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Cyclic voltammetric studies of the hydridodisilicon(0,II) borate [(Idipp)(H)SiII]Si0(Idipp)][B(ArF)4] (1H[B(Ar
F)4],

Idipp ¼ C[N(C6H3-2,6-iPr2)CH]2, Ar
F ¼ C6H3-3,5-(CF3)2) reveal a reversible one-electron reduction at a low

redox potential (E1/2 ¼ �2.15 V vs. Fc+/Fc). Chemical reduction of 1H[B(ArF)4] with KC8 affords selectively the

green, room-temperature stable mixed-valent disilicon(0,I) hydride Si2(H)(Idipp)2 (1H), in which the highly

reactive Si2H molecule is trapped between two N-heterocyclic carbenes (NHCs). The molecular and

electronic structure of 1H was investigated by a combination of experimental and theoretical methods and

reveals the presence of a p-type radical featuring a terminal bonded H atom at a flattened trigonal pyramidal

coordinated Si center, that is connected via a Si–Si bond to a bent two-coordinated Si center carrying

a lone pair of electrons. The unpaired electron occupies the Si]Si p* orbital leading to a formal Si–Si bond

order of 1.5. Extensive delocalization of the spin density occurs via conjugation with the coplanar arranged

NHC rings with the higher spin density lying on the site of the two-coordinated silicon atom.
1. Introduction

Open-shell silicon hydrides are of signicant importance as
transient intermediates in the chemical vapor deposition
(CVD) of silicon or silicon-containing thin lms, which are
extensively used in the semiconductor industry.1 Funda-
mental species in the gas phase include the SiHx (x¼ 1–3) and
Si2Hx (x ¼ 1–5) molecules as well as higher aggregated SinHm

clusters, which are formed from silane (SiH4) or disilane
(Si2H6) in a complex cascade of reactions.1 These species,
which are also of interest in astrochemistry,2 are unstable
under terrestrial conditions and can only be detected by
spectroscopic or mass spectrometric techniques.3 One
scarcely studied species in this context is the Si2H molecule,
which was so far only detected by vibrationally-resolved
photoelectron spectroscopy of Si2H

� anions.4 Quantum
chemical calculations of Si2H suggest two almost iso-
energetic, C2v-symmetric H-bridged structures, in which
the unpaired electron occupies either the Si–Si p-bonding
sity of Bonn, Gerhard-Domagk-Str. 1,
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orbital (2B1 state) or a s-type molecular orbital corresponding
to the in-phase combination of the Si lone pair orbitals
(2A1 state).5

Recently, N-heterocyclic carbenes (NHCs) were found to be
particularly suitable Lewis bases for the thermodynamic and
kinetic stabilization of highly reactive, unsaturated, low-valent
Si species, leading to the isolation of a series of novel
compounds with intriguing synthetic potential.6,7 Several CAAC-
stabilized open-shell silicon compounds (CAAC ¼ cyclic alky-
l(amino)carbene) were also reported, in which the unpaired
electron is mainly located on the CAAC substituent.8 Trapping
of Si2H by NHCs appeared therefore an achievable, albeit very
challenging goal, given the fact that isolable molecular hydrides
of silicon in an oxidation state <2 are very rare9,10 and open-shell
congeners presently unknown. In comparison, three-coordinate
SiII hydrides11 and four-coordinate SiII hydrides of the general
formula (LB)SiH(X)(LA) (LB ¼ neutral Lewis base; LA ¼ neutral
Lewis acid; X¼ singly bonded substituent)12 are meanwhile well
documented.
2. Results and discussion

