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The structures, binding energies, and harmonic vibrational frequencies efAX,0 (X = F,CI) complexes

have been explored for the first time at the HF, DFT, and MP2 levels using the 6-31G%-6*3And 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&1method 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 Alg--3H,0O 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.oRAIF

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 6H,0 is formed. The tendency of crystallioeAlF3 to undergo
hydration processes is remarkably lower. However, the much
more active amorphous AdFobtained, for example, by chemical
vapor deposition, exhibits a strong tendency to hydratishich
was proven by FTIR microscopic measurements. It could be
shown that vapor-deposited amorphousdikmediately yields
the FTIR spectral pattern af-AlF3-3H,0 ¢ when exposed to
water.

Therefore, this paper can be regarded as an attempt at the
stepwise modeling of the processes of hydration of aluminum

superimposed on crystalline to amorphous to crystalline transi- fluoride molecules in the gaseous phase and at surfaces of solids
tions determined by the partial pressures eDHand HF2ab . : : 9 P ) '
It is our intention to model the first steps of the hydration of

Therefore, the composition of the gaseous phase in the interac-

. . . o . : AlF3; and AICk at a molecular level. Quantum chemical ab
tion with the solid and with its surface is of importance for the .. .

; . initio calculations have been performed for complexes of;AlF
understanding of the processes mentioned above.

Although direct experimental evidence of oxygen-bridged and AICk with two or three water molecules, respectively. For

this purpose, the results of HF, MP2, and DFT calculations
vapor-phase complexes between AHCI3) and HO or OH~ i’ L .
is F;till pnot availatFJ)Ie the existence of Bguch lz;fjducts can be performed using three extended basis sets will be presented and

predicted based on results of quantum chemical ab initio discussed. The capability of DFT calculations in combination

calculations:* AIFs(AICI5)-~-OH- or AIFs(AICIz)+-H,0 were VIt extended basis sets was tested.
found to be energetically stable compleXeQwing to the high 2. Methods
vapor pressure of solid Algland its strong hygroscopic '
properties, the formation of # adducts should be favored even Hartree-Fock (HF), Mgller-Plesset second-order (MP2), and
at ambient temperatures. Moreover, the complex AlH,0, the density functional-HF hybrid method (DFT-B3LYP) have
which will be discussed among others in this paper, has the been used to determine equilibrium structures, binding energies,
same molecular mass as the spectroscopically detected compleand harmonic vibrational frequencies of the complexes men-
AICl3+--HCI5 Therefore, in principle the existence of the tioned in the title. Three different basis sets were adopted: (i)
AICl3-+-2H,0 complex should be taken into account in the mass 6-31G*, split valence basis set plus polarization functions on
spectroscopic analysis. Two main aspects drive our interest inAl, F, O, and CI (ii) 6-31+G*, split valence plus polarization
gaseous oxygen-bridged water-containing complexes of AIF functions and diffuse sp functions on Al, F, O, and®Qlii)
and AICk: (i) the description of molecules coexisting in the 6-311G**, split valence basis set plus polarization functions
gaseous phase during thermally induced processes of aluminunon all atoms’ Basis set superposition errors (BSSE) have been
halides and (ii) to obtain a deeper understanding of the estimated using the Boy8Bernardi method® The DFT
hydration/dehydration processes and transport properties (e.g.¢alculations were made adopting Becke’s three-parameter hybrid
sublimation) of solid aluminum fluorides and chlorides. functional method using the LYP correlation functional

It is well-known that solid AIC} reacts immediately with  (B3LYP)*which includes a mixture of HF-exchange with DFT
traces of water if, for example, moisture in the air is accessible. exchange-correlation.
As a consequence, the structure of crystalline A®Ill be The frequencies of harmonic vibrations were calculated for
reorganized in the presence of water until the stable AICI the optimized structures. According to the observation that the
harmonic frequencies are systematically larger than observed
€ Abstract published irAdvance ACS Abstractdanuary 1, 1997. frequencies, the theoretically predicted frequencies were scaled.

