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Corso Massimo d’Azeglio 48, 10125 Torino, Italy

Received June 27, 2000

The gas-phase chemistry of gaseous germane/ethene mixtures has been investigated by
ab initio theoretical calculations and by experiments to examine the formation and growth
of germanium-/carbon-containing species. Ion/molecule reactions in GeH4/C2H4 mixtures have
been studied with an ion trap mass spectrometer. Ion abundance variations as a function of
reaction time, reaction paths originating from primary ions of both reagents, and reaction
rate constants of the main processes have been determined. The highest yield of new Ge-C
bonds formed via reactions of Ge-containing ions with ethene molecules was obtained in
mixtures carrying similar amounts of germane and ethene. Reactions of GeH2

•+ with ethene
play a prominent role in this system. High-level theoretical methods were therefore used to
determine the geometrical structures and energies of transition structures, reaction
intermediates, and final products for several reaction pathways. Formation of the adduct
between GeH2

•+ and H2CdCH2 is the initial step. This process is fairly exothermic, and the
free energy of the system allows several transformations. Isomerization pathways and H,
H2, or CH3

• loss pathways starting from this adduct have been explored. The free energy
threshold defined by the first step shows that some transformations are likely to occur,
whereas others can be regarded as inaccessible. Last, two theoretical methods have been
used to compute the heats of formation of the attainable GeC2Hn

+ species.

Introduction

The gas-phase ion chemistry of organogermanes is of
particular interest on account of their employment in
the synthesis of amorphous germanium carbide (a-GeC:
H) semiconductors to obtain wide-range light collectors
for electronic and optoelectronic devices.1,2 Laser or
X-ray assisted chemical vapor deposition methods3 are
generally applied to prepare a-GeC:H from mixtures of
germanium hydride (GeH4) and small hydrocarbons.
Unfortunately, no direct correlation is possible between
the germanium and carbon contents of the final solid
and the composition of the reacting gaseous system
(nature of the hydrocarbon and partial pressures of the
reagents). However, since ion species are involved in
both the first polymerization steps and the formation
of precursors of the solid,4 their nature and abundance

indicate the experimental conditions leading to amor-
phous solids of the desired composition.

These studies also provide fundamental information
on the behavior of selected ion species in the absence of
perturbing effects, such as the presence of a solvent or
counterions.5,6 Combined experimental and theoretical
investigation in the elucidation of gas-phase ion reaction
mechanisms has the advantage of providing comple-
mentary information.6-12 Mass spectrometry is used to
describe the overall reactivity of gaseous systems and
determine reaction mechanisms and kinetics of isolated
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ions, while ab initio calculations explore mechanistic
details related to the experimental findings, such as the
energetics and the structures of the ion intermediates,
transition structures, and products.

Ion/molecule reactions in monogermane13 and experi-
mental data on bond energies in GeH4 and ionization
potentials of the GeHn

• radical species14 have already
been reported, whereas the gas-phase ion chemistry of
organogermanes is relatively unexplored. The latest
studies are of Ge(OR)4 (R ) alkyl) species15 and mix-
tures of germane with small molecules (oxygen, am-
monia, hydrocarbons, silicon hydrides, and phosphine).16

This paper describes the ionic overall reactivity,
reaction mechanisms of the most abundant ions, and
reaction rate constants of the main processes deter-
mined by the ion trap mass spectrometry of germane/
ethene systems. The best experimental conditions for
formation of Ge-C-containing ions (mixed ions) of
increasing size have been investigated for the deposition
of amorphous germanium carbides from radiolytically
activated gaseous mixtures. The reaction of GeH2

•+ with
ethene was the most efficient process and gave cluster
ions of increasing size, as SiH2

•+ does in silane/ethene
mixtures.12 The pathways of this reaction were therefore
investigated in depth by quantum chemical calculations
to determine the geometries and energies of transition
structures, reaction intermediates, and final products.
Last, also the G2 composite method17 was used to
compute the standard molar heats of formation of the
attainable GeC2Hn

+ species.

Experimental Section

Materials. Germane was prepared and purified as de-
scribed in the literature,4 and ethene was supplied by SIAD
SpA at 99.99% stated purity. Each reagent gas was dried with
sodium sulfate. The GeH4/C2H4 mixtures were prepared in the
cell of the ion trap by connecting the flasks to the gas inlet
system. Helium was obtained from SIAD SpA as research gas
at an extrahigh purity of 99.9999% and used as such.

