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a  b  s  t  r  a  c  t

The  gas-phase  ion/molecule  reactions  of  F− and  EtO− with  Ge(OEt)4 yield  readily  and  exclusively  pen-
tacoordinated  complexes  XGe(OEt)4

− (X  =  F,  EtO)  at pressures  in the  10−8 T range  as  observed  by FT-ICR
techniques.  These  hypervalent  species  are  prone  to undergo  sequential  fragmentations  induced  by
infrared  multiphoton  excitation  that lead to a variety  of  germyl  and  germanate  anions.  In  the  case  of
FGe(OEt)4

−, three  primary  competitive  channels  are  observed  in the  IRMPD  process  that  can  be identified
vailable online 13 December 2010
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ermanium tetraethoxide
entacoordinated Ge anions
RMPD

as (EtO)3GeO−, F(EtO)2GeO− and  (EtO)3Ge−. Ab initio  calculations  have  been  carried  out  to  characterize
the  primary  fragmentation  paths  induced  by  IRMPD  and  the most  favorable  structure  of  the  resulting
anions.  The  gas-phase  acidity  of a  number  of these  germanium-containing  ions  have  been  estimated  by
bracketing  experiments  and  by theoretical  calculations.  Germanate  anions  such as  (EtO)3GeO− undergo
some  interesting  reactions  with  H2S to give  rise to anions  such  as  (EtO)3GeS− and  (EtO)2Ge(OH)S−.
ermanate anions
ermyl anions

. Introduction

The gas-phase ion chemistry of organo-germanium compounds
emains relatively unexplored [1].  Thermochemical properties for
imple Ge-containing ions are scarce when compared with their sil-
con analogs [2] and even bond energies are poorly characterized
3]. Yet, simple germanium compounds play an important role in
hemical vapor deposition processes [4] and in sol–gel processes
5] used for the synthesis of advanced materials [6]. A particularly
seful reagent for these purposes is the family of homoleptic ger-
anium alkoxides, Ge(OR)4, that have been used in the preparation

f important materials such as GeS2 [7], Ge-containing nanoparti-
les [8,9] as well as for deposition of germanium dioxide [10] and
rganogermanium films [11].

The variety of applications found for these alkoxides has moti-
ated studies aimed at understanding the chemical reactions
elevant to sol–gel processes and chemical vapor deposition. Ger-

anium alkoxides, similar to other metal alkoxides, are prone to

ndergo hydrolysis followed by extensive polycondensation reac-
ions [12,13]. The mechanism describing the early stages of the
ydrolysis reactions has been addressed in a recent report [14] but
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the characterization of possible transient oxy-germanium inter-
mediate species remains elusive because of the complexity of the
processes [15]. The structure and bonding of some simple germa-
nium oxyhydroxides have been characterized theoretically [16] but
finding ways to prepare and characterize oxy-germanium interme-
diate species is still a challenging proposition.

One approach that can be used to elucidate the fundamentals
of the underlying chemistry of oxy-germanium species involved
in sol–gel reactions is to probe some of these processes by mass
spectrometry. For example, attempts to elucidate mechanistic
details of polycondensation processes in neat Ge(OEt)4 and in
Ge(OEt)4/Si(OEt)4 mixtures by gas-phase ion chemistry techniques
were pioneered by Taldi and coworkers [17]. Likewise, electrospray
ionization was used to observe the formation of mono- and oligo-
germanium acids in the reaction of germanium ethoxide with HCl
leading to the formation of germanium dioxide crystallites [18]. The
structural elements of mixed Si/Ge zeolites have also been recently
probed by electrospray ionization [19]. Our group has previously
investigated the gas-phase positive ion chemistry of Ge(OMe)4 [20]
as well as the ion–molecule reactions of a number of anionic nucle-
ophiles with the same neutral substrate [21]. In the latter study,
reactions were shown to proceed almost exclusively by initial addi-

tion of the nucleophile to the Ge center to yield pentacoordinated
anions.

