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Abstract

The ion/molecule reactions of the main fragment ions of Ge(QM®mely HGe(OMegy °, Ge(OMe);, H,Ge(OMe} °,
HGe(OMe}, and GeOMé, have been studied in a Fourier transform ion cyclotron resonance (FTICR) spectrometer in the
presence of the neutral substrate. A series of distinct reactions leading(oM&s): (n = 3—7)ions are essentially the only
products observed besides reactions leading to protonated Ge{fOMered multiphoton photodissociation initiated with a
CO, laser has been used to help in the isolation of some of the primary ions and to investigate the lowest energy channels f
dissociation of the product ions. While the actual structure of the product ions could not be unequivocally determined in the
present experiments, it is likely that a number of the product ions are ions containing a germanium—germanium bond. (Int
Mass Spectrom 179/180 (1998) 223-230) © 1998 Elsevier Science B.V.
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1. Introduction ion/molecule reactions and the determination of an
accurate value for the proton affinity of monogermane
The gas-phase ion chemistry of organogermanesis still an experimental challenge [5]. Recent high
remains relatively unexplored in spite of the increas- quality ab initio calculations [6] predict the proton
ing interest in these compounds for organometallic affinity of monogermane to be 673.9 kJ mblat 298
synthesis and as precursors of new kinds of polymers, K, which is just below the lower limit originally
film formation, and synthesis of new ceramic materi- placed by ion beam scattering experiments [5]. A
als by chemical vapor deposition methods [1-3]. The much more interesting and richer set of ion/molecule
first report on ion/molecule reactions in monogermane reactions has been reported for monogermane and
[4] revealed that such simple ions as Geahd GeH methylgermane with oxygen, ammonia, unsaturated
undergo complex reactions with GgHeading to hydrocarbons, and silicon hydrides resulting in a
various GgH,, (x = 2-5) ions. Unlike CH and variety of condensation products [7-12].
SiH., GeH! is not easily observed as a product of A somewhat different family of volatile organoger-
manes, Ge(OR)(R = alkyl), has recently received
- attention because of its potential advantages for dep-
* Corresponding author. . N _ osition of germanium oxide [13,14]. The very inter-
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provided the major impetus for the present investiga- mass species arising from five different Ge isotopes
tion of the ion chemistry of Ge(OMg) This study is  ("°Ge, 20.5%7°Ge, 27.4%;°Ge, 7.7%;‘Ge, 36.5%;
useful for establishing similarities and differences ’°Ge, 7.7%), the specific isolation of HGe(OMg)
between the ion chemistry of silicon and germanium Ge(OMe), H,Ge(OMe)’, and HGe(OMej was
substrates. It also provides insight on the chemistry of achieved with the help of selective multiphoton dis-
germyl cations, a subject of considerable interest and sociation as discussed in the Results. Our early
speculation in condensed phases [18]. attempts to specifically isolate th®Ge isotopic

component of these ions (for which no overlap is

possible) proved to be of very limited use because

the resulting signal/noise (S/N) conditions for the
2. Experimental isolated ions were very poor.

A grating tunable cw CQlaser (SYNRAD, Model

E>.<periments were carried out with a homemade 48G.1cation) was used for the infrared multiphoton
Fourier transform ion cyclotron resonance (FTICR) gissociation of ions. The laser was operated on the

spectrometer interfaced with an lonSpec Omega Fou- P(20) line at 1047 cm?, a frequency close to the
rier Transform Data System. The general characteris- center of a strong infrared absorption band of neutral

t'fs O; the spv?(.:trometer. and its appllcatrllon tot\)/vardgllthe Ge(OMe), [22]. No attempt was made to look into the
te utC|dqt|on 0 |cin re;.ctm;.n seqfuencc:; av:a beer: ! .us wavelength dependence of the dissociation processes.
rated in recent pu |ca_|oqs rom i ese .a oratories g power level of the laser was externally controlled
[17,19,20]. The magnetic field (Varian 9 in. electro- . . .
. by varying the width of a 10 kHz modulation pulse
magnet) was usually set & T but some experiments .
. , ) provided by a Hewlett-Packard pulse generator. The
were carried out at fields of 1.1 and 1.25 T without L
. . laser power measured at the exit window of the
any marked improvement in the performance of the .
. o ... vacuum system of the spectrometer was typically 3
spectrometer. The cell is a modified near-cubic 1 in. . o
. . . . . W. However, considerable fluctuation in power was
cell in which both transmitter plates are drilled with a ,
observed unless the water cooling and room temper-