The physical and chemical properties of aluminum halides
and their hydrates are of interest in science as well as in
industryl 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 trinydrate3hey arise
from locally alternating dehydration and hydration reactions
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TABLE 1: Total Energies [au] of the Equilibrium QX:
Structures of the AlXz+-2H,0 (X = F, Cl) Complexes N
complex 6-31G* 6-31G* 6-311G* XQ
HF Optimization )
AlF3++-2H,0 —692.554958 —692.581715 —692.720683 H’C //\ X,
AlCl3+-2H,0 —1772.673211 —1772.681659 —1772.834763 (Jo, (’\
DFT Optimization u OO’/
AlF3:+-2H,0 —695.082236 —695.128739 —695.271759 : 2
AlCl3---2H,0 —1776.135673 —1776.151090 —1776.314575 % o
° 0
MP2 Optimization ﬁ)O:C)?
AlF3+++2H,0 —693.535292 —693.592650 —694.056543 e H,

AICl3--2H,O —1773.534575 —1773.563137 —1774.044190

Figure 1. Structure and labeling of the atoms of the complexes;AtX
TABLE 2: Selected Bond Lengths [pm] and Angles [deg] of 2H,0 (X = Cl, F).
the Optimized Structures®

TABLE 3: Binding Eneriges, AEg, Basis Set Superposition
AlFs-2H:0 AlClz+2H,0 Errors, BSSE, ang Corre%tions due to Zero-Poin? P
HF DFT MP2 HF DFT MP2 Vibrational Energies ZPVE in kJ/mol of the AIX 3---2H,0
Fanr) 167 170 169 214 216 213 Complexes
I(ALF2) 165 167 167 212 213 211 AlF3---2H,0 AICl3z:--2H,0
Fa-s) 165 167 166 211 212 210 - - ” - " —
FoLm 95 97 96 95 97 97 6-31G* 6-3H-G* 6-311G** 6-31G* 6-3HG* 6-311G
(©01-H2) 97 101 100 97 101 101 HF
OH1-01-H2) 110 110 109 110 110 110 AEg —217.8 —198.8 —221.4 —-198.6 —179.0 —194.0
I (02-+3) 95 98 97 95 97 97 BSSE 33.2 16.0 30.5 25.7 18.3 25.6
I (©02-Ha) 95 97 96 95 97 97 ZPVE 24.2 22.8 23.0 21.4 21.0 23.7
U(H1302-H4) 108 107 107 107 106 105 SEP —-160.4 —-160.0 —167.8 —151.4 —139.6 —144.6
I (al-01) 191 191 192 191 191 192 SE/2¢ —80.2 —80.0 —83.9 —75.7 —69.8 —72.3
(©02-H2) 173 159 165 172 158 161 DET
FFLHo) 202 182 192 295 285 219 A, 2470 —203.8 -2432 —221.8 —179.8 —213.0
a Average values of the three basis sets used. The deviations betwee3SSE ~ 55.3 16.6 52.5 41.9 17.8 41.6
the optimized structure parameters and the corresponding average value§PVE ~ 24.5 23.7 23.0 22.0 21.6 20.1
are not larger thae=2 pm (for distances) angt1° (for angles). YE° —167.2 -1635 -167.6 —157.9 —-1404 —1512
SE/2¢ —83.6 —81.9 —-83.8 —-789 -—70.2 —75.6
To scale the frequencies, we first evaluated the average of the MP2
experimentally available frequencies of thglH AlF;, and AICk AEs —2548 —226.0 -240.8 —230.2 -2104 -218.8

- BSSE 68.9 42.3 66.0 58.3 55.4 63.0
molecules, respectively. For each level of theory we then S5y o 239 236 o e 19.6

determined the corresponding scaling factor, which makes theygr  _162. 2 —159.8 —-151.2 —152.3 —156.3 —136.2
average value of the calculated frequencies match the experi-SE/2c —-81.1# -79.9 -756 —76.1% -78.1 —68.1
”?e”ta' value. The scaling factqr obtained for th.e water molecule Corrections due to zero-point vibrational energy calculated from
differs somewhat from the scaling factors obtained for thesAlF  5scaled frequenciesSE = AEs + BSSE+ ZPVE.© YE/2: SE
and AICk molecules. Therefore, we used two scaling factors per water molecule? Zero-point vibrational energy contribution taken
to predict the frequencies of the calculated complexes: one for from the 6-311G** value® Not calculated.

