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The  structural  and  energetic  information  of  SixGeyHz and  ions  is  crucial  in  understanding  the  deposition
processes  in  producing  SixGe1−x semiconductor  materials.  This  work  presents  theoretical  studies  on  the
structures  and  energetics  of the  simplest  SiGe-hydrides  and  cations,  SiGeHz

0,+1, as  well  as  Ge2Hz
0,+1 and

Si2Hz
0,+1 for  comparison.  The  structures  are  obtained  at DFT-B3LYP  and  MP2  levels  with  6-31+G(2df,p)

basis  set,  and  the  electronic  energies  at Gaussian-4  (G4)  level.  The  G4  energies  are  used  to  calculate  the
relative  energies,  bond  dissociation  energies,  the  adiabatic  ionization  energies  (IEas)  of  neutral  species,
ilicon–germanium hydride
ermanium hydride
ilicon hydride
ppearance energy

onization energy

and  the  appearance  energies  (AEs)  of  cation  fragments  from  SiGeH6, Ge2H6, and  Si2H6. The  relative  ener-
gies and  IEas  for  Si2Hz and  the  total  atomization  energies  of Si2Hz and  Ge2Hz are  compared  and  are  in
close  agreement  with  previous  theoretical  and  experimental  studies,  while  the  agreements  on  the  AEs  of
Si2Hz

+ from  Si2H6 are  less  pronounced.  The  calculations  suggest  that  the  kinetic  shift  effect  and  potential
barriers  should  be taken  into  account  when  using  AEs  for  thermodynamic  information  of Si2H2

+, Ge2H2
+

and  SiGeH2
+.
. Introduction

Silicon–germanium alloys, SixGe1−x, are of interest in micro-
lectronic industry, mainly because of the possibility of band-gap
uning and high-speed electronic devices based on the Si/SixGe1−x
eterostructures [1].  The microcrystalline SiGe (�c-SiGe) is also
roposed as a substitute for thick �c-Si layer in solar cell systems
o absorb sufficient light with thinner material and to allow more
fficient use of longer wavelength light [2].  The main technique in
rowing the SiGe thin film is chemical vapor deposition (CVD), such
s plasma-enhanced CVD (PECVD) from mixture of SiH4 or Si2H6,
eH4, and H2 [2–4], UV-laser assisted CVD (LCVD) [5],  reactive ther-
al  CVD from mixture of Si2H6 and GeF4 over heated substrates

6], low-pressure CVD over heated quartz tube, and gas-source
olecular beam epitaxy using Si2H6 and GeH4 [7] or H3SiGeH3 and
e(SiH3)4 [8].  In PECVD and LCVD, the precursors are fragmented in

he gas phase to produce large amount of free radicals [9],  includ-
ng the silicon hydrides (SixHz), germanium hydrides (GeyHz), and
ybrid silicon–germanium hydrides (SixGeyHz), and their cations in

ECVD. The gas-phase thermodynamic properties, structures, and
nergetics of these hydrides and their cations would be helpful in
nderstanding the PECVD and LCVD processes.

∗ Corresponding author. Tel.: +86 20 87112900; fax: +86 20 87112906.
E-mail address: wanglm@scut.edu.cn (L. Wang).

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2011.12.005
© 2011 Elsevier B.V. All rights reserved.

There have been a wealth of studies on the structures and ener-
getics of SixHz and GeyHz hydrides, while the knowledge on hybrid
SixGeyHz hydrides is considerably scarce. Experimental studies on
SixGeyHz were limited to the enthalpy of formation of SiGeH6
[10,11], the atomization energies of SiGe [12,13] and Si2Ge, SiGe2
and Si2Ge2 [13]. However, the obtained �fH◦(SiGeH6) differed by
as much as 85 kJ/mol. Theoretical studies on the thermodynamic
properties of SiGe hydrides are also limited to SiGe [14–17] and
propane-/butane-like hydrides [18], in contrast to the systematic
studies on silicon hydrides [19–24] and germanium hydrides [25].
Theoretical studies on SiGeH2 and SiGeH4 [26–31] have focused
on the non-classical structures similar to those found for Si2Hz

[32–36] and Ge2Hz [34–42].  Here, we present a systematic theoret-
ical study on the structures and energetics of SiGeHz

0,+1, Si2Hz
0,+1,

and Ge2Hz
0,+1 (z = 0–6), focusing on the relative stability of the

isomers, the adiabatic ionization energies, and the energetics for
the dissociative photoionization processes from SiGeH6, Si2H6, and
Ge2H6.

