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The structure, stability, and thermochemistry of various Ge3Hn
- isomers (n ) 0-5) and of their neutral

analogues have been investigated at the B3LYP/6-311+G(d), MP2(full)/6-31G(d), and Gaussian-2 (G2) level
of theory. For Ge3H-, both the B3LYP and the G2/MP2 methods predict the cyclic, H-bridged structure1a-

as the global minimum, more stable than another cyclic isomer and an open-chain isomer by ca. 10 and 25
kcal mol-1, respectively. For Ge3H2

-, the B3LYP and the G2/MP2 methods provide a somewhat different
description of the potential energy surface. At the G2/MP2 level of theory, the global minimum is the cyclic,
H2Ge-bridged structure2a-, separated by other three nearly degenerate isomers by ca. 10 kcal mol-1. On the
other hand, at the B3LYP level of theory, the cyclic, H-bridged structure2e-, not located at the MP2 level
of theory, is more stable than2a- by ca. 1 kcal mol-1. For Ge3H3

-, both the B3LYP and the G2/MP2 methods
predict the cyclic, H3Ge-bridged isomer3a- as the global minimum, but the energy differences with the
other five located isomeric structures predicted by the two methods are quantitatively different. Similar to
Ge3H2

-, the B3LYP and the G2/MP2 theoretical levels provide a somewhat different description of the Ge3H4
-

potential energy surface. At the G2/MP2 level of theory, the global minimum is the cyclic structure4b- of
C2V symmetry, featuring a Ge2H4 moiety and a Ge-bridged atom, which is more stable than other three located
isomers by 3, 9, and 17 kcal mol-1. On the other hand, at the B3LYP level of theory, the open-chain isomer
4a- of H3Ge-Ge-GeH- connectivity is more stable than4b- by ca. 1 kcal mol-1 and nearly degenerate
with the alternative open-chain isomer H3Ge-GeH-Ge-. For Ge3H5

-, both the B3LYP and the G2/MP2
methods predict the 2-propenyl-like isomer H3Ge-Ge-GeH2

- as the global minimum, with energy differences
with other four isomeric structures which range from ca. 1-2 to 13-17 kcal mol-1. At the G2 level of theory
and 298.15 K, the electron affinities of Ge3Hn are computed as 2.17 (n ) 0), 2.57 (n ) 1), 1.70 (n ) 2), 2.41
(n ) 3), 2.07/1.80 (n ) 4), and 2.71/2.46 eV (n ) 5). The two alternative values reported for Ge3H4 and
Ge3H5 reflect the alternative conceivable choice for the structure of the involved neutrals and ions. The G2
enthalpies of formation of Ge3Hn and Ge3Hn

- (n ) 0-5) have also been calculated using the atomization
procedure. Finally, we have briefly discussed the implications of our calculations for previously performed
mass spectrometric experiments on the negative ion chemistry of GeH4.

1. Introduction

Simple neutrals and ions containing germanium atoms are
intensively investigated1 not only for fundamental reasons but
also for their role in vapor deposition processes, in film
formation, and in the synthesis of ceramic materials.2-4 Exem-
plary species in this regard are the neutral and ionic germanium
hydrides involved in the formation of amorphous group 14
semiconductors by chemical vapor deposition from gaseous
mixtures containing GeH4.5,6 Experimental studies7 have dem-
onstrated that the neutral GeHn (n ) 1-3) are relevant
intermediates in the laser-initiated formation of Gen films from
GeH4, and the extensive mass spectrometric experiments
performed in the past years by our group8 have clearly
established the role of cationic germanium hydrides GeHn

+ (n
g 1) and germanium cluster hydrides GemHn

+ (m > 1, n g 1)

in the early steps of the sequences which eventually lead to the
deposition of doped germanium carbides from gas-phase
mixtures of GeH4 and hydrocarbons, NH3, or PH3. More
recently, preliminary experiments by our group9 on the self-
condensation reactions occurring in negatively charged GeH4

have shown the formation of GemHn
- cluster ions (m ) 1-9,

n ) 0 - m), which can be considered as precursors of
amorphous Ge:H materials with low hydrogen content and good
photoelectric properties. From a fundamental point of view, the
active role of neutral and ionic GeHn

+/0/- and GemHn
+/0/- in

the vapor deposition processes stimulates interest in their
detailed structure, stability, and thermochemistry. In this regard,
numerous experimental and theoretical studies have been
reported, over the years, on the neutral and cationic germanium
hydrides and germanium cluster hydrides.10-33 On the other
hand, the information about anionic germanium hydrides is less
abundant and includes few studies on GeHn

- (n ) 1-3),25,30-40

GeH5
-,41 Ge2H6

-,42 and the systematic DFT investigation by
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Schaefer and co-workers43 on GeHn
- (n ) 0-4) and Ge2Hn

-

(n ) 0-6). More recently, to obtain theoretical support to the
mass spectrometric experiments on the anionic self-condensation
of GeH4,9 we have investigated the experimentally observed
Ge2Hn

- (n ) 0-5) at the DFT and ab initio level of theory.44

As a further contribution to the study of the species involved
in the negative ion chemistry of GeH4, we report here density
functional theory (DFT) and Gaussian-2 (G2) calculations on
various Ge3Hn

- anions (n ) 0-5) and on their neutral
analogues. We have in particular investigated their structure,
stability, and thermochemistry and the adiabatic electron af-
finities of the most stable Ge3Hn isomers. The implications of
our calculations for the previously performed mass spectrometric
experiments on ionized GeH4

9 will be also briefly discussed.