The hydridodisilicon(0,II) salt [(Idipp)(H)SiII]Si0(Idipp)]
[B(ArF)4] (1H[B(ArF)4], Idipp ¼ C[N(C6H3-2,6-iPr2)CH]2, ArF ¼
C6H3-3,5-(CF3)2), which was isolated recently in our group upon
protonation of Si2(Idipp)2 (1),9 appeared to be a suitable starting
material to tackle the problem of isolating an NHC-trapped Si2H
radical. Quantum chemical studies revealed the same sequence
of frontier orbitals in 1H+ and its isolobal phosphorus coun-
terpart [R2P]PR]+, according to which the HOMO�1
Chem. Sci., 2016, 7, 4973–4979 | 4973
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Scheme 1 Synthesis of 1H upon one-electron reduction of 1H
[B(ArF)4]; (a) +KC8, �K[B(ArF)4], �8C; THF; �196 �C / �40 �C. Two
dots indicate a lone pair of electrons and the dotted line indicates the
population of the Si]Si p* orbital upon reduction; formal charges are
omitted for clarity.
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corresponds to the lone-pair orbital at the two-coordinated E
atom (E ¼ Si, P), the HOMO is the E]E p-bonding orbital and
the LUMO is the E]E p* orbital.9 This isolobal interrelation-
ship suggested that 1H+ might be also reversibly reducible as
the phosphanylphosphenium cation [Mes*(Me)P]PMes*]+

(Mes* ¼ C6H2-2,4,6-tBu3).13 In fact, cyclic voltammetric (CV)
studies of 1H[B(ArF)4] in uorobenzene at room temperature
revealed a reversible one-electron reduction at a rather low half-
wave potential (E1/2) of �1.63 V as well as an irreversible
oxidation at +0.67 V versus the [Fe(h5-C5Me5)2]

+1/0 reference
electrode (Fig. 1 and ESI†).14 The methyl analogue [(Idipp)(Me)
SiII]Si0(Idipp)][B(ArF)4] (1Me[B(ArF)4])9 was found also to
undergo a reversible one-electron reduction, albeit at a more
negative potential (E1/2 ¼ �1.85 V) than 1H[B(ArF)4]. Notably,
reduction of 1H+ and 1Me+ occurs at much lower potentials
than that of the cation [Mes*(Me)P]PMes*]+ (E1/2 ¼ �0.48 V).13

This marked difference in the redox potentials of the Si- and
P-based cations can be rationalized with the large increase of
the LUMO energy occurring upon replacement of the two PMes*
fragments by the much less electronegative isolobal Si(Idipp)
fragments as suggested by quantum chemical calculations.9

The CV results prompted us to attempt a chemical one-
electron reduction of 1H[B(ArF)4]. Indeed, vacuum transfer of
THF to a 1 : 1 stoichiometric mixture of 1H[B(ArF)4] and KC8 at
�196 �C followed by warming to �40 �C resulted in a distinct
color change of the dark red solution of 1H[B(ArF)4] to give an
intensely dark green solution, which aer work-up and crys-
tallization from n-hexane at �60 �C afforded Si2(H)(Idipp)2 (1H)
as a dark green, almost black crystalline solid in 55% yield
(Scheme 1) (see ESI†). Compound 1H is extremely air-sensitive
and immediately decolorizes upon contact with air, but can be
stored under an atmosphere of argon at �30 �C without any
color change or signs of decomposition in its EPR spectrum.
Thermal decomposition of 1H in a vacuum-sealed glass capil-
lary was detected upon melting at 147 �C leading to a dark red
mass. Analysis of the soluble part of the melting residue in C6D6

by 1H NMR spectroscopy revealed the presence of Idipp (95%)
and 1 (5%).
Fig. 1 Single-scan cyclic voltammograms of 1H[B(ArF)4] from (�1.9) to
(�1.3) V at different scan rates at room temperature in fluorobenzene/
0.1 M (nBu4N)PF6 solution; reference electrode: 4 mM [Fe(h5-
C5Me5)2]

+1/0/0.1 M (nBu4N)PF6 in fluorobenzene.

