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A self-consistent set of thermochemical data for 55 molecules in thédAIC—O—F—Cl system are obtained

from ab initio quantum-chemistry calculations using the BAC-G2 method. Calculations were performed for
both stable and radical species. Good agreement is found between the calculations and experimental heats of
formation in most cases where data are available for comparison. Electronic energies, molecular geometries,
moments of inertia, and vibrational frequencies are provided in the Supporting Information, as are polynomial
fits of the thermodynamic data (heat of formation, entropy, and heat capacity) over thé(BIDK temperature

range.

I. Introduction is common, because films can be deposited at lower tempera-
) N ) ~tures than are typically required when halogenated precursors
Chemical vapor deposition (CVD) of aluminum and alumi- e ysed.
num compounds is of interest for a variety of technologies. For  \ye recently developed a modification of the G2 method
example, formation of conduction lines in the fabrication of known as BAC-G2 (bond-additivity-corrected G2) that incor-
microelectronic devices is a well-established technology. CVD orates additional empirical corrections that further improve the
processes are also being developed to produce thermal ba”ieéccuracy of G2. While such improvements are in many cases
coatings, alumina-based ceramics, and hard coatings for abrasionnnecessary for small molecules, such as those included in the
and corrosion resistance. The formation of volatile aluminum standard G2 test sétthey become increasingly important in
compounds is also a key element in plasma etching processesjarger molecules where the accumulation of errors can decrease
Accurate thermochemical data (2 kcal mbor better) for gas-  the accuracy of thermodynamic predictions significantly. These
phase species, in the form of heats of formation, heat capacities corrections also yield more accurate heats of formation for an
and entropies, are an essential element in the development ofmportant class of CVD precursors, halide compounds, for which
computational models used to simulate CVD processes. Un-the G2 method performs pooy! In this paper, we report
fortunately, such data are often not available, particularly when BAC-G2 predictions of heats of formation and bond energies
organic ligands are involved. Group Ill compounds (i.e., those for compounds containing aluminum. The literature contains
containing B, Al, Ga, In, or Tl) are typical in this regard, in  several reports of thermodynamic data for aluminum-containing
that reliable thermochemistry is generally available in standard species using theoretical methods, including a recent investiga-
compilation$= for only the closed-shell halides. tion using the G2 method by Swihart and CatdeOur
Theoretical methods can be of great value in filling the many investigation focuses on the thermochemistry of monomeric
gaps that exist in thermochemical datab&s&song the many ~ aluminum compounds containing bonds to H,£8H, F, and
ab initio techniques that have been developed during the pastCl and includes many species not treated in earlier work. In
15 years is G2;7 a composite method that combines a series addition to reporting the heats of formation for 55 molecules,
of calculations with empirical corrections to simulate a higher We discuss bond energies for many of the compounds examined
level of theory. This method has been used successfully toand trends exhibited by the various homologous series within
predict heats of formation for compounds in the first and second the set. This work expands and completes two preliminary
rows; for a standard test set of 148 molecules, the averageinvestigations published earlier by s\
deviation from experiment is 1.58 kcal mé) with a maximum .
deviation of 8.2 kcal moil.” Accuracies at this level are Il. Theoretical Methods

necessary for such data to be useful for CVD model develop- A overview of the BAC-G2 Method. The BAC-G2 method
ment. The accuracy of the G2 method for many classes of gppjies the BAC corrections to the standard G2 mefhasing
compounds relevant to CVD has not been established, however Gayssian-944 The electronic-structure calculations to determine
For example, we are unaware of any application of G2 to group the geometry, vibrational frequencies, and electronic energies
lll organometallic compounds, whose use as CVD precursors gre the same as those in the G2 method. Specifically, the
geometry and vibrational frequencies in the BAC-G2 method
* Corresponding author. Fax: (925)294-2276. E-mail: mdallen@sandia.gov. are obtained from a Hartred-ock (HF) calculation (restricted
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Hartree-Fock, RHF, for closed shell molecules and unrestricted TABLE 1: BAC-G2 Parameters (Energies, kcal mot™)
Hartree-Fock, UHF, for open shell molecules) using the 6-31G- Ketec pair = 0.860 for all calculations.

(d) split-valence basis set with polarization functions on the atom Aatom Batom Ai
heavy atoms. At this level of theory, vibrational frequencies H 0.485 0146 1.462
are systematically too large compared to experimental values. c 1.081 0.051 0.0
We therefore scale the HF harmonic frequencies downward by N 1.498 —-0.010 2.281
12%. The electronic energies at the QCI, MP4, and MP2 levels o —0.501 —0.010 114.3
of theory, as well as the collective G1, G2MP2, and G2 ,!A:I :i-ggg 8-(2)38 ggg-é
electronic energies, are taken directly from the output of the | 0776 0.087 1433.7

G2 method. The basis sets are the same as those defined in the

standard G2 method. The geometry used in the single-pointcorrections (eq 1) are straightforward. For the bondwise

calculations is obtained by reoptimizing the HF geometry at corrections (eq 4), the exponent is taken to be 3.0A while

the MP2 level, again as defined in the G2 method. the preexponential coefficiedag is taken to be the geometric
The BAC corrections for the BAC-G2 method are those mean of the individual atom types, i.e.,

defined previously.Briefly, three types of correction&gac-;

units of energy) are used: atomic, molecular, and bondwise, A = _(AAAABB)llz (6)

indicated in eqs 4 below. The atomic correction depends on

the atom type: Equation 4 also includes contributions from the nearest-neighbor

Bj terms (defined by eq 5). The accuracy of the parameters

Esac—atom= ZEBAc—aton{Ak) (1) comprising these terms (see Table 1) is difficult to assess

because of their small size. This is due to the fact that to date
we have only applied the BAC-G2 method to relatively small
molecules (less than seven heavy, i.e., non-hydrogen, atoms),
for which accurate experimental thermodynamic data exist.
However, these terms become quite significant for larger
molecules and for halides (see below). Unfortunately, given the
limited accuracy of experimental data for larger non-hydrocar-
bon, unsaturated gas-phase species, it will remain difficult to
establish the accuracy of th&om terms.

The corrected heat of formatiot @ K (AH’o) can now be
whereEgac-elecpardepends on the difference between the spin obtained from the calculated electronic energy. First, the
of the molecule and the sum of the spins of the constituent electronic energy is added to the zero-point energy (which is
atoms: automatically included in the G2(0K) output of the Gaussian-

94 code). Next, the resulting energy is subtracted from the
Esac—elecpair= Kelecpair(SPiMnolecule ZSpir‘htom) 3 electronic energies of the atoms to give an electronic heat of
atom atomization:

where the sum runs over all the atoms in the molecule. The
value of Egac-aton{Ax) depends on the atom type, aAgdis an
adjustable parameter.