2. Computational details

All molecular orbital and density functional theory (DFT) cal-

culations are carried out by using Gaussian 03 suite of programs
[43]. The geometries are optimized at B3LYP and MP2  levels with
basis set 6-31+G(2df,p), which was  also used in recent G4(MP2)-
6X model chemistry [44]. Zero-point energy (ZPE) corrections are

dx.doi.org/10.1016/j.ijms.2011.12.005
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:wanglm@scut.edu.cn
dx.doi.org/10.1016/j.ijms.2011.12.005
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btained from the B3LYP harmonic frequencies with scale fac-
or of 0.9888, which is obtained by comparing the estimated and
he experimental ZPEs for a set of molecules [45]. Total energies
re refined at G4 level with the effective electron correlation of
CSD(T,Full)/G3LargeXP + HFlimit [46]. The electronic energies of
ll species are given in Tables S1 (for isomers) and S2 (for transi-
ion states) of Supporting Information (SI).

. Results and discussion

.1. Structures and energetics

Because of the capability of forming non-classical bonds
etween H and Si/Ge, multiple structures are possible for Si2Hz

0,+1,
e2Hz

0,+1, and SiGeHz
0,+1 (z = 1–6). The miscellaneous structures for

i2Hz
0,+1 from previous studies [32–36] are systematically exam-

ned here; while the structures of Ge2Hz
0,+1 and SiGeHz

0,+1 is
earched by replacing Si with Ge-atom to the Si2Hz

0,+1 structures.
he geometries of the most stable isomers of Si2Hz

0,+1, Ge2Hz
0,+1,

nd SiGeHz
0,+1 are shown in Fig. 1 and others in SI (Figs. S1–S5).

The geometries are optimized at B3LYP and MP2  levels with
-31+G(2df,p) basis sets. The geometries from B3LYP and MP2
gree with each other, while B3LYP predicts slightly longer bond
engths than MP2  for most of the cases, e.g. the B3LYP r(Si–Ge)
n SiGeH6 is 2.391 Å, being longer than the MP2 value of 2.370 Å
nd the experimental value of 2.364 Å [47]. Yet the energy differ-
nces between the B3LYP and MP2  geometries are rather small,
eing usually within 2 kJ/mol at G4 level, e.g. 0.8, 0.5, and 1.0 kJ/mol
or SiGeH6, Si2H6, and Ge2H6, respectively (Table S1).  For neutral
ydrides, differences larger than 2 kJ/mol are found for H2Si = SiH,
2Ge = SiH, and Si(H)Ge (2A′), due to the large structure difference
etween B3LYP and MP2. For H2SiSiH and H2GeSiH, B3LYP pre-
icts non-planar while MP2  predicts planar structures, with the
P2 structures being lower in energy by 5.0 and 5.7 kJ/mol. Further

eometry refinement at QCSID/6-31+G(2df,p) level confirms the
lanar structures for H2SiSiH and H2GeSiH. Previous CCSD(T)/cc-
VTZ calculation also predicted a planar structure for H2SiSiH [32].
or these three species, the G4 energy differences are less than
.2 kJ/mol between QCISD and MP2  structures. Therefore, G4//MP2
nergies will be adopted in the following discussion.

The G4//MP2 energies are used to calculate the relative ener-
etics for various processes including ionization, dissociation,
issociative ionization, and reactions between SiGeHz

0,+1, Si2Hz
0,+1,

nd Ge2Hz
0,+1. The adiabatic ionization energies (IEa) for the most

table isomers are listed in Table 1, and the appearance energies
AE) of cation fragments in Table 2, while the complete dataset in
ables S3–S6, along with the previous theoretical and experimental
alues.

.2. Si2Hz
0,+1

For Si2Hz, current G4 IEas and AEs agree excellently with the pre-
ious G2 predictions [21] within 0.04 eV, except that the G4 IEas for
2SiSiH and H3SiSi are higher than the G2 ones by 0.08–0.17 eV. For
2SiSiH, this is because that MP2(Full)/6-31G(d) in G2 predicted

 non-planar structure while current MP2/6-31+G(2df,p) predicts
 planar one. For H3SiSi, the post-HF calculations in previous G2
uffered from strong spin contamination with 〈S2〉 ∼ 0.95, while
he spin contamination in current G4 is negligible with 〈S2〉 ∼ 0.76.
herefore, the G2 electronic energies for H2SiSiH and H3SiSi were
ver-estimated due to incorrect structure and spin contamination,

espectively, leading to the underestimated adiabatic IE.