4974 | Chem. Sci., 2016, 7, 4973–4979
Notably, the redox potential of 1H [E1/2 in C6H5F ¼ �2.15 V
vs. [Fe(h5-C5H5)2]

+1/0 (Fc+/Fc)]15 lies in-between that of the
benzophenone radical anion (E1/2 in THF¼�2.30 V vs. Fc+/Fc)16

and [Co(h5-C5Me5)2] (E1/2 in MeCN ¼ �1.91 V vs. Fc+/Fc),16

indicating that the radical 1H is a very strong one-electron
reducing agent. Consequently, the radical 1H is selectively
oxidized back to 1H[B(ArF)4] upon treatment with one equiva-
lent of [Fe(h5-C5Me5)2][B(Ar

F)4] in THF-d8 (see ESI†). Thereby,
the redox pair 1H+/1H provides a very rare example of a chemi-
cally reversible Si-based redox system.7c,17

Compound 1H is well soluble in n-hexane, benzene, diethyl
ether or THF affording intensely dark-green solutions, even at
low concentrations. The origin of this intense color was
analyzed by UV-Vis-NIR spectroscopy of 1H in n-hexane (Fig. 2,
le and ESI†), which revealed electronic absorptions in the
whole spectral range from 220–1100 nm. Six absorptionmaxima
were located at 254 (9970), 305 (8140), 436 (5170), 608 (7110),
704 (6860) and 958 (1440) nm, of which the intense absorptions
at 608 and 704 nm are responsible for the green color of 1H (the
values of the molar absorption coefficients 3l are given in
brackets in L mol�1 cm�1). The UV-Vis-NIR spectrum was also
analyzed by time-dependent density functional theory (TdDFT)
calculations (see ESI, Fig. S21†).18

Magnetic susceptibility measurements of solid 1H from
300.0–1.9 K suggest the presence of a paramagnetic compound
with one unpaired electron following Curie's law. A plot of the
reciprocal molar magnetic susceptibility (cm

�1) against the
absolute temperature (T) showed a linear correlation from
which the effective magnetic moment meff was calculated aer
linear regression and found to be 1.68 mB (Fig. 2, right and ESI†).
This value is slightly lower than the value derived from the spin-
only formula for one unpaired electron (meff ¼ 1.73 mB).

The molecular structure of 1H was determined by single
crystal X-ray crystallography. The radical features a crystallo-
graphically imposed inversion symmetry (space group: P21/c) in
marked contrast to the C1-symmetric structure of 1H+ in
1H[B(ArF)4].9 The Si-bondedH atomwas located in the difference
Fourier map and anisotropically rened with a site occupancy of
1/2 at each Si atom. However, the exact position of this H atom
could not be deduced by X-ray crystallography, since structural
renements with either a terminal (Si–H) or a bridging (Si–H–Si)
position led to identical wR2 values. 1H features as 1H[B(ArF)4]
and 1 a trans-bent planar CNHC–Si–Si–CNHC core (Fig. 3).
However, distinct structural differences become apparent upon
comparing the three structures. For example, the Si–Si bond of
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Left: UV-Vis-NIR spectra of 1H in n-hexane from 220–1100 nm at different concentrations (c) and path lengths (d). Right: Plot of the
reciprocal molar magnetic susceptibility (cm

�1) against the absolute temperature (T) (dotted black line) and the corresponding line (red) and line
equation obtained by linear regression.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ay
 2

01
6.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 7
:3

2:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
1H (2.281(3) Å) is considerably longer than that in 1H[B(ArF)4]
(2.1873(8) Å)9 or 1 (2.229(1) Å)19 (Table 1), and lies in-between
that of a typical Si]Si double bond (2.20 Å)20 and a Si–Si single
bond (e.g. 2.352 Å in a-Si).21 In comparison, the Si–CNHC bonds in
1H (1.873(4) Å) are shorter than the Si–CNHC bonds of the
dicoordinated Si atoms in 1H[B(ArF)4] (1.940(2) Å)9 and 1
(1.927(1) Å)19 (Table 1), and similar to that of the trigonal-planar
coordinated Si atom in 1H[B(ArF)4] (1.882(2) Å).9 Reduction of
1H+ results also in a distinct change of the conformation of the
NHC substituents. Thus, both N-heterocyclic rings in 1H are
arranged coplanar with the trans-bent CNHC–Si–Si–CNHC core as
evidenced by the dihedral angle 4NHC of 3.3(2)� (Table 1),
whereas in 1H+ one of the two N-heterocyclic rings (bonded to
the two-coordinated Si atom) adopts an almost orthogonal
orientation (Table 1). All these structural changes can be ratio-
nalized by quantum theory (vide infra). Thus, reduction of 1H+

