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Combined Crossed Molecular Beams and Ab Initio Study of

the Bimolecular Reaction of Ground State Atomic Silicon
(Si; *°P) with Germane (GeH,; X'A,)

Vladislav S. Krasnoukhov,™ Valeriy N. Azyazov,” Alexander M. Mebel,*®
Srinivas Doddipatla,'” Zhenghai Yang,'” Shane Goettl,' and Ralf I. Kaiser*

The chemical dynamics of the elementary reaction of ground
state atomic silicon (Si; °P) with germane (GeH,; X'A,) were
unraveled in the gas phase under single collision condition at a
collision energy of 11.840.3 kimol™ exploiting the crossed
molecular beams technique contemplated with electronic
structure calculations. The reaction follows indirect scattering
dynamics and is initiated through an initial barrierless insertion
of the silicon atom into one of the four chemically equivalent
germanium-hydrogen bonds forming a triplet collision complex
(HSiGeHs; %i1). This intermediate underwent facile intersystem
crossing (ISC) to the singlet surface (HSiGeHs; 'i1). The latter
isomerized via at least three hydrogen atom migrations

1. Introduction

For more than a century, Langmuir's concept of isovalency has
been exploited to establish concepts of chemical bonding and
to interpret the molecular structures of isovalent molecules."
Notable attention has been given on elucidating the similarities
and disparities of the chemistries of germanium and silicon
with analogous carbon compounds.>™ Carbon, silicon, and
germanium belong to main group 14 and hence are isovalent
with four valence electrons each. According to Langmuir's
concept, one can expect a planar D,, symmetric structure as a
global minimum on the Si,H, and Ge,H, potential energy
surfaces (PESs) similar to the ethylene molecule (CH, (1)).
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involving exotic, hydrogen bridged reaction intermediates
eventually leading to the H;SiGeH isomer i5. This intermediate
could undergo unimolecular decomposition yielding the di-
bridged butterfly-structured isomer 'p1 (Si(u-H,)Ge) plus molec-
ular hydrogen through a tight exit transition state. Alternatively,
up to two subsequent hydrogen shifts to i6 and i7, followed by
fragmentation of each of these intermediates, could also form
'p1 (Si(u-H,)Ge) along with molecular hydrogen. The overall
non-adiabatic reaction dynamics provide evidence on the
existence of exotic dinuclear hydrides of main group XIV
elements, whose carbon analog structures do not exist.

However, the thermodynamically most stable geometries of the
Si,H, and Ge,H, PES are quite distinct from the carbon analog
structure (Scheme 1). On the Si,H, PES, a non-planar, trans-bent
G, symmetric structure (Si,H,, (3)) carrying sp® hybridized
silicon atoms represents the energetically most favorable
isomer.*" Similarly, trans-bent Ge,H, is thermodynamically the
most stable isomer carrying sp’ hybridized germanium atoms
(Ge,H,; (8))." The distinct chemical bonding of carbon versus
silicon and germanium is further recognized by the comparison
of the structures of acetylene (C,H,; (13)) with its higher row
analogs (Scheme 2). The linear acetylene molecule (C,H,; (13)) is
the most stable isomer on the C,H, PES™; once one of the
carbon atoms is replaced by silicon or germanium, silavinyli-
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Scheme 1. Structures, point groups, and relative energies (kJmol™") of
homo- and heteroatomic dinuclear dihydrides of main group 14 elements.
Atoms are color coded in gray (carbon), purple (silicon), green (germanium),
and white (hydrogen).
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Scheme 2. Structures, point groups, and relative energies (kJmol™) of
homonuclear, dinuclear tetrahydrides of main group 14 elements. Atoms are
color coded in gray (carbon), purple (silicon), green (germanium), and white
(hydrogen).

dene (H,CSi; (15))"'"® and germavinylidene (H,CGe; (18))
represent the global minima."” Isomers of homo- and hetero-
nuclear hydrides carrying silicon and germanium, i.e. Si,H,,
SiGeH,, and Ge,H,, depict double-bridged butterfly structures -
Si(u-H,)Si; (21), Si(u-H,)Ge; (25), Ge(u-H,)Ge; (31) - as the most
stable isomers."®®! The linear species HSiSiH, HSiGeH, and
HGeGeH represent transition states, but the trans-bent struc-
tures (HSiSiH; (24), HGeGeH; (34), HGeSiH; (29)) define local
minima.