Current G4 total atomization energies (TAEs) also agree excel-
ently with the recent high-level CCSD(T)-DKH/CBS calculations for
i2H2 and Si2H4 within 4 kJ/mol [48,49],  and with the early G2
ass Spectrometry 311 (2012) 56– 63 57

predictions [21] within 6 kJ/mol for all the species except for Si2
and H2SiSiH. For H2SiSiH, the G2 TAE is lower than current G4//MP2
value by ∼11 kJ/mol, again due to fact that MP2(Full)/6-31G(d) in
G2 predicted a non-planar structure.

A disagreement is found on the relative stability of
H3SiSi between current G4 and previous approximate
CCSDT/cc-pVTZ (ECCSDT/cc-pVTZ≈ ECCSD(T)/cc-pVTZ + �ET with
�ET = ECCSDT/cc-pVDZ− ECCSD(T)/cc-pVDZ) calculations by Sari et al.
[32], who located five structures for Si2H3 as H2Si(H)Si, H2SiSiH,
H3SiSi, and two HSi(H)SiH isomers (C2 and C1) with relative ener-
gies of 0.0, 0.96, 13.2, 17.6, and 46.0 kJ/mol. The relative G4 energies
are 0.0, 0.8, 2.4, 17.2, and 47.8 kJ/mol. At G4 level, the energy of
H3SiSi is close to those of H2Si(H)Si and H2SiSiH, agreeing with the
earlier theoretical predictions (MRCI, G2, and CCSD(T)) [20,21,50]
but being contradictory to the CCSDT/cc-pVTZ prediction. The
discrepancy on H3SiSi is probably due to the unreasonably large
�ET of 8.8 kJ/mol for H3SiSi by Sari et al., if compared to �ET
of less than 0.6 kJ/mol for other isomers in the calculations. We
have re-examined and found �ET of 0.3 kJ/mol for H3SiSi using
NWChem 4.7 [51], and the unreasonably large �ET for H3SiSi by
Sari et al. may  be a mistake. On the other hand, only H2SiSiH has
been observed and identified experimentally from microwave and
infrared spectroscopy studies [32,50].

Ruscic and Berkowitz [52,53] have measured the IEas of Si2Hz

(z = 2–6) using photoionization mass spectrometry method, where
Si2Hz (z = 2–5) were generated by reacting Si2H6 with F-atom. The
observed IEas of 8.09 ± 0.03, 7.60 ± 0.05, and 9.74 ± 0.02 eV for z = 4,
5, and 6 are supported by G4 predictions of 8.138 (for H2SiSiH2),
7.709, and 9.656 eV, respectively; while the observed value of
≤7.59 eV for Si2H3 cannot be certainly assigned to ionizations of
H2SiSiH, H2Si(H)Si, or H3SiSi. Ruscic and Berkowitz have assigned
the observation to ionization [H3SiSi]+← H3SiSi according to the
G2 IEa(H3SiSi) of 7.57 eV [21], which is however much lower than
G4 prediction of 7.691 eV as mentioned above. Current G4 calcu-
lations suggest that the observed IEa(Si2H3) arise more likely from
the ionization from [H2Si(H)H]+← H2Si(H)H (7.579 eV by G4) or
[H2Si(H)Si]+← H3SiSi (7.563 eV by G4) (Table S3). The observed
IEa(Si2H2) of 8.20+0.01

−0.01 eV may  arise from ionizations of Si(H)2Si
(8.262 eV by G4) or HSi(H)Si (8.231 eV by G4), albeit HSi(H)Si is
much less stable than Si(H)2Si by ∼38 kJ/mol.

Ion-complex structures are found as Si2Hz−2
+-H2 for Si2Hz

+

(z = 4–6) (Figs. S1–S5), where the Si2H2
+ moiety can be [H2SiSi]+

or [HSiSiH]+, Si2H3
+ be [H2Si(H)Si]+ or [H2SiSiH]+, and Si2H4

+ be
[H2SiSiH2]+ or [H3SiSiH]+. These ion-complex structures are much
higher in energy than their ‘normal’ or H-bridged structures, and
may serve as intermediates in H2-eliminations from Si2Hz

+ cations.

3.3. SiGeHz
0,+1 and Ge2Hz

0,+1

Structures of SiGeHz
0,+1 and Ge2Hz

0,+1 are searched by replac-
ing Si-atom in Si2Hz

0,+1 with Ge-atom. Generally, geometries and
electronic structures of SiGeHz

0,+1 and Ge2Hz
0,+1 are similar to

their Si2Hz
0,+1 counterparts (Figs. S1–S5). The G4  IEas and AEs

are listed in Tables 1 and 2 and S3–S5. For Ge2Hz, the G4 total
atomization energies agree with the previous CCSD(T)/CBS predic-
tions with 7 kJ/mol [25]. Although there have been some previous
studies on the structures and energetics of SiGe0,+1 and Ge2

0,+1

at various levels of theory [15–17,54,55], current work presents
a systematic study on SiGeHz

0,+1 and Ge2Hz
0,+1. It is not sur-

prised to find that IEa(Si2Hz) > IEa(SiGeHz) > IEa(Ge2Hz) for similar
structures.