2. Computational Details

All the calculations were performed with the Gaussian03 set
of programs.45 The recent work by Schaefer and co-workers43

has shown that DFT46,47is adequate to describe the structure of
the GeHn

- (n ) 0-4) and Ge2Hn
- (n ) 0-6) anions. Therefore,

the geometries of the Ge3Hn (n ) 0-5) neutrals and anions
were first optimized using the hybrid exchange correlation
functional B3LYP, which combines the three terms exchange
functional proposed by Becke (B3)48 with the correlation
functional of Lee, Yang, and Parr (LYP),49 in conjunction with
the standard internal 6-311+G(d) basis set.50 The obtained
critical points, located by unconstrained gradient procedures,51-53

were unambiguously characterized as energy minima or transi-
tion structures by calculating the corresponding harmonic
vibrational frequencies. The geometries of the various Ge3Hn

neutrals and ions (n ) 0-5) were also optimized at the MP2-
(full)/6-31G(d) level of theory, and their total energies were
subsequently calculated using the composite G2 procedure.54

The adiabatic electron affinities of the most stable Ge3Hn isomers
(n ) 0-5) were computed as the difference between their
B3LYP/6-311+G(d) or G2 absolute energies and the corre-
sponding energies of Ge3Hn

-. The enthalpies of formation at
298.15 K (∆Hf°(298.15 K)) of Ge3Hn and Ge3Hn

- were
calculated combining the G2 enthalpy changes at 298.15 K of
the atomization reactions

with the experimental enthalpies of formation55 of Ge, 90 kcal
mol-1; Ge-, 61.7 kcal mol-1; and H, 52.1 kcal mol-1.

3. Results and Discussion

3a. Ge3 and Ge3
-. Over the years, the structure, stability,

and properties of Ge3 and Ge3-, in their ground and excited
electronic states, have been intensively investigated by various
experimental and theoretical methods.56-72 The first compre-
hensive theoretical study was performed in 1998 by Archibong
and St-Amant,67 who explored the Ge3 and Ge3- potential
energy surfaces at the B3LYP/6-311+G(3df) level of theory
and performed CCSD(T)/6-311+G(3df) single-point calculations
to evaluate the relative stability of the various located isomers
and transition structures. In line with previous computational
studies,61,62 the unambiguous determination of the electronic
ground state of Ge3 proved to be a “formidable task”.67 The
only safe conclusion is that the1A1 state ofC2V symmetry and
the3A2′ state ofD3h symmetry are nearly degenerate, and both
are likely candidates for the ground state. On the other hand,

the 2A1 (C2V symmetry) ground state of Ge3
- resulted as more

stable than a linear isomer ofD∞h symmetry (2Πg) and an
equilateral minimum ofD3h symmetry (2A1′) by more than 19
and 25 kcal mol-1, respectively. An additional ion ofC2V
symmetry (2B2), nearly degenerate with the ground state, was
characterized as a transition state for pseudorotation. The
adiabatic electron affinities (EA) of Ge3 (assumed in the1A1

ground state) resulted as 2.17 and 2.15 eV at the B3LYP/6-
311+G(3df) and CCSD(T)/6-311+G(3df)//B3LYP/6-311+G-
(3df) levels of theory, respectively, in good agreement with the
experimental value of 2.23( 0.01 eV determined by photo-
electron spectroscopy.64b The B3LYP theory has been subse-
quently used by other groups66,72 to explore the structure and
stability of Ge3 and Ge3- but never in conjunction with the
6-311+G(d) basis set presently employed to study the Ge3Hn

and Ge3Hn
- isomeric structures. Our B3LYP/6-311+G(d)

parameters of the most stable Ge3 and Ge3- isomers and those
obtained previously66 at the MP2(full)/6-31G(d) level of theory
are shown in Figure 1.

The B3LYP/6-311+G(d) calculations confirm the near de-
generacy of the1A1 and3A2′ states of Ge3, with the appreciable
structural differences with ground-state Ge3

- (2A1) already noted
in previous studies66b,67,72and the existence of a linear Ge3

-

isomer ofD∞h symmetry less stable than the ground state by
16.5 kcal mol-1. In addition, the B3LYP/6-311+G(d) EA of
Ge3 (assumed in the1A1 ground state) is computed as 2.18 eV,
in good agreement with the experiment.

The MP2(full)/6-31G(d) structure of Ge3 (1A1 and3A2′) and
Ge3

- (2A1) and their G2 stability and thermochemistry have
already been investigated by Deutsch, Curtiss, and Blaudeau.66

We extended here the investigation to the linear Ge3
- isomer

of D∞h symmetry (2Πg). This species confirmed to be a
minimum on the doublet MP2(full)/6-31G(d) potential energy
surface and less stable than the cyclic ground state (2A1) by
21.0 kcal mol-1 at the G2 level of theory. We note also from
Figure 1 that the MP2(full)/6-31G(d) geometries of Ge3 and
Ge3

- and their structural differences are qualitatively similar
to those predicted at the B3LYP/6-311+G(d) level of theory.

