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Trimethylaluminum Dimer Structure and Its Monomer Radical Cation: A Density
Functional Study
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Molecular structures, energies, vibrational frequencies, and dissociation energies fog)4I(@CH3)s™,

and [Al(CHg)s]. have been studied using density functional and MglRlesset perturbation methods. The
calculated properties are compared with the available experimental results. All the methods correctly describe
the geometries of the neutral molecules. Density functional or MP2 (or MP4) methods provide similar
ionization energies, whereas the dissociation energy of the dimer is more dependent on the methodology.

1. Introduction CHART 1
The Lewis acid trimethylaluminum (TMA) is used in many K Lot H
- . - - - CHynu,, C  ...CH CHhun,., / niCH,
catalytic processes and in organometallic chemistry. It is also AL ARG ) sL——CH3
used as an aluminum precursor for the preparation of thin solid } \/ i } éﬂz_,.{
films containing aluminum prepared by CVD (chemical vapor wf

deposition) or PECVD (plasma-enhanced chemical vapor depo-
sition) technique$.® When these techniques are used, different for TMA,. Finally, the vibrational analyses of TMA and TMA
processes occur such as fragmentation and ionization, leadinchave been performed and compared with the experimental
to various species. The knowledge of their energetics is thus spectra.

important for a further study of the formation of the aluminum

materials. Different experimental measurements, i.e., infrared 2. Computational Methods

and emission spectroscop§,mass spectrometfyand X-ray
photoelectron spectroscopyave been devoted to the study of
the TMA and of aluminum deposition mechanisms.

It was shown very early that, at room temperature, TMA has
partly a dimer structur. The structures of both TMA and its
dimer TMA; have been determined by gas-phase electron
diffraction ' whereas TMA2 has also been studied in the solid
state by X-ray analysis. These two methods lead to a dimer

structure that contains two pentacoordinated carbon atoms, in . . )
contrast with a previous proposal, also based on X-ray diffrac- denoted CCSD(T). Density functional calculations have been

. hat the ri invol h i performed with the Gaussian94 package and the deMon%ode.
Egﬂ dgiﬁ'(cthgt tl)? fing system involves hydrogen-bridged Gradient-corrected functionals have been used for the exchange

Both the gas-phase and solid-state studies assume explicitlycorrelaItion potential a}nd energy, namely, the Becke exctfénge
that the AICAIC ring is planat®1! The dissociation energy of and Perdew correlatiéf functionals (BP86) and the Perdew

TMA: has been evaluated at 20421.0 kcal/mol from a vapor and Wang exchange and correlation functionals (PV¥9The

- : A nonlocal Becke exchanéfeand Perdew and Wang correlation
pressure measureménthich characterizes a substantial binding . s . .
S . functionaf® (BPW91) have also been used with the Gaussian94
between two TMA moities including two pentavalent carbons.

. . . rogram.
We have found it interesting to explore the potential energy prog

surface of the TMA dimer with different methodologies, i.e., asZSr?w %((e)(:]ng:)t(régs t]t];rvtiebc(ﬁcr:]ulglign g?ilr:?alf/zgtigvz;lt?grlljitza%%
DFT, HF, and post-HartreeFock, comparing their description P P

of the TMA, electronic structure. We have been interested in energy). The Gaussian basis set 6-31G(d,p) has been.used for
T o . the Hartree-Fock, post-HartreeFock, and DF calculations
predicting the first ionization energy of this compound. Its using the Gaussian94 package. The notations HF, MP2,BP86
eventual difference with the first ionization energy of TMA d%PW d? h ge. lculati T I’ Th
could indicate the possible separation of TMA and TMA an 9% are used for these calculations, respectively. The

through ionization processes. The geometry and ionization notations MP4(SDTQ)//MP2 and CCSD(T)//MP2 are used for
9 P ' 9¢ ya MP4(SDTQ) and CCSD(T) calculations, respectively, at the
energy of the monomer have been studied providing a reference oS .
MP2 optimized geometries.
~ Corresnonding author For the calculations using the deMon code, the orbital bases
*LMPM, UMR 2635 CNRS. are (41/1) for H, (5211/411/1) for C, and (6321/521/1*) for?Al.

