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Ab initio and density functional methods have been employed to study bridge bonding of aluminum compounds.
Results for geometry optimizations and vibrational frequency calculations are found to be consistent with the
recent literature. Heats of formation for the aluminum compounds dimethylaluminum hydride and
trimethylaluminum are poorly described with density functional theory (DFT) methods including the hybrid
DFT method. G2 calculations are closer to experimental values with estimated errors of-1.0 to -2.0
kcal/mol per Al-CH3 bond and-1.9 to-4.1 kcal/mol per Al-H bond. The major finding is that DFT
methods poorly represent bridge bonding in aluminum compounds. While ab initio methods (represented by
the MP2 method) reproduce experimental values within 2-3 kcal/mol, DFT methods, including the hybrid
method, show errors of 5-12 kcal/mol. The DFT methods consistently under-bind the dimers of aluminum
compounds with respect to two monomers. Exploration of the hybrid DFT functional shows that a better
match between experiment and theory is provided by reducing the contribution of the Becke exchange
correction. The binding energies are also found to be sensitive to the choice of correlation functional and the
inclusion of “exact exchange”. Results for associated units larger than dimers indicate it may be difficult to
successfully describe all bridge-bonded aluminum compounds with existing DFT methods.

I. Introduction

Recent efforts have demonstrated the utility of density
functional methods for studying molecular systems.1 The rapid
expansion in the number of papers employing density functional
theory can be credited to the inclusion of electron correlation
effects within a single configuration representation of the ground
state of atoms and molecules. The implementation of electron
correlation effects from density functional theory (DFT) methods
allows useful thermodynamic data to be calculated for molecules
of interest to many applications. Except for the lowest order
accounting of electron correlation effects (Møller-Plesset
perturbation theory on the Hartree-Fock wave function to
second order), ab initio methods are typically impractical for
routine application as quantum chemistry prediction tools. The
tradeoff for the advantages offered by density functional theory
is the loss of a convergent series for higher order treatments of
correlation effects. In addition, there is currently no standard
exchange correlation functional as evidenced by the many
different implementations in the literature, (e.g., SVWN,2,3

BVWN,4,3SLYP,2,5BLYP,4,5BP86,4,6BPW91,4,7B3LYP,8 and
B3PW918).
Common experience has identified the hybrid functionals as

the best density functional methods available for molecular
calculations.8,9 These hybrid functionals mix local exchange
and correlation functionals with gradient corrections and some
component of a Hartree-Fock like exchange calculation.
Currently, the most popular methods (B3LYP, B3P86, and
B3PW91, for example3-8) have their hybrid expansion param-
eters based upon a best fit to several properties of a large group
of small molecules listed in ref 11. The mixing of DFT
functionals with a Hartree-Fock-like exchange calculation

introduces a semiempirical component to these functionals. For
small molecules, the hybrid functionals have been shown to give
good results, comparable to or better than MP2 calculations,
and in some cases close to the high-level G1 and G2 methods
of calculation.12-14 However, there is still a need to understand
their behavior in more diverse molecular compounds. As more
systems are encountered, we can expect varying performances
for the hybrid methods.
In this paper, we report a computational study of “electron

deficient” bridging aluminum compounds. These types of
molecules have posed a challenge to computational chemistry
methods in the past.15-19 Electron correlation effects were found
to be very important for obtaining the correct energetics. In
general, complex bonding schemes have caused problems for
even high level ab initio calculations as demonstrated by the
G1 and G2 difficulties with SO2.12,13 Our results from the
present study indicate that ab initio methods are capable of
describing bridging aluminum compounds. However, contrary
to what has generally been observed in the literature for
“normal” single-bonded compounds,9 we find large differences
between DFT and ab initio calculated energetics. Also, in
contrast to what has generally been reported, the few experi-
mental results available suggest that for these bridge-bonded
aluminum compounds MP2 calculations are superior to those
from DFT methods. Although further studies are needed before
any definite conclusions can be reached, our study suggests that
current DFT methods introduce systematic errors into calcula-
tions of bridging aluminum compounds. These findings are
unfortunate since the advantages of DFT methods would be
particularly useful for the study of these types of systems.
The system of study includes the aluminum organometallic

compounds dimethylaluminum hydride (DMAH) and trimethyl-
aluminum (TMA). These compounds are useful for the chemi-
cal vapor deposition (CVD) of aluminum containing films
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including applications for semiconductor metallization and
compound semiconductor devices.20,21 DMAH, in particular,
has been shown to grow extremely clean aluminum films.22-24

Unlike DMAH, TMA chemical vapor deposition leads to
unacceptably high levels of carbon contamination and is not
useful for the deposition of high quality aluminum films.
However, it has recently been confirmed that TMA is a surface
reaction product of the growth reactions of DMAH, and thus
its chemistry is important to understanding the growth of
aluminum films from DMAH.25,26 Characterizing the DMAH/
TMA gas-phase system requires good thermodynamic data.
Unfortunately, there are few data available for these chemical
compounds, and those which are available are suspect of errors.
Therefore, we have pursued a computational chemistry study
of this reaction system. Because of the unexpected large errors
in energy calculations with DFT methods, several other bridging
aluminum compounds were included in the study to broaden
the understanding of binding in these types of molecules.
As is common with aluminum compounds, DMAH and TMA

form bridging bonds to create associated species (see Figure
1). In the case of DMAH, the monomer units form bridging
hydrogen bonds to create dimer, trimer, and larger order
associated units.27-29 The monomer units of TMA form
bridging bonds with methyl groups to create dimer units.28,30,31

These ring-like structures involve three-centered, two-electron
bonds which are termed “electron deficient”.32

While we are not aware of any previous density functional
theory studies of bridging aluminum compounds, there have
been numerous theoretical studies of electron deficient
bonding.15-19 As mentioned above, these early studies discov-
ered the importance of including electron correlation effects for
obtaining accurate energetics. Whereas previously calculated
dimerization enthalpies at the self-consistent field (SCF) level
have been qualitatively successful for the alane molecule, they
are completely wrong for methyl bridges. More recent studies
of the dimers of alane, DMAH, and TMA have noted the
importance of including polarization functions.33-35 We have
not been able to locate any geometric or energetic data on the
DMAH trimer either from experiments or previous theoretical
studies.
In addition to understanding the energetics of these bridging

aluminum compounds, we are interested in exploring the
calculated vibrational spectra as a function of method and basis
set to better understand the utility of these calculations for bridge-

bonded aluminum compounds. Recent Hartree-Fock-based
theoretical studies of the vibrational spectra of DMAH and TMA
dimers employed simplified structures with hydrogen atoms
replacing terminal CH3 groups.36 Comparison with experiment
showed these simplified models were helpful for interpreting
the experimental vibrational spectra. Here we include harmonic
vibrational frequency calculations in our study of geometric
structures, association enthalpies, and heats of formation of these
complex bridging molecules to better understand the usefulness
of density functional methods for predicting vibrational spectra
of large molecules.

