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Theoretical Study of the Thermal Dissociation Mechanism of AH (A = Si, Ge, Sn, Pb)

Gabriel Merino, ' Sigfrido Escalante} and Alberto Vela*

Departamento de Qmica, Centro de Ipestigacion y de Estudios #anzados,
A. P. 14-740, Mgico D.F. 07000, Mgico

Receied: February 5, 2004; In Final Form: March 18, 2004

Structural, energetic, and vibrational data for the species involved in the unimolecular dissociation reaction
AH,— AH; + Hy, A = Si, Ge, Sn, Pb, are presented. For all the hydrides considered and independently of
the theoretical methodology, a set of intermediates were detected. It is shown that a group of four normal
modes, two from the product AHand the other two from the intermediate, can be used to assign some
experimental bands in the infrared spectra. The stability of the molecular complexes is explained as a result
of a small transfer of electrons from the hydrogen molecule to the dihydride.

I. Introduction structures are participating in the thermal dissociation reactions

The steady development of the microelectronic industry in ofgroup %4 hydr|de§. hat has b learl idered b
the last three decades requires a deeper understanding of some very mpgrgoant Issue that has been ﬁfﬁry considered by
of the chemical and physical processes involved. One of them SOMe author8/"%and doubtfully by other${™is the possible
is the chemical vapor deposition (CVD) of amorphous silicon existence of an intermediate in the unimolecular dissociation
and germanium films on silicon crystals that is done with silane ©f AH4- Along this vein, it is worth noting that Kapp et al. found,
and germane as the source atdnfs.In this process, a and characterlzed as minima, a set of stationary points on the
complicated and not completely well understood mechanism E%te%t'al enetr)gy dsurfa_tgeéPES) ofkthe ca:|0n33AIf(Ah= Si= AH
produces the final deposition of the atoms on the surface. For H)t at can be described as weak complexes of the type
the thermal decomposition of silane, Sjlit has been proposed 2 . . . )
that the reaction follows a mechanism with two predissociations "€ studies mentioned above underline the importance of
where silylene, Sikj is involved. For the general case, the performing an exhaustive and detailed theoretical analysis

reactions are rggard_ing the existence of interm(_ediates ir_l the unimolecular
dissociation of group 14 tetrahydrides, which constitutes the
AH,— AH, +H, 1) main aim of the present work.
AH,—A +H, 2 Il. Computational Details
where A= Si. Ge, Sn, Pb. Second-order MgllerPlesset (MP252 coupled Cluster in-

Several authors have calculated the barrier for hydrogen ¢luding single, double, and noniteratively triple excitations
insertion into AH,%11 the reverse of reaction 1. In the case of (CCSD(T))?*"2” and density functional calculations with the
silane, the barrier has been determined experimerialtyhas hybrid exchange-correlation energy functional B3E¥° were
been shown, experimentally and theoretically, that the photo- done in conjunction W_lth two different ef_fectlve_ core potent|a_ls
dissociation of germylene proceeds through a pathway where(ECPS): LanL2DZ! with the corresponding split-valence basis
excited states are involved. However, despite the many effortsSet augmented by p and d polarization functithsnd the
that have been made to detect all the species involved in theStuttgart-Dresden ECPs (SDB)with an extra d-polarization

mechanism, some intermediate steps are still unresdfved.  function f(ir the valence basis set for Ge, Sn, and Pb, from
In the case of lead, for many years it was believed the Huzinaga'In all cases, the basis set used for H was a (5s,1p)
plumbane, Pblj was a nonexisting compountl.However, — [3s,1p] contraction from Dunning and H&YFor the silicon

recent spectroscopic evidence suggests that plumbane is stab/@Nd germanium hydrides, all-electron calculations were also
enough to be detected in the gas ph&séin a series of works ~ Performed with the augmented cc-pVTZ (aug-cc-pVTZ) basis
involving AnHn (A = Si—Pb,m = 1, 2, andn = 2, 3, 4, 6) set36 We will refer to the methods by an acronym followed by
compoundd-19 Andrews and co-workers reported evidence ! for aug-cc-pvVTZ, i for LanL2Dz+dp ECPs, and il for
supporting the existence of plumbane. Even though the ana|ySiSStuttgart ECPs. Nonrelat|V|st|c calculations for Pb com_pounds
of Andrews and collaborators was very detailed and complete, Were also done with B3LYP/SDD to evaluate the magnitude of
some bands of the infrared spectra were not fully assigned. Thus’relatlwstlc effects in the trends of several properties. Geometry

further work is necessary to fully understand which chemical OPtimizations were done without symmetry constraints. The
ground states of the carbene-type hydrides,Aldr A = Si—