*UMR 5618 CNRS. The corresponding auxiliary basis sets are (5,1;5,1) for H,
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Ab initio calculations have been performed using the Gauss-
ian94 packagé* The electron correlation energy is then
introduced using the MP2 (second-order Mgli®lesset) or
MP4 (fourth-order Mgller-Plesset) approach with single,
double, triple, and quadruple subtitutio¥s? In the case of
the monomer, we have also used the coupled-cluster singles
and doubles approadf,2° using a perturbational estimate of
the contribution of the triple excitatio$. This method is
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TABLE 1: Calculated and Experimental Geometrical Parameters of Al(CHs)s. Bond Lengths in Angstroms, Valences Angles in
Degree? Standard Errors

Al;—C, Al;—C, Al;—Cs C—H CiAILC, CiAlLCs
HF T™MA 1.98 1.98 1.98 1.08 120.0 120.0
MP2 TMA, 1.97 1.97 1.97 1.09 120.0 120.0
BP86G TMA, 1.98 1.98 1.98 1.10 119.98 119.95
BP86 TMA, 1.97 1.97 1.97 1.11 119.90 119.90
TMA, 1.97 1.97 1.97 1.11 119.97 119.93
experimeri T™MA 1.957(3 1.957(3) 1.957(3) 1.113(3) 120umed

Dgh(A|C3 trunk)

(5,2;5,2) for C, and (5,4;5,4) for Al. The basis set 6-31G(d,p)
would correspond to (31/1) for H, (631/31/1) for C, and (6631/
631/1) for Al.

Bond orders, which are used to compare bonding properties,
have been calculated according to Mayers’s definitiorThe
DFT approach deals with the electronic density of a system,
but Kohn-Sham orbitals can always be used, as well as
Hartree-Fock orbitals, in order to build a Slater determinant,
which constitutes the approximate ground-state wave function.
Bond orders, calculated from this wave function, are very useful
quantities that allow discussion of chemical properties.

Vibrational analyses have been performed to ensure that the
optimized geometries correspond to minima on the PES
(potential energy surface). HartreBock and Gaussian94-DF
frequencies are calculated using analytical second derivatives,
whereas MP2 and deMon-DF results are obtained from the /9ure 1. Calculated BP86 Al(Ck}s(TMA.) structure. Bond lengths

. . . . n angstroms.

evaluation of numerical second derivatives.

The BSSE correction (basis set superposition error) has been

evaluated as less than 0.1 kcal/mol for the weaker dimer. For HS

the other dimer complex, the TMA subunit is so different from

the geometry of an isolated TMA that it has not been possible e &I.C2
to evaluate the BSSE, using the most widely used counterpoise
procedure?® %

Finally, unrestricted HartreeFock and Koha-Sham wave
functions have been used for open shell systef@values
have been evaluated from these wave functions.

3. Results and Discussions

A. Equilibrium Geometries of TMA, TMA *, and TMA,.
According to gas-phase electron diffraction d&tdne monomer
TMA has Dz, symmetry with freely rotating methyl groups. DF  Figure 2. Calculated BP86 Al(CHs"(TMA ) structure. Bond lengths
calculations yield two stable rotational isomers Thahd TMA, in angstroms.
and one transition state TMA From Table 1, one can see that,
even though no symmetry has been imposed, the conformerallowed to relax: starting from TMAthe two ionic structures
TMA, has, taking into account computational errorsCa TMA*, (Figure 2) and TMAjg have been obtained after
symmetry (Figure 1). Due to the planarity of the molecule and geometry optimization (Table 2). We have verified that these
to the large A-C bond lengths, we can expect that the steric two minima are really separated structures although their energy
hindrance is small and the smallest one does indeed correspondiifference is only 0.4 kcal/mol. Despite their similar energies,
to this conformer. The isomer TM#has aCgslike geometry these structures, which possess a q@assymmetry, are
and is 0.1 kcal/mol less stable than TMAThe structure TMA significantly different. Each species has modified valence angles
which possesses an imaginary frequency, ha€salike with respect to the neutral TMA: with one (TM#) or two
geometry, if one includes the hydrogen atoms, and its energy (TMA ") substantially increased CAIC angles (Table 2) (121.9
difference with TMA, amounts also to only 0.1 kcal/mol. At (TMA™,) or 128.4 (TMA*p) (Table 2)). Moreover, TMA,
this level of theory, one can thus consider that the potential has one bond length increased with respect to the neutral form,
energy surface is very flat, leading to a free rotation of the whereas TMA; has two elongated AIC bonds (Table 2).
methyl groups, as proposed from experiments in the gas phase The Mayer bond order analysis confirms that one bond is
and from previous OF calculatioA$?° As shown in Table 1,  weakened in TMA,, against two for TMA s, with calculated
the geometries obtained with the different methods are very bond orders of 0.60, 1.07, and 0.99 for the three-@lbonds
comparable. The isomer TM#as been chosen to calculate in TMA*, and of 0.82, 1.11, and 0.76 in TM#A. The
the energetics and spectroscopic properties. unimolecular dissociation of an ionized TMA has been reported