The molecular BAC correction arises from errors in the
overall electronic structure of the molecule. The BAC correction
for this term is given by

EBAC—moIecuIe= EBAC—eIecpair (2)

whereKeecpairis @an empirically adjusted parameter for a given n
BAC method and “spin” refers to th& quantum number. E. . =Y E(atoms)— (E.. ... (molecule)+ E

The third type of BAC correction depends on the formation atomization Z g 1™ Bab il Y¥ Ezed
of chemical bonds. In this instance, we distinguish between (7)
bonds and pairwise interactions. A bond is taken to mean the
formation of an electron pair between the atoms. This correction
addresses systematic errors arising from electron-pairing not
covered by eq 3. The correction for each bongB\in the
molecule having neighbors C and D (e.g=&—B—D) is given
by

Referencing this energy against the experimeAtaf’y at 0
K of the atoms (given in Table 3) in the gas phase yields the
uncorrectedAHs’o:

o o
AHf O,uncorrected z AHf 0,atoms” Eatomization (8)

atoms

_ —aR _ . . .
Esac—bondAB) = Axge “ ™ + ZBCA + ZBDB (4) Subtracting the BAC corrections from this energy finally
yields AH;% at 0 K:

where the first term is the correction for the bond alone, while AH.© _ o 9
the corrections for its nearest neighbors are treated as a sum of H;“0.ac = AHt o uncorrected™ Esac-—correction ©)

corrections for each neighbor of the form . ) . )
Heats of formation, entropies, and free energies at various

Boy = Bc+ By (5) temperatures are then obtained using equations derived from
statistical mechanics (the same procedure as in the original BAC-
The Ba’s are constants that depend only on the type of atom. MP4 method, which includes corrections for free rotors, such
The bond-distance dependence in eq 4 exists only in the firstas CH groups)'® Thus, for finite temperatures, the raw G2
term for the bond itself. Furthermore,no longer depends on  energies (without BAC corrections) obtained from the BAC-
the type of bond, as it did in the original BAC methBd\ote G2 method do not correspond to those from the output of a
that the bondwise corrections do not go to zero at infinity, due Gaussian G2 calculation, since hindered rotors are included in
to the terms=Bca + =Bpg defined by eq 4. the BAC procedure.
The parameters for each of the corrections are given in Table Using an ad hoc expression similar to that formulated for
1; values of all parameters with the exception of those for the earlier BAC-MP4 methotf;16we obtain an estimate of the
aluminum (see below) were determined previodsie atomic error (or confidence level) in the BAC-G2 method. In this case,
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we use the similarities between the G1 and G2-MP2 methodsstudy. As discussed above, it is in the prediction of thermo-

and the G2 method itself as an indication of the error:

error(BAC— G2) = sqr{ (1.0 kcalmol'*) + (AHgpc_cr —
AHBAC*GZMP?)Z + (AHBAC*GZ - AHBAC*GI)Z} (10)

B. Determination of BAC Parameters for Aluminum. The
BAC parameters for aluminum were determined by optimizing
the heats of formation predicted by BAC-G2 for a set of

chemistry for large polyatomics where the value of the BAC
approach is expected to be most clear. Finally, Table 3 includes
the BAC-G2 atomization energieZDy; calculated from the
BAC-G2 molecular heats of formation and the experiméntal
atomic heats of formation at 0 K) for comparison with the results
of other computational studies in which the heat of formation
was not calculated.

Trends in heats of formation (298 K) as a function of the

aluminum compounds whose heats of formation are consideregumber of ligands of a specific type are shown in Figured 1

well-known. The compounds used are the trivalent species,AlH
AlF3, and AICk, the diatomics AlH, AlIF, and AICI, as well as

There are several noteworthy observations. The most general
one is that, in all cases, replacement of one ligand with another

the constituent atoms. The parameters in Table 1 represent gVithin a homologous series (i.e., AX3-n, n = 0—3) results
compromise that yields the best overall accuracy (predicted heatdn @ linear change in the heat of formation. Deviations from

of formation within £2 kcal mol* of accepted experimental
values) for these species.
Note that, in contrast to the original BAC-MP4 methi§d®

perfect linearity (based on a least-squares fit) are less than 1
kcal molt in most cases. The series closest to perfect linearity
is AlH(CHz)3-n (maximum deviation< 0.1 kcal mot?), while

in which the heat of formation for isolated atoms was set to the those displaying the largest deviations are MCHz)s-n and
experimental value, the atomic heats of formation obtained from AlHnFs-n (Maximum deviation~ 2 kcal mol™). This confirms

the BAC-G2 method differ somewhat from the experimental
values. For example, the BAC-G2 heat of formation for Al(g)
is 80.144 kcal mol® at 298 K, while Gurvich et al. report 78.87
+ 0.71 kcal mot1.2 This difference results from the fact that

the essentially local nature of the bonding within these
compounds; i.e., the interaction between aluminum and a given
atom or group is largely unaffected by its neighbors, while
confirming that interactions between chlorine and methyl groups

the objective of the BAC-G2 method is to obtain accurate heats May occur, as was observed previously in silicon compodhds.
of formation for molecular Speciesl which are the data most It is unclear whether the hlghel' deviation seen for the fluorine
often needed for practical problems. Thus, some of the Substitution of hydrogen is due to nonlocalized bonding or poor

systematic error in the G2 calculation is shifted into the

performance of the G2 method. Notably, however, the

predictions for the atoms in order to obtain better agreement Al(OH)nFs-n and AICKFs- series both have low maximum

with well-established molecular heats of formation.

I1l. Results

A. Heats of Formation and Bond Dissociation Energies.
Results of applying the BAC-G2 method to species in the Al
H—C—O—F—CI system are presented in Tables& which

list the atomic (eq 1), molecular (eq 2), and bondwise (eq 4)

deviations 0.5 kcal mot?), suggesting that the nonlinearity
is due to a bonding interaction in the aluminum fluorohydrides
and not to the G2 method itself. We have found few exceptions
to linearity in our previous examinations of group Il and group
IV chemistry; examples include the SjH(OH),2° and
SiCly—n(CHa3)4—n"® homologous series.

The remaining conclusions we draw from Figures4lcon-

corrections for all molecules examined (Table 2); heats of &M the relative molecular stability induced by the various

formation @ 0 K (AH; °(0K)) at various levels of theory, as
well as the atomization energy at the BAC-G2 le&Dg; Table

ligands. First, as can be seen in Figure 1, replacing H with any
of the other four ligands (C§OH, F, or Cl) results in increased

3): AH; 9(298K) and references to values from experiments and molecular stability, since the heat of formation always decreases
theory in the literature (Table 4); thermodynamic parameters S the number of non-hydrogen ligands Increases. The slopes
at various temperatures (Table 5); and selected bond dissociatior?f the four lines in Figure 1 are-106.2 kcal mot® for sub-

energies at 298 K (Table 6). In the Supporting Information
(Tables S# S11), we also provide raw electronic energies at

the G2 level, atomic coordinates, vibrational frequencies,

moments of inertia, and polynomial fits of the thermodynamic
data suitable for use with the CHEMKIN softwareAs has

been typical in previous publications involving the BAC-MP4
seriest>16.1825 e focus our discussion on the predicted

stitution by F,—88.3 kcal mot? for substitution by OH;-57.5

kcal mol for substitution by Cl, and-14.6 kcal mof? for
substitution by CH In contrast, substitution of OH by anything
except F results in molecular destabilization, since the heats of
formation increase with increasing numbers of non-OH ligands
(Figure 2). Replacing OH with F decreastsl;’” by 17.8 kcal
mol~L. Trends produced by replacing GKFigure 3) and ClI

thermochemical parameters, rather than on the ab initio calcula-(Figure 4) fall between these extremes. For example, replacing

tions themselves.

Cl by either OH or F results in stabilization, by 30.8 and 48.5

Table 3 reveals the trend toward convergence in each kcal mol?, respectively. Thus, as one might expect, the overall

molecule as the level of theory increases from BAC-QCI to

trend in molecular stability is  OH > Cl > CH; > H.

