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[HsAIXH 3]~ (X = C, Si, and Ge) and $#AlYH3 (Y = N, P, and As) have been investigated as denor
acceptor complex types at the G2(MP2) level of theory. Both staggered and eclipsed conformations have
been examined. For all complexes, the first one is found to be favored. The G2(MP2) results show that the
anionic complexes are more stable than the neutral ones. They show also that this stability decreases when
going from carbon to germanium for BAIXH 3]~ complexes and from nitrogen to arsenic fogAYH 3
complexes. The interaction diagrams prove that the evolution of complexation energy depends on the
coordination mode. In fact, this is a simple “HOMQUMO" interaction for [H;AIXH 3]~ anionic complexes,

while for the BAIYH 3 neutral ones it is a result of two interaction types: interaction betwegrsyanmetry
fragments orbital (stabilizing) and interactions between “e” symmetry fragments orbital (destabilizing). A
linear relationship has been established and discussed between the G2(MP2) complexation energy and the
ligand G2(MP2) proton affinity, whereas no correlation has been found with the charge transfer.

1. Introduction materials!® The presence of MH rather than M-C bonds in
these compounds reduces the degree of carbonaceous contami-
nant in deposited material, which can ensure greater reproduc-
ibility and more consistent electronic properties. In addition,
more studies that have dealt directly with the complex question
of reactivity in complexes of Al are those of SakaP.20In

these studies, the primary steps in a Zieglgatta polymeri-
zation reaction for both acetylene A&) and ethylene (&H4)

were modeled using a metathesis-type mechanism. Bates and
Dwyer 21 used an AlH fragment in their model of CO
adsorption in zeolites; their conclusion was that the “Lewis site
model” for adsorption of CO was energetically favorable and

Lewis acids have long been known as catalysts in organic
reactions. The types of reactions in which trivalent aluminum
plays a catalytic role are many and varied. The Fried@hfts
alkylation and acylation of aromatic rings, removateit-butyl
groups from phenols, and the well-known Ziegt®tatta
polymerization reactions are some examples in which the
aluminum trichloride acts as catalyst. Many of these important
compounds have been experimentally and theoretically studied
extensively!~10 Recently, Andrews et &lhave published an
interesting work concerning the reaction of laser-evaporated
aluminum atom with molecular fluorine, chlorine, bromine, and . . -
S - . - . oo more consistent with experimental work.
iodine leading to mono-, di-, and trihalide aluminum. Vibrational ] ) )
spectroscopy and computational geometries of these aluminum Many theoretical works have been realized regarding the
halides are well-known. The complexing behavior of Aluminum H3AINHs compound. Edwards and Joffésletermined the

trihalide (AlX3) has also been the subject of many experimental 980metry of the BAINH; complex at the self-consistent field
and theoretical work-29 The points that have been more level of theory and with various basis sets. The purpose of their

developed are conformational structure, complexation energy, WOrk was to study basis set effects, which were then applied to
and charge transfer. In fact, Jadfinvestigated computationally e (CH)sGaYHs (where Y= N, P, and As) complexes. Chey
on a series of A¥—R (R = H,CO, HCICO, GHa, C;H,, and et al?® optimized the equilibrium _structure of AINH 3 using
HaCCl) compounds, searching, unsuccessfully, a correlation Hartree-Fock and second-order Mer—Plesset perturbation
between the binding energy and the charge transfer. LePagMP2) methods in conjunction with basis sets of up to 6-31G(d)
and Wiberd? have examined the energy and conformational quality for comparison tor complexes of trivalent alum!num
barriers in AICk—formaldehyd (HCO) complex. In the same compounds with alkenes. Atwood et?dlalso report predicted

perspective, Cannolly and Du#istudied AICE complexes with ~ 9eometries of BAINH 3, determined at the HF level using a
NHs and BS. double plus polarization (DZP) basis set. Their work was done

Previous high-quality ab initio computational studies of the (O Study the energy of dimerization of trimethylamine alane
Lewis acid chemistry of Al% complexes have generally dealt (TMAA) H3AIN(CHg)s. Marsh et af® have reported the
with the chemistry of the aluminum trihydride (A This ~ dissociation energy of AINHs. They presented theoretical
latter, as well as Gagiplays an important role in a wide range predlc_tlons of the V|_brat|onal spectra pf amonia alane so that
of chemical process. Aluminum hydride is used in photography €XPerimental detection and characterization gAINH3 may
and photoimaging and has recently been implicated in hydrogenbe facilitated. They showed that the nature of the-Nlbond

desorption from aluminum crystlt has been shown that their 1" the simple donoracceptor analogue, ammonia alane
derivatives can be used in a new approach toward AIN/BN (HsAINH3), should give insight into the bonding in the larger
TMAA molecule. Haalan® suggests that the dissociation