* Address correspondence to this author. E-mail: avela@ PD, are singlets, in contrast to methylene which has a triplet

mail.cinvestav.mx. Fax:+52-55/5747-7113. ground-state multiplicity. Therefore, all molecular systems
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S 15241523 TABLE 1: Bond Distances (in pm) and Bond Angles (in
Si: 148.3 (148.1) Ge: 1568 (159.9) deg) for AH, Compounds (A= Si, Ge, Sn, Pbnh = 2, 4)

Ge:153.4 (150.9) Sn: 174.1(175.7)
Sn:171.6 (172.5) _ Pbiy75.4(1775)

Pb:174.0(175.0) ", AHg, Ty AH,, Cy,
) Sit 14861480 | TSic 1144 q1152) A method AH H-H A—H H—A—H
Qei1a 136\ L Sh e Si B3LYP/ 148.3 152.6 91.6
Sn: 171.6 (173.0 ! Phe >
: P e 7e) (/ N WP 1475 151.1 91.8
AH, T, Tl ccsp(my/i - 148.1 151.8 91.9
©osmengery  AHGO B3LYP/II 148.2 152.2 91.9
Sit 1791 (1775) 1975 202.5) B3LYP/III 149.4 154.4 90.8
g:gg;g:g?g; MP2/II 148.3 151.9 92.1
L § CCSD(T)/ll 1489 152.9 92.0
( O S O) Bssias experimert®  147.5 1516 928
i s1eama Si 2009 ph 1183 (1702 Ge  B3LYPI 153.4 159.7 90.9
Ge:159.1 (136.0) o 763 (766) MP2/1 149.9 155.2 91.4
A M el NG @) ccsD(M)/l 150.9 156.5 91.4
\T{/ gg 247.6 (256.6) H B3LYP/II 154.7 160.7 90.9
: S0 AH, C,, B3LYP/II 154.6 161.8 90.6
AH, C(TT) MP2/II 154.8 160.4 90.9
Figure 1. B3LYP and, in parentheses, CCSD(T), optimized geometries g&zﬁgg% ) 1155253 11563.i5(7) 882(8)
of the stationary points of group 14 tetrahydrides. sn B3LYP/II 1716 1783 907
CCSD(T) zero-point energies (ZPE) were scaled by a factor of ,\BA?;LZ\/(IT“” 1177112; 1177%"; %%‘Aé
0.9806, 0.9661, and 0.95, respectiv&ly? To verify that the CCSD(T)/!I 1725 179.2 90.9
transition states connect the appropriate minima, a set of intrinsic experimerft 170.0
reaction coordinate (IRG)*° calculations with the B3LYP Pb  B3LYP/I 174.0 183.4 90.4
hybrid functional and the LanL2DZdp ECP were carried out. |I\3/|3|;L2\/(|F|)/|” 11774-7 1185-0 90.8
All calculations were done with Gaussian 98The molecular 3.9 833 20.3
) ; . ccsp(m 175.0 184.7 90.3
orbitals we£2e43plotted with the molecular graphics package experimert  173.0
MOLEKEL.** H,  B3LYP/ 74.3
MP2/1 73.7
Ill. Geometries and Energetics CCSD(M)/I 74.3
, , o B3LYP/II 74.9
The chemical species calculated in this work are those MP2/1I 74.9
involved in the thermal dissociation reaction of a tetrahydride CccsD(mil 75.7
of a group 14 element experimertt 74.1

a Reference 47 Reference 48 Reference 167 Reference 49.
AH,, Ty,— AH/*, C(l) — AH, C(ll) — AH,, C,, + H,
(3) The geometries of the reactants and products involved in the
gas-phase reaction 1 and the available experimental data are
The stationary points found on the PES of this reaction are summarized in Table 1. There is good general agreement in
depicted in Figure 1, and they correspond tdganinimum, a the geometrical parameters with a largest deviation from
C4(l) transition state, a&(ll) minimum, and the products of  experiment of 3.6 pm in the bond lengths (for Getith CCSD-
the reaction. (T)/Il) and 2 in the bond angles (for SiHwith MP2/11). It is
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Figure 2. Relative energies obtained with CCSD(T)/Il. The values include the scaled ZPE correction.
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Figure 3. Energy profiles for the dissociation reactions of group 14 hydrides calculated by the IRC method.

