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The Al and ""Ga NMR spectra of mixtures of M,X, and M, Y4 (M = Al, Ga; X # Y = Cl, Br or I) in benzene are
reported. All these systems show rapid inter-halogen exchange, and in some cases stable intermediates M,X, Y _,
can be characterised spectroscopically. In particular, the results are used to identify the predominant species present
in solutions prepared by mixing (i) Al,Brs and Ga,Clg, and (ii) Al,I and Ga,Brg, in benzene in various mole ratios.
The expected M,X,Y; intermediates are found for M = Al or Ga, X # Y = Cl, Br, but with other mixed halide
systems, unsymmetric structures predominate, and possible reasons for this are discussed. The experimental

results are in agreement with thermodynamic predictions, and with arguments based on maximizing the

M-X, Y electronegativity differences.

The trihalides of the Group 13 elements form a large number
of addition compounds, which have been extensively studied
because of their intrinsic importance in the field of coordin-
ation chemistry. The thermodynamic stabilities of these adducts
differ widely, and a number of attempts have been made to
establish stability sequences, both in terms of the properties of
the metallic elements, and of the different donor elements
involved. In the case of aluminium and gallium, the metal
clearly has a substantial effect on the stabilities, since complexes
of the latter with sulfur as the donor site are more strongly
bonded than those with oxygen and nitrogen donors, while the
converse is true for the trihalides of aluminium. Similarly, it is
known that in competition between aluminium and gallium tri-
halides with hard donors, the lighter element forms the stronger
complexes, whereas the opposite applies with sulfur donors.
Some of the difficulties implicit in these relationships have been
discussed elsewhere."?

Most of the reported experimental studies of adduct form-
ation have involved infrared spectroscopy, proton NMR,
conductivity measurements, or thermochemical methods. The
present paper is part of a series of investigations of such
systems through the application of multinuclear NMR spectro-
scopy, using both Al and "Ga chemical shifts to investigate
changes at the coordinated metal atom as a result of complex
formation. The dearth of spectroscopic information on the par-
ent Lewis acids is surprising; there is a shortage of reliable data
for the aluminium trihalides, and an apparent absence of results
for gallium triiodide. In this paper, we report NMR studies of
these typical hard and soft acids, and of the halogen exchange
reactions which can occur in solutions of these trihalides in
benzene.

Experimental
General

Benzene was freshly distilled from CaH, before use. Alumin-
ium(mr) chloride (Fluka, AG, Buchs SG puriss. Grade,
anhydrous) was used as supplied; AlBr; and All; (Alfa
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Products) were freshly distilled before use. Gallium(t) chloride
and bromide were prepared by reacting the metal with
halogen.®*

NMR spectroscopy

The Al and "Ga NMR spectra were recorded by the tech-
niques described earlier. Chemical shifts for *’Al are relative
to [AI(H,0)J3 for which §(*’Al) =0, and for "'Ga, to [Ga-
(H,0)4]3s, for which §("'Ga) = 0. The reproducibility of ¢ and
the half-width (w,,) values was established by the methods used
in previous work.**

Solution preparation

Samples for NMR investigation were prepared in an atmos-
phere of dry argon, using weighed quantities of both trihalide
and benzene placed directly into NMR tubes. Concentrations
are expressed throughout as wt% (i.e. weight of solute (g)
per 100 g of solution), and as molality; the latter leads to the
initial AIX;: GaY; mole ratios for mixed halide systems. All
samples were subsequently treated for 1 h in an ultrasonic bath
at room temperature, and then sealed, after which each was
heated to 60° for 15 min. to ensure equilibration. In the case of
A1 NMR measurements (Fig. 1A—C) the spectra were recorded
at this temperature to allow direct comparison with previous
studies of AICl, in benzene.® For the results in Fig. 2A, the "'Ga
spectrum is that of a sample held at 40 °C, since at this temper-
ature it was possible to get good signal : noise ratios; below
this the limited solute solubility made the results unreliable.
All other results refer to solutions at room temperature (ca.
23 °C).

