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Abstract

The digermyl, Ge2H5(X2A 0) and d5-digermyl, Ge2D5(X2A 0), radicals were detected for the first time in low temperature germane and
d4-germane matrices at 12 K via infrared spectroscopy after an irradiation of the samples with mono energetic electrons. Considering a
scaling factor of 0.97, ab initio calculations showed that the most intense absorption of the digermyl radical should be observable for the
m6 fundamental at 770 cm�1 Ge2H5(X2A 0) and 547 cm�1 Ge2D5(X2A 0), respectively. The actually experimental results (765 cm�1 and
561 cm�1) are in good agreement with these computed data; we also detected the m4/m12 mode of the d5-digermyl radical at 616 cm�1.
These data may aid in the monitoring of time resolved infrared spectroscopy of germane chemical vapor deposition processes and
can also guide prospective observations of germanium-bearing molecules in the atmospheres of Jupiter and Saturn in the infrared regime
to better understand the chemical evolution of planetary atmospheres under extreme environments.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

A detailed understanding of the structures, spectro-
scopic properties, and energetics of simple hydrogenated
germanium clusters of the generic formula Ge2Hx (x = 1–
6) are of growing importance to technological applications
such as germane chemical vapor deposition (CVD) and
semiconductor processing [1–5]. Plasma etching processes,
reactive plasma, and chemical vapor deposition techniques
are of wide technological interest to produce germanium-
bearing nano particles and amorphous germanium films
(a-Ge:H) via microelectronic engineering [6,7]. Germanium
films also have applications in material sciences, particu-
larly in the development of solar cells, electro-photographic
drums, and arrays for liquid crystal displays. In chemical
vapor deposition processes, germane (GeH4) or digermane
(Ge2H6) precursor molecules are decomposed by hot fila-
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ments or electrons generated within plasmas [8,9]. During
this process, germanium bearing species such as GeHx

(x = 1–3) and dinuclear clusters like Ge2Hx (x = 1–5) have
been identified in the gas phase as major growth species to
produce amorphous, often porous germanium films.

The routes of formation and properties of the digermyl
radical, Ge2H5(X2A 0), have recently attracted great interest
in the growing semiconductor industry due to its use as a
precursor in chemical vapor deposition processes [10]. A
theoretical investigation on Ge2H5(X2A 0) [1] suggested that
a Ge2H4(X1Ag) molecule combines with a hydrogen atom
(reaction (1)). The reaction exoergicity to form the dige-
rmyl radical was calculated to be 237 kJ mol�1. A second
formation route was found to proceed through digermane,
Ge2H6(X1A1g). An excitation from the ground state can
either lead to a germanium-germanium (reaction (2)) or
germanium-hydrogen bond rupture (reaction (3)). The
reaction endoergicities were computed to be 271 kJ mol�1

and 330 kJ mol�1, respectively.

Ge2H4(X1Ag)+H(2S1=2)!Ge2H5(X2A0) ð1Þ
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Ge2H6(X1A1g)! 2 GeH3(X2A1) ð2Þ

Ge2H6(X1A1g)!Ge2H5(X2A0)+H(2S1=2) ð3Þ

Note that germane CVD processes modeled via complex
reaction networks also require an in depth knowledge of
the underlying chemical mechanisms. Currently, in situ
characterization of gaseous molecules in CVD processes
is predominantly carried out via mass spectrometry [11–
13], but this technique can hardly discriminate between
structural isomers; furthermore, lacking the fragmentation
pattern of these germanium-bearing molecules makes it dif-
ficult to observe the corresponding radicals. To provide in-
put to CVD reaction networks, a systematic study of the
thermochemical properties and adiabatic ionization poten-
tials of the germanium hydrides was performed very re-
cently [10]. However, despite the importance of the
Ge2Hx (x = 1–6) species in chemical vapor deposition pro-
cesses of germane, no time resolved spectroscopic probes
such as infrared spectroscopy have been established – pre-
dominantly because only limited information on the infra-
red absorptions of these species are available. A few
vibrational spectra of Ge2Hx (x = 2,4,6) have been re-
ported [14–17]; the most intense infrared absorptions of
digermane, Ge2H6(X1A1g) [m6 and m8; 752 cm�1 and
881 cm�1], a Ge2H4 isomer [789 cm�1], and the di-bridged
Ge2H2(X1A1) [m6; 972 cm�1] have been experimentally ob-
served in low temperature neon matrices [15]. Surprisingly,
data on the corresponding radical species (x = 1,3,5) have
not previously been recorded.