The thermochemistry of Ge3 and Ge3- predicted at the G2
level of theory is in very good agreement with the experiment.
Thus, the adiabatic EA of Ge3 (1A1) amounts to 2.17 eV, and
the previously computed66a atomization enthalpy of 141.7 kcal
mol-1 compares quite favorably with the most recent experi-
mental value of 141.0( 4.6 kcal mol-1 from Gingerich et al.57c

This suggests that G2 theory should be adequate to predict the
thermochemistry of the presently investigated Ge3Hn neutrals

Figure 1. B3LYP/6-311+G(d) and MP2(full)/6-31G(d) (italics)
optimized geometries (angstroms and degrees) of Ge3 and Ge3-.

Ge3Hn f 3Ge(3P) + nH(2S)

Ge3Hn
- f 2Ge(3P) + Ge-(4S) + nH(2S)
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and ions. The adiabatic EA of Ge3 and of the most stable Ge3Hn

isomeric structures (n ) 1-5) (vide infra) are reported in Table
1.

3b. Ge3H and Ge3H-. The relevant optimized parameters
of the Ge3H and Ge3H- isomeric structures1a-1c and1a--
1c- are shown in Figure 2, and their relative stabilities and
absolute enthalpies of formation are reported in Table 2.

On the singlet Ge3H- potential energy surface, we have
located three distinct minima, namely, the two cyclic isomers
of C2V symmetry1a- (1A1) and1b- (1A1), and the open-chain
isomer ofCs symmetry1c- (1A′). At the G2 level of theory
and 298.15 K, the global minimum1a- is more stable than1b-

and1c- by 11.1 and 26.3 kcal mol-1, respectively, and similar
energy differences are computed at the B3LYP/6-311+G(d)
level of theory. We note also from Figure 2 that, similar to the
cyclic Ge3

-, the B3LYP values of the bond distances of these
three structures are typically slightly longer than the MP2.

We have also investigated the triplet Ge3H- potential energy
surface, but the four structures (not included in Figure 2), located
as energy minima at the B3LYP/6-311+G(d) level of theory
(becoming three at the MP2(full)/6-31G(d) level of theory),
resulted as invariably less stable than1a- by ca. 40-45 kcal

mol-1 at the G2 level of theory. In addition, they suffered from
strong spin contamination, with spin-state eigenvalues of up to
ca. 2.5.

The cyclic isomers1a and1b and the open-chain isomer1c
located as energy minima on the doublet B3LYP/6-311+G(d)
and MP2(full)/6-31G(d) Ge3H potential energy surfaces are the
neutral analogues of the anions1a-, 1b-, and1c-. From Figure
2 and Table 2, the geometries and the relative stabilities of these
molecules do not differ appreciably from their corresponding
anions. In particular, at the G2 level of theory and 298.15 K,
the global minimum1a of C2V symmetry (2B2) is more stable
than 1b (2A′) and 1c (2A′) by 6.6 and 25.4 kcal mol-1,
respectively, and these energy differences are not significantly
different from the B3LYP/6-311+G(d) (at this computational
level, the H atom of1c resulted as slightly distorted out from
the symmetry plane).

When the formation of1a and1a- is assumed, the adiabatic
EA of Ge3H is computed as 2.40 eV at the B3LYP/6-311+G-
(d) level of theory and 0 K and 2.57 eV at the G2 level of
theory and 298.15 K. No experimental data are yet available
for comparison. It is however of interest to note that this value
is quite close to the EA of Si3H, experimentally obtained as
2.530( 0.010 eV55 and theoretically predicted by DFT methods
to range from 2.37 to 2.64 eV.73

3c. Ge3H2 and Ge3H2
-. The relevant optimized parameters

of the singlet Ge3H2 and of the doublet Ge3H2
- isomeric

structures2a, 2b, and2a--2f- are shown in Figure 3, and their
relative stabilities and absolute enthalpies of formation are
reported in Table 3.

At variance with the Ge3H- isomers, the B3LYP/6-311+G-
(d) and G2//MP2(full)/6-31G(d) levels of theory provide a
somewhat different description of the Ge3H2

- potential energy
surface. At the MP2(full)/6-31G(d) level of theory, we have
located four distinct energy minima of the doublet electronic
state, namely, the cyclic structure2a- of C1 symmetry featuring
two hydrogen atoms bound to the same germanium atom, the
open-chain H-bridged structure2b- of Cs symmetry, the cyclic
structure2c- of C1 (actually pseudo-Cs) symmetry, featuring
two hydrogen atoms bound to adjacent germanium atoms, and
the open-chain structure2d- of Cs symmetry with two hydrogen
atoms bound to the same germanium atom. At the G2 level of
theory, the global minimum2a- is more stable than the nearly
degenerate2b- and 2c- by ca. 9.5 kcal mol-1, and it is also
more stable than2d- by 11.4 kcal mol-1. At the B3LYP/6-
311+G(d) level of theory, the geometry of the isomer2a- is
predicted to be quite similar to that obtained at the MP2(full)/
6-31G(d). However, the structure of isomer2c- becomes
strongly asymmetric and features in particular two nonequivalent

TABLE 1: Adiabatic Electron Affinities (electronvolts) of
Ge3Hn (n ) 0-5)a

species B3LYP/6-311+G(d)(0 K) G2(298.15 K)

Ge3 (1A1/2A1) 2.18 2.17b

Ge3H (1a/1a-) 2.40 2.57
Ge3H2 (2a/2a-) 1.79 1.70
Ge3H3 (3b/3b-) 2.18 2.41
Ge3H4 (4b/4b-) 2.04 2.07
(4c/4c-) 1.97 1.80
Ge3H5 (5a/5a-) 2.46 2.71
(5b/5b-) 2.62 2.46

a The involved neutrals and anions (see Figures 1-6) are given in
parentheses.b The experimental value is 2.23( 0.01 eV (ref 64b).