The present report describes some of the anionic gas-phase
ion chemistry of germanium ethoxide, Ge(OEt)4 or TEOG, and the
generation of oxy-germanium anions by sequential infrared mul-

dx.doi.org/10.1016/j.ijms.2010.11.019
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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iphoton dissociation of hypervalent anionic adducts of TEOG. The
ikely structures of these novel oxy-germanium species have been
etermined by computational chemistry, and their proton affini-
ies estimated from a combination of bracketing experiments and
heoretical calculations.

. Experimental

Experiments were carried out in our custom made FT-ICR spec-
rometer interfaced to an IonSpec Omega Fourier Transform Data
ystem [22]. The spectrometer is based on a water cooled 9” electro-
agnet that is normally operated at 1.0 T, and contains a ∼15.6 cm3

ubic cell with center holes drilled on both transmitter plates to
llow for laser light to go through the cell. The vacuum chamber
ousing the ICR cell is provided with two opposing ZnSe windows
hat act as entry and exit ports for infrared laser radiation.

Fluoride ions were generated by electron impact from NF3 (Air
roducts) with 90 ms  pulses at pressures around 3 × 10−8 T (ion
auge reading). The electron energy was maintained at 3 eV and
he trapping voltage at −1.9 V. A radio-frequency field of ∼7 MHz
as applied to one of the trapping plates during ∼140 ms  to eject

rapped thermal electrons from the cell. Fresh samples of ger-
anium ethoxide, Ge(OEt)4, (Strem Chemicals, 99.99 + %-Ge) were

horoughly degassed by repeated freeze–pump–thaw cycles, and
urified by distilling off in situ any volatile residues produced
y hydrolysis of the sample [23]. The typical partial pressures of
EOG used in this work were in the range of 2–5 × 10−8 T. Under
hese conditions, the fluoride ions react completely in less than 2 s.
imilar experiments were also carried out using EtO− and MeO−,
enerated from the corresponding alkyl nitrites, as the nucleophile
eagents.

The infrared photodissociation experiments (IRMPD) were car-
ied out after selective isolation of the ion of interest. All unwanted
ons were ejected with a combination of short (2 ms)  on-resonance
adiofrequency (RF) bursts, and long RF sweeps (10–15 ms)  over

 wide mass range. In the case of the stepwise photodissociation
xperiments, each of the primary photoproducts was  individually
e-isolated after 200–500 ms  of irradiation time. A grating tunable
w CO2 laser (SYNRAD, Model 48G-1) was used as the infrared
ource in the multiphoton dissociation experiments. The laser was
perated on the P(30) line of the 9.6 �m band at 1037 cm−1 for the
xperiments involving the germanium-containing ions. The power
evel of the laser was externally controlled by varying the width of a
0 kHz modulation pulse from a Hewlett–Packard pulse generator.
he laser power measured at the exit window of the vacuum system
f the spectrometer was typically 1–3 W.  The irradiation time was
ontrolled by an electro-mechanical shutter placed in front of the
aser, whereas the trigger and aperture times of the shutter were
etermined by a pulse from the IonSpec Data System. Sequential

RMPD can be studied conveniently with this arrangement by using
everal pulses programmed for different delay times. This arrange-
ent is similar to a procedure previously described in the literature

24].
Collisionally activated dissociation experiments by sustained

ff-resonance irradiation (CAD-SORI) [25] were also carried out to
haracterize the primary dissociation products of FGe(OEt)4

−. For
hese experiments, the irradiation frequency was typically set at
00 Hz above the resonant frequency of the selected F74Ge(OEt)4

−

pecies and complete dissociation could be achieved with less than
00 ms  irradiation time.
The proton affinity of some of the fragment ions obtained from
RMPD was estimated by bracketing-type experiments. The anions
f interest were isolated after formation by IRMPD and neutrals of
ell-known gas-phase acidity were introduced through a pulsed

alve with typical pulse widths in the range of 10–15 ms.  Spec-
ss Spectrometry 306 (2011) 219– 226

tra were collected after a suitable delay time of 200–300 ms  after
activation of the pulsed valve, and a delay time of 25 s was used
between sets of spectral accumulation to allow for return to the
original base pressure in the cell.

