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The low electronegativity of Si gives rise to a variety of nonconventional intermolecular interactions in
clusters of silanes and their derivatives, which have not been well characterized yet. Herein, we
characterize the structures of various isomers of bare and Ar-tagged SiHsOH,*SiH, dimers composed of
protonated silanol and silane by infrared photodissociation (IRPD) of mass-selected ions and dispersion-
corrected density functional calculations (B3LYP-D3/aug-cc-pVTZ). The analysis of the IRPD spectra
recorded in the OH stretch range reveals the competition between two types of nonconventional
hydrogen bonds (H-bonds). The first one represents a OH- - -HSi ionic dihydrogen bond (DHB), in which
SiH,4 interacts with the H,O moiety of SiHzOH,". The second one represents a charge-inverted SiH- - -Si
ionic H-bond (CIHB), in which the SiH4 ligand interacts with the SiHz moiety of SiHsOH,*. The latter may
also be considered as a weak three-centre two-electron (3c—2e) bond. Although both types of H-bonds
are computed to have comparable interaction strengths for SiHzOH,*SiH, (Dy ~ 35-40 kJ mol ™), DHB
isomers dominate the population in the supersonic plasma expansion, while the abundance of CIHB iso-
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1. Introduction

Silanes (Si H,), silanols (Si,H,0,), and their derivatives are
important molecules in inorganic chemistry, polymer and
materials science, astrochemistry, plasma chemistry, and the-
oretical chemistry."”® Laboratory spectra of silanes and their
ions are essential to analyze and control the complex chemistry
of silane plasmas used in semiconductor industry.>'*™"® In
addition, based on the detection of SiH, in the interstellar
environment,'* laboratory spectra of neutral and cationic
SixHy“) and SixHyOZH molecules are needed for comparison
with astronomical spectra.

Although Si is a group IV element like C, the chemical bonds
in C,H, and Si,H, (and their ions) are quite different."> Part of
these differences results from the lower electronegativity of Si
(ENg; = 1.90) compared to those of H and C (ENy = 2.20, EN¢ =
2.55). In general, Si-Si and Si-H bonds are longer than corres-
ponding C-H and C-C bonds and exhibit more often nonclas-
sical Si-H-Si bridges."®2° Such Si-H-Si bridges are three-center
two-electron (3c-2e) bonds,*"** in which two electrons in a
bonding orbital form two stable bonds in a more or less linear
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mers is roughly one order of magnitude lower, probably as a result of entropic factors.

Si-H-Si bridge. These bridges can also be considered as strong
charge-inverted hydrogen bonds (CIHBs) with polarity Si’®'-
H‘sf—Si‘sJ',%_25 because ENy is higher than ENg. We have
previously characterized such ionic CIHBs in a variety of Si,H,"
cations in the gas phase using infrared photodissociation
spectroscopy (IRPD).”®° In addition, we recently presented
the first spectroscopic and structural characterization of the
highly elusive protonated silanol molecule (SiH;0H,") based on
the IRPD spectrum of its Ar-tagged cluster.*® While monosila-
nol (SiH;OH) is rather unstable with respect to intermolecular
condensation reactions and has hardly been characterized
structurally and spectroscopically,” with the notable exception
of a single IR band (vgio = 859 em™'),>" we could analyze the
chemical bonding in SiH;OH," and assign it to a dative bond of
H,O to the SiH;" cation.

Herein, we report IRPD spectra of SiH;OH,'SiH, and its Ar-
tagged SiH;OH,'SiH,-Ar cluster to study the competition
between two interesting and nonconventional types of inter-
molecular bonds between SiH;OH," and SiH,. The first one is
the formation of a CIHB bond between SiH, and the SiH,"
moiety of SiH;O0H,", which is typical for polysilane ions such as
Si,H," or longer SiH;"(SiH,), hydride wires,**° but is affected
in SiH;OH,'SiH, by the dative bond of H,O to SiH;'. The
second binding motif is the formation of a cationic dihydrogen
bond (DHB) of the type Si°'H°"-.-H°'0°" between the H,O
moiety of SiH;OH," and the SiH, ligand, which represents a
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subclass of H-bond interactions.***® The DHB is a H-bond
interaction between two oppositely charged H atoms, which can
only occur when one of the two H atoms is bonded to a more
electropositive atom (e.g:, Si, B, transition metal) while the other H
atom is bonded to a more electronegative atom (e.g., O in our
case). DHBs in systems with transition metals and B in their
crystalline forms have been studied extensively.’>***>*~%® In the
gas phase, DHBs of the type BH.--HO and BH.--HN were
investigated by IR spectroscopy and quantum chemical
calculations.*>*”~®® The first spectroscopic evidence for a DHB
of the type SiH- - -HO was reported by Ishikawa and co-workers in
the phenol-diethylmethylsilane (PhDEMS) dimer.** Subsequently,
SiH- - -HO bonds were found in phenol-triethylsilane (PhTES) and
phenol-ethyldimethylsilane (PhEDMS), as well as in the related
cationic Ph"DEMS and Ph*TES dimers.*>®° The SiH- - -HO DHB is
considered to be an intermediate motif in chemical reactions
such as H,O + SiH, — SiH,OH + H,.%”*® While neutral DHBs with
Ph are weak and comparable to dispersion interactions, cationic
DHBs are much stronger due to the much higher acidity of Ph*
arising from its excess positive charge.®® To gain a better under-
standing of the nature of the SiH- - -HO ionic DHBs, it is necessary
to collect further spectroscopic information. To this end, we study
in this work a significantly smaller system containing an ionic
DHB, SiH;0H, 'SiH,, to reveal the intrinsic nature of the SiH- - -HO
DHB, which is the dominant intermolecular interaction in this
cluster, without any interference from aromatic or aliphatic
hydrocarbon structures.