Figure 2. B3LYP/6-311+G(d) and MP2(full)/6-31G(d) (italics)
optimized geometries (angstroms and degrees) of the Ge3H and Ge3H-

isomeric structures1a-1c and1a--1c-.

TABLE 2: Relative Energies, Zero-point Energies (ZPE),
and G2 Enthalpies of Formation (kcal mol-1) of the Ge3H
and Ge3H- Isomeric Structures 1a-1c and 1a--1c- (see
Figure 2)

species B3LYPa ZPEb 〈S2〉c G2(298.15 K) ∆Hf°(298.15 K)

Ge3H
1a (2B2) 0.0 4.6 0.755 0.0 112.2
1b (2A′) 6.2 4.8 0.755 6.6 118.8
1c (2A/2A′)d 19.2 4.3 0.802 25.4 137.6

Ge3H-

1a- (1A1) 0.0 4.7 0.0 0.0 55.4
1b- (1A1) 11.6 4.5 0.0 11.1 66.5
1c- (1A′) 22.4 4.3 0.0 26.3 81.8

a With the 6-311+G(d) basis set and not including the ZPE.b At
the B3LYP/6-311+G(d) level of theory.c B3LYP/6-311+G(d) eigen-
values of the spin operator.d B3LYP/6-311+G(d)/MP2(full)/6-31G(d)
electronic state.
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Ge-Ge distances of 2.364 and 3.072 Å, respectively. In
addition, under the constraint ofCs symmetry, structures2b-

and2d- revealed first-order saddle points, unstable with respect
to slight distortions from the symmetry plane. We note also
that, although2a- is still more stable than2b-, 2c-, and2d-,
the B3LYP/6-311+G(d) order of stability, namely,2a- > 2d-

> 2b- > 2c-, is slightly different from G2. Most importantly,
isomer2a- is not the global minimum on the doublet B3LYP/

6-311+G(d) Ge3H2
- potential energy surface. In fact, at this

computational level, we have located two novel structures,
namely, the H-bridged cyclic species2e- of C1 symmetry, which
is more stable than2a- by 1.0 kcal mol-1, and the open-chain
isomer2f- of C1 symmetry and HGe-Ge-GeH- connectivity,
which is however less stable than2e- by 7.9 kcal mol-1 and
nearly degenerate with2b-.

Concerning the neutral Ge3H2, at both the B3LYP/6-311+G-
(d) and MP2(full)/6-31G(d) level of theory, we have located
only two energy minima on the singlet potential energy surface,
namely, the cyclic structure2a of Cs symmetry with two
hydrogen atoms bound to the same germanium atom and the
open-chain H-bridged isomer2b, whose structure is fully planar
at the MP2, but slightly distorted from planarity (C1 symmetry)
at the B3LYP level of theory. These two isomers are the neutral
analogues of2a- and2b-, and overall, we note from Figure 3
and Table 3 only minor differences with the geometries and
the relative stabilities of the two anions. Thus, at the G2 level
of theory and 298.15 K, isomer2a is more stable than2b by
11.7 kcal mol-1, and this energy difference reduces by less than
4 kcal mol-1 at the B3LYP/6-311+G(d) level of theory.

When the formation of2a and2a- is assumed, the adiabatic
EA of Ge3H2 is computed as 1.79 eV at the B3LYP/6-311+G-
(d) level of theory and 0 K and 1.70 eV at the G2 level of
theory and 298.15 K. No experimental data are yet available
for comparison.

3d. Ge3H3 and Ge3H3
-. The relevant optimized parameters

of the Ge3H3 and Ge3H3
- isomeric structures3a-3d and3a--

3f- are shown in Figure 4, and their relative stabilities and
absolute enthalpies of formation are reported in Table 4.

On the singlet Ge3H3
- potential energy surface, at both the

B3LYP/6-311+G(d) and MP2(full)/6-31G(d) levels of theory,
we have located four energy minima, namely, the two cyclic
isomers3a- and3b- and the two open-chain isomers3c- and
3d-. The global minimum resulted in isomer3a-, separated
however by3b- by only 1.6 kcal mol-1 at the G2 level of
theory. The open-chain isomers3c- and3d- are as well nearly
degenerate but less stable than3a- by ca. 13-14 kcal mol-1 at
the G2 and ca. 9 kcal mol-1 at the B3LYP/6-311+G(d) level
of theory. The comparable stability of3a- and 3b- and 3c-

and3d- does not reflect however in structural similarities. Thus,
3a- is a cyclic species with a GeH3 group bridged on a Ge-
Ge double bond, whereas the unsymmetrical isomer3b- features
a H atom bridged between two relatively distant Ge atoms.
Similarly, isomer3c- has a HGe-Ge-GeH2

- connectivity and
two different Ge-Ge bond distances, whereas isomer3d- has
a HGe-GeH-GeH- connectivity and two equivalent distances
between adjacent Ge atoms. We note also that, at the B3LYP/
6-311+G(d) level of theory, both3c- and 3d- resulted as
slightly distorted with respect to the symmetry plane identified
at the MP2(full)/6-31G(d) level of theory.

We have also investigated the triplet Ge3H3
- potential energy

surface and located, at both the B3LYP and MP2 levels of
theory, the open-chain isomer3e- and the cyclic H-bridged
isomer 3f-. These two structures are however significantly
higher in energy than the singlet isomers, and in particular, they
are less stable than3a- by 26.7 and 30.7 kcal mol-1,
respectively, at the G2 level of theory.

