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Abstract

The reactions of hydrated aluminum ions A}®), ™, 20 < n < 60, with methanol and formic acid were investigated
using Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry. Besides black body radiation and collisional
induced fragmentation, also efficient ligand transfer processes as well as an intracluster oxidation of the aluminum take pla
While in pure Al(H0), " ions this reaction, where the Alis oxidized to AP+ and water reduced to yield moleculap,H
proceeds only in a limited size range of ¥1n < 24. Addition of formic acid, similar to the previously studied addition
of HCI, removes the upper limit, but the reactions proceed more slowly. With methanol, the upper limit remains, but it i
shifted to higher values ai. These observations are consistent with our previously proposed “acid catalyzed”, concerted
proton transfer mechanism, with the efficiency of the reaction being highest in the presence of HCI, and decreasing with t
decreasing acidities of formic acid and methanol. (Int J Mass Spectrom 220 (2002) 331-341)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction [1,9-12] and collisions, if a reaction gas is present
[1-3]. Investigations of hydrated aluminum cations,
In the course of the last few years we have used an Al(H,0),™ have revealed, in addition to fragmen-
efficient cluster source developed in our laboratory tation, also an interesting, exothermic intracluster
to study the behavior of a large variety of hydrated reaction, in which the aluminum is oxidized yield-
ions [1-9]. The source can generate both anions and ing an ARt hydroxide and simultaneously reducing
cations solvated with up to over 100 water molecules water, with molecular b being released, and water
or other ligands, which can be transferred into and molecules evaporating from the cluster. Interestingly,
stored under ultra-high vacuum in an electromagnetic the reaction only proceeded over a limited size range,
FT-ICR trap. The stored clusters gradually fragment in clusters with 11-25 water ligands:
due to absorption of the infrared background radiation a|+H,0), — Al(OH)»" (H20),_n_2-+Ha-+mH20,

[ 11<n<25m=2,3
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taking place hundreds of milliseconds later, in the high
vacuum, collision-free environment of the FT-ICR in-
strument, activated simply by the 300K background
infrared radiation. We have proposed two possible
mechanisms for this reaction, an insertion of the alu-
minum into an O-H bond, and a concerted proton
transfer[1].

Similar hydrogen elimination processes in metal-
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anism we have previously proposé?]. In a num-
ber of theoretical works by several different authors it
was recently found that a concerted proton transfers
through a water chain can significantly reduce the ac-
tivation energy of a reactiof88-43]

In the present manuscript we explore the question,
to what extent can the proton transfer and the hy-
drogen evolution be fine-tuned by the introduction of

solvent clusters have now also been observed in various reactants, such as methanol or formic acid,

molecular beam experiments in a number of differ-
ent circumstances. In one of these experiments, H
is formed when water clusters containing at least
three sodium atoms are ioniz¢ti3—15] Formation

of Mg(OH)*(H»0), hydroxide was observed in col-
lisions of the monovalent alkaline earth metal ions,
Mg™ (or Ca") with neutral water clusterfl6-20]
Similar hydrogen loss was observed with methanol
[21-24] and ethanol25], as recently reviewed by
Fuke et al[26], and in some cases, even methyl rad-
icals are formed, as in Mg solvated with dimethyl
ether[27] and Si with methanol[21]. Also small

with acidities intermediate between those of water
and hydrogen chloride. The effect of these reactants
on the hydrogen formation reaction could thus give
further insight, and support for or against the proton
transfer mechanism. In this manuscript we report
our findings and their interpretation with supporting
high-level ab initio quantum mechanical calculations.

2. Experimental and computational details

2.1. Experimental procedure

hydrated aluminum ions have been previously studied The experiments were performed on a modified

both experimentallyj28] and by theory[29], but no
intracluster reactions were reported.