Mass Spectrometry. All experiments were performed on
a Finnigan ITMS mass spectrometer maintained at 333 K to
obtain results comparable with studies of other systems.12 Ion

trap mass spectrometry theory and methods are discussed in
previous works.11,12,16 Samples were admitted to the trap via
an inlet system modified to permit the simultaneous introduc-
tion of three gases through different lines. Pressures measured
with a Bayard Alpert ionization gauge were typically 2.0-10.0
× 10-7 Torr for germane and ethene and about 5.0 × 10-4 Torr
for helium. A calibration factor accounting for the geometry
of the instrument16e (distance between the gauge and the cell)
and the relative sensitivity of the gauge (1.94 for GeH4, 1.87
for C2H4)18 was applied to calculate the real pressure in the
trap. The lines and manifold of the spectrometer were fre-
quently baked out to prevent side reactions with the water
background. The scan modes for ion/molecule reaction experi-
ments used to determine the overall reactivity of germane/
ethene mixtures, reaction mechanisms and rate constants for
reactions of selected ions, and the corresponding calculations
have been previously described in detail.16 The ion species
selectively isolated from germane contained the 70Ge (i.e. Ge+,
GeH+) or the 76Ge (i.e. GeH2

+, GeH3
+) isotope. In kinetic

experiments, isolation of the precursor ions was generally
obtained by the apex method (superimposition of dc and rf
voltages) or by resonance ejection (rf voltages only). The latter
method causes a lower ion excitation. The similarity of the
rate constants determined by these two methods and the
single-exponential decay of the abundance of the reacting
species suggest that these ions were thermalized by unreactive
collisions with the buffer gas.

Ions were formed with an electron beam at an average
energy of 35 eV and 1-20 ms ionization times. For the study
of reaction mechanisms or for kinetics determinations, a
suitable reaction time was applied to maximize the abundance
of ions to be stored prior to their isolation. Reactions with
neutral molecules in the trap lasting from 50 ms for calcula-
tions of rate constants to 1 s for overall reactivity and
acquisition were the successive steps.

Methods of Calculation. Rearrangements and dissocia-
tions of the initial c-H2GeC2H4

•+ adduct were assessed by
determining the critical points corresponding to stable and
transition structures on the relevant energy hypersurface
through unconstrained gradient optimization19 of the geo-
metrical parameters within the density functional theory
(DFT).20 The DFT approach is based on the hybrid exchange-
correlation functional composed of the three terms exchange
functional proposed by Becke (B3)21 and the correlation
functional of Lee, Yang, and Parr (LYP).22 The DFT(B3LYP)
calculations were carried out with the polarized split-valence
shell 6-311G(d,p) basis set.23 The geometries optimized at this
computational level were characterized as energy minima or
first order saddle points (transition structures) by diagonal-
ization of the analitically computed Hessian (vibrational
frequencies calculations). In the figures, interatomic distances
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are reported in ångströms and angles in degrees (Mulliken
group charges in parentheses and spin densities between
square brackets). Standard molar formation enthalpies of the
intermediate ions were estimated by DFT theory and the
composite procedure G2.17 The GAUSSIAN98 suite of pro-
grams24-26 was used throughout.

Results and Discussion

Mass Spectrometry. Our initial experiments inves-
tigated the formation of germanium- and carbon-
containing mixed ions of increasing size as a function
of the composition of the reacting mixtures. Three
germane/ethene mixtures were examined at a same
total pressure of about (1.3-1.4) × 10-6 Torr but
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Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A. Gaussian 98, Revision A.6; Gaussian, Inc.: Pitts-
burgh, PA, 1998.
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2940.

(26) Kirovac, S.; Bose, T. K. J. Chem. Phys. 1976, 64, 1580-1582.

Figure 1. Variation of the abundances with reaction time
of the GeCHn

+, GeC2Hn
+, Ge2C2Hn

+, and Ge3C2Hn
+ ion

families for germane/ethene mixtures in the approximate
ratios 1:5 (a), 1:1 (b), and 5:1 (c).

Figure 2. Variation of the sum of the abundances of mixed
ions, excluding GeCHn

+, as a function of reaction time for
each of the 1:5, 1:1, and 5:1 germane/ethene mixtures.

Scheme 1
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containing different relative amounts of the two reagent
gases, without isolation of ions and with reaction times
up to 1 s. The results were compared to find the most
suitable mixture, and this was then used to determine
the reaction mechanisms starting from primary ions of
both reagents (isolation of selected ions and reaction
delays up to 500 ms) and to measure the rate constants
of the most interesting processes (isolation of selected
ions and reaction times of 50 ms by 0.2 ms steps).