In this paper we present, through a focused experimen-
tal and computational approach, our investigation for the
vibrational levels of digermyl radicals Ge2H5(X2A 0) and
their deuterated isotopomers in low temperature matrices.
We have demonstrated earlier that an interaction of ener-
getic electrons can cleave a carbon–hydrogen bond in a
methane molecule to form atomic hydrogen and a methyl
radical at 10 K (reaction (4)) [18]. Two neighboring methyl
radicals were found to recombine forming an ethane mole-
cule (Eq. (5)). Upon further irradiation with electrons, the
ethane molecule decomposes to a hydrogen atom plus an
ethyl radical (Eq. (6)). Our research group utilized a similar
approach to characterize the infrared absorptions of the
hitherto unknown disilyl, Si2H5(X2A 0) [19] and disilenyl,
H2SiSiH (X2A), radicals [20] together with their perdeuter-
ated isotopomers in low temperature silane matrices via the
reaction sequence (7)–(9). Here, we expand this protocol
and synthesize the digermyl radical via a homologous reac-
tion sequence in germane and d4-germane matrices [21–23],
reactions (10) and (11).

CH4ðX1A1Þ ! CH3ðX2A002Þ þHð2S1=2Þ ð4Þ
CH3ðX2A002Þ þ CH3ðX2A002Þ ! C2H6ðX1A1gÞ ð5Þ

C2H6(X1A1g)!C2H5(X2A0)+H(2S1=2) ð6Þ
SiH4(X1A1)! SiH3(X2A1)+H(2S1=2) ð7Þ

SiH3(X2A1)+SiH3(X2A1)! Si2H6(X1A1g) ð8Þ
Si2H6(X1A1g)! Si2H5(X2A0Þ
!H3SiSiH(X1A0)/H2SiSiH2(X1Ag)!H2SiSiH(X2A)

ð9Þ

GeH4(X1A1)!GeH3(X2A1)+H(2S1=2) ð10Þ

GeH3(X2A1) + GeH3(X2A1)!Ge2H6(X1A1g) ð11Þ
Ge2H6(X1A1g)!Ge2H5(X2A0) ð12Þ

By combining our experiments with electronic structure
calculations, we provide information not only on the vibra-
tional levels of elusive Ge2H5 and Ge2D5 radicals, but also
on their geometries and enthalpies of formation. An exact
understanding of the energetics allows the refinement of
existing CVD reaction networks which model the forma-
tion of amorphous germanium films. Finally, the infrared
data provides guidance towards the search for dinuclear
germanium clusters in the atmospheres of Jupiter and Sat-
urn. Here, the germane molecule (GeH4) – a potential pre-
cursor to complex organo germanium molecules – has been
observed spectroscopically with relative abundance of
7 · 10�10 and 4 · 10�10 relative to hydrogen, respectively
[24]. Achieving a better understanding of the main Group
IV organometallic chemistry along with the properties of
multiple bonds and their energetics will therefore provide
a better understanding to the origin and evolution of the
atmospheres of the giant gas planets [25,27–31].
2. Experimental

The experiments were performed in a ultrahigh vacuum
(UHV) machine [28]. Its main chamber can be evacuated
down to 5 · 10�11 Torr by a magnetically suspended turbo
pump backed by an oil-free scroll pump. A rotatable closed
cycle helium refrigerator; is attached to the main chamber
and holds a polished silver mirror. The silver mirror can be
cooled to 10 K and serves as a substrate for the ice conden-
sate. Gas samples can be brought into the chamber through
a precision leak valve, which is connected to a gas reservoir
and supported by a linear transfer mechanism. During the
gas condensation, the deposition system can be moved to
5 mm in front of the silver mirror. This setup guarantees
a reproducible thickness of the ice samples. The germane
ices were prepared at 12 K by depositing germane
(99.99%) and d4-germane (99.99%) at pressures of about
7 · 10�8 Torr for 30 min onto the cooled silver mirror.
Fig. 1 shows a infrared absorption spectrum of germane
ice.