To clarify the mechanism of the intracluster re-
action, we have carried out additional experiments,
“dissolving” gaseous hydrogen chloride in the hy-
drated clusterf]. As soon as a molecule of hydrogen
chloride is taken up by the cluster, the intracluster
reduction—oxidation reaction and formation of molec-
ular hydrogen proceeds, and the upper size limit
disappears:

Al (H,0), + HCI
— Al (OH)CI+(H20)p + H2 + ¢H20,
11<n, p+g=n-1

The lower size limit: = 11 is, on the other hand,
retained. It was shown previously that the hydrogen
chloride dissolves in the cluster ionica]B0-37] with

FT-ICR mass spectrometer Bruker/Spectroscopin
CMS47X[44], equipped with a superconducting 4.7 T
magnet and a cylindrical 60 mm 60 mm “infinity”
cell. The cations were produced by laser vaporiza-
tion of a rotating target disk made from aluminum
(Aldrich, >99%). The plasma is entrained by a car-
rier gas pulse, in our case helium seeded with water,
supplied by a home-built piezoelectric valve with a
50us opening time, and cooled by flowing through a
confining channel. Aluminum cations solvated by wa-
ter are formed in the subsequent adiabatic expansion
into vacuum where they are accelerated, and further
guided by electrostatic lenses. They are transferred
through four stages of differential pumping and fi-
nally decelerated and stored in the ICR cell, with a
base pressure 6f4 x 10-19mbar.

The temperature of the trapped cluster ions is

at least 11 water molecules being needed for the HCI determined by a competition between evaporative

to dissolve, and the hydrated+and CI ions to form.
This observation, that the hydrogen formation is pro-
moted by the introduction of a proton into the cluster,

provides a strong support for the proton transfer mech-

cooling and radiative heating by the ambient tempera-
ture background radiatiof®,45]. To study the cluster
chemistry, the reactants, in the present case, formic
acid (Aldrich 99%) and methanol (Aldrich 99%), were
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introduced into the ultra high vacuum region through and ligand exchange can occur already during the ion
a needle valve to raise the pressure to a desired valueaccumulation, one observes here not only the hydrated
typically 5x 10~ mbar in the present experiments. Al* ion reactants (connected by the dotted line), but
Mass spectra were taken at the completion of ion also some primary (dashed line) and even secondary
accumulation, and then after different reaction delays products (longer dashes). The initial distribution here

to monitor the progress of the reaction. ranges from 20 to about 60 water ligands, with a max-
imum intensity arouna ~ 37. The reaction proceeds
2.2. Theoretical methods through a basically thermoneutral ligand exchange of

water molecules for CEOH:
Ab initio calculations have been carried out on the

hydrogen elimination reactions, A(AH)(BH) — Al T (H,0),,(CH3OH),, + CH3OH
AIAB * +Hp, for A, B = OH, CHO, and HCOO, us- s A (HpO)y_ (CH3OH) 11 + kHO, Kk ~ 1
ing the Gaussian 9BI6] program. For all the species '
involved, the geometry was optimized with the MP2  Note the oscillations in the initial reactant cluster
method using the 6-311G(2d,2p) basis set. With the gjstribution around the intensity maximum, with the
optimized geometry, thermochemical constants were , _ 33 35 37, and 39 clusters exhibiting appreciably
computed using the G2 and the RCCSD(T) methods. pigher intensities than the intervening= 34, 36, and
The calculations do not take into account the effects 3g species. The same pattern appears to be repeated in
of solvation. _ the primary product distribution, but shifted to higher

In all cases it was intended to evaluate thermody- masses by 14 amu, the difference between the masses
namic constants at the G2 level, but it was not possi- 4f methanol and water ligands, 32 and 18 amu, respec-
ble to complete the calculations with this method for jyely, and a hint of the structure is observable even
AI(OH)2™, because the HF/6-31Qyeometry of this i the secondary exchange product. This suggests that

ion was near linear and the MP2(full)/6-31@eome-  he injtial ligand exchange is extremely efficient, and
try optimization did not converge. Because of this, the competitive with the cluster fragmentation.
RCCSD(T)/aug-cc-pVTZ/IMP2/6-3H+ G(2d,2p) The initial stages of the reaction can be seen more

rglative enelrgie§, the MP2/6-34.:3+G(2d,2p) geome-  clearly inFig. 2, which shows two sections of the mass
tries and vibrational frequencies were used for the spectra at higher resolution, at a nominal delay of 0,

case A= OH, B = OH to evaluate the reaction ther- a5 \yell as after 0.7 and 1.5's. At the right-hand side the
modynamic constants, instead of the G2 method. The region of larger At (H,0), clusters, in the range of