Parts a-c of Figure 1 illustrate the variation of
abundances of mixed ions for three germane/ethene
mixtures in the approximate ratios 1:5 [p(GeH4) ) 2.2
× 10-7 Torr, p(C2H4) ) 11.1 × 10-7 Torr], 1:1 [p(GeH4)
) 6.9 × 10-7 Torr, p(C2H4) ) 6.7 × 10-7 Torr], and 5:1
[p(GeH4) ) 11.5 × 10-7 Torr, p(C2H4) ) 2.7 × 10-7 Torr],
respectively. The remaining ions are primary ions of
both reagents (C2Hn

+, n ) 1-4; GeHn
+, n ) 0-3) and

secondary ions formed in self-condensation (CxHy
+ x )

2-4, y ) 3, 5, 7; Ge2Hn
+, n ) 2-4). The GeC2Hn

+ ions
(n ) 3-7) are always the most abundant and reach
almost 40% in the 1:1 system. In the presence of excess
ethene, the GeCHn

+ (n ) 3, 5) ion family displays a
marked abundance compared with 5% in the other
mixtures. The heaviest condensation products, Ge2C2Hn

+

(n ) 6, 7) and Ge3C2Hn
+ (n ) 10,11), only show appreci-

able abundances in the presence of excess germane.
These findings agree with those of the second set of ex-
periments in which ion species were isolated and stored
to investigate their reaction pathways (Scheme 1).

The GeCHn
+ (n ) 3, 5) species, abundant in the 1:5

GeH4/C2H4 mixture, are, in fact, given only by secondary
hydrocarbon ions C3H5

+, C4H5
+, and C4H7

+, whose
formation has a higher yield in the presence of excess
ethene. In addition, GeCH3

+ and GeCH5
+ react further

very slowly, and their contribution to the growth of the
mixed ions is negligible. By contrast, clusterization
proceeds through GeC2Hn

+ and Ge2Hn
+ ion species

formed in higher abundance in the presence of similar
amounts of the reagents or an excess of germane. The
highest yield of mixed ions should thus be given by the

1:1 GeH4/C2H4 mixture. This is illustrated in Figure 2,
where variations of the sum of the abundances of all
the mixed ions, except the unreactive GeCH3

+ and
GeCH5

+, are shown as a function of the reaction time
for the three mixtures.

The rate constants of the main reactions leading to
Ge-containing ions have also been determined (Tables
1 and 2) to quantify their contribution to the growth of
mixed ion species. The collisional rate constants calcu-
lated according to Langevin’s theory and the reaction
efficiencies are also shown in these tables.

Rate constants of self-condensation processes of pri-
mary ions of germane, GeHn

+ (n ) 0-3), have been
already published,16 and a good agreement is generally
observed. Reactions of hydrocarbon ions with germane
show good efficiencies, though few products contain both
germanium and carbon atoms. By contrast, only GeH2

+

and GeH3
+ primary ions react with ethene molecules

and display low reaction efficiencies.
Since the Ge2H2

+ and Ge2H3
+ secondary ions of

germane could not be isolated separately in the rate
constant experiments, the value shown in Table 2 was
obtained by measuring the rate of disappearance of the
whole multiplet and cannot be directly compared with
the corresponding collisional rate constants. These
results are also summarized in Scheme 2, where thick
arrows indicate processes with rate constants higher

Table 1. Rate Constants for Reactions of CnHm
+ Ions with Germane in Germane/Ethene Mixturesa

Ions product ions ( rate constants (kexp)) Σkexp kcollisional
b Efficiencyc

C2H+ Ge+ (3.8), GeH+ (2.0), GeH2
+ (2.0), GeH3

+ (0.2) 8.0 12.01 0.67
C2H2

+ Ge+ (2.3), GeH+ (0.9), GeH2
+ (1.9), GeH3

+ (2.0) 7.1 11.83 0.60
C2H3

+ GeH3
+ (4.4), GeC2H5

+ (1.2) 5.6 11.66 0.48
C2H4

+ Ge+ (1.1), GeH2
+ (3.9), GeH3

+ (0.6) 5.6 11.51 0.49
C2H5

+ GeH3
+ (3.6) 3.6 11.36 0.32

C3H5
+ GeH3

+ (0.9), GeCH5
+ (4.0) 4.9 10.08 0.49

a Rate constants are expressed as 10-10 cm3 molecule-1 s-1; uncertainty is within 20%. bCollisional rate constants have been calculated
according to the Langevin theory taking the polarizability of germane (4.966 × 10-24 cm3) from ref 25 and that of ethene (4.252 × 10-24

cm3) from ref 26. c Efficiency has been calculated as the ratio kexp/kcollisional.