center hole to allow for laser irradiation of the ion intained I bel 20°C [23]. Th
cloud. The bottom receiver plate also has a center hole gturg vyere' maintained well be OYV [23]. 'e
irradiation time (0.2a@ 1 s depending on the experi-

outside of which a tungsten wire is permanently i .
mounted to act as an in situ high temperature black- ment) was controlled by electronically varying the

body source as previously described [21]. The tem- duration of the open-time of a Uniblitz shutter placed

perature of the cell under normal operating conditions I front of the laser. .
is typically in the range of 333 5 K as measured lon/molecule reactions of Ge(OMg)vere studied

with a Pt wire thermometer located near one of the pically at pressures in the range of 5<910"° Torr
transmitter plates. (ion gauge reading), and at trapping voltages of 1 V.
Positive ions were generated by electron bombard- No attempt was made to determine the absolute rate
ment at 20 eV in most experiments. Lower electron Constants due to the large uncertainties associated
energies were used in a few experiments in order to With measuring the absolute pressure of the highly
determine qualitatively appearance energies and to hygroscopic Ge(OMg)
verify the possibility of decreasing the number of ~ Fresh samples of tetramethoxygermane (germani-
overlapping fragment ions (see Results). The reactiv- um (IV) methoxide, 97%, Aldrich) were used in most
ity of different fragment ions (with all their isotopic ~ experiments. These samples were repeatedly distilled
components) was determined by ejecting all unwanted under vacuum prior to introduction in the cell. This
ions from the ICR cell with a combination of radio procedure was essential for minimizing the amount of
frequency pulses. Because the mass spectrum ofmethanol present in the sample due to facile hydro-
Ge(OMe), reveals fragment ions with overlapping lysis of this compound.
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Fig. 1. Mass spectrum of Ge(OMgdbtained in our FTICR spectrometer at 20 eV and short ion trapping time (40 ms).

3. Results and discussion time. At higher electron energies, a minor amount of
Ge' is also observed in the mass spectrum.
3.1. Mass spectrum of Ge(OMe) The main species observed at this electron energy

can be identified as HGe(OME) Ge(OMe},

An early study of the mass spectrum of Ge(OMe) H,Ge(OMe} ", HGe(OMe}, and GeOMé. Spectra
reported fragmentation patterns characterized by lossrecorded at lower electron energies reveal that
of CH,0 or CH,O [24]. The FTICR spectrum ob- HGe(OMe}  is the fragment with the lowest appear-
tained in our spectrometer at 20 eV ionizing energy ance energy.
and 40 ms after the ionization pulse is shown in Fig. The fragmentation process resulting in the forma-
1. The molecular ion is not observed in this spectrum tion of HGe(OMe)" and Ge(OMej can be easily
even at low electron energies, but HGe(OMd$ viewed as the result of elimination of formaldehyde
readily observed due to fast ion/molecule reactions coupled with a hydrogen shift, or methoxy radical loss
occurring at these pressures during the 40 ms delayfrom an unstable molecular ion.

H +
-/ CH
/ (Me0)3Ge—('g > HGe(OMe)3™  + CHy0 (la)
[Ge(OMe)4** *
\ Ge(OMe)3t  + MeO" (1b)

Although the FTICR experiments do not provide any mechanisms as those shown in reaction (1). It is
detailed information about these fragmentation pro- interesting to note that although the symmetric
cesses, formation of the J8e(OMe} and molecular ion Ge(OMeg) is not observed in the

HGe(OMe) ions can be rationalized by similar mass spectrum, its fragmentation gives rise to other
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Fig. 2. (a) FTICR spectrum obtained after isolation of the different isotopic speciesGd#(@Me) " and HGe(OMej; (b) FTICR spectrum
obtained after irradiation of jGe(OMe} ™ and HGe(OMej ions with the CQ laser showing the selective dissociation of HGe(OMe)
(Spectra recorded without full optimization for isotopic relative abundances.)

radical cations like HGe(OMg) and
H,Ge(OMe} .