These ‘simple’ molecules with only four atoms show
peculiar chemical bonding and molecular structures when
replacing carbon by the isovalent silicon and/or germanium,
whose carbon counterparts do not exist. The exotic non-
classical hydrogen-bridged homo nuclear Si(u-H,)Si (21), HSi(u-
H)Si (22), Ge(u-H,)Ge (31), and HGe(u-H)Ge (32) species have
been studied spectroscopically.”*?® Yet, experimental investiga-
tions on heteronuclear species and of SiGeH, isomers have
been quite limited. These include the preparation of silagerme-
nylidene (GeSiH,; (27)) species, in which the hydrogen atom(s)
is/are replaced by bulky groups such as 2,4,6-triiso-
propylphenyl;?**% likewise, a recent crossed molecular beam
study of atomic germanium (Ge; °P) with silane (SiH, X'A,)
formed the most stable, double-bridged (Ge(u-H,)Si; (25))
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—6-0-C H with germane (GeH,; X'A,). These investigations explore the
0; L, 156; c,." non-adiabatic reaction dynamics involving intersystem crossing
a9 8 from the triplet to the singlet surface and identify critical
) “ K i isomerization steps via hydrogen migration and ultimately
HL H’L LH molecular hydrogen loss leading at least to the thermo-
0: Gy, 143, ¢, 3505 €y, dynamically most stable double-bridged Si(u-H,)Ge isomer (25).
€2 9 7 Since the Si+ GeH, reactants explored in the present work
F ) X reside ~125 kJmol™' higher in energy than Ge-SiH, inves-
H\’ HL LH tigated in the previous work,”™ we show that the Si+ GeH,—
0: Cy, 177:C, 436; C, Si(u-H,)Ge 4 H, reaction is highly exothermic, and all transition
) rm: @ states and intermediates reside below the reactants thus
. < < & making the formation of the exotic double-bridged (Ge(u-H,)Si
% «—o" LH H_L molecule feasible even at extremely low temperatures.
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P g (9 The bimolecular reaction between ground state atomic silicon (Si;
% ‘_'_‘,s., &9 H 3P) and germane (GeH,; X'A,) was studied under single collision
;( fas L. S, = conditions using a crossed molecular beam machine.”"” A pulsed
G on’ Q. Gt supersonic molecular beam of ground state atomic silicon (Si; *P)

was generated in situ by laser ablation of a rotating silicon rod at
266 nm (30 Hz, 10 mJ per pulse) and subsequently seeding the
ablated silicon atoms in neon gas (99.999%; Specialty Gases of
America) released by a piezoelectric valve operated at 60 Hz, a
pulse width of 80 ps, a peak amplitude of —400V, and a backing
pressure of 4 atm. The neon seeded beam of silicon atoms was
collimated by a skimmer and velocity selected by four-slit chopper
wheel rotating at 120 Hz resulting in well-defined peak velocities
(v,) of 932415 ms™' and speed ratios (S) of 5.4+0.5. Laser induced
fluorescence (LIF) reveals that all silicon atoms are present in the
ground electronic state (*P).** The velocity selected silicon beam is
perpendicularly crossed by a pulsed supersonic beam of neat
germane (GeH,; X'A;; Air Liquide; 99.999 %) with a peak velocity (v,)
52945 ms™' and speed ratio (S) 9.0+0.7 at a collision energy (Ec)
11.840.3 kJmol™ and a center of mass (CM) angle O, of 58.4 +
0.5°. Peak velocities and speed ratios for the reactants along with
the collision energy and center-of-mass angle are given in Table 1.