II. Methods of Calculation

Calculations were performed on standard workstations using
the Gaussian 94 suite of programs.10 The Gaussian 94 program
was used to obtain minimum energy structures, total energies,
harmonic vibrational frequencies, and thermodynamic correc-
tions for temperature effects. Zero-point energy corrections to
electronic energies were calculated from the harmonic vibra-
tional frequencies and used unscaled. Analytic gradient tech-
niques were used for both optimization and frequency calcu-
lations. Several DFT and ab initio methods were employed.
The general strategy was to optimize molecules with the

6-31G(d,p) split-valence basis set and then expand the basis
set for single-point energy calculations. Owing to the different
computational burdens of DFT versus ab initio methods, larger
basis sets could be used with DFT calculations. The basis sets
used for single point energy calculations by DFT and MP2-
(Full) methods were respectively 6-311++G(2df,pd) and
6-311+G(d,p). The choice of the 6-311+G(d,p) basis set for
MP2 calculations is supported by other successful MP2/6-
311+G(d,p) calculations on bridging aluminum compounds.37

For geometry optimizations and frequency calculations, the
different DFT exchange correlation functionals are expected to
perform similarly and the BLYP and B3LYP methods were
chosen to represent the pure and hybrid methods. Heats of
formation were also computed with the BLYP and B3LYP
methods again representing the pure and hybrid DFT methods.
For the DMAH and TMA monomers, the resulting heats of
formation are compared with those from the more demanding
G1 and G2 methods. DFT calculations of heats of reaction were
found to be very sensitive to the choice of exchange correlation
functional. Therefore, several combinations of exchange and
correlation functionals were used to characterize dimerization
enthalpies: SVWN, BVWN, SLYP, BLYP, B3LYP, B3P86,
and a modified B3PW91.
Harmonic vibrational frequencies were calculated with the

BLYP density functional method using the 6-31G(d,p) as well
as with larger, modified basis sets. The first of the modified
basis sets uses a 6-311G(df,pd) basis for the heavy atoms and
bridging hydrogen atoms (including hydrogen atoms on bridging
methyl groups), and a 6-31G basis for all remaining (nonbridg-
ing) hydrogen atoms. The second modified basis set is similar
to the first, but adds diffuse s and p functions to the heavy atoms
and a diffuse s function on each bridging hydrogen atom (a
6-311++G(df,pd) basis). Again, a 6-31G basis set was used
for all nonbridging hydrogen atoms. B3LYP/6-31G(d,p) har-
monic frequency calculations were also performed for com-
parison purposes. For both DFT methods, only the infrared
values are reported.

III. Results & Discussion

A. Structure. The general features of the structures
considered in this study are shown in Figure 1. The compounds

Figure 1. Bridge-bonded structures of dimethylaluminum hydride
(DMAH) and trimethylaluminum (TMA).
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of interest are monomer, dimer, and trimer of DMAH; monomer
and dimer of TMA; and the DMAH-TMA cross species
(pentamethyldialane). The optimized geometrical parameters
of these species are listed in Table 1. The table includes BLYP-,
B3LYP-, and MP2(Full)-optimized structures. Geometry op-
timizations were performed for each method with a 6-31G(d,p)
split-valence basis set. This basis set was found to adequately
represent the structures and energetics of these compounds. In
addition, optimized structures for the BLYP method with a
larger, modified basis set are included. As can be seen in the
table, the significant increase in basis set size has little effect
on the BLYP-optimized structures.
For the cases of the DMAH dimer and TMA monomer and

dimer where experimental data are available, the hybrid DFT
and MP2 geometries agree fairly well with the expected
accuracy of approximately 0.01 angstroms for bond lengths and
1 degree for bond angles.38 Exceptions are noted for the DMAH
terminal C-Al-C and bridging Al-H-Al bond angles. The
seven plus degree difference between the calculated value and
experiment for the terminal bond angle is abnormally large and
inconsistent with the good agreement among the other geo-
metrical parameters. The calculated structural features of
DMAH are consistent with previous theoretical studies of alane
where the terminal groups are hydrogen atoms but the optimized

geometrical parameters are similar.34,39 In the case of alane,
the SCF calculated Al-H-Al bridge angle is reported as 97.9°
and the H-Al-H terminal bond angle is 127.3°, very similar
to those calculated for DMAH.

The larger terminal angle of the dimer with bridging hydrogen
atoms as opposed to methyl groups can be rationalized with
previous arguments founded on the donating ability of the
bridging group.40 On the basis of arguments of coupling
constants, the previous work qualitatively predicts that the same
Me-Al-Me terminal bond should be larger for halogen than OR
or NR2 bridge units. Our calculations (not tabulated) agree,
with B3LYP/6-31G(d,p) calculations predicting 127.7°, 122.9°,
and 121.0° angles for bridging Cl, NH2, and OCH3 units. The
same logic can be used to explain the large C-Al-C terminal
angle in DMAH. These arguments rationalize the differences
in calculated terminal C-Al-C bond angles for DMAH and
TMA, but still do not explain the gas phase electron diffraction
results. The error in the bridge angle is similarly difficult to
explain. The consistent disagreement for all methods with
experiment for these two structural features combined with the
good agreement of all methods for the same structural features
of TMA suggests the experimental value may need reevaluation.
However, the poor agreement with experiment does also leave

TABLE 1: Selected Geometrical Parameters for the Dimethylaluminum Hydride (DMAH) and Trimethylaluminum (TMA)
Gas-Phase Compounds Studiedf

BLYP/
6-31G(d,p)

BLYP/
modifiede

B3LYP/
6-31G(d,p)

MP2(Full)/
6-31G(d,p) expt

AlH(CH3)2 (DMAH monomer)
r(Al-H) 1.61 1.60 1.60 1.59
r(Al-C) 1.98 1.98 1.97 1.96
a(C-Al-C) 123.7 123.7 123.6 123.4
[AlH(CH3)2]2 (DMAH dimer)
r(Al-Hb) 1.77 1.76 1.76 1.74 1.676( 0.19a

r(Al-C) 1.98 1.98 1.97 1.96 1.947( 0.003a

r(Al-Al) 2.68 2.66 2.65 2.62 2.617( 0.006a

a(Al-Hb-Al) 98.4 98.2 98.1 97.8 102.6( 1.6a

a(Ct-Al-Ct) 125.8 126.0 126.1 126.8 118.5( 0.9a

[Al(CH3)2]3 (DMAH trimer)
r(Al-Hb) 1.72 1.72 1.71 1.69
r(Al-C) 1.98 1.98 1.97 1.96
r(Al-Al) 3.27 3.28 3.25 3.20
a(Al-Hb-Al) 143.5 144.1 143.1 142.2
a(C-Al-C) 126.4 126.4 126.8 128.2
Al(CH3)3 (TMA monomer)
r(Al-C) 1.99 1.97 1.97 1.957( 0.003b,c