the HO subunit and the average of the Al&énd AICk factors

for the AlXs subunit. The average value of the scaling factors AlF3---2H,0 and AICk:--2H,O complexes, respectively). The
of H,O and AlXs was taken for the prediction of intermolecular  other intramolecular bond lengths become only marginally
frequencies. This crude scaling procedure accounts for bothlonger if electron correlation is included.

systematic errors of the calculated harmonic force constants and  Although the short intermolecular AlO; distance is calcu-
the neglected anharmonicity effects. All calculations were |ated to be about 191192 pm at all computational levels
carried out with the GAUSSIANIZ and GAUSSIAN9A? considered here, the other two intermolecular distances (O
programs on IBM RS6000 and HP9000/735 workstations as well H, and X,—Hs) are strongly dependent on the method used for

as on a CRAY YMP 4D/464 computer. the calculations. This sensitivity of the H-bond upon including
electron correlation is a well-known fact resulting from the
3. AlXg--2H,0 (X=F,Cl) Complexes missing dispersion energy at the HF lellAt the HF level

Optimized Structures. The structures of the complexes were We calculated the largest intermolecular-®i; distances: 173
all optimized without symmetry restrictions. Table 1 sum- Pm for the AlR+-2H,0 and 172 pm for the AlGt--2H;0
marizes the total energies of the optimized complexes. The complex, respectively. By inclusion of electron correlation at
different basis sets do not result in significant geometrical the MP2 level, these distances shorten to become 165 and 161
differences at a particular level of theory. Table 2 therefore Pm. At the DFT level we have the strongest interaction and
collects the average values of selected bond lengths and angle#he shortest intermolecular distances: 159 and 158 pm, respec-
obtained at the HF, DFT, and MP2 levels for the AiX2H,0 tively. For the X—Hs distance we calculated even larger
(X = F,CI) clusters. Figure 1 shows the structure and the differences. For the Al=-2H,O complex the difference
labeling of the atoms (no further minima could be located at between the HF and the DFT values is 20 pm and for the
the potential energy surfaces). AICl3++2H,0 complex 40 pm.

The calculated intramolecular bond lengths and angles are Binding Energies. Table 3 summarizes calculated binding
quite similar at all three levels. Only the©H, bond becomes  energiesAEg for the AlX3---2H,0 complexes. It is defined as
somewhat longer upon including electron correlation (HF gives the difference between the total energy of the complex and the
97 pm, DFT gives 101 pm, and MP2 gives 100/101 pm for the sum of the total energies of the free molecules A#Xd water:
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AEg = Egomplex ™ Eaixs — 2Ewater basis set dependence is also only minor. Furthermore, the
vibrational frequencies of the AfFsubunit are also quite
As expected, the MP2 values are larger than those calculated”se”Siti\_’e to the method c_hosen. The differences between the
at the HF level. In absolute terms, the complexes calculated atffeduencies calculated at different levels do not exceed 10.cm
the MP2 level are about 2840 kJ/mol more stable than those Moreover, there are no great shifts in comparison to the
calculated at the HF level. The smallest differences between ViPrational frequencies of the free AJfmolecule, which are

HF and MP2 results are obtained using the largest basis se€xPerimentally determined at 263, 297, 6355, and 935
(6-311G**, cf. Table 3). cm 116170 However, it should be mentioned that previous ab

The interaction calculated at the DET level with the 6-31G* Nnitio calculations performed for the Adfand AICk molecules
and 6-311G** basis sets is also about&D kJ/mol larger than are not free from disagreements with experimentally assigned
that at the HF level, but the absolute values of the binding energy requencies’
are somewhat smaller than at the MP2 level. For the-6G1 Obviously, the characteristic mode of this complex appears
basis set, however, the HF and DFT binding energies appear tot0 be the strongly red-shifteeby mode of the @—H bond. At
be quite similar: for AlG-+-2H,0, —199 kJ/mol(HF) and-204 this frequency also the most intense band in the IR spectrum
kJ/mol (DFT), and for AIC4+-2H,0, —179 kJ/mol(HF) and results. This large red shift reflects the influence of the D,
—180 kJ/mol (DFT). The absolute values of the corresponding hydrogen bond, resulting in a remarkably elongateet i, bond
MP2 energy were calculated to be almost 30 kJ/mol larger. (97— 101 pm). For this vibration mode the differences between