TABLE 2: Bond Distances (in pm) and Bond Angles (in TABLE 3: Bond Distances (in pm) and Bond Angles (in
deg) for AH, Transition States, C4(I) deg) for the AH, Intermediate, C4Il) '
A method A-H; A—H, A—Hs Hi—H> Hi—A—H, H3—A—H3' A method A-H; A—H, A—Hj3 H;—H, Hi—A—H> H3z—A—H3
Si B3LYP/I 152.4 165.0 148.6 1144 42.0 109.7 Si B3LYPI/I 179.1 188.2 1516 80.2 25.1 94.8
MP2/1 151.4 163.0 147.7 11438 42.7 109.4 MP2/1 1749 181.1 150.5 804 26.0 94.9
CCSD(T)/I  152.3 164.9 148.4 115.2 42.4 108.7 CCSD(T)/l 1775 183.9 151.2 80.3 25.6 94.6
B3LYP/II  153.6 165.9 148.6 109.8 40.0 108.8 B3LYP/II 1754 185.8 151.0 82.2 26.1 96.2
B3LYP/IIl 155.9 173.4 150.8 116.1 40.8 108.8 B3LYP/III 187.2 199.3 153.3 79.7 23.5 93.6
MP2/11 1539 166.3 148.7 109.9 39.9 108.3 MP2/1I 1779 186.1 151.2 814 25.7 95.3
CCSD(T)/ll 154.8 168.8 149.6 110.3 39.5 107.8 CCSD(T)/Il 182.2 190.9 152.3 81.2 25.0 94.6
Ge B3LYPI/I 156.8 172.2 1539 124.9 44.3 110.5 Ge B3LYPI/I 203.6 211.1 159.1 77.3 21.4 92.2
MP2/1 154.1 166.7 150.4 118.0 42.9 109.5 MP2/1 184.4 190.7 1546 78.8 24.2 93.2
B3LYP/Il  158.3 174.0 155.1 124.3 43.6 110.7 CCSD(T)/I 189.6 1955 156.0 78.5 23.5 92.7
B3LYP/IIl 158.1 175.5 155.3 128.2 44.8 110.5 B3LYP/II  206.0 214.2 160.0 77.9 21.2 92.3
MP2/I1 158.8 174.3 155.2 1247 43.6 110.2 B3LYP/IIl 2149 221.7 1612 77.2 20.2 91.7
CCSD(T)/Il 159.9 177.7 156.3 125.7 43.3 109.0 MP2/1I 211.4 216.3 160.0 77.4 20.8 91.7
Sn B3LYP/II 1741 192.2 1716 1355 43.1 112.4 CCsSD(T)/ll 217.8 222.1 161.3 77.7 20.3 91.3
B3LYP/IIl  174.4 194.0 172.0 136.2 42.9 112.2 Sn B3LYP/Il  243.3 247.6 178.0 76.3 17.8 91.3
MP2/II 1744 1926 1715 135.0 42.8 1125 B3LYP/IIl  250.9 254.7 179.1 76.1 17.3 90.8
CCSD(T)/ll 175.7 197.3 173.0 136.9 42.6 110.9 MP2/11 2505 251.3 177.7 76.1 17.4 91.1
Pb B3LYP/Il 175.4 1975 174.6 152.3 47.8 112.2 CCSD(T)/ll 256.5 256.6 179.0 76.6 17.2 90.9
B3LYP/IIl 176.3 199.4 175.6 148.8 46.2 112.0 Pb B3LYP/II 259.5 260.1 183.2 759 16.8 90.5
MP2/II 175.7 1975 1744 152.9 47.9 1124 B3LYP/IIl 274.7 2745 184.8 75.6 15.8 90.9
CCsD(T)/l 1775 2025 176.3 156.8 48.2 110.9 MP2/11 265.0 262.8 183.1 75.7 16.5 90.1
CCSD(T)/ll 268.6 266.1 184.6 76.4 16.4 90.1

