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Threshold photoelectron-photoion coincidence spectroscopy (TPEPICO) has been used to investigate the
gas-phase ionic dissociation energies and thermochemistry of Me4Ge and Me3GeX, (Me) methyl; X ) Cl,
Br) molecules. The 0 K dissociation onsets for these species have been measured from the breakdown diagram
and the ion time-of-flight distributions, which were modeled with the statistical RRKM theory and DFT
calculations. The measured 0 K dissociative photoionization onsets were as follows: Me3Ge+ + Me (9.826
( 0.010 eV); Me3Ge+ + Cl (10.796( 0.040 eV); Me3Ge+ + Br (10.250( 0.011 eV); Me2GeCl+ + Me
(10.402( 0.010 eV); and Me2GeBr+ + Me (10.333( 0.020 eV). These onsets were used to obtain new
values for∆fH°298 (in kJ/mol) of the neutral molecules Me3GeCl (-239.8( 5.7) and Me3GeBr (-196.5(
4.3), and also for the following ionic species: Me3Ge+ (682.3( 4.1), Me2GeCl+ (621.1( 5.8), and Me2-
GeBr+ (657.8( 4.7).

1. Introduction

Germanium species such as germane, GeH4, and its halo-
genated and alkylated derivatives have been used in the
semiconductor industry and chemical vapor deposition (CVD)
for years.1-7 The thermochemistry and bond energies of Ge
species is thus of some importance. However, only the heats of
formation of a few of these molecules (e.g., GeF4, GeCl2) are
known accurately, while the rest are not well-established or have
never been measured. This is the case for tetramethyl germanium
and the halogen trimethyl germanium molecules.

The experimental∆fH°298 (Me4Ge) values in the literature
range from-87.9 to-134 kJ/mol. Shaulov et al.8 and Long
and Pulford9 derived values of-87.9 and-102.6 ( 8.3 kJ/
mol, respectively, using a static bomb calorimetry method.10

Steele11 suggested a value-123 kJ/mol from comparative
results of bond-dissociation enthalpies for group IV tetramethyl
and tetraphenyl molecules. Lappert et al.12 proposed a more
negative value (-134 ( 13 kJ/mol) several years ago, based
on group additivity methods by taking into account the value
for Ge(C2H5)4 listed by Cox and Pilcher.13 Two values listed
in the NIST webook14 are-72.8( 8.7 and-107.5( 6.4 kJ/
mol, which are based on an undisclosed review method. In the
case of∆fH°298 (Me3GeX) [X ) Cl, Br], the heats of formation
were estimated by Baldwin et al.15 from calorimetric results,
and these are discussed in this work.

It is evident that reliable experimental heats of formation for
several germanium molecules are not available. In a recently
submitted paper,16 we have computed the heats of formation of
GeH4, GeF4, and GeMe4 at the CCSD(T)/CBS level of theory
using MOLPRO, including relativistic effects, core valence
correlation, spin-orbit effect, and zero point energy with
anharmonic corrections. Our best estimate for the heats of
formation of GeF4 differ by only 2 kJ/mol from the accurate
experimental value of-1192 kJ/mol, which is the adjusted

average of three experimental results.16 On the basis of this good
agreement, we claim that the same method yields a∆fH°298
(Me4Ge) value of-123 ( 4 kJ/mol with an error that is
comparably small. This theoretical value will be used as a basis
in this paper to establish the heats of formation of other species,
such as the halogenated methyl germanes, for which calculations
at a comparable level of theory are beyond current resources.

In this work, we report on the dissociative photoionization
and the thermochemical properties, in the gas phase, of neutral
and ionic species of alkyl- and halogen-substituted alkyl
germanium by the technique of threshold photoelectron photoion
coincidence (TPEPICO) spectroscopy. By measuring the 0 K
dissociation onset,E0, based on reaction 1 and using the value
in the thermochemical cycle described by eq 2

it is possible to determine the heat of formation at 0 K of one
particular molecule or ion by knowing the value of another two.
The conversion of the heat of formation from 0 to 298 K and
vice versa can be made by means of the usual thermochemical
cycle, given by eq 3

where the vibrational frequencies needed to determine the value
of H°298K - H°0K for the molecule or ion can be determined
from quantum chemical calculations, and those for the elements,
in their standard states, are taken from the literature.17,18These
same sources also provide the∆fH°0K of the atomic elements.