BAC-G2. In most cases, the calculation appears to be converged Bond dissociation energies (BDE), which can be calculated

at the BAC-G2MP2 level, there being little difference in the
heats of formation predicted at the BAC-G2MP2 and BAC-G2
levels. Exceptions to this almost exclusively involve fluorinated
compounds. For example, the heat of formation of dFthe
BAC-G2 level is 8.5 kcal mott lower than at the BAC-G2MP2

level. This behavior is reflected in the relatively large uncertainty
in the predicted heats of formation of the fluorinated species

from the molecular and atomic heats of formation given in Table
4, generally reflect the trends in heats of formation discussed
above. The calculations predict increasing—Agand bond
strengths in the order H CH; < CI < OH < F. For trivalent
species, the AtH and Al-CHjz bond energies are comparable,
falling in the range of 8388 kcal motl. Bonds to Cl are
considerably stronger, with values of 11825 kcal mot™.

(Table 4). Table 3 also indicates that differences between BAC- Bonds to OH are even stronger, with some dissociation energies
G2 predictions and G2 itself are, for the most part, small. The approaching 134 kcal mol. Finally, Al-F BDEs are by far

largest difference, 2.6 kcal mid, is for Al(CHz)s, which might

the strongest, with values as high as 160 kcal thoThese

be expected since this is the largest molecule included in theresults are consistent with the fact that lower deposition
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TABLE 2: Bond Additivity Corrections for the G2 Level of Theory (kcal mol —1)

Allendorf et al.

bond length (no.), BAC

atomic molecular
species AFH Al—CI Al-C AlI-0 Al— C—H C-0 O—-H correction  correction
AlH3 1.589 (3), —0.05 —-1.72
—0.11
AlH 1.600 (2), —0.53 —0.86
0.03
AlH 1.659, —1.02 —0.86
0.14
AICl3 2.069 (3), —3.83 —-1.72
1.49
AICI22%A, 2.097 (2), —3.05 —0.86
1.30
AICI 12 2.135, —2.28 —0.86
1.08
AlF3 1.645 (3), —7.33 —-1.72
2.84
AlF, %A’ 1.659 (2), —5.38 —0.86
2.52
AlF 12 1.671, —3.44 —0.86
2.23
Al(OH)3 1.712 (3), 0.967 (3), —1.55 —4.30
Cz axis 0.91 0.70
Al(OH), %A 1.721 (2), 0.968 (2), —1.53 —2.58
planar, trans, trans 0.90 0.70
AIOH A" linear 1.689, 0.959, -1.52 -1.72
1.01 0.72
Al(CHa)3 1.969 (3), 1.096 (6) 6.11 —6.88
—0.18 —0.1
1.094 3).
—0.14
Al(CHg), %A’ 1.978 (2), 1.096 (4), 3.57 —4.30
—0.23 —0.14
1.092 (2),
-0.14
AICH3 A, 1.994, 1.098 (3), 1.04 —2.58
—0.28 —0.14
AlH.CI 1579 (2), 2.097, —1.31 —-1.72
0.12 0.92
AIHCI» 1.568, 2.081 ( 2), —2.57 —-1.72
0.36 1.21
HAICI 2A 1.600, 2.109, -1.79 —0.86
0.26 1.03
AlHF 1.580 (2), 1.663, —2.47 —-1.72
0.25 1.99
AlHF; 1.565, —4.90 —-1.72
0.62
1.653 (2),
2.42
HAIF 1.606, 1.667, —2.96 —0.86
0.38 2.10
H2AIOH 1.580, 1.720, 0.968, —0.55 —2.58
0.03 0.61 0.70
1.589,
0.02
HAI(OH)2 1.577, 1.713, 0.968, —1.05 —3.44
OAIOH cis, trans  0.16 0.77 0.70
1.718, 0.967,
0.76 0.70
HAIOH 2A' trans 1.601, 1.726, 0.968, —1.03 —-1.72
0.16 0.74 0.70
AlH(CHz) 1.594 (2), 1.961, 1.092, 2.01 —3.44
HCAIH planar 0.08 —0.58 —0.14
1.096 (2),
—0.14
AIH(CH3)2 1.600, 1.965 (2), 1.096 (4), 4.06 —5.16
0.27 —0.38 —0.14
1.093 (2),
—0.14
HAI(CH3) 2A’ 1.608, 1.973, 1.091, 1.52 —2.58
HAICH trans 0.22 —0.43 —0.14
1.096 (2),
-0.14
AIFCl, 2.065 (2), 1.648, —4.99 —-1.72
1.64 2.56
AlFCl 2.062, 1.646 (2), —6.16 —-1.72
1.78 2.70
CIAIF 2.097, 1.659, —4.22 —0.86
1.43 2.39
AI(OH)CI, 2.070, 1.701, 0.968, —3.07 —2.58
1.40 1.15 0.70
2.080,
1.36
AICI(OH)2 2.082, 1.704, 0.968, —2.31 —3.44
OAICH cis, trans 1.25 1.04 0.70
1.708, 0.967,
1.02 070
CIAIOH 2A' trans 2.100, 1.717, 0.969, —2.29 —-1.72
1.19 1.00 0.70
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TABLE 2: (Continued)
bond length (no.), BAC atomic molecular
species AFH Al—CI Al-C Al—-0 Al—F C-H C-0 O—H correction  correction
AICI»(CHa) 2.090 (2), 1.938, 1.092, —0.52 —3.44
HCAICI planar 1.38 —-0.11 -0.14
1.094 (2),
—-0.14
AICI(CH3)2 2.115, 1.952 (2), 1.095 (4), 2.80 -5.16
1.25 —-0.15 -0.14
1.093 (2),
—0.14
AICI(CHy) trans 2.118, 1.968, 1.095 (2), 0.26 —2.58
1.19 —0.20 —-0.14
1.092,
-0.14
AlF,(OH) 1.699, 1.648, 0.967, —5.40 —2.58
1.41 2.59 0.70
1.653,
2.55
AIF(OH), 1.704 (2), 1.662, 0.966 (2),  —3.47 -3.44
FAIOH cis, cis 1.17 2.27 0.70
FAIOH trans 1.718, 1.661, 0.968, —3.46 —-1.72
1.13 2.28 0.70
Al(OH),CHs 1.948, 1.718, 1.094 (2), 0.968, 1.00 -5.16
OAIOH cis, trans —0.30 0.95 -0.14 0.70
1.724, 1.093, 0.966,
0.94 -0.14 0.70
Al(OH)(CHj3)2 1.963, 1.729, 1.094, 0.967, 3.56 —6.02
—0.24 0.98 —-0.14 0.70
1.955, 1.096,
—0.24 -0.14
1.095 (3),
—-0.14
1.093,
-0.14
CH3AIOH 1.978, 1.730, 1.094 (2), 0.969, 1.02 —3.44
HOAIC cis -0.29 0.93 -0.14 0.70
1.095,
-0.14
HAI(OH)CI 1.568, 2.095, 1.707, 0.968, -1.81 —2.58
CIAIOH cis 0.27 1.07 0.89 0.70
HAI(CH3)CI 1.583, 2.105, 1.948, 1.093, 0.74 —3.44
HCAICI trans 0.32 1.09 —0.34 —-0.14
1.095 (2),
-0.14
HAI(OH)CH3 1.595, 1.950, 1.725, 1.095 (2), 0.968, 1.50 —4.30
CAIOH trans, 0.22 —0.44 0.80 -0.14 0.70
HCAIO cis 1.093,
-0.14
AI(OH)CHsCl 2.105, 1.939, 1.713, 1.094 (2) 0.968, 0.24 —4.30
1.23 —0.21 1.07 -0.14 0.70
1.092,
-0.14
AIO = 1.648, —2.00 —0.86
1.32
HAIO 1= 1.573, 1.629, —1.52 —-1.72
0.18 1.25
H,AIO 2B, 1.579 (2), 1.757, —1.03 -1.72
0.03 0.66
AIC 432~ 1.966, —0.42 0.00
0.00
AICH singlet 1.946, 1.089, 0.07 —=1.72
linear —0.09 0.05
HAICH 1.592, 1.882, 1.086, 0.55 —=1.72
HAICH trans?2A”  0.23 -0.24 0.05
HAICH> 1.574, 1.795, 1.087 (2), 1.04 —2.58
singlet linearCy, 0.24 —0.34 -0.04
H,AICH 3A" 1.586, 1.896, 1.080, 1.04 —-1.72
0.08 -0.39 0.05
1.588,
0.08
AlH,0CH; 1.589, 1.714, 1.097, 1.418, 1.50 —4.30
HCOAI cis 0.02 0.83 —0.15 —0.29
1.580, 1.094 (2),
0.03 —-0.15