RCCSD(T)/aug-cc-pVTZ/IMP2/6-31+ G(2d,2p) aboutn = 35-37 is shown. Already at the nominak
level is higher than the QCISD/6-34+kG(3df,2p) 0 ligand exchange products containing 1-3 methanol
level, which is the target of the composite method, molecules can be seen, due to reactions occurring dur-
G2. For some of the reactions considered, both the ing the accumulation process. To the left of the peak
G2 and RCCSD(T)//IMP2 levels of calculation were |gpeled mn = 0,37, i.e., cluster with 37 water and 0
employed to evaluate their thermodynamic constants. methanol ligands, appear peaks shifted by 4 and 8 amu
to lower masses, which correspond to thema= 1,35
and m n = 2,33 species. The exchange products with
mMCH3OH ligands will be shifted mamu to lower
3.1. Reactions of Al(H»0), with methanol mass with respect to the hydrated*Atlusters, cor-
CH3OH responding to the difference between the mass of two
molecules of water, 36 amu, and that of methanol,
Fig. 1 exemplifies a typical initial distribution of ~ 32amu. In the two spectra at longer time delays one
clusters at a nominal time= 0. Since the reactions can observe that the reaction proceeds further, with

3. Results and discussion
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Fig. 1. Mass spectrum of the initial cluster distribution™AH,0),, n = 20-60, for methanol reactions, with a nominal reaction delay of
0s, after accumulating the ions for 2s in the ICR-cell. The reactions proceed through ligand exchange. Up to two methanol molecules
have already been taken up by the clusters.

the distribution maximum shifting to clusters with 2 Al (H,0),,(CH30OH),,
and 4 methanol ligands after 0.7 and 1.5s, respec-  _, Al(CH30),* (H20),_,(CH30H),, 2
tively.

On the left-hand side of the figure, a distribution of

smaller clusters, in the range of= 28-30 is shown. Compared to the pure A{H,0), where the reac-

In this case, however, one can see In 'Fhe 0.7 and 1.5Si6n does not occur in clusters with> 24, however,
panels that major products are not shifted 4e., 4, e ypper limit appears to be shifted to a somewhat
8, 12,.... amu from the pure hydrated Alclusters, higher value ofh.

but 4n +2amu, i.e., 2,6, 10,... amu. As previously The exchange does not stop at one or two methanol
observed with pure hydrated aluminum iqas?], the ligands, but continues further, and there seems to be

ligand exchange is again accompanied by an intra- 5 apparent upper limit for the number of methanol
cluster reaction leading to the oxidation of aluminum ,,q1acules which can be taken up by the cluster.
to A3t forming aluminum hydroxide, while reducing

hydrogen and eliminating molecularnH

+Hz+ pH2O0, m =2

Its rate, however, slows down considerably above
m ~ 5, while the fragmentation continues. After
5s, the largest clusters are Al(@8),+(CH3OH)13

A" (H20),,(CH3OH),,—Al(OH)(CH3O)  (H20)u—p  (H,0)6. The smallest cluster observed in this exper-

4+H+(p—1HO0, m=1 iment which contains only methanol is, after 10s,
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Fig. 2. Representative sections of mass spectra illustrating the upper size limit for the intracluster reaction in the ligand exchange reacti
with methanol. The peaks are labelled indicating the number of methanol molecules in the corresponding cluster. At 0s, no hydroge
elimination product is present both on the left and right sides. At longer times, exemplified at 0.7 and 1.5, the ligand exchange pattern ¢
the right side corresponding to larger clusters develops in time, while on the left side, displaying clusters containing less than 30 solve
molecules, H elimination shifts the peak group by 2amu. The exact transition between these two regions is blurred, but the existence c
an upper size limit around a total of 30 solvent molecules can unambiguously be established.

Al(CH30),*(CH30H);. After 80s essentially only
two “final” cluster products remain,
A|(CH30)2+(CH30H)2 and A|(CH30)2+(CH30H)3.

though in the initial stages of the reaction also
AI(OH)2"(H20), ions were produced, clearly also
the hydroxides were replaced by methanolate. There

The initial cluster distributions contains, besides the is therefore some ambiguity as to the true structure
hydrated aluminum clusters, also trace amounts of a of some of the early products which can be either

whole range of hydrated proton clusterst (Hi,0),.

formulated as AI(CHO)>" (H20),— ,(CH3OH),,—2,

These also exchange water for methanol, and since inas shown in reaction (1), or alternatively as solvated
the end the entire distribution is converted to a single hydroxides, Al(OH)*(H20),—,—2(CH30H),,. The

product cluster, Fi(CHzOH),, this becomes clearly
observable among the final products.