2. Experimental and
computational techniques

IRPD spectra of bare and Ar-tagged SiH;OH,'SiH, ions in the
OH stretch range (2700-3800 cm™ ') are obtained in a tandem
quadrupole mass spectrometer coupled to an electron ioniza-
tion (EI) source described elsewhere.®®”7? SiH;OH,*SiH, and
SiH;OH,'SiH,-Ar clusters are generated in a pulsed supersonic
plasma expansion of a SiH,/He/Ar gas mixture (ratio 1:20: 200,
5 bar stagnation pressure) seeded with H,O vapor. The gas
mixture is ionized by EI (and/or chemical ionization), resulting
in the formation of a variety of hydrated silicon hydride cluster
cations and their Ar complexes. The rather stable silyl cation
(SiH;") is the major primary EI product of SiH,. In a next step,
protonated silanole is produced via barrierless addition of H,O
to SiH;" forming a rather stable chemical Si-O bond in
SiH;OH,".*° In subsequent three-body aggregation reactions
occurring in the high-pressure region of the expansion, weakly-
bound clusters of SiH;OH," with SiH, and Ar are generated and
cooled down to lower temperatures. A typical mass spectrum of
the EI source reveals strong Ar," cluster signals, accompanied
by weaker peaks arising from OH,_,", Si,H,", Si,H,0", and their
Ar clusters (Fig. S1, ESIt). After extraction through a skimmer,
bare or Ar-tagged SiH;OH,'SiH, ions (m/z 81 or 121) are
selected by the first quadrupole mass filter and irradiated in
an adjacent octupole with tunable IR laser radiation generated
by an optical parametric IR oscillator pumped by a nanosecond
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Q-switched Nd:YAG laser. The IR radiation is characterized by a
pulse energy of ~1-5 mJ in the employed spectral range, a
repetition rate of 10 Hz, and a bandwidth of 1 em ™. Calibration
of the IR laser frequency (v1g) is accomplished by a wavemeter.
Resonant vibrational excitation of SiHz;OH, SiH4(-Ar) induces
the rupture of the weakest intermolecular bond (i.e., loss of Ar or
SiH,). The resulting SiH;OH, (SiH,) fragment ions are selected
by the second quadrupole mass filter and monitored as a function
of v to derive the IRPD spectra of SiH;OH,' SiH,(-Ar).
To separate the fragment ions produced by metastable decay
from those generated by laser-induced dissociation, the ion
source is triggered at twice the laser frequency, and signals
from alternating triggers are subtracted. The widths of the
observed transitions result from unresolved rotational sub-
structure and overlapping sequence hot bands of intra-
molecular fundamentals with low-frequency intermolecular
modes and possibly lifetime broadening. Because the popula-
tion of rotational levels of the parent ions generated in this
supersonic plasma expansion cannot be described by a single
rotational temperature due to the lack of thermal equilibrium
(levels with larger rotational quantum numbers are populated
according to a higher temperature), we cannot readily simulate
a rotational band profile. In addition, as the time-of-flight in
the octupole is of the order of one millisecond, we do not
observe a kinetic shift and all photoexcited ions with a final
energy larger than the dissociation energy contribute to the
measured IRPD yield. The IRPD yield is normalized for laser
intensity variations measured with a pyroelectric detector.
Because the mass spectrum of the ion source is rather complex,
collision-induced  dissociation (CID) experiments are
employed to confirm the composition of the investigated
SiH;OH, 'SiH,(-Ar) parent ions. To this end, the octupole is
filled with 10~> mbar of N, allowing for collisions with mass-
selected ions at a kinetic energy of 10 eV in the laboratory
frame. Clearly, the CID spectrum of mass-selected SiH;0H,"
SiH,-Ar (m/z 121) demonstrates the almost exclusive loss of Ar
followed by loss of SiH, resulting in SiH;OH," (m/z 49), confirming
its composition (Fig. S2, ESIt). A very minor channel follows the
other sequence (primary loss of SiH, followed by loss of Ar).
Quantum chemical calculations are performed at the
dispersion-corrected B3LYP-D3/aug-cc-pVTZ level of theory for
SiH,, SiH;0H,", and various isomers of SiH;OH,'SiH,(-Ar) to
determine their energetic, structural, vibrational, and electro-
nic properties.”> This computational level reliably reproduces
the properties of SiH;0H," and its SiH;OH, "-Ar, - 5 complexes
and the 3c-2e bonds in Si,Hy, ;" hydride wires.>**° Relative
energies and equilibrium binding energies (E., D.) are cor-
rected for harmonic zero-point vibrational energies to derive
E, and D, values. Gibbs free energies (G,) are evaluated at
298.15 K. Harmonic frequencies are scaled by factors of 0.9631
(0.9805) for frequencies above (below) 2000 cm ™" to optimize
the agreement between calculated and measured frequencies
of H,0.?° Natural bond orbital (NBO) analysis is employed to
evaluate the charge distribution and charge transfer, as well as
the second-order perturbation energies (E*)) of donor-acceptor
orbital interactions involved in the H-bonds. Calculated
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vibrational frequencies are compared with experimental values
in Tables S1-S3 (ESIt), and calculated energies are listed in
Tables S4-S9 (ESIt).

