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IR Spectrum and Structure of a Protonated Disilane: Probing the

Si—H—Si Proton Bridge**

Marco Savoca, Judith Langer, and Otto Dopfer*

Although carbon and silicon are both group IV elements,
their chemical bonding behavior is rather different. As Si—Si
and Si—H bonds are weaker and less directional than C—C and
C—H bonds, the bonding motifs in Si,H,, show a much larger
variety than their C,H,, analogs. Si,H,, often exhibit stable
Si—H—Si bridges, which are rare for C,H,,. In contrast to
C,H,®, Si,H,® are far less well-characterized because of
the lack of suitable precursors. For example, although few
SiH,,* ions were studied by IR spectroscopy,!l no spectro-
scopic data are available for Si,H,,* with n > 1. In addition to
theory of chemical bonding, Si,H,, are interesting from
a materials science point of view, as H passivation at the
surface is predicted to turn reactive bare Si, clusters into
stable novel nanostructures with potential for technological
applications. Si,H,,* spectra are also required for compar-
ison with astronomical data® and diagnostics of silane
plasmas used in the fabrication of microelectronic silicon-
based devices.”! Here, we report the IR spectrum of
disilanium, Si,H,", a fully H-passivated Si, core with a

Si—H—Si bridge described by a three-center two-electron
(3c-2¢) bond (Figure 1).

Almost no information is available for the Si,H," cation.
Early MP2/6-31G* calculations® predict a D, symmetric
global minimum with a linear H;Si—H—SiH; proton bridge
and a weakly bound Si,H;™H, complex as local minimum,
with stabilization energies of D= 146 and about 38 kJ mol ™",
respectively. The Si,H," cation dissociates barrierless into
SiH;" + SiH, with a measured binding energy greater than
146 kJmol .1 Binding of further SiH, ligands to SiH;" is
much weaker (<40 kJmol '), suggesting that Si,H," forms
a stable core in SiH;*(SiH,), clusters.! Although dissociation
into Si,Hs" + H, is less endothermic than into SiH;* + SiH,, it
involves a high barrier lying slightly above the SiH;" + SiH,
limit.>*

The IR spectrum of Si,H," is obtained by Ne-tagging IR
photodissociation (IRPD) spectroscopy,l’) a sensitive
approach recently used to elucidate the structures of simple
C.H," ions® and Si,H,""! Si,H,"Ne ions are generated in
a supersonic plasma expansion containing SiH, and Ne. Due
to the small Si,H;™Ne binding energy (<3 kJmol™), the
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Figure 1. Structures of a) Si;Hg (Ds4), b) Si;H;" (C,, with atom number-
ing), c) Si,Hs"-H,, d) SiH;"-SiH,, and e) Si,H,*:Ne calculated at the
MP2/aug-cc-pVTZ level. Relevant structural parameters are given in
angstroms and degrees (Table S1).

influence of Ne on the Si,H;" spectrum is negligible, and the
single-photon IRPD spectrum of Si,H,"Ne (Figure 2) pro-
vides a close approximation to the IR spectrum of Si,H;*. All
bands (A-E) in the 6502200 cm ™' range are assigned to
fundamentals of the bridged H;Si—H—SiH; ion.
MP2/aug-cc-pVTZ calculations elucidate the energetic,
structural, electronic, and vibrational properties of Si,Hg,
Si,H,*, and Si,H,"Ne. The most stable structure of Si,H,* has
a bent 3c-2e Si—H-Si bridge (Figure 1b). In contrast to all
previous calculations at the MP2/6-31G* or lower levels,”! it
has C, rather than D;, symmetry. This structure can be
generated either by protonation of the Si—Si single bond of
Si,H, or by addition of SiH, to SiH;*. In the latter case, SiH,
binds to the vacant electrophilic 3p, orbital of SiH;" in an
orientation that allows for a weak Si—Si contact. Protonation
of Si,H¢ causes a drastic elongation of the Si—Si bond from
2.35t02.98 A. The bent Si—H—Si bridge (134°) has long Si—H
bonds (1.62 A). The Si—H bonds of the SiH; groups contract
upon protonation from 1.481 to about 1.465 A, which is
between those in SiH," (1.462 A) and SiH, (1.478 A). All
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Figure 2. Experimental IRPD spectrum of c) Si,H,"-Ne compared to
the linear stick IR absorption spectra of a) Si,Hg (Ds4), b) Si,H;" (G,),
d) Si;H;"-Ne, €) Si,Hs*-H,, and f) SiH;"-SiH, in their ground electronic
states calculated at the MP2/aug-cc-pVTZ level (Figure 1). The posi-
tions and assignments of the observed transitions are listed in

Table S2.