The highest molecular orbital (HOMO) of TMfhas an E from a mass spectrometry experiméhtThe base peak, i.e.
symmetry involving the gy orbitals of the aluminum atom and  the most abundant, corresponds to the unimolecular dissociation
is fully occupied. As expected, the removal of an electron leads of the molecular ion, leading to Al(C#*. The dissociation
to a Jahm-Teller distortion for TMA"™ when its structure is  of TMA ™, into Al(CH3)," and a methyl radical corresponds to
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TABLE 2: Relaxed structures of the AI(CH3)s* lon. Bond Lengths in Angstroms and Valence Angles in Degrees

Al;—C; Al;—C, Al;—C3 C—H CAILC, CAILC3

HF TMA*, 2.45 1.94 1.94 1.08 102.6 154.6

MP2 TMA*, 2.38 1.93 1.93 1.08 103.2 153.5

BP86; TMA*, 2.22 1.96 1.96 1.10 107.5 144.9

TMA*g 2.05 1.93 2.08 1.10 134.2 128.4
BP86 TMA", 2.16 1.96 1.93 1.11 105.0 141.9
TMA*g 2.04 1.92 2.05 1.11 133.4 128.2
TABLE 3: Geometrical Parameters of the Dimer [Al(CH3)3]> (Bond Lengths in Angstroms and Angles in Degrees)
Al1—Cipr Al;—Cs Alg--Al; Cs+-Co Al1—Con—Al, Con—Al1—Cupr Al1—Cop—Al2—Cipr

isomer A BP86 3.94 1.97 5.02 3.41 109.9 70.9 0.0
isomer A HF 4.07 1.98 5.10 3.42 109.9 70.9 0.0
isomer B BP86 2.16 1.96 2.63 3.44 74.8 104.0 11.4
isomer B HF 2.16 1.98 2.63 3.46 74.9 104.0 111
isomer B PW91 2.10 1.92 2.56 3.41 75.1 102.0 18.3
isomer B MP2 2.15 1.97 2.60 3.47 74.7 101.1 11.8
isomer B 2.17 1.98 2.62 3.47 74.3 104.3 12.8
BP86;
isomer B 2.17 1.98 2.62 3.46 74.2 104.4 12.6
BPW9l;
exp'® D2y 2.140(4% 1.957(3) 2.619(5) 3.344(28) 75.5(0.1) 104.5(0.1) assdfhed
expH Con® 2.125(2) 1.956(2) 2.606(2) 75.7(1) 104.3(1) assGhed

a Standard error. The primary deviation fronCy, was only a slight shift of a HC bridge out of the mirror plane by 33 2.2°.1

Figure 4. Calculated BP86 [Al(Ch)s]2 structure, isomer B. Bond
lengths in angstroms.

H10
Figure 3. Calculated BP86 [AI(CH)3]. structure, isomer A. Bond  cajculated by Hiraoka et a3 although the distance we obtain
lengths in angstroms. between the two TMA subunits is longer ¢&+Al is 5.10 A