important to mention that, even though the scope of the present
work is to cover all the elements belonging to group 14, carbon  The geometrical parameters of the optimized transition states
has been excluded because it was the only case where there iand intermediates are reported in Tables 2 and 3, respectively.
no local minimum between th€(l) transition state and the  As can be seen, the;HH, bond lengths of the leaving hydrogen
dissociation limit, and also because the ground-state multiplicity molecule in theCq(l) structures increase systematically on going
of CH, is a triplet and not a singlet as occurs with the other from silicon to lead, indicating that silane has a latter transition
group 14 dihydrides. state than plumbane (Hammond's postuldteComparison

As was mentioned before, for all the group 14 elements between th&(I) andCq(l) structures shows that, independently
considered in this work, a weakly bound intermediate was found of the methodology, all AH bond lengths in the intermediate
between the transition stat€l), and the dissociation limit. are longer than those in the transition state, and theHd
The existence of these intermediates suggests that the dissociadistances of the most distant hydrogen atoms in the:AH,
tion reaction of the group 14 tetrahydrides is a two-step processcomplexes are shorter than in the relategl) structure. For
that goes from the tetrahedral structure to @) transition silicon and germanium, this distance is larger, by 6 and 2 pm
state and, before dissociating into Akind H, it goes through (at CCSD(T)/Il), than in H. This stretching is not negligible
the C4(Il) intermediate. However, as will be discussed below, and suggests that important electronic interactions between the
the lability of the tin and lead complexes indicates that for these AH, and H fragments are responsible for the existence of the
two elements the dissociation of the tetrahydride is a single- intermediates. In contrast, the tin and lead complexes have a
step process. The IRC calculations depicted in Figure 3 confirm reduction of this bond length by about 1.0 pm (at CCSD(T)/
that these weak molecular complexes are connected to itsll), indicating that for these elements, the intermediate is a more
corresponding transition state. labile structure than the silicon and germanium analogues.
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TABLE 4: Relatives Energies (in kJ mol ) with Respect to (89.9 kJ mot?), but for lead this is the lowest lying isomer
the Tq Geometries of AH,, Including the ZPE Correction (—4.5 kJ motY). The energy differences, including ZPE,
A method (oX()) C4(IN AH,, Cp, + Hp between the dissociation limit and the intermediates have the
Si B3LYP/I 229.9 2085 2222 following values: 8.6,_2.7, 0.6, and1.0 kJ moft?, for Sl Ge,
MP2/I 241.8 223.0 247.9 Sn, and Pb, respectively. The small values for silicon and
CCSD(T)I 237.0 215.9 238.2 germanium suggest that for these two elements the intermediate
B3LYP/I 238.4 228.2 244.9 is a weakly bounded fluxional structure. For tin, it is marginally
B3LYP/III 2238 194.2 202.7 stable, and it is definitely undetectable for the case of lead.
MP2/11 251.8 240.4 253.9 Toi . he i fth | lativistic eff
ccsb(m/i 244.7 231.3 2399 ~ Toinvestigate the importance of the scalar relativistic effects
Ge B3LYP/I 205.4 1435 149.1 in the stationary points of the lead hydrides, additional calcula-
MP2/I 2225 189.8 191.2 tions with a Stuttgart nonrelativistic ECP were done. The scalar
B3LYP/II 214.8 155.8 161.1 relativistic contributions have an important effect in the stability
B3LYP/III 205.2 1286 131.7 of the C4l) intermediate of the lead hydride. Neglecting
MP2/11 227.2 163.6 167.9 .. . . .
CCSD(TYI 2189 155.4 158.1 relativity, the Pb |nterm_e_d|ate is 8_7.4 kJ_ mbhbove the th—l _
Sn B3LYP/II 208.8 89.7 90.0 (Tq) structure but, surprisingly, the inclusion of scalar relativistic
B3LYP/III 207.0 79.6 78.8 effects results in having this intermediate 2.7 kJ Thdielow
MP2/1I 225.3 94.7 95.7 the Ty moiety. On the other hand, relativity also has an influence
- %gf?lgl)ll“ i%%g _3969 _g%s in the dissociation barrier of Phtby lowering this energy
) S ) difference by 40 kJ mol with respect to the nonrelativistic
B3LYP/II 176.4 2.5 4.6 . . A . .
MP2/II 191.5 _50 —41 calculation, while the activation energy fok lhsertion, taken
ccsp(myi 177.9 —45 -35 as the difference between tlk(l) transition state and th€.-