Table 2. Rate Constants for Reactions of GeHn
+, GeC2H4

+, and Ge2H2-3
+ Ions with Germane and Ethene in

Germane/Ethene Mixturesa

reactants product ions (rate constants (kexp)) Σkexp kcollisional
b efficiencyc

Ge+ + GeH4 Ge2H2
+ (6.4) 6.4 8.541 0.75

GeH+ + GeH4 Ge2H3
+ (6.0) 6.0 8.511 0.70

GeH2
+ + GeH4 GeH3

+ (2.8), Ge2H2
+ (3.6), Ge2H4

+ (2.5) 8.9 8.482 1.05
GeH2 + C2H4 GeC2H4

+ (0.8) 0.8 10.69 0.075
GeH3

+ + C2H4 GeC2H5
+ (1.5) 1.5 10.67 0.14

GeC2H4
+ + GeH4 Ge2C2H6

+ (2.5) 2.5 7.906 0.32
Ge2H2-3

+ + C2H4 Ge2C2H6-7
+ (0.7) 0.7 9.940

9.935
a Rate constants are expressed as 10-10 cm3 molecule-1 s-1; uncertainty is within 20%. bCollisional rate constants have been calculated

according to the Langevin theory taking the polarizability of germane (4.966 × 10-24 cm3) from ref 25 and that of ethene (4.252 × 10-24

cm3) from ref 26. c Efficiency has been calculated as the ratio kexp/kcollisional.

Scheme 2
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than 5 × 10-10 cm3 molecule-1 s-1, thin arrows those
between 1 and 5 × 10-10 cm3 molecule-1 s-1, and dashed
arrows those lower than 1 × 10-10 cm3 molecule-1 s-1,
including very slow reactions whose constants could not
be determined.

It is evident that the fastest processes, which lead to
cluster ions of increasing size, proceed through ions
containing two germanium atoms reacting with ethene
to form the Ge2C2Hn

+ (n ) 6, 7) species. These ions are
also given in slower processes from GeC2Hn

+ (n ) 4, 5)
and germane. In both cases, GeH2

+ is the primary ion
that makes the greatest contribution to the formation
of the intermediate species. Its reaction pathways were
therefore investigated in greater depth by means of ab
initio theoretical methods. A similar study has already
been published on SiH2

+ reactions with ethene,12 to give
SiCH3

+, SiC2H4
+, and SiC2H5

+ ions. The corresponding
Ge-containing ions (GeCH3

+, GeC2H4
+, and GeC2H5

+)
are thus considered, even though GeCH3

+ has not been
experimentally observed.

Theoretical Study of the Reactions. Several pro-
cesses, possible in principle, were examined. The free
energy initially acquired by the system in the formation
of the first adduct is available for subsequent isomer-
izations and fragmentations. Processes estimated to
require a larger free energy are not likely to occur. The
reactions discussed in the following subsections involve
the stable species and the transition structures con-
necting them, GeC2H6

•+ doublet isomers (Figure 3);
GeC2H5

+ and GeCH3
+ singlet isomers (Figure 5);

GeC2H4
•+ doublet isomers (Figure 6). The corresponding

energetics are shown in Tables 3-5. The stable struc-
tures are sketched with the same labels in the reaction
free energy profiles of Figures 4 and 7. Figure 4 shows
the profiles that connect the initial adduct c-H2GeCH2-
CH2

•+ (1a) to either its isomers or the closed shell
fragmentation products obtained by hydrogen atom or
methyl radical loss. The isomers of 1a that result from
H shifts and ring opening are numbered as structures
1b-e. The fragments which originate from them by H

Figure 3. Structures of the GeC2H6
•+ isomers 1a-d, connected by the relevant transition structures (TS). Mulliken group

charges (in parentheses) and spin densities (between brackets) are relevant to the GeHn or CHn groups.
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loss are numbered as 2a-d. These are the isomeric
closed shell ions GeC2H5

+, which are connected through
H shifts. The isomer 2b does not appear because of its
high energy (Table 3). CH3

• loss from 1d generates
GeCH3

+ (4a). Different H2 losses from the isomers
GeC2H6

•+ are represented in Figure 7, where the radical
ions of general formula GeC2H4

•+ (3a-d) are also
shown. Further isomerizations through H shifts can, in
fact, connect these intermediates (3a-3b; 3b-3c and
3d) in principle.