* Corresponding author. E-mail: boutalib@ucam.ac.ma. Fax12 4 energy of TMAA should be similar to the 30 kcal/mol
43 74 08. dissociation energy of trimethylamine trimethylalane.
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TABLE 1: MP2(full)/6-31G(d) Bond Length (A) and Bond Angle (deg)

OH—X—Alor
compound ARX Al—H X—H OH—-AI-X OH—-AI-H OH—X—C; axis OH—-X—-H
AlH 3 1.589 90. 120.
[CH3]~ 1.121 116.5 101.6
[SiHs] - 1.542 121.8 94.8
[GeHs]~ 1.621 123.0 93.2
[H3AICH3] 2.030 1.655 1.098 110.0 109.0 112.2 106.7
[H3AISIH3]~ 2.511 1.638 1.510 107.8 111.0 116.5 101.6
[H3AIGeH;]~ 2.510 1.635 1.583 107.3 111.5 117.2 100.7
NH3 1.017 112.4 112.4
PHs 1.415 121.9 94.6
AsHg 1.536 124.0 91.8
HzAINH 2.083 1.606 1.020 99.44 117.4 111.4 107.5
HaAIPH; 2.546 1.601 1.405 97.27 118.4 1185 99.2
HsAlIASH3 2.593 1.600 1.524 97.26 118.4 120.0 97.3
TABLE 2: G2(MP2) Total Energies (E in au) of 2. Computational Details
Complexes and Difference EnergyAE (kcal/mol)
E Ab initio calculations were performed using the
o - GAUSSIAN92 progrant! The calculations were performed in
complex staggered eclipsed AE the Windows environment on a 266-MHz Pentium Il PC having
[H3AICH]~ —283.63199 —283.63049 0.942 64 MB of RAM and above 2 Go of available disk storage space.
[H3AISi Hg]~ —534.65932 —534.65793 0.872 3 ; ; ;
[HAIGe He] - 230108162  —2321 05053 0.684 GZ(MPZ_)3 is a theoretical procgdure_ f_or_the computation of
total energies of molecules at their equilibrium geometries. The
:ﬁ:g 33 _ggg-iiggg _ggg-iiigg 8-3% G2(MP2) procedure uses the 6-311G(d,p) basis set and correc-
Hil As |33 547984298 9479.84202 0.602 tions for several basis set extensions at the MP2 level. Treatment

of electron correlation is made through”NMe—Plesset pertur-

* Difference energy between the eclipsed and the staggered confor-pation theory and quadratic configuration interaction (QCISD).

mation. The final total energies obtained using the G2(MP2) procedure
. . . . are effectively at the QCISD(T)/6-3%1G(3df,2p)//MP2(full)/

Our group has recently published interesting theoretical works 6-31G(d) level, making certain assumptions about the additivity
on the boron doneracceptor complexe¥.3* The computa- 4 correction. The zero-point vibrational energies, ZPE are
tional structural results were in good agreement with the gpiained from scaled HF/6-31G(d) frequencies (scaled by the
experimental data. We have reported that the complex stability f5ctor 0.893§° Finally, a small empirical correction, referred
is linearly correlated to proton affinity of the donor ligand. to as the higher level correction HLC is applied to account for
Moreover, we have shown that the complexation energy is the error in the calculated energy of the folecule, and it is
correlated to thé'B NMR coupling constantJg—11.%° Also, we based on the number of a and b valence electrons.
have discussed the attractor and d0n0r SubStituant effeCt on the A” molecules (Complexes and fragments) have been inves_
structural geometry, complexation energy, and charge transfer.tigated at the G2(MP2) level of theory, whereas the electronic
In this paper, we have investigated the anionic alane compoundsstructures have been done using the natural bond orbital (BO)
[H3AIXH 3]~ (X = C, Si, and Ge) compared to the isoelectronic partitioning scheme at the MP2(full)/6-31g(d) level.
neutral BAIYH3 (Y = N, P, and As) ones. The relative
stabilities of these complexes are examined with respect to the3. Results and Discussion
qualitative molecular orbital analysis (QMOAY36The QMOA _ o _ _
arguments have proven useful and successful for predicting the 3.1. GeometriesFor the first time, we have investigated the
broad outlines of calculatior#3536They enhance understanding WO possible structures (staggered and ecllpsed conformations)
of the relationship between the approximate orbitals we visualize for the complexes [BAIXH 3™ (X = C, Si, and Ge) and
and the detailed results produced by the ab initio calculations. 13AIYHs (Y =N, P, and As) at the MP2(full)/6-31G(d) level
We have showed that, in the case of boron compounds, the®f theory. All complexes have @, symmetry. Table 1 lists
interaction donoracceptor was not based on a simple mixture bond lengths and bond anglethy(x, dai—n, dx-+, DH—Al -
HOMO—-LUMO, but made the seat of an interaction to three X, anq OH=X—Al) for th? complexes. The G2(MP2) total