SiSiH bond angles deviate largely from the tetrahedral
configuration in Si,Hs.

The natural bond orbital (NBO) charge distribution
provides insight into the nature of the 3c-2e bond in Si,H,"
(Figure 3). The charges g5;=0.6 and gy =—0.2 e in Si,H, are

SioHg (D34) Si,Hy* (Cy)
199
597 \
Y
)
-166 o

Figure 3. NBO charge distribution (in me) of Si,H¢ (Ds,) and Si,H,"
(G,) evaluated at the MP2/aug-cc-pVTZ level.

consistent with the higher electronegativity of H than Si. In
Si,H,*, both Si atoms absorb the excess positive charge (gg =
+1.14 e), whereas all H atoms remain negative (—qy =0.14-
0.35 e). Each SiH; unit in Si,H," carries +0.67 e, that is, SiH,
transfers formally 0.34 e into the 3p, orbital of SiH;*. In the
limit of ionic bonding, Si,H;* can be described as
H,Si*—H —SiH;*. Hence, Si,H," is rather different from
N,H,* and O,H;*, which in the ionic limit are proton-bound
complexes, H;N-H*—NH, and H,O—H"—OH,.""" This view of
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Figure 4. Front and side views of the three molecular orbitals of the
3c-2e bond in Si;H;" (C,). The occupied 6a orbital is the bonding MO,
whereas the vacant 9b and 10a orbitals are antibonding MOs.

bonding in Si,H," is confirmed by the molecular orbitals
(MOs) of its 'A  ground-state  configuration,
[NeNe](6a)*(6b)*(7a)*(8a)*(7b)*(9a)*(8b)>. The three MOs of
the 3c-2e bond! in Figure 4 are the bonding 6a MO, which is
delocalized over the whole Si,H," ion, and the two vacant
antibonding 9b and 10a MOs. All other occupied valence
MOs are localized on the SiH;" fragments and do not
contribute to the 3c-2e bond (see Figure S1 in the Supporting
Information).

The proton affinity of Si,Hy has not been measured. The
calculated protonation energy for the C, structure (E,=
745 kJmol™") is much larger than that measured for C,H,
(596 kImol™),"”! indicating that protonation of a polysilane
Si—Si single bond is more exothermic than protonation of an
alkane C—C bond. Collisional activation of Si,H,;" produces
SiH;" as major fragment ion (loss of SiH,, Figure S2). Minor
Si,Hs* and Si,H;" ions arise from sequential H, loss. This
fragmentation pattern is at first glance surprising, as H, loss is
predicted as lowest fragment channel (D,=107 kJmol™),
whereas SiH, loss requires 148 kJmol™'. The latter value
agrees with the lower experimental limit of 146 kJmol .1
The minor observation of H, loss is due to a barrier higher
than the limit for barrierless SiH, loss.”!

In addition to the global minimum of Si,H;" (C,), the
potential reveals further low-energy stationary points within
5 kJmol~'. These Si,H," structures with C,, C,,, Ds,, and Dy,
symmetries (Figure S3 and Tables S3 and S4) are first- or
higher-order transition states (TSn, n=1-3) for interconver-
sion of equivalent global minima through SiH; rotation and
motion of the central proton around or perpendicular to the
Si—Si bond. The C, (C,,) structures at +0.05 (+2.5) kI mol™!
are TS1 with staggered (eclipsed) geometries with planar
H-Si—H—-Si—H configurations obtained by rotation of the
excess proton and the SiH; groups around the Si—Si axis
(Figure S4). They have similar Si—Si and Si—H bond lengths as
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the C, structure. The Ds;, (Ds,) structures at -+3.7
(+4.3) kJmol ™' are derived from the C,, and C, structures
as TS2 (TS3) by pushing the excess proton in the linear Si—H—
Si configuration. They have slightly longer Si—Si distances and
the Si—H bonds of the bridge contract substantially. Scram-
bling of the SiH; protons in Si,H," occurs by low internal
rotation barriers through the C, and GC,, structures (V, <
3KkJ mol’l), whereas scrambling of the central and terminal
protons by a SiH;*-SiH, transition state (C,) requires much
more energy (V,=64kJmol™"). Only calculations at the
correlated level using extended basis sets properly reproduce
the bent Si—H—Si bridge.