1. Formation of Doublet GeH2C2Η4
•+. The cyclic

intermediate 1a (Figure 3, middle left) forms from the
addition of GeH2

•+ and H2CdCH2, with a free energy
gain of ca. 31 kcal mol-1, at a temperature of 333 K. At
variance with the silicon analogue,12 GeH2

+ does not
interact symmetrically with the two C atoms. The two
2.08 and 2.30 Å Ge-C bonds have essentially the nature
of a weakened single Ge-C bond, which is 1.969 Å long
in neutral methylgermane, for example, at the same
theory level. Furthermore, the C-C bond is significantly
elongated to 1.41 Å from its initial value of 1.33 Å in
ethene. This indicates that the π system is partially
disrupted by a substantial electron donation into the
originally empty orbital of the GeH2

•+ radical cation.
The positive charge of the cyclic radical ion is delocalized
on the whole structure, as shown by the Mulliken group
charges Q (shown between parentheses in Figure 3). By
contrast, the unpaired electron is more localized on the
GeH2 group and only one CH2 group. This is suggested
by the excess R electron density, ΡR, over the â, Ρâ (spin
density, ∆Ρ) reported between brackets for each XHn
group in Figure 3. In the case of silicon,12 the symmetric
geometry was reflected in spin densities equally shared
between the two carbons. The total spin eigenvalue 〈S2〉
is close to 0.75 (Table 3), and contamination by higher
spin multiplicities is not large.

2. Isomerization via H Atom Migration and
C-Ge or C-C Bond Cleavage. The structural rela-
tionships between the initial intermediate 1a and its

isomers are shown in Figure 3, and the relevant
energetics are reported in Table 3. Intermediate 1a can
directly transform into its isomers 1b and 1e by differ-
ent hydrogen shifts that involve ring opening. These two
migrations require the overcoming of energy barriers

Figure 4. Free energy profiles connecting the GeC2H6
•+

doublet isomers 1a-e. Homolytic cleavage of a C-H bond
produces the isomers GeC2H5

+ 2a-d. Homolytic fragmen-
tation in 1d can give GeCH3

+ and a methyl radical. The
dashed curve connects the two separated reagents to the
first adduct, and the horizontal dotted line is the reference
free energy corresponding to GeH2

•+ and C2H4.

Figure 5. (A) Structures of the GeC2H5
+ singlet isomers

2a-d, produced from isomers 1 by H loss. Isomers 2c and
2d are connected by a H-shift transition structure (TS).
Mulliken group charges (in parentheses) are relevant to
the GeHn or CHn groups. (B) singlet GeCH3

+, 4a, produced
from 1d by detachment of a methyl radical, and its isomer
4b.
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that are 13 and 5 kcal mol-1 below the threshold defined
by the free energy initially acquired by the system
(Figure 4).

The energy minimum of 1b is slightly deeper than

that of 1a (ca. -34 kcal mol-1 with respect to the GeH2
•+

+ H2CdCH2 dissociation limit). Isomer 1e is only
slightly less stable than 1a (ca. 30 kcal mol-1 below the
same limit). Isomer 1b can transform into 1c through

Figure 6. Structures of the GeC2H4
•+ isomers 3a-d, produced from isomers 1 by H2 loss. Isomers 3 are connected by

H-shift transition structures (TS). Mulliken group charges (in parentheses) and spin densities (between brackets) are
relevant to the GeHn or CHn groups.
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a viable H-shift pathway (the barrier is -15 kcal mol-1

relative to the threshold defined above). The stability
of 1c is greater than that of the preceding isomers (ca.
38 kcal mol-1 below the dissociation limit). Two further
isomerizations, one connecting 1b and 1e (Figure 3, top
right), the other connecting 1c and 1d (Figure 3,
bottom), show energy barriers closer to the same
threshold (-2 and -3 kcal mol-1, respectively). The
latter is a different process that requires the cleavage
of the C-C bond concerted with the formation of two
Ge-C bonds. In 1c, this cleavage requires a significant
amount of energy. Even so, it is not sheer, but also
causes germanium to become bound to both methyl
carbons in yielding isomer 1d. This open-chain structure

resembles that of :Ge(CH3)2, but with one electron less,
and is the most stable GeC2H6

•+ isomer, since it is
located 54 kcal mol-1 below the GeH2

•+ + H2CdCH2
dissociation limit. The two sequential isomerizations
from 1a to 1b and from 1b to 1c are thus the easiest
transformations. A similar picture was obtained for
silicon.12 All the silicon analogues of 1 were to some
extent more stable with respect to the dissociation limit,
with the exception of that of the silicon analogue of 1c,
namely, the complex of Si+ with ethane (see below).