leads to a population of the Si]Si p* orbital with one electron,
reducing thereby the formal Si–Si bond order from 2 in 1H+ to
1.5 in 1H as nicely reected in the computed Si–Si Wiberg bond
indexes (WBI; WBI(Si–Si) of 1H+ ¼ 1.70; WBI(Si–Si) of 1H¼ 1.17)
(see ESI, Tables S11 and S12†). The coplanar arrangement of the
Fig. 3 DIAMOND plot of the molecular structure of 1H in the single
crystal at 123(2) K. Thermal ellipsoids are set at 30% electronic prob-
ability. The hydrogen atoms and the iPr groups are omitted for clarity.
The Si-bonded H atom was omitted due to its uncertain position.
Selected bond lengths [Å], bond angles [�] and torsion angles [�]: Si–Si#
2.281(3), Si–C1 1.873(4); C1–Si–Si# 109.5(1); C1–Si–Si#–C1# 180.0(3).

This journal is © The Royal Society of Chemistry 2016
N-heterocyclic rings allows for an optimal in-phase interaction
(p-conjugation) of the Si]Si p* orbital with p*(CN2) orbitals of
the NHC substituents in the SOMO of 1H (Fig. 6), providing
a rationale for the shortening of the Si–CNHC bonds and the
concomitant elongation of the CNHC–NNHC bonds of 1H versus
1H+ (Table 1).

IR spectroscopy proved to be a very useful method to deter-
mine unequivocally the position of the Si-bonded H atom. In
fact, the ATR FT-IR spectrum of 1H displayed a n(Si–H)
absorption band at 2089 cm�1, which is characteristic for
stretching vibrations of terminal Si–H bonds (see ESI, Fig. S4†).
In comparison, the n(Si–H–Si) band of Si2H is predicted at
signicantly lower wavenumbers (1592 cm�1 (2A1 state); 1491
cm�1 (2B1 state)),4 and also the n(Si–H–Si) absorption bands of
H-bridged silylium ions are shied to much lower wave-
numbers (ca. 1750–1950 cm�1; e.g. 1900 cm�1 in [Et3Si–H–SiEt3]
[CHB11Cl11]) compared with the n(Si–H) bands of the corre-
sponding silanes (ca. 2150 cm�1).22 Notably, the n(Si–H)
absorption band of 1H appears in-between that of 1H[B(ArF)4]
containing a trigonal planar coordinated Si atom (n(Si–H) ¼
2142 cm�1),9 and the Si(II)-hydride (IMe4)SiH(SitBu3) containing
a strongly pyramidal bonded Si atom (IMe4 ¼ C[N(Me)CMe]2:
n(Si–H) in KBr ¼ 1984 cm�1).11d Apparently, the n(Si–H)
frequency decreases with increasing pyramidalization of the Si
atom, which according to the quantum chemical calculations
can be traced back to the decreasing s-character of the Si hybrid
orbital in the Si–H bond (see ESI, Tables S11 and S12†).

Further insight into the structure of 1H was provided by
continuous wave (cw) EPR spectroscopy at X-band frequencies.
Spectra with a nicely resolved hyperne coupling pattern could
be obtained from samples of 1H in n-hexane solution at 336 K
(Fig. 4; see also ESI, Fig. S10† for EPR spectra at different
temperatures). Notably, a similar EPR spectrumwas obtained in
diethyl ether solution at 298 K (see ESI, Fig. S12†), suggesting
that solvent coordination effects are negligible. The EPR spec-
trum of 1H displays a multiplet at a giso value of 2.00562, which
could be well simulated assuming coupling of the unpaired
electron to one 1H (I ¼ 1/2) nucleus, two different 29Si (I ¼ 1/2)
and two pairs of two magnetically equivalent 14N (I ¼ 1) nuclei,
respectively (Fig. 4). These observations suggest that 1H has
Chem. Sci., 2016, 7, 4973–4979 | 4975
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Table 1 Comparison of selected bonding parameters of 1H, 1H[B(ArF)4] and 1