. - - energies and the energy differences between the two conforma-
orbitals where the jgoccupied orbital of the acceptor fragment -
A . tions of all complexes are presented in Table 2. For all
cheek a significant rol& We will show that, for the alane

neutral complexes, a second molecular orbital of donor can becompounds, the staggered conformation corresponds to a
utral PIEXES, . u ol . minimum and the eclipsed one corresponds to a transition state,
taken into account to explain the evolution of complexation

) ’ o the imaginary frequency being the torsion mode around the
energy in the corresponding column of periodic table. Moreover, aj_x hond. The energy difference between the two conforma-
we will discus the “e” orbital interaction role on this evolution i5ns is very small, and gives the ligand rotation barrier (Table
energy. The choice of the complexes investigated was madep) | all complexes, the AtX bond length is moderately longer
with the aim to include different types of strongly bound for the eclipsed conformation (Table 1). For the anionic adducts,
molecules (anionic one) and coordination compounds (neutral the Al—X (X =C, Si, and Ge) bond is close to a covalent bond
one). A linear correlation between the complexation energies length. The values for [BAICH3]~, [H3AISiH3]~, and

of the complexes and the G2(MP2) calculated proton affinity [Hz;AlGeHs]~ systems are 2.030, 2.511, and 2.510 A, respec-
of [XHz]~ and YH; is established and discussed. To the best of tively, close to the sum of the two atomic radii of the Al and X
our knowledge, no comparative study of these complexes hasatoms (2.019, 2.421, and 2.471 A for -AC, AI-Si, and
been carried out. Al—Ge, respectively}! However, for the neutral adducts, the
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TABLE 3: Comparison of Present G2(MP2) Dissociation
Energy (in kcal/mol) with Other Accurate Theoretical
Calculations for the H3ALNH 3 Complex

De Do? ref
G2(MP2) 25.24  this work
G2 25.66 29
DZP CISD+Q 30.3 26.60 25
DZP CCSD 30.2 26.50 25
NL-SCP 25.7 2230 28
QCISD(T)/6-31g(d)//IMP2/6-31g(d) 33.56 22.40 27

2Dy values include ZPE correctiohLocal density approximation
with nonlocal corrections to the correlation and exchange potentials.

Al—Y bond lengths are longer than the corresponding sum of
the atomic radii. These latter are 1.988, 2.348, and 2.458 A for
Y =N, P, and As, respectivel},while the MP2(full)/6-31G(d)
optimized bond lengths are 2.082, 2.556, and 2.593 A for Al
N, Al—P, and AFAs, respectively. Upon complexation, the
MP2 Al—H and X—H bond values are slightly longer than
isolated fragments. The bond anglél—Al—X pass from 90

in free acceptor Al to the tetrahedral value~<(108) in the
anionic compounds (X C, Si, and Ge). In fact, the optimized
values at the MP2(full)/6-31G(d) level are 110, 107.3, and
107.3 for OH—AI-C, OH—AI-Si, anddOH—AIl—-Ge, respec-
tively. For the HAIYH 3 complexes, the bond angléH—AI—-Y

(Y =N, P, and As) varies slightly in going from free reactants
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TABLE 4: Proton Affinities (PA in kcal/mol) of Ligands (L
= [XH 3]~ and YH3), G2(MP2) Complexation Energies Ecomp
in kcal/mol) of Ligands with AIH 3 and Charge Transfer

Qc(electron)

complex PA Ecomy’ Qc
[H-AICHS]- 416.80 —84.68 0.338
[H3AISIH3]~ 373.10 —54.42 0.577
[H-AIGeH;] - 361.72 —49.88 0.536
H3AINH 3 202.50 —25.24 0.132
HsAIPH3 186.80 —12.60 0.237
HsAlAsSH3 180.80 —9.75 0.239

APA(L) = —[E(LHT) — E(L)]. * Ecomp = E(H3AIL) — [E(HsAl) +
E(L)]with L = [XH3]~ (X =C, Si, and Ge) and &= YH3 (Y =N, P,
and As).