The triply differentially pumped rotatable detector within the plane
of the two reactant beams consists of a Brink-type ionizer,*? a
quadrupole mass spectrometer (QMS), and a Daly-type ion
counter.®” The neutral reaction products are ionized by electron
impact (80 eV, 2 mA); the resultant ions are then mass filtered by a
quadrupole mass spectrometer and eventually detected by a Daly-
type ion counter. Angular resolved time-of-flight (TOF) spectra were
recorded at distinct laboratory (LAB) angles and integrated to
obtain the product laboratory angular distribution. A forward-
convolution routine was used to transform laboratory data into
center-of-mass frame.?** This iterative method exploits a user-
defined center-of-mass (CM) translational energy P(E;) and angular
T(0) flux distribution, which are varied until a suitable fit of the TOF

Table 1. Peak velocities (v,) and speed ratios (5) of ground state atomic
silicon (Si(P)) and germane (GeH,; X'A;) along with the collision energy (Ec)
and center-of-mass angle (O¢y).

isomer® thus indicating the preferential stability of hydrogen-

bridged isomers. Here, we are expanding the investigations on Beam vpms™l S Eclkdmol™] Oy [deg]
hydrogenated, heteronuclear molecules formed under single SiCP) 932£15 54+0.5

collision conditions in the gas phase through the exploration of | GeH, (X'A))  529+5 9.0+07 11.8+03 584+0.5
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spectra and angular distribution are achieved. The CM functions
define a product flux contour map which reveals the differential
reactive cross section I(u, 6) ~P(u) x T(6) as intensity with respect to
the angle 6 and the CM velocity u.

Computational Details

Geometries of the reactants, products, intermediates, and transition
states partaking in the ground state atomic silicon reaction with
germane were optimized with the doubly-hybrid density functional
theory (DFT) B2PLYPD3 method® and Dunning’s correlation-
consistent cc-pVTZ basis set.®” Vibrational frequencies and zero-
point vibrational energy corrections (ZPE) were evaluated at the
same B2PLYPD3/cc-pVTZ level of theory. All connections between
local minima and transition states were verified by intrinsic reaction
coordinate (IRC) calculations. Refined energies were obtained by
coupled cluster®®*" CCSD(T)/CBS calculations, where the energies
at the complete basis set limit were extrapolated“® from the
energies computed with the cc-pVTZ and cc-pVQZ Dunning's
correlation-consistent basis sets. It should be noted that B2PLYPD3
is a state-of-the-art doubly-hybrid functional which is capable to
give optimized geometries and vibrational frequencies close to
those computed at the gold standard CCSD(T) level. The expected
accuracy of the CCSD(T)/CBS//B2PLYPD3/cc-pVTZ + ZPE(B2PLYPD3/
cc-pVTZ) relative energies is better than 4 kimol™'*¥ Also, where
available, we compared the optimized B2PLYPD3 geometries with
those reported in the previous work on the Ge + SiH, reaction using
the CCSD/cc-pVTZ method and found a very close agreement,
within 0.01 A for bond lengths and 1-2° for bond angles. GAUSSIAN
09“4 and MOLPRO™ programs were used to carry out the DFT and
coupled clusters calculations, whereas the minimum on the seam
of crossing (MSX) between the triplet and singlet electronic states
was located utilizing the NST code,*® which employs the MSX
optimization strategy described by Bearpark et al.”*”!

Rice-Ramsperger-Kassel-Marcus (RRKM) theory™® was used for the
calculations of energy-dependent rate constants of unimolecular
reaction steps on the SiGeH, singlet surface starting from the initial
singlet intermediate i1. The rate constants were computed depend-
ing on the available internal energy of each species within the
harmonic approximation at a zero-pressure limit corresponding to
crossed molecular beams conditions using B2PLYPD3/cc-pVTZ
frequencies and employing our in-house code UNIMOL" The
RRKM rate constants were then used to compute product
branching ratios by solving first-order kinetic equations within
steady-state approximation.””