Experimental studies on Ge2Hz and SiGeHz are rather scarce.

A near threshold photoionization study [56] found IEa(Ge2) in the
range of 7.58–7.76 eV, which is supported by current G4 predic-
tion of 7.662 eV, while other theoretical studies have predicted
high value of 7.89 eV at B3LYP/6-311+G(3df) level [57] or low value
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ig. 1. The most stable structures for SiGeHz
0,+1, Ge2Hz

0,+1, and Si2Hz
0,+1 at B3LYP, M

arameters for cations are in round parenthesis.

f 7.45 eV at CCSD(T)/SDB-AVTZ level [17]. The G4 IEa(SiGe) of
.785 eV is also much higher than MRCI/AVQZ value of 7.514 eV
54] and CCSD(T)/SDB-AVTZ value of 7.63 eV [17].

Bond dissociation energies (D0) of SiGe and Ge2 have been
easured experimentally. D0(Ge2) = 260.7 ± 6.8 kJ/mol has been
btained from the evaluation of more than 10 experimental mea-
urements [58], and D0(SiGe) of 297 ± 21 and 292.7 ± 8.6 kJ/mol
ave been obtained from mass spectroscopic studies [12,13].  The
xperimental D0(Ge2) is supported by CCSD(T)/(SDB-)AVTZ of
n italics), and QCISD (with underline) levels of theory with 6-31+G(2df,p) basis sets.

261.4 kJ/mol [17] and present G4 of 258.2 kJ/mol while being higher
than previous G2 prediction of 246.9 kJ/mol [55]. For SiGe, present
G4 D0 of 284.7 kJ/mol (D298 K of 290.1 kJ/mol) is at the lower ends
of both experimental uncertainty ranges, and also agrees with
previous B3LYP prediction of 280 kJ/mol [15], CCS(T)/(SDB-)AVTZ

of 278.5 kJ/mol [17], and MRCI/AVQZ of 280.2 kJ/mol [54], while
all being much lower than another prediction of 304.9 kJ/mol at
CCSD(T)/CBS level with core-valence and relativistic corrections
[16].



L. Wang, J. Zhang / International Journal of Mass Spectrometry 311 (2012) 56– 63 59

Table 1
Adiabatic ionization energies for the most stable Si2Hz , Ge2Hz , and SiGeHz isomers at G4 level (all in eV).

Processes G4//DFT G4//MP2 Lit. (Expt.) Lit. (Theo.)

Si2 (D∞h, 3�g) → Si2+ (D∞h, 4�g) + e 7.924 7.921 7.921a 7.82d; 7.913e; 7.94f

Ge2 (D∞h, 3�g) → Ge2
+ (D∞h, 4�g) + e 7.645 7.662 7.58–7.76b 7.45d; 7.89g

SiGe (C∞V, 3�)  → SiGe+ (C∞V, 4�)  + e 7.785 7.785
Si(H)Si (C2V, 2B1) → [Si(H)Si]+ (C2V, 3B1) + e 8.112 8.109 8.10f

Ge(H)Ge (C2V, 2B1) → [Ge(H)Ge]+ (C2V, 3B1) + e 7.839 7.836
Si(H)Ge (CS, 2A′) → [Si(H)Ge]+ (CS, 3A′′) + e 7.969 7.969
Si(H)2Si (C2V, A1) → [Si(H)2Si]+ (C2V, 2A1) + e 8.263 8.262 8.20+0.01

−0.02
c 8.30f

Ge(H)2Ge (C2V, A1) → [Ge(H)2Ge]+ (C2V, 2A1) + e 7.972 7.967
Si(H)2Ge (CS, A′) → [Si(H)2Ge]+ (CS, 2A′′) + e 8.110 8.110
H2SiSiH (C1//DFT)(CS//MP2) → [Si(H)3Si]+ (D3h, A1) 6.994 7.039 6.92f

H2GeGeH (CS, 2A′′) → [Ge(H)3Ge]+ (D3h, A1) 6.790 6.796
H3SiGe (CS, 2A′′) → [Si(H)3Ge]+ (C3V, A1) 7.306 7.302
H2SiSiH2 (C2h, Ag) → [H2SiSiH2]+ (D2h, 2B3u) + e 8.151 8.138 8.09 ± 0.03c 8.11f