The basis set superposition error is calculated to be small- the applied calculation methods are the largest. First, we find
est for the 6-33G* basis set. This fact was already observed Significant differences between the predictions of the HF and
in previous investigations of heterodimer complexes like MP2 methods. The red shift of the stretching mode is
AlX z++H,03 At the HF level the BSSE is less than 20 kJ/mol much larger when electron correlation is included. Atthe MP2
for this basis set, whereas the other two basis sets result inlevel this frequency is calculated at 2895 thand at the HF
BSSEs of about 30 kJ/mol (A#+-2H,0) and 26 kJ/mol level at 3230 cm!. The DFT method, on the other hand,
(A|C|3"'2HZO) At the MP2 |eve| these errors increase and predIC'[S Iarger ShlftS Of the OH StretChIng fl’equency than the
we obtain values of up to 70 kJ/mol for the 6-31G* and MP2 method. The DFT frequency is calculated to be 2794
6-311G** basis sets, which mean almost 30% of the binding ¢M 7, i.e., 100 cm* below the MP2 value.
energy. For the 6-3tG* basis set, superposition errors reach In this connection, one interesting fact should be noticed: the
less than 20% of the binding energy. At the DFT/6+8* DFT/6-31+G* method virtually reproduces the MP2/6-311G**
level the BSSE amounts to less than 10%, which is comparablevalue of the characteristigrz frequency. Obviously, we have
with the HF values. For the other two basis sets we predict a a favorable case of error compensation. The DFT/&G1
BSSE of about 20% of the binding energy. Owing to the value of 2908 cm! is only 13 cn1? lower than the MP2/6-
relatively small basis set superposition errors, the use of the 311G** value. Additionally, the othewoy frequencies are

6-31+G* can be recommended as particularly favorable. qualitatively reproduced: DFT/6-31G* gives 3726, 3681, and
Zero-point vibrational energies for all complexes were 3506 cnt! and MP2/6-311G** gives 3706, 3673, and 3505
calculated to be approximately 2@5 kJ/mol. cmL. The rather small red shift of about 200 thfor the

Considering all energies contributions, we obtain, dependent third value for each level of theory has its origin in the fact
on the method and basis set used, binding energies per watethat there is also a ++F hydrogen bond that causes a slight

molecule for the Alf++-2H,0 complex betweer-78 and—84 elongation of the corresponding,©Hs bond (97— 98 pm;
kJ/mol. The corresponding value for the A€12H,0 complex ~ See table 2).
is calculated betweerr68 and—79 kJ/mol. The HOH deformation modes are calculated to be about 80

Previous calculations of heterodimer complexes predicted cm™! higher than at the MP2/6-311G** level. However, these
binding energies of about-122 to —130 kJ/mol for the frequences are not the characteristic ones in a first attempt to
AlF3---H,O complex and about105 to—113 kJ/mol for the interpret the spectrum. Their intensity is relatively small, and
AlCl3--H,0 complex? Considering the zero-point vibrational the shift in comparison to the frequency of free water molecules
energy correction, these values are predicted to be reduced by1595 cni 4 is not substantial. Furthermore, the DFT/6-
about 10 kJ/mol. However, as expected, these estimated value$1+G* frequencies of the Alfunit are in good agreement with
are still significantly larger than the binding energies per water the MP2/6-311G** results: 893 vs 886 cif) 832 vs 825 cm?,
molecule of the corresponding Ap%-2H,O complexes. 650 vs 641 cm?, 300 vs 293 cmt, 253 vs 250 cm?, and 245

Harmonic Vibrational Frequencies. The calculated har-  Vvs 240 cnmil. Hence, the DFT/6-3tG* method is obviously
monic frequencies are summarized in Table 4. In general, the Suitable for frequency calculations resulting in MP2/6-311G**
most reliable frequencies are expected for the largest basis sefluality even for the sensitive characteristigin, mode. The
(6-311G**) at the MP2 level. The calculations at this level computational costs are smaller by far. Therefore, besides the
are very computer time expensive. In order to determine the already observed small BSSE, we get further arguments for the
reliability of the vibrational analysis of the other theoretical adoption of the DFT/B3LYP method in combination with a
levels, we also calculated the vibrational frequencies at these6-31+G* basis set.
levels. These calculations will result in frequencies with more  For the AICk::-2H,0 complex one of the most interesting
or less significant differences to the MP2/6-311G** values. It questions is whether the error compensation of the DFT/6-
is especially interesting to see how well the DFT frequencies 31+G* method, which was observed for AjF2H,0, can be
agree with the MP2 results. The frequency at the HF level for reproduced for other comparable complexes such as this one.
the sensitive @-H; bond (red-shifted by the influence of the The MP2/6-311G** value of the characteristigi4, mode is
O>+-H hydrogen bond) is expected to be calculated at too high calculated to be at 2934 crh and the HF value is predicted at
wavenumbers. The calculated frequencies will be separatelyfar too high wavenumbers: 3148 cta The DFT/6-311G**
discussed for Alg---2H,O and AlCk+-2H0. method again yields too large a red shift. Bhgu, frequency