: . : o instead of 4.44 A and Al**Cipriage is 4.07 A instead of 3.60

an endothermic reaction with a calculated dissociation energyA)_ The four-ring system of this structure is planar, and each
of 22.6 kcal/mol using BP86 and 24.3 kcal/mol using the PWO1 1\ retains its isolated geometry (AIC bond Ien,gths of
functionals (without taking into account ZPE and BSSE 1.97A).
corrections). A previ_ou; sem_iempirical calculation also con- The second minimum localized on the PES (structure B) is
cIude(_j an endothe_rmlc ghs_somatlon of pnly 7 keal/ttoFrom displayed in Figure 4. The geometries of this isomer obtained
experiment, the dissociation energy is evaluated at 27 kcal/ i1 the different theoretical methods are very comparable
mol:*32 We failed to find a transition state for the dissociation - ;ji6,4h the structure obtained with the PW91 functionals leads
involving the longest A+C bond, suggesting that the frag- 1, 5 gomewhat more compact structure. Two other methyl
mentation occurs after ionization through a straighforward | jiouonal isomers Band B' have also been found (MP2
process. _ _ calculations). Whereas isomer B has two eclipsed bridging CH

Like many compounds including IlIA elements, TMA, at  groups, they are staggered in isomer Brhe terminal CH
room temperature, is in equilibrium with TMA In the gas  groups are eclipsed in isomer B and staggered in isortier B
phase, TMA has been reported as characterized by a ring systemg' peing less stable than B (less than 2 kcal/mol). Isomers B
involving two aluminum and two carbon atoms, the planarity anq B have comparable energies, B being more stable than B
of this system being assumé&#:* Moreover, another solid-  py only 0.3 kcal/mol, which suggests that the H atoms of the
state experiment concludes some deviation fimsymmetry Chridge d0 NOt contribute to the stabilization of the dimer. As
of the skeletort? shown in Figure 4, the isomer B hasCa,-like geometry. Its

A previous theoretical investigation of TM# found a weak bridging CH; groups do not contain hydrogen atoms in the-Al
complex withCo, symmetry in disagreement with the gas-phase C—Al planes, which indicates that there are no stabilizing-A
electron and X-ray diffraction determination. In fact, our study bonds. Even in the weak complex A, we could not obtain a
has led to two stable structures A and B. which are presentedstable compound with a methyl group directing one H atom
in Table 3. toward the Al of the second moiety. These conclusions are

The species A (Figure 3) involves a nonconstrained ring confirmed by the Mayer bond order analysis (Table 4), which
[Al1C1AILCy] and is very similar to the loos€,, structure indicates that the AtCyrigge bONnds are twice as weak as the
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TABLE 4: Bond Order Analysis of TMA and Its Dimer TABLE 5: Vertical and Adiabatic lonization Energy of
(BP86 Calculation) Al(CH 3)3 in eV
bond Al(CH)s TMA, bond [Al(CHg)s]2isomer B vertical IE adiabatic IE (with ZPE)
Al,—C; 0.98 AL—C; 0.52 HF 9.00 7.76 (7.73)
Al,—C, 0.97 AL—C; 0.52 = 0.77 = 0.76
Al;—Cs 0.97 AL—Cs 1.00 MP2 9.67 8.63 (8.60)
Al;1—Cs 1.03 = 0.77 [F[=0.76
Al;—H; 0.06 MP4(SDTQ)//MP2  9.62 8.62
Al1—H; 0.02 = 0.77 [F=0.76
Al;—Hjs Al1—H3 0.02 CCSD(T)/IMP2 9.53 8.60
Ci—Hp 0.98 G—Hp 0.90 F=0.77 [F=0.75
Ci—H2 0.98 G—H; 0.99 BP8& 9.68 8.65 (8.61)
Ci—Hs 0.98 G—Hs 0.90 9.4%3 8.83
= 0.75 = 0.75
four other A-C bonds and that the hydrogen atoms of the BP86 9.23 8.83
= 0.75 = 0.75

bridging methyl groups do not participate in the TMAMA
bonding since the Al+HCyigge bond orders are very small. If
aCar-like geometry is imposed by rotating the bridging methyl ~ *IE using the basis set of BP86 calculation.

groups, the energy is raised by 20 kcal/mol (BE&8&lculation). R - ; ;
A subsequent optimization leads back to the isomer B ®ifh I?a?/;EOF Wit'?,'ssgg;f‘;ﬁ”toEﬁj%Z gﬁéhse?t'{gﬁr.gﬁ'i&iﬂgkl2 "
like geometry. This result also suggests that there is no free Energy of the Dimer [AI(CH 3)3]» (Isomer B) in eV

rotation of the methyl bridge groups.