H2GeGeH2 (C2h, Ag) → [H2GeGeH2]+ (D2h, 2B3u) + e 8.096 8.083
H3SiGeH (CS, A’) → [H3SiGeH]+ (CS, 2A’) + e 8.346 8.346
H3SiSiH2 (CS, 2A′) → [H3SiSiH2]+ (CS, A′) + e 7.708 7.709 7.60 ± 0.05c 7.64f

H3GeGeH2 (CS, 2A’) → [H3GeGeH2]+ (CS, A’) + e 7.549 7.552
H3SiGeH2 (CS, 2A’) → [H3SiGeH2]+ (CS, A’) + e 7.592 7.595
H3SiSiH3 (D3d, A1g) → [H3Si-SiH3]+ (D3d, 2A1g) + e 9.659 9.656 9.74 ± 0.02c 9.70f

H3GeGeH3 (D3d, A1g) → [H3Ge-GeH3]+ (D3d, 2A1g) + e 9.424 9.419
H3SiGeH3 (C3V, A1) → [H3Si-GeH3]+ (C3V, 2A1) + e 9.546 9.543

a From mass-selected mass spectrometry [61].
b Near threshold photoionization [56].
c Photoionization mass spectrometry (values in parenthesis are the probable value) [52,53].
d CCSD(T)/AVTZ [17].
e CCSD(T)/CBS [62].
f G2 [21].
g B3LYP/6-311+G(3df) [57].

Table 2
Appearance energies of cation fragments from SiGeH6, Si2H4,5,6, and Ge2H6 at G4 level (all in eV).

Processes G4//DFT G4//MP2 Lit. (Expt.)a Lit. (Theo.)b

H2SiSiH2→ [Si(H)2Si]+ + H2 9.349 9.336 9.40 9.39
H2SiSiH2→ [H2SiSi]+ + H2 9.650 9.636 <9.62
H2SiSiH2→ [HSi(H)Si]+ + H2 9.709 9.697
H3SiSiH2→ [Si(H)3Si]+ + H2 + e 8.732 8.729 8.74a; ≤9.24 8.72
Si2H6→ [H3SiSiH2]+ + H + e 11.491 11.492 ≤11.59 ± 0.02 11.45
Si2H6→ [H2Si(H)SiH2]+ + H + e 11.493 11.494
Si2H6→ [H2SiSiH2]+ + H2 + e 10.134 10.133 ≤10.04 ± 0.01 10.09
Si2H6→ [H3SiSiH]+ + H2 + e 10.695 10.694 ≤10.81 ± 0.02 10.68
Si2H6→ [Si(H)3Si]+ + H2 + H + e 12.515 12.513 ≤13.00 ± 0.04

(≤12.70)
12.54

Si2H6→ [Si(H)2Si]+ + H2 + H2 + e 11.332 11.331 11.36
Si2H6→ [H2SiSi]+ + H2 + H2 + e 11.632 11.631 ≤ 11.72+0.02

-0.04
(≤11.57 ± 0.02)

Si2H6→ [HSi(H)Si]+ + H2 + H2 + e 11.691 11.692
Si2H6→ SiH3 + SiH3

+ + e 11.427 11.425 ≤11.72 ± 0.00
Ge2H6→ [H3GeGeH2]+ + H + e 11.070 11.070
Ge2H6→ [H2Ge(H)GeH2]+ + H + e 11.214 11.221
Ge2H6→ [H2GeGeH2]+ + H2 + e 9.558 9.559
Ge2H6→ [H3GeGeH]+ + H2 + e 9.915 9.916
Ge2H6→ [Ge(H)3Ge]+ + H2 + H + e 11.334 11.343
Ge2H6→ [Ge(H)2Ge]+ + H2 + H2 + e 9.912 9.918
Ge2H6→ GeH3 + GeH3

+ + e 11.077 11.076
SiGeH6→ [H3SiGeH2]+ + H + e 11.094 11.094
SiGeH6→ [H3GeSiH2]+ + H + e 11.472 11.473
SiGeH6→ [H2SiGeH2]+ + H2 + e 9.849 9.848
SiGeH6→ [H3SiGeH]+ + H2 + e 9.968 9.967
SiGeH6→ [Si(H)3Ge]+ + H2 + H 11.919 11.921
SiGeH6→ [Si(H)2Ge]+ + H2 + H2 10.620 10.625
SiGeH6→ SiH3 + GeH3

+ + e 11.197 11.198
SiGeH6→ GeH3 + SiH3

+ + e 11.306 11.305

e) [52

t
c
t
H
T

a Photoionization mass spectrometry (values in parenthesis are the probable valu
b G2 [21].