When homogeneous solutions of AlIX; and GaY; (X=Br, [;
Y =Cl, Br) in benzene were mixed, precipitation occurred. In
order to establish the equilibrium solute concentrations in the
samples used for NMR study, identical mixtures were analysed
by chelatometric titration. These results, and the composition
of the initial reaction mixture, are given in Tables 1 and 2, and
the relevant spectra are shown in Figs. 1 and 2.

In addition to the AlX,;/GaY; studies, we recorded the ?’Al
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Table 1 Solutions of AlBr; and GaCl; in benzene: experimental data appropriate to Fig. 1

Final equilibrium
concentration/wt%

Spectrum (Fig. 1) Initial wt% [GaCl, /M Initial AlBr;: GaClymoleratio —  Equilibrium Al : Ga mole ratio
Ga Al

A 14.5 0.82 1:3 0.06 5.6 1:36

B 12.0 0.68 1:2 0.06 4.7 1:30

C 10.0 0.57 1:1 0.08 4.0 1:19

D 6.0 0.34 1.8:1 0.55 2.4 1:17

E 5.0 0.28 2.6:1 1.2 2.1 1.5:1

Table 2 Solutions of All; and GaBr; in benzene; experimental data appropriate to Fig. 2

Final equilibrium

concentration/wt%
Spectrum (Fig. 2) Initial wt% [GaBr; /M Initial All, : GaBr; mole ratio — Equilibrium Al : Ga mole ratio
Al Ga
A 4.1 0.13 3.1:1 1.1 0.12 24:1
B 6.3 0.20 2:1 1.1 0.20 14:1
C 10.3 0.33 1:0.9 0.95 1.8 1.4:1
D 19.3 0.62 1:2.1 0.80 43 0.48:1
E 21.0 0.68 1:3 0.60 4.7 0.33:1
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Fig. 1 ?’Aland ""Ga NMR spectra of mixtures of Al,Brg and Ga,Cl, in benzene at room temperature. A-E refer to data in Table 1. Numbers given
d, halfwidth w,, (Hz), percentage intensity. Asterisks identify solutions for which *’Al spectra were recorded at 60 °C after 30 min heating.

spectra of heterogeneous mixtures of AlCl;/AlBr; and AICIy/ Results and discussion
All; (ie., saturated solutions) in benzene (0, w.,), with the
results shown in Figs. 3 and 4, and of homogeneous benz-
ene solutions of AlBry/All, (Fig. 6). The corresponding "'Ga The halogen exchange reaction between trihalides of alum-

Thermodynamic considerations

NMR spectra of homogeneous solutions of GaCl,/GaBr; inium and gallium [eqn. (1)] can be considered in terms of the
and GaBry/Gal; in the same solvent are illustrated in Figs. 7
and 8. AlX; + GaY; — AlY; + GaX, 0]
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Fig. 2
spectrum was recorded at 40 °C.

Table 3 Standard enthalpies of formation (AH7)“ and calculated
enthalpies of reaction (AH;) for the process AIX;(s) + GaY;(s)
— AlY,(s) + GaX;,(s) (all in kJ mol™")

—AH{(s)
AlX, GaY, AlY, GaX;, —AH;
X =Br
Y=a } 511 524 705 386 56
X=1
11 2
V= Br} 309 386 5 39 55

“ AH; values from ref. 6.

hard-soft acid-base concept, in which case the exchange will be
expected to proceed spontaneously so as to favour hard-hard
interactions. A more quantitative approach employs the stand-
ard enthalpies of formation of the appropriate trihalides; two
such sets of data are presented in Table 3. One qualification to
this treatment is that the AH; values are for the solids, but
it is reasonable to assume that the overall differences in the
enthalpies of solution in benzene will not change the final con-
clusion substantially; the neglect of entropy changes is also
insignificant, since 7'AS for these reactions at 25 °C is of the
order of 0.5 kJ mol'.* The —AH; results clearly predict
that the exchange reactions [eqns. (2) and (3)] will proceed in the
direction