] ) ) ~ (I intermediate, is about 50 kJ mdl larger when scalar
Figure 2 and Table 4 show the energy differences, including ye|ativistic effects are present. Thus, relativity contributes to
the scaled ZPE, between thig isomers and the molecular enpance the difficulty of inserting dihydrogen to Pbkb
species involved in reaction 3. To discuss the trends, the resultsyroduce plumbane, and facilitates the dissociation of plumbane
corresponding to the CCSD(T)/Il calculations will be used, even intg PpH, and H. The synergy of these two effects explains
though other results are closer to the available experimentalihe gifficulty of isolating plumbane: among the group 14

values. The en_ergies for reaction 1 decrease significantly_whenhydridesl plumbane is the case with the smallest barrier to
one descends in the group: they go from 239.9 kJ ffair Si dissociate and the largest to insert iHto Pbi.

to —3.5 kJ mot™ for Pb. It is worth noting that the calculated

value for silicon is in very good agreement with the experimental v/ Harmonic Frequencies

value reported experimentally by Moffat et al. (231.4 kJ

mol~1).22 Similarly, the relative energies of the transition states ~ The results of the vibrational analysis are presented in Table
decrease from silicon (244.7 kJ m&) to lead (177.9 kJ mok). 5. Hitherto, the experimental studies of these systems have not
For silicon, these energy differences are in excellent agreementconsider explicitly the existence of ti&(Il) intermediates in

with those estimated by using diverse ab initio calculations and the decomposition of silane, germane, stannane, and plumbane.
with the experimental result (233.9 kJ m§l12 For the insertion This fact is important because, as will be shown in the present
reaction of H into silylene, Walch and Dateo stated that “the section, a pair of bands in the infrared spectra of some of these
reaction of SiH with H, has no barrier at high level of  systems can be assigned to a pair of normal modes coming from
calculation”!® However, they did not consider the presence of the intermediate Akt--H, complex.

the C4(Il) intermediate. These complexes are high-lying local ~ The infrared spectra for laser-ablated silicon co-deposited with
minima for Si (231.3 kJ mott), Ge (155.4 kJ mol'), and Sn 10% H, in neon at 3.5 K for 60 min, reported by Andrews and

TABLE 5: Harmonic Frequencies, o (in cm~1), and Infrared Intensities, A; (in km mol~1), Determined with B3LYP/II and
Scaled by 0.9806

Si Ge Sn Pb
w A w A w A w A
AHg4, Ty 896.0 123 1 816.6 132 i 703.5 205 1 662.4 200 1
896.0 123 1 816.6 132 i 703.5 205 1 662.4 200 1
896.0 123 1 816.6 132 i 703.5 205 1 662.4 200 1
964.4 0 e 899.6 0 E 746.0 0 e 710.5 0 e
964.4 0 e 899.6 0 E 746.0 0 e 710.5 0 e
2220.6 0 a 2075.0 143 £ 1869.2 197 a 1798.4 0 a
2226.0 115 4 2075.0 143 £ 1869.2 197 £ 1800.6 254 £
2226.0 115 4 2075.0 143 £ 1869.2 197 £ 1800.6 254 4
2226.0 115 £ 2083.3 0 a 1885.5 0 1 1800.6 254 £
AHy, Cs 542.1 0 d 340.7 1 d 199.5 1 d 102.1 3 d
615.0 4 a 437.0 13 a 324.0 12 a 291.5 3 a
748.7 6 a 582.5 19 a 411.4 30 a 336.4 52.8 a
842.4 7 d 620.3 0 d 426.0 0 d 345.8 0 d
981.3 64 a 898.1 60 a 698.8 28 a 609.8 19 a
1364.2 60 a 946.8 27 a 775.7 74 a 732.1 51 a
2075.2 130 a 1858.7 265 a 1669.1 462 a 1560.9 579 a
2081.5 218 a 1864.5 354 a 1672.8 374 a 1562.9 494 a
3191.5 142 a 3807.6 8.8 a 4059.2 0 a 4140.2 3 a
AH,, Cp, 1000.4 74 a 912.8 63 a 779.2 81 a 731.3 52.1 a
2032.3 286 b 1845.9 344.8 a 1663.5 489 b 1561.7 607 b
2033.2 247 a 1848.4 395 b 1669.4 433.9 a 1565.8 541 a
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Wang?l’ shows two weak unassigned bands in the 2063- and . Silicon
2095-cnT? regions. The B3LYP/II calculation predicts two o
scaled frequencies at 2081.5 and 2075.2 tffior the C«Il)
complexes’ These bands are blue-shifted by 48.3 and 42.9
cm~t with respect to the band a SiH, normal modes, which