2. Experimental Section

A. Threshold Photoelectron-Photoion Coincidence (TPEP-
ICO) spectrometer. The measurements were performed with

† University of North Carolina.
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AB + hν f A+ + B + e- (1)

E0 ) ∆fH°0K(A+) + ∆fH°0K(B) - ∆fH°0K(AB) (2)

∆fH°0K ) ∆fH°298K - (H°298K - H°0K)molecule/ion+

∑(H°298K - H°0K)elements (3)
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a TPEPICO apparatus which has been described in detail
previously.19 Briefly, the room-temperature sample vapor was
ionized with vacuum ultraviolet (VUV) light from an H2
discharge lamp dispersed by a 1 mnormal incidence vacuum
monochromator. The VUV wavelengths were calibrated against
the hydrogen Lymann-R line. The ions and the electrons were
extracted in opposite directions with an electric field of 20 V/cm.

The electrons are velocity-focused20,21 and detected by two
Burle channeltrons, one of them located along the extraction
axis and the other located alongside the first one, but separated
from it by about 5 mm. Threshold electrons and some energetic
(hot) electrons with their velocity directly along the extraction
axis are detected by the first channeltron, whereas only hot
electrons, with a few millielectronvolts perpendicular to the
extraction axis, are detected by the second channeltron. By
adopting a hot electron subtraction procedure described previ-
ously,19 we can obtain TPEPICO data with no contamination
from “hot” electrons.

The ions are accelerated to 100 eV in the first 5-cm-long
accelerated region and to 260 eV before entering a 30-cm-long
drift region. The ions are then decelerated to 180 V before
entering a 5-cm-long final drift region. The purpose of the final
deceleration is to separate fragment ions born in the first drift
region from undissociated parent ions. All ions are detected by
tandem Burle multichannel plate (MCP) detector at the end of
the second drift region.

The electron and ion signals are used as start and stop pulses,
respectively, for measuring the ion time-of-flight (TOF), and
the TOF for each coincidence event is stored on a multichannel
pulse height analyzer. These TPEPICO TOF spectra were used
to obtain the fractional abundances of the parent and daughter
ions as a function of the photon energy (breakdown diagram)
as well as for measuring the ion dissociation rate constants if
the dissociation rates are in the microsecond time range. These
rates can be extracted from the asymmetric TOF distributions
of the daughter ions signal. Separate TPEPICO-TOF distribu-
tions were collected for the central and off-axis electron
channeltrons.

B. Materials. Tetramethylgermanium (Me4Ge, purity 98%),
trimethylgermanium chloride (Me3GeCl, purity 98%), and
trimethylgermanium bromide (Me3GeBr, purity 97%) were
purchased from Sigma-Aldrich and used without further puri-
fication.

3. Quantum Chemical Calculations and Simulation of
Experimental Results

Some of the quantum chemical calculations were carried out
using theGaussian 03package.22 The ground-state geometries
of the neutral and ionic species were optimized by using density
functional theory (DFT), with Becke 3-parameter and Lee-
Yang-Parr (B3LYP) functional23-25 and the 6-311G* basis set.
The calculated vibrational frequencies were accepted as is
without scaling. An approximate set of transition-state (TS)
vibrational frequencies was obtained by stretching the appropri-
ate bond to approximately 4 Å at theB3LYP level of theory.
The calculated vibrational frequencies were used to model the
data in several ways. The frequencies of the neutral molecules
were used to obtain the room-temperature internal energy
distribution of our sample, whereas the ion frequencies were
required to calculate the ion density of internal energy levels
for the rate analysis. Finally, the TS frequencies were required
for calculating the sum of states. However, these frequencies
were adjusted to fit the rate data.