3. Results and discussion

3.1 Overview of IRPD spectra

IRPD spectra of SiH;0H, SiH, and SiH;0H, SiH,-Ar recorded
in the OH stretch range are compared in Fig. 1 to that of
SiH;OH, " -Ar reported previously.>® The positions, widths, and
suggested vibrational and isomer assignments are listed in
Table 1. For a detailed discussion of the properties of SiH;0H,"
and SiH;OH, -Ar, we refer to our previous work.*° Because of
the strong bonds in bare SiH;O0H,", no IRPD spectrum can be
obtained for this ion under the employed single-photon absorp-
tion conditions. Its symmetric and antisymmetric OH stretch
fundamentals (vop*®) computed as 3550 and 3626 cm™* are
indicated by grey dashed lines in Fig. 1. The splitting of
76 cm~ ! between voy® and vop® results from the coupling of
the two equivalent local OH stretch oscillators. The SiH;OH, '~
Ar spectrum shows two OH stretch bands C1 and E at 3400 and
3600 cm ™', which can readily be attributed to the Ar-bonded

SiHzOH,*SiH,-Ar

Intensity / a.u.

SiHgOH,*Ar

T T T T T

T T T T T l
2800 3000 3200 3400 3600 3800

Wavenumber / cm”
Fig. 1 IRPD spectra of SiHsOH,*SiH4 and SiHsOH,*SiH4—Ar in the 2700—
3800 cm™* range recorded in the SiH4 and Ar loss channels, respectively,
are compared to the IRPD spectrum of SiHzsOH,*—Ar.*® The position,

widths, and assignments of the transitions observed are listed in Table 1
and Tables S1-S3 (ESIY).
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and free OH stretch modes (VOHb(Ar) and I/OHf) of the global
minimum structure, in which Ar forms an OH- - -Ar H-bond to
one of the two OH groups of SiH;OH,'. The assignment of
these two bands is not only supported by their frequencies and
shifts from those of bare SiH;OH,' but also by their band
profiles. While the free OH stretch band has a symmetric
profile, the Ar-bonded OH stretch band has a sharp P-branch
head and a long blueshaded tail, which are typical for excitation
of proton donor stretch modes.”®’*”> Excitation of a proton-
donor stretch fundamental causes the H-bond to become
stronger, leading to smaller rotational constants in the vibra-
tional excited state, giving rise to a P-branch head. In addition,
the stronger H-bond in the intramolecular excited state causes
the intermolecular stretch and bend frequencies to be larger
than in the ground vibrational state due to the larger radial
force constant and larger angular anisotropy in the intermole-
cular potential. Hence, sequence hot bands of the proton-donor
stretch fundamental with intermolecular modes appear to the
blue of the fundamental transition. These effects to not operate
for excitation of the free OH stretch mode and, as a result, such
bands exhibit a symmetric band shape. Complexation with Ar
removes the coupling between the two OH stretch oscillators.
As a result, the vy band of SiH;OH,-Ar occurs roughly at the
average frequency of voy® and voy® of bare SiH;OH, " predicted
as 3588 cm !, while the vor”™" band of SiH;OH, -Ar is red-
shifted by almost 200 cm™" from this value due to the for-
mation of the OH- - -Ar H-bond. The SiH;0H,'SiH, spectrum is
dominated by strongly redshifted vou°®™* bands A1 and A2
(by around 750 cm™') near 2850 cm ' indicative of the for-
mation of a much stronger OH- - -SiH, H-bond. This observa-
tion is consistent with the larger polarizability of SiH,
compared to Ar (computed as « = 32.20 vs. 11.15 a,’), because
induction and dispersion interactions provide the major con-
tribution to the intermolecular attraction. The intense A1 band
peaks at 2830 cm™* with a width of 40 cm™?, while the weak
shoulder A2 has its maximum at 2872 cm ™. In addition, three
bands D-F appear in the free OH stretch range above
3500 cm™ ", suggesting the presence of at least two isomers.
The strongest band E at 3602 cm ' has almost the same
frequency as band E in the SiH;OH," spectrum, indicating an
assignment to the free OH stretch (voy') of a cluster with a
strong OH- - -SiH, H-bond. On the other hand, bands D and F at
3578 and 3695 cm ™' occur not far from the free OH stretch
bands voy® and voy® of bare SiH;0H," predicted at 3550 and
3626 cm ' suggesting the presence of an isomer, in which the
SiH, ligand is not attached to the OH, side of SiH;OH," but to
the SiH; side. Ar-tagging of SiH;OH, SiH, causes modest blue
shifts of the A1/A2 bands (to 2869/2910 cm™ ') and produces an
intense band C1 at 3456 cm ' (with a width of 15 cm™ ")
characteristic for a complex with one OH---SiH, and one
OH- - -Ar H-bond. Such small blueshifts in proton donor stretch
vibrations (like here for A1/A2) are characteristic for interior ion
solvation, which is accompanied by small noncooperative
effects on the H-bond strengths due to increased charge
delocalization into a larger number of neutral ligands. The
presence of the weaker bands C2 and E in the OH stretch range
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Table 1 Position and widths (in cm™)

of SiHsOH,*—Ar
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of the transitions observed in the IRPD spectra of SiHzOH,"SiH, and SiHzOH,*SiH4—Ar compared to frequencies

Isomer?” Mode SiH;OH, -Ar° SiH;0H, 'SiH, SiH;OH," SiH,-Ar

Al DHB VoG — 2830 (40) 2869 (15)

A2 DHB VoY — 2872 (40) 2910 (40)

B DHB/CIHB 2Bon” — ~3190 ~3230

c1 DHB Vor 9 3400 (21) — 3456 (15)

c2 CIHB vor"™) — — 3495 (20)