In addition to the five low-energy Si,H," structures with
the 3c-2e bond, there are stable high-energy Si,Hs*-H, and
SiH;*-SiH, complexes on the Si,H,;" potential. In Si,Hs*-H,
(Figure 1c¢), H, binds weakly to the 3p, orbital of a classical
H,Si—SiH," ion with D,=41 kJmol™'. The SiH,"-SiH, struc-
ture in Figure 1d has a weak dihydrogen bond with D,=
9.5kImol™', H,SiH'-HSiH,;, which is typical for
X—H—H-Y contacts in which X or Y are more electropositive
than H.IY

To assign the experimental Si,H,"-Ne spectrum, linear IR
absorption spectra are compared for the various Si,H,"
minima in Figure 2, namely Si,H," (C,), Si,Hs"H,, and
SiH;*-SiH,. To judge the effects of protonation and complex
formation, calculated IR spectra of Si,H,, Si,Hs", SiH;", and
SiH, are presented in Figure 2 and Figure S5. Comparison of
the IR spectra of Si,H," with C,, C,, C,,, D3, and Dj,
symmetries unravels the effects of SiH; rotation and motion
of the central proton on the IR spectrum (Figure S5). All 12
fundamentals of Si,Hs ('A,,, D), Vi1, are known." They
transform as 'y, =3a,, +a;, +2a,, + 3¢, + 3e,. The a,, (vs5)
and e, (v,,) modes are IR active. Protonation of Si,Hg
reduces the symmetry from Ds, to C,, leading to I'yy, =11a+
10b. As a result, all Si,H,” modes become IR active and all
e modes split into a/b doublets. The Si—H stretch frequencies
of the SiH, groups (v, 574,) increase by 68-109 cm™ (3-5%) as
a result of the Si—H bond contraction upon protonation and
thus shift outside the spectral range investigated. As their IR
intensities are reduced by 1-2 orders of magnitude, they
would not have been observed in the experimental spectrum
at the current sensitivity. The Si—Si stretch frequency (v;)
decreases by a factor three from 430 to 150 cm™! as a result of
proton insertion. The SiHj torsional frequency (v,) decreases
slightly from 137 to 119 cm™', in line with a lower barrier for
internal rotation calculated for the protonated species (210 vs.
347 cm™').’) The frequency of the TR-active asymmetric SiH;
deformation decreases by about 27 cm™' and both compo-
nents (vg,,) remain strongly IR active. Similarly, the anti-
symmetric SiH; umbrella frequency (v4) appears with reduced
frequency (—44 cm™') as a prominent transition in the IR
spectrum of Si,H;". The frequencies of the degenerate
symmetric and antisymmetric SiH; rocking modes (vy;,)
exhibit large splittings upon protonation (560 and 135 cm™),
and their center frequencies are substantially reduced (by 35
and 111 cm™"). Due to their low IR intensity, they are not
observed in the measured IR spectrum. The excess proton in
the Si—H—Si bridge generates three additional fundamentals
(Figure S6), and their significant IR intensities provide the
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fingerprint of the 3c-2e bond. The asymmetric Si—H stretch
mode has a rather low frequency because of the long Si—H
bonds and dominates the predicted IR spectrum (Ogy) =
1954 cm™, I=1261 kmmol™'). The torsional mode of the
proton around the Si—Si bond and the symmetric Si—H stretch
mode are predicted with medium IR intensity at gy =875
and ogue=1163cm™". In contrast to all other IR intense
modes, Og;yys) is drastically affected by anharmonicity, which
shifts its frequency from 1163 into the 500-700 cm™" range
(Figure S7 and Table S5).