[Al(CH3)3]2 (TMA dimer)
r(Al-Cb) 2.19 2.18 2.17 2.14 2.140( 0.004b,d,g

r(Al-Ct) 1.98 1.98 1.97 1.96 1.97d*

1.957( 0.003b

r(Al-Al) 2.65 2.65 2.63 2.60 2.600( 0.004d

2.619( 0.005b

a(Al-Cb-Al) 74.8 74.9 74.9 74.7 74.7( 0.4d

75.5( 0.1b

a(Ct-Al-Ct) 122.0 122.4 122.3 123.9 123.1( 0.4d

117.3( 1.5b

[(Al(CH3)3)(AlH(CH3)2)] (pentamethyldialane)
r(Al-Cb) 2.19 2.17 2.15
r(Al-Hb) 1.75 1.74 1.73
r(Al-Ct) 1.98 1.97 1.96
r(Al-Al) 2.66 2.64 2.61
a(Ct-Al-Ct) 124.0 124.3 125.6
a(Al-Cb-Al) 74.7 74.8 74.6
a(Al-Hb-Al) 98.7 98.5 98.1

aReference 27.bReference 31.cCompare with a previous study at HF/3-21G* and HF/6-31G*:rAl-C ) 1.98, 1.98, respectively (ref 35).
dReference 41.e 6-311G(df,pd) basis set for heavy atoms and bridging hydrogen atoms (including hydrogen atoms on bridging methyl groups),
6-31G basis for all terminal methyl hydrogens.f Bond lengths are given in angstroms and bond angles in degrees.g Average of their two values.
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open the possibility that higher order corrections are needed to
correctly describe the DMAH dimer.
For all methods used, the TMA-optimized geometry is

consistent with the symmetric bridge bond observed in experi-
mental gas-phase electron diffraction studies,41 rather than the
asymmetric structure computed in ref 33. Due to the many CH3

groups, our optimized TMA structure hasCi symmetry rather
than theD2h symmetry of the aluminum carbon skeleton or the
C2h symmetry possible with the bridging methyl groups. Long-
range H-H interactions aggravate the search for a true minimum
(no imaginary frequencies) with the higher symmetries. The
H-H interaction problem can be dealt with by either reducing
the basis functions on the H atoms (to reduce the interactions)
or by increasing the basis functions on the H atoms and allowing
them to interact more strongly. The later method was used to
rotate the methyl groups into optimized positions at the higher
basis set level. Once such a minimum was found, the
calculation was repeated at the appropriate basis set level with
the new geometry. With this approach we were able to find
minimas with no imaginary modes. However, the high sym-
metry of gas-phase molecules with freely rotating methyl groups
could not always be maintained. Constraining the molecule to
C2h (the highest symmetry possible in a calculation of the TMA
dimer) gives an energy which differs from theCi structure by
less than a microhartree. Geometries are similarly identical
except for a 0.1° decrease in the terminal C-Al-C bond angle
caused by the change in steric interactions.
Experimental gas-phase electron diffraction studies of the

TMA structure have foundD2h symmetry (freely rotating methyl
groups) as opposed to the solid-state measurements which
indicated an offset/distortion between the two planes of the
dimer defined by each Al atom and its two terminal carbon
atoms.31,41 Although the symmetry of the DFT- and MP2-
optimized structures compare better with the gas-phase studies,
the bond lengths and angles compare better with the solid-state
measurements. Therefore, the solid-state geometric values for
TMA are listed in the table along with the gas-phase measure-
ments. Whether the difference between the solid state and gas-
phase determinations is due to actual physical differences or
measurement technique is unclear. Table 1 shows that all
methods give reasonable dimer structures, the best being the
MP2(full) method, and the second best being the hybrid
functional.
Unfortunately, there are no experimental results to compare

with the DMAH-TMA cross species (pentamethyldialane) data.

Compared with the Al-H bridge bond of DMAH, the Al-H
bridge bond length in the mixed DMAH-TMA species shows
a slight contraction. This structural effect does not appear to
show up in the energy calculations (see below). There is also
a slight opening of the Al-Hb-Al angle compared with DMAH.
The other structural parameters, such as the Al-Al distance,
appear to be averages of the parent molecules. The enlargement
of the terminal C-Al-C bonds compared with TMA is
consistent with either reduced bridge-terminal steric interactions
due to the replacement of one bridging methyl group with a
hydrogen atom and/or the reduced electron donating ability of
the hydride bridge as discussed above.
There are no published structures for the DMAH trimer either,

but there are some related structures for comparison such as
those of the AlF3 tetramer and the (CH3)2AlN(CH3)2 trimer.42

The DMAH trimer is found to have a six-membered ring
structure as is consistent with the related compounds, but the
planarity of the ring is unique (D3h symmetry). The terminal
Al-CH3 geometric parameters are similar to those of the
DMAH dimer but with an even larger terminal C-Al-C angle.
The shortening of the aluminum-hydrogen bridge bond is
consistent with a more linear bond and the need to decrease
the bond length to maintain overlap.28 The larger Al-Al lengths
would preclude any Al-Al bonding in the trimer, but the heat
of association per bridge actually increases.43

Comparison of geometrical structures between methods shows
the same trends which have generally been observed in the
literature. BLYP bond lengths are too long, and B3LYP
partially corrects this behavior. Increasing the basis set for
BLYP calculations has very little effect. Comparison with
experiment and MP2 results shows that B3LYP bond lengths
are still too long. Overall, the MP2 numbers are closest to
experiment with the hybrid DFT method second.
B. Heats of Association.Heats of association for the dimer

and trimer structures are listed in Table 2. The important
reactions are:

Reactions 1, 2, 3, and 4 correspond to the binding of the DMAH

TABLE 2: Association Enthalpies (298.15K) for the Dimethylaluminum Hydride (DMAH) and Trimethylaluminum (TMA) Gas
Phase Systemg

HF/
6-311+G(d,p)

BLYP/
6-31G(d,p)

B3LYP/
6-31G(d,p)

MP2(Full)/
6-31G(d,p)

BLYP/
6-311++G(2df,pd)

[AlH(CH3)2]2 w 2 AlH(CH3)2 23.7 26.3 28.0 33.2 25.9
2 [AlH(CH3)2]3 w 3 [AlH(CH3)2]2 8.3 12.1 11.9 15.1 9.0
[Al(CH3)3]2 w 2 Al(CH3)3 0.3 6.5 9.0 19.5 3.5
[(CH3)2AlH(CH3)Al(CH3)2] w AlH(CH3)2 + Al(CH3)3 12.1 16.4 18.6 26.4 14.8