theoretical calculations. It can be seen that our G2(MP2) results
are in good agreement with all previous calculations and the
dissociation energy is close to that crudely estimated for
trimethylamine alane TMAA by Haaland (30.7 kcal/m&)This
energy is taken as the energy difference between the complex
and the dissociation products. In Table 4, we give the G2(MP2)
proton affinities of donor fragments X4 (X = C, Si, and

Ge) and YH (Y = N, P, and As) which are taken, as in previous
works 3034 as a quantitative measure of the charge transferred
from the ligand to the alane, the G2(MP2) complexation energies
of complexes, and NBO-MP2/6-31G(d) charge transfer.

to complex adduct. The optimized values at the same level are  G2(MP2) results show that the anionicdXH 3]~ (X = C,

99.4, 97.3, and 97°3or H3AINH 3, H3AIPH3, and HAIAsSH3,

Si, and Ge) complexes are more stable than the neugfdYHi 3

respectively. We can already conclude that there is no same(Y = N, P, and As) ones. However, the complexation energy

donor behavior in the two series. Moreover, the-Xl (X =

decreases for each group in going from C (N, respectively) to

C, Si, and Ge) bonds have a covalent character. This has aG€ (As, respectively). In addition, the complexation energy
consequence for the Al geometrical environment, which passesdecreases along a periodic table column with the atomic number.

from Dg, (flat) in free AlH; to Tq (pyramidal) in the complex.
Nevertheless, the equivalent-AY (Y = N, P, and As) bond
does not have such a strong effect on the Afthgment’'s
geometry in the complex. THeH—AI-Y bond angle increases
only by about 8 in going from isolated AlH to HzAIYH 3
complex, while this variation is about 18 the anionic adducts.

If we take into account the two behaviors, the bond length, and
the lack of geometry variation of the AjHragment, we can
conclude also that the AlY (Y = N, P, and As) has no covalent

character. This result permits us to conclude that the compounds

H3AINH 3, H3AIPH3, and HAIASH3 are sum classical doner
acceptor complexes whereas the anionic adduciaIftHs] -,
[H3AISiH3]~, and [HAIGeHs]~ have a covalent character.

For the bond angles{H—X—Al and OH-Y —Al) there is
no notable deviation between the two compound groups. For
the anionic one, the MP2(full)/6-31G(d) optimized values are
112.2, 116.3, and 117.2 (Table 1) for [HAICH3],
[H3AISiHZ]~, and [HsAIGeH;] —, respectively, while in the free
ligand [XHs]~, this angle is 1165 121.8, and 123.9 for
[CH3]~, [SiH3]~, and [GeH] ™, respectively. One can see that
this bond angle increases by abotiirbgoing from the isolated
[XH 3]~ ligand to the complex adduct. For the XK = N, P,
and As) case, the MP2(full)/6-31G(d) bond angle values in the
complex adducts are 112,3118.5, and 120.0, respectively,
and in isolated ligands NiIPHs, and AsH are 112.4, 122.0,
and 124.0, respectively. In this case, the variation is abdut 4
Therefore, there is the same complexation effect on thes]XH
(X = C, Si, and Ge) ligands as well as ¥KIY = N, P, and
As) ones.

3.2. Complexation Energy. To compare our results to
previous works, we present in Table 3 the G2(MP2) computed
dissociation energy of the classical doracceptor complex,
HsAINH 3, chosen as model, along with previous high-level

Therefore, the anionic doneacceptor complexes show rather
strong donof-acceptor bonds compared to the neutral adducts.
These values can be explained sinceAKCH3] —, [H3AISiHg]

and [H;AIGeH3] ~ are isoelectronic to the corresponding stable
organic compounds #€CH;, H3CSiHs, and HCGeH, respec-
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Figure 1. Linear correlation between G2(MP2) proton affinities and
the complexation energies of (a)4MXH 3]~ (X = C, Si, and Ge) and
(b) HzAIYH 3 (Y = N, P, and As) complexes.
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Figure 2. Fragmental analysis of the ;"asymmetry molecular orbitals of (a) 4AINH 3, (b) HsAIPH3, and (c) HAIAsH;.