All other reagents were obtained commercially and subjected
to several freeze–pump–thaw cycles before sample introduction.

3. Computational details

Calculations were carried out with the Gaussian 03 suite of
programs [26]. Two different sets of methodologies were used to
obtain the structures and energies for neutral and anionic species
containing germanium. The first approach consisted initially of
pre-optimizing the structures at the HF/3-21G and these struc-
tures used as input for a new set of optimization calculations at
the B3LYP/6-311++G(d,p) basis set. The final energies were then
evaluated for the final optimized geometry. All degrees of free-
dom were optimized, and only positive vibrational frequencies
were obtained at these optimized geometries at the B3LYP/6-
311++G(d,p) level. The final thermochemistry for reactions and
relative order of stability of isomeric structures were obtained by
correcting all vibrational frequencies by scale factor of 0.9613 sug-
gested by Andersson and Uvdal [27].

The second approach made use of the general procedure out-
lined in our earlier studies of the electron affinity of simple germyl
radicals [28] and of anionic hypervalent complexes of Ge [29].
These calculations were carried out at the QCISD(T) level using
a pseudopotential for the internal electrons and included diffuse
and polarization functions for the outer electrons and for conve-
nience are identified as the B1 basis set. The zero point energies
(ZPE) were calculated from vibrational frequencies obtained from
structures optimized at the Hartree–Fock level with the same basis
set (HF/B1).

A detailed comparison of theoretical methods was not carried
out at this point because it was  outside the scope of our work.
However, the results described below suggest that comparisons
between these methods should be explored in the future.

4. Results and discussion

4.1. Ion–molecule reactions

F− reacts readily with Ge(OEt)4 under our experimental condi-
tions to yield an adduct ion as shown in reaction (1).

F− + Ge(OEt)4 → [FGe(OEt)4]− (1)

The FT-ICR spectrum obtained after 1 s of reaction displays the
typical cluster of different Ge isotopes with the base peak at m/z  273
corresponding to the most abundant 74Ge isotopologue. Unlike the
reaction of F− with Ge(OMe)4 [21], no other reaction products were
detected in this case.

A somewhat similar behavior was  observed when EtO− was
used as the nucleophile (reaction (2)). Reaction (2b) could also
be observed in experiments where the reactant EtO− ions are not
properly thermalized before ion isolation.

EtO− + Ge(OEt)4 → Ge(OEt)5
− (2a)

EtO− + Ge(OEt)4 → (EtO)3GeO− + (EtOH + C2H4)or(EtOEt) (2b)

The reaction of Ge(OEt)4 with MeO− results predominantly in
displacement of EtO−. In this case, formation of the hypervalent

ion MeOGe(OEt)4

− becomes a minor reaction channel (<10%). In
addition, other minor reaction products are observed along with
the sequential reactions of EtO− ions shown in reaction (2).  The
minor reaction products could be better characterized in experi-
ments where EtO− ions formed in reaction (3a) were continuously
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jected from the cell. The full set of reactions for the MeO−/Ge(OEt)4
ystem is shown below.

eO− + Ge(OEt)4 → EtO− + MeOGe(OEt)3 > 90% (3a)

eO− + Ge(OEt)4 → [(EtO)4GeOMe]− < 2.5% (3b)

eO− + Ge(OEt)4 → (EtO)3Ge− + EtOH + CH2O

(orCH3CHO + MeOH) < 6% (3c)

eO− + Ge(OEt)4 → (EtO)3GeO− + MeOH + C2H4 < 1%

(3d)

eO− + Ge(OEt)4 → [MeOGe(H)(OEt)3]− + CH3CHO < 0.5%

(3e)

Reactions (1)–(3) bear resemblance to those previously reported
or the reaction of these same nucleophiles with Ge(OMe)4 [21]
ith reactions proceeding initially by addition of the nucleophile to

he Ge substrate. Because of the low abundance of the product ions
s a result of reactions (3b)–(3e), these reactions were not studied
n detail.

