 current of AlICl3 in tetrahydrofuran on

y - ) . the depolarizer concentration.

0 5 10 15 20x10°* M-Act; 1. Negative wave; 2. positive wave.
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Table 1

The change of the half-wave potential of AICl; in tetrahydrofuran with the concentration
of supporting electrolyte

Concentration

of LiCl0, —Higtgos B
mol 1-1
0.5 1717 1.865
0.4 1.708 1.850
0.3 1.697 1.892
0.2 1.690 1.920
0.1 1.680 1.950
Table 2

The basic polarographic characteristics of the studied systems

Compound Solvent —Eyzmess  — iz core nx A/Ix:lM y
AlCl3 AN 1.08 0.96 0.48 3.4 0.9
AlBr; AN 0.85 0.73 0.71 1.5 0.85

1.19 1.07 0.71 3.5 0.00
Allg AN 1.24 1.01 0.80
1.52 1.26 0.45 0.30
Reference
compound AN 0.74 0.62 0.83
BDCI**
AlCl3 THF 1.72 1.68 0.50 0.46
1.86 1.83 1.35 3.2
AlBrg THF 1.52 1.48 1.0 2.02
1.62 1.58 0.63 1.79
Reference
compound THF 0.66 0.62 1.1
BDCI**

* Ia — diffusion current constant.
** Reference compound bis(diphenyl)chromium(I) iodide.

The comparison of the data in Table 2 shows that the half-wave potential values
of the studied systems in tetrahydrofuran are approximately by 700 mV more
negative than in acetonitrile.

The apparent values of nx in the next column were obtained from the logarithmic
analysis of the polarographic curves and can be interpreted only in terms of the
relative irreversibility of the studied systems. The actual charge number of the
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clectrochemical reaction, n, was determined microcoulometrically according to
Gilbert and Rideal [8]. The calculated value for the electroreduction of AlCl3 in
tetrahydrofuran is #» = 3.03. The microcoulometric analysis of AlCl3 in acetonitrile
provides a charge number n» = 3.01; this value being in accordance with the value
measured by Kolthoff [9].

In the last two columns of Table 2, the diffusion current constant Iq for the
region of proportionality between the current and depolarizer concentration and
the values y of the exponent of the wave-height dependence on the mercury reservoir
height are listed.

Discussion

Different polarographic behaviour of aluminium halides in acetonitrile and tetra-
hydrofuran can be chiefly attributed to different properties of both solvents. For
characterization of an organic solvent it is necessary to consider several factors:

1. The localization of the negative charge on the solvent molecule. In tetrahydro-
furan, the negative charge fraction is localized on oxygen, whereas in acetonitrile
it is on nitrogen. From the standard free enthalpy values of aluminium oxide and
aluminium nitride formation it can be concluded that the A1—O bond is more stable
than the A1—N bond; owing to this fact, the solvate complexes with tetrahydro-
furan can be considered as more stable than those with acetonitrile. This assumption
is well in agreement with the experimentally found half-wave potential values of
the studied systems in both respective solvents.

2. The donacity value of the solvent defined by Gutmann [10]. This value charac-
terizes the solvent ability of forming solvates., molecular complexes, and coordi-
nation compounds. Both solvents applied in this work belong to the group of sol-
vents the donacity value of which is close to that of water (see Table 3). In such
solvents either the dissociation and ion solvation or autocomplex formation of the
type AlX; would take place according to the stability of metal—halide bond [11].
In fact, an equilibrium is established between the particles coordinated by halide
and by solvent (see eqn (4)). The equilibrium constant values in individual solvents
depend also on further solvent properties such as dielectric constant and steric
factors.

3. The dielectric constant of the solvent is important from the point of view of
its dissociation and dissolution ability. The dielectric constant value of tetrahydro-
furan is very low, equal to 7.6. The acetonitrile molecule is much more polar which
is reflected in the relatively high value of the dielectric constant 38.6.

Table 3

The donacity and dielectric constants of the solvents used

Solvent Donacity Dielectric
aiven kcal mol-1 constant
Acetonitrile (AN) 14.1 38.6
Tetrahydrofuran (THF) 20.0 7.6
Water 18.0 81.0

: ol 4
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The donacity and dielectric constants of the solvents under consideration accord-
ing to [10] are listed in Table 3.

4. The steric factors, as e.g. the relation between the aluminium(I1I) ionic radius
and the solvent molecule size, should not be neglected.

