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The structures, binding energies, and harmonic vibrational frequencies of AlX3‚‚‚2H2O (X ) F,Cl) complexes
have been explored for the first time at the HF, DFT, and MP2 levels using the 6-31G*, 6-31+G*, and the
6-311G** basis sets. The optimizations were performed without symmetry restrictions or other structural
limitations. All complexes investigated were found to be energetically stable, regardless of the computational
method used. The calculations showed that the DFT(B3LYP)/6-31+G* method is suitable for the prediction
of both binding energies and vibrational frequencies for these types of complexes. This makes possible
qualitatively accurate calculations at a relatively low computational expense of even larger, comparable
complexes. The AlF3‚‚‚3H2O complex was therefore investigated only at this level, yielding the basis for the
molecular interpretation of the first steps of the macroscopically investigated hydration process of AlF3. A
comparison of the binding energies of complexes containing an increasing number of water molecules has
been performed. Furthermore, the vibrational frequencies of all complexes have been predicted.

1. Introduction

The physical and chemical properties of aluminum halides
and their hydrates are of interest in science as well as in
industry.1 The thermal behavior of the hydrates offers a
complexity of processes that have not previously been under-
stood either in macroscopic detail or at a molecular level. Not
only physical but also chemical processes govern the thermal
phase transitions of aluminum fluoride trihydrates.2 They arise
from locally alternating dehydration and hydration reactions
superimposed on crystalline to amorphous to crystalline transi-
tions determined by the partial pressures of H2O and HF.2a,b

Therefore, the composition of the gaseous phase in the interac-
tion with the solid and with its surface is of importance for the
understanding of the processes mentioned above.
Although direct experimental evidence of oxygen-bridged

vapor-phase complexes between AlF3(AlCl3) and H2O or OH-

is still not available, the existence of such adducts can be
predicted based on results of quantum chemical ab initio
calculations.3,4 AlF3(AlCl3)‚‚‚OH- or AlF3(AlCl3)‚‚‚H2O were
found to be energetically stable complexes.3 Owing to the high
vapor pressure of solid AlCl3 and its strong hygroscopic
properties, the formation of H2O adducts should be favored even
at ambient temperatures. Moreover, the complex AlCl3‚‚‚2H2O,
which will be discussed among others in this paper, has the
same molecular mass as the spectroscopically detected complex
AlCl3‚‚‚HCl.5 Therefore, in principle the existence of the
AlCl3‚‚‚2H2O complex should be taken into account in the mass
spectroscopic analysis. Two main aspects drive our interest in
gaseous oxygen-bridged water-containing complexes of AlF3

and AlCl3: (i) the description of molecules coexisting in the
gaseous phase during thermally induced processes of aluminum
halides and (ii) to obtain a deeper understanding of the
hydration/dehydration processes and transport properties (e.g.,
sublimation) of solid aluminum fluorides and chlorides.
It is well-known that solid AlCl3 reacts immediately with

traces of water if, for example, moisture in the air is accessible.
As a consequence, the structure of crystalline AlCl3 will be
reorganized in the presence of water until the stable AlCl3‚

6H2O is formed. The tendency of crystallineR-AlF3 to undergo
hydration processes is remarkably lower. However, the much
more active amorphous AlF3, obtained, for example, by chemical
vapor deposition, exhibits a strong tendency to hydration,6 which
was proven by FTIR microscopic measurements. It could be
shown that vapor-deposited amorphous AlF3 immediately yields
the FTIR spectral pattern ofR-AlF3‚3H2O 6 when exposed to
water.
Therefore, this paper can be regarded as an attempt at the

stepwise modeling of the processes of hydration of aluminum
fluoride molecules in the gaseous phase and at surfaces of solids.
It is our intention to model the first steps of the hydration of
AlF3 and AlCl3 at a molecular level. Quantum chemical ab
initio calculations have been performed for complexes of AlF3

and AlCl3 with two or three water molecules, respectively. For
this purpose, the results of HF, MP2, and DFT calculations
performed using three extended basis sets will be presented and
discussed. The capability of DFT calculations in combination
with extended basis sets was tested.