The most stable structure for the complex resulting from addi-
ion of F− to Ge(OEt)4 is shown in Fig. 1 as a typical example of

 Ge pentacoordinated complex. The structure corresponds to a
ear trigonal bipyramid arrangement around the Ge center with
he incoming fluorine sitting on an apical position in agreement
ith our previous calculations [21].

The calculated binding energies for the apical groups in
Ge(OEt)4

− are shown in Eq. (4) because they are relevant in the
iscussion of the dissociation of the pentacoordinated complexes.
evertheless, some caution is necessary with our calculated values
ecause significant differences with experiment can be obtained
sing different methods and different basis sets for Ge systems of
his type [30].

FGe(OEt)4]-

F-  +   Ge(EtO)4       ΔH(calc) = 49.2 kcal m

EtO- +  FGe(EtO)3    ΔH(calc) = 49.9 kcal 

.2. IRMPD of the [XGe(OEt)4]− ions

As in our previous work with the hypervalent anionic adducts
f Ge(OMe)4 [20], the possibility of obtaining a variety of Ge-
ontaining anions lead us to explore dissociation of activated
XGe(OEt)4]− anions. The infrared spectrum of Ge(OEt)4 exhibits

 strong absorption at 1045 cm−1 [23] that was  attributed to be
 characteristic vibration of the GeO4 moiety. The fact that this
bsorption coincides with the most intense P branch transitions
f the CO2 laser prompted us to study the IRMPD behavior of the
XGe(OEt)4]− anions.

Extensive and sequential IRMPD processes are observed both
or [FGe(OEt)4]− and Ge(OEt)5

− in a manner reminiscent of that
eported for gas-phase FTi(OiPr)4

− adducts [22]. At short irradia-
ion times (<100 ms), IRMPD of isolated [FGe(OEt)4]− ions revealed
hree primary dissociation channels as shown in (5).

74 -
F74Ge(OEt)4]-   +   nhυIR

(EtO)3 GeO  (m/z 225)   +   C2H4   +   H

(EtO)374Ge- (m/z 209)   +   CH3CHO  + 

F74Ge(EtO)2O- (m/z 199)   +   C2H4   +  

~39%
~25%

~36%
    (4a)

1    (4b)

Fig. 1. Calculated structure for FGe(OEt)4
− at the B3LYP/6-311+G(d,p) level.

The nature of the neutral products has been assumed on the
basis of the possible mechanisms for the dissociation processes (see
below).

The occurrence of these three competing channels is very
unusual for ions of this size. No noticeable difference in product dis-
tributions was found by varying the laser irradiation power in the
range of 0.5–3.0 W.  Furthermore, identical results were obtained
from dissociation of [FGe(OEt)4]− in SORI-CAD experiments.

By comparison, the IRMPD of Ge(OEt)5
− resulted in only one

primary dissociation channel,

[74Ge(OEt)5]− + nh�IR → (EtO)3
74GeO−(m/z225) + C2H4 + EtOH

(6)

Two  possible mechanisms for the dissociation of vibrationally
activated Ge(OEt)5

− are outlined in Scheme 1: (a) pathway A is
envisioned to yield a nascent EtO− that promotes an internal return
reaction through an E2-type elimination reaction by abstraction of
a �-hydrogen from one of the ethyl groups, or less likely by an SN2
mechanism to yield diethyl ether; (b) pathway B is envisioned to
proceed through a cyclic transition state with elimination of EtOH
and C2H4.