D CIHB Vor' — 3578 (20) —

E DHB/CIHB vor 3600 (30) 3602 (30) 3629 (15)

F CIHB vou™? — 3695 (10) —

¢ Intermolecular binding motifs of isomers I-III (DHB) and IV (CIHB) of SiH;OH,'SiH, and SiH;OH, 'SiH,-Ar are assigned to the observed
transitions (and do not apply to SiH;OH,"-Ar). ” Tentative assignment. ¢ Ref. 30.

at 3495 and 3629 cm ™ * is again indicative of a less stable isomer
in which one OH group of the SiH;0H," core ion is not engaged
in a H-bond (voy') while the other one forms an OH. - -Ar H-
bond (voy”™Y). In such an isomer, the SiH, ligand does not
bind to one of the OH groups of SiH;OH," but to its SiH;
moiety. The IRPD spectra of both bare and Ar-tagged SiH;OH, "
SiH, reveal a weak band B at ~3190 and ~3230 cm !,
respectively, which is not present in the SiH;OH, -Ar spectrum.
They may arise either from the fioy overtone of the H,O moiety
or a combination band of the SiH,-bound OH stretch funda-
mentals with an intermolecular mode. The latter scenario
may be supported by the blueshift in band B upon Ar-tagging
(~20 cm™"), which parallels the blue shifts of bands A1/A2
(~40 cm™).

In summary, the initial analysis of the IRPD spectra of bare
and Ar-tagged SiH;OH,'SiH, reveals two routes of cluster
growth. Along the predominant path, SiH, and Ar form inter-
molecular H-bonds to the two available acidic OH groups of
SiH;OH,"*, while a minor route involves attachment of SiH,
to the SiH; moiety, whereas Ar then forms a OH- - -Ar H-bond.
To derive more details of this preliminary analysis based
on the IRPD spectra alone, we resort to quantum chemical
calculations.

3.2 Computational analysis and assignments

3.2.1 SiH;O0H,*, SiH;0H, -Ar, and SiH,. The structural,
vibrational, and electronic properties of SiH;OH,'(-Ar) have
been described in detail previously and only the salient results
relevant for the present work are briefly summarized.*® The
global minimum of SiH;OH," with C, symmetry is generated by
dative bonding of a H,O lone pair to the vacant and electro-
philic 3p, orbital of SiH;", leading to a strong chemical Si-O
bond (1.851 A, 219 kJ mol ). The barriers for internal SiH;
rotation and inversion of the slightly pyramidal oxonium
moiety are rather small (<0.3 k] mol™"). The free OH stretch
fundamentals are predicted at voy® = 3550 and wvou® =
3626 cm ' with high IR intensity (232 and 319 km mol %)
The large positive partial charges of g; = 0.563 and gg; = 1.186 €
on the two acidic H atoms and Si, make these atoms attractive
binding sites for both SiH, and Ar ligands. Ar preferentially
forms a weak OH---Ar ionic H-bond in the SiH;OH,'-Ar(H)
isomer, characterized by a bond length of 2.176 A, a modest
binding energy of D, = 16.1 k] mol ', a donor-acceptor energy

22934 | Phys. Chem. Chem. Phys., 2024, 26, 22931-22940

of E® =38.7 k] mol ™, and a charge transfer from SiH;OH," to
Ar of 35 me. Consequently, the IRPD spectrum of SiH;O0H, -Ar
reproduced in Fig. 1 exhibits a redshifted Ar-bound OH stretch
band C1 at VOHb(Ar) =3400 cm ™ * and a free OH stretch band E at
Vor' = 3600 cm ™, in good agreement with the computational
predictions (3369 and 3602 cm ™', Table S1, ESIt). The less
stable SiH;OH, "Ar(Si) isomer with a much weaker Ar- - -Si bond
(R=3.165 A, Dy = 9.6 k] mol ") is not observed in the measured
IRPD spectrum.

The tetrahedral SiH, molecule has a computed Si-H bond
length and vibrational frequencies (1.484 A and v, = 2150,
966, 2151, 906 cm ™ '), in good agreement with available experi-
mental data (1.480 A and 2187, 975, 2191, 914 cm ').”®”’
Significantly, because of the negative partial charges of its H
atoms (g = —0.161 e), they are attracted by the positive charge
centres of SiH;OH," (OH and Si) to form ionic SiH---HO and
SiH- - -Si H-bonds.

3.2.2 SiH;OH,'SiH,. On the basis of the SiH;OH," struc-
ture, the four stable SiH;OH,'SiH, isomers shown in Fig. 2 are
obtained by adding SiH, to either an OH group (I-II) or Si (IV)
and their relative energies and binding energies are listed in
Table S4 (ESIt). Corresponding IR spectra are compared in
Fig. 3 to the measured IRPD spectrum and the suggested
vibrational and isomer assignments are listed in Table S2
(ESIT). NBO charge distributions are available in Fig. S3 (ESIt).