The four isomeric structures3a, 3b, 3c, and3d located as
distinct energy minima on both the B3LYP/6-311+G(d) and
MP2(full)/6-31G(d) doublet Ge3H3 potential energy surface are
the neutral analogues of ions3a-, 3b-, 3c-, and3d-. Apart
from some appreciable differences between some Ge-Ge bond
distances of3a and 3a- and 3b and 3b-, the geometries of

Figure 3. B3LYP/6-311+G(d) and MP2(full)/6-31G(d) (italics)
optimized geometries (angstroms and degrees) of the Ge3H2 and Ge3H2

-

isomeric structures2a, 2b, and 2a--2f-. The doubly specified
symmetries are B3LYP/MP2.

TABLE 3: Relative Energies, Zero-point Energies (ZPE),
and G2 Enthalpies of Formation (kcal mol-1) of the Ge3H2
and Ge3H2

- Isomeric Structures 2a, 2b, and 2a--2f- (see
Figure 3)

species B3LYPa ZPEb 〈S2〉c G2(298.15 K) ∆Hf°(298.15 K)

Ge3H2

2a (1A′) 0.0 9.4 0.0 0.0 108.6
2b (1A/1A′)d 7.9 8.3 0.0 11.7 120.3

Ge3H2
-

2a- (2A) 1.0 9.0 0.758 0.0 72.0
2b- (2A/2A") d 7.4 7.8 0.785 9.2 81.3
2c- (2A) 10.5 8.0 0.763 9.5 81.5
2d- (2A/2A′)d 5.3 8.8 0.7575 11.4 83.4
2e- (2A) 0.0 8.3 0.757
2f- (2A) 7.9 7.9 0.773

a With the 6-311+G(d) basis set and not including the ZPE.b At
the B3LYP/6-311+G(d) level of theory.c B3LYP/6-311+G(d) eigen-
values of the spin operator.d B3LYP/6-311+G(d)/MP2(full)/6-31G(d)
electronic state.
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these molecules are essentially similar to their anionic coun-
terparts. However, their order of stability follows a different
trend, and isomer3b is in particular the global minimum, more
stable than3a by only 2.7 kcal mol-1 at the B3LYP/6-311+G-
(d) level of theory but by ca. 11 kcal mol-1 at the G2 level of
theory. Isomers3cand3d are even less stable and are predicted
to lie, at the G2 level of theory, 19.6 and 25.2 kcal mol-1,
respectively, above the global minimum.

Assuming the formation of3b and3b-, the adiabatic EA of
Ge3H3 is computed as 2.18 eV at the B3LYP/6-311+G(d) level
of theory and 0 K and 2.41 eV at the G2 level of theory and
298.15 K. No experimental data are yet available for compari-
son.

3e. Ge3H4 and Ge3H4
-. The relevant optimized parameters

of the 4a-4e isomers located on the singlet Ge3H4 potential
energy surface and of their corresponding anions4a--4e-

located on the doublet Ge3H4
- potential energy surface are

shown in Figure 5. Their relative stabilities and absolute
enthalpies of formation are reported in Table 5.

Similar to Ge3H2 and Ge3H2
-, the B3LYP/6-311+G(d) and

G2//MP2(full)/6-31G(d) levels of theory provide a somewhat
different description of the structure and stability of the Ge3H4

and Ge3H4
- isomeric structures. At the B3LYP/6-311+G(d)

level of theory, we have located five distinct Ge3H4
- energy

minima, namely, the three open-chain structures4a-, 4c-, and
4d- of Cs or C1 symmetry, the Ge-bridged structure4b- of C2V
symmetry, and the open-chain H-bridged structure4e- of C1

symmetry. From Table 5, the global minimum is4a-, which is
however nearly degenerate with4b- and4c- and more stable
than 4d- by only 2.8 kcal mol-1. On the other hand, isomer
4e- is less stable than4a- by 12.0 kcal mol-1. The five isomers
4a-4e, which are the neutral analogues of4a--4e-, have been
as well located as energy minima at the B3LYP level of theory.
The global minimum is the open-chain structure4c of Cs

symmetry, more stable than4b and 4d by 2.8 and 4.7 kcal
mol-1, respectively. Isomers4aand4eare even higher in energy
and less stable than4cby 7.3 and 13.5 kcal mol-1, respectively.
Passing to the MP2(full)/6-31G(d) level of theory, no critical
points corresponding to the neutral4awere located on the Ge3H4

potential energy surface and the anion4a- resulted in a first-
order saddle point, with a small imaginary frequency of 42.6i
cm-1 and a highly contaminated spin eigenvalue of 1.25. A
similar contamination problem (〈S2〉 ) 1.02) has been found
for the anion4d-, confirmed however to be a true energy
minimum on the MP2 surface. In addition, from Figure 5,
whereas the B3LYP/6-311+G(d) and MP2(full)/6-31G(d) op-
timized geometries of the Ge3H4

- isomers4b--4e- are not
significantly different, the geometries of their neutral analogues
feature appreciable differences. This is especially true for
isomers4c and4e. In the former species, the B3LYP value of
the Ge-Ge-Ge angle, 126.1°, becomes 78.2° at the MP2 level,
and the open-chain skeleton of4e, featuring a Ge-Ge-Ge bond
angle of 123.7° and two nearly equivalent Ge-Ge bonds of
2.47-2.48 Å, becomes cyclic at the MP2 level, with a Ge-
Ge-Ge bond angle of 67.8° and two nonequivalent Ge-Ge
bond lengths of 2.318 (corresponding to a double bond) and
2.555 Å, respectively. At the G2 level of theory, the global
minimum among the Ge3H4

- isomeric structures results in the

Figure 4. B3LYP/6-311+G(d) and MP2(full)/6-31G(d) (italics)
optimized geometries (angstroms and degrees) of the Ge3H3 and Ge3H3

-

isomeric structures3a-3d and3a--3f-. The doubly specified sym-
metries are B3LYP/MP2.