Further details emerge from Figure 3, where the
structural information is accompanied by data on the
electron distribution in the isomers. In the hydrogen
migration 1a-1b, formation of a terminal methyl group
both elongates the C-C bond and tightens the Ge-C
bond. In 1b, both the electric charge and the unpaired
electron are concentrated on the GeH group (QGeH )
0.78 e and ∆ΡGeH ) 0.74). Starting from 1b, a further
hydrogen shift from germanium to the adjacent carbon
has been shown to produce 1c, a complex in which
ethane has formed. The radical cation Ge•+ remains
loosely associated with this ethane, as shown by the
Ge-C distances, larger than 2.61 Å. The spin density
ascribes the unpaired electron to germanium entirely
(in contrast with the silicon result12), whereas the
electric charge is to some extent delocalized (0.37 e on
ethane, the rest on germanium). Then, the concerted
transformation of 1c into 1d generates a structure in
which the Ge-C bond lengths are close to that of
methylgermane. As in 1b, both the electric charge and
the unpaired electron are rather concentrated on the
germanium atom (QGeH ) 0.79 e and ∆ΡGeH ) 0.67).
Last, isomer 1e (obtainable from either 1a or 1b) has a

Figure 7. Free energy profiles connecting the GeC2H4
•+

doublet isomers 3a-d. H2 loss from 1a and 1b produces
isomers 3. The dashed curve connects the two separated
reagents to the first adduct, and the horizontal dotted line
is the reference free energy corresponding to GeH2

•+ and
C2H4.

Table 3. Relative Energies, Enthalpies, and Free
Energies (kcal mol-1)a of the Isomers of GeC2H6

•+

and GeC2H5
+ (and GeCH3

+) and the Relevant
Transition Structuresb

species ∆E ∆ZPE 〈S2〉 ∆H333 ∆G333

GeH2
•+ + C2H4 0.0 0.00 0.7523 0.0 0.0

1a -44.9 3.24 0.7553 -42.7 -31.4
1b -48.8 4.74 0.7530 -44.9 -34.4
1c -55.3 7.36 0.7526 -49.1 -38.0
1d -66.4 5.21 0.7522 -61.6 -53.0
1e -42.0 2.87 0.7528 -40.1 -28.9
2a 10.9 -3.16 0.0000 8.0 11.2
2b 54.9 -3.47 0.0000 52.0 54.8
2c -5.2 0.19 0.0000 -4.8 -1.7
2d 5.3 -1.51 0.0000 4.1 7.2
4a -22.1 0.73 0.0000 -20.9 -22.5
4b 30.3 -2.09 0.0000 28.9 26.9
TS-1a1b -27.2 2.86 0.7550 -26.0 -13.3
TS-1a1e -16.1 0.76 0.7551 -16.5 -5.0
TS-1b1c -28.3 3.40 0.7563 -25.8 -15.4
TS-1b1e -13.5 1.46 0.7546 -13.3 -1.6
TS-1c1d -18.2 4.90 0.7523 -14.4 -3.1
TS-2a2d 47.3 -4.76 0.0000 c c
TS-2c2d 7.4 -1.86 0.0000 5.2 9.5

a DFT(B3LYP)/6-311G(d,p) theory level. b H and G of the hy-
drogen atom or methyl radical taken into account when appropri-
ate. c Not computed because of its very high energy.

Table 4. Relative Energies, Enthalpies, and Free
Energies (kcal mol-1)a of the Isomers of GeC2H6