Si–Si [Å] Si–CNHC [Å] CNHC–NNHC [Å] CNHC–Si–Si [�] 4NHC
c [�]

1H 2.281(3) 1.873(4) 1.381(4), 1.402(4) 109.5(1) 3.3(2)
1H[B(ArF)]4

a 2.1873(8) 1.882(2) (Si1–CNHC) 1.356(2), 1.358(2) 116.73(7) (C1–Si1–Si2) 8.60(6) (4NHC1)
1.940(2) (Si2–CNHC) 1.356(2), 1.358(2) 95.34(6) (C28–Si2–Si1) 71.06(6) (4NHC2)

1b 2.229(1) 1.927(2) 1.368(2), 1.372(2) 93.37(5) 87.11(5)

a Data taken from ref. 9. Connectivity: [(NHC1)(H)Si1]Si2(NHC2)]+. b Data taken from ref. 19. c 4NHC denotes the dihedral angles between the
CNHC–Si–Si–CNHC least-square plane and the respective N-heterocyclic ring least-square planes.

Fig. 4 Experimental (red curve) and simulated (green curve) X-band
EPR spectra of 1H in n-hexane at 336 K; the ordinate (dA/dB) is omitted
for clarity. giso ¼ 2.00562, a(29Si1) ¼ 1.725 mT, a(29Si2) ¼ 0.431 mT,
a(14N1) ¼ 0.246 mT, a(14N2) ¼ 0.100 mT, a(1H) ¼ 0.605 mT.

Fig. 5 Calculatedminimum structures (1Hcalc and 1H0
calc) of Si2(H)(Idipp)2

at the B97-D3/RI-JCOSX/def2-TZVP level of theory. The relative energies
are given in brackets. The H atoms, except the H atom bonded to Si1, and
the iPr substituents are omitted for clarity.
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a rigid structure and does not undergo a reversible 1,2-H-
migration in solution in contrast to 1H+.9 Remarkably, two quite
different a(29Si) hyperne coupling constants (1.725 and
0.431 mT) were found, indicating an asymmetric spin density
distribution over the Si atoms. Both values are smaller than
those of other Si-based p type radicals, such as the disilene
radical cation [Si2(SitBu2Me)4]

+ (2.30 mT)23 or the disilene
radical anions [Si2R4]

� (2.45–4.83 mT, R ¼ silyl substituent)24

due to extensive delocalization of the spin density into the NHC
substituents, and also signicantly smaller than that of the s-
type radical cation in 1[B(ArF)4] (5.99 mT),7c indicating a locali-
zation of the unpaired electron in a molecular orbital of p-
symmetry in agreement with the results of the quantum
chemical calculations (vide infra). The two a(14N) hfcc's (0.246
and 0.100 mT) suggest a fast rotation of the magnetically
different NHC substituents about the Si–CNHC bonds on
the EPR timescale occurring even at low temperature (see ESI,
Table S6†).

Quantum chemical calculations of 1H were carried out using
the B3LYP functional in combination with the 6-311G** basis
set for the Si, N, Si-bonded H and NHC ring C atoms and the
6-31G* basis set for the peripheral C and H atoms or the B97-D3
functional in combination with RI-JCOSX approximations and
the def2-TZVP basis set for all atoms.25 The levels of theory are
abbreviated in the following with B3LYP/I and B97-D3/II.
Remarkably, calculations at the B3LYP/I level of theory yielded
one minimum structure (1Hcalc), whereas two almost degen-
erate minimum structures were obtained at the B97-D3/II level
4976 | Chem. Sci., 2016, 7, 4973–4979
of theory (1Hcalc and 1H0
calc) (Fig. 5). All calculated minimum