In the three most stable isomers (I-III), SiH, binds to one of
the two equivalent OH groups of SiH;OH," via a rather strong
OH- - -HSi ionic DHB with very similar binding energies
(Do = 38.9, 38.7, 38.5 k] mol™!, AD, < 0.4 k] mol™ ). These
conformers differ mainly in the orientation of the SiH, ligand.
SiH, binds with one of its negative H atoms (gy = —282, 286,
—267 me) to a positive H atom (gy; = 549, 548, 548 me) of the OH
group at intermolecular bond distances of R =1.397, 1.389, and
1.418 A in almost linear OH- - -H ionic DHBs (0=173.3%175.8°,
175.0°). The SiH---H bond angles deviate significantly more
from linearity (0 = 131.3°, 134.2°, 125.1°), indicating a rather
small angular anisotropy of the potential for the orientation of
the SiH; group when optimizing dispersion and induction
forces. The DHB involves substantial charge transfer from
SiH;OH," to SiH, (Ag = 81, 81, 80 me), consistent with the
large E® energies describing the strong interaction between the
bonding og;y orbital and the antibonding gon* orbital (99.4,
101.0, 96.1 k] mol ). Upon formation of the strong OH- - -HSi

This journal is © the Owner Societies 2024
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SiH;OH,*-Ar(Si) (Cy)
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9 465
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Fig. 2 Calculated equilibrium structures (in A and degrees) of SiH,, SiHs
ground electronic state (B3LYP-D3/aug-cc-pVTZ).

DHBSs, both proton donor bonds are strongly elongated (Argiy =
38, 38, 36 mA, Aroy = 38, 39, 36 mA). As a result, the voy”
modes are massively redshifted from voy® = 3550 cm ™" in bare
SiH,0H," down to 1?9 = 2858, 2851, and 2885 cm ™ for I-1II,
respectively. These large redshifts of around 700 cm ™" are accom-
panied by a drastic increase in IR intensity by a factor of 10. In
contrast, the free O-H bonds of all three isomers contract slightly
(Aron = —2 mA) causing corresponding minor blueshifts of the
order of 20 cm ™' from the averaged free OH stretch frequency of
SiH;0H," (3588 cm ™ *) to voy' = 3608, 3605, and 3611 cm ™. These
occur to the red of voy® of SiH;OH," (3626 cm ™), because SiH,
complexation of one OH group removes the strong coupling
between the two free and equivalent OH local modes in the
monomer (Avoy = 76 cm ™). Furthermore, the DHB of SiH;OH,"
to SiH, shortens the Si-O bond from 1.851 to 1.816 (I/II) and
1.815 A (II), while the O-H-O bond angle increases slightly from
110.8° to 111.2°(I/I) and 111.0° (II).

In contrast to the DHB isomers I-1III, SiH, is attached in IV to
the Si atom of SiH;OH," via an ionic Si-H-Si (SiH---Si) CIHB
(R=1.898 A, D, = 36.2 k] mol ™). This CIHB is only slightly less
stable than the DHB by AE, = 2.6 k] mol ' at the B3LYP-D3
level. Moreover, it is nonlinear (0 = 159.8°), as is typical for
CIHBs,>* and may be considered as a rather asymmetric 3¢c-2e
Si-H-Si bond (R = 1.535 and 1.898 A). The Si-H proton donor
bond is elongated from 1.484 to 1.535 A (Argy = 51 mf&].

This journal is © the Owner Societies 2024

OH2+, SiH}OH2+—A|'(H), SiH3OH2+—Ar(Si), and S|H3OH2+S|H4(|—|V) in their

The NBO analysis reveals a larger charge transfer from
SiH;0H," to SiH, (159 me) and also a larger E® energy
(167.9 kJ mol™ ") from the bonding og;; orbital to the lone pair
orbital of Si (LPs*) when compared to the DHB. In contrast to
I-11I, complexation with SiH, in IV leads to a strong elongation of
the Si-O bond by 98 mA and a minor contraction of the O-H
bonds by 3 mA. As a result, both vo;™* modes are blueshifted by
37 em ™ to vo™’? = 3587/3662 cm ™, while the coupling between
both OH stretch oscillators remains similar (75 vs. 76 cm™ ).
Comparison of the IRPD spectrum of SiH;OH,'SiH, with the
linear IR spectra computed for the four isomers I-IV in Fig. 3
immediately confirms the presence of isomers with a DHB, as
the IRPD spectrum is dominated by the intense and strongly
redshifted vo"®" bands A1 and A2 caused by SiH, binding to
the OH, group. The strongest transition A1 at 2830 cm ™' is
assigned to the ;"™ modes of I and IT with deviations of 28
and 21 cm™ ', while peak A2 at 2872 cm ' may tentatively be
attributed to the slightly less redshifted voy°®™* mode of II at
2885 cm™ . Alternatively, this weak satellite band may also arise
from sequence hot bands of voy”®™ with intermolecular
modes, which are typical for the excitation of proton donor
stretch modes.”””*”® The corresponding v’ modes of I-III
can be assigned to band E at 3602 cm™ " with minor deviations
of 6, 3, and 9 cm~'. However, band F at 3695 cm™ ' cannot
be rationalized by any isomer with a DHB due to its high
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spectra of isomers I-IV calculated at the B3LYP-D3/aug-cc-pVTZ level.
The positions of the transition observed in the IRPD spectrum of
SiHzOH,"SiH,4 and their vibrational assignment are listed in Table S2 (ESI¥).
Differences in relative energy (Eo) are given in kJ mol™ (in parentheses).