The 0 K dissociation onset (Me3Ge+ + Me) was calculated
using coupled cluster level of theory at complete basis set (CBS)

limit to compare with the experimental dissociative photoion-
ization of Me4Ge. The detailed description of the theoretical
method is described elsewhere.16 Briefly, the CBS limit is
obtained by separate extrapolation of self-consistent field
(SCF) and correlation energies using a family of correlation
consistent basis sets at the optimized geometry at B3LYP/aug-
cc-pVTZ level. Core valence correlation, relativistic effects, and
zero point energy including anharmonic corrections are taken
into account. The core valence correlation and relativistic effects
are calculated including 3s3p3d orbitals of germanium as in
the previous study.16 The symmetries of GeMe4 (tetrahedral)
and GeMe3+ (planar) were assumed. All coupled cluster
calculations were performed using the MOLPRO quantum
chemistry package.26

It was possible at this level of theory to calculate the
dissociation onset for methyl loss from GeMe4. However, similar
calculations for the trimethyl halo germanium reactions, which
involve two heavy atoms, were beyond our capability.

Because all molecules studied here include three or four
methyl internal rotors, some of the vibrational frequencies used
in the 298 K conversion using eq 3 are corrected for hindered
rotor effects at the B3LYP/aug-cc-pVTZ level of theory. These
effects are sometimes important when the vibrational frequencies
corresponding to internal rotations are less than 100 cm-1. We
calculated these explicitly for the Me4Ge and approximated the
rotor effect for the Me3GeX compounds using the Me4Ge
calculation as a guide. The effects (less than 0.5 kJ/mol) were
found to be minor.

If the dissociation reaction is rapid (k > 107 s-1) the
TPEPICO TOF peak shapes are symmetric, and only their total
areas are interesting. In this case, one can obtain directly the
corresponding breakdown diagram, which is the fractional
abundance of parent and daughter ions. Breakdown diagrams
corresponding to processes with a single product ion are
modeled in terms only of the neutral thermal energy distribu-
tion27 in which it is assumed that any parent ion with internal
energy (photon energy plus molecule thermal energy) in excess
of the dissociation energy,E0, will dissociate immediately. It
is thus possible to extract a precise 0 K dissociation onset (E0),
which is defined as the photon energy at which all parent ion
signal disappears. If the fast reaction includes competitive or
parallel dissociation steps, the first reaction channel is analyzed
as just mentioned. However, the calculation of the second onset
is more difficult and requires some assumptions about the TSs
for the two competing reactions. According to the statistical
theory of unimolecular decay (RRKM),28,29the ratio of the rates
for the two competitive reactions above the second onset is given
as the ratio of the sum of states in the transition state

whereE0i are the activation energies for the first and second
channels,Ni

#(E - E0i) are the sums of states of the transition
state from 0 toE - E0i for the two channels, andσi are the
symmetry parameters for the two reaction channels.

If the dissociation reaction is slow (k < 107 s-1), which is
the case if the ion has a large number of vibrations and the
activation energy is large, the daughter ion TOF peak shapes
are asymmetric, because the parent ions (metastable ions)
dissociate slowly in the first acceleration region. The rate
constant for unimolecular decay is given by the RRKM theory
as

k1

k2
)

σ1N1
#(E - E01)

σ2N2
#(E - E02)

for E> E02 (4a)
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whereF(E) is the density of states of the molecule (or ion) at
energyE. This analysis is more complicated than the case of
fast reactions, because it presents additional problems and
constraints. For instance, the subtraction procedure in the TOF
spectra to correct the contribution of “hot” electrons is done
channel by channel (not just the peak areas, but the spectra
themselves) as described previously.30 The TOF distributions
and breakdown diagrams are simulated using rate constants
calculated by RRKM statistical theory along with the thermal
energy distribution.

The simulations were carried out using the following infor-
mation: the vibrational frequencies of the neutral molecule
which yield the sample’s room-temperature internal energy
distribution, the ion and transition state frequencies of the
sample, the ionization energy, and the acceleration electric fields
and drift distances of the ion time-of-flight system. The
dissociation energies and the lowest three or four TS vibrational
frequencies were adjusted to fit the simulated to the experimental
data. The variable parameters were optimized using a downhill
simplex method.31,32

The uncertainties for the dissociation onsets were obtained
following the procedure described in previous studies,33,34which
involves checking the flexibility of the fit upon variations in
the adjustable parameters. The error limits inE0 were then
established by noting its value when the fit to the data became
significantly worse.