2. Results
2.1. Laboratory Frame

For the reaction of ground state atomic silicon (Si; *P) with
germane (GeH,; X'A,), reactive scattering signal was recorded
from mass to charge (m/z) of 108 to 100 considering the natural
isotope abundances of silicon %Si (92.2%), #Si (4.7 %), and *Si
(3.1%) as well as germanium °Ge (20.4%), "*Ge (27.3%), "*Ge
(7.7%), *Ge (36.7%), and "°Ge (7.8%). Signal at m/z=104 was
found to hold the best signal-to-noise ratio; ion counts at m/z=
107 and 108 are too weak to monitor; this is in line with the low
natural abundance of silicon and germanium isotopes as
incorporated in m/z=107 (*Si"°GeH,) and 108 (*°Si"°GeH,)
(Figure S1, Table S1). The time-of-flight (TOF) spectra recorded
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at m/z=106-100 are indistinguishable after scaling; this
indicates that these species originate from a single reaction
channel, i.e. Si (28 amu)+ GeH, (78 amu)—SiGeH, (104 amu) +
H, (2 amu). In this context, it is important to note that the
atomic hydrogen elimination channel leading to SiGeH; isomers
is endoergic by at least 62 kJmol";®" this channel is therefore
closed considering the experimental collision energy of 11.8+
0.3 kJmol™". The ion counts at m/z = 100-106 originate from the
SiGeH, products with a different combination of silicon and
germanium isotopes (Table S1); lower m/z=103-100 are gen-
erated via dissociative electron impact ionization of the m/z=
104 (**Si"*GeH,) parent product(s) along with their isotopically
substituted counterparts. The resulting TOF spectra at m/z=
104 (Figure 1) are then integrated and normalized with respect
to the center-of-mass (CM) angle thus yielding the laboratory
angular distribution; this distribution is - at least from 43° to
68° - forward-backward symmetric around the CM angle (Fig-
ure 2) These results indicate that the reaction of ground state
atomic silicon with germane involves indirect scattering dynam-
ics through SiGeH, reaction intermediate(s). The unimolecular
decomposition of the intermediate(s) via molecular hydrogen
loss forms product(s) with molecular formula *Si"*GeH, (here-
after: SiGeH,).

2.2. Center-of-Mass Frame

The time-of-flight spectra and the LAB angular distribution
obtained at m/z=104 for the reaction of ground state atomic
silicon (Si; P) with germane (GeH,; X'A,) were fit with a single
product channel with mass combination of 104 amu (SiGeH,)
and 2 amu (H,). The CM translational energy P(E;) and angular
T(6) flux distributions obtained from the fitting are depicted in
Figure 3. The hatched areas represent the error limits deter-
mined within the 10 error range of the LAB angular distribution.
The maximum translational energy E,,,=192+13 kJmol™' (Fig-
ure 3) characterizes the sum of the reaction energy and collision
energy for those molecules born without internal excitation.
Therefore, considering the collision energy 11.8+0.3 kimol™, a
reaction energy of —180+13kimol™ to from the SiGeH,
isomer(s) and molecular hydrogen is obtained. The distribution
maximum of the CM translational energy distribution peaks
away from the zero at 38 +3 kJmol™'; this finding proposes a
tight exit transition state leading to SiGeH, plus molecular
hydrogen from the SiGeH, intermediate(s)."? The CM angular
distribution shows non-zero intensity over the complete
angular range from 0° to 180°; the forward-backward symmetry
implies a lifetime of the decomposing complex longer than the
rotational period. The maximum at 90° suggests geometrical
constraints of the exit transition state(s) with molecular hydro-
gen eliminating perpendicularly to the plane of the decompos-
ing complex almost parallel to the total angular momentum
vector.” Therefore, it can be concluded that the reaction
proceeds via indirect reactive scattering dynamics leading to
SiGeH, isomer(s) plus molecular hydrogen via SiGeH, intermedi-
ate(s). These conclusions are also reflected in the CM flux
contour map 1(B,u) (Figure 4) which describes the intensity of
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Figure 1. Time-of-flight (TOF) spectra recorded at m/z= 104 (SiGeH, ") for the reaction of ground state atomic silicon (Si(*P)) with germane (GeH,; X'A,). The
circles are the experimental data and the red lines the best fits exploiting he center-of-mass functions (Figure 3).
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Figure 2. Laboratory angular distribution obtained at m/z=104 (SiGeH, ) for
the reaction of ground state atomic silicon (Si(P)) with germane (GeH,;
X'A)). ). The circles are the experimental data and the red lines the best fits
exploiting he center-of-mass functions (Figure 3).