Since all the major end-products contain3Al
with two methanolate anions, At(CH3O™),, even

total absence of hydroxides among the final products
suggests that any hydroxide ions are presumably re-
placed by methanolate shortly after a methanol mole-
cule enters the cluster, and also our accompanying ab
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initio calculations discussed iSection 3.3seem to FT-ICR should be adequate to distinguish these ions

favor the methanolate structure. by their mass defect, this is not accomplished in
broad-band mode in this mass range due to the limi-
3.2. Reactions of Al(H,0), with formic acid tations of the ASPECT3000 data station.

In spite of this difficulty, one can see clearly from

Fig. 3 shows mass spectra of the cluster distribu- Fig. 3that over the entire cluster size range studied an
tion after 0.3 and 1s reaction time with formic acid. efficient intracluster aluminum oxidation and molecu-
The clusters At(H20),, n = 17-57, again exhibit  lar hydrogen elimination proceeds:
fragmentation and ligand exchange reactions which
are, however, considerably slower than in the case of Al " (H20),,(HCOOH— Al (OH)(HCOO) " (H20),,—,
methanol. The intracluster reaction leading to the for- 4y H, + (p — 1)H,O0, m=1
mation of molecular hydrogen is again observed, but
the data analysis is somewhat complicated by the fact At least up to abouk = 57 the upper size limit
that clusters containing two formic acid molecules seems to be removed by the presence of formic acid,
after the B elimination, Al(HCOO}*(H,0),_s, similar to the case of HCI. Owing to the lower acidity
have the same nominal mass as the initiat (4d,0), of HCOOH as compared with HCI where the hydro-
species. While in principle the mass resolution in gen elimination took place almost immediately, in the

[—— Al (H 0) /Als*(HCOO )y (H 0), . i
- AI'(HCOOH)(H,0), / AP(HCOO™ )o(HCOOH)(H,0),

- —— Al (OH }HCOO™ )(H 0),, (a) 4
—-— A*(OH),(H,0),, n=3§ 0.3s

I 1 Al p=33 ‘ ] ]

- / N m=02 B - T ~ L l i
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Fig. 3. Mass spectrum of the reaction ofAH,0), with HCOOH formic acid after (a) 0.3s and (b) 1s. Due to the same nominal mass

of (H20)s and (HCOO) of 90 amu, clusters which have taken in two formic acid molecules and eliminateavétlap with the initial

cluster distribution, and subsequent exchange products also overlap, as indicated in the figure legend. The compared to methanol slower
progress of ligand exchange and the elimination efwithout an upper size limit are clearly identified.
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formic acid case the process seems to be at least an or- In all four cases studied, that is in pure4H,0),,

der of magnitude slower. One can clearly se€im 3
both the ligand exchanged cluster prior to the H
elimination, as well as the Af acetate—hydroxide
product formed by the reduction—oxidation reaction.
Apparently, the HCOOH molecule must first diffuse,
on the time scale of the ICR experiment, through one
or two solvent “layers”, in order to get in contact with
the central aluminum ion, and initiate the reaction.

In further collisions the remaining hydroxide anion
can be replaced by HCOOwith the HCOOH proton
recombining with OH ;

Al (OH)(HCOO)™ (H»0),, + HCOOH
— AI(HCOO)2" (H20)—m+1 + mH20

The lower overall rate of the exchange process
is reflected in the smaller number of formic acid
molecules taken up by the clusters. After about
5s the largest number of formic acid ligands is in
an Al(HCOO)*(HCOOHX(H20)z cluster, while
the smallest cluster containing only formic acid is
AI(HCOO),(HCOOH), observed after 10s.

At the late stages of the reaction, also the formation
of formic acid anhydride becomes feasible, leading to
the elimination of an additional water molecule. The
“final” dominant product remaining after 80s is an
Al(HCOQO),"HCOOH((HCOXO) ion, which seems
to be stable with respect to further fragmentation at
room temperature, and which is apparently formed ac-
cording to the reaction:

Al(HCOO), T (HCOOH)3
— Al(HCOO), " HCOOH((HCO),0) + H,0

Apparently, formation of an anhydride from two
formic acid molecules with the loss of water is favored,
compared with the loss of an additional formic acid
ligand. Like in the case of methanol, in the 80 s mass
spectrum a final product of the reactions of the pro-
tonated water clusters with formic acid can again be
found. The whole distribution of #H(H,0), clusters
initially present in trace amounts is now converted to
a single product, the H(HCO)0); cluster, a proton
solvated by three formic acid anhydride molecules.