From the summation of criteria 1. to 4. the following conclusions can be drawn:
In acetonitrile preferentially aluminium ions stabilized by the solvent molecules
would be formed but in dependence on the halide type also autocomplexes may
occur in the solution. On the other hand, in tetrahydrofuran preferentially mole-
cular solvate of the type AIN3 »THEF would be formed; the eventually occurring
ions of the solute would be stabilized  considering the low dielectric constant of
tetrahydrofuran — by ionic pairs formation with the ions of the supporting electro-
Ivte. At higher halide concentrations also dimers can be formed.

By the conductivity measurements, the ionic form of AlCl3 in acetonitrile has
in fact been confirmed [12]. Among the three studied aluminium halides, the AlCls
disposes of the most stable metal —halide bond. At the same time, with respect to
its electron configuration, it is a strong Lewis acid. The chloride ion acts toward
this compound as an electron donor; iu this function competes with the molecules
of solvent. A so-called self-ionization effect occurs, 7.e. one AlClz molecule attracts
a Cl- anion from the coordination sphere of another AlCls molecule. In this way,
a relatively strong AICl; complex is formed. (The chloride and bromide complexes
of aluminium have a maximum coordination number of 4, only fluorides may form
complexes with a coordination number of 6 [13,14].) The very existence of the
AlCI; complex in acetonitrile was proved by the present authors by i.r. spectroscopy.
Absorption peaks at 495 and 540 em~1 which are attributed to this configuration
[15] were identified in the solution and even in the solid complex of AlCI3 with aceto-
nitrile. On the other hand. no such peaks were found in tetrahydrofuran: neither
in the solution. nor in the solid complex.

Thus in the diluted solution of AlCl3 in acetonitrile the following particles could
be assumed to exist: the undissociated aluminium chloride molecules loosely bound
to the molecule of solvate AlClg - AN, AI(III) ions stabilized by the solvate mole-
cules AI(AN)i* and the products of the self-ionization reaction, AlICl;, AIClf AN,
and AICI2+ AN (see eqns (A —D)). The concentration of the individual particles
in the solution is determined by the dissociation and stability constant values of
the corresponding reactions.

The dissociation and self-ionization equilibria of aluminium halides in acetonitrile
could generally be expressed in the following way (the function of the solvent is
neglected):

2A13+ 4+ 6X- = 2A1X3 = AIX; 4 AIXE, (Ay
AIX + AlXs =  AIX; + AlX2+, (B)
AlXe+ + AIX; = AIX; - Al+, (©)
Summarized :
4A13+ 4+ 12X- = 4AIX3; =2 3AIX] + Al (D)

The acetonitrile molecules, considering the high donacity value of acetonitrile,
act as coordination agents for ions Al3+, AlX}, and AlX2+. The existence of the
molecule [Al(AN)g]3+ [AICL]s in the solution is known [15].
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The concentration of the individual particles in AlBrz—acetonitrile system would
differ from the AICl3 solution. The Al—Br bond is less stable than the Al—Cl one,
therefore the aluminium bromide would be more dissociated than aluminium chlo-
ride. On the other hand, the bromide ion is a weaker coordination agent because
of its lower donacity value and larger ionic radius as compared to the chloride ion.
A shift of the equilibrium of the reaction (D) to the left would result in higher
concentration of Al(AN)3+ ions and lower concentration of AlBr; ions as products
of the self-ionization reaction.

The experimental results indicate that ion [Al(AN)g]3+ or [AlX,,(AN),]@-m*
is most likely the electroactive particle in the solutions of aluminium halides in
acetonitrile. This assumption will further be experimentally verified by the study
of the electrochemical behaviour of AlCl3 and AlBrs in the presence of excess of the
respective halide.

The time effects connected with the dilution of the stock solution of AlCl3 and
AlBr;3 in acetonitrile by the supporting electrolyte solution may be presumably
attributed to the decomposition of the dimer and equilibrium constitution with
participation of the electroactive particle (see eqns (4—D)).

It has been found by conductivity measurements of AICl3 in tetrahydrofuran
[16] that one undissociated molecule of the halide is solvated by two molecules
of tetrahydrofuran. The assumption on the participation of a solvolytic reaction
is supported also by the intensity of AlCls dissolution in tetrahydrofuran. The
authors [16] assume the opening of one ring of tetrahydrofuran as a result of the
catalytic action of aluminium chloride. The product of solvolysis is then the mole-
cule Cl,AIO(CH,);Cl CyH3O.

The difference of the half-wave potentials of the aluminium halides in acetonitrile
and tetrahydrofuran could thus be attributed also to the formation of a very stable
particle in tetrahydrofuran resulting from the solvolytic reaction. The reaction
product of AlBrs with tetrahydrofuran is less stable which explains the more posi-
tive values of the half-wave potentials of the AlBrs reduction in tetrahydrofuran
as compared to AlCI3.
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