are almost degenerate. Note that the intensities of these bands
are not small and, thus, they can be assigned to the-SHt 200
intermediate.

A similar behavior is observed for the germanium hydrides. 100
Wang et al. report a blue site in the neon matrix that disappears
on annealing and photolysis at 1867.6 ¢t They presume 2008 2020 2040 2060 2080 2100
that this line can be due to the presence of g @¢H, complex. o, cm’!

The harmonic analysis of the Get+tH, complex (see Table

5) shows two normal modes located at 1864.5 and 1858-%.cm Germanium

In this case, the blue shifts are 16.1 and 12.8%mespectively. =00
Again, from the positions and intensities, these bands can be
assigned to th€y(ll) intermediate.

For the tin and lead hydrides, the detection becomes more
difficult, not only because the intermediates are less stable with
respect to dissociation, as was discussed in the previous section, 200
but also because the normal modes that were used in Si and Ge
to identify the intermediates in the infrared spectra are closer 100
to the frequencies coming from the Alpecies (less than 6
and 3 cnt?t .for tin and lead, .respectwely). . 1800 Tao0 Toi0 Teen Toen Tono

For the tin and lead hydrides, Wang and Andrews pointed o, om™
out that “the blue shoulder which appears on the;Abisorption
in these experiments is probably due to the)fH, complex Tin
intermediate in the reaction to form AHproduct’1® in full 1000
agreement with the results obtained in the present work for
silicon and germanium, but due to the coalescence of these two
sets of frequencies in tin and lead, their definite identification
is more difficult. This fact can be fully appreciated in the
simulated spectra depicted in Figuré®4.

400

I, km mol’!

400

1

300

L, km mol

800

600

km mol”!

I

400

V. Molecular Orbital Analysis 200
There has been some controversy regarding the underlying

reason for the stability of the intermediate complexes. Thus, to

gain further insight into the underlying electronic mechanism 1630 1640 1650 leebD 167D 1680 1690 1700

that leads to the existence of t8¢gll) complexes, in this section o em

an analysis of the molecular orbitals (MOs) of the chemical

structures involved in the thermal dissociation of the group 14

hydrides is presented. For this analysis, the results obtained with 1200

the hybrid functional B3LYP and the LANL2D#dp ECP were

Lead

used. Going from left to right in Figure 5, i.e., following the 1000
dissociation pathway, the geometrical distortion that accompa- - .,
nies the change from th&; structure toCgl), the transition g

state, is controlled by the 3%0. From the Mulliken charges B 600

—

presented in Table 6 it can be seen that this distortion, which
breaks the highly symmetric tetrahedral geometry, is ac-
companied by an important flow of electrons from the leaving 200
hydrides (hydrogens Hand ) to the A atom. The charge of

the group 14 atom is reduced conS|dera.ny: more than twice 1570 500 o0 560 1550 Teno
for silicon and 1.5 times for lead. Following this dissociation o, cm”!

pathwa_y, the next SteP IS th_e formation of the intermedi@tes Figure 4. Simulated IR spectra in the regions where one can identify
(1), which have been identified as molecular complexes. Some the AH,:+-H, intermediates. The harmonic analysis was done with
of these structures have been described in the literature asB3LYP/II.