Neither HGe(OMej nor Ge(OMe) undergo dis-
sociation under irradiation with the GQaser. By
comparison, a similar type of experiment, after iso-
lating the cluster of isotopic species corresponding to
H,Ge(OMe) and HGe(OMej, reveals that the CO
laser can selectively dissociate the HGe(OM&n

(Fig. 2)
HGe(OMe)} + nhyz — GeOMe" + MeOH  (2)

This type of experiment eventually allowed us to
isolate HGe(OMe} “ions (m/z 140, 138, 137, 136,
and 134) free of any interference from the
HGe(OMe} ions.

3.2. lon/molecule reactions

A preliminary investigation of the ion/molecule
reactions of Ge(OMg)reveals that the primary frag-
ment ions give rise to [Ge(OMgH ™" and a progres-
sive and characteristic sequence of,@Me): (n =

condensation-type species, there is no conclusive
evidence to rule out structures obeying the empirical
formula Gg(OCHy), that do not necessarily maintain
all the MeO moieties intact, however. The only
exception to this general sequence is the observation
of Ge,0;CsHg, a neighbouring species to the
Ge,(OMe); ion. Because these ions are produced in
minor quantities and the isotopic structure of spectra
involving neighbouring ions with two germanium
atoms is quite complex, a thorough investigation of
these products proved difficult. A detailed analysis of
the individual reactivity of the different ions is pre-
sented below.

3.2.1. [Ge(OMg)H*

Reactions leading to protonated Ge(Olyla)e fast
and arise primarily from proton transfer of
HGe(OMe}); " and H,Ge(OMe} . A quantitative anal-
ysis of these reactions has not been pursued because
protonation reactions also arise from background
water and methanol that are common contaminants
when using Ge(OMg) The [Ge(OMe)JH™ ions
undergo readily secondary reaction with the neutral

3-7) ions. Although these ions are represented as substrate as shown in reaction (3),
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[Ge(OMe)H" + Ge(OMe), —

Ge,(OMe); + MeOH 3)

This reaction is reminiscent of the ion chemistry of
Si(OMe), [17] where a process similar to reaction (3)
was viewed as a nucleophilic attack by an oxygen
lone pair on a positively charged Ge with simulta-
neous displacement of methanol. This mechanism
views [Ge(OMe)]H" as a germyl cation solvated
with methanol, (MeO)Ge"(MeOH), and assumes
that the reaction can be explained in terms of the
“voracious appetite” for nucleophiles expected for Ge
by analogy with Si [25]. A very likely structure for the
product ion that is consistent with this view is an ion
exhibiting a Ge—O-Ge central moiety.

@
(MeO),Ge—O0—Ge(OMe)
|

Me

Photodissociation of the protonated ion
[Ge(OMe)]JH ™" with the CQ, laser yields exclusively
the germyl cation Ge(OM§)

[Ge(OMe)H™ + nhyr — Ge(OMe} + MeOH
(4)

This experiment provides a unique and useful way to
produce Ge(OMg) ions free of any interference from
the different isotopic species of HGe(OME)

3.2.2. Ge(OMeg), HGe(OMe), and GeOMé

The even-electron primary ions undergo a series of
related ion/molecule reactions that are displayed in
Scheme 1 as a general reactivity map.