These ices were irradiated at 12 K with 5 keV electrons
generated with an electron gun at beam currents of
10 nA, 100 nA and 1000 nA. The irradiation was carried
out for 60 min by scanning the ice over an area of
3.0 ± 0.4 cm2. Using a Fourier transform infrared spec-
trometer (FT-IR) and a quadrupole mass spectrometer
(QMS) guarantees identification of the reaction products
in the solid state and gas phase, respectively. A background
analysis was performed by collecting data with no germane
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Fig. 1. Infrared spectrum of the germane frost at 12 K; absorptions are
compiled in Table 1.

Table 1
Infrared absorptions of the germane (left column) and d4-germane (center
column) frosts (sh: shoulder); a, b, and c denote lattice modes of the
germane sample

Frequency (cm�1) Frequency (cm�1) Assignment

4190 3002 2m3

4120 2889 m1 + m3

3025 2172 m2 + m3 + a
3000 2156 m2 + m3

2200 1597 m3 + c
2140 1543 m3 + b
2114 1524 m3 + a
1737 1247 m2 + m4 + a
1715 1231 m2 + m4

958 681 m4 + c
914 652 m2

846 616 m4 + b
826 598 m4 + a
790 574 m4
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in the UHV chamber. The Nicolet 510 DX FT-IR machine
(5000–500 cm�1) operated in an absorption-reflection-
absorption mode (reflection angle a = 75�) (resolution
0.5–2 cm�1). The infrared beam was coupled via a mirror
flipper outside the spectrometer, passed through a differen-
tially pumped potassium bromide (KBr) window, was
attenuated in the ice sample prior to and after reflection
at a polished silver wafer, and exited the main chamber
through a second differentially pumped KBr window
before being monitored via a liquid nitrogen cooled detec-
tor. The gas phase is monitored via the Balzer QMG 420
(1–200 amu mass range) operating with electron impact
ionization of the neutral molecules in the residual gas ana-
lyzer mode at electron energies of 100 eV and photomulti-
plier running at 200V. The dwell time of the masses was
chosen to be 0.5 ms.

We would like to comment briefly on the phase of the
solid germane ice. Solid GeH4 has been spectroscopically
observed in low temperatures crystals revealing a, b, and
c lattice modes [21]. The phases I–IV of germane can be
discriminated easily via infrared spectroscopy of the m1–m3

and m2–m4 regions [35]. These data suggest a germane phase
III in our experiment. We can also determine the thickness
of the sample via the integrated infrared absorption fea-
tures at 2111 and 821 cm�1. The ice thickness was then cal-
culated using the Lambert–Beer relationship [18]. The
integrated absorption coefficients of these fundamentals,
5.5 · 10�17 and 4.7 · 10�17 cm mol�1, respectively, and
the density of the germane ice 1.751 g cm�3 [33] determined
an optical thickness of 54 ± 20 nm (see Table 1).

3. Theoretical approach

The molecular structures and vibrational frequencies of
the GeHx species (x = 1–4) as well as digermane (Ge2H6)
and digermyl molecules (Ge2H5) together with their per-
deuterated species were scrutinized in terms of ab initio
molecular orbital methods. The geometries were optimized
with the hybrid density functional B3LYP method, i.e.,
Becke’s three-parameter non-local exchange functional
[36] with the non-local correlation functional of Lee, Yang,
and Parr [37] and the 6-311G(d,p) basis set [38]. Since the
energy of the quartet electronic state of the Ge2H5 radicals
are extremely high and dissociative, we have only studied
the doublet electronic state. We have examined various iso-
meric structures of Ge2H5 species for mono-bridged, di-
bridged, and tri-bridged geometries in addition to the
H3GeGeH2 structure in analogy to the Si2H5 system [20].
All optimized geometries with di-bridged and tri-bridged
structures are shown to have more than two imaginary fre-
quencies and they turned into either two structures when
we optimized further along each imaginary mode. The
vibrational frequencies and infrared intensities were
obtained for optimized GeHx (x = 1–4) and Ge2Hx

(x = 5, 6) species and the deuterated isotopomers. The cou-
pled cluster CCSD(T) calculations [39,40] with the aug-cc-
pVDZ basis set [41] were also conducted at the optimized
structures obtained with the B3LYP method in order to
compare the relative energies for the systems. All computa-
tions were carried out using the GAUSSIAN-98 program
package [42]. The relative energies stated in the text are cor-
rected with the zero-point vibrational energies obtained
with the B3LYP method.