Our experiments with Ge(OEt)5
− do not yield an unequivocal

answer to which mechanism is more likely.
F             (5a)

  HF         (5b)

 EtOH      (5c)
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The results obtained for [FGe(OEt)4]− provide us with some
urther information. The kinetics of photofragmentation of
FGe(OEt)4]− were recorded by varying the aperture time of the
hutter and the rate constant was measured to be (3 ± 0.5) s−1 at

 laser power of 3 W.  For [FGe(OEt)4]− ions with 96 vibrational
odes, the IRMPD process can still be considered to be in the slow

nergy exchange limit [31] and the rate of pumping likely to be
he rate determining step. Thus, ignoring kinetic shifts for rate
onstants of this order of magnitude, the activation energies for
eactions (5a)–(5c) should be comparable for the three dissociation
hannels in the absence of dramatic entropy effects.

The product distribution for reactions (5a)–(5c) bears no rela-
ionship with the calculated enthalpies for the reactions shown
n Table 1 as might be expected for processes that do not involve
imple bond cleavages

The possibility that processes (5a) and (5c) proceed by pathways
imilar to B (Scheme 1) was initially explored by theoretical calcu-
ations. However, transition states for either HF or EtOH elimination
ia a cyclic pathway (Scheme 1) could not be located in spite of sev-
ral attempts using different methodologies. On the other hand, the
lmost identical dissociation energies calculated for F− and EtO−

n Eq. (4) suggest that the competitive dissociation processes may
ccur from activated [F−–Ge(OEt)4] or [EtO−. . .(EtO)3GeF] loose
omplexes that proceed by abstraction of a �-hydrogen, or in the
atter complex additionally by H− transfer to the Ge center followed
y HF and CH3CHO elimination. This last pathway was  previously
bserved in the reaction of F− with Ge(OMe)4 where the hydride
dduct HGe(OMe)4

− was in fact detected as one of the ion/molecule
eaction products [21].

While the three competing processes observed in reaction (5)
re unusual, the sequential IRMPD processes also proved to be of
onsiderable interest.

.3. IRMPD of [Ge(OEt)3]− ions

Eq. (7) reveals the sequential IRMPD process observed for the
EtO)3Ge− anions. These processes involve progressive H− transfer
resumably from a departing EtO− group followed by H− transfer
o the Ge center.

EtO)3Ge−IRMPD−→ CH3CHO + (EtO)2GeH−IRMPD−→ CH3CHO + EtOGeH−
2

(7)
A possible third step leading to GeH3
− was not observed but

resumably it reflects a much slower process. These results are sig-
ificant because it provides a route for generating germyl anions

able 1
alculated enthalpies for the dissociation processes of FGe(OEt)4

− at the B3LYP/6-
11++G(d,p) level.

Reaction (5a) Reaction (5b) Reaction (5c)

�H◦/kcal mol−1 37.8 32.0 24.7
1.

that are not easily generated and characterized in condensed
phases [32] in spite of some useful synthetic applications [33].

4.4. IRMPD of F(EtO)2GeO− and (EtO)3GeO− ions

Further IRMPD dissociation processes were also observed for the
primary dissociation ion products of (5a) and (5c). These are shown
below.

F(EtO)2GeO−IRMPD−→ EtOH + FGe(O2C2H4)− (8)

(EtO)3GeO−IRMPD−→ EtOH + Ge(O3C4H9)−IRMPD−→ C2H4 + Ge(O3C2H5)−

(9)

Both germanates eliminate ethanol (or C2H4 and H2O) in the
secondary IRMPD process to yield anions whose structures are not
obvious. Several possible isomeric species can be proposed for the
GeFO2C2H4

− and GeO3C4H9
− species, that can be represented as

either germyl or germanate structures. Four of these isomers are
shown in Fig. 2 for GeO3C4H9

− along with the calculated rela-
tive energies. The germyl anion structures are more stable than
the germanate anion structures with IIA, EtOGe(OCH CH2)(OH)−,
being the most stable isomer. Similar results are obtained for
GeFO2C2H4

− with the FGe(OCH CH2)(OH)− being the most stable
isomer. In general, the trend for Ge systems is that the germyl anion
structures are more stable than the isomeric germanates as also cal-
culated for model systems such as (HO)3Ge− and H(HO)2GeO−, and
MeO(HO)2Ge− and MeO(H)(HO)GeO−. The Ge anions with cyclic
ligand structures were considered in view of the fact that these
moieties have been previously characterized in the reactions of
Ge(OEt)4 with diols in solution [34].