Because �(Si H) bonds are stronger than �(Ge H) bonds, cer-
ain H-bridged neutral and cation structures similar to Si2Hz

0,+1
annot be located at B3LYP or MP2  level for SiGeHz
0,+1 since

hey tend to form ‘normal’ �(Si H) bonds, e.g., optimizations of
2Si(H)GeH and [H2Si(H)GeH]+ lead to H3SiGeH and [H3SiGeH]+.
he relative stability of SiGeHz

0,+1 is nearly in line with the
,53].

number of ‘normal’ �(Si H) bonds for z = 3 to 5, i.e. the most
stable SiGeHz

0,+1 isomers are Si(H)Ge (2A′′) and [Si(H)Ge]+ (3A′′)

for z = 1, Si(H)2Ge and [Si(H)2Ge]+–[H2SiGe]+ for z = 2, H3SiGe
(2A′′) and [Si(H)3Ge]+ (C3V, A1) for z = 3, H3SiGeH (CS, A′) and
[H2SiGeH2]+ (C2V, 2B1) for z = 4, and H3SiGeH2 and [H3SiGeH2]+

for z = 5.
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Being similar to Si2Hz
+, ion-complex structures are also found

or Ge2Hz
+ and SiGeHz

+ (z = 4–6) as [HGeGeH]+-H2, [H2GeGe]+-
2, [H2Ge(H)Ge]+-H2, [H3GeGeH]+-H2, and [H2GeGeH2]+-H2

or Ge2Hz
+, and as [HSiGeH]+-H2, [H2SiGe]+-H2, [H2GeSi]+-

2, [H2Si(H)Ge]+-H2, [H2GeSiH]+-H2, [H3SiGeH]+-H2, [H3GeSiH]+,
H2SiGeH2]+-H2, and [H2GeSiH2]+-H2 for SiGeHz

+. These ion com-
lexes are again at much higher energies than their ‘normal’ or
-bridged isomers (Table S1)  and would serve as the intermediates

n the H2-elimination processes from Ge2Hz
+ and SiGeH2

+.

.4. Thermal neutrality

Gunn and Kindsvater [10] have obtained �rH◦298 K of
1.6 kJ/mol for reaction Si2H6 + Ge2H6→ 2H3SiGeH3 by comparing

he heats of decomposition of H3SiGeH3 and Si2H6–Ge2H6 mix-
ures. The value is supported here by G4 value of −0.1 kJ/mol. The
early thermal neutrality of this reaction can be extended to other
i2Hz

0,+1, Ge2Hz
0,+1, and SiGeHz

0,+1, e.g.
2SiGe+→ Si2+ + Ge2

+, �rH◦0  K = −2.3 kJ/mol.
H3SiGeH2 + H3GeSiH2→ Si2H5 + Ge2H5,
�rH◦0  K = −0.2 kJ/mol.
Table S6 lists the enthalpy changes and demonstrates the

hermal neutrality for other reactions. The absolute enthalpy
hanges are all within 4 kJ/mol, except for the two reactions
f [HSi(H)2GeH]+ because the two bridged H-atoms bond pref-
rentially to Si-atom in the cations. As a result of thermal
eutrality for both neutral and cationic species, IEa of SiGeHz is
bout the average of the IEas of the corresponding Si2Hz and
e2Hz (Table 1), e.g. IEa(SiGe) (7.785 eV) ∼ (IEa(Si2) + IEa(Ge2))/2

7.782 eV) by G4. Similar equality for IEa can also be iden-
ified from previous CCSD(T)/(SDB–)AVTZ study with IEa(SiGe)
7.63 eV) ∼ (IEa(Si2) + IEa(Ge2))/2(7.64 eV) [17], albeit the differ-
nces on IEas between G4 and CCSD(T)/(SDB–)AVTZ are as large
s 0.15 eV. The validity of the thermal neutrality and equality in IEa

an provide a criterion for future experimental measurements on
he thermodynamic properties and IEas of Ge2Hz and SiGeHz.