B3LYP/
6-311++G(2df,pd)

MP2(Full)/
6-311+G(d,p) MP4 G2MP2 expt

[AlH(CH3)2]2 w 2 AlH(CH3)2 28.2 33.6 32.5d 34.9 30.0-40.0a
2 [AlH(CH3)2]3 w 3 [AlH(CH3)2]2 9.0 14.7 12.0f 15.0- 20.0

per bridgea

[Al(CH3)3]2 w 2 Al(CH3)3 7.0 18.5 16.6e 20.40( 0.34b

19.8c

[(CH3)2AlH(CH3)Al(CH3)2] w AlH(CH3)2 + Al(CH3)3 17.7 26.1

aReferemce 44.bReference 45.cReference 32b.dMP4(SDQ)/6-311G(d,p).eMP4(SDTQ)/6-31G(d).f QCISD step without triples contribution.
g Each method uses its own optimized geometry with a 6-31G(d,p) Basis except the MP4 and HF (Hartree-Fock) calculations which use the
MP2(Full)/6-31G(d,p)-optimized geometry. Zero-point energies and thermal energy corrections to 298.15 K are based on B3LYP harmonic frequencies
for all calculations except G2MP2. All values are given in kcal/mol.

(AlH(CH3)2)2 S 2AlH(CH3)2 (1)

(Al(CH3)3)2 S 2Al(CH3)3 (2)

2(AlH(CH3)2)3 S 3(AlH(CH3)2)2 (3)

((AlH(CH3)2)(Al(CH3)3)) S Al(CH3)3+ AlH(CH3)2 (4)
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and TMA dimer, DMAH trimer, and the DMAH-TMA cross
species (pentamethyldialane), respectively. The association
enthalpies were calculated with several different computational
chemistry methods (Table 2). The compounds are discussed
in turn below.
Dimethylaluminum Hydride. The calculated association en-

thalpies of DMAH for all methods which treat electron
correlation are in rough agreement with the experimental
estimate of 15-20 kcal/mol per hydrogen bridge.44 Even the
Hartree-Fock value has the correct qualitative (binding)
behavior. The hybrid DFT and MP2 methods differ by
approximately 5 kcal/mol. The B3LYP association enthalpy
values are approximately 2 kcal more binding than those from
the BLYP method. Compared with the MP2 numbers, the
implementation of the MP4 method shows no significant effects
of higher order corrections for electron correlation. A G2MP213

calculation of the association enthalpy for the DMAH dimer
gives the most binding value of 34.9 kcal/mol. Overall, the ab
initio methods bind the dimer (with respect to two monomers)
more than the DFT methods with differences of approximately
5-7 kcal/mol. Comparison with the estimate based on experi-
mental observation favors the ab initio values.
For the association of DMAH to trimer, the discussion

parallels that for the dimer. The experimental estimate is very
approximate and not useful for extensive discussion. The
calculated enthalpy per H bridge is actually larger for the trimer
than the dimer, 19.3 vs 16.8 kcal/mol at the MP2(Full)/6-
311+G(d,p) level. This effect could be due to greater binding
of the hydrogen atoms with the shorter bond distance or reduced
repulsion between Al atoms.43

Trimethylaluminum. Results for the TMA association reac-
tion reveal even larger differences between DFT and ab initio
calculations than those for DMAH. Trimethylaluminum is
generally accepted to exist in the vapor phase as a dimer with
an experimental binding value of 20.4( 0.34 kcal/mol.45 The
ab initio methods are consistent with the experimental value
but the DFT methods, including the hybrid B3LYP method,
show striking disagreement. Errors are within 2 kcal/mol for
the ab initio methods, but greater than 10 kcal/mol for the DFT
based calculations. In comparisons of B3LYP and MP2 energy
calculations for “normal” single-bonded molecules, it is gener-
ally the MP2 numbers which are inferior.9 In this case, the
experimental value is firm and the conclusion must be that DFT
methods are in substantial error. Observation of the large error
for the Hartree-Fock dimerization enthalpy gives some indica-
tion of the importance of electron correlation for the dimer
structure. The DFT under binding of the TMA dimer complex
with respect to monomers is similar in direction to the errors
discussed above for DMAH. The under-binding of dimer units

(with respect to monomer units) is a trend which continues for
several other bridging aluminum structures. This observation
will be discussed in detail below after mention of the results
for the cross species (pentamethyldialane).
Pentamethyldialane. The computed binding enthalpy of the

DMAH-TMA cross compound (pentamethyldialane) is inter-
mediate between DMAH and TMA values for all methods. The
association strength is very nearly the summation of one-half
the dimerization enthalpy of DMAH and one-half that of TMA.
In contrast to an earlier report which suggested hydrogen
bridging in the DMAH-TMA complex is stronger than DMAH
hydrogen bridges, these results show no significant strengthening
or weakening interaction for the two different bridging bonds.36

Although there are no experimental values to compare, we
suggest the MP2 calculated energies are the best listed here.
Reports of poor performance for the hybrid DFT methods in

ground state systems (especially in comparison with MP2
numbers) are uncommon, and the present results (Table 2) must
be related to this particular system of study. For purposes of
discussion, the dimerization enthalpies of several other bridging
aluminum compounds are given in Table 3. Both “electron
deficient” and “normal” two-center two-electron bridge bonds
are represented. All bridging systems show significant differ-
ences between DFT (including the hybrid method) and ab initio
values for calculated association enthalpies. Although good
experimental data is sparse, the data which are available favor
MP2 over DFT numbers. The differences between methods
increase as the bridging species changes loosely in the order
H, F, Cl, OH, CH3, and NH2. The DFT errors are not confined
to the electron deficient bonds, but are also exhibited with
“normal” bridge bonds. In all cases, the hybrid DFT methods
underbind the dimer unit with respect to monomers.
Calculations of association enthalpies of bridging structures

with different combinations of exchange and correlation func-
tionals (Table 4) provide additional insight into DFT results.
Table 4 shows large (>20 kcal/mol) variations in the association
enthalpies calculated by different methods. The values range
from both over-binding of the dimers (SVWN and SLYP) to
strongly underbinding (BVWN). Although each method uses
its own converged density, the geometry is the same for all
calculations on each bridging compound. These calculations
do not rigorously decouple the electron density and functional
evaluations, but they do offer some indications of the tendencies
of the methods for the same geometrical structures. Given that
the hybrid method underbinds the dimer (with respect to two
monomers) and that all combinations of the Becke exchange
functional with a correlation functional under-bind as well, it is
suggested that for these systems the Becke gradient corrected
exchange term overcompensates the over-binding of the local

TABLE 3: Association Enthalpies (298.15 K) of Several Bridging Aluminum Compoundsl