4. Computational results

The most stable structure of Ge2H6 molecule is the stag-
gered conformation similar to ethane (C2H6) and disilane
(Si2H6) as shown in Fig. 2(a). The rotational barrier of
GeH3 group in Ge2H6 is very small (2.2 kJ mol�1) due to
the long Ge–Ge bond distance (2.445 Å). This energy bar-
rier is much smaller than those of ethane (10.2 kJ mol�1)
and disilane (3.2 kJ mol�1) at the B3LYP level of theory.
The second stable isomer of Ge2H6 species is the complex
between a GeH2 unit and germane (GeH4) as shown in
Fig. 2(b). The structure of this Ge2H6 isomer indicates that
the vacant p-orbital of the GeH2 moiety is acting as an
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Fig. 2. Two isomeric structures of Ge2H6 calculated with the B3LYP/6-311G(d,p) method. Bond lengths and bond angles are in Å and �.

Table 2
Relative energies (kJ mol�1) for Ge2H6 and Ge2H5 species at the B3LYP/
6-311G(d,p) and CCSD(T)/aug-cc-pVDZ levels of theory

Species B3LYP method
(kJ mol�1)

CCSD(T)
method (kJ mol�1)

Ge2H6(X1A1g) (a) 0.0 0.0
Ge2H6(X1A) (b) 137.8 142.5
GeH2(X1A1) + GeH4(X1A1) 158.4 172.1
2 GeH3(X2A1) 266.8 271.3
Ge2H5(a) + H 334.0 329.7

Ge2H5(X2A0) (a) 0.0 0.0
Ge2H5(X2A) (b) 91.4 92.9
GeH (X2P) + GeH4(X1A1) 112.2 121.3
GeH2(X1A1) + GeH3(X2A1) 170.0 181.0
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electron acceptor of the electrons of Ge–H bond in GeH4.
The energy of this complex is 142.5 kJ mol�1 higher than
the energy of the most stable Ge2H6 isomer (a). The com-
plexation energy from GeH2(X1A1) and GeH4(X1A1) is
calculated to 29.6 kJ mol�1. The relative energies and fre-
quencies are summarized in Tables 2 and 3, respectively.
Fig. 3 depicts two isomeric structures obtained for the
Ge2H5 system. The most stable Ge2H5(a) structure is sim-
ilar to ethyl radical whereas the least stable isomer Ge2H5

(b) resembles a complex between GeH and GeH4 spe-
cies. The structure Ge2H5 (b) is 92.9 kJ mol�1 less stable
than the most stable Ge2H5(a). The complexation energy
from GeH (X2P) and GeH4(X1A1) is calculated to 28.4
kJ mol�1. This complex (b) is also observed in the case of
Si2H5 system whose stabilization energy is very similar to
the Ge2H5 system. The Ge–H bond dissociation energy
to form the digermyl radical Ge2H5 plus atomic hydrogen
from digermane was computed to be 329.7 kJ mol�1. For
completeness, we also investigated the structures (Fig. 4)
and vibration frequencies of the GeHx (x = 1–4) species
and their deuterated counterparts (Table 4).

5. Experimental results

Infrared absorptions of the germyl radical, GeH3(X2A1),
appeared instantaneously with the start of the irradiation
of the germane sample with an electron current of 10 nA
at 10 K at 665 cm�1 (Table 5; Fig. 5). The position of this
m2 umbrella mode agrees well with previous experiments
utilizing neon, deuterium, and argon gas matrices (663–
667 cm�1) [15]. The remaining two modes of the germyl
radical, the m3 germanium-hydrogen stretch (2050–
2093 cm�1) and the m4 deformation mode (852–857 cm�1)
are obscured by the m3 and m4 fundamentals of the germane
ice (Fig. 1). Therefore, these absorptions were not undeni-
ably observed. Note that the absorptions of GeH(X2P)
and GeH2(X1A1) species were not detected in our investiga-
tion. Features of the digermane molecule, Ge2H6(X1A1g),
also appeared immediately after the initiation of the irradi-
ation (Fig. 6). We were able to observe an absorption at
752 cm�1; this can be assigned to the m6 umbrella mode.
The less intense deformation mode m11 of the GeH3 group
is also observable at 870 cm�1 (see Fig. 7). Based on the
integrated intensities, an intensity ratio of the absorption
coefficients of the 752 cm�1 versus 870 cm�1 band was
derived to be about 3.5 ± 0.5; this is in excellent agreement
with the theoretically computed value (Table 3). Neither of
the germanium-hydrogen stretching modes m5 or m10 of the
digermane molecule was observable due to the overlap of
fundamentals with the germane species (Fig. 1; Table 1).
The m11 band of digermane was outside the range of our
MCTB detector. Likewise, we were unable to detect the
thermodynamically less stable second Ge2H6 isomer,
H3GeH–GeH2 (Fig. 2; Table 1). Note that the assignments
of the germyl radical and of the digermane molecule were
cross checked in d4-germane matrices. Here, we detected
the d3-germyl radical via its m4 mode at 608 cm�1 (Fig. 8)
and also the d6-digermane molecule at 529 cm�1 (m6) and
626 cm�1 (m11) (Figs. 8 and 9). Summarized, at low irradi-
ation times, absorptions of the germyl radical, GeH3-
(X2A1), and of the digermane molecule, Ge2H6(X1A1g),
together with their deuterated counterparts can be
observed unambiguously in the germane and d4-germane
matrices (Table 5).