To estimate the effects of Ne tagging on the structure and
IR spectrum of Si,H;", stable Si,H;"-Ne complexes have been
calculated. In the most stable one (Figure 1¢), Ne binds to
one of the SiH; groups with Dy=2.6 kJmol ' at a Ne—Si
separation of 2.97 A.1” The by far largest effects on the Si,H,"
geometry upon asymmetric Ne complexation are a slight
contraction of the Si—Si bond (1 mA) and an asymmetric
elongation/contraction of the Si—H bonds in the 3c-2e bond
(+3 mA). All other bond lengths and angles change less than
1 mA and 1°. Except for v, all frequencies are affected by
less than 10 cm ™" and the IR intensities also show only minor
changes. The negligible effects of Ne on the Si,H," spectrum is
not only confirmed by the calculation but also by the
similarity of the experimental Si,H,"Ne and Si,H,"Ar
spectra (Figure S8).

Figure 2 reveals a good match between the IRPD
spectrum measured for Si,H,"Ne and the IR spectra calcu-
lated for Si,H,"Ne and Si,H," with C, symmetry. The
bands A-E at 795, 875, 911, 933, and 1941 cm™' are assigned
t0 V6, Tsin, Vs Vsar aNd Ogiqa), TESPectively, and the deviation
between measured and calculated frequencies is less than
15em™. All transitions with predicted intensities 1>
50 kmmol~! are observed. The measured Si,H,"Ne spectrum
deviates largely from those predicted for Si,Hs"-H, and
SiH;*-SiH,, confirming that the observed Si,H,;" ion has
indeed the 3c-2e bond. Bands A-D have widths of about
10 cm™!, consistent with unresolved rotational structure.
Band E assigned to ogyy, exhibits a much larger width of
about 120cm™ and a pronounced substructure. As the
Si,H,;*-Ar spectrum shows the same phenomenon, the large
width of the og;y(,) band is attributed to the high fluxionality of
the central proton moving in a flat potential perpendicular to
the Si—Si axis. Comparison of the IR spectra calculated for the
bent and linear structures of Si,H," (Figure S5) reveals that
the og frequency is particularly sensitive to the proton
position, confirming that the structure of the ogy, band
provides a sensitive probe of the floppy Si—H—Si 3c-2e bond.

In conclusion, Ne-tagging IRPD spectroscopy provides
the first spectroscopic and structural characterization of the
Si,H,* cation. Analysis of its IR spectrum unravels details of
the Si—Si and Si—H bond properties in this fundamental
polysilane cation featuring a bent but fluxional 3c-2e bond.
The spectrum provides benchmark data for dynamical
simulations™ of the effects of the low-barrier proton and
SiH; motions on the vibrational and electronic properties of
this fundamental type of Si—H—Si bond. The combined
experimental and quantum chemical approach is suitable
for the largely unexplored vibrational and electronic spec-
troscopy of Si,H,,* ions and their clusters. Future directions
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include the effects of functional groups, hybrid formation,
ligand adsorption, and doping of Si,H,,* with heteroatoms to
modify the geometric and electronic properties these funda-
mental silicon species.

Experimental Section

IRPD spectra of Si,H,"Ne were recorded in a tandem quadrupole
mass spectrometer (QMS1/2).'% Si,H,*-Ne clusters were generated in
a pulsed supersonic plasma beam expansion of a SiH,/He/Ne gas
mixture (ratio 1:20:300) at 16 bar stagnation pressure. Weakly bound
Si,H,"Ne ions were produced by electron and chemical ionization of
SiH, and subsequent three-body aggregation. The composition of
Si,H," and Si,H;"-Ne was confirmed by collision-induced dissociation
(Figure S2). Si,H,"*’Ne ions were mass-selected by QMS1 and
irradiated in an octopole with a tuneable IR laser pulse (vig).
Resonant vibrational excitation of Si,H,"-Ne induced the rupture of
the weak intermolecular bond. Resulting Si,H," fragments were
selected by QMS2 and monitored as a function of v to obtain IRPD
spectra of Si,H;":Ne. The IRPD yield was normalized for laser
intensity variations measured with a pyroelectric detector. Calcula-
tions were carried out at the MP2/aug-cc-pVTZ level.'”! Relative
energies (E.) and binding energies (D,.) were corrected for zero-point
vibrational energies to derive E, and D,. Harmonic frequencies are
scaled by factors of 0.9518 (0.9742) for frequencies above (below)
1500 cm™' to optimize the agreement between calculated and
measured frequencies of Si,Hj."!
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