TABLE 4: Relative Energies, Zero-point Energies (ZPE),
and G2 Enthalpies of Formation (kcal mol-1) of the Ge3H3
and Ge3H3

- Isomeric Structures 3a-3d and 3a--3f- (see
Figure 4)

species B3LYPa ZPEb 〈S2〉c G2(298.15 K) ∆Hf°(298.15 K)

Ge3H3

3a (2A′) 2.7 14.8 0.755 10.8 119.7
3b (2A) 0.0 13.4 0.757 0.0 108.9
3c (2A′′) 13.1 12.9 0.768 19.6 128.5
3d (2A) 17.7 11.6 0.798 25.2 134.1

Ge3H3
-

3a- (1A′) 0.0 14.3 0.0 0.0 54.2
3b- (1A) 3.8 13.3 0.0 1.6 55.7
3c- (1A/1A′)d 9.7 12.5 0.0 13.4 67.6
3d- (1A/1A1)d 9.1 12.2 0.0 14.3 68.5
3e- (3A/3A′′)d 18.9 13.9 2.004 26.7 80.8
3f- (3A) 24.8 11.9 2.010 30.7 84.9

a With the 6-311+G(d) basis set and not including the ZPE.b At
the B3LYP/6-311+G(d) level of theory.c B3LYP/6-311+G(d) eigen-
values of the spin operator.d B3LYP/6-311+G(d)/MP2(full)/6-31G(d)
electronic state.
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cyclic isomer4b-, more stable than isomers4c- and4d- by
3.0 and 9.0 kcal mol-1, respectively. In addition, isomer4e-

confirmed the least stable species, higher in energy than4b-

by 16.5 kcal mol-1. The G2 order of stability of the four Ge3H4

isomers4b-4e is similar to B3LYP/6-311+G(d). The global
minimum4c is more stable than4b and4d by 3.2 and 7.8 kcal
mol-1, respectively. In addition,4ewas confirmed to be a high-
energy minimum, less stable than4c by 19.6 kcal mol-1.

Assuming the formation of4b-, which is the global minimum
on the G2//MP2(full)/6-31G(d) Ge3H4

- potential energy surface,
the adiabatic EA of Ge3H4 is computed as 2.07 eV at the G2
level of theory and 2.04 eV at the B3LYP/6-311+G(d) level.
On the other hand, assuming the formation of4c, which is the
global minimum on the neutral Ge3H4 G2//MP2(full)/6-31G(d)
potential energy surface, the adiabatic EA of Ge3H4 is computed

as 1.80 eV at the G2 level of theory and 1.97 eV at the B3LYP/
6-311+G(d). No experimental data are yet available for
comparison.

3f. Ge3H5 and Ge3H5
-. The relevant optimized parameters

of the 5a-5e isomers located on the doublet Ge3H5 potential
energy surface and of their corresponding anions5a--5e-

located on the singlet Ge3H5
- potential energy surface are shown

in Figure 6. Their relative stabilities and absolute enthalpies of
formation are reported in Table 6.

Concerning the Ge3H5
- potential energy surface, we first note

that the B3LYP/6-311+G(d) and G2//MP2(full)/6-31G(d) levels
of theory furnish a qualitatively and also quantitatively similar
description. The predicted global minimum is the 2-propenyl-
like isomer5a- of Cs symmetry, which features a single and a
double Ge-Ge bond with B3LYP and MP2 distances of 2.531
and 2.321, and 2.457 and 2.281 Å, respectively. The Ge-Ge-
Ge angle is around 90°, but the long Ge1-Ge3 distance of ca.
3.5 Å is still suggestive of an open chain rather than a cyclic
structure. Quite close in energy to5a- is the cyclic isomer5b-,
which lies 1.7 kcal mol-1 above the global minimum at the G2
level of theory and only 0.9 kcal mol-1 at the B3LYP/6-311+G-
(d) level of theory. This isomer features a quadrangular
disposition, only slightly distorted from planarity, of three
germaniums and one hydrogen atom (at the B3LYP level of
theory, we have also located an additional isomer, not included
in Figure 6, structurally analogous to the cyclopropyl anion but
less stable than5a- by more than 30 kcal mol-1). The
1-propenyl-like isomer5c- of Cs symmetry is still close in
energy to5a-, being less stable by only 2.9 and 3.6 kcal mol-1,
respectively, at the B3LYP/6-311+G(d) and G2 levels of theory.

Searching for allyl-like Ge3H5
- isomers ofC2V symmetry,

we located a second-order saddle point, unstable with respect
to the distortion from planarity of the two GeH2 groups. The
corresponding energy minimum is theC1 symmetry isomer5d-,
which is less stable than5a- by 8.1 and 12.2 kcal mol-1,
respectively, at the B3LYP/6-311+G(d) and G2 levels of theory.
Isomer5e- is the least stable among the singlet Ge3H5

- isomeric
structures and is still perceivable as an allyl-like species with a
H atom bridged between two adjacent germanium atoms. It is
less stable than5d- by 5.2 and 4.7 kcal mol-1, respectively, at
the B3LYP/6-311+G(d) and G2 levels of theory.