•+

and GeC2H4
•+ and the Relevant Transition

Structuresb

species ∆E ∆ZPE 〈S2〉 ∆H333 ∆G333

GeH2
•+ + C2H4 0.0 0.00 0.7523 0.0 0.0

3a -36.3 0.08 0.7519 -35.7 -33.7
3b -13.0 -2.76 0.7530 -14.9 -13.2
3c -26.9 -0.94 0.7528 -27.2 -25.6
3d 12.0 -6.55 0.7555 6.9 7.1
TS-1a3b 7.8 -0.57 0.7671 6.0 17.8
TS-1b3a -21.4 2.01 0.7538 -21.0 -8.6
TS-1b3b 28.2 1.22 0.7561 28.3 39.8
TS-1b3c -7.1 1.19 0.7600 -7.3 4.4
TS-3a3b 9.1 -5.06 0.7571 5.2 6.4
TS-3a3c -1.2 -2.75 0.7565 -3.4 -1.2
TS-3b3c 6.7 -4.75 0.7603 2.4 4.8
TS-3b3d 24.0 -6.62 0.7589 17.9 20.3

a DFT(B3LYP)/6-311G(d,p) theory level. b H and G of the hy-
drogen molecule taken into account when appropriate.

Table 5. Standard Molar Formation Enthalpies
(kcal mol-1) at the DFT(B3LYP)/6-311G(d,p) and G2

Results for the Isomers GeC2H6
•+, GeC2H5

+,
GeC2H4

•+, and GeCH3
+

∆H°f (298K) ∆H°f (298K)

species DFT G2 species DFT G2

1a 241.1 238.7 2c 226.6 223.4
1b 238.9 238.8 2d 235.4 234.1
1c 234.8 234.7 3a 248.0 249.1
1d 222.1 220.6 3b 268.7 269.0
1e 243.7 244.5 3c 256.6 260.1
2a 239.4 235.7 3d 290.4 286.2
2b 283.3 275.7 4a 227.8 226.7
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rather short Ge-C bond, which indicates some double
bond character (the Ge-C bond is 1.778 Å long in
H2GeCH2, at this computational level). The spin density
datum indicates that the unpaired electron is associated
with this Ge-C bond, as for silicon.12

3. Fragmentation of the Isomers GeC2H6
•+. A

single hydrogen atom can be homolytically detached
from each of the isomeric species 1 to originate different
GeC2H5

+ closed shell species 2.
The relevant energetics are reported in Table 3.

Figure 5A displays the structural information together
with the group charges in the isomers. Two H loss
processes are estimated to require 11 (that leading to
2a) and 7 (that leading to 2d) kcal mol-1 more than the
amount of free energy available (see Figure 4). Thus,
the relevant singlet cations 2a and 2d (Figure 5A) are
not likely to form, whereas the isomer 2c is located 2
kcal mol-1 below the energy of the reference dissociation
limit and could be attainable. In the silicon case,12

isomer 2a was estimated to lie just below the SiH2
•+ +

C2H4 reference level, 2d somewhat higher than its Ge
analogue, and 2c slightly above the reference level. The
value of the GeCC angle in isomer 2c is close to 90° and
corresponds to a Ge-terminal C distance of 2.5 Å,
indicating some interaction of germanium with the
methyl group (compare 1c in Figure 3). It can be seen
that the Ge-C bond is slightly shorter than that in
methylgermane. The H2C-GeH-CH2

+ isomer 2b is
reported in Figure 5 (top), but it does not appear in
Figure 4 because its energy is too high, as was the case
for its silicon analogue.12 The GeHn group owns the
largest share of positive charge in all the structures in
Figure 5A. The highest concentration of charge on Ge
is found in 2c.

Fragmentation of the radical ion 1d into a methyl
radical and the closed shell GeCH3

+ cation is also
plausible (Figure 4, right side, and Figure 5B), whereas
isomerization of GeCH3

+ to HGeCH2
+ is not feasible

(Table 3). Similar results were obtained for silicon.12

4. H2 Dissociations from the GeC2H6
•+ Isomer. H2

loss from the GeC2H6
•+ isomers 1 could lead to the

GeC2H4
•+ species 3 shown in Figure 6. Isomer 3d is 7

kcal mol-1 above the GeH2
•+ + H2CdCH2 limit, whereas

isomers 3a-c are stable and located at -34, -13, and
-26 kcal mol-1, respectively (Table 4, Figure 7).

However, the transition structures for the pathway
connecting 1a to 3b appear to be located too high in
energy. Yet, transformation of 1a into 1b could subse-
quently lead to 3a by overcoming a barrier below the
threshold and possibly to 3b and 3c through transition
structures lying just above it, which means that some
of these processes may be viable.