experiment®34 9.y + 0.2, and<9.76

. dissociation energy vertical IE

Two carbon atoms (Cand G, labelled as Gidge in Table —y VAL VA
3) and two aluminum atoms are involved in the four-membered 2 1ISOMer 2 ISOmer . 2
. . A (with ZPE) B (with ZPE) isomer B
ring. The bonds and angles of the TMA subunits are very
different from those of the isolated TMA, and the dimer does EEW (i%) 05 45 (Lo 605
not look like a van der Waals complex but more like a covalent 0(05) 5(1.9) =077
structure. Each monomer contains two increaseet Gidge BP86; 15.5 8.77(8.75)
bonds involved in the [AIC;AILC;] ring. While the isolated [®=0.75
TMA is planar, it becomes pyramidal when involved in the = BPW9l; 14.4 8.31
complex. The four-membered ring system BJAl ,C;] is very [¥0=0.75
constrained and resembles a rhombus with one atom sligthly MP2 20.0(17.4) 9.58

tsides the plane (0.42 A with BP86). If a planar ring i w017
outsides the plane (0. with B ). a planar ring is  gpgg 04 11.6 (9.0) 8.63
imposed, the energy of the system increases. This result shows = 0.75
that the planarity of the ring induces a constraint which is relaxed PW91 15.3 8.62
in the nonplanar structure. In contrast, the two planes, each [B=0.75

one involving an aluminum atom and its two terminal carbon  avertical IE using the geometry and basis set of BP86 calculation.
atoms, are parallel CsAl1 and GC4AI,) (Figure 4), whereas
a distortion is reported from a solid-state experinmiént. corresponds to the most stable minimum, has also been
As shown in Table 3, the geometry of structure B is very evaluated using the different methods and basis set extensions
close to the gas-phase electron diffractfoand X-ray diffrac- (Table 6). The HOMO of TMA involves essentially p orbitals
tion!! experimental results. The differences in bond lengths and of the aluminum and terminal carbon atoms. In fact, the HOMO
bond angles are within both the experimental and numerical and the molecular orbital just below it are almost degenerate
error bars. However, these calculations show that a rearrange-and represent the components of a local E symmetry. The
ment fromCyn, symmetry through small adjustments of dihedral removal of one electron from the HOMO leads to different
angles provides a substantial stabilization and leads to a morevertical IE values according to different methods. Indeed, the
stableC,,-like geometry. calculated BP86and MP2 vertical IEs differ by 0.81 eV (Table
B. lonization and Binding Energies. If the first ionization 6). The analysis of the corresponding ThAorbitals shows
energy of TMA has been measured, there is, to our knowledge, that this difference originates from a difference in the final
no experimental value available for the dimer. Moreover, the electronic state. In fact, on one hand (BP86, PW91, B86
two values presented in the literature for the monomer are quitethe hole is delocalized equally on the two Al(gk groups,
different, i.e., 9.9 & 0.2% eV and <9.76 eV3034 whereas, on the other hand (HF, MP2), the hole is localized on
We have calculated vertical and adiabatic ionization energies only one Al(CH), group, i.e., on one subunit of the complex.
for TMA using various levels of theory (Table 5). The different In both cases, the electrons of the £Iidging groups are not
levels of correlation do not modify very significantly the values, concerned. The lowest vertical IE obtained for the delocalized
with a tendency of some overestimation by the MP2 with respect hole suggests that this ionic configuration is the most stable.
to MP4 MgllerPlesset and CCSD(T) methods. An overesti- Numerical effects between programs are less than 0.2 eV, which
mated ionization energy value is also calculated using a smallercorresponds to the value obtained for the monomer (BP86,
basis set. With the same basis set, the density functionalBP86s). The ionic species obtained with MP2 can also be
calculation BP8g leads to IE values very similar to MP2. The obtained with a DF method, constraining the hole to be localized
comparison between BP86using two different basis set on one TMA subunit. The corresponding ionization energy
extensions and BP86 values shows that the numerical uncer{BP86) is then increased by 0.78 eV. These results show that
tainty, which includes errors due to grid calculations and SCF the IE of the dimer is lower than that of the monomer, by about
convergence, is not negligible, since it reaches here 0.22 eV1 eV, which indicates that TMA and TMA" could be
(Table 5). separated by ionization techniques. In both open shell systems,
The vertical ionization energy of the dimer B, which TMA™ and TMA;", [$Lis very close to 0.75, which confirms
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TABLE 7: Observed and Calculated Infrared Spectra (cnT?t) of Monomeric Trimethylaluminium TMA 2