temperatures are required when, for example, oxides aremethylaluminum is more than 20 kcal mélweaker than the
deposited by CVD from organoaluminum instead of halogenated same bond in trimethylborane. Dissociation energies for bonds
compoundg827 between boron and chloridéhowever, are very similar to those

These results indicate that bonds to aluminum are generally between aluminum and chlorine. Data for boron hydroxides are
weaker than those to boron. For example;HB bonds in sparse, but heats of formation reported by Gurvich giralicate
trivalent boron compounds are on the order of 105 kcal A8l that the analogous aluminum bonds are weaker as well. These
Bonds between aluminum and methyl groups are also signifi- comparisons are consistent with the general trends in main-
cantly weaker than their boron counterparts, as discussedgroup bond energies, which decrease as one proceeds down the
previously!® Dissociation of the first AFCHz bond in tri- periodic table from the first to the fourth roi®.



2634 J. Phys. Chem. A, Vol. 106, No. 11, 2002 Allendorf et al.

TABLE 3: Calculated AH°(0 K) and XDg(0 K) for Selected Aluminum Compounds at Various Levels of Theory (kcal mot?),
with Atomic Heats of Formation at 0 K

AH°(0K) Do
species G2 BAC-QCI BAC-G1 BAC-G2MP2 BAC-G2 BAC-G2 literature
AlH3 30.4 36.4 31.1 32.4 325 2006 _ 208:81.87196.1¢
201.8
AlH> 63.5 66.7 63.6 64.0 64.8 116.7 114748
AlH 57.5 58.3 58.1 57.9 59.3 70.6  70430.4266.9+ 4.6P

66.1¢69.9973.6¢
72.9+ 0.2/ <70.69

AICl3 —142.2 —122.2 —138.0 —138.2 —141.1 305.1 303.4-1.52

AICl; %A, —53.5 —38.7 —50.6 —51.2 —52.2 187.6 192.8& 9.62

AICI 1= —14.0 —6.7 —12.0 —12.9 —12.0 118.8 119.%12118.1,9120.8%
AlF3 —286.8 —260.6 —284.2 —279.8 —286.3 419.9 421.8-1.22391.7¢ 369.6¢
AlF; %A’ —149.7 —129.8 —148.9 —1451 —148.5 263.7 265.8 7.22

AlF 1= —64.9 —55.1 —63.9 —62.0 —62.8 159.5 159.9- 1.221604 1.5P

152.3¢145.1¢ 161.68«
1594 31160.41 162.5

Al(OH)3 Cs axis —2321 2153 23238 —228.7 —231.1 6412  649.% 122

Al(OH), 2A; planar, trans, trans -1108  -97.1  —1126 ~109.2 ~109.9 4094  419.6- 122

AIOH 1A' linear ~44.0 ~36.9 442 ~42.9 —425 2314 2343722

Al(CHa)s -956 15 -8.3 -75 -70  1059.8

AI(CH3); 2A' 37.9 45.1 38.6 38.8 39.9 688.1

AICH3 1A, 430 459 437 43.7 452 357.9

AlH,Cl —28.5 ~18.2 —26.5 —25.9 —26.7 2368 2341722

AIHCI, —86.6 —71.4 -83.4 -83.3 -85.1 2721  270.% 7.22

HAICI 2A’ 42 13.0 5.8 5.6 5.6 1529  15547.2a

AlHF 771 —64.4 ~75.6 ~73.6 ~75.4 2754 2743722

AIHF, ~184.3  —164.9  —182.2 ~179.0 ~183.2 350.0  348.5 3.6°

HalF ~43.8 ~322 —43.4 ~41.4 ~425 190.8  191.4 7.22

H,AIOH —57.4 —48.1 —57.1 —55.2 —55.7 3478

HAI(OH); OAIOH cis, trans ~1458 1326  —1459 ~142.9 —144.4 4955

HAIOH A’ trans —241 ~16.2 —24.9 233 ~230 263.5

AlH »(CH3) HCAIH planar 17.3 24.9 18.3 19.2 19.5 486.9

AIH(CH3), 3.9 13.2 5.2 5.9 6.3 7733

HAI(CH3) 2A’ HAICH trans 50.9 56.1 51.3 51.6 52.6 402.1

AIFCI, -190.4 —-1685  —186.9 —185.4 ~189.6 3435 3423192

AIF,Cl —238.7 —214.6  —2357 —232.6 —238.0 381.8  381.91.92

CIAIF -1015  —843 —99.6 —98.0 ~100.2 2255 2293 7.22241+ 15b

AI(OH)CI, -172.9 1543 —170.4 ~169.1 -171.8 417.8 4182124

AICI(OH); OAIOH cis, trans —202.9 1852  —202.1 -199.3 —201.9 530.0  531.3 122

CIAIOH 2A’ trans —-82.5 ~68.9 -82.0 ~80.6 —81.4 2088  305.9 9.62

AICI,(CHs) HCAICI planar -1023  —856 -98.8 -98.9 ~100.5 560.8

AICI(CH3)2 ~57.9 —44.3 —55.4 —55.1 ~55.6 812.2

AICI(CH3) trans -10.1 0.7 8.4 -85 —8.4 440.1

AIF ,(OH) 2693  —2462  —267.9 —263.5 ~268.6 4944 497.% 722

AIF(OH), FAIOH cis, cis —250.9 —2304  —250.7 —246.3 —250.0 567.9  571.4 122

FAIOH frans -130.6  —1141  —131.0 ~127.5 ~129.5 3368  343.6 122

Al(OH),CH; OAIOH cis, trans -159.9 1455  —159.7 -157.0 -158.4 7827

AI(OH)(CH3)z ~85.4 ~731 ~84.2 ~83.0 ~833 921.9

CHAIOH HOAIC cis —36.6 271 —36.8 —35.4 -35.1 548.8

HAI(OH)CI CIAIOH cis -117.1  -1032  -1155 -114.0 ~115.6 384.7

HAI(CH3)CI HCAICI trans 433 —31.2 ~41.0 ~40.6 412 5245

HAI(OH)CH3 CAIOH trans, HCAIO cis ~ —71.7 —60.7 ~70.9 —69.3 —69.7 635.1

Al(OH)CH:CI ~132.2  -1168 —130.4 ~129.0 ~130.5 672.8

AIO Z 18.4 27.7 17.6 19.5 19.9 117.3  12821.22121.24+ 2P
118.1¢

HAIO 13 22 6.3 -18 -35 04 189.3  187.7 122

H,AIO 2B, 11.30 20.95 12.05 14.15 1333  227.2

AIC 45~ 1716 176.3 170.8 169.8 172.1 761  862278.6¢76.1'