2. Methods

Hartree-Fock (HF), Møller-Plesset second-order (MP2), and
the density functional-HF hybrid method (DFT-B3LYP) have
been used to determine equilibrium structures, binding energies,
and harmonic vibrational frequencies of the complexes men-
tioned in the title. Three different basis sets were adopted: (i)
6-31G*, split valence basis set plus polarization functions on
Al, F, O, and Cl;7 (ii) 6-31+G*, split valence plus polarization
functions and diffuse sp functions on Al, F, O, and Cl;8 (iii)
6-311G**, split valence basis set plus polarization functions
on all atoms.9 Basis set superposition errors (BSSE) have been
estimated using the Boys-Bernardi method.10 The DFT
calculations were made adopting Becke’s three-parameter hybrid
functional method using the LYP correlation functional
(B3LYP),11which includes a mixture of HF-exchange with DFT
exchange-correlation.
The frequencies of harmonic vibrations were calculated for

the optimized structures. According to the observation that the
harmonic frequencies are systematically larger than observed
frequencies, the theoretically predicted frequencies were scaled.X Abstract published inAdVance ACS Abstracts,January 1, 1997.
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To scale the frequencies, we first evaluated the average of the
experimentally available frequencies of the H2O, AlF3, and AlCl3
molecules, respectively. For each level of theory we then
determined the corresponding scaling factor, which makes the
average value of the calculated frequencies match the experi-
mental value. The scaling factor obtained for the water molecule
differs somewhat from the scaling factors obtained for the AlF3

and AlCl3 molecules. Therefore, we used two scaling factors
to predict the frequencies of the calculated complexes: one for
the H2O subunit and the average of the AlF3 and AlCl3 factors
for the AlX3 subunit. The average value of the scaling factors
of H2O and AlX3 was taken for the prediction of intermolecular
frequencies. This crude scaling procedure accounts for both
systematic errors of the calculated harmonic force constants and
the neglected anharmonicity effects. All calculations were
carried out with the GAUSSIAN9212 and GAUSSIAN9413

programs on IBM RS6000 and HP9000/735 workstations as well
as on a CRAY YMP 4D/464 computer.

3. AlX3‚‚‚2H2O (X)F,Cl) Complexes

Optimized Structures. The structures of the complexes were
all optimized without symmetry restrictions. Table 1 sum-
marizes the total energies of the optimized complexes. The
different basis sets do not result in significant geometrical
differences at a particular level of theory. Table 2 therefore
collects the average values of selected bond lengths and angles
obtained at the HF, DFT, and MP2 levels for the AlX3‚‚‚2H2O
(X ) F,Cl) clusters. Figure 1 shows the structure and the
labeling of the atoms (no further minima could be located at
the potential energy surfaces).
The calculated intramolecular bond lengths and angles are

quite similar at all three levels. Only the O1-H2 bond becomes
somewhat longer upon including electron correlation (HF gives
97 pm, DFT gives 101 pm, and MP2 gives 100/101 pm for the

AlF3‚‚‚2H2O and AlCl3‚‚‚2H2O complexes, respectively). The
other intramolecular bond lengths become only marginally
longer if electron correlation is included.
Although the short intermolecular Al-O1 distance is calcu-

lated to be about 191-192 pm at all computational levels
considered here, the other two intermolecular distances (O2-
H2 and X1-H3) are strongly dependent on the method used for
the calculations. This sensitivity of the H-bond upon including
electron correlation is a well-known fact resulting from the
missing dispersion energy at the HF level.14 At the HF level
we calculated the largest intermolecular O2-H2 distances: 173
pm for the AlF3‚‚‚2H2O and 172 pm for the AlCl3‚‚‚2H2O
complex, respectively. By inclusion of electron correlation at
the MP2 level, these distances shorten to become 165 and 161
pm. At the DFT level we have the strongest interaction and
the shortest intermolecular distances: 159 and 158 pm, respec-
tively. For the X1-H3 distance we calculated even larger
differences. For the AlF3‚‚‚2H2O complex the difference
between the HF and the DFT values is 20 pm and for the
AlCl3‚‚‚2H2O complex 40 pm.
Binding Energies. Table 3 summarizes calculated binding

energies∆EB for the AlX3‚‚‚2H2O complexes. It is defined as
the difference between the total energy of the complex and the
sum of the total energies of the free molecules AlX3 and water:

TABLE 1: Total Energies [au] of the Equilibrium
Structures of the AlX3‚‚‚2H2O (X ) F, Cl) Complexes

complex 6-31G* 6-31+G* 6-311G**

HF Optimization
AlF3‚‚‚2H2O -692.554958 -692.581715 -692.720683
AlCl3‚‚‚2H2O -1772.673211 -1772.681659 -1772.834763

DFT Optimization
AlF3‚‚‚2H2O -695.082236 -695.128739 -695.271759
AlCl3‚‚‚2H2O -1776.135673 -1776.151090 -1776.314575

MP2 Optimization
AlF3‚‚‚2H2O -693.535292 -693.592650 -694.056543
AlCl3‚‚‚2H2O -1773.534575 -1773.563137 -1774.044190

TABLE 2: Selected Bond Lengths [pm] and Angles [deg] of
the Optimized Structuresa

AlF3‚‚‚2H2O AlCl3‚‚‚2H2O

HF DFT MP2 HF DFT MP2

r(Al-F1) 167 170 169 214 216 213
r(Al-F2) 165 167 167 212 213 211
r(Al-F3) 165 167 166 211 212 210
r(O1-H1) 95 97 96 95 97 97
r(O1-H2) 97 101 100 97 101 101
∠(H1-O1-H2) 110 110 109 110 110 110
r(O2-H3) 95 98 97 95 97 97
r(O2-H4) 95 97 96 95 97 97
∠(H13O2-H4) 108 107 107 107 106 105
r(Al-O1) 191 191 192 191 191 192
r(O2-H2) 173 159 165 172 158 161
r(F1-H3) 202 182 192 295 255 279

aAverage values of the three basis sets used. The deviations between
the optimized structure parameters and the corresponding average values
are not larger than(2 pm (for distances) and(1° (for angles).

Figure 1. Structure and labeling of the atoms of the complexes AlX3‚‚‚-
2H2O (X ) Cl, F).

TABLE 3: Binding Eneriges, ∆EB, Basis Set Superposition
Errors, BSSE, and Corrections due to Zero-Point
Vibrational Energies ZPVE in kJ/mol of the AlX 3‚‚‚2H2O
Complexesa

AlF3‚‚‚2H2O AlCl3‚‚‚2H2O

6-31G* 6-31+G* 6-311G** 6-31G* 6-31+G* 6-311G**

HF
∆EB -217.8 -198.8 -221.4 -198.6 -179.0 -194.0
BSSE 33.2 16.0 30.5 25.7 18.3 25.6
ZPVE 24.2 22.8 23.0 21.4 21.0 23.7
∑Eb -160.4 -160.0 -167.8 -151.4 -139.6 -144.6
∑E/2c -80.2 -80.0 -83.9 -75.7 -69.8 -72.3

DFT
∆EB -247.0 -203.8 -243.2 -221.8 -179.8 -213.0
BSSE 55.3 16.6 52.5 41.9 17.8 41.6
ZPVE 24.5 23.7 23.0 22.0 21.6 20.1
∑Eb -167.2 -163.5 -167.6 -157.9 -140.4 -151.2
∑E/2c -83.6 -81.9 -83.8 -78.9 -70.2 -75.6

MP2
∆EB -254.8 -226.0 -240.8 -230.2 -210.4 -218.8
BSSE 68.9 42.3 66.0 58.3 55.4 63.0
ZPVE e 23.9 23.6 e e 19.6
∑Eb -162.2d -159.8 -151.2 -152.3d -156.3d -136.2
∑E/2c -81.1d -79.9 -75.6 -76.1d -78.1d -68.1

aCorrections due to zero-point vibrational energy calculated from
nonscaled frequencies.b ∑E ) ∆EB + BSSE+ ZPVE. c ∑E/2: ∑E
per water molecule.d Zero-point vibrational energy contribution taken
from the 6-311G** value.eNot calculated.
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As expected, the MP2 values are larger than those calculated
at the HF level. In absolute terms, the complexes calculated at
the MP2 level are about 20-40 kJ/mol more stable than those
calculated at the HF level. The smallest differences between
HF and MP2 results are obtained using the largest basis set
(6-311G**, cf. Table 3).
The interaction calculated at the DFT level with the 6-31G*