The thermal neutrality is rooted on the fact that Si and Ge con-
ribute almost equally when they form �- and �-bonds by using the
BO (natural bond order) analysis as embedded in Gaussian 03 [59].
or example, NBO analysis find the following orbital contributions
n Si(H)Ge and H2SiGeH2:

i(H)Ge, �(Si − Ge) = 50.0% (Si) + 50.0% (Ge)

i(H)Ge, �(Si − Ge) = 49.5% (Si) + 50.5% (Ge)

2SiGeH2, �(Si − Ge) = 49.3% (Si) + 50.7% (Ge)

2SiGeH2, �(Si − Ge) = 50.5% (Si) + 49.5% (Ge)

H2SiGeH2]+, �(Si − Ge) = 52.7% (Si) + 47.3% (Ge)

The almost equal contributions from Si and Ge in both neu-
ral hydrides and cations warrants the approximate equality of
Ea(SiGeHz) ∼ [IEa(Si2Hz) + IEa(Ge2Hz)]/2.

.5. Photoionization and ion fragmentation of SiGeH6, Si2H6, and
e2H6

One method to measure the bond dissociation energies and
nthalpies of formation of free radicals is by photoionization mass
pectrometry, measuring the IEas and AEs of ion fragments [60].

his has been used by Ruscic and Berkowitz to measure the
nthalpies of formation of Si2Hz radicals from the dissociative
hotoionization of Si2H6 [52,53]. However, the determinations of

Eas and AEs may  suffer from the small Franck-Condon factor at
ass Spectrometry 311 (2012) 56– 63

the ionization thresholds, thermal shift, and kinetic shift when
a “tight” transition state exists for the dissociation channels, etc.
The measured AEs may  also correspond to the potential barrier
when the transition state is at higher energy than the dissociation
limit. For example, Ruscic and Berkowitz [52,53] assumed routes
Si2H6

+→ Si2H5
+→ Si2H3

+ for Si2H3
+ and Si2H6

+→ Si2H4
+→ Si2H2

+

for Si2H2
+. Transition states are expected for the H2-elimination

processes, and the barriers and kinetic shifts may  affect the AE
measurements for Si2H3

+ and Si2H2
+. The potential energy surfaces

(PESs) for decomposition and isomerization reactions of Si2Hz
+,

Ge2Hz
+, and SiGeHz

+ (z = 4, 5, 6) are explored here at G4 level.
Transition states are searched and confirmed using Intrinsic Reac-
tion Coordinate (IRC) method (Fig. 2 and Table S2). Present study
attempts to interpreter the experimental observations of Si2Hz

+

from Si2H6, Si2H5, and Si2H4 [52,53],  and to predict the appear-
ance of Ge2Hz

+ and SiGeHz
+ from Ge2H6 and SiGeH6, for which no

previous experimental or theoretical study is available.
Fig. 3 shows the potential energy diagram of Si2H6

+. The pre-
dicted and measured AEs for SiH3

+ and Si2Hz
+ (z = 2–5) are in

reasonable agreement with the experimental values (Table 2).
For Si2H4

+, the appearance of [H2SiSiH2]+ from [H3SiSiH3]+ via
[H2SiSiH2]+-H2 has a high barrier which is above [H2SiSiH2]+ + H2,
while the barrier from [H3SiSiH3]+ to [H3SiSiH]+ is below
[H3SiSiH]+ + H2 because of the existence of ion complex [H3SiSiH]+-
H2. Therefore, the appearance of [H3SiSiH]+ arises likely from
excitation to [H3SiSiH3]+, followed by isomerization and decom-
position, while the appearance of [H2SiSiH2]+ arises likely from the
direct ionization to ion complex [H2SiSiH2]+-H2 with very small
Franck-Condon factor. This is consistent with the observation that
the signal at the onset for [H2SiSiH2]+ is much weaker than that for
[H3SiSiH]+ in the photoionization study [53].

The appearances of Si2H3
+ and Si2H2

+ from Si2H6 involve con-
secutive dissociation steps. From the photoionization study, Ruscic
and Berkowitz [53] obtained AE(Si2H3

+/Si2H6) of ≤13.00 ± 0.04 eV
(most probably 12.70 eV) and AE(Si2H2

+/Si2H6) of ≤ 11.72+0.02
−0.04

(most probably ≤11.57 ± 0.03) eV, and assumed Si2H3
+ and Si2H2

+

were from the decomposition of Si2H5
+ and Si2H4

+, respectively. G4
finds the thermodynamic limits of 13.061, 12.904, and 12.513 eV
for the appearances of [H2Si(H)Si]+, [HSi(H)2Si]+, and [Si(H)3Si]+,
respectively, and the transition barriers from either Si2H5

+ or
Si2H4

+ to Si2H3
+ are all below the thermodynamic limits. Therefore,

the observed AE(Si2H3
+/Si2H6) cannot be assigned determinately.