HF/6-31G(d,p) MP2(Full)/6-31G(d,p) B3LYP/6-31G(d,p) expt

[AlH 3]2a,b w 2 AlH3 24.3 32.9 29.8
[Al(NH 2)(CH3)2]2 w 2 Al(NH2)(CH3)2 54.9/48.9e 64.7/57.8e 53.8/46.0f

[AlOH(CH3)2]2 w 2 AlOH(CH3)2 56.6/53.2e 63.8/57.8e 54.0/46.9f

[AlF3]2c w 2 AlF3 57.0/48.1e 64.2/48.8e 58.7/43.9f 52.2g, 50.7( 4.02h,i

[AlCl(CH3)2]2 w 2 AlCl(CH3)2 18.6/19.1e 29.1/32.3e 22.7/22.0f

[AlCl 3]2d,k w 2 AlCl3 17.1/18.2e 28.3/32.1e 21.9/21.6f 30.3g, 29.6j

aCompare with (scaled ZPE) 31.5 [MP4/6-31G**], ref 34.bCompare with (at 298 K) 27 [HF/3-21G*//HF/3-21G*], 24 [HF/6-31G*//HF/6-
31G*], 27 [MP2/6-31G*//HF/6-31G*)] (with no ZPE or∆E corrections) 33 [MP2/6-311+G*//HF/6-31G*], ref 35.cCompare with (∆H(0 K)) 47.6
[MP2/6-311+G(d)//RHF/6-311+G(d)], ref 37.dCompare with (no ZPE or∆E corrections) 25 [HF/3-21G*//HF/3-21G*], 18 [HF/6-31G*//HF/6-
31G*], ref 37.e 6-311+G(d,p) basis set for single point energy calculation.f 6-311++G(2df,pd) basis set for single-point energy calculation.gNBS
Technical Note 270-3, Washington, DC, 1968.h Porter, R. F.; Zeller, E. E.J. Chem. Phys. 1960, 33, 858. i Adjusted from 1000 to 298 K via
calculated differences in thermal energy.j Reference 32.kCompare with (∆H(0 K)) 31.5 [MP2/6-311+G(d)//RHF/6-311+G(d)], ref 37. l All
calculations were performed with B3LYP/6-31G(d,p) optimized geometries. Zero-point energies and thermal energy corrections were also calculated
with B3LYP/6-31G(d,p) harmonic frequencies. All values are given in kcal/mol.
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exchange term. The under-binding of dimers for methods which
include the Becke gradient corrected exchange term is consistent
for all bridging aluminum compounds studied. The relative
effects of the several combinations of exchange and correlation
functionals appear to be typical.46

The observed disparity between the results of ab initio and
density functional methods is consistent with a recent study on
another “electron deficient” molecule, beryllium borohydride
(BeB2H8).47 In that study, the relative stability of two conform-
ers which differed in the number of bridge bonds was compared.
It was found that both BLYP and B3LYP calculations favor
the conformer with less bridge bonds, whereas both ab initio
methods and experiment favor the structure with more bridge
bonds. These results are consistent with the current observation
of underprediction of dimerization enthalpies for the BLYP and
B3LYP methods. In the paper, it was found that the hybrid
method with the Perdew 866 (P86) correlation functional
replacing the Lee-Yang-Parr5 functional correctly predicted
the order of stability. Motivated by these similarities, dimer-
ization enthalpies were re-computed with the B3P86 functional.
The results are tabulated in Table 5.
The B3P86 calculations in Table 5 represent a sizable

improvement over the B3LYP and BLYP methods. The errors
are reduced considerably, but the consistent under-prediction
of binding energies remains. Greater improvement is obtained
by modifying the hybrid expansion to reduce the contribution
of the Becke exchange correction. On the basis of the data in
Table 4 and the suggested overcompensation of the exchange
correction, the modified functional adjusts the expansion recom-
mended in ref 8 by decreasing the contribution of the exchange
correction from 0.72 to 0.5:48

The computed dimerization enthalpies for this modified
B3PW91 functional are listed in the second column of Table 5.
All dimerization enthalpies are shifted to more binding values.
The dimerization enthalpy for alane is now possibly too large
(a G2 calculation gives a binding energy of 34.5 kcal/mol at
298 K), but for the methyl, chlorine, and fluorine bridges, the
values are now in better agreement with experiment. The
uniform improvement is somewhat surprising given the funda-
mental physical differences between “electron deficient” and
“normal” bonds. The observation of improvement for both
adjustments in the correlation (B3P86 vs B3LYP) and exchange
functionals (modified hybrid method) illustrates a compensation
effect between exchange and correlation for the hybrid methods.
The lack of a fixed functional for either exchange or correlation
introduces a semiempirical element to these calculations.
Given that DFT errors for dimerization enthalpies are not

restricted to “electron deficient” bonds, it might seem reasonable
to associate the error with the long, stretched, and bent bonds
of the dimer units. This analysis is consistent with Wade’s
partitioning of the dimerization energy into bonding and
reorganization terms.32 Figures 2 and 3 compare B3LYP, MP2-
(Full), and Hartree-Fock energy changes accompanying the
stretching and bending of a TMA monomer Al-CH3 bond. The
hybrid DFT method shows no abnormal behavior for the
extended bonds. Rather, the hybrid DFT method shows a lower
energetic cost of bending and stretching the bond than either
Hartree-Fock or MP2 calculations. The errors in dimerization
enthalpies can be narrowed to an incomplete treatment of bridge
bonding.
Another aspect of the bridge bonds concerns the parallels of

dimerization reactions to transition states (Figure 4). The
exchange of methyl groups through the dimer may be compared
to a transition state. The bond lengths and angles are distorted
and the density is spread over an extended area. From this point
of view it would be interesting to explore the analogy between

TABLE 4: Association Enthalpies (298.15 K) of Several Bridging Aluminum Compounds Evaluated with Various Combinations
of Local and Gradient Corrected DFT Functionalsa

SVWN/6-31G(d,p) BVWN/6-31G(d,p) SLYP/6-31G(d,p) BLYP/6-31G(d,p) B3LYP/6-31G(d,p)

[AlH 3]2 w 2 AlH3 43.9 24.7 47.9 28.2 29.8
[AlH(CH3)2]2 w 2 AlH(CH3)2 41.6 22.6 45.6 26.3 28.0
[Al(CH3)3]2 w 2 Al(CH3)3 30.5 -0.4 38.0 6.5 9.0
[Al(NH 2)(CH3)2]2 w 2 Al(NH2)(CH3)2 68.9 44.4 74.9 49.5 53.8
[AlOH(CH3)2]2 w 2 AlOH(CH3)2 67.1 43.6 73.4 49.1 54.0
[AlF3]2 w 2 AlF3 70.2 49.1 77.8 55.9 58.7
[AlCl(CH3)2]2 w 2 AlCl(CH3)2 37.6 15.9 43.0 20.6 22.7
[AlCl 3]2 w 2 AlCl3 38.3 14.6 44.1 19.7 21.9

a All energy calculations were carried out on B3LYP/6-31G(d,p) optimized geometries. Zero-point energies and thermal energy corrections were
also calculated with B3LYP/6-31G(d,p) harmonic frequencies. All values are given in kcal/mol. [Note: Some calculations presented here are basis
set deficient. However, the binding trends are not expected to be affected by basis set limitations. See Table 3 for larger basis set calculations with
the B3LYP method.]