and 6-311G** basis sets is also about 20-30 kJ/mol larger than
that at the HF level, but the absolute values of the binding energy
are somewhat smaller than at the MP2 level. For the 6-31+G*
basis set, however, the HF and DFT binding energies appear to
be quite similar: for AlF3‚‚‚2H2O,-199 kJ/mol(HF) and-204
kJ/mol (DFT), and for AlCl3‚‚‚2H2O, -179 kJ/mol(HF) and
-180 kJ/mol (DFT). The absolute values of the corresponding
MP2 energy were calculated to be almost 30 kJ/mol larger.
The basis set superposition error is calculated to be small-

est for the 6-31+G* basis set. This fact was already observed
in previous investigations of heterodimer complexes like
AlX 3‚‚‚H2O.3 At the HF level the BSSE is less than 20 kJ/mol
for this basis set, whereas the other two basis sets result in
BSSEs of about 30 kJ/mol (AlF3‚‚‚2H2O) and 26 kJ/mol
(AlCl3‚‚‚2H2O). At the MP2 level these errors increase and
we obtain values of up to 70 kJ/mol for the 6-31G* and
6-311G** basis sets, which mean almost 30% of the binding
energy. For the 6-31+G* basis set, superposition errors reach
less than 20% of the binding energy. At the DFT/6-31+G*
level the BSSE amounts to less than 10%, which is comparable
with the HF values. For the other two basis sets we predict a
BSSE of about 20% of the binding energy. Owing to the
relatively small basis set superposition errors, the use of the
6-31+G* can be recommended as particularly favorable.
Zero-point vibrational energies for all complexes were

calculated to be approximately 20-25 kJ/mol.
Considering all energies contributions, we obtain, dependent

on the method and basis set used, binding energies per water
molecule for the AlF3‚‚‚2H2O complex between-78 and-84
kJ/mol. The corresponding value for the AlCl3‚‚‚2H2O complex
is calculated between-68 and-79 kJ/mol.
Previous calculations of heterodimer complexes predicted

binding energies of about-122 to -130 kJ/mol for the
AlF3‚‚‚H2O complex and about-105 to-113 kJ/mol for the
AlCl3‚‚‚H2O complex.3 Considering the zero-point vibrational
energy correction, these values are predicted to be reduced by
about 10 kJ/mol. However, as expected, these estimated values
are still significantly larger than the binding energies per water
molecule of the corresponding AlX3‚‚‚2H2O complexes.
Harmonic Vibrational Frequencies. The calculated har-

monic frequencies are summarized in Table 4. In general, the
most reliable frequencies are expected for the largest basis set
(6-311G**) at the MP2 level. The calculations at this level
are very computer time expensive. In order to determine the
reliability of the vibrational analysis of the other theoretical
levels, we also calculated the vibrational frequencies at these
levels. These calculations will result in frequencies with more
or less significant differences to the MP2/6-311G** values. It
is especially interesting to see how well the DFT frequencies
agree with the MP2 results. The frequency at the HF level for
the sensitive O1-H2 bond (red-shifted by the influence of the
O2‚‚‚H2 hydrogen bond) is expected to be calculated at too high
wavenumbers. The calculated frequencies will be separately
discussed for AlF3‚‚‚2H2O and AlCl3‚‚‚2H2O.
All methods predict quite similar frequencies for the “free”

OH bonds not involved in hydrogen bonds of AlF3‚‚‚2H2O. The

basis set dependence is also only minor. Furthermore, the
vibrational frequencies of the AlF3 subunit are also quite
insensitive to the method chosen. The differences between the
frequencies calculated at different levels do not exceed 10 cm-1.
Moreover, there are no great shifts in comparison to the
vibrational frequencies of the free AlF3 molecule, which are
experimentally determined at 263, 297, 655( 5, and 935
cm-1.16,17b However, it should be mentioned that previous ab
initio calculations performed for the AlF3 and AlCl3 molecules
are not free from disagreements with experimentally assigned
frequencies.17