4. Results and Discussion

A. Dissociation of Me4Ge. Thermochemistry of Trimethyl
Germanium Ion (Me3Ge+). The dissociation process for this
molecule is rapid, and the 0 K dissociation onset (E0) was
obtained from fitting the breakdown diagram (Figure 1) by
varying only theE0 value. Reaction 5 shows the only dissocia-
tion path for ionized Me4Ge in the range 9.60-10.28 eV. The

derived 0 K onset for methyl loss isE0 ) 9.826( 0.010 eV.
Using eq 2 with the heats of formation shown in Table 1, we
can obtain the heat of formation at 0 K of the trimethyl
germanium ion,∆fH°0K (Me3Ge +) ) 705.8 ( 4.1 kJ/mol,
which is converted to∆fH°298 (Me3Ge+) ) 682.3( 4.1 kJ/mol.
The only literature value for this dissociative ionization onset
was reported by Lappert et al.12 in 1971 who obtained 10.05(
0.14 eV by electron ionization, which is some 0.22 eV above
our value. Nevertheless, their onset energy, when combined with
an estimated heat of formation of the Me4Ge of -134 kJ/mol,
yielded a Me3Ge+ heat of formation that is only 8 kJ/mol higher
than ours, clearly the result of two errors that cancel. The other
Me3Ge+ energy was one obtained by a MINDO calculation of
Dewar et al.35 who reported a value that is only 1.6 kJ/mol lower
than ours, which, given the crude approximations inherent in
the MINDO approach, must also arise from the cancellation of
several errors.

The geometry of the Me3Ge+ ion has C3h symmetry at
B3LYP/aug-cc-pVTZ level of theory. The Ge-C bond length,
1.928 Å, is much shorter than that of Me4Ge, 1.975 Å, because
of smaller repulsive interactions between methyl groups. Our
CCSD(T)/CBS theoretical onset of reaction 5 of 9.86 eV is in
excellent agreement with our experimental result. Although the
discrepancy of 3 kJ/mol is well within our theoretical uncertain-

ties, it is worthwhile to check the self-consistency of our
approach. The 0 K heat of formation of Me3Ge+ obtained using
the theoretical onset of this reaction is 709 kJ/mol. The
corresponding value based on the total atomization energy using
the same level of theory16 is 711 kJ/mol. The discrepancy of 2
kJ/mol is a result of the indirect relativistic and core valence
correlation corrections, which are exactly 2 kJ/mol, and which
were used to obtain an accurate heat of formation of Me4Ge.16

The correction requires the knowledge of an accurate molecular
geometrical parameter of Me3Ge+ ion from either highly
accurate experiment or high-level theory including relativistic
and core valance correlation. Obviously, such information is
not available for the Me3Ge+ ion. Assuming the indirect
correction is identical to that of Me4Ge, we obtain 709 kJ/mol,
which now agrees perfectly. It is worthwhile to note that the
methyl radical heat of formation obtained at the same level of
theory differs by less than 1 kJ/mol from the experimental value.

B. Dissociation of Me3GeCl. Thermochemistry of Neutral
Molecule Me3GeCl and Ionic Fragment Me2GeCl+. The
symmetric daughter ion TOF distributions indicate that the
dissociation of Me3GeCl+ is rapid. Reactions 6 show the parallel
dissociation steps of this ion in the range from 9.95 to 11.83
eV. The first derived 0 K dissociation onset isE01 ) 10.402(
0.010 eV, which corresponds to the methyl loss reaction. The

fit of its onset is determined, as for Me4Ge case, only by
assuming the calculated neutral thermal energy distribution and
varying the 0 K dissociation energy. The second dissociation
onset (E02) at a somewhat higher photon energy is observed in
competition with first dissociation. As is evident in Figure 2,
this onset is much less sharp than first one. This is because of
the competitive shift of the second onset relative to the first,
which shifts its onset to higher energy.38-40 To fit the breakdown
diagram in Figure 2, the transition state (TS) frequencies of the
two reaction channels are required. Because the rate constants
are larger than experimentally measurable by our TPEPICO
experiment, only the relative rate constants are important. Thus,
the TS frequencies for the methyl loss reaction were taken
directly from the DFT calculations, while the four lowest-

k )
σN#(E - E0)

hF(E)
(4b)