AlBr, + GaCl, — AICI, + GaBr, )
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YAl and "'"Ga NMR spectra of benzene solutions of GaBr; and All, at room temperature; labels refer to data in Table 2. For A, the Ga

and
All; + GaBr; — AlBr; + Gal, 3)

A third predictor is the electronegativity differences. From
the values C1 3.16, Br 2.96,12.66, A11.16, Ga 1.81, the function
Uty — xa)” + (4« — Xca)* has the values 3.94 (X =Br, Y =Cl),
3.65 (X=Cl, Y=Br), 2.5 (X=1, Y=Br) and 2.44 (X=Br,
Y =1), and the direction of the reaction should correspond to a
maximization of this function.’

Since we are dealing with reactions in the non-polar solvent
benzene, the solute species will be written in the remainder of
this paper as the dimers M,X,.! In such terms, it follows that a
reaction between a moles Al,Brg and b Ga,Cls, with a <b,
should give a mixture whose Al NMR spectrum will be of
Al,Cl, alone, while the "Ga spectrum will be that of a mixture
of Ga,Cl,; and Ga,Br,. Similarly, when a > b, the ’Al spectrum
will be that of a mixture of AL,Clg and Al,Br,, with a "Ga
spectrum uniquely that of Ga,Brs. Analogous predictions can
be made for the Ga,Brg/All; system, and we return to these
below. This analysis implies that in some cases the experimental
spectra will be of mixtures of M,X¢ + M,Y for both nuclei,
and we therefore first discuss the ?’Al and "'Ga spectra of such
mixtures, before returning to the systems considered in Tables 1
and 2, and the corresponding spectra in Figs. 1 and 2.

ALX ALY, systems

The Al NMR spectra of saturated benzene solutions of
mixtures of AL Clg + Al,Brs and AlLClg + ALl are summar-
ized in Figs. 3 and 4 respectively; these show 3(*’Al) and w,,,
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Fig. 3 *’Al NMR spectra of saturated benzene solutions of mixtures
of ALClgs + Al,Brg; triangles show w,,, and crosses 6(*’Al), as a
function of the initial mole fraction of Al,Cl;. Numbers in parentheses
are the equilibrium Al concentrations (wt%o).
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Fig. 4 *Al NMR spectra of saturated benzene solutions of
ALClg + ALl symbolism as in Fig. 3.

and the analytically determined Al content, all as a function of
the initial composition. In both cases, ¢ for AL,Cl; is that deter-
mined previously® as 98 ppm; the half-width is very large, and
is not shown in either figure. In contrast to the AICl, /AlBr,”
system, which shows resonances from all five possible
AICI,Br,_,” anions,?® only one resonance is observed in AL,Cly/
AlLBrg mixtures, indicating that the solute species are in rapid
chemical exchange relative to the ??Al NMR time scale. The
results for §(*’Al) show significant deviation from the mono-
tonic dependence on composition, and there is a distinct plat-
eau at 88 = 1 ppm in the range 30-80 mol% Al,Cls. We identify
this as the chemical shift of Al,Cl;Br;, which is apparently the
thermodynamically stable compound of highest chlorine con-
tent, with a solubility in benzene corresponding to [Al]=0.3
wt%. A similar conclusion can be reached from the plateau in
the w,, plot.

A confirmation of this assignment can be obtained from
Fig. 5, in which the chemical shifts for Al X and Ga,X, are
shown as a function of the total ligand electronegativity Zy; the
sources of the chemical shifts for these molecules, and for
MX,™ anions, are given in Table 4. For these latter species, as
for other halogen derivatives of the Group 13 elements, ¥
monotonic curves similar to those in Fig. 5 have been con-
structed. The value of §(*Al) = 88 derived from Fig. 3 corre-
sponds to Xy = 18.3; the derived value for Al,Cl;Br; is 18.36,
supporting the above assignment of the species present at the
plateau in Fig. 3.