donor-acceptot® or van der Waals complexédabeling that

underlines the lability of these structures. From the charges entering hydrogen molecule to AHThese electrons are taken
reported in Table 6 it is possible to conclude that the transit to from the oy bonding MO of H to the LUMO (1h) of the
these minima on the PES helps to prepare the departure of thedihydride which is a vacant p orbital of atom A. As soon as the
hydrogen molecule. Indeed, for all atoms, the total Mulliken symmetry lowers tdC,, all MOs belonging to the ;aand b
charge of the Kl fragment is positive and very small. Thus, irreducible representations, as well as @10 of the hydrogen
considering the insertion reaction that leads to the formation of molecule, belong to the' @reducible representation of th&,

the Cq(Il) intermediate, there is a charge donation from the point group and, consequently, the orbital interactions that lead

400
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E(a.u)
| AH, T, AH, C,I)
02 —
Si: -0.2483
Ge:-0.2498
Sn: -0.2371
Pb: -0.2446
"""
i —
-03 — _
’ Si: -0.3595
(Silc _8§ﬁ§§ e Ge:-0.3520
Sn:-0.3314 Sn: -0.3366
Pb:-0.3249 la"
1 ==
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g .. Sn:-03803
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93 Si: -0.5474
Ge:-0.5555
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Pb: -0.5600
lag — =, Si: -0.5917
1
Ge:-0.5785
. Sn:-0.5308
“._ Pb:-0.5628
| At T
0.6 — L
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AH, C(I) AH,+H,
Si: -0.2432 Si: -0.2410
Ge:-0.2436 Ge:-0.2438
Sn;-0.2327 Sn:-0.2345
Ph:-0.2381 Pb:-0.2392
T T 2 - 23 (AHz)
3 |
Si: -0.3386
Ge: -0.3168 Si: -0.3438
Sn; -0.2952 Ge:-0.3202
Pb: -0.2800 Sn:-0.2967
Pbi-0.2816
1b, (AH>)
|
Si: 04331 P Lot
i: -0. e:-0.
Ge: -0.4452 Sn; -0.4388
Sn: -0.4320 Pb: -0.4381
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Figure 5. Molecular orbitals of the species involved in the dissociation reaction of group 14 tetrahydrides.

TABLE 6: Mulliken Charges of the Stationary Points of
AH,

Si Ge Sn Pb

AHy, Ty A 0.57 0.55 0.91 0.93
H -0.14 —-0.14 -0.23 -0.23

AH,4, TS A 0.27 0.26 0.59 0.62
Hi —0.02 —0.02 —0.08 —0.08
H> —0.04 —0.06 -0.14 -0.18
Hs -0.11 —0.09 —0.18 —-0.18

AH,, C(I1) A 0.22 0.22 0.42 0.49
Hi 0.01 0.02 0.0 -0.01

H> 0.04 0.03 0.03 0.03
Hs -0.14 -0.14 -0.23 —-0.26

AH,, Cy, A 0.26 0.27 0.44 0.50
H —-0.13 —0.14 —0.22 —0.25

to the formation of the intermediate are more complicated.
However, from the orbital energies reported in Figure 5, it is
possible to conclude that the orbital controlling the formation
of the C4(Il) structure is the 2aOn going from theC(l) to the

metry does not allow a mixing of the 1aMO with the other
valence orbitals, one can conclude that the stability of the
intermediates can be explained by Walsh’s rule, since the MO
closest to the HOMO that shows the largest changes along the
reaction channel is the 281O0. Summarizing, this MO analysis
shows that the insertion of a hydrogen molecule to a group 14
dihydride in the singlet PES is driven by a small electron transfer
from the oy bonding orbital of H to the LUMO of AH; that,

due to the lowering (breaking) of symmetry that takes the system
to a C; point group, allows a mixing of the' ananifold. The

2d orbital is the MO with the most relevant change along the
reaction path. In compliance with Walsh’s rdfeand following

this insertion route, it is clear that the formation of the transition
state is controlled by the 2arbital. Finally, the most prominent
change is the passage from tGgl) to the Ty structure where
there is a very large reshuffling of electron density and, of
course, the high symmetry of the tetrahedral species is reflected

intermediate, one can see from Figure 5 that the HOMOs of all N the 3-fold degeneracy of theOs. That this subtle interplay

group 14 hydrides remain practically constant along the geo-

metrical distortion. Except for silicon, the absolute changes in

of orbital interactions is the underlying reason to explain the
existence of theCqll) intermediates is also supported by the

the orbital energies are around one order of magnitude largerfesults obtained with the DFT methodology used in the present

for 2d than for 3& (HOMO). The relative variations of these
orbital energies are-23% for 3d and 4-20% for the 2aMOs.