the reactively scattered products as a function of the CM
scattering angle (0) and CM product velocity (u); mathe-
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matically, this is expressed as 1(0,u) ~P(u) T(6) with the function
1(0,u) representing the reactive differential cross section. This
provides a whole image of the measured reaction dynamics.

3. Discussion

To elucidate the reaction dynamics leading to the formation of
SiGeH, isomer(s), we are combining the experimental data with
results from electronic structure calculations. Based on the
electronic structure calculations, six singlet SiGeH, isomers are
energetically accessible ('p1-'p6; Figure 5). The experimentally
obtained reaction energy of —180=+13 kimol™' suggests the
formation of at least the thermodynamically most stable
double-bridged SiGeH, isomer 'p1 (Si(u-H,)Ge) revealing a
computed reaction energy of —180+4 kJmol™". The existence
of higher energy isomers 'p2-'p6 cannot be ruled out since
their contributions might be masked in the low-energy part of
the CM translational energy distribution. It is worth mentioning
that the energies compiled in Figure 5 are presented for the

© 2021 Wiley-VCH GmbH
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Figure 3. Center-of-mass translational energy (A) and angular (B) flux
distributions for the formation of SiGeH, plus molecular hydrogen via the
reaction of ground state atomic silicon (Si(P)) with germane (GeH,; X'A,)).
The hatched areas define regions of acceptable fits.

Figure 4. Top view of the flux contour map of the molecular hydrogen loss
pathway in the reaction of ground state atomic silicon (Si(*P)) with germane
(GeH,; X'A,) leading to the formation of Si(u-H,)Ge. The color bar indicates
the flux gradient from high (H) intensity to low (L) intensity. Color of atom:
silicon (purple), germanium (green), and hydrogen (white).

ground electronic state of atomic silicon (Si; *P,). The j=1 and 2
states are 0.9 and 2.7 kJmol™" higher in energy, respectively.®¥
This would change the computed reaction energy to form 'p1
to —181+4 and —183+4 kJmol™', which is still in excellent

ChemPhysChem 2021, 22, 1497 - 1504
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agreement with the experimental value of —1804 13 kJmol ™. It
is important to note that the reactions between ground state
silicon atoms (Si; °P) and germane (GeH,; X'A;) commence on
the triplet surface; however, both products 'p1 and molecular
hydrogen have a singlet ground state. This finding indicates
that intersystem crossing (ISC) from the triplet to the singlet
manifold and hence non-adiabatic reaction dynamics drive the
formation of 'p1 (Si(u-H,)Ge) plus molecular hydrogen.