frequency. Instead, along with band D at 3578 cm ™', these

transitions can arise from the coupled free OH stretch modes
vor'® of IV predicted at 3587 and 3662 cm™*, respectively. From
the integrated intensities of the bands A1/A2 and D (accounting
for the shoulder of E) and the computed IR intensities, a
population ratio of 10:1 can roughly be estimated for isomers
with a DHB (I-1II) and isomers with a CIHB (IV). The intensity
ratios of bands D and E are consistent with this rough popula-
tion ratio. While the predominant production of isomers I-1II
over IV is consistent with their slightly larger binding energies
computed at the B3LYP-D3 level (D, = 39 vs. 36 k] mol '), their
rather large fractional abundance appears at first glance sur-
prising in view of the similar computed stabilities. However,
when considering the free entropy values, the AE, difference
between I and IV of 2.6 k] mol™' increases to AG, =
4.1 kJ] mol™". Finally, their appear to be several more low-
energy (local) DHB minima than CIHB minima, which may
further enhance the population of the former type of isomers
for statistical reasons. In addition, the DHB minima are doubly
degenerate because of the two equivalent OH groups of
SiH;OH,", which may again favor the presence of DHB over
CIHB isomers. To test whether the energy difference between
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both types of isomers changes with the computational level,
single-point energy calculations are conducted at the CCSD(T)/
aug-cc-pVTZ level, yielding actually a slightly larger binding
energy (not corrected for zero-point energy) for IV than for I
(D. = 40.4 vs. 36.5 k] mol™'). Similarly, the binding energies
obtained at the GBS-QB3 level are also slightly in favor of IV
(Do = 34.4 vs. 33.0 k] mol "), while again the free energy values
slightly favor I over IV (by 1.9 k] mol ). Hence, the considered
computational levels predict rather similar binding energies for
the DHB and CIHB isomers but entropy factors apparently favor
the formation of DHB isomers, in agreement with the experi-
mental observation. The weak transition B at 3194 cm ' is
probably an overtone or combination band and may be
assigned for example to the first overtone of the fioy bending
mode predicted at 3212, 3222, 3216, and 3228 cm ' of I-IV
neglecting anharmonicity effects. Finally, the B3LYP-D3 bind-
ing energies of 35-40 k] mol™" (~2900-3350 cm™ ') are of the
same order as the photon energies of the transitions observed
in the investigated spectra range (~2800-3700 cm "), indicat-
ing that single-photon dissociation of the SiH, ligand is feasible
for all isomers, even for those with no or only little rovibrational
internal excitation.

3.2.3 SiH;OH,'SiH,-Ar. To confirm the vibrational and
isomer assignments given for SiH;OH,'SiH,4, IRPD spectra of
colder Ar-tagged ions are considered. As most of the Ar-tagged
isomers of I-IV differ only slightly in their IRPD spectra, we
focus in Fig. 4 on the most stable ones derived from the two
structural classes I (DHB) and IV (CIHB). The IR spectra of I-
Ar(LII) are representative of isomers with a DHB, while IV-Ar(I)
is the most stable structure representing isomers with a CIHB.
A description of other SiH;0H, "'SiH,-Ar isomers may be found
in ESLt Specifically, the linear IR spectra of (I-IV)-Ar(I-IV) are
compared in Fig. S4-S7 (ESIt) to the spectra computed for the
corresponding untagged SiH;OH,'SiH, isomers and the IRPD
spectrum measured for SiH;OH,'SiH,-Ar. The vibrational and
isomer assignments are listed in Table S3, and all relevant
energies are provided in Tables S5-S9 (ESIt).

In the most stable I-Ar(I) isomer, Ar binds to the remaining
free OH group of SiH;OH,'SiH,(I) via an OH- - -Ar H-bond (R =
2.228 A, D, = 14.0 k] mol™). Due to noncooperative three-body
effects of interior ion solvation arising from enhanced charge
delocalization, this H-bond is somewhat weaker than that in H-
bonded SiH;O0H, -Ar with only one ligand (R = 2.176 A, D, =
16.1 k] mol "), with correspondingly smaller impact on the
intramolecular properties of SiH;OH,". The H-bond in I-Ar(I)
slightly elongates the O-H proton donor bond by 7 mA and
contracts the adjacent O-H bond by 5 mA, resulting in a vg;;"?
redshift of 160 cm™ ! to 3448 em ! and a vor”®™ blueshift of
76 cm ™' to 2934 cm™ . As a consequence of the stronger O-H
bond interacting with SiH,, Ar attachment leads to a destabi-
lization of the OH- - -HSi DHB, which elongates by 16 mA. In the
corresponding II/III-Ar(I) isomers (E,™° = 0.3 and 0.9 kJ mol 1),
Ar is also H-bonded to the free OH group at similar distances
(R = 2.223/2.226 A) with similar binding energies (D, = 13.8/
13.5 k] mol 1) and comparable shifts of the vo°? (3442 cm ™)
and vor"®™ modes (2925, 2958 cm ™) (Fig. S5 and S6, ESIY).
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Fig. 4 IRPD spectrum of SiHsOH,*SiH4—Ar compared to linear IR

absorption spectra of I-Ar(l), IV-Ar(l) and I-Ar(ll) together with their
equilibrium structures (in A) calculated at the B3LYP-D3/aug-cc-pVTZ
level. The positions of the transition observed in the IRPD spectrum of
SiHzOH,*SiH4—Ar and their vibrational assighment are listed in Table S3
(ESIT). Differences in relative energy (Eo) are given in kJ mol™.

In the less stable I-Ar(Il) isomer (E, = 5.6 k] mol '), Ar is
bound perpendicularly to the OH proton of I (Oppar = 96.5% R =
3.206 A, D, = 8.3 k] mol™*) engaged in the DHB. As a result, this
O-H bond contracts slightly (by 1 mA) leading to a small
blueshift (by 12 em™) of the corresponding vor"®™* mode
to 2870 cm ! when compared to I. On the other hand, the DHB
in I-Ar(II) is stronger than in -Ar(II) (R = 1.401 vs. 1.413 cm™ 1),
causing a larger redshift in vou"®™"% (2870 vs. 2934 cm ™). In
the corresponding II-Ar(II) isomer (E,*" = 5.9 k] mol '), Ar has a
similar binding motif, resulting in a comparable blueshift of
Vo™ (2869 em™') so that it cannot be distinguished
(Fig. S5, ESIY).