structures display a terminally bonded H atom bound to the Si1
atom. No minimum structure with a bridged H atom was found
on the potential energy hypersurface of 1H at both levels of
theory. The geometrical parameters of the minimum structure
calculated at the B3LYP/I level of theory and the global
minimum structure at the B97-D3/II level of theory are almost
identical (Table 2 and ESI, Table S8†). These structures (1Hcalc)
contain a trigonal-pyramidal coordinated Si1 atom with a sum
of angles of 335.51� (B3LYP/I) and 342.58� (B97-D3/II), respec-
tively. Remarkably, the calculated structure of the diphosphanyl
radical P2(Me)Mes*2, which is isolobal to 1H, displays a trigonal
pyramidal geometry at the three-coordinated P atom (sum of
angles: 337.5�),13 as found for 1Hcalc. In comparison, the second
minimum structure obtained at the B97-D3/II level of theory
(1H0

calc) is only 5.5 kJ mol�1 higher in energy than 1Hcalc and
contains the Si1 atom in a trigonal planar environment (sum of
angles: 359.61�). A comparison of the structural parameters of
1Hcalc and 1H0

calc with those obtained by single crystal X-ray
diffraction reveals a good agreement of the calculated Si–Si, Si–
CNHC and CNHC–NNHC bond lengths of both minimum struc-
tures (Table 2 and ESI, Table S8†). While the experimental
results did not allow to clearly distinguish whether a attened
trigonal-pyramidal or a trigonal-planar geometry of the H-
bound Si atom is present in 1H, the theoretical studies suggest
a at energy hypersurface for the planarization of the three-
coordinated Si atom.

The calculated quasi-restricted orbitals (QROs) of 1Hcalc at
the B3LYP/I level of theory and of 1Hcalc and 1H0

calc at the B97-
D3/II level of theory are almost identical (Fig. 6 and ESI,
Fig. S17–S19†). The SOMO is the Si]Si p* orbital, conrming
This journal is © The Royal Society of Chemistry 2016
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Table 2 Comparison of selected experimental and calculated bonding parameters of 1H, 1Hcalc and 1H0
calc

Si1–Si2 [Å] Si1–C1 [Å] Si2–C2 [Å]
P

Si1
c [�] C1–Si1–Si2–C2 [�] 4NHC1

d [�] 4NHC2
d [�]

1H 2.281(3) 1.873(4) 1.873(4) — 180.0(3) 3.3(2) 3.3(2)
1Hcalc

a 2.339 1.885 1.907 335.51 173.69 32.71 1.26
1Hcalc

b 2.308 1.861 1.884 342.58 173.63 21.95 3.41
1H0

calc
b 2.289 1.841 1.886 359.61 179.32 6.68 3.24

a Calculated at the B3LYP/6-311G**/6-31G* level of theory. b Calculated at the B97-D3/RI-JCOSX/def2-TZVP level of theory. c P
Si1 is the sum of

angles around the Si1 atom. d 4NHC1 and 4NHC2 denote the dihedral angles between the least-square plane of the atoms C1, Si1, Si2, C2 and the
least square plane of the heterocyclic ring atoms of the NHC substituent bonded to Si1 and Si2, respectively.

Fig. 7 Spin densities of the calculated minimum structures 1Hcalc (left)
and 1H0

calc (right) at the B97-D3/RI-JCOSX/def2-TZVP level of theory.
The N-bonded 2,6-diisopropylphenyl substituents are omitted for
clarity.
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that reduction of 1H+ leads to a population of the empty Si]Si
p* orbital of 1H+ with one electron (see ESI, Fig. S16†). The
SOMO reveals signicant contributions of p* NHC orbitals due
to p-conjugation. The two lower lying doubly occupied molec-
ular orbitals (DOMOs) are the Si]Si p and the n(Si) lone pair
orbital, respectively.