Vopsd assignment of mode Veald intensity.ad assignment of mode
19 0 bending twisting CH
31 0 bending twisting Ckl
51 0 bending twisting Ck
165 2.3 scissoring AIC
167 2.4 scissoring AIC
178 3.7 wagging AIC
498 0 s-stretching AIC
551 0 twisting CH
555 0 twisting CH
583 0 twisting CH
626 11 stretching AIC, twisting CH
627 10 s-stretching AIC, twisting GH
691 m,sh a-stretching CH 719 108.9 twisting £H
744 vs rocking CH 755 161.8 stretching AIC wagging GH
754 s,sh rocking CH 756 161.6 stretching AIC wagging GH
1202s s-bending CH 1208 28.7 a-stretching AIC bending ¢H
1209 27.0 s-stretching AIC bending H
1214 1.7 s-stretching AIC bending GH
1421 0.5 scissoring CH
1422 0.5 scissoring CH
1423 0 twisting CH
1423 0 twisting CH
1424 0 twisting CH
1430 ww a-bending CH 1427 3 twisting CH
2951 9.5 s-stretching CH
2901 m s-stretching CH 2952 9.7 s-stretching CH
2954 0.5 s-stretching CH
3020 13.6 a-stretching CH
3021 134 a-stretching CH
3022 18.4 a-stretching CH
3049 9.9 stretching CH
2982 m a-stretching CH 3050 26.3 stretching CH
3052 215 stretching CH

a Abbreviations: s= strong, m= medium, w= weak, v= very, sh= shoulder.? From ref 29.c From BP86.

that the spin contamination is negligible (Tables 5 and 6). As small basis set and, for the dimer, on calculations using the
already reporte@ ¢ DFT solutions are less contaminated by Wilson’s GF matrix method Moreover, there was no previous
higher spin states than their UHF counterparts. guantum chemical calculation for the stable structure B. The

The interaction energy between the two TMA moieties is also comparison of our HF and DFT frequencies with the experi-
reported in Table 6. The small interaction energy (less than mental IR spectra of TMA and TMAshows that the DFT
1.0 kcal/mol) calculated for the isomer A shows that it is a van calculations are the most reliable ones to interpret these spectra.
der Waals complex. One can thus expect that, at room Our calculated spectrum for the isomer A of TMAs
temperature, this complex decomposes easily. comparable with that published by Hiraoka. However, its

The diversity of the calculated interaction energy values for comparison with the experimental spectrum shows that this
the isomer B suggests that the dimer electronic structure is veryisomer does not correspond to the real dimer. Indeed, there is
sensitive to correlation effects. To evaluate the effects due to no signal in the far infrared spectrum of structure A, whereas
the basis extension and to the approximations of the methods,there is one intense band in the 28800 nm region spectrum
DF calculations have been performed using both the sameof TMA,. In contrast, the calculated vibrations for the structure
6-31G(d,p) basis (BP@Sand BPW9%) as for MP2 and the B of TMA;, are in good agreement with the experimental
more extended basis as described in the computational methodspectrum. The DFT spectra (BR§6f TMA and TMA; are
(BP86, PW91). As one can see from Table 6, these interactioncompared with the experimental ones in Table 7 and Table 8,
energies display differences comparable with those induced byrespectively.
the choice of the functionals. These results show that both basis For TMA, our assignments differ generally from those
set extension and the choice of the approximate exchange angroposed previousl§? Indeed, these previous assignments
correlation functionals are critical factors for the study of interpret the bands as characteristics of a single group, whereas
intermolecular interactions. The MP2 value obtained with the our normal mode analysis shows that they correspond most
6-31G(d,p) basis is close to the experimental result, which is generally to a combination of the vibrations of several parts of
20.2 + 1.0 kcal/moP However this agreement may be the system. The calculated IR spectrum of TMA in vapor state
fortuitous since MP2 calculations may overestimate correlation is characterized by very strong peaks in the low-energy region
energy. With ZPE corrections, the calculated enthalpy of (Table 7). According to our calculation, the experimental peak
dissociation ranges between 9 and 17 kcal/mol (Table 6). at 691 cnt! corresponds to a CHwisting and those at 744