Me4Ge+ hν f Me3Ge+ + Me• + e- (5)

Figure 1. The breakdown diagram for Me4Ge+ in the 9.60-10.28 eV
range. The solid line through the experimental points is obtained by
modeling a fast dissociation with a room-temperature thermal energy
distribution. The indicated onset is derived from the fit.
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frequency modes for the second dissociation channel were varied
until a best fit was obtained. The errors associated with the
higher-energy onsets are greater, because the data are fitted by
varying two parameters,E0 and the transition-state frequencies.41

It is evident in Figure 2 that the breakdown diagram at
energies higher than 11.20 eV does not follow the simulation.
In fact, it is impossible to fit the breakdown diagram above
11.3 eV, which suggests that the reaction is not statistical at
these energies. There are two experimental pieces of evidence
that support this claim. First of all, we note that, at an energy
of 11.7 eV, the TOF peak width of the Cl loss peak is
significantly broader (14 channels wide) than the TOF peak
width of the methyl loss fragment (10 channels wide), even
though the excess energy for the methyl loss peak is greater.
The fragment ion peak width scales with the square of its
translational energy. The peak width analysis indicates that the
methyl loss peak width is consistent with statistical partitioning
of the energy into translations, whereas the broad Cl loss peak
indicates that more than twice as much of the excess energy is
channeled into translational energy, than is predicted by the
statistical theory. The second piece of evidence that suggests
nonstatistical dissociation lies in the photoelectron spectrum of
GeMe3Cl42 shows that we have a Franck-Condon gap at 11
eV and a new photoelectron spectroscopy (PES) peak that rises
at about 11.3 eV. If this excited electronic state is repulsive
and dissociates exclusively by Cl loss, then the reaction will
not be statistical, and we lose our ability to analyze the shape
of the breakdown diagram. Such dissociative states are not
uncommon for the case of halogenated ions.43-46 A particularly

relevant example ist-C4H9I, in which the ground ionic state
dissociates statistically and the excited ionic state does not.47

For this reason, we modeled only the very initial parts of the
Me3Ge+ peak in Figure 2. With the above assumptions, the
derived onset for the chlorine loss dissociation channel, at 0 K,
is E02 ) 10.796( 0.040 eV. Its error is considerably larger
because of the nonstatistical nature of the reaction at higher
energies. From this onset and the heats of formation of chlorine
atom and of Me3Ge+ ion (determined before), we obtain the 0
K heat of formation of-216.3 ( 5.7 kJ/mol for the neutral
molecule, Me3GeCl, which is converted to∆fH°298 (Me3GeCl)
) -239.8( 5.7 kJ/mol at 298 K. As one can see in Table 1,
this value is almost 26 kJ/mol more positive than that estimated
by Baldwin et al.15 With this Me3GeCl heat of formation, we
can use the first onset,E01, and the heat of formation of the
methyl radical, to obtain a heat of formation of 637.1( 5.8
kJ/mol for Me2GeCl+ ion at 0 K, which is converted to∆fH°298
(Me2GeCl + ) ) 621.1( 5.8 kJ/mol at 298 K.

C. Dissociation of Me3GeBr. Thermochemistry of Neutral
Molecule Me3GeBr and Ionic Fragment Me2GeBr+. The
dissociation of Me3GeBr (reaction 7) also proceeds via halogen
and methyl loss steps. But, in this case, the bromine loss occurs
at a lower energy than the methyl loss reaction. Because of the
greater bond energy, this reaction is sufficiently slow at the
dissociation limit to exhibit asymmetric TOF distributions. The

TOF mass spectra were acquired in the photon energy range
9.86-10.55 eV, examples of which are shown in Figure 3.
Figure 4 shows one of these time-of-flight distributions, in which
the various peaks are evident. The cluster of parent ion peaks
(Me3GeBr+, m/z 198) at 32µs shows the partially resolved
isotopic distribution resulting from the many Ge isotopes and
the two Br isotopes. The two slightly asymmetric peaks
correspond to daughter ions formed by loss of Br and