tively, and the HOMO orbital of the anionic ligands is close to AlH3 and the ligands (NE PHs, and AsH) were taken in the
the AlHz LUMO one. Furthermore, in the anionic complexes, symmetry of the corresponding complexes.
the central atom X of the donor is in its preferred coordination.  For all compounds, the complexation is controlled by the
To our knowledge, no correlation has been discussed for thepresence of two interaction types. The first one takes place
donor-acceptor complexes of alane. However, for the boron between the “@ symmetry orbital likely to interact along the
ones, there are many relationships avail@bié*42-46 The axis of the AFY bond (i.e., a three-level and four-electron
proton affinity (as to what was mentioned above) can be taken model system§? and the second one uses the “e” symmetry
as a quantitative measure of the charge transferred to theorbitals whose character is rather destabilizing because they are
aluminum hydride from the ligand (Lewis bases). In parts a all occupied.
and b of Figure 1, we present the linear correlation between Parts ac of Figure 2 illustrate the fragmental analysis of
the proton affinities of the ligand, [X~ and YHs, and the “a;” symmetry molecular orbitals that generally influence the
complexation energies of BAIXH 3]~ (X = C, Si, and Ge) and molecular bonding of BAINHj3, HzAIPH3, and HAIAsHs;,
HsAIYH 3 (Y = N, P, and As). This correlation reflects that the respectively. In this interaction type, the systems stabilization
stability of the complex depends on the nature of ligand, which depends mainly on the energy position of the intermediate orbital
increases when the basicity of the Lewis bases increases.  of the compounds compared to the highest fragment occupied
On the other hand, one can see, from the NBO-MP2(full)/ one. In fact, the system is stabilized when its intermediate orbital
6-31G(d) analysis (Table 4), that there is no correlation betweenis energetically lower than the highest occupied of the three
charge transfer and the G2(MP2) complexation energy for the interacting ones, while in the contrary case, the system is
two series of complexes, as recently repof®&d*+’ For the destabilized. These two characters are directly related to the
most stable anionic complex fAICH3]~, the charge transferred  “binding mixture-antibinding mixture” ratio of the intermediate
is 0.338e, while for the less stable onefiiceH;] ~ this charge fragment orbital with the highest and the lowest ones, respec-
is 0.536e. We note also the same trend for the neutral complexestively.*84% When the binding character overrides on the anti-
3.3. Modes of Coordination.In this section, we will not binding character, the intermediate MO of the complex is lower
discuss the coordination mode of the anionic compounds than the fragment intermediate one. This is reversed when the
[HsAIXH 3]~ (X = C, Si, and Ge) because it is based on a antibinding character is the prevailing. In our case, the molecular
classical HOMG-LUMO interaction mode which is well orbitals ma (m= 7, 9, and 12 for BAINH3, H3AIPH;3; and
known. The energetic information given in Table 3 brings out HsAlAsH3 respectively) are lower than thengn = 3, 5, and
several questions. What is the origin of the stabilization upon 8) donor orbitals. It has, consequently, a binding character which
complexation? Why is the 4AINH ; complex more stable than  increases in going from 4AINH 3 to HzAlAsH3 because the
the H,AIPH3 and HAIAsH3 ones, although all ligands have corresponding energetic gag(ba(ALH3)) — E(nay(donor));
the same number of valence electrons and the same hybridizatiom = 3, 5, and 8) decreases in the same order (0.688, 0.628, and
for the base center, Y (3 The answers to these questions 0.616 au, respectively). This favors the two fragments binding.
are directly related to the molecular orbital redistribution, which ~ However, if we take into account only these three interacting
takes place upon coordination. In this section, we apply QMOA orbitals, the energetic level of the lowesta, (M = 6, 8, and
to examine the factors behind the stabilization upon coordination 11 for H;AINHj3, H3AIPH3;, and HAIAsH3, respectively)
and show which fragment orbitals are implicated in the molecular orbitals of the complexes resulting from this interac-
construction bond between aluminum and Y atoms=¥entral tion would be more stable than the AJF4a;” one. Our results
atom of the donor fragment). The characteristics of the chemical show that the “6& molecular orbital adduct level is energeti-
bond in the complexes will be discussed under consideration cally slightly lower than the “4& one for HsAINH 3 (Figure
from ab initio calculations at the HF/STO-3G level of theory 2a). Whereas for the two other complexeszAHPH; and
(this basis set has been chosen only for qualitative investiga- HzAlIAsH3) ma, (M = 7 and 11 respectively) molecular orbital
tions). In all correlation diagrams, the molecular orbitals of alane levels are higher than “4a(parts b and c of Figure 2). This



MO Study of [HsAIXH 3]~ and HAIYH 3 Complexes J. Phys. Chem. A, Vol. 103, No. 48, 1998851

/ classified as pseudocovalent type of bond, but in the anionic

AlH; complexes, the bonding is covalent. The calculated G2(MP2)
complexation energy decreases in the two series. This is a
-#-q.:: _______ consequence of an irregular variation of the energetic gap
I, "“'--3121: --------- + between the interacting fragment orbitals. However, this com-
+ AsH plexation energy varies linearly with the proton affinity, but
3

there is no correlation with the charge transfer.
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