C. Vibrational Frequencies of TMA and TMA,. The and 754 cm! to Al—-C stretching mixed with Cklwagging.
vibrational frequencies of TMA and TM#have been evaluated The peak at 1430 cn corresponds to the GHwisting. The
using the harmonic approximation, with both HF and DFT calculated frequencies are always slightly overestimated except
approaches. Previous HF calculations were already reportedin the region around 1430 cth Anharmonic corrections would
for TMA2937and for the loose structure of TM&® However, decrease the frequencies by-3D cnr ™.
they were based, for TMA, on a HF calculation using a very  Concerning the TMA complex, the calculated vibrational
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TABLE 8: Observed and Calculated Infrared Spectra (cnT?t) of Dimeric Trimethylaluminum TMA , (Isomer B)2

Vops assignment of mode Veald intensity.a¢ assigment of mode
60 1.0 bending rocking AIC and twisting Alige
89 0 bending twisting Ckl
93 0 bending twisting CH
97 0 twisting CH
111 0 twisting CH
113 0 bending twisting idggdHs
138 4.2 bending twisting iagdHs
140 0 scissoring AlIC
147 25 scissoring AlGigge
157 0 twisting GridgeHs
158 0 twisting GriggdHs
161 3.7 scissoring AIC
168 2.7 scissoring AIC
170 0.6 twisting AGridgdHs
194 1.3 scissoring twisting AIC
294 0 bending rocking and a-stretching Aktge
308 0 bending scissoring AIC
368 s stretching AlGigge 342 50.5 scissoring and s-stretching Alége
434 0.2 s-stretchinging in the plane AlGge
480 m stretching AlGidge 474 48.0 a-stretching AIC
567 s stretching AIC 546 96.6 s-stretching AIC
558 0 bending twisting GidgdHs
578 0.6 s-stretching AlGiage
581 60.2 bending wagging GH
501 0.3 bending wagging GH
600 0.3 twisting CH
609 m rocking CH 608 101.8 twisting GiageHs and wagging Chl
626 0 stretching AIC, CH and GyiggdHs twisting
630 15.8 a-stretching CH
650 vw rocking CH 679 24.1 a-stretching CH
691 11.8 wagging GidgdHs and CH
718 0 twisting CH
700 vs stretching AIC 722 224.5 wagging €H
725 212.7 twisting GriggdHs and CH
744 1.7 wagging CHl
774 s rocking GriggdHs 778 200.2 wagging fiagds and CH
1212 3.9 wagging Ckland stretching AIC
1208 s s-deformation CH 1213 27.0 wagging &iagdHs and CH and stretching AIC
1217 16.3 wagging CH and stretching AIC
1223 30.8 wagging idgdHs and CH and stretching AIC
1255 m s-deformation gageHs 1248 43.0 wagging fagdHs
1253 0 wagging &idgds and Ch
1411 0. twisting GriggdHs
1414 0.0 scissoring and twisting,fageHs
1414 1.6 scissoring CH
1415 1.3 scissoring GHand GyriggeHs
1419 0 twisting CH
1422 0.1 scissoring GHand twisting GyriggeHs
1422 0 twisting CH and GyiggHs
1426 0.4 scissoring CHand GyriggdHs
1431 1.7 scissoring CH
1432 0 twisting CH
1436 3.0 SCissoring adgdHs
1438 4.3 twisting CHl
2935 2.1 s-stretching daagdH
2936 0.6 a-stretching geagdH
2953 3.6 a-stretching gagdH
2953 17.9 s-stretchingfegd
2955 154 s-stretching CH
2955 35 s-stretching CH
2845w deformation 2983 0 thgdd S-stretching
2904 m s-stretching CH 2985 41.3 brigd S-stretching
2944 s a-stretching GH 3026 0.0 s-stretching CH
3008 vw stretching CH 3026 28.2 a-stretching CH
3031 0.0 s-stretching CH
3031 45.3 a-stretching CH
3038 30.1 stretching CH
3039 34.0 stretching CH
3039 5.7 stretching CH
3040 13.1 stretching CH
3058 0.6 stretching gaageH
3059 15.0 stretching iagdH

2 Abbreviations: s= strong, m= medium, w= weak, v= very, sh= shoulder.” From ref 39.c From BP8&.
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