We have also investigated the triplet Ge3H5
- potential energy

surface and located five distinct isomeric structures, not included
in Figure 6, which resulted however as significantly less stable

Figure 5. B3LYP/6-311+G(d) and MP2(full)/6-31G(d) (italics)
optimized geometries (angstroms and degrees) of the Ge3H4 and Ge3H4

-

isomeric structures4a-4e and4a--4e-. The doubly specified sym-
metries are B3LYP/MP2.

TABLE 5: Relative Energies, Zero-point Energies (ZPE),
and G2 Enthalpies of Formation (kcal mol-1) of the Ge3H4
and Ge3H4

- Isomeric Structures 4a-4e and 4a--4e- (see
Figure 5)

species B3LYPa ZPEb 〈S2〉c G2(298.15 K) ∆Hf°(298.15 K)

Ge3H4

4a (1A) 7.3 18.7 0.0
4b (1A1/1A)d 2.8 18.3 0.0 3.2 102.9
4c (1A′) 0.0 19.1 0.0 0.0 99.7
4d (1A/1A′)d 4.7 17.8 0.0 7.8 107.5
4e(1A) 13.5 17.0 0.0 19.6 119.3

Ge3H4
-

4a- (2A′) 0.0 17.8 0.756
4b- (2B1) 1.1 17.8 0.753 0.0 57.6
4c- (2A/2A′)d 0.2 18.2 0.767 3.0 60.6
4d- (2A) 2.8 16.8 0.771 9.0 66.6
4e- (2A) 12.0 16.0 0.7545 16.5 74.1

a With the 6-311+G(d) basis set and not including the ZPE.b At
the B3LYP/6-311+G(d) level of theory.c B3LYP/6-311+G(d) eigen-
values of the spin operator.d B3LYP/6-311+G(d)/MP2(full)/6-31G(d)
electronic state.
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than 5a-. For example, at the B3LYP/6-311+G(d) level of
theory, the two lowest-energy species, structurally analogous
to 5a- and 5c- but with hydrogen atoms distorted out from
planarity, are less stable than5a- by 16.9 and 18.9 kcal mol-1,
respectively.

At variance with Ge3H5
-, the B3LYP/6-311+G(d) and G2//

MP2(full)/6-31G(d) description of the doublet Ge3H5 potential
energy surface is somewhat different, especially for the three
lowest-energy isomers5a, 5b, and5c. At the B3LYP level of
theory, the 2-propenyl-like isomer5a and the 1-propenyl-like
isomer5c are nearly degenerate and more stable than isomer
5b by 4.6 kcal mol-1. The latter species features a quadrangular

disposition of three germaniums and one hydrogen atom, which
is bridged between two terminal GeH groups. On the other hand,
at the MP2(full)/6-31G(d) level of theory,5b collapses to a
cyclopropyl-like structure and is predicted by G2 theory to be
the global minimum on the Ge3H5 surface, more stable than
the still nearly degenerate5a and5c by almost 4 kcal mol-1.

Concerning the trygermaallyl radical5d, its germanium atoms
are more pyramidalized than the corresponding anion5d- and
the two equivalent Ge-Ge bond distances are also slightly
shorter. It is less stable than5a by 5.4 and 3.6 kcal mol-1,
respectively, at the B3LYP/6-311+G(d) and G2 levels of theory.
Finally, isomer 5e, structurally analogous to anion5e-, is
invariably predicted as the least stable among the various Ge3H5

isomeric structures and results as less stable than5a by 14.0
and 12.0 kcal mol-1, respectively, at the B3LYP/6-311+G(d)
and G2 levels of theory.

At the B3LYP/6-311+G(d) level of theory, assuming the
formation of the neutral ground-state5a, the adiabatic EA of
Ge3H5 is predicted as 2.46 eV. At the G2 level of theory, the
neutral ground-state Ge3H5 isomer results as5b and its adiabatic
EA is computed as 2.46 eV. No experimental data are yet
available for comparison.

3g. Implications for Mass Spectrometric Experiments.As
already pointed out in the Introduction, the mass spectrometric
investigation of the negative ion chemistry of GeH4

9 has
disclosed the formation of germanium clusters hydrides, up to
Ge9Hn

-, whose stability and relative abundance strictly depends
on the total pressure and the observation time. In particular, all
the presently investigated Ge3Hn

- (n ) 0-5) anions, with only
the exception of Ge3H4

-, have been experimentally observed and
ascertained to arise from the following ion-molecule reactions

The employed mass spectrometric techniques do not provide
however information on the detailed structure of the observed

Figure 6. B3LYP/6-311+G(d) and MP2(full)/6-31G(d) (italics)
optimized geometries (angstroms and degrees) of the Ge3H5 and Ge3H5

-

isomeric structures5a-5e and5a--5e-. The doubly specified sym-
metries are B3LYP/MP2.