Having identified the germyl radical and the digermane
molecule, we exposed the germane matrix to an enhanced
irradiation time. The primary objective of this approach
is to examine if the digermane molecule can also undergo
a germanium-hydrogen bond rupture via Eq. (3) yielding
the digermyl radical, Ge2H5(X2A 0). As a matter of fact,
we were able to detect an additional absorption at
765 cm�1 (Table 5; Fig. 6). Accounting for a scaling factor



Table 3
Unscaled vibrational frequencies (cm�1) and infrared intensities (cm molecule�1) of Ge2Hn and Ge2Dn (n = 5, 6) calculated with B3LYP/6-311G(d,p) level
of theory

Modes Frequencies Intensities Frequencies Intensities Characterization

Ge2H6(a) Ge2D6(a) H3GeGeH3(X1A1g)
m1(a1g) 2128 0 1509 0 GeH3 symmetric stretch
m2(a1g) 849 0 609 0 GeH3 umbrella
m3(a1g) 255 0 251 0 Ge–Ge stretch
m4(a1u) 130 0 92 0 Torsion
m5(a2u) 2122 2.64 · 10�17 1504 1.39 · 10�17 GeH3 symmetric stretch
m6(a2u) 766 8.40 · 10�17 552 4.34 · 10�17 GeH3 umbrella
m7(eg) 2131 0 1519 0 GeH3 asymmetric stretch
m8(eg) 891 0 632 0 GeH3 deformation
m9(eg) 568 0 417 0 GeH3 rock
m10(eu) 2141 7.97 · 10�17 1527 4.16 · 10�17 GeH3 asymmetric stretch
m11(eu) 896 2.38 · 10�17 638 1.21 · 10�17 GeH3 deformation
m12(eu) 374 6.43 · 10�18 265 3.21 · 10�18 GeH3 rock

Ge2H6 (b) Ge2D6 (b) H3GeH� � �GeH2(X1A)
m1(a) 2199 9.12 · 10�18 1568 5.28 · 10�18 GeH3 asymmetric stretch
m2(a) 2174 1.13 · 10�17 1549 6.59 · 10�18 GeH3 asymmetric stretch
m3(a) 2152 1.13 · 10�17 1527 5.53 · 10�18 GeH3 symmetric stretch
m4(a) 1908 4.83 · 10�17 1359 2.47 · 10�17 GeH2 asym. strech
m5(a) 1886 4.13 · 10�17 1342 2.07 · 10�17 GeH2 sym. strech
m6(a) 1680 4.36 · 10�17 1194 2.28 · 10�17 H–GeH3 strech
m7(a) 1097 6.44 · 10�18 780 3.30 · 10�18 Ge� � �H–Ge bend
m8(a) 918 8.51 · 10�18 653 4.41 · 10�18 GeH2 bend
m9(a) 892 2.41 · 10�18 633 1.31 · 10�18 GeH3 deformation
m10(a) 876 7.89 · 10�18 624 4.03 · 10�18 GeH3 deformation
m11(a) 816 9.36 · 10�18 583 4.73 · 10�18 Deformation
m12(a) 782 5.16 · 10�17 562 2.62 · 10�17 GeH3 umbrella
m13(a) 566 5.36 · 10�18 409 3.21 · 10�18 GeH2 rock
m14(a) 545 1.69 · 10�18 391 6.27 · 10�19 GeH2, GeH3 torsion
m15(a) 397 3.07 · 10�18 286 1.50 · 10�18 H–GeH3 rock
m16(a) 208 1.44 · 10�19 148 6.69 · 10�20 Torsion
m17(a) 104 2.44 · 10�20 73 1.48 · 10�20 Torsion
m18(a) 93 9.41 · 10�20 90 9.07 · 10�20 Ge� � �Ge strech