TABLE 5: Association Enthalpies (298.15 K) of Bridging Aluminum Compounds for B3P86 and a Modified B3PW91 Hybrid
Functionalc

B3P86/6-31G(d,p) amodified B3PW91/6-31G(d,p)

[AlH 3]2 w 2 AlH3 33.9 37.0
[AlH(CH3

)
2]2 w 2 AlH(CH3)2 31.9 34.9

[Al(CH3)3]2 w 2 Al(CH3)3 14.9 20.1
2 [AlH(CH3)2]3 w 3 [AlH(CH3)2]2 10.5 9.2
[(CH3)2Al(CH3)(H)Al(CH3)2] w Al(CH3)3 + AlH(CH3)2 23.5 27.6
[Al(NH 2)(CH3)2]2 w 2 Al(NH2)(CH3)2 59.2/51.9b 62.4/55.1b

[AlOH(CH3)2 w 2 AlOH(CH3)2 56.9/50.5b 59.9/53.4b

[AlF3]2 w 2 AlF3 59.0/46.0b 61.7/48.4b

[AlCl(CH3)2]2 w 2 AlCl(CH3)2 26.6 29.7
[AlCl 3]2 w 2 AlCl3 26.4 29.8

aSee text.b 6-311++G(2df,pd) basis set.c Table entries are single-point energy calculations with B3LYP/6-31G(d,p) optimized geometries. Zero-
point energies and thermal energy corrections are calculated with B3LYP/6-31G(d,p) harmonic frequencies. All values are given in kcal/mol.

Exc ) Exc
LSDA + ao(Ex

HF - Ex
LSDA) + ax∆Ex

B88 +

ac∆Ec
PW91
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the under-predicted well depth of these dimers to the reported
under-prediction of transition state barriers with DFT methods.49

Previous studies50 have identified “exact” exchange as important
to obtaining accurate transition state barriers. In these studies
of hybrid DFT methods for bridging aluminum compounds, the
Hartree-Fock like exchange calculation also has a strong effect
on binding enthalpies. Decreasing the ratio of Hartree-Fock
to Slater exchange in the hybrid functional gives more binding
values for the dimer structures. Eliminating the HF contribution
to exchange in the hybrid DFT expansion (ao ) 0) gives a TMA
dimer binding enthalpy (298.15 K) of 18.1 kcal/mol. Increasing
the Hartree-Fock component decreases the stability of the
“transition state”-like dimer.
To summarize the effects of the components in the hybrid

DFT expansion, we note that increasing the Hartree-Fock
exchange component or the Becke gradient correction leads to

underbinding of the dimers. Increasing the correlation gradient
correction fromac ) 0.81 results in stronger binding. In
addition, the binding is sensitive to the type of correlation
functional.
It is clear from the above results that the improvement of

calculated binding enthalpies for bridging compounds from the
modified hybrid functional is due to a recalibration of the hybrid
expansion. Although originally intended to be universally
applicable, the hybrid functional does not satisfactorily represent
bridge bonding. This is not surprising, perhaps, given that these
types of compounds were not included in the original param-
etrization.8 As more chemical systems are studied, we can
expect more troubled areas for the hybrid methods.51 Recent
studies of high reduced density gradients suggest the exchange
term bears the larger portion of the error.52

A final note concerns the extension of the above arguments
to other types of bridge bonding, the trimer for example. Table
5 shows that the same corrections which increase the binding
of the dimer decrease the relative binding of the trimer.
Therefore, the above arguments may not be generally applicable
for all bridging aluminum compounds. It may be difficult (if
at all possible) to describe all bridging aluminum compounds
with a single modification of existing functionals. The current
lack of data for the higher order associated units precludes a
detailed investigation.
Heats of Formation. Fortunately, systematic errors of DFT

methods encountered with heats of association of bridging
aluminum compounds should not interfere with the calculation
of heats of formation (of monomer units). The problems
experienced with DFT methods for describing enthalpies of
association of aluminum compounds are rooted in the bridge
bonds. For calculated properties of the monomers, such as heats
of reaction and heats of formation, we might expect good results
from DFT calculations.53

Heats of formation for the components of the TMA and
DMAH system are reported in Table 6. Calculations are based
on atomization enthalpies and experimental data for heats of
formation of H(g), Al(g), and C(g) at 298.15 K. No special
procedures such as isogyric or isodesmic reactions were
employed. Results show G2 calculations are close to experi-
mental data with errors of approximately 3-6 kcal/mol.
G2MP2 calculations are close to the full G2 results, but G1

Figure 2. B3LYP (s), MP2(Full) (‚‚‚), and HF (- - -) energy
evaluated with a 6-31G(d,p) basis set as a function of the Al-CH3

bond length for the TMA monomer. B3LYP has the lowest energy
rise in response to the bond extension.

Figure 3. B3LYP (s), MP2(Full) (‚‚‚), and HF (- - -) energy
evaluated with a 6-31G(d,p) basis set as a function of the out of plane
angle of a single Al-CH3 bond in the TMA monomer. B3LYP has the
lowest energy rise in response to the angle distortion.

Figure 4. Aluminum dimerization reactions pictured as an “inverse”
transition state.
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calculations have about twice the error (8-11 kcal/mol). DFT
calculations have significantly greater errors of approximately
12-15 kcal/mol for the B3LYP method, and>15 kcal/
mol for the BLYP method. The BLYP/6-311++G(2df,pd)
heats of formation are inferior to the smaller basis set calcula-
tions due to a fortuitous basis set error for the smaller basis set
calculations. Further increasing the basis set to 6-311++G-
(3df,3pd) gives+12.9 and+2.8 kcal/mol for the heats of
formation of DMAH and TMA, respectively. At least a portion
of the error is due to underbinding of H2(g) with the large basis
set BLYP calculations. In this sense, the G2 values are over-
rated since their slight over-binding of H2(g) results in more
favorable heats of formation.54 Both DFT methods yield poor
heats of formation, but the hybrid method is a substantial
improvement to pure DFT methods (8-10 kcal/mol).
Heats of formation for the dimers and trimer based upon the