as well as in their reactions with HCI, HCOOH, and
CH3OH, the interesting hydrogen elimination can be
rationalized with the previously suggested concerted
proton transfer mechanisiit,2]. This is exemplified

by the specific case of the HCOOH reactioffig. 4. It

is initiated by the transfer of a proton originating from
the formic acid molecule, which results in a transient
formation of a hydroxonium cation in the second sol-
vation shell of the AT. The s-electron pair of the Al

is then transferred outward, and the charge rearranged
resulting in an HCOO-AI3*—OH~ salt-bridge, with

an H/HzO" ion pair recombining to form bl and
H20.

3.3. Theoretical results

To gain further insights into the mechanisms of
molecular hydrogen elimination, we have carried out
theoretical computations for reactions of the type:

Al (AH)(BH) — AlI(A)(B)* + Ha

Here AH, BH denote the Bronsted acids involved,
i.e., O, CHzOH, or HCOOH, with the effect of the
solvation shell not being explicitly considered. Al-
though these reactions are fundamental for the redox
chemistry of aluminum, to the best of our knowl-
edge, they have not appeared in the literature so far.
The only studies available so far deal with neutral
and singly charged hydrated aluminum by lwata and
coworkers[29,47], and APt—water potentials have
been derived computationally by Wasserman et al.
[48]. Detailed studies are available by several groups
on the problem of aluminum insertion into the water
O-H bond[47,49,50] which involves change of the
aluminum oxidation state from+1 to +3, but H
elimination from large clusters has yet to be computa-
tionally treated. Our most recent results on competing
H and H elimination from hydrated vanadium ions
V*+(H20), [51] might prove to be an even bigger
challenge for theory.

We initially intended to carry out the evaluation of
all the thermodynamic constants at the G2 level, but
encountered problems for some of the species, since
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Fig. 4. Proposed mechanism of the intracluster reaction exemplified in BHBSIOOH)(H;0), cluster. Dissolving formic acid results in

a proton transfer and charge separation ing®©H and HCOO in the cluster. HCOO comes in contact with the Al ion inducing the

shift of the 3¢ lone pair, which results in the HCOGAI3*—OH~ salt bridge and the formal H-H3O" ion pair. By recombination,
molecular hydrogen is formed and additional water molecules are lost. The aluminum ion is assumed as hexacoordinated with additional
chains of water molecules between the first shell ligands. For clarity only the first hydration shell is shown in detail.

the HF/6-31G* geometry of AI(OH)" is nearly lin- The changes in electronic energy for the hydrogen
ear, and the MP2(full)/6-31G* geometry optimization elimination reactions computed at different levels of
failed to converge even after 60 cycles. Because of correlation with the aug-cc-pVTZ basis are summa-
this, we have used RCCSD(T)/aug-cc-pVTZ relative rized inTable 1 The results suggest that the MP2 level
energies, the MP2/6-3%34+G(2d,2p) geometries and  is inadequate, but that the contribution from triple ex-
vibrational frequencies to evaluate them instead. The citations is negligibly small. This suggests that if the
RCCSD(T)/aug-cc-pVTZ/IMP2/6 - 311+G(2d,2p) assumption of additivity in the G2 method is valid, it
level is, in fact, higher than the is probably adequate for this type of reaction.
QCISD/6-31H+G(3df,2p) level, which is the target The thermodynamic constants obtained at the
of the composite G2 level. RCCSD(T)/aug - cc - pVTZ/IMP2/6 - 3114+-G(2d,2p)
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Table 1
The computed electronic energy changes for the title reaction with
the aug-cc-pVTZ basis set at different levels of correlation