Fig. 4 refers to the Al,Clg + Al I system, and we note here
that the 0 and w,, values for Al,I¢ in benzene are for a saturated
solution whose concentration is 1.35 wt%. A distinct plateau
can be seen, corresponding to 5(*’Al) = 16 £ 1, or Ty = 16.1; the
calculated value for Al,I;Cl is 16.46. There is a less well-defined
feature at 6 = 44; the derived value of £y = 16.7 corresponds to
ALI,Cl, (calculated value 16.96), although the steepness of the

Table 4 *’Al and "' Ga NMR chemical shifts* for M,Xs and MX,~ in
non-aqueous solvent

Al Ref. Ga Ref.
M,Cl¢ 98 5 222 3
M,Br, 78 4 45 4
M,l¢ —24 9 —425 b
MCl,~ 103 8,10 250 3,11, 12
MBr,” 80 8 63 11,12
MI,” -27 8 —455 11,12

“In ppm; Al relative to [AI(H,O¢]}; for which §(*’Al) = 0; "'Ga relative
to [Ga(H,)e]3; for which 6("'Ga) = 0. * This work; see Fig. 8.
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Fig. 5 %Al and "'Ga chemical shifts as a function of total ligand
electronegativity in M,X¢ (M = Al, Ga; X =Cl, Br, ).
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Fig. 6 Al NMR spectra of solutions of Al,Brs + AlI in benzene
(total Al concentration 1.0 wt%); symbolism as in Fig. 3.

curve in this region on Fig. 5 places some uncertainty on this
conclusion. In contrast to the Al,Cl¢/Al,Brg system in which
Al,Cl;Br; apparently predominates over a wide concentration
range, these mixed iodo-chloro complexes only exist over
narrow ranges, although their solubility is high (1.2 and ~0.3
wt% Al respectively). The half-width plots also show plateaux
at the same concentrations as the J values, in keeping with the
existence of such mixed halide complexes.

Unlike those mixtures in which Al,Cl¢ is a constituent, the
ALBrg + Al I system produces homogeneous solutions over
the whole composition range. Fig. 6 presents the §(*’Al) and
w,, results for solutions containing 1.0 wt% Al. The chemical
shifts of these mixtures show an almost linear dependence on
composition, so that no unique thermodynamically stable
mixed species can be identified. On the other hand, there is a
maximum in the w,, dependence on composition at 33% AlBr;.
The corresponding chemical shift is 16 ppm, which by inter-
polation in Fig. 5 corresponds to AlBrls (derived Xy =16.3,
calculated value 16.26). The dependence of line-width on the
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Fig.7 7'Ga NMR spectra of solutions of Ga,Clg + Ga,Br, in benzene
(total Ga concentration 1.5 wt%); symbolism as in Fig. 3.
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Fig. 8 "Ga NMR spectra of solutions of Ga,Brs + Ga,l, in benzene
(total Ga concentration 1.5 wt%); symbolism as in Fig. 3.

composition indicates that the rate of halogen exchange is close
to the intermediate rate between the Al,Bry and Al I environ-
ments. In this region, the line-width depends on the rate of
exchange, on the composition, on the transverse relaxation
times and on the radio frequency used,'” and on the com-
position of the binary mixture, involving as it does all the
exchanging sites, including the intermediates. The effect of
quadrupolar coupling relaxation is believed to be negligible in
these systems. For AlBr,/All,, for example, the ’Al spin—spin
relaxation time 72 is less than 7'1 by a factor of 2-4, and the
spectral changes observed are therefore reasonably discussed in
terms of chemical exchange.