AICH singlet linear 156.7 162.4 157.2 157.1 158.4 141.4

HAICH HAICH trans?A” 1245 135.1 125.2 1295 125.7 22538

HAICH; singlet linearCz, 79.9 87.1 80.9 80.7 81.6 3215

H,AICH 3A" 110.7 119.0 110.7 111.0 1115 291.6

AiH ,0CH; HCOAI cis 475 —37.3 —46.0 —44.2 —44.9 610.3

Al 78.23 78.23 78.23 78.23 79.73

H 51.63 51.37 50.58 50.76 51.15

cl 28.59 29.87 30.35 30.03 29.37

F 18.47 17.92 20.43 20.79 20.41

o} 58.99 56.91 59.31 59.77 59.49

C 169.98 170.84 168.82 168.45 168.90

aReference 2° Reference 1¢ D., MP2 calculation. See ref 38.D., QCI calculation. See ref 39.CCSD(T)/WMR calculation. See ref 38.
fBaltayan, P.; Nedelec, @. Chem. Physl979 70, 2399.9 Huber, K. P.; Herzberg, GViolecular Spectra and Molecular Structure Constants of
Diatomic MoleculesVan Nostrand: New York, 1979.Murad, E.; Hildenbrand, D. L.; Main, R. B. Chem. Physl966 45, 263.' D, MP4SDQ
calculation: Peterson, K. A., Woods, R. £.Chem. Phys1988 89, 4929.1 MP4/6-31H-G(MC)(3d2f) calculation. See ref 39G2 calculation,
ref 40. ' MRCI calculation. See ref 36.

Ligand substitution in trivalent aluminum compounds has very observations are consistent with the trends in heats of formation
little effect on bond dissociation energies in these compounds. discussed above, again showing that bonding in these com-
In general exchanging one ligand for another changes the BDEpounds is highly localized.
of the remaining ligands of that type by less than 1 kcalhol This localized behavior does not extend to nontrivalent
Increasing the number of halogen atoms in a molecule generallycompounds, however. In particular, the effect on the BDE of
reduces the Athalogen BDE, although the BDEs of the other exchanging ligands in divalent species is much more profound.
ligands are not changed by more tha@ kcal molt. These The unpaired electron in AIXY compounds is strongly affected
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TABLE 4: AH (298 K) for the BAC-G2 Level of Theory with Error Estimates and Literature Values for Selected Aluminum
Compounds (kcal mol?)

species AH° JANAPP Gurvich? other sources

AlH3 30.9+1.8 30.8+ 4.8 26.9924.2¢13.6!84.5930.6"29.5! 29.1u

AlH 64.1+1.8 66.2+ 4.8 51.8950.4845.4/10.7961.8"62.4! 63.5 63.4163.1Y

AlH 50.2+2.0 61.9+ 4.8 59.6+ 0.8 63.0¢46.0¢52.9170.1959.5"58.2! 58.6!57.7!

AlCl3 —141.5+ 4.4 —139.7+0.7 —139.741.2 —142.5¢—-134.3¥—1404+ 0.43! —149.29 —140.3¢ —140.3f
—122.19 —126.8" —146.31 —139.47 —146.4! —139.8Y

AICI; %A, —524+2.1 —66.9+ 4.8 —57.6+9.6 —71.49-74.68—-74.0f —68.29 —46.8" —57.41 —57.3]
—79.1"—-57.4! -51.84 )

AICI 1= —11.9+1.3 —12.3+ 1.5 —12.2+ 0.7 712.7? —27.8¢6—20.8f —5.59 —9.1h —15.41 —11.4m
—15.4t—-12.9¢

AlF3 —287.1+6.9 —289.0+0.6 —289.0+ 0.7 —287.6°—291.99 —291.3¢ —285.8f —291.59 —287.97
—290.4! —286.27

AlF;2A’ —148.9+ 3.6 —166.1+9.6 —151.04+ 7.2 —152.4t

AlF 12 —-62.8+1.7 —63.5+0.8 —63.1+0.7 —65.79-83.68—77.9f —50.19 —61.7M —65.4!

Al(OH)3 Cs axis —233.8+3.1 —242.0+ 12

AI(OH% 22A; planar, trans, trans. —111.5+2.9 —121.3+ 12 )

AIOH 1A' linear —42.8+2.0 —43.0+ 3.1 —46.1+7.2 —3459-61.15—-40.1f —33.49 —40.0" —45.5! —44.7!
—43.8¢

Al(CH3)3 —12.8+1.6 —19.40 —20.59 —40.18 —27.5f —5.79 —17.8Mm —20.9°
—5.6P —13.14

Al(CHg}z 2N 36.2+ 2.0

AICH3 ‘A1 436+ 2.4 )

AlH.CI —28.1+1.3 —25447.2 —24.1, -30.7, —28.8'

AIHCI, —86.1+ 2.7 —84.0+7.2 —77.1,—89.8, —89.4, —85.6

HAICI 2A’ 50+1.0 25+7.2 6101516, 4™

AlHF —76.9+2.1 —75.7+7.2

AlHF; —184.4+ 4.4 —182.9+ 3.6

HAIF —43.1+1.8 —43.6+ 7.2

HAIOH —-57.9+1.8

HAI(OH%Z OAIOH cis, trans —146.9+ 2.3

HAIOH “A’ trans —24.3+2.2

AlH »(CHz) HCAIH planar 16.4+ 1.6

AIH(CH3); 1.7+ 1.6 —6.426.2P0.99

HAI(CH3) 2A’ HAICH trans 50.3+t 1.9

AIFCI» —190.1+ 5.0 -—189.0+1.4 —189.14+ 1.7 —195.49-191.4¢—186.7f —178.09

AlFCl —238.7+59 —238.8+1.5 —238.84+ 1.7 —243.09 —241.6¢ —236.2! —234.69

CIAIF —100.5+2.5 —117.0+15.1 —104.3+ 7.2 —104.6!