The subsequent loss of C2H4 in the ternary photodissociation
process is observed only for the GeO3C4H9

− ion (Eq. (9)) but not
for the fluorine substituted Ge-containing anion, GeFO2C2H4

− (Eq.
(8)). Based on the isomers shown in Fig. 2, four different isomers
corresponding to germyl and germanate anions are shown in Fig. 3
for the GeO3C2H5

− ion produced in the ternary IRMPD process
(Eq. (9)). The dihydroxygermyl anion, IIIA, is calculated to be the
most stable species and considerably more stable than the isomeric
germanates.

In spite of the preferred stability for the germyl anion struc-
ture, there is no simple mechanism to explain the formation of
the germyl anion IIA and how IIA would then undergo ethylene
elimination in Eq. (9).  On the other hand, a tentative mechanism
for the secondary IRMPD processes can be proposed based on the
idea of a nascent EtO−, from (EtO)3GeO− (or from FGe(OEt)2O−

in Eq. (8))  promoting a proton abstraction from another ethoxy
group to yield ethanol followed by ring closure to yield the IID
germanate isomer (or the fluorine equivalent). The IID ion could

then undergo ethylene elimination in the ternary IRMPD process
by proton transfer to yield the IIIC germanate isomer. This puta-
tive pathway would explain the fact that no ternary IRMPD process
occurs for the FGe(O2C2H4)− ion where no ethoxy groups are
available. This proposal takes into account the fact that species con-
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Fig. 2. Structures and relative energies of some of the [Ge,O3,C4,H9]− isomeric ions calculated at the B3LYP/6-311+G(d,p) level.

Fig. 3. Structures and relative energies of some of the GeO3C2H4
− isomeric ions calculated at the B3LYP/6-311+G(d,p) level.
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Table 2
Calculated �acidH◦ for a number of oxygen–germanium substrates.

Neutral Anion (�acidH◦
/kcal

mol−1)a
(�acidH◦

/kcal
mol−1)b

HGe(OH)3 (HO)3Ge− 334.2 343
H(OH)2GeO− 350.9 352

H(OH)Ge(OMe)2 (HO)(MeO)2Ge− 333.4 340
H(MeO)2GeO− 352.1 353

HF2GeOH F2(HO)Ge− 315.0 327
HF2GeO− 338.5 344

(EtO)3GeOH (EtO)3GeO− 347.4
F(EtO)2GeOH F(EtO)2GeO− 341.4
24 L.A. Xavier et al. / International Journa

aining a Ge O group are notoriously unstable as illustrated for
ermanones [35,36].

The possibility of an isomerization of a germanate to a germyl
nion was also explored for a model system. This process is illus-
rated in Fig. 4 for the isomerization of (HO)3Ge− to HGe(OH)2O−

s an example of the energy barriers involved in this process. While
he high energy calculated for the system may  reflect some contri-
ution from intramolecular hydrogen bonding, the results clearly

ndicate that isomerization between the two forms is unlikely in
he time frame of an FT-ICR experiment. Some related isomeriza-
ion processes for similar neutral Ge molecular systems also reveal
ubstantial energy barriers [37].

Some of the proton transfer reactions described in Part 4.6 sup-
ort the assignment of a germanate structure to the ions generated
y IRMPD in Eqs. (8) and (9).

.5. Reactivity and IRMPD behavior of Si(OEt)4

Because similar gas-phase ion/molecule reactions have been
reviously reported [38,39] for the analogous silicon compounds,
amely Si(OMe)4 and Si(OEt)4, it is interesting to compare simi-

arities and differences with the behavior of the Ge substrates. The
eaction of F− with Si(OEt)4 has been shown to proceed by initial
ormation of the hypervalent adduct FSi(OEt)4

− in a similar fash-
on to that described above for Ge(OEt)4. However, under the low
ressure conditions of FT-ICR experiments, displacement of EtO−

as also observed as a result of fragmentation of non-thermalized
ypervalent siliconate species [38].