In the most stable IV-Ar(I) isomer featuring a Si-H-Si bond
(Eo"™* = 5.3 k] mol ™), Ar is slightly less H-bonded to one of the
free OH groups (R = 2.287 A, Do = 11.3 k] mol ™) than in I-Ar(T).
This OH- - -Ar H-bond elongates the O-H proton donor bond by
6 mA and contracts the adjacent free O-H bond by 1 mA.
As a result, vo"®) of IV-Ar(I) is redshifted by 105 cm™* to
3482 cm ™! while voy' is less redshifted by 29 cm ™! to 3633 cm ™.
In IV-Ar(II) (Eo™" = 5.6 k] mol '), Ar is bound to the other free OH
group with a binding energy of D, = 11.0 k] mol *, resulting in
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! and vou = 3634 em™?

very similar shifts to Vor?™) = 3482 cm™
as for IV-Ar(I).

In the less stable (I-I)-Ar(Ill) isomers (E,"* = 6.3, 6.4,
6.5 k] mol %), Ar is Si-bonded to the SiH; group (D, = 7.7, 7.8,
7.9 kJ mol ™), which affects the O-H bond of the DHB of I-III
leading to small blueshifts of vo;"®™¥ by 43, 45, and 45 cm ™!
to 2901, 2896, and 2930 cm ™, respectively (Fig. S4-S6, ESIT). In
IV-Ar(III) (E,"" = 10.7 kJ mol™"), Ar is bound almost perpendi-
cularly to the H atom of the Si-H-Si bridge (R = 3.396 A, D, =
5.9 k] mol ™', Fig. S7, ESIt). This affects the Si-H-Si bridge by
shortening the Si-H and SiH- - -Si bonds by 2 and 3 mA but has
almost no effect on the O-H bonds and their vibrational modes.
The same is true for IV-AK{IV) (E,* = 12.6 k] mol ), in which Ar binds
to the Si atom of the SiH, ligand (R = 3.563 A, Dy = 4.0 k] mol™*). In
(I-ID)-AR(IV) with E,°° = 10.1, 9.9, and 9.9 kJ mol ', Ar is
also bound to the SiH, ligand (D, = 3.9, 3.9, 3.6 k] mol ™)
leading to slight elongations (1-2 mA) of the O-H bonds
involved in the DHB and small redshifts of the corresponding
vou® modes by 31, 29, and 28 cm™ ' to 2827, 2822, and
2857 cm ' for I-Ar(IV), II-Ar(IV) and HI-Ar(IV), respectively
(Fig. $4-S6, ESIY).

As mentioned above, the IR spectra predicted for (I-III)-Ar
are almost identical. Hence, for simplicity only the IR spectra
calculated for I-Ar(LII) and IV-Ar(I) are compared in Fig. 4 to the
IRPD spectrum of SiH;OH,'SiH,-Ar. However, the vibrational
assignments for I-Ar(LII) apply equally well to II-Ar(LII) and
II-Ar(LI). The SiH;0H,'SiH,~Ar spectrum also shows a sig-
nificant population of isomers with a DHB, as the strong
transitions A1 and A2 can only be assigned to vo;® modes
of (I-II)-Ar isomers. The blueshift of band A2 to 2910 cm ™"
upon Ar-tagging can be explained by Ar binding to the free OH
or SiH; groups, which leads to a contraction of the O-H bonds
involved in the DHB. Therefore, A2 is attributed to VOHb(SiH“)
modes of the energetically favored (I-III)-Ar(I) isomers with
deviations of 24, 15, and 48 cm™'. However, A2 could also
be assigned to vo"®HY of (I-II-Ar(II) (E,* = 0.0, 0.3,
0.9 kJ mol "), with deviations of 9, 14, and 20 cm™'. Moreover,
the predicted redshifts of vo"" of (I-II)-Ar(I) caused by Ar-
tagging also agree well with transition C1 at 3456 cm ™', with
only minor deviations of 8, 14, and 14 cm™". The less blue-
shifted band A1 at 2869 cm ' can only be explained by
vor” ™™ modes of (I-II)-Ar isomers, in which Ar has a minor
effect on the O-H bond involved in the DHB. To this end,
band A1 may be assigned to v of (I/IN-Ar(IT) (E, = 5.6
and 5.9 k] mol ™) at 2870/2869 cm ™. However, band A1 could
also be attributed to vou"®™ of (I-II)-Ar(IV) (B, = 10.1, 10.2,
10.8 kJ mol ') although with larger deviations of 42, 47, and
12 cm !, respectively. The associated voy” modes of (I/I1)-Ar(II)
also agree well with band E at 3629 cm™ ", with deviations of 14
and 18 cm™ . On the other hand, band E may also be assigned
to oy of (I-IIL)-Ar(III/IV) with deviations of less than 20 cm ™.
Transition C2 at 3495 cm ' cannot be explained by isomers
with a DHB (I-III) and thus can only be attributed to vou"*"
modes of the energetically favored isomers IV-Ar(LII) with
Si-H-Si H-bonds (E,"* = 5.3 and 5.6 k] mol ') with minor
deviations of 13 ecm ™. The associated vog' modes of IV-Ar(LII)
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can also be attributed to band E with minor deviations of 4 and
5 cm™ ', The IV-Ar(IIL,IV) isomers can be excluded, because their
vou® (3579/3580 cm ") and voy® modes (3663/3664 cm ') are
not observed. In summary, the measured IRPD spectrum of
SiH;OH, 'SiH,-Ar can be fully accounted for by the three lowest-
energy isomers I-Ar(LII) and IV-Ar(I) representing the DHB and
the CIHB, although we cannot exclude the population of similar
but less stable Ar isomers. From the experimental integrated
peak areas and the calculated IR intensities of the bands A1/A2
and C2, the same population ratio as for bare SiH;OH, 'SiH, of
10:1 can roughly be estimated for (I-III)}-Ar (DHB) and IV-Ar
(CIHB), clearly favoring the DHB over the CIHB. The Ar binding
energies of the isomers I-IV are in the range D, = 11.3-
14.0 kJ mol~*, while the SiH, binding energies are in the range
D, = 36.2-38.9 k] mol ', yielding a total binding energy of the
order of 50 k] mol~'. This value is somewhat higher than the
employed IR photon energy (<45 k] mol™') and thus can
explain that IRPD of SiH;OH, SiH,-Ar causes exclusively the
loss of Ar (and not Ar plus SiH,). This consistency provides
evidence that the computed interaction energies are in the
correct range.