work. If these complexes were pure van der Waals complexes,
one would expect that, at least for some of the group 14 atoms,

For these MO energies the silicon compound shows the smallestDFT would not be capable of its detection. Since the observed

change. Coming from the hydrogen insertion side, i.e., from
the rightmost part of Figure 5 to the left, one also finds that the

situation is the converse, one is led to conclude that there must
be another mechanism controlling its formation. This mechanism

2d MOs are the ones showing the most important changes is the small charge transfer plus the orbital interactions described

during this geometrical transformation. Considering that sym-

above. Finally, by comparing the sum of the van der Waals
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radii of the corresponding group 14 element and hydrogen with ~ (15) Krivtsun, V. M.; Kuritsyn, Y. A.; Snegirev, E. FOpt. Spectrosc.
1999 86, 686-691.

the largest A-H distance found in th&€y(ll) complexes (see ) .
Figure 1), one finds that the former is 80% (Si), 63% (Ge), gssy) w29 % Fi Andrews, L) Am. Chem. S02003 125 6581
31% (Sn), and 20% (Pb) greater than the latter, allowing one  (17) Andrews, L.; Wang, X. FJ. Phys. Chem. 2002 106, 7696~
to conclude that the weakening of the complexes on descending’702.

in the group brings them closer to having a pure van der Waals mélgéggfgg'lé(' F.; Andrews, L.; Kushto, G. B. Phys. Chem. 2002
interaction. '

(19) Wang, X. F.; Andrews, L.; Chertihin, G. V.; Souter, PJFPhys.
Chem. A2002 106, 6302-6308.

(20) Sosa, C.; Schlegel, H. B. Am. Chem. Sod984 106, 5847
5852.

By a careful exploration of the potential energy surface of  (21) Kapp, J.; Schreiner, P. R.; Schleyer, P. v.JRAm. Chem. Soc.
group 14 hydrides it is shown that the unimolecular thermal 1996 118 12154-12158.

. o . . (22) Mgller, C.; Plesset, M. S2hys. Re. 1934 46, 618.
d|§SOC|at|on of these compounds goes through an intermediate (73) pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.
with Cs symmetry that becomes more unstable as one descend<987, 87, 5968.

in the group. For silicon and germanium the reaction mechanism  (24) Purvis, G. D.; Bartlett, R. Jl. Chem. Phys1982 76, 1910.

is a two-step process, while for tin and lead, the lability of the 195(3%5239’S§%Sé%r_'a’ G. E. Janssen, C. L.; Schaefer, H. J, hem. Phys.
intermediates suggests that the reaction proceeds as a single- (26) Scuseria, G. E.; Schaefer, H. F.,JIIChem. Phys1989 90, 3700.
step mechgni§m. The 'interme.diates foun.d in this work can be (28 CBiieZCekke. Jﬁdgjcg?]r:mP2%813333138326 155652

used to pl_eflnltlvely assign a pair of bands in thg mfra_rt_ed spectra gzg) Lee, C. T vang, W. T. Pya”, R. ®hys, Re. B 1088 37, 785

of the silicon and germanium hydrides. The instability of the g9

tin and lead complexes and the closeness of the bands in the (30) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, KLhem. Phys. Lett.

VI. Conclusions

infrared spectra lead one to conclude that these complexest989 157 200.

cannot be unambiguously identified by infrared spectroscopy.

(31) Wadt, W. R.; Hay, P. JI. Chem. Physl985 82, 284—298.
(32) Check, C. E.; Faust, T. O.; Bailey, J. M.; Wright, B. J.; Gilbert, T.

It was also found that the large barrier to add a hydrogen m.; Sunderlin, L. SJ. Phys. Chem. 2001, 105, 8111-8116.

molecule to lead dihydride has a relativistic origin. The

elucidation of the reaction mechanism for the thermal dissocia-

tion of group 14 hydrides can be important in the simulation of
chemical vapor deposition.
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