Similarly, the G4 thermodynamic limits are 11.331, 11.631, and
11.692 eV for [Si(H)2Si]+, [H2SiSi]+, and [HSi(H)Si]+, respectively.
The barrier from [H3SiSiH]+ to [H2SiSi]+-H2 is slightly higher than
[H2SiSi]+ + H2 (11.731 eV), while the barrier from [H3SiSiH]+ to
[HSi(H)Si]+-H2 is much higher than the fragments (12.197 eV).
Therefore, the Si2H2

+ observed might be [H2SiSi]+ via [H3SiSiH]+.
Ruscic and Berkowitz [52,53] also observed AE(Si2H3

+/Si2H5)
of ≤9.24 eV, AE(Si2H2

+/Si2H4) of ≤9.62 eV, a weak tail with onset
at ∼8.74 eV for Si2H3

+/Si2H5, and a weak onset at 9.40 eV for
Si2H2

+/Si2H4. The observed AE(Si2H3
+) is supported by the G4 ther-

modynamic limit of 9.247 eV for [H2Si(H)Si]+ + H2, while the weak
tail at 8.74 eV is likely for [Si(H)3Si]+/Si2H5 (AE = 8.729 eV by G4).
Note that the barrier from [H3SiSiH2]+ to [H2SiSiH]+-H2 is below
[H2Si(H)Si]+ + H2. The observed AE(Si2H2

+/Si2H4) is comparable to
the G4 AEs of 9.636 and 9.697 eV for [H2SiSi]+ and [HSi(H)Si]+ + H2
from H2SiSiH2, albeit a transition state from [H2SiSiH2]+ to [H2SiSi]+

exists at a slightly high position of 9.741 eV, while the weak tail at
9.40 eV is probably due to [Si(H)2Si]+ from H2SiSiH2 (AE = 9.336 eV
by G4) (Table 2).

No previous study is available on the dissociative pho-

toionization of Ge2H6 or SiGeH6. The G4 relative energies and
potential energy diagrams are present here for future reference
(Tables S4 and S5 and Figs. S6 and S7). The potential energy dia-
gram for Ge2H6

+ indicates that the onsets for [H2GeGeH2]+ and
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Fig. 2. Optimized geometries of transition states for H2-eliminations fro

H3GeGeH]+ from Ge2H6 would correspond to the weak pho-
oionization to [H2GeGeH2]+-H2 and [H3GeGeH]+-H2, respectively,
ecause the transition barriers from the [H3Ge-GeH3]+ to both com-
lexes and fragments are higher than the exit limits. The most

ikely route for Ge2H3
+ are Ge2H6→ Ge2H4

+→ Ge2H3
+, while the

hermodynamic limits for Ge2H2
+ would likely be over-estimated

n the photoionization study because the transition barriers from

H3GeGeH]+ to Ge2H2

+ are higher than [H2GeGe]+ and [HGe(H)Ge]+

y 0.586 and 1.027 eV. Similarly, weak onsets are expected for
H2SiGeH2]+ and [H3SiGeH]+ from SiGeH6 because of the high
ransition barriers and large structural changes to [H2SiGeH2]+-H2
z
+, Ge2Hz

+, and SiGeHz
+ (z = 4–6) at levels of B3LYP and MP2  (in italics).

and [H3SiGeH]+-H2, while appearance of [H3GeSiH]+ is expected
to be clear because the transition barrier from [H3SiGeH3]+ to
[H3GeSiH]+-H2 is below the fragment [H3GeSiH]+ + H2. Again
the transition barrier from SiGeH4

+ to [H2SiGe]+, [H2GeSi]+,
[HSi(H)Ge]+, and [HGe(H)Si]+ are above their thermodynamic lim-
its by 0.469, 0.225, 0.774, and 0.770 eV, respectively, and their AEs
might be overestimated.
Overall, the G4 results for the energetics of neutral Si2Hn and
Ge2Hn are in close agreements with the previous G2 and vari-
ous intensive CCSDT/CBS predictions. The G4 ionization energies of
Si2Hz and appearance energies of Si2Hz

+ from Si2H6 were compared
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Fig. 3. The potential energy diagr

ith the experimental measurements by Ruscic and Berkowitz
52,53], of which the G4 IEas are in good agreement with the exper-
mental values, while the agreements in AEs between G4 and the
xperimental values are less pronounced because of the transition
arriers for the fragmentation processes. The high barriers impose
xperimental difficulty in determining the energetics of Si2H2

+,
e2H2

+, and SiGeH2
+ using the measured AEs because of the kinetic

hift and small Franck-Condon factors at the dissociation and ion-
zation thresholds.
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