All methods predict quite similar frequencies for the “free” is calculated to be 121 crhlower than the corresponding MP2
OH bonds not involved in hydrogen bonds of Al+2H,0. The value. Also, in this case calculations at the DFT/6F&* level
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H TABLE 5: Comparison of the Binding Energies [kJ/mol] of
Q the AlF3---(H,0), (n = 1, 2, 3) Complexes at the DFT/
H I 6-31+G* Level
C:/ N n 1H,0° 2H,0 3H,0

20° g AEs —126.2 ~203.8 ~269.0
Foo— 00 g BSSE 9.2 16.6 23.3
[ g 168pm ZPVE 11.3 23.7 36.6

\,/ g SE ~105.7 ~1635 ~209.1

/! @ " S E per water —105.7 —-81.9 —-69.7

‘ aSee also ref 2.

|1 Al
Oz/i\ o TABLE 6: Comparison of the Most Important Bond
/188 pm Lengths [pm] of the Complexes AlR-+-nH,0 (n =1, 2, 3)
F \X/ Ang“'HzO A|F3"'2H20 A|F3---3H20
|

| Q H R (O-+-H) 162 168

i 3 R (F-+H)a 188 101
P \;J 2 R (Al-O) 197 192 188
Y = R (Al—F) 167 167 167

3. 0 R (Al—Fy 170 170

a2 Hydrogen bond® Hydrogen-bonded F.