Obviously, the characteristic mode of this complex appears
to be the strongly red-shiftedνOH mode of the O1-H2 bond. At
this frequency also the most intense band in the IR spectrum
results. This large red shift reflects the influence of the H2‚‚‚O2

hydrogen bond, resulting in a remarkably elongated O1-H2 bond
(97f 101 pm). For this vibration mode the differences between
the applied calculation methods are the largest. First, we find
significant differences between the predictions of the HF and
MP2 methods. The red shift of theνO1H2 stretching mode is
much larger when electron correlation is included. At the MP2
level this frequency is calculated at 2895 cm-1 and at the HF
level at 3230 cm-1. The DFT method, on the other hand,
predicts larger shifts of the OH stretching frequency than the
MP2 method. The DFT frequency is calculated to be 2794
cm-1, i.e., 100 cm-1 below the MP2 value.
In this connection, one interesting fact should be noticed: the

DFT/6-31+G* method virtually reproduces the MP2/6-311G**
value of the characteristicνO1H2 frequency. Obviously, we have
a favorable case of error compensation. The DFT/6-31+G*
value of 2908 cm-1 is only 13 cm-1 lower than the MP2/6-
311G** value. Additionally, the otherνOH frequencies are
qualitatively reproduced: DFT/6-31+G* gives 3726, 3681, and
3506 cm-1 and MP2/6-311G** gives 3706, 3673, and 3505
cm-1. The rather small red shift of about 200 cm-1 for the
third value for each level of theory has its origin in the fact
that there is also a H‚‚‚F hydrogen bond that causes a slight
elongation of the corresponding O2-H3 bond (97f 98 pm;
see table 2).
The HOH deformation modes are calculated to be about 80

cm-1 higher than at the MP2/6-311G** level. However, these
frequences are not the characteristic ones in a first attempt to
interpret the spectrum. Their intensity is relatively small, and
the shift in comparison to the frequency of free water molecules
(1595 cm-1 14) is not substantial. Furthermore, the DFT/6-
31+G* frequencies of the AlF3 unit are in good agreement with
the MP2/6-311G** results: 893 vs 886 cm-1, 832 vs 825 cm-1,
650 vs 641 cm-1, 300 vs 293 cm-1, 253 vs 250 cm-1, and 245
vs 240 cm-1. Hence, the DFT/6-31+G* method is obviously
suitable for frequency calculations resulting in MP2/6-311G**
quality even for the sensitive characteristicνO1H2 mode. The
computational costs are smaller by far. Therefore, besides the
already observed small BSSE, we get further arguments for the
adoption of the DFT/B3LYP method in combination with a
6-31+G* basis set.
For the AlCl3‚‚‚2H2O complex one of the most interesting

questions is whether the error compensation of the DFT/6-
31+G* method, which was observed for AlF3‚‚‚2H2O, can be
reproduced for other comparable complexes such as this one.
The MP2/6-311G** value of the characteristicνO1H2 mode is
calculated to be at 2934 cm-1, and the HF value is predicted at
far too high wavenumbers: 3148 cm-1. The DFT/6-311G**
method again yields too large a red shift. TheνO1H2 frequency
is calculated to be 121 cm-1 lower than the corresponding MP2
value. Also, in this case calculations at the DFT/6-31+G* level

∆EB ) Ecomplex- EAlX3 - 2Ewater
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result in the much better value of 2907 cm-1, i.e., the difference
amounts to only 24 cm-1. Differences for the otherνOH
frequencies are also not larger than 35 cm-1. The HOH
deformation modes again show a larger deviation, whereas the
frequencies of the AlCl3 subunit are in good agreement
compared with the MP2 results. The shifts compared with the
experimental frequencies of the free AlCl3 molecule are, as for
the AlF3‚‚‚2H2O complex, not particularly large. IR active
frequencies in AlCl3 are experimentally determined at 616, 371,
214, and 148 cm-1,16,17awhereas the corresponding frequencies
(DFT/6-31+G*) in the complex were calculated to be 567, 365,
197, and 127 cm-1.
The calculated binding energies of the AlX3‚‚‚2H2O com-