Ge2H5(a) Ge2D5(a) H3GeGeH2(X2A0)
m1(a0) 2135 1.59 · 10�17 1519 9.02 · 10�18 GeH3 asymmetric stretch
m2(a0) 2105 1.63 · 10�17 1495 7.70 · 10�18 GeH3 symmetric stretch
m3(a0) 2073 1.95 · 10�17 1472 1.02 · 10�17 GeH2 sym. strech
m4(a0) 887 7.54 · 10�18 631 4.02 · 10�18 GeH3 deformation
m5(a0) 863 2.46 · 10�18 616 8.21 · 10�19 GeH2 bend
m6(a0) 786 6.33 · 10�17 564 3.28 · 10�17 GeH3 umbrella
m7(a0) 555 4.29 · 10�18 406 2.27 · 10�18 Rock
m8(a0) 388 2.51 · 10�18 277 1.24 · 10�18 Rock
m9(a0) 246 3.06 · 10�20 243 3.77 · 10�20 Ge–Ge stretch
m10(a00) 2143 2.48 · 10�17 1528 1.33 · 10�17 GeH3 asymmetric stretch
m11(a00) 2103 1.81 · 10�17 1500 8.88 · 10�18 GeH2 asym. strech
m12(a00) 888 5.55 · 10�18 631 2.83 · 10�18 GeH3 deformation
m13(a00) 566 1.18 · 10�19 413 6.03 · 10�20 Rock
m14(a00) 371 2.46 · 10�18 263 1.23 · 10�18 Rock
m15(a00) 113 3.61 · 10�20 80 1.77 · 10�20 Torsion

Ge2H5 (b) Ge2D5 (b) H3GeH� � �GeH (X1A)
m1(a) 2182 1.02 · 10�17 1556 5.86 · 10�18 GeH3 asymmetric stretch
m2(a) 2169 1.05 · 10�17 1545 6.17 · 10�18 GeH3 asymmetric stretch
m3(a) 2143 1.16 · 10�17 1521 5.73 · 10�18 GeH3 sym. strech
m4(a) 1849 5.06 · 10�17 1317 2.55 · 10�17 GeH strech
m5(a) 1750 4.49 · 10�17 1244 2.34 · 10�17 Ge–H� � �Ge strech
m6(a) 1048 9.33 · 10�18 745 4.78 · 10�18 GeH� � �Ge bend
m7(a) 884 3.87 · 10�18 628 2.16 · 10�18 GeH3 deformation
m8(a) 869 9.62 · 10�18 620 4.80 · 10�18 GeH3 deformation
m9(a) 782 4.45 · 10�17 563 2.27 · 10�17 GeH3 umbrella
m10(a) 741 1.88 · 10�17 530 9.66 · 10�18 GeH3 umbrella
m11(a) 562 4.96 · 10�18 405 2.66 · 10�18 GeH bend
m12(a) 373 2.28 · 10�18 269 1.16 · 10�18 GeH4 rock

(continued on next page)
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Table 3 (continued)

Modes Frequencies Intensities Frequencies Intensities Characterization

m13(a) 167 1.25 · 10�19 120 5.63 · 10�20 Torsion
m14(a) 83 5.62 · 10�20 77 5.66 · 10�20 GeH4 rock
m15(a) 58 3.90 · 10�20 42 1.73 · 10�20 GeH4 rotation

Ge2H5 (a) Ge2H5 (b)