AI(OH)CI, —173.0+ 3.3 —173.3+ 12

AICI(OH%Z OAICH cis, trans —203.8+2.8 —205.3+ 12

CIAIOH 2A' trans —82.3+1.4 —89.3+9.6 —86.0

AICI(CHsz) HCAICI planar —102.7+ 2.6 —119.7+ 1.7°

AICI(CH3)2 —59.6+1.1 —79.9+2.1°

AICI(CH3) trans —-10.3+1.0

AlF,(OH) —270.0+ 5.2 —273.84+ 9.6

AIF(OH), FAIOH cis, cis —252.0+ 3.9 —255.6+ 12

FAIOH trans —130.5+ 2.7 —137.2+12  —133.5

Al(OH),CH; OAICH cis, trans —-162.1+2.1

Al(OH)(CHg)2 —88.1+1.4

CH3AIOH HOAIC cis —37.84+£2.0

HAI(OH)CI CIAIOH cis —117.44+1.9

HAI(CH3)CI HCAICI trans —44.0+£1.2

HAI(OH)CH3 CAIOH trans,HCAIO cis —73.3+ 1.6

AI(OH)CH3CI —133.5+1.8 ) )

AlO = 19.9+ 2.6 159+ 1.9 16.1+ 1.5 3.9‘?[—1.8,‘—‘ 8.4/9.8918.9"17.0/ 18.8] 21.8m
18.918.8Y

HAIO 1= —1.1+35 8.0+ 20.1 0.4+12  189.97189.9) —5.3t

H,AIO 2B, 11.9+1.8 ) )

AIC 4=~ 172.9+ 2.8 164.8+ 2.4 163.1+ 12  172.51171.5,171.7,172.8¢

AICH singlet linear 158.6t 2.0

HAICH HAICH trans2A"” 125.2+ 4.0

HAICH? singlet linearC,, 80.5+ 1.6

H,AICH 3A" 110.6+ 1.4

AlH,0CHz; HCOAI cis —48.5+ 1.6

CHjs 34.77+£1.00 34.82+0.19 35.06+ 0.10"

CH, 93.63+1.04  92.35+ 1.00

CH 141.18+1.02 142.00+ 4.18

OH 9.23+1.01 9.3+ 0.29 8.89+ 0.09s

C 170.13+1.10 171.29+0.11

o 59.93+1.05  59.55+ 0.02

Cl 29.75+ 1.55  28.99+ 0.0019

F 20.84+1.07  18.98+ 0.07

H 51.59+ 1.21  52.10+ 0.0014

Al 80.14+2.35  78.80+ 1.00 78.87+0.72

a Reference 2P Reference 1¢ G2, calculation uncorrected for atomic spiorbit effects. See ref ZZMNDO/d calculation. See ref 32.MNDO
calculation. See ref 32 AM1 calculation. See ref 32.PM3 calculation. See ref 32 B3LYP calculation. See ref 11.CBS-Q calculation. See ref
11.1 CBS—RAD calculation. See ref 1XK2—BVWN calculation. See ref 33 Reference 287 Reference 37 Reference 292 Reference 30° B3LYP/
6-311++G(2df,pd) calculation. See: Simka, H.; Willis, B. G.; Lengyel, I.; Jensen, KrBg. Crystal Growth Charactl997, 35, 117. Willis, B.
G.; Jensen, K. FJ. Phys. Chem. A998 102, 2613.9 G2MP2 calculation. See footnofe " Dobis, O.; Benson, S. Wnt. J. Chem. Kinet1987,
19, 691.5Rusic, B.; Feller, D.; Dixon, D. A.; Peterson, K. A.; Harding, L. B.; Asher, R. L.; Wagner, AJ.F?hys. Chem. 2001 105 1.
tReference 41! Spin—orbit-corrected G2 calculation. See ref YSpin—orbit-corrected G2 calculation. See ref 10.

by the electronegativity of the ligands. If electronegativities of tion of the electron density occurs, with the unpaired electron
the exchanged ligands are substantially different, e.g., whengoing to the more electronegative atom. This makes the bond
replacing H or CH by CI, F, or OH, a considerable redistribu- to the electronegative ligand much stronger than the bond to
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TABLE 5: Thermochemistry Parameters at Various Temperatures (K)

AHfoa o4 b AGfoa

species 298 K 298 K 300 K 600 K 1000 K 1500 K 2000 K 2500 K
AlH3 30.9 49.7 27.3 15.1 36.9 42.4 48.0 53.6
AlH, 64.1 51.1 55.4 38.0 52.8 49.8 47.2 44.8
AlH 59.2 44.9 47.7 27.4 38.1 30.1 225 15.2
AICl3 —141.5 75.4 —142.9 —153.4 —130.0 —122.5 —114.8 —107.1
AICI; %A, —52.4 69.4 —60.0 —76.5 —60.8 —62.8 —64.2 —65.5
AICI —-11.9 54.6 —23.0 —43.1 —32.0 —39.6 —46.6 —53.3
AlF; —287.1 66.6 —288.0 —297.9 —273.4 —264.7 —255.7 —246.6
AlF; 2A —148.9 63.4 —156.1 —172.2 —155.9 —156.9 —157.5 —157.9
AlF 1= —62.8 51.4 —73.7 —93.5 —82.0 —89.1 —95.6 —101.8
Al(OH)3 Cz axis —233.8 74.0 —222.8 —220.7 —180.6 —152.6 —125.9 —99.7
Al(OH); %A, planar, trans, trans —1115 68.1 —110.6 —118.6 —91.7 —80.3 —69.0 —57.9
AIOH *A' linear —42.8 49.6 —48.4 —62.8 —44.3 —42.4 —40.0 —37.4
Al(CH3)s —12.8 94.6 -0.7 2.6 45.9 78.4 110.2 140.9
Al(CH3), 2A' 36.2 80.1 38.3 31.6 61.3 77.0 92.6 107.6
AICH3 A, 43.6 57.2 38.1 24.2 44.0 47.6 51.6 55.7
AlH.CI —28.1 60.7 —31.7 —44.1 —22.7 —-17.7 —125 —7.4
AIHCI, —86.1 69.3 —89.0 —100.7 —78.8 —73.2 —67.3 —61.5
HAICI 2A’ 5.0 61.8 —3.6 —21.0 —6.4 —9.6 —12.4 —15.0
AlHF —76.9 57.7 —80.3 —92.4 —70.6 —65.1 —59.5 —53.8
AlHF; —184.4 63.4 —186.9 —198.2 —175.6 —169.0 —162.3 —155.5
HAIF —43.1 58.8 -51.5 —68.7 —53.8 —56.5 —58.9 —61.0
H.AIOH —57.9 60.9 —57.5 —65.9 —39.2 —27.7 —16.2 —5.1
HAI(OH), OAIOH cis, trans —146.9 68.7 —141.6 —145.1 —112.2 —93.2 —74.6 —56.6
HAIOH 2A' trans —24.3 60.7 —28.6 —41.6 —21.2 —17.2 —13.2 —9.3
AlH»(CHsz) HCAIH planar 16.4 69.0 16.7 8.4 35.7 48.0 60.3 72.2
AIH(CH3), 1.7 81.4 8.1 5.7 41.2 63.8 86.1 107.6
HAI(CHs) 2A" HAICH trans 50.3 65.3 47.0 35.1 57.5 64.0 70.6 77.1
AIFCl, —190.1 74.7 —192.0 —202.9 —180.1 —173.3 —166.3 —159.3
AlIF.CI —238.7 71.7 —240.4 —251.1 —227.9 —220.7 —213.3 —205.8
CIAIF —100.5 67.8 —108.3 —125.0 —109.6 —111.8 —113.6 —115.1
Al(CH)Cl; —173.0 78.2 —171.2 —178.5 —150.8 —138.2 —125.8 —113.6
AICI(OH), OAICH cis, trans —203.8 77.3 —197.8 —200.7 —167.3 —147.7 —128.7 —110.1
CIAIOH 2A' trans —82.3 70.0 —86.1 —98.8 —78.0 —73.9 —69.6 —65.3
AICI,(CHg) HCAICI planar —102.7 86.2 —101.0 —108.2 —79.9 —66.2 —52.6 -394
AICI(CH3)2 —59.6 89.0 —52.2 —53.7 —-17.3 6.5 30.0 52.7
AICI(CH3) trans —10.3 74.8 -13.1 —24.8 -2.1 4.8 11.8 18.7
AlF(OH) —270.0 72.3 —267.9 —274.7 —246.3 —233.0 —219.8 —206.7
AIF(OH), FAIOH cis, cis —252.0 74.7 —245.9 —248.7 —214.9 —195.5 —176.4 —157.5
FAIOH trans —130.5 67.0 —134.1 —146.5 —125.4 —120.7 —115.9 —111.1
Al(OH),CHz OAIOH cis, trans —162.1 84.4 —151.8 —150.4 —110.6 —83.0 —56.1 —30.1
Al(OH)(CHa) —88.1 89.6 —76.9 —74.4 —32.9 -3.1 26.1 54.4
CH3AIOH HOAIC cis —37.8 77.2 —37.3 —45.6 —18.6 —6.5 5.4 16.9
HAI(OH)CI CIAIOH cis —117.4 69.5 —116.3 —124.1 —97.0 —85.0 —73.0 —61.0
HAI(CH3)CI HCAICI trans —44.0 76.7 —42.7 —50.2 —22.0 -85 4.9 18.0
HAI(OH)CH3; CAIOH trans, HCAI cis —73.3 74.2 —67.2 —69.9 —354 —14.3 6.7 27.2
Al(OH)CHCI —133.5 82.9 —126.7 —128.9 —93.8 —72.0 —50.4 —29.6
AlO 22 19.9 52.4 8.8 —11.2 -0.2 -7.9 —15.1 —22.0
HAIO 1= -1.1 52.9 -7.7 —23.1 —6.0 —6.3 —6.4 —6.4
H,AIO 2B, 11.9 59.26 8.1 —45 16.5 20.9 255 30.1
AIC 4=~ 172.9 54.0 154.4 126.8 127.8 107.8 88.6 69.8
AICH singlet linear 158.6 40.5 148.8 130.1 143.0 138.0 133.8 129.9
HAICH HAICH trans2A" 125.2 61.0 114.0 93.9 104.7 96.6 88.9 81.3
HAICH; singlet linearC,, 80.5 61.8 73.6 58.1 75.4 75.5 76.0 76.4
HAICH 2A" 110.6 65.9 102.5 85.5 100.6 97.8 95.1 92.3
AIH,OCH; HCOAI cis —48.5 72.1 —41.8 —43.5 =75 15.7 38.6 60.7