Ga,X/Ga,Y, systems

We have studied mixtures of Ga,Clg + Ga,Brs and Ga,Brg +
Ga,l¢ in benzene, with the results shown in Figs. 7 and 8. These
homogeneous solutions all contained 1.5 wt% Ga, with the
exception of pure Ga,l for which a saturated solution at room
temperature had a concentration of 0.8 wt%. In each case, there
is a smooth dependence of §("'Ga) on composition, but w,,
shows a clear maximum. For the chloride-bromide system, this
occurs at the equimolar composition, and the corresponding
0 =173 implies that the predominant species at this point is
either Ga,Cl;Br; (Zy = 18.36) or Ga,Cl,Br, (Xy = 18.56), since
the derived value from Fig. 5 is 18.5. Analogous arguments for
the bromide—iodide mixtures give the maximum in w,, also at
the equimolar point, with 6 = =220, and Xy =16.6; Xy for
Ga,Br;l; and Ga,Br,l, are 16.86 and 16.56 respectively, slightly
favoring the latter composition for the most stable species.

The maxima in the line-width-composition dependence
again indicate that the rate of halogen exchange is close to the
intermediate exchange rate region, as in the Al,Bry + Al,I, case.
A comparison of the data reveals that for Ga,Cls + Ga,Br, the
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maximum o, (16.5 kHz) is 15-35% greater than the values for
Ga,Clg (12.5 kHz) and Ga,Brg (14.0 kHz). In the aluminium
system noted above, this factor is about 40%, indicating that the
exchange is faster in the gallium halides.

Al,Bry/Ga,Cl, systems

It is now possible to examine the spectra in Fig. 1 in the light of
the above discussion. The *’Al spectra in Fig. 1A and B are
almost identical to those discussed in a previous paper® and
show the presence of the hydrolysis products of Al,Clg, which
were identified earlier as the ionic species HAICI, (0 = 101) and
H[HOAICL;] (0 =96) as aggregates, and the neutral dimer
[HOAICL], (0=92). In keeping with this earlier discussion,
there is also a broad unresolved resonance from the small
quantity of dissolved Al,Cl, although the solubility of this
substance in benzene at room temperature is very low. The Al
concentration in these two solutions (0.06 wt%; Table 1) is close
to that found for a solution prepared by equilibrating AlCl; and
nominally anhydrous benzene,® and represents the sum of these
various Al/CI/OH solutes. The hydrolysis products are of
decreasing significance as the Al concentration rises, being
marginal in Fig. 1C and negligible in Figs. 1D and E. The series
of 7Al NMR spectra show that with increasing total solute
concentration (Table 1), the dilute solution of ALClg and
hydrolysis products gives way to a much more concentrated
solution apparently containing only one species (Fig. 1E)
for which §(*’Al) =86 £ 1. This can be identified on the basis
of the discussion above as Al,Cl;Br;, which as noted earlier is
significantly more soluble than Al,Cl,.

The ?Ga NMR spectra in these solutions (Figs. IA-E) show
no evidence of hydrolysis products, presumably because any
H,O impurity reacts preferentially at the more electropositive
aluminium(m) sites. Only one "'Ga resonance is observed in
each case, with the chemical shift changing from 181 ppm in
Fig. 1A to ca. 45 ppm in Fig. 1E. The higher value can be
ascribed to Ga,Cl,Br, (Xy = 18.6; calculated value 18.56), while
the lower is clearly Ga,Bry (see Table 4, and ref. 4).

These findings are in good agreement with the predictions
made above for a mixture of a Al,Brg and b Ga,Cls. When b > a
(Figs. 1A and B), the only aluminium species detected is essen-
tially Al,Cls, and its hydrolysis products, while gallium is
present as a mixture of Ga,Clg and Ga,Brg, co-existing in rapid
equilibration with Ga,Cl,Br, as the thermodynamically most
stable species. For a > b (Figs. 1D and E), aluminium is present
as ALCIL,Br;, presumably in fast exchange with very small
quantities of AL,Clg and Al,Br, while the only gallium halide in
this system is Ga,Brg.