2.449

1.542

1.537
109.4
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108.2
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Fig. 3. Two isomeric structures of Ge2H5 calculated with the B3LYP/6-311G(d,p) method. Bond lengths and bond angles are in Å and �.
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Fig. 4. Optimized structures of the ground state of GeHx (x = 1–4)
calculated with the B3LYP/6-311G(d,p) method. The bond length and
bond angles are in Å and �.
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of 0.97 – a sensible value for the B3LYP/6-311G (d,p) level
of theory – this data compares nicely with the m6 mode of
the hitherto elusive digermyl radical, Ge2H5(X2A 0). This
absorption has the highest integral absorption coefficient
of all the fundamentals of the digermyl radical (Table 3).
Note that the m1–m3 and m10–m11 absorptions of the digermyl
radical are blocked by the strong absorption of the m3 peak
of the germane matrix. The integral absorption coefficients
of the remaining fundamentals of Ge2H5(X2A 0) are about
one order of magnitude lower than of the m6 mode, and
we do not expect to monitor these vibrations. To verify
our conclusions and hence the detection of the germyl rad-
icals, we also probed the exposure of the d4-germane
matrix to a larger electron current. Here, two additional
features developed in time. These are located at 561 cm�1

and 616 cm�1. These absorptions agree nicely with the
scaled, computed m6 and m4/m12 modes of the d5-digermyl
radical. Also, the corresponding m1–m3 and m10–m11 transi-
tions are obscured by m3 mode of the d4-germyl matrix;
all fundamentals having absorptions lower than 500 cm�1

cannot be observed due to the cutoff of our FT-IR detec-
tor. The integrated absorption coefficient of the only
remaining absorption of the d5-digermyl radical (m5) is a
factor of 4–5 lower than those of the detected m6 and m4/m12

modes and, hence, is too low to be detected. We also would
like to emphasize that we did not observe any absorption
of the energetically unfavorable H3GeH–GeH isomer
(Fig. 2; Table 1) suggesting that the germanium-germa-
nium bond is not cleaved during the fragmentation of the
digermane molecule.

6. Discussion and summary

The infrared and mass spectroscopic data imply that
the response of the germane ices upon the electron irradi-
ation is governed by an initial germane–hydrogen single
bond rupture which forms atomic hydrogen plus the ger-
myl radical, GeH3(X2A1), Eq. (10). In order to escape the
[GeH3� � �H] matrix cage, the hydrogen atom needs an
excess energy – the lattice binding energy – of a few tens
of kJ mol�1 to escape [45]. Otherwise, atomic hydrogen
will recombine with the germyl radical to react back to
a germane molecule. Our mass spectrometric data verify
the formation of mobile hydrogen atoms in the germane
matrix. An increase of the ion current of m/e = 2 (H2)
is evident (Fig. 10). Recall that we did not identify any
absorptions of any GeHx or GeDx (x = 1, 2) species in
the solid matrices; hence we can deduce that the molecu-
lar hydrogen is formed via recombination of two hydro-
gen atoms in the matrix (reaction (13)). We would like



Table 4
Unscaled vibrational frequencies (cm�1) and infrared intensities (cm molecule�1) calculated with B3LYP/6-311G(d,p) level of theory

Mode Frequency Intensity Frequency Intensity

GeH (X2P) GeD (X2P)
m1 r 1854 6.27 · 10�17 1320 3.18 · 10�17

GeH2(X1A1) GeD2(X1A1)
m1 a1 1883 5.31 · 10�17 673 5.25 · 10�18

m2 a1 945 1.06 · 10�17 1340 2.73 · 10�17

m3 b2 1889 5.95 · 10�17 1345 3.02 · 10�17

GeH3(X2A1) GeD3(X2A1)
m1 a 2076 1.66 · 10�18 1470 8.78 · 10�19

m2 a 714 9.00 · 10�18 514 4.67 · 10�18

m3 e 2123 2.51 · 10�17 1515 2.62 · 10�17

m4 e 861 9.08 · 10�18 614 9.13 · 10�18

GeH4(X1A1) GeD4(X1A1)
m1 a1 2128 0 1506 0
m2 e 926 0 655 0
m3 t2 2135 2.11 · 10�17 1522 3.39 · 10�17

m4 t2 822 1.85 · 10�17 592 2.85 · 10�17

Table 5
Newly observed species and their absorptions in low temperature germane
matrices

Species Frequency
(cm�1)

Fundamental Species Frequency
(cm�1)