calculated heats of formation of the monomers and MP2/6-
311+G(d,p) dimerization enthalpies are included in Table 6.
The lack of sufficient experimental data makes these numbers
difficult to asses, but the combination of errors from heats of
formation of monomer units and dimerization enthalpies suggest
the likelihood of considerable errors. The general behavior of
the different methods for these aluminum compounds implies
the table values are lower limits to actual heats of formation.
A crude partitioning of the errors for the DMAH and TMA

monomer heats of formation can be used as a consistency check
with the alane compound. Assignment of a G2 Al-CH3 bond
error of-1.0 to-2.0 kcal/mol (per bond) leaves an estimate
for the aluminum hydrogen bond error of-1.9 to-4.1 kcal/
mol. The combination of these estimates with a G2 heat of
formation for alane (AlH3(g)) of +28.2 kcal/mol (not tabulated)
suggests an improved heat of formation of+16.0 to+22.4 kcal/
mol. These heats of formation for alane compare reasonably
well with the+18 kcal/mol estimate from ref 55. Unfortunately,
the bond error estimates cannot be used to help localize the
dimerization enthalpies since bridge Al-CH3 and Al-H bonds
are completely different from monomer bonds. They can,
however, be used to improve the heats of formation for the
dimers and trimer by at least compensating for the error in the
terminal Al-CH3 bonds. These values are listed in Table 6 in
parentheses next to the uncorrected values, for the G2 calcula-
tions only.
The general observations from the heat of formation data

suggest that while the pure DFT method is only modestly in
error for geometry optimizations, vibrational frequencies (see
below), and general reaction enthalpies, the method is signifi-
cantly in error for the calculation of heats of formation of these

aluminum compounds. The hybrid DFT method is an improve-
ment, but still yields poor heats of formation. The observed
comparison between G2 calculations and the DFT methods are
in contrast with a recent study on silicon compounds.14,54

IR Vibrational Frequency Calculations. Infrared spec-
troscopy is a major tool for experimental studies of aluminum
organometallic compounds. Previous ab initio IR studies have
been performed on model compounds of DMAH and TMA and
the cross-bridged species DMAH-TMA (pentamethyldi-
alane).36 The complex bridging modes provide a test for
the abilities of the various computational chemistry methods to
predict harmonic vibrational frequencies. Unfortunately, MP2
vibrational frequency calculations on the herein studied mol-
ecules are impractical for workstation calculations. In contrast,
DFT methods are currently practical for vibrational frequency
calculations on molecules as large as the DMAH trimer.
Experimental and DFT calculated values of selected infrared
modes are shown in Table 7. Given the constraints that the
calculations do not account for Fermi resonances or anharmonic
affects, the predicted spectra are quite successful at capturing
the essence of the experimental spectra, including the complex
bridging modes. For example, for the largest basis set used,
the symmetric Al-H stretch of the DMAH trimer (which has
a very broad experimental feature) is predicted within 40 cm-1.
A general error analysis was performed using the modes with

available experimental data. For both BLYP and B3LYP, there
is a general trend (with exceptions) to overestimate modes above
approximately 600 cm-1 and underestimate the lower wave-
number modes. These results are consistent with the general
observations in the literature.58 The average absolute errors for
the predicted modes are 29, 53, 25, and 25 cm-1 for BLYP/6-
31G(d,p), B3LYP/6-31G(d,p), BLYP/mod1, and BLYP/mod2,
respectively. The larger error of the B3LYP method is due to
the greater overestimation of the higher wavenumber modes.
Below approximately 600 cm-1, the B3LYP method is closer
to experiment than all BLYP calculations. The better match
with experiment at low wavenumbers for the B3LYP method
may give it an advantage with respect to thermal energy
corrections. The average absolute percent deviations are 2.9,
3.7, 2.4, and 2.5% for the same ordering as above. Due to over
and under prediction, a single linear scaling factor is not helpful
for either the BLYP or B3LYP calculated frequencies. Applying
both the high and low scale factors recommended in ref 58 with
a dividing line of 600 cm-1 improves the mean absolute errors
to 21 and 17 cm-1 for the BLYP/6-31G(d,p) and B3LYP
methods, respectively. After scaling, the errors are distributed

TABLE 6: Heats of Formation (298.15 K) for the Dimethylaluminum Hydride (DMAH) and Trimethylaluminum (TMA)
Gas-Phase Systemi

BLYP/
6-31G(d,p)

BLYP/
6-311++
G(2df,pd)

B3LYP/
6-311++
G(2df,pd) G2MP2 G1 G2f expt

AlH(CH3)2(g) 9.3 14.7 6.2 0.9 3.2 -0.4 -6.4a
[AlH(CH3)2]2(g) -7.7 3.5 -15.9 -31.7g -27.2g -34.5g (-38.4 to-42.6) h
[AlH(CH3)2]3(g) -17.6 0.7 -28.3 -55.0g -48.2g -59.0g (-64.8 to-71.2) h
Al(CH3)3(g) -2.6 5.2 -5.6 -13.1 -9.8 -14.8 -17.7c to-20.9b
[Al(CH3)3]2(g) -11.7 6.9 -18.2 -44.6g -38.1g -48.0g (-51.8 to-56.1) -55 to-60d, -55.2e
[(CH3)2Al(H)(CH3)Al(CH3)2](g) -9.7 5.1 -17.1 -38.2g -32.7g -41.3g (-45.2 to-49.4) h

a Estimated in Smith, M. B.J. Organometal. Chem.1974,76, 171. b There is some variability in the literature between-13 and-21 kcal/mol;
this number was selected on the advice of the above reference.cWagman, D. D.J. Phys. Chem. Ref. Data1982. d Based upon reported heats of
formation of monomer and the experimental enthalpy of association.eNBS Technical Note 270-3, Washington, DC, 1968.f Values in parentheses
are corrected for the estimated Al-CH3 bond error, see text.g Based uponG# values for monomer units and MP2(Full)/6-311+G(d,p) association
enthalpies.h A best estimate based on calculated and experimental monomer heats of formation and G2MP2 or MP2/6-311+G(d,p) association
enthalpies gives-47.7,-77.6, and-53.4 for DMAH dimer and trimer and DMAH/TMA cross species, respectively.i Each method uses its own
harmonic frequencies for calculation of zero-point energies and thermal energy corrections. For the BLYP and B3LYP frequency calculations, the
6-31G(d,p) basis was employed. All values are given in kcal/mol.
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with both positive and negative deviations, indicating a limit
to the application of linear scaling factors.
The modified basis sets were used to explore the sensitivity

of vibrational modes to basis set size. The data show the effect
of increasing basis set size to be modest. The average
corrections to the BLYP/6-31G(d,p) predicted modes are 9 and
11 wavenumbers for modified basis sets 1 and 2, respectively.
When compared with experiments, though, the corrections of
the modified basis sets lead to an average improvement of only
about 4 cm-1. The greatest improvement seems to come from
the high wavenumber vibrations which are reduced in magnitude
and brought closer to experiment. Since the primary effect of
the larger basis sets is to reduce these high wavenumber
frequencies, their corrections can largely be captured in scaling
factors. It is interesting to note that, although the modified basis
sets actually reduce the number of basis functions on the
hydrogen atoms of the terminal methyl groups, the terminal CH3

stretching, bending, and rocking modes are better represented
than with the 6-31G(d,p) basis set. The overall better match
between experiment and theory for BLYP versus B3LYP is
probably a favorable consequence of the over prediction of bond
lengths by BLYP. Applying the recommended scaling factors
appears to reduce the advantage of the BLYP calculated spectra.