In detail, the electronic structure calculations predicted that
the reaction of ground state atomic silicon (Si; *P) with germane
(GeH,; X'A,) starts on the triplet surface through barrierless
insertion of atomic silicon into one of the germanium-hydrogen
bonds yielding intermediate i1 stabilized by 134 kJmol™
relative to reactants. The calculations predict that intermediate
%1 undergoes intersystem crossing (ISC) involving the mini-
mum-on-the-seam-of-crossing (MSX) located only 0.1 kJmol™'
below the *i1 structure to intermediate i1 on the singlet surface;
this intermediate resides 236 kJmol™' below the energy of the
separated reactants. The geometry of MSX is rather similar to
that of %i1, with the only notable difference being the increase
of the HSiGe bond angle from 120.7° in *i1 to 127.5° in MSX. On
the singlet surface, nine intermediates are identified. Intermedi-
ate i1 opens three isomerization channels: (i) hydrogen
migration from germanium to the silicon atom via a transition
state located at 25 kJmol™' above intermediate i1 forms the
SiGeH, isomer i2 with both silicon and germanium being sp?
hybridized, (ii) hydrogen atom migration from the germanium
atom forms a bridging hydrogen bond between silicon-
germanium i9 via a transition state located at 9 kimol™' above
intermediate i1, and (iii) two hydrogen atoms attached to the
germanium form a double-bridged intermediate i6 through a
high energy transition state located 126 kimol™' above inter-
mediate i1. These intermediates can isomerize further. Inter-
mediate i2 could undergo two isomerization processes through
hydrogen migration eventually leading to two bridged isomers
i4 and i9. Additional hydrogen migrations can lead to i5 from
i4, i6 from i5, i8 from i6, i9 from i6 or i7, and i3 from i9.
Intermediates i6 and i7 are connected via cis-trans isomer-
ization.

With respect to the identification of at least the thermody-
namically most stable product 'p1 (Si(u-H,)Ge), our calculations
reveal five possible exit channels from the decomposing
intermediates. First, intermediate i5 can undergo molecular
hydrogen loss while simultaneously forming two silicon-carbon
bridges; this significant electron reorganization is connected
with a tight exit transition state located 76 kJmol™' above the
separated products. Intermediate i4 also undergoes extensive
reorganization of the molecular structure upon molecular
hydrogen loss and formation of a second germanium-silicon
bridge resulting in a tight exit transition state 128 kJmol™
above the separated products. In decomposing intermediates
i6 and i7, both hydrogen bridged silicon-germanium moieties
already exist, resulting in somewhat lower, but still tight, exit
transition states placed 80 and 84 kJmol™' above the separated
products, respectively. Finally, intermediate i9 may fragment
under simultaneous formation of a second hydrogen bridged
germanium-silicon moiety and elimination of molecular hydro-

© 2021 Wiley-VCH GmbH
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Figure 5. Potential energy surface for the reaction of ground-state atomic silicon (Si; °P) and germane (GeH,; X'A,). Relative energies are given in units of
kJmol™". Atoms are color coded in purple (silicon), green (germanium), and white (hydrogen). Red pathways represent the dominating route to 'p1 based on

our study.

gen, also through at tight exit transition state located
95 kimol ™" above the separated products. Overall, all five exit
transition states leading to 'p1 (Si(u-H,)Ge) are tight. We can
now compare the geometries of these exit transition states with
the experimental finding that the dominating channel for the
molecular hydrogen loss must involve a hydrogen emission
nearly parallel to the total angular momentum vector almost
perpendicularly to the plane of the decomposing intermediate.
A detailed inspection of the geometries of these five exit
transition states reveals that each of these transition states
fulfills this condition with molecular hydrogen losses from i4, i5,
and i9 depicting angles close to 80° (Figure 6).