ALIJ/Ga,Br, system

Both aluminium and gallium exhibit only one signal under all
conditions studied (see Table 2 for concentration range). For
YAl 6 =22 (Fig. 2A) when this element is in large excess;
AlBrl; was identified earlier as the stable complex in Al,Br,/
AlI; mixtures with J = 16. Increasing the Ga : Al mole ratio
(Figs. 2B-E), and hence the Br : I ratio, causes the maximum to
move to lower field, with the chemical shift becoming constant
at 76 = 1 ppm, which immediately identifies the solute as Al,Br,
(cf. Table 4). The half-width (760 Hz) is close to that for a 1%
solution of Al,Bry in benzene (¢f. Fig. 3 and ref. 4).

The "Ga NMR chemical shifts from 6 = —425 in Fig. 2A
(cf. 0 = —425 for Ga,l,, Table 4) to —116 ppm at the highest Ga
concentrations (Fig. 2E). Interpolation from Fig. 5 identifies
this as Ga,Br;]; (see above).

The nature of these spectra is such that no reliable equi-
librium constants could be derived for eqns. (2) and (3). It
appears that K, and K; are of similar magnitude, in keeping
with the thermodynamic data in Table 3, but the only con-
clusion must be that the results agree qualitatively with these
predictions.
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Fig. 9 Correlation of Al and "'Ga chemical shifts in M,X4 (in
benzene solution) and MX,™ (in chloroform). Data from Table 4.

Correlations between 5(*’Al) and 6("'Ga)

As noted earlier, Table 4 presents literature data for the chem-
ical shifts of M,X¢ and MX, derivatives of aluminium and
gallium. In both series, the range of chemical shifts is clearly
greater for "'Ga, and the linear relationship shown in Fig. 9
(y =5.2x — 316; r=0.995) establishes that this is greater by a
factor of ca. 5.3. This correlation also serves to confirm our
earlier® assignment of 5(*’Al) = 98 for AL,Cl in benzene.

The structure of mixed halide solutes

In five of the mixed halide systems reported in this work, we
have identified solute species of the type M, X, Y, _ ,, the specific
entities being Al,Cl;Br;, AL,CllI,, Al,CLI,, Al,Brl;, Ga,Cl;Br,
(or Ga,Cl,Br,), Ga,Br,l, and/or Ga,Br;l;. It is clear that the
symmetrical M,X,Y; species are not formed exclusively, and
indeed in most cases there is no evidence for their existence. Give
that monomeric MX; molecules are of negligible importance in
non-aqueous solutions, the question of the structure of these
mixed halide complexes must be discussed in terms of dimers.
These can be of two related types. The classical approach is to
write a neutral halide-bridged form of (say) X,M(u-Y),MX,, in
which case the predominance of compounds with high iodine
content is explained through the form IA (Scheme 1). The alter-

X Y- X
”"‘M< >M"‘\ A
x7 >y Zx

Scheme 1

native approach is based on a series of reports which show that
singly-bridged bipolar structures must be considered as signifi-
cant in non-aqueous solution. For aluminium, NMR studies®
on this point are supported by Raman spectroscopy of Al,Brg in
aromatic solvents,'® while for Ga,X,, NMR spectra,* vapour
pressure measurements,'” and electron spin resonance spec-
troscopy '® all support the structure shown as Fig. 1B. In this
case, the predominance of iodine in the complex is explained by
the charge distribution, with a coordinatively saturated MI,”
moiety stablizing the MY; group, which is itself then a favour-
able site for solvation. This may explain the enhanced solubility
observed in the AlCl;/AlIBr, system. Equally, the availability of
the MY, site may enhance the rate of halogen exchange in these
systems. Further studies of this problem are underway.
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