4. Further discussion

The analysis of the IRPD spectra of SiH;OH, 'SiH, clearly shows
the preferential formation of the ionic OH---HSi DHB, while
the population of isomers with a SiH- - -Si CIHB is substantially
lower, in line with the respective computed SiH;OH,"- - -SiH,
interaction energies when accounting for entropy effects. The
DHBs presented here correspond to the common definition of
DHBs of the type X’ H’"...H’"Y’", where X is more electro-
negative than H whereas Y is more electropositive (ENx >
ENy > ENy). In SiH,, the H atoms are bonded to the electro-
positive Si atom (Y), resulting in negatively charged H atoms
that can combine with the positively charged H atoms bound to
the electronegative O atom (X) of SiH;OH," to form a H-bond.
The DHB can be associated with two MOs (HOMO-8/9)
(Fig. S8, ESIY).

In the ionic OH---HSi DHB, the calculated H---H distance
(Run = 1.4 A) is much shorter than in neutral intermolecular
DHBs (e.g., in amine-boranes and ReHs(PPh;)zindole) (Ryyy =
1.7-2.2 A)*®>%5¢ but in a similar range of other ionic DHBs such
as in Ph'DEMS and Ph*TEMS (Ryyy; = 1.496-1.522 A).° Similar
to other DHBs (Oxuyy = 150-170°, and Oypyy = 95-115°/
130),%”7*>° the O-H- - -H angle in the OH- - -HSi DHB is almost
linear (Ooun = 173-176°) and the H- - -H-Si angle is bent (Osjpuy =
125-134°). Due to the ionic character of the observed SiH: - -HO
DHBs, the calculated binding energy (Do = 38.5-38.9 k] mol )
is higher than those of neutral DHBs (16-25 kJ mol™"),***® but
lower than of those of other ionic DHBs as, for example,
observed in Ph"DEMS (D, = 47.5-48.9 k] mol ') or Ph*TEMS
(Do = 49.1-50.9 k] mol1).%® The E® energies for the interaction
between the bonding osiy orbital and the antibonding oop*
orbital of SiH;0H,'SiH, (E® = 96-101 k] mol ) also indicate
slightly weaker DHBs compared to the DHBs of Ph"DEMS and
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Ph'TEMS (E® = 119/120 kJ mol').°® This view is also consis-
tent with the experimentally observed redshifts of vo” modes
of SiH;OH,'SiH, (Av = 528/570 cm’l) compared to the more
redshifted vo;® modes of Ph'DEMS and Ph'TEMS (Av =
674 cm™),°® which provide a direct experimental measure of
the bond strength of the H-bonds. The DHBs of SiH;OH,"
SiH,(I-III) appear to be slightly stronger than the CIHB in
SiH;0H,"SiH,(IV) (Do = 39 vs. 36 k] mol ' at B3LYP-D3), which
is detected as a minor population. The H,O attached to the
SiH;" group significantly reduces the binding energy of the Si-
H-Si H-bond preferred in silane ions, as can be seen by
comparison with unperturbed Si,H," (Do = 150 k] mol ') or
SizHy, " (Do = 41 k] mol ™) ions featuring one and two Si-H-Si
H-bonds, respectively.”®?° Finally, the weak Si-H-Si H-bond of
SiH3OH2+SiH4[IV) is strongly asymmetric and more linear com-
pared to the much stronger symmetric bond in Si,H,"(Rsjy =
1.535/1.898 vs. 1.625 A, ¢gins; = 160° v5.144°).2%°

5. Conclusions

The analysis of IRPD spectra of mass-selected SiH;OH,'SiH,
and SiH;OH,'SiH,-Ar clusters in the OH stretch range (2700-
3800 cm™') using DFT calculations provides the first spectro-
scopic information about protonated silanol-silane complexes.
The redshifted O-H stretch bands are clearly assigned to the
energetically preferred structures (I-III) in which SiH, is
bonded to SiH;OH," via a dihydrogen bond (DHB) of the type
Si°"H°"---H°'0°". Significantly, this is the first spectroscopic
and structural characterization of an ionic SiH---HO DHB in a
small gas-phase cluster without any interference from aromatic
or aliphatic hydrocarbon structures. In addition to the struc-
tures with a DHB, a small population of the order 10% of
isomer IV with a charge-inverted hydrogen bond (CIHB) of the
type Si’*~H° -Si’" is observed. Due to the OH, group bonded to
SiH;*, the CIHB is weaker than Si-H-Si H-bonds of related
Si,H," cations.
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