Ge(OMe)} ions are observed to produce
Ge,(OMe): (n = 3, 5, or 7) through a sequence of
reactions that formally entail progressive elimination
of CH;OH and CHO. The main product ion,
Ge,(OMe);, is assumed to be identical to that formed
in reaction (3), resulting from the attachment of a
nucleophile on the germyl cation. This behavior is
reminiscent of that previously encountered for the
Si(OMe); ion [17]. Photodissociation of GEOMe);
with the CQ, laser, regardless of whether the ion is
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Geo(OMe)7*
~72%
2% Gey(OMe)s]. ~1%% Geromie)z]

[GeOMeH—"*————
~29%)
Geo(OMe)3"

Scheme 1. Reactivity map and branching ratio of the even-electron
primary ions, Ge(OMeg), HGe(OMe}, and GeOME&, with the
parent neutral Ge(OMg) The neutral products of these reactions
are discussed in the text.

formed by ion/molecule reactions of [Ge(OMi) *
or Ge(OMe), vyields almost exclusively the
Ge(OMe}; ion

Ge,(OMe); + nhyr — Ge(OMe) + Ge(OMe),
(5)

Complete dissociation is achieved with irradiation
times of less than 400 ms. At long irradiation times
that result in total dissociation~400 ms), other
two-germanium-containing ions also become notice-
able in the photodissociation experiment. In decreas-
ing order of importance, the base peaks of these ions
correspond tom/z 255 [“Ge’’Ge(O)(OMe} (?)],
m/z 225 [“Ge’°Ge(OH)(OMe} (?)], andm/z 239
and m/iz 238 [“Ge’*Ge(OMe}  and
7%Ge’?GeQ,C;Hgl. A particularly important result of
these experiments is the fact that ;G@Me) is
noticeably absent as a product of photodissociation
even at the longer irradiation times.

The Gg(OMe): ion is a common product ion of
all three primary ions considered in this section. The
likely mechanisms leading to this ion and its structure
require some discussion. For example, the reactivity
of Ge(OMe} differs in this case from that of Si-
(OMe);. Although Si(OMe} reacts with Si(OMe)
to  yield Si,(OMe);, and presumably
(MeO),SiOSi(OMe} as a result of MgO elimination
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from energy rich S{OMe); ions [17], the reaction of
Ge(OMe) with Ge(OMe), to yield Gg(OMe) by
elimination of MeOH and CED can be rationalized
by a variety of structures. The fact that fBe@Me)¢ is

not produced by the low power infrared photodisso-
ciation of Gg(OMe); suggests that either these ions

are produced through different intermediates, or elim-

77%

/
~_

23%

Gez(OMe)? + nhuyg

GeOME + Ge(OMe)y

Ge(OMe); + [ Ge(OMe)y 77]
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ination of MeOH and CHO requires a higher energy
threshold than dissociation back to the original re-
agents. Furthermore, @®Me): is the major reac-
tion product from HGe(OMeg) (with elimination of
neutral MeOH) and GeOMe

Infrared photodissociation of the G®&Me): ion
yields

These results are not sufficient to establish the actual liminary ab initio calculations on some of the primary

structure of Gg(OMe) unequivocally. All three

fragment ions. For example, calculations using den-

structures shown below must still be regarded as sity functional methods at the B3LYP/6-31@)(level

distinct possibilities

@

(MeO);Ge — Ge(OMe), (7a)
(MeO),Ge — Ge(OMe),
N/
<|)® (7b)
Me
® (7¢)
(MeO),Ge — O — Ge(OMe)(Me)

Structure {b) would probably be expected to yield
the more stable germyl catioid), even though a salt

of a three-membered germyl cation has been isolated

recently [26]. The fact that all three primary ions,
Ge(OMe)}, HGe(OMe), and GeOMe vyield the
ubiquitous Gg(OMe); ion strongly suggests that
formation of product ions with germanium—germa-
nium bonds is likely for both GgOMe) and
Ge,(OMe); . This is particularly interesting in view of

with caussian 94 [28] for GeH,CO" species show
that the GeOME& structure is 264 kJ mof more

stable than HGeOCH and at least 293 kJ mot

more stable than MeGeOand H,GeCO" [29].