TABLE 6: Relative Energies, Zero-point Energies (ZPE),
and G2 Enthalpies of Formation (kcal mol-1) of the Ge3H5
and Ge3H5

- Isomeric Structures 5a-5e and 5a--5e- (see
Figure 6)

species B3LYPa ZPEb 〈S2〉c G2(298.15 K) ∆Hf°(298.15 K)

Ge3H5

5a (2A/2A′′)d 0.0 23.1 0.760 4.0 98.6
5b (2A) 4.6 22.2 0.758 0.0 94.6
5c (2A′′) 0.02 22.5 0.752 4.4 99.0
5d (2A) 5.4 22.8 0.814 7.6 102.2
5e(2A) 14.0 22.0 0.758 16.0 110.6

Ge3H5
-

5a- (1A′) 0.0 22.6 0.0 0.0 38.6
5b- (1A) 0.9 21.8 0.0 1.7 40.3
5c- (1A′) 2.9 22.2 0.0 3.6 42.3
5d- (1A) 8.1 21.4 0.0 12.2 50.8
5e- (1A) 13.3 20.9 0.0 16.9 55.5

a With the 6-311+G(d) basis set and not including the ZPE.b At
the B3LYP/6-311+G(d) level of theory.c B3LYP/6-311+G(d) eigen-
values of the spin operator.d B3LYP/6-311+G(d)/MP2(full)/6-31G(d)
electronic state.
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Ge3Hn
- (n ) 1-3, 5) and also do not furnish arguments to

speculate why the Ge3H4
- ions are not experimentally detected.

These questions can be at least partially addressed using the
results of our calculations. In the quadrupole ion trap experi-
ments performed to investigate reactions 1-4,9 the precursor
Ge2Hn

- ions (n ) 0-3) are preliminarily thermalized by
unreactive collisions with buffer helium and it is therefore
reasonable to assume that the Ge3Hn

- (n ) 1-3,5) products
arise from exothermic or nearly thermoneutral reactions.
Therefore, using the experimental enthalpy of formation of Ge2

-,
65.7( 2.4;74 Ge3

-, 61.5( 0.5;64b and GeH4, 21.7 kcal mol-1,55

and our previously calculated44 G2(298.15 K) enthalpies of
formation of Ge2H-, 49.8; Ge2H2

-, 54.0; and Ge2H3
-, 37.1 kcal

mol-1, the following upper limits for the enthalpies of formation
of Ge3Hn

- (n ) 1-3, 5) are predicted: Ge3H- and Ge3H3
- e

71.5, Ge3H2
- e 75.7 or 87.4, and Ge3H5

- e 58.8 kcal mol-1.
Therefore, the comparison with the theoretical values reported
in Tables 2, 3, 4, and 6 suggests, for example, that the Ge3H-

ions formed in reaction 2a should possess the cyclic structure
1a- or 1b-, whereas the open-chain isomer1c- should not be
accessible. The structural assignment of the Ge3H2

- ions from
reaction 3 is apparently even less ambiguous, since only the
cyclic isomer2a- has a calculated enthalpy of formation, 72.0
kcal mol-1, which is compatible with a nearly thermoneutral
reaction. On the other hand, all four Ge3H2

- isomers2a--2d-

could be formed from reaction 1, and only the two triplet
isomers3e- and 3f- can probably be safely ruled out from
reaction 2b. In addition, from Table 6, any of the presently
investigated Ge3H5

- isomeric structures5a--5e- could be
obtained as the product of reaction 4. Therefore, especially for
the Ge3H3

- and Ge3H5
- ions, additional experiments are

required to disclose in more detail their connectivity and
structure.

Concerning the not observed Ge3H4
- ions, their formation

could be expected, for example, by a process such as

which is analogous to reactions 1, 2b, 3, and 4 and is predicted
to be exothermic or nearly thermoneutral for all the Ge3H4

-

isomeric structures4b--4d- reported in Table 5. Although
speculative, it is therefore tempting to suggest that their actual
observation is prevented by kinetic factors and/or by decom-
position processes which are faster than the observation time
window of the mass spectrometric experiments.

4. Conclusions

The results of B3LYP, MP2, and G2 calculations reveal that
the germanium cluster hydrides Ge3Hn

- (n ) 1-5) may possess
various cyclic or open-chain isomeric structures, whose energy
differences may be sometimes as large as up to 20 or 30 kcal
mol-1. These thermochemical data may help to assign the
plausible connectivity of the Ge3Hn

- ions (n ) 1-3,5)
experimentally observed in the negative ion chemistry of GeH4.
We suggest in particular that the experimentally observed Ge3H-

and Ge3H2
- should possess a cyclic rather than an open-chain

isomeric structure, whereas the connectivity of the Ge3H3
- and

Ge3H5
- observed ions cannot be unambiguously assigned on

simple thermochemical grounds, and additional experiments are
required to disclose in more detail their connectivity and
structure. The identification of the observed ions is also
complicated by the fact that, for species such as Ge3H2

- and
Ge3H4

-, the B3LYP and the G2/MP2 levels of theory furnish
a somewhat different description of their structure and stability,

especially for the lowest-energy isomers. At least in principle,
the B3LYP structures, obtained using the more flexible 6-311+G-
(d) basis set, should be more accurate than the MP2/6-31G(d).
This is in line with the conclusions from a recent study43 which
indicates that, for the Ge2Hn

- anions (n ) 1-5), various DFT
methods used in conjunction with basis sets including diffuse
functions predict geometries close to the few available experi-
mental structures. In any case, a stronger interplay between
theory and experiment is probably still required to assess which
computational level has to be used to perform accurate predic-
tions of the structure and stability of large-size anionic
germanium hydrides.
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