i = pl

L i6 = pl

Figure 6. Geometries of the exit transition states leading to the thermody-
namically most stable isomer "p1 (Si(u-H,)Ge). Atoms are color coded in
purple (silicon), green (germanium), and white (hydrogen).
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Based on these findings, we may propose the following
reaction dynamics leading to the formation of 'p1 (Si(u-H,)Ge)
along with molecular hydrogen. The reaction is initiated by the
barrierless insertion of ground state atomic silicon into one of
the chemically equivalent germanium - hydrogen bonds of
germane on the triplet surface leading to *i1. This intermediate
undergoes intersystem crossing to the singlet surface forming
i1. The intersystem crossing is feasible here for a number of
reasons: First, the MSX geometric structure is rather similar to
the structure of the ®i1 local minimum, the MSX energy is only
0.1 kJmol™ higher than that of i1 and thus, the crossing would
occur in the close vicinity of the triplet isomer initially formed in
the Si+GeH, reaction. Second, other fates of %i1 are not
competitive; the atomic hydrogen elimination channel from i1
leading to SiGeH; isomers is endoergic by at least 62 kJmol™'®"
is closed at the experimental collision energy of 11.8 kimol™,
whereas the H, elimination from %1 on the triplet surface
features high barriers of at least 139 kimol™'. Moreover, the
experimentally detected Si(u-H,)Ge ('A’)+H, product can be
formed only on the singlet PES, which corroborates the
feasibility of the triplet-singlet intersystem crossing. Successive
isomerization steps involving hydrogen migration to i2, a
second hydrogen migration forming a hydrogen bridged
intermediate i4, followed by a third hydrogen shift to i5 have
relatively low-lying transition states (<75 kJmol™") and hence
can proceed easily. Intermediate i5 can undergo unimolecular
decomposition yielding 'p1 (Si(u-H,)Ge) plus molecular hydro-
gen through a tight exit transition state. Alternatively, isomer-
ization of i5 leads to i6, which either isomerizes to i7 or emits
molecular hydrogen forming 'p1 (Si(u-H,)Ge). i7 may also eject
molecular hydrogen through a tight exit transition state

© 2021 Wiley-VCH GmbH
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forming the product 'p1 (Si(u-H,)Ge); complexes i4 and i9 also
connect to 'p1 (Si(u-H,)Ge), but the energies of the exit
transition states are less likely to compete with the aforemen-
tioned pathways. Statistical (RRKM) calculations verify these
conclusions and reveal that 'p1 (Si(u-H,)Ge) is predominantly
formed via decomposition of i5 (82 %), whereas decompositions
of i9 (7%) and i6 and i7 (~5 % each) give smaller contributions.
Consequently, the identification of at least the thermodynami-
cally most stable, dibridged isomer Si(u-H,)Ge involves non-
adiabatic reaction dynamics and intersystem crossing from the
triplet to the singlet surface, an initial barrierless insertion of
ground state atomic silicon, at least three, possibly up to five
consecutive hydrogen atom migrations via hydrogen bridged
intermediates, and tight exit transition states with an inherent
significant electron reorganization upon formation of the
reaction products under single collision conditions.

4. Conclusions

The reaction of ground state atomic silicon (Si; *P) with germane
(GeH,; X'A;,) was explored in the gas phase under single
collision condition at a collision energy of 11.840.3 kimol™'
exploiting the crossed molecular beams technique combined
with electronic structure calculations. The reaction is dictated
by indirect scattering dynamics through an initial insertion of
the silicon atom into one of the four chemically equivalent
germanium-hydrogen bonds leading to a triplet reaction
intermediate *i1. This intermediate underwent facile intersystem
crossing (ISC) in close vicinity of %1 to the singlet surface
yielding intermediate i1. The latter underwent at least three
consecutive hydrogen atom migrations involving exotic, hydro-
gen bridged reaction intermediates eventually leading to i5.
The latter could undergo unimolecular decomposition yielding
'p1 (Si(u-H,)Ge) plus molecular hydrogen through a tight exit
transition state. Alternatively, up to two subsequent hydrogen
shifts to i6 and i7, followed by fragmentation of each of these
intermediates, could also form 'p1 (Si(u-H,)Ge) along with
molecular hydrogen. Note that the formation of higher energy
isomers ("p2-'p6) cannot be ruled out. These results underline
the non-adiabatic reaction dynamics in the unimolecular
decomposition of dinuclear hydrides of main group XIV
elements leading to exotic, bridged molecular structures, which
do not exist in their isovalent carbon counterparts.
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