plexes showed that all methods adopted here result in similar
binding energies if all energy contributions (BSSE, ZPVE) were
taken into account. For the 6-31+G* basis set we obtained
the smallest basis set superposition errors. Furthermore, the
vibrational frequency calculations showed that by use of the
DFT method, the calculated vibrational frequencies are of MP2/
6-311G** quality. Encouraged by these findings the calcula-
tions for the AlF3‚‚‚3H2O complex were carried out only at the
DFT/6-31+G* level. Reliable results at acceptable computa-
tional effort are expected.

4. AlF3‚‚‚3H2O Complex

Figure 2 shows the optimized structure of the AlF3‚‚‚3H2O
complex, which is the global minimum at the potential energy
surface. (It should be noted that the stable solid phase of
aluminum fluoride hydrates has the same chemical composition
but exhibits a completely different structure. Further energeti-
cally discriminated local minima of the complex could be
obtained by rotation of the hydrogen-bonded water molecules
leading toC1 symmetries.) We now have two water molecules
hydrogen bonded to the third one. The optimization process
results in a structure withCs symmetry. In Table 5 the binding
energies for the AlF3‚‚‚(H2O)n, n ) 1, 2, 3 complexes are
compared. Additionally, the binding energies are averaged
among the number of water molecules. The largest binding
energy per water molecule is obtained for the smallest complex
AlF3‚‚‚H2O: -105.7 kJ/mol. By addition of a second water

molecule to the complex, the binding energy per water molecule
is reduced by about 24 kJ/mol. A third water molecule further
reduces the binding energy per water molecule to-70 kJ/mol.
As shown in Figures 1 and 2, the nature of the chemical

interaction is quite different for the three water molecules.
Therefore, we abandon the crude averaging of the binding
energies over all water molecules and consider the specific
contributions in more detail. The most energetically favorable
interaction is that of the O-Al (Lewis type) bonded first water
molecule. As we see from the calculations of the AlF3‚‚‚H2O
complex, this should result in a contribution of about-106 KJ/
mol to the binding energy. The second and the third water
molecule are each bonded by two (H‚‚‚O, H‚‚‚F) hydrogen
bonds. The difference between the binding energy of the
AlF3‚‚‚H2O complex and the AlF3‚‚‚2H2O complex implies a
contribution of about-58 kJ/mol for this type of bonding.
Therefore, we can estimate a value of about-222 kJ/mol for
the AlF3‚‚‚3H2O complex. The calculated value is-210 kJ/
mol. That means that in the case of adsorption of a third water
molecule the bonding of the others is slightly weakened.
The formation of complexes of AlF3 with up to three water

molecules is energetically favorable compared to pure water
complexes. The binding energy calculated for the water dimer
at the DFT/6-31+G* level was only-11.7 kJ/mol, considering
BSSE and ZPVE. This value justifies the assumption of
complex formation of water molecules with AlF3 and AlCl3,
since a further stabilization is predicted in the latter case.
In the calculated IR spectrum of AlF3‚‚‚3H2O we have two

νOH frequencies of “free” OH bonds: 3732 and 37313 (all
frequencies of the calculated spectra are scaled using the scaling
factors summarized in the caption of Table 4). Furthermore,
there are two slightly red-shifted frequencies belonging to the
OH bonds influenced by the rather weak H‚‚‚F hydrogen bond
(3532 and 3529 cm-1). The two characteristic vibrational modes
of the complex, the strongly red-shiftedνOH frequencies resulting
from the hydrogen-bonded OH bonds, are against the most
intense bands in the spectrum calculated at 3095 and 3091 cm-1,
respectively.
Vibrational modes of the HOH of the three water molecules

are calculated at 1688, 1643, and 1636 cm-1. The AlF3 subunit
produces frequencies of 863, 822, 644, 306, 258, and 240 cm-1.
Table 6 compares the most important structural parameters of
the three complexes. It can be seen that the Al-O bond is
slightly shortened if additional water molecules are adsorbed.
This can be explained by the appearance of hydrogen bonds

Figure 2. Equilibrium structure of the complex AlF3‚‚‚3H2O calculated
at the DFT/6-31+G* level.