Reaction Level AEg (kcal/mol)
Al (H20), MP2 5.98
— AIT(OH); + Hz
CCSD 11.69
CCsSD(T) 11.53
(CH3OH)AIT (H20) MP2 4.88
— (CH3O0)AIT(OH) + H,
CCSD 10.66
CCsSD(T) 10.77
(HCOzH)AI T+ (H20) MP2 —13.6
— (HCO,)AIT(OH) + Hz
CCsD -8.0
RCCSD(T) -85

level, within the harmonic oscillator rigid rotor ap-
proximation employing RCCSD(TDe values, MP2
optimized geometries and harmonic vibrational fre-
guencies are shown iifable 2 together with the

corresponding G2 values where they could be com-
puted. The results show that in the case of water,

i.e., A= B = OH, the computed electronic energy

change of the reaction is positive. The zero-point en-
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and RCCSD(T)//MP2 results may be considered as
small, with the difference in the enthalpies being
<3kcal/mol. The differences in the computed entropy
changes are<6 cal/(mol K), and in directions which
make them cancel out each other in the evaluation of
the Gibbs free energy. These differences lead overall
to a very small difference of ca. 1kcal/mol at 298 K
in the Gibbs free energies computed at the two levels.
The given entropy change at the G2 level is based
on the scaled HF/6-31G* vibrational frequencies and
optimized geometrical parameters. Similarly, small
differences in the computed enthalpies and Gibbs free
energies are found when one formic acid molecule
is involved, A= HCOO, B = HO. In this case the
difference in the computed enthalpy changes obtained
at the two levels of calculation is:1.8 kcal/mol, the
computed entropy change<? cal/mol K at 298 K.

Table 2reveals that all the reactions considered are
thermodynamically possible. The most favorable con-
ditions occur when at least one formic acid molecule
is involved, and also the presence of methanol favors
the hydrogen elimination reaction slightly compared
with pure hydrated aluminum clusters. The calcula-
tions thus support the experimental observation that

ergy correction reduces the energy change somewhat,an increasing acidity of the reactant favors the intr-

with the reaction remaining slightly endothermic both
at 0 and 289K. A positive reaction entropy results
then overall in a negative free energy change.

In the presence of one methanol molecule, i.e.,
A = CH30, B = HO, calculations could be car-
ried out at both levels of theory, and allow an as-
sessment of the reliability of the G2 level for this

acluster hydrogen elimination, which occurs fastest
with formic acid, followed by methanol, and is least
favored in pure hydrated aluminum clusters.

The presence of solvent molecules is surely ex-
pected to change the thermochemistry of the intra-
cluster reaction considerably in favor of the products.
The interaction energies of the solvent with the prod-

type of reactions. The differences between the G2 ucts, containing a triply charged % and two singly

Table 2

Summary of the computed thermodynamic constants (in kcal/mol) obtained at the G2 and RCCSD(T)/aug-cc-pVTZ//IMP2/6(2112p)

levels of theory, for the reactions: AJAH)(BH) — AlIT(A)(B) + H»

Level AH, BH AH (0K) AH (298K) AG (298K)
RCCSD(T)//MP2 HO, H0 2.9 4.4 -2.9
G2 H,0, CH;OH 0.3 15 -5.2
RCCSD(T)//MP2 HO, CH;OH 2.7 42 —4.3
G2 CH;OH, CH;OH 0.6 1.9 -5.8
G2 HCOOH, HCOOH -38.7 -385 —416
G2 H,0, HCOOH -17.9 -17.0 —23.1
RCCSD(T)//MP2 HO, HCOOH -16.2 -155 213
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+ H,

175.1°

]
179.2

(CH,O)Al'(OH)

(HCO,H)AI(H,0) (HCO,) A (OH)

Fig. 5. Selected optimized geometries for hydrogen elimination reaction. THeodimpounds prefer a linear structure due to the negative
charge of the ligands. Also the bond lengths shrink due to increased attraction between the negatively charged oxygen atoms+and the Al
ion.

charged anions, are significantly enhanced over the formic acid were studied. In both cases an efficient
initial singly charged At, and the slightly positive  ligand exchange is followed by an intracluster re-
enthalpy of some of the calculated reactions is very action oxidizing the aluminum atom, thereby elim-
likely turned negative already by the addition of a inating molecular hydrogen. The observed trend of
single solvent molecule. the reaction rate, which increases with the acidity of
The calculated structures, exemplified fig. 5, the reactant, from pure water over gbH, HCOOH
reflect the loss of the hydrogen molecule, with the to HCI provides a strong support for the previously
Al-O bond length shrinking in both reactions shown, proposed proton transfer mechanism of the reaction.
a consequence of the+3charge on the aluminum  The theoretical computations agree with this interpre-
atom after oxidation. Also interesting are the linear tation, the reaction enthalpies follow the same trend.
structures of the compounds containing®Al The
conformational change is induced by the negative
charges of the oxygen atoms directly coordinated to Acknowledgements
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