a|n kcal mol™. In cal mor! K1,

the more electropositive ligand. This effect can be clearly seen resulting in a product with a doublet ground state. Alternatively,
in Table 6. For example, when substituting F for H in Alte breaking the A+-X bond in AlX; requires less energy, since
form HAIF, the Al-H BDE drops from 46.7 to 31.9 kcal nmdl there is a thermodynamic advantage to pairing the valence
In contrast, substitution of CHfor H in AlH, decreases the  electrons on aluminum (all AIX species ha\@ground states).
Al—H BDE by less than 2 kcal mot. B. Comparisons with Experimental Data. The BAC-G2
Successive removal of ligands within a given molecule results heats of formation for the aluminum hydrides, fluorides, and
in a high—low—high trend in BDESs that is displayed by silicon chlorides are generally in good agreement with the primary
compounds (see for example ref 19) as well as other group Il critical reviews of thermodynamic data, Gurvich et?and the
compoundg! For example, the AFCI BDEs in AICl;, AICI,, JANAF Tables! In particular, the BAC-G2 value is in good
and AICI, are 118.1, 69.5, and 119.7 kcal miglrespectively. agreement with the data in these reviews, as well as other
This trend is evident for all five ligands examined in this study. sources;?8 for AICl; and AlRs. This is encouraging, since the
The stronger bond in AlX relative to AlX; species is a experimental data for these compounds are probably the most
consequence of the energy penalty paid for unpairing electrons,accurate of those available for aluminum-containing species.
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TABLE 6: Calculated Bond Dissociation Enthalpies (BDE) at 298 K for Selected Aluminum Compounds (kcal mol)
BDE
species A+H Al—-C Al-0 Al—CI Al—F C-0O

AlH 3 84.8

AlH 46.7

AlH 72.5

AICl3 118.9

AICI; %A, 70.3

AICI = 121.8

AlF3 159.0
AlF; %A’ 106.9
AlF 1= 163.8
Al(OH); Cs axis 131.5

Al(OH), 2A, planar, trans, trans 77.9

AIOH A’ linear 132.2

Al(CH3)3 83.8

Al(CHg), 2A' 42.2

AICH3 A, 71.3

AlHCl 84.7 122.0

AIHCI, 85.3 120.9

HAICI 2A’ 34.7 84.0

AlH 5F 85.4 161.8
AlHF, 87.1 162.1
HAIF 319 123.1
H,AIOH 85.2 131.2

HAI(OH), OAIOH cis, trans 87.0 131.8

HAIOH 2A’ trans 33.1 92.7

AlH »(CHs) HCAIH planar 85.5 82.5

AlH(CH3), 86.1 834

HAI(CH3) A" HAICH trans 44.9 43.7

AIFClI, 119.4 158.5
AlF,CI 119.6 159.0
CIAIF 67.5 109.4
Al(OH)CI, 129.8 120.5

AICI(OH), OAIOH cis, trans 130.7 122.1

CIAIOH 2A' trans 79.6 69.3

AICI»(CHgz) HCAICI planar 85.1 122.2

AICI(CH3), 84.1 125.6

AICI(CH3) trans 33.2 83.7

AlF,(OH) 130.3 160.3
AIF(OH), FAIOH cis, cis 130.7 161.3
FAIOH trans 76.9 108.5
Al(OH).CHs OAIOH cis, trans 85.4 133.5

Al(OH)(CHj3), 85.1 133.5

CH3AIOH HOAIC cis 29.8 90.6

HAI(OH)CI CIAIOH cis 86.7 131.6 122.9

HAI(CH3)CI HCAICI trans 85.3 83.8 124.1

HAI(OH)CH3; CAIOH trans, HCAIO cis 87.1 83.8 132.8

Al(OH)CHsCI 86.0 132.4 125.5

AlO = 120.2

HAIO = 72.6 120.2

H,AIO 2B, 38.6 112.1

AIC 4=~ 77.4

AICH singlet linear 62.7

HAICH HAICH trans?A" 85.0 75.2

HAICH; singlet linearCy, 72.3

HAICH 2A" 66.2 94.7

AlH,0CH; HCOAI cis 95.2

The biggest disagreements occur for the divalent species, whoseuthors are consistent with the observation (discussed earlier)
heats of formation in the critical reviews were obtained through that bonding in these compounds appears to be quite localized.
estimation techniques. The agreement is particularly poor with  Unfortunately, data for organometallic aluminum compounds
the JANAF heats of formation (differences as large as 15 kcal are quite thin, although several sources report a heat of formation
mol~* for AICI;) and indicates that the JANAF values are likely for trimethylaluminum?223° The value in the NBS Tables