Notably, CASSCF(3,3)/def2-TZVP calculations26 of 1Hcalc

revealed that the overall wave function is described by a major
ground state conguration of [2-1-0] of the DOMO, SOMO and
LUMO with 96% contribution, suggesting that static correlation
can be neglected in the electronic description of 1H (see ESI†).

The calculated spin densities of 1Hcalc and 1H0
calc at the B97-

D3/II level of theory are depicted in Fig. 7. Mulliken analyses27 of
the spin densities reveal that the highest spin density is located
at the dicoordinated Si2 atom (37% in 1Hcalc, 29% in 1H0

calc),
whereas the spin density at the Si1 atom is quite small (9% in
1Hcalc, 6% in 1H0

calc), which is in full agreement with the
observation of one large and one small a(29Si) hfcc in the
experimental EPR spectrum of 1H (vide supra) (see ESI, Table
S9†).28 Remarkably, a signicant amount of the spin density is
delocalized into the CNHC and NNHC atoms of the Si1-bonded
(17% in 1Hcalc, 27% in 1H0

calc) and Si2-bonded (29% in 1Hcalc,
30% in 1H0

calc) NHC substituents, which explains the EPR-
spectroscopic detection of two a(14N) hfcc's. The calculated giso
values of 1Hcalc (2.00483) and 1H0

calc (2.00454) agree well with
the experimentally obtained giso value (2.00562).

Further insight into the electronic structure of 1H was
provided by a natural bond orbital (NBO) analysis at the B3LYP/I
level of theory (see ESI, Table S12†).25k The Si–Si bond is
composed of a Si–Si s bond and a Si]Si p bond with an
occupancy of 1.95 and 0.82 electrons, respectively, which indi-
cates indirectly a population of the Si]Si p* orbital with one
Fig. 6 Quasi-restricted orbitals (QROs) of 1Hcalc (B97-D3/RI-JCOSX/def
0.04 e bohr�3; DOMO¼ doubly occupied molecular orbital, SOMO¼ sin
orbital.

This journal is © The Royal Society of Chemistry 2016
electron leading thereby to a decrease of the formal Si–Si bond
order from 2 in 1H+ to 1.5 in 1H (vide supra). The Si2 atom in
1Hcalc bears a lone pair of high s-character (72%) as similarly
found for 1H+

calc (75%). Remarkably, both Si–CNHC bonds in
1Hcalc are composed of one doubly occupied Si–CNHC s NBO
and one singly occupied Si]CNHC p NBO, of which the latter is
absent in 1H+

calc. These additional Si–CNHC p contributions
rationalize the shortening and strengthening of the Si–CNHC

bonds in 1H, which is also reected in the higher Si–CNHC WBI
indexes (1H: WBI(Si–CNHC) ¼ 1.01 and 0.95; 1H+: WBI(Si–CNHC)
¼ 0.86 and 0.74).

Comparative analyses of the charge by natural population
analyses (NPA) of 1Hcalc and 1H+

calc at the B3LYP/I level of
theory reveal that the positive partial charges at the Si atoms of
1H+

calc (q(Si1) ¼ 0.27e, q(Si2) ¼ 0.21e) are decreased by the
reduction (1H: q(Si1) ¼ 0.14e, q(Si2) ¼ 0.03e) (see ESI, Table
S13†). Furthermore, the one-electron reduction leads to
a signicant decrease of the overall charges of the NHC
substituents (1H+

calc: q(NHC1) ¼ 0.36e, q(NHC2) ¼ 0.30e; 1H:
q(NHC1) ¼ 0.05e, q(NHC2) ¼ �0.04e), whereas the hydridic
character of the Si1-bonded H atom is retained (1H+

calc: q(H) ¼
�0.14e; 1H: q(H) ¼ �0.18e).
2-TZVP) and their corresponding energy eigenvalues; isosurface value:
gly occupied molecular orbital, LUMO¼ lowest unoccupied molecular
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3. Conclusions