Comparative IRMPD experiments of FSi(OEt)4
− carried out

nder the same conditions to those used for FGe(OEt)4
− reveal two

mportant differences: (a) considerably higher laser powers and
onger irradiation times are needed to promote dissociation; (b)
nly one channel of dissociation is observed followed by sequential
RMPD processes, as shown in (10)

OEtSi
tO

EtO
F

OEt

EtOH + C2H4

OSiEtO

F

OEt

C2H4

EtO+ nhv + nh v 

m/z 227 m/z 153

The first dissociation is similar to process (5c) and suggests that
hat the EtO− affinity of FSi(OEt)− is less than the F− affinity of
i(OEt)4 [40]. However, the most noticeable difference resides in
he fact that no hydride transfer to the metal center is observed
hat would result in loss of acetaldehyde as in (5b). This exact same
ehavior is observed for FGe(OMe)4

− [21] and FSi(OMe)4
− [38].

hus, the Si and Ge substrates display important differences in the
rimary dissociation channels.

The subsequent IRMPD processes described in (10) are also dif-
erent than those observed for the equivalent FGe(OEt)2O− species
n (8).  The successive loss of olefin moieties from the silicate anions
s not observed for the fluorgermanate anions, and resembles more
han behavior observed in the sequential IRMPD processes of sim-
lar titanate anions (22).

.6. Experimental and theoretical estimates of the proton
ffinities of germanates and germyl anions

The gas-phase acidities of germanic acid, Ge(OH)4, and related

ermanols, X3GeOH, are of particular interest because of the lim-
ted data available for these systems. In solution, Ge(OH)4 is known
o be a weak acid with a quoted pKa value of 8.6 [41]. At around pH
0, the (HO)3GeO− anion becomes the predominant species [42].

n the meantime, the gas-phase �acidH◦ at 298 K of Ge(OH)4 has
OH

C2H4

OHSiO

F

OH

+ nhv

25 m/z 97

(10)

(10)

a Values calculated at the B3LYP/6-311++G(d,p) level.
b Values obtained at the QCISD(T)/B1//HF/B1 level where B1 represents the basis

set described in Ref. [28].

been calculated to be 348.4 kcal mol−1 at the G2 level [43] and
provide an initial value for comparison. By comparison, the gas-
phase �acidH◦ of GeH4 has been determined experimentally to be
359.0 ± 1.3 kcal mol−1 [44]. Our previous calculations reveal that
oxygen-containing substituents on Ge progressively decrease the
value of �acidH◦. For example, the �acidH◦ of MeOGeH3 was calcu-
lated to be 5 kcal mol−1 less than that of germane [28], whereas the
�acidH◦ for HGe(OH)3 was  estimated to be 342 kcal mol−1 based
on the heterolytic dissociation to yield (HO)3Ge− and a proton
[45]. Fluorine substituted germanes are predicted to be significantly
more acidic than these model systems [28,45].

Experiments using a number of substrates of known gas-phase
acidities [46] were used in an attempt to bracket the proton affinity
of some of the anions generated in the IRMPD experiments. The sub-
strates ranged from acetylacetone (�acidH◦ = 343.8 kcal mol−1) to

2-cyclohexenone (�acidH◦ = 357.5) and included H2S, C6H5CH2CN,
p-cresol, diethyl malonate and acetic acid. Unfortunately, these
experiments proved to be difficult for establishing a lower limit for
�acidH◦ because introduction of relatively non-volatile substrates
through the pulsed valve was  unreliable. Thus, we could not dis-
tinguish unequivocally between the acidities of the three primary
IRMPD products shown in Eq. (5) and, at best, our experimental
results suggest that