3.2.3. HGe(OMg) and H,Ge(OMe}~

The reactivity of the radical cations formed in the
primary fragmentation process is displayed in Scheme
2. The proton transfer reactions (8) and (9) have not
been explicitly considered in Scheme 2 because reli-
able quantitative measurements proved difficult be-
cause of competing proton transfer reactions from

Geo(OMe)g™
~76%
HGe(OMe)3* HoGe(OMe)

~24%

Gez(OMe)4+’|

Scheme 2. Reactivity map and branching ratio of the primary

the increasing number of stable germenes that areradical ions, HGe(OMd), and HGe(OMe)", with the parent

presently known [27].
Further support for claiming ion structures that
retain the methoxy moieties intact comes from pre-

neutral Ge(OMe) The proton transfer reactions leading to
[Ge(OMe)]H ™" have not been included because of difficulties in
assessing the relative contribution of each ion. The neutral products
of these reactions are discussed in the text.
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water and methanol, and because of the subsequentelimination of methanol and a methyl migration to a
reaction of HGe(OMe) with the parent substrate germanium atom giving rise to [(Me@3e—O—Ge-

[reaction (3)] (Me)(OMe),] *. This latter type of structure has been
taken into consideration repeatedly in this article
HGe(OMe) + Ge(OMe), — because of the known stability of Ge—O—Ge systems

that eventually lead to polymeric units [30]. Unfortu-
nately, our experiments cannot distinguish between
H,Ge(OMe) + Ge(OMe), — these two possibilities. Furthermore, photodissocia-
tion experiments were not feasible in this case since
Ge,(OMe)q is not an intense species in the overall

[Ge(OMe)H" + ‘Ge(OMe) (8)

[Ge(OMe)H™ + ‘GeH(OMe), (9)

Scheme 2 shows that both radical cations, interest- SPectrum.

ingly enough, also give rise to radical ion products in ~ The formation of Gg(OMe), from both radical
their ion/molecule reactions with the parent neutral. cations, HGe(OMe) and H.Ge(OMe} ', involves
Two very distinct possibilities exist for the structure the familiar elimination of MeOH and Cj© in

of Ge,(OMe):; (1) a 1, 2 elimination of MeOH to  analogous fashion to the reactions encountered for the
yield an ion containing a germanium—germanium even-electron primary ions. Photodissociation of
bond, (MeO)Ge-Ge(OMeJ'; (2) a nucleophilic type ~ Ge,(OMe), " is unlike the previous cases because it
reaction similar to that advocated in reaction (3) with does yield ions containing two germanium atoms,

Ge,(OMe); " + nhyg — Ge,(0O;C5Hg) T + MeOH 64% (10a)
— Ge,(OMe); + MeO 32% (10b)
For these smaller ions, G®Me), ", Ge,(O;C;Hg) ™, ion chemistry of germanium hydrides [7—12] where

and Gg(OMe);, it is probably safe to assume ger- Ge, containing ions are also common products of
mene type structures in agreement with the growing ion/molecule reactions.
number of neutral germenes that have been identified  Further experimental and theoretical work is pres-
as stable species [27,31]. Alternative structures for ently under way in order to determine possible ther-
this case are less likely as germenones structures arenochemical and structural information on these sys-
predicted to undergo favorable isomerization [32].  tems. In this respect, very little is still known even for
the precursor neutral molecule Ge(OM§E3}3,34].
Preliminary experiments with mixtures of
Ge(OMe), and Si(OMe) reveal that a very similar
chemistry is observed resulting in ions containing a Si
and Ge atom. The practical consequences of these
experiments should be particularly useful in the anal-
ysis of processes that are initiated either by a plasma
or glow discharge.

4. Conclusions

The ion chemistry of Ge(OMghas been shown to
give rise to a progressive humber of secondary ions
(even- and odd-electron species) corresponding to
Ge,(OMe) (n = 3-7) clusters. While secondary
ion/molecule reactions were not thoroughly studied,
the efficiency of these processes is very low compared
to similar processes observed in the Si analogs. For
the lowest members of the Z®Me), ions there is  Acknowledgements
strong indication that these ions contain germanium-—
germanium bonds. This situation parallels closely the  This work was made possible by generous support
trend observed earlier in the pioneering studies of the from the Sa Paulo Science Foundation (FAPESP)
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