Fundamental

GeH3 665 m2 GeD3 608 m4

Ge2H6 870 m11 Ge2D6 626 m11

752 m6 529 m6

Ge2H5 765 m6 Ge2D5 616 m4/m12

561 m6
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Fig. 5. New absorption feature of the germyl radical, GeH3(X2A1), at
665 cm�1 in the germane matrix at 12 K.
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Fig. 6. New absorption features of the digermane molecule, Ge2H6-
(X1A1g) at 752 cm�1, and of the digermyl radical, Ge2H5(X2A 0) at
765 cm�1, in the germane matrix at 12 K.
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to emphasize that m/e = 2 is the only signal detected with
the mass spectrometer during the irradiation of the ger-
mane matrix at 12 K (Fig. 10). None of the GeHx

(x = 2–4) species was found in the gas phase during the
irradiation phase. This clearly demonstrates that m/e = 2
is not a fragment from germane hydride species in the
gas phase.
Hð2S1=2Þ þHð2S1=2Þ ! H2ðX1Rþg Þ ð13Þ

We would like to comment now on the formation mecha-
nism of the digermane molecule. The infrared data suggest
that the digermane molecule is formed initially within a sin-
gle trajectory of the electron. It is important to note that in
strong contrast to photons, each electron can release its ki-
netic energy via multiple energy transfers to various ger-
mane molecules. Utilizing the CASINO code [46], we find
that each 5 keV electron loses 0.20 ± 0.02 keV of its kinetic
energy while penetrating the germane target; this corre-
sponds to an averaged electronic energy transfer of
4.0 ± 0.4 keV lm�1. Since the dissociation energy of the
Ge–H bond has been determined to be 350 ± 8 kJ mol�1

(3.62 eV) [47,48], we can conclude that each electron can
generate up to 55 germyl radicals in the matrix. Consider-
ing the unit cell of a germane crystal [21], about one germyl
radical is generated on average per unit cell. Here,
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(start-stop) and the isothermal phases at 12 K of the germane matrix.
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neighboring germyl radical can recombine to the digermane
molecule Ge2H6(X1A1g) at 12 K if they have the correct
recombination geometry. A diffusion-limited reaction
mechanism of the germyl radical, can be ruled out since
our infrared data suggest that within the isothermal 12 K
phase, the column density of the germyl radical is constant;
this verifies that the germyl radical is immobile at 12 K. We
would like to stress that in principle suprathermal hydro-
gen atoms can also abstract a hydrogen atom form a ger-
mane molecule to form molecular hydrogen plus a
germyl radical. Finally, we investigated the temporal evolu-
tion of the column densities of the digermane molecule and
of the digermyl radical (Fig. 11). These profiles of the col-
umn densities of the digermane and digermyl radicals were
fit with a sequential reaction mechanism A! B! C
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Fig. 11. Temporal evolution of the experimental column densities and the
best fits of the digermane (a) and digermyl radicals (b) during the
irradiation of the germane matrix at 12 K.
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utilizing Eqs. (14) and (15) [49]. Here, A presents formally a
germane dimer, B the digermane molecule and two hydro-
gen atoms and/or a hydrogen molecule, and C the digermyl
radical plus atomic hydrogen formed via an electron in-
duced decomposition of the digermane molecule. This
procedure yields best fits with b = 2.7 ± 0.2 · 1016

molecules cm�2, k1 = 9.7 ± 0.4 · 10�4 s�1, and k2 = 3.4 ±
0.3 · 10�7 s�1. These data confirm quantitatively that the
digermyl radical is indeed a decomposition product of the
digermane molecule.

½Ge2H6�ðtÞ ¼
k1b

k2 � k1

e�k1t � e�k2t
� �

ð14Þ

½Ge2H5�ðtÞ ¼ b 1� k2

k2 � k1

e�k1t þ k1

k2 � k1

e�k2t

� �
ð15Þ

Summarized, the digermyl, Ge2H5(X2A 0) and d5-digermyl,
Ge2D5(X2A 0), radicals were detected in germane and d4-
germane matrices at 12 K via infrared spectroscopy. The
ab initio calculations showed that the most intense absorp-
tion of the digermyl radical should be observable for the m6

fundamental at 770 cm�1 Ge2H5(X2A 0) and 547 cm�1

Ge2D5(X2A 0), respectively. The experimental results
(765 cm�1 and 561 cm�1) are in good agreement with the
computed data. These data help in the monitoring of time
resolved infrared spectroscopy of germane CVD processes
and can also guide prospective observations of germanium-
bearing molecules in the atmospheres of Jupiter and Saturn
in the infrared regime to better understand the chemical
evolution of planetary atmospheres under extreme
environments.
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