In addition, even considering the complicated bridging modes
it does not seem worthwhile to use oversized basis sets for
frequency calculations.

Conclusion

Consistent with many recently reported computational chem-
istry studies, we find the hybrid DFT method (here represented
by B3LYP, B3P86, and B3PW91) is the best DFT method
available for these aluminum compounds and gives good results
for geometry optimizations and harmonic vibrational frequency
calculations. Heats of formation are significantly in error, but
are an improvement to “pure” DFT methods. The “pure”
gradient corrected DFT method (BLYP) provides reasonable
structures and good vibrational modes, but is not useful for
calculating heats of formation of the studied compounds.
Results show that DFT methods under-bind the dimers of

bridge-bonded aluminum compounds. The underprediction of
binding enthalpies occurs for weak (10 kcal/mol/bridge) to
moderate (29 kcal/mol/bridge) bond strengths. For the B3LYP
hybrid DFT method, errors range from 5 to 12 kcal/mol for the
various bridging arrangements. A compensation effect between
exchange and correlation functionals makes the identification

TABLE 7: Selected Infrared Harmonic Vibrational Frequencies for Associated Aluminum Compoundsh

BLYP/
6-31G(d,p)

B3LYP/
6-31G(d,p)

BLYP/
6-311G(df,pd)c

BLYP/
6-311++G(df,pd)c expt

DMAH dimerd (D2h)
CH3 νas 3023-3038 3102-3115 2995-3010 2988-3004 2950-2955
CH3 νs 2957 3031 2941 2936 2902-2905
CH3 δas 1437-1446 1473-1480 1433-1442 1428-1437 1444
CH3 δs 1222-1228 1259-1264 1222 1217 1206
CH3 F 732 747 723 721 709
CH3 ω 714 728 706 703 692
AlH νas 1388 1442 1401 1399 1368a

AlH νs 1206 1245 1220 1220 1215
AlC2 νas 654 675 658 656 690
AlC2 νs 541 558 543 542 570-571
Me2Al Fs 846 871 850 845 851

DMAH trimerd (D3h)
AlH νas 1828 1899 1827 1785-1789
AlH in plane asymmetric motion 867 891 864 934-940b
AlH out of plane symmetric motion 798 819 796 792

TMA dimere

CH3 νas 3011 3090 2984 2986 2941
CH3 νs 2986, 2945 3068, 3020 2972, 2932 2934, 2926 2899, 2837
CH3 δas 1456 1490 1450 1446 1437
CH3t δs 1234 1268 1226 1221 1201
CH3b δs 1262 1298 1253 1252 1255
CH3t F 725 742 715 715 697
CH3b F 778, 599 800, 618 770, 591 768, 585 768, 608
AlCt νas 625 645 626 626
AlCt νs 542 559 544 542 564
AlCb νs 463 482 461 461 480
AlCb νas 340 356 342 340 367
ν14,ν18g 159, 155 163, 158 162, 155 162, 156 175

DMAH-TMA complexf (pentamethyldialane)
AlH νas 1388 1436 1416
AlH νs 1342 1382 1339
AlCb νas 302 320 326
AlCb νs 444 463 468
Me2Al F 810 834 815

a Perturbed by Fermi resonance, estimated.b There is some uncertainty as to the assignment of this mode. The experimental assignment is to
symmetric AlH vibrations of the trimer. The closest calculated mode is a symmetric, in plane motion of the H atoms moving in and out of the ring
at∼998 cm-1. However, this mode is of A1′ symmetry and not IR active for theD3h point group. There exists a doubly degenerate mode calculated
at∼860-870 wavenumbers of the correct symmetry and with significant intensity which is not assigned experimentally. The mode corresponds to
in-plane, asymmetric AlH motion. We tentatively assign this calculated mode to the observed mode at 934-940 cm-1. However, it is unlikely that
the harmonic mode should appear below the actual vibration. This inconsistency suggests some complications in the experimental spectrum. (Note:
the mode was not included in our error analysis).cModified basis sets. A 6-31G basis set is used for each hydrogen atom in a terminal methyl
group. All other atoms have the basis set listed in the table.d Experimental assignments: ref 56.eExperimental assignments: ref 57.f Experimental
assignments: ref 36.g See ref 59 for mode description.h All values are in wavenumbers (cm-1).
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of the error difficult. Differences between experiment and
theory can be reduced both by using a different correlation
functional or by changing the coefficient for the contribution
of the exchange correction in the hybrid functional. The
systematic under-binding of the aluminum bridge bonded dimers
with respect to monomers is not limited to “electron deficient”
bonds, but also appears for “normal” two-center two-electron
bridge bonds. Ab initio calculations at the MP2 level are found
to provide enthalpies of association close to experimental values,
but there are insufficient data for a rigorous measurement of
the accuracy. Given the prevalence of bridge-bonding in
aluminum organometallic chemistry the poor performance of
DFT methods for the compounds studied is unfortunate. Unless
the errors can be systematically corrected or new functionals
derived, DFT methods may be of limited use for this class of
compounds.
Calculation of heats of formation of DMAH and TMA

monomers with the G2 method gives errors reasonably close
to the proposed target accuracy of 2 kcal/mol.13 G2MP2
calculations are close to the G2 calculations, but G1 calculations
yield errors twice as large. Absolute errors of 1.0-2.0 kcal/
mol per Al-CH3 bond and 1.9-4.1 kcal/mol per Al-H bond
are estimated for the G2 calculations.
Infrared vibrational frequencies, including the complex bridge

modes, are reproduced well by both pure and hybrid DFT
methods. The match between experiment theory is better for
the pure BLYP method due to a fortuitous effect of the over
prediction of bond lengths. Both methods tend to overestimate
the vibrational frequencies at high wavenumber, but the error
is not consistent throughout the frequency range, and a single
linear scale factor is insufficient. Applying recommended
scaling factors for both high and low frequencies leads to
average absolute errors of less than 20 cm-1 for the BLYP and
B3LYP methods with a 6-31G(d,p) basis set. The scaling
factors also appear to offset the advantages of the pure DFT
method relative to the hybrid method for vibrational frequency
calculations with these compounds.
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