The isolation and full characterization of NHC-trapped Si2H
(1H) can be considered as a major advance in low-valent silicon
hydride chemistry, given the intermediacy of Si2H in the
chemical vapor deposition of amorphous hydrogenated silicon
that is widely used in solar cell and thin lm transistors tech-
nology. Whereas Si2H features a C2v-symmetric H-bridged
ground state structure and is a s-type radical with a symmetric
distribution of the spin density over the two silicon atoms,
its NHC-trapped counterpart Si2(H)(Idipp)2 (1H) features
a terminal Si–H bond and is a p-type radical, in which the
unpaired electron occupies the Si]Si p* orbital (SOMO),
leading to a formal Si–Si bond order of 1.5. Signicant delo-
calization of the spin density into the NHC substituents occurs
via p-conjugation of the Si]Si p* orbital with the p* orbitals of
the coplanar arranged N-heterocyclic rings leading to a stabili-
zation of the radical, in which the spin density is higher at the
two-coordinated Si site. The mixed valent disilicon(0,I) hydride
1H can be alternatively regarded as a H atom trapped in the
closed shell compound Si2(Idipp)2. Implications of this view in
hydrogen atom transfer chemistry29 are currently investigated.
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Silicon Chemistry. From the Atom to Extended Systems, ed. P.
Jutzi and U. Schubert, Wiley-VCH, Weinheim, 2003, ch. 3,
pp. 33–43.

4 C. Xu, T. R. Taylor, G. R. Burton and D. M. Neumark, J. Chem.
Phys., 1998, 108, 7645.

5 (a) J. Kalcher and A. F. Sax, Chem. Phys. Lett., 1993, 215, 601;
(b) B. Ma, N. L. Allinger and H. F. Schaefer III, J. Chem. Phys.,
1996, 105, 5731; (c) C. Pak, S. S. Wesolowski, J. C. Rienstra-
Kiracofe, Y. Yamaguchi and H. F. Schaefer III, J. Chem.
Phys., 2001, 115, 2157; (d) Z. T. Owens, J. D. Larkin and
H. F. Schaefer III, J. Chem. Phys., 2006, 125, 164322.

6 Selected recent reviews: (a) R. S. Ghadwal, R. Azhakar and
H. W. Roesky, Acc. Chem. Res., 2013, 46, 444; (b) E. Rivard,
Struct. Bonding, 2014, 156, 203; (c) Y. Wang and
G. H. Robinson, Inorg. Chem., 2014, 53, 11815.
4978 | Chem. Sci., 2016, 7, 4973–4979
7 (a) D. Geiß, M. I. Arz, M. Straßmann, G. Schnakenburg and
A. C. Filippou, Angew. Chem., Int. Ed., 2015, 54, 2739;
Angew. Chem., 2015, 127, 2777; (b) P. Ghana, M. I. Arz,
U. Das, G. Schnakenburg and A. C. Filippou, Angew. Chem.,
Int. Ed., 2015, 54, 9980; Angew. Chem., 2015, 127, 10118; (c)
M. I. Arz, M. Straßmann, A. Meyer, G. Schnakenburg,
O. Schiemann and A. C. Filippou, Chem.–Eur. J., 2015, 21,
12509 and refs. therein; (d) M. I. Arz, D. Geiß,
M. Straßmann, G. Schnakenburg and A. C. Filippou, Chem.
Sci., 2015, 6, 6515 and refs. therein.

8 (a) C. D. Martin, M. Soleilhavoup and G. Bertrand, Chem. Sci.,
2013, 4, 3020; (b) M. Soleilhavoup and G. Bertrand, Acc.
Chem. Res., 2015, 48, 256; (c) K. C. Mondal, S. Roy and
H. W. Roesky, Chem. Soc. Rev., 2016, 45, 1080.

9 M. I. Arz, M. Straßmann, D. Geiß, G. Schnakenburg and
A. C. Filippou, J. Am. Chem. Soc., 2016, 138, 4589.

10 R. Kinjo, M. Ichinohe and A. Sekiguchi, J. Am. Chem. Soc.,
2007, 129, 26.

11 (a) N. Wiberg, W. Niedermayer, H. Nöth and M. Warchhold,
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