344 kcal mol−1 < �acidH◦(EtO)3

GeOH,  F(EtO)2GeOH < 350 kcal mol−1

These results can be compared with the calculated acidities for
a number of related species listed in Table 2. While the calcula-
tions yield a substantially higher acidity for F(EtO)2GeOH than for
(EtO)3GeOH it is important to emphasize that the calculated values
for the proton affinity of germanate anions relevant to our present
study fall close to the range of our experimental results. On the
other hand, the calculated proton affinities for the germyl anions

proved to be much more sensitive to the level of theory as shown in
Table 2 and suggest that different model chemistries may  be nec-
essary to assess the correct proton affinities for these species in the
absence of reliable experimental values. Further work in this area
is presently in progress.
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E = 0.0 E = 58  kcal mol-1 E = 9.7  kcal mol-1

Fig. 4. Mechanism of a germyl–germanate isomerization process with energies and structures calculated at the QCISD(T)/B1//HF/B1 level.

(EtO)3GeO-   +   H2S
(EtO)3GeS-   +   H2O

-

(EtO)3Ge
O

H

S
H

eme 2

i

F

(
(
G

S
(
c
t
H
v
d
e
i

s
(
t
a
t
s
p
i
c
a

5

a
n

t
g
“
n

[

[

[

[

Sch

Finally, a particularly interesting set of reactions were observed
n the bracketing experiments with H2S and are illustrated below.

(EtO)3GeO-   +   H2S
(EtO)3GeS-   +   H2O                 (11a)

(EtO)2(HO)GeS-   +   EtOH      (11 b)

56%

44%  

(EtO)2GeO-   +   H2S
F(EtO)2GeS-   +   H2O                 (12a)

F(EtO)(HO)GeS-   +   EtOH        (12 b

79%

21%
By comparison, no reactions were observed between either

EtO)3Ge− or HGe(OEt)2
− and H2S, but reactions similar to

11a) and (12a) were observed for GeFO2C2H4
−, GeO3C4H9

− and
eO3C2H5

−.
These reactions can be visualized to proceed as shown in

cheme 2. While H2S is less acidic than the corresponding
EtO)3GeO−, proton abstraction is possible whithin the collision
omplex to yield [(EtO)3GeOH.−SH] as a transient species. This can
hen proceed by attack of HS− at the Ge center followed by either
2O or EtOH elimination. This type of mechanism is possible pro-
ided that the proton affinity of the Ge-containing anion does not
iffer dramatically from that of SH− (<∼10 kcal mol−1) so that the
ndothermic proton abstraction can be compensated by the stabil-
ty of the complex.

There are three additional points that are relevant to our discus-
ion: (i) no reactivity with H2S is observed for the germyl anions
EtO)3Ge− and (EtO)2GeH− that may  reflect very likely a struc-
ural difference with the germanate anions in Eqs. (10) and (11)
nd not a pronounced difference in proton affinities; (ii) the reac-
ivity of the GeFO2C2H4

−, GeO3C4H9
− and GeO3C2H5

− with H2S
upports our idea that these ions retain a germanate structure as
reviously discussed; (iii) formation of these thiogermanate ions

s particularly an attractive result because of the important appli-
ations of thiogermanate glasses [47] and interest in the synthesis
nd characterization of thiogermanic acids [48].

. Conclusions

This work has shown the ease with which pentacoordinated Ge
nions can be generated in the gas-phase by reactions of a suitable
ucleophile and Ge(OEt)4.
The IRMPD of these XGe(OEt)4
− species has revealed a sequen-

ial set of processes that can give rise to a variety of germyl and
ermanate anions through what may  be loosely described as an
onion-peeling” approach of the hypervalent Ge species. A combi-
ation of experimental and theoretical techniques have been used

[

(Et O)2(HO)G eS    +    Et OH

.

to identify these ions, to estimate their proton-affinities and to
establish the fact that oxygen-containing germyl anions are more
stable than their isomeric germanolate and germanate structures.

On the basis of these results, further work would be of
considerable interest both in characterizing some of these ions
spectroscopically and in pursuing studies of the condensation prod-
ucts of germanium alkoxides by electrospray ionization.
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