TABLE 5: Comparison of the Binding Energies [kJ/mol] of
the AlF3‚‚‚(H2O)n (n ) 1, 2, 3) Complexes at the DFT/
6-31+G* Level

n 1H2Oa 2H2O 3H2O

∆EB -126.2 -203.8 -269.0
BSSE 9.2 16.6 23.3
ZPVE 11.3 23.7 36.6
∑E -105.7 -163.5 -209.1
∑E per water -105.7 -81.9 -69.7
a See also ref 2.

TABLE 6: Comparison of the Most Important Bond
Lengths [pm] of the Complexes AlF3‚‚‚nH2O (n ) 1, 2, 3)

AlF3‚‚‚H2O AlF3‚‚‚2H2O AlF3‚‚‚3H2O

R (O‚‚‚H)a 162 168
R (F‚‚‚H)a 188 191
R (Al-O) 197 192 188
R (Al-F) 167 167 167
R (Al-F)a 170 170

aHydrogen bond.bHydrogen-bonded F.
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forming a ring structure that involves the Al-O bond. We
observe a slight elongation of the length of the hydrogen bonds
of the AlF3‚‚‚3H2O complex compared with those of the
AlF3‚‚‚2H2O complex. These small structural changes may be
considered the reason for the above-mentioned slight weakening
of the bonds. In Figure 3 the calculated vibrational spectra of
AlF3‚‚‚nH2O (n ) 1, 2, 3) (DFT/B3LYP, 6-31+G* basis set)
are shown together with the FTIR spectrum of solidR-AlF3‚
3H2O.6 A good correspondence between the calculated vibra-
tional frequencies of the AlF3‚‚‚(H2O)n complexes and the
experimentally determined IR frequencies of crystalline
R-AlF3‚3H2O can be established.

5. Conclusions

No qualitative differences in the binding energies were
observed between the different methods as long as all energy
contributions were considered. At each level of theory the
6-31+G* basis set yields the smallest basis set superposition
errors, which indicates a proper choice of the basis set for this
method. Especially at the DFT level the BSSE of only 10% of
the binding energy is favorable, since electron correlation can
be included without the drawback of large basis set superposition
errors. The BSSEs at the MP2 level were calculated to be much
larger.
Furthermore, the IR spectra calculated at DFT/6-31+G* level

are expected to be quite reliable, and therefore, they can be
helpful in the interpretation of measured bands or for predicting
IR spectra (e.g., of intermediates of chemical reactions). For
larger systems of the type (AlX3)n‚(H2O)m qualitatively good
frequency calculations become feasible by adopting the DFT/
B3LYP method in combination with a 6-31+G* basis set.
HF calculations reveal results of much lower quality for the

systems calculated. Although the binding energies are quali-
tatively well reproduced, the harmonic vibrational frequencies
show some unacceptable qualitative errors in comparison to the
methods including electron correlation. In particular the lack
of a red shift of the characteristicνO1H2 mode upon complex
formation must be regarded as a severe disadvantage.

The comparison of the AlF3‚‚‚H2O, AlF3‚‚‚2H2O, and
AlF3‚‚‚3H2O complexes shows a reduction of the binding energy
per water molecule with increasing number of water molecules.
The adsorption energy of the first water molecule interacting
with AlF3 is almost twice as large as for each of the two further
adsorbed water molecules.
The existence of AlX3‚‚‚2H2O and AlF3‚‚‚3H2O complexes

is predicted as a result of these calculations if we assume an
adequate number of water molecules in the gaseous phase.
Considering a comparable amount of AlF3 and H2O molecules
in the gaseous phase, preferably the AlF3‚‚‚H2O species should
be formed rather than higher adducts. The challenge to the
experimentalists is to prove the existence of these complexes
directly. The predicted frequencies will furthermore help to
assign bands in the corresponding experimental IR spectra. In
order to get a deeper insight into the chemistry of the complex
formation of AlF3 and H2O, it is also essential to investigate
complexes including more than one AlF3 molecule. This will
be done in a future study.
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