in error. Data for Ali and AICkL from the older NBS Tablés (—17.8 kcal mot1)3 and the value preferred by Cox and Pilcher
also do not agree well with the BAC-G2 values. The estimated (—20.9+ 1.7 kcal mot1)* are significantly lower than the BAC-
values reported by Gurvich et al. for the divalent species are in G2 value of—12.8 kcal mot®. Cox and Pilcher list an alternate
much better agreement with the BAC-G2 values. Predicted measurement obtained by Long and Norfsf-13.6 + 2.5
values for the diatomics AlH, AIF, and AICI are in quite good kcal mol?) that is actually in better agreement with the
agreement with the standard sources. Values for mixed halide/calculation. A more recent compilation by Pilcher and Skifther
hydride species (i.e., AlfX3-n, X = F, Cl; n = 1-3) estimated gives —19.4 kcal mofl. An estimated heat of formation for

by Gurvich et al. for the most part agree well with theory. This AIH(CH3), reported by Smith+£6.4 kcal mot?) does not agree

is not surprising, since the linear estimations used by those well with the BAC-G2 value®® Thus, none of the reported values
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Figure 1. BAC-G2 heats of formation for substitution of H by R in
the series AlHRs;-,, R= OH, F, Cl, CH.
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Figure 2. AC-G2 heats of formation for OH substitution in the series
AIR3(OH)3-n, R=H, CHs, F, Cl.
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Figure 3. BAC-G2 heats of formation for substitution of GHy R in
the series AIRCHs)s—n, R = H, CI, OH.

is in particularly good agreement with the BAC-G2 prediction,

Allendorf et al.
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Figure 4. BAC-G2 heats of formation for chlorine substitution in the
series AIRCls-,, R=H, OH, F, CH.

estimation techniques employed by Gurvich et al. and JANAF
involved average bond energies in various aluminum compounds
(including halides as well as oxygen-containing compounds),
so it is not surprising that a substantial error could result. As in
the case of the organometallic compounds, additional experi-
mental data are required to fully validate the computational
predictions for aluminumoxygen compounds, although it
seems likely that the data in the NBS Tables for Al(@k)e

in error.

C. Comparisons with Other Quantum-Chemistry Predic-
tions. Although it is not the purpose of this article to perform
a comprehensive review of theoretical treatments of aluminum
compounds, it is enlightening to compare the results of selected
methods that have been published with the predictions of the
BAC-G2 method. Heats of formation for aluminum-containing
compounds obtained from quantum-chemistry techniques are
more numerous than experimental data. Methods including
semiempirical techniquéddensity functional theory (DFT,33-35
and high-level calculatioig-11.13.33.34.3%1 haye been employed,
although none of these studies treats as large a set of molecules
as are examined here.

We will not discuss the uncorrected G2 results (Table 3)
further, since these have already been discussed here and by
other investigators’-1142However, we remark that G2 predic-
tions for aluminum halides that are both correéféd and
uncorrected for atomic spir-orbit energies exist in the
literature, which can lead to some confusion regarding the
accuracy of this method. The BAC-G2 method does not
explicitly correct for the atomic spinorbit interaction (which
would be accomplished by adding experimental sprbit
interaction energies to the raw G2 atomic energies used in the
calculation of the heat of atomizatioBDg). Instead, the BAC-

suggesting that additional experimental and theoretical inves- G2 atomic corrections implicitly account for spiorbit interac-
tigations should be performed to add confidence to the theoreti- tions that may exist. It is worth noting that, while applying

cal result.

atomic spir-orbit corrections improves the agreement between

Data for oxygen-containing aluminum compounds are also the G2 prediction and experiment for AlCthis actually makes

rare, making it difficult to validate model predictions. The

the agreement worse for AJA° This reflects the fact that errors

diatomic molecule AIO is the only species that can be consideredin G2 heats of formation for halogenated species are not purely

well-characterized. Heats of formation for AlO in both JANAF
and Gurvich et al. are lower than the BAC-G2 prediction by
about 4 kcal moit. The only trivalent compound with a reported
heat of formation is Al(OHy, for which the Gurvich et al. report
an estimated value of 242 kcal mot?, and the NBS Tables
report—305 kcal mot1.2 Both values are in serious disagree-
ment with the BAC-G2 prediction of-233.8 kcal mot™.
Estimated heats of formation given by Gurvich et al. for Al-
(OH), and AIOH also do not agree well with the theory (Table
4). The JANAF Tables report a heat of formation for HAIO
nearly 9 kcal mot! higher than the BAC-G2 prediction. The

caused by the lack of spirorbit corrections but are also due

to factors such as basis-set superposition errors, which are
evidently more serious in compounds of fluorine than of
chlorine.

The most comprehensive investigations prior to this one in
which a high-level quantum-chemistry method was applied to
a series of aluminum compounds are those of Swihart and
Catoire (SCY! and Politzer et al! each of whom examined a
series of compounds expected to be present during combustion
of aluminum to form particles. SC used two complete basis set
methods (CBS-Q and CBS-RAD) as well as DFT (discussed
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below). Politzer et al. used CBS-QB3 calculations exclusively. available (primarily halides), the BAC-G2 heat of formation is
In both cases, the CBS methods are generally in agreement withgenerally within 2 kcal mol® of the value reported in critical
both experiment and the BAC-G2 predictions, but the predicted reviews. The good agreement between theory and experiment
heats of formation are almost uniformly more negative than both. is particularly encouraging for compounds such as AkGat
The poor performance with regard to chlorides is also note- contain more than one halogen atom; the values predicted by
worthy; this has already been remarked on with regard to G2 and other composite methods such as CBS and G3 deviate
polychlorides in generdP The only instance in which the CBS  from experiment by>3 kcal mol! forAlCls. Predictions for
prediction is more positive than the BAC-G2 value is the heat organometallic compounds, though not firmly validated due to
of formation reported by SC for HAIO. In this case, the value the lack of experimental data, appear well-behaved. Similarly,
of 189.9 kcal mot? differs considerably from the BAC-G2 value  data for hydroxides and other oxygen-containing species are
(—1.1 kcal mot?). Personal communication with the authors likely to be more accurate than either the limited experimental
of ref 11 indicates that this disagreement is due to an error in data available or the estimated values obtained from linear
converting the G2 results to a heat of formation; the correct G2 approximation methods.
heat of formation at 298 K for HAIO should be3.69 kcal
mol~1, which is in agreement with the BAC-G2 value but is Acknowledgment. This work was supported by the U.S.
again more negative, Department of Energy Office of Industrial Technologies,
Another example of an application of a composite method Pilkington North America, Inc. (Toledo, OH), and the NSF
to the prediction of aluminum thermochemistry is that of Curtiss under Grant CTS-9905265 (Dr. Farley Fisher, Program Direc-
et al., who used the G3 metHb@ivhich corrects some of the  tor).
deficiencies of the G2 method) to predict heats of formation
for AIF; and AICk. The G3 prediction for Algis in somewhat Supporting Information Available: Tables of atomic
better agreement with the value in the JANAF Tables (1.1 kcal coordinates, moments of inertia, vibrational frequencies, elec-
mol-1 deviation for G3 vs—1.4 kcal mot? for G2), but the tronic energies, and polynomial coefficients for thermochemical
agreement is actually worse for AlClbeing 3.3 kcal moft data. This material is available free of charge via the Internet
higher than the experimental value. at http://pubs.acs.org.
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