The transition structure connecting 1b to 3a in Figure
6 (TS-1b3a, top left) has no silicon counterpart, whereas
the TS-1a3a found for silicon could not be located.12

Apart from this qualitative difference, the easiest
pathways for the germanium and the similar silicon
systems do not always correspond. For instance, the
3b-3d pathway for silicon has a barrier of ca. 9 kcal
mol-1 above the reference level, and the silicon analogue
of 3d is significantly below the same level, whereas the
equivalent germanium structures are higher in energy.
Moreover, the 1a-3b pathway for silicon has a barrier
only 4 kcal mol-1 above the reference level, whereas its

3a-3b and 3a-3c pathways are more difficult than those
for the germanium analogues, whose barriers are 12 and
5 kcal mol-1 above the reference level, respectively.12

5. Thermochemistry. Standard molar formation
enthalpies for the cations were calculated with the G2
method and compared with the DFT(B3LYP)/6-311G-
(d,p) estimates in Table 5. The difference between the
two sets of values does not exceed 2.7% (structure 2b).

The formation enthalpies relate to four processes:

Two experimental values were employed to relate the
computed gas-phase enthalpies for C and Ge+ to the
standard states C(s) and Ge(s):27-28

Conclusions

This investigation of the gas-phase ion/molecule reac-
tions in germane/ethene mixtures has illustrated the
experimental conditions that promote the formation of
mixed ions of increasing size. Mixed aggregates grow
more in systems containing similar partial pressures of
the reagent gases or excess GeH4, since the initial,
favored steps of the chain propagation involve primary
and secondary ions of germane reacting with ethene
molecules. Primary GeHn

+ (n ) 0-3) ions are also
produced from CxHy

+ species and germane. The Ge-C-
containing species in a flow system that eventually lead
to amorphous germanium carbides of a desired composi-
tion can thus be prepared by varying the relative
amounts of the two reagent gases.

The experimental data show that GeH2
+ plays a

major role in the preparation of mixed ions. High-level
theoretical methods were therefore used to examine its
reactions with ethene.

Hydrogen atom and hydrogen molecule dissociations
from the initial adduct produced by the collision of
GeH2

•+ onto H2CdCH2 and from other intermediates
derived from it have been investigated by correlated ab
initio methods. The free energy released in formation
of the adduct (ca. 31 kcal mol-1) provides a reference
value for determining which rearrangement and cleav-
age intermediate products are attainable. H shifts in
the GeC2H6

•+ species connect rather stable isomers via
transition structures located below the free energy
threshold. Another isomer is attainable via a C-C bond

(27) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data Suppl. 1988, 17.

(28) MolMol 2.4, release 2K.1; A graphic program; Institut für
Molekular-biologie und Biophysik, EHT Zurich Spectrospin AG: Fael-
lenden, Switzerland. Koradi, R.; Billeter, M.; Wüthrich, K. J. Mol.
Graphics 1996, 14, 51-55.

Ge+(g) + 2C(s) + 3H2(g) f GeC2H6
•+ (1)

Ge+(g) + 2C(s) + 5/2H2(g) f GeC2H5
+ (2)

Ge+(g) + 2C(s) + 2H2(g) f GeC2H4
•+ (3)

Ge+(g) + C(s) + 3/2H2(g) f GeCH3
+ (4)

C(s) f C(g)(3P) ∆H°f(298K) ) 171.3 kcal mol-1

(5)

Ge(s) f Ge+(g)(2P) + e
∆Η°f(298K) ) 272.2 kcal mol-1 (6)

390 Organometallics, Vol. 20, No. 3, 2001 Antoniotti et al.

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 J

an
ua

ry
 5

, 2
00

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

05
55

3



cleavage concerted with the formation of two Ge-C
bonds. H loss from these radical ions only once affords
a GeC2H5

+ isomer (2c). Other GeC2H5
+ isomers lie

above the reference dissociation limit (GeH2
•+ + H2Cd

CH2) by 7 (2d) and 11 (2a) kcal mol-1. Theoretical
calculations indicate that fragmentation of 1d to GeCH3

+

(4a) is feasible. However, formation of GeCH3
+ from

GeH2
+ and ethene was not observed, probably for kinetic

reasons on account of the number of isomerizations
required from 1a to 1d.

H2 loss from the GeC2H6
•+ isomers could lead to

GeC2H4
•+ species 3a-c (located at -13, -26, and -34

kcal mol-1, respectively, from the GeH2
•+ + H2CdCH2

limit). However, the relevant transition structures ap-
pear to be located too high in energy, apart from one
lying only 3 kcal mol-1 above the limit.

Last, theoretical calculations of the enthalpies of
formation of the GeC2Hn

+ ions with the G2 and the
DFT(B3LYP) methods gave very similar results.
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