\_/ ~/
i b molecule to the complex, the binding energy per water molecule
H is reduced by about 24 kJ/mol. A third water molecule further
Figure 2. Equilibrium structure of the complex AdF-3H,0 calculated reduces the binding energy per water molecule-#® kJ/mol.
at the DFT/6-3%-G* level. As shown in Figures 1 and 2, the nature of the chemical
interaction is quite different for the three water molecules.
result in the much better value of 29076“]’“8, the difference Therefore, we abandon the crude a\/eraging of the b|nd|ng
amounts to only 24 cmt. Differences for the othewon energies over all water molecules and consider the specific
frequencies are also not larger than 357ém The HOH contributions in more detail. The most energetically favorable
deformation modes again show a larger deviation, whereas thejnteraction is that of the ©Al (Lewis type) bonded first water
frequencies of the AIGI subunit are in good agreement molecule. As we see from the calculations of the AlfH,0
compared with the MP2 results. The shifts compared with the complex, this should result in a contribution of abetit06 KJ/
experimental frequencies of the free Ad@holecule are, as for  mgl to the binding energy. The second and the third water
the AlR;--2H,O complex, not particularly large. IR active molecule are each bonded by two-(HD, H---F) hydrogen
frequenCieS in AICJare experimentally determined at 616, 371, bonds. The difference between the b|nd|ng energy of the
214, and 148 cm',1%17awhereas the corresponding frequencies A|F;---H,0 complex and the AlE--2H,0 complex implies a
(DFT/6-31+G*) in the complex were calculated to be 567, 365, contribution of about-58 kJ/mol for this type of bonding.
197, and 127 cmt. Therefore, we can estimate a value of abe@22 kJ/mol for
The calculated binding energies of the Ab2H,O com- the AlF;---3H,0 complex. The calculated value 5210 kJ/
plexes showed that all methods adopted here result in similarmol. That means that in the case of adsorption of a third water
binding energies if all energy contributions (BSSE, ZPVE) were molecule the bonding of the others is slightly weakened.
taken into account. For the 6~%_I_3* basis set we obtained The formation of complexes of AfFwith up to three water
the smallest basis set superposition errors. Furthermore, themglecules is energetically favorable compared to pure water
vibrational frequency calculations showed that by use of the complexes. The binding energy calculated for the water dimer
DFT method, the calculated vibrational frequencies are of MP2/ 4t the DFT/6-33%+G* level was only—11.7 kd/mol, considering
6-311G** quality. Encouraged by these findings the calcula- BSSE and ZPVE. This value justifies the assumption of
tions for the AlR---3H,O complex were carried out only at the complex formation of water molecules with AJand AICk,
DFT/6-31+G* level. Reliable results at acceptable computa- since a further stabilization is predicted in the latter case.
tional effort are expected. In the calculated IR spectrum of AJF-3H,0 we have two
von frequencies of “free” OH bonds: 3732 and 373all
4. AlFg-3H,0 Complex frequencies of the calculated spectra are scaled using the scaling
Figure 2 shows the optimized structure of the AIRBH,O factors summarized in the caption of Table 4). Furthermore,
complex, which is the global minimum at the potential energy there are two slightly red-shifted frequencies belonging to the
surface. (It should be noted that the stable solid phase of OH bonds influenced by the rather weak-Hf hydrogen bond
aluminum fluoride hydrates has the same chemical composition (3532 and 3529 cnt). The two characteristic vibrational modes
but exhibits a completely different structure. Further energeti- of the complex, the strongly red-shiftegy frequencies resulting
cally discriminated local minima of the complex could be from the hydrogen-bonded OH bonds, are against the most
obtained by rotation of the hydrogen-bonded water molecules intense bands in the spectrum calculated at 3095 and 3094 cm
leading toC; symmetries.) We now have two water molecules respectively.
hydrogen bonded to the third one. The optimization process Vibrational modes of the HOH of the three water molecules
results in a structure witBs symmetry. In Table 5 the binding  are calculated at 1688, 1643, and 1636 &mThe AlF; subunit
energies for the Alg--(H.O),, n = 1, 2, 3 complexes are  produces frequencies of 863, 822, 644, 306, 258, and 248.cm
compared. Additionally, the binding energies are averaged Table 6 compares the most important structural parameters of
among the number of water molecules. The largest binding the three complexes. It can be seen that the @lbond is
energy per water molecule is obtained for the smallest complex slightly shortened if additional water molecules are adsorbed.
AlF3---H,0: —105.7 kJ/mol. By addition of a second water This can be explained by the appearance of hydrogen bonds



1560 J. Phys. Chem. A, Vol. 101, No. 8, 1997

T |' ] T )
Var Sron Vo
AlF;--H,0
TTT ‘|’|l I [ l'/
Vao Vi Suon Vou.p o
AlF,-2H,0
VOH( -0y
T 'H [ }' T I
Vao v, Suon Vo
v,
AIF,~3H0 OH(-F)
VDHL,D/)
FT-IR
experiment N
a—AlF,-3H.0 (s) v " Oson
AIF
VOH
1000 2000 3000 4000

Wave numbers [ cm™

Figure 3. Calculated spectra of the complexes AlFMHO (n = 1,

2, 3) and experimental FTIR spectrum of solid &BH,0.5

forming a ring structure that involves the -AD bond. We
observe a slight elongation of the length of the hydrogen bonds
of the AlRs+--3H,O complex compared with those of the
AlF3---2H,0 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---nH,O (n =1, 2, 3) (DFT/B3LYP, 6-3%+G* basis set)
are shown together with the FTIR spectrum of satidhIF3-
3H,08 A good correspondence between the calculated vibra-
tional frequencies of the A{=-(H;O), complexes and the
experimentally determined IR frequencies of crystalline
a-AlF3:3H,0 can be established.

5. Conclusions
No qualitative differences in the binding energies were

observed between the different methods as long as all energ;}f

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

Krossner et al.

The comparison of the AW=--H,O, AlFz---2H,0, and
AlF3---3H,O 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 AlF 3 is almost twice as large as for each of the two further
adsorbed water molecules.

The existence of AlX%:--2H,0 and AlR;---3H,O 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 Althd HO molecules
in the gaseous phase, preferably the #fH,O 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 AlR; and HO, it is also essential to investigate
complexes including more than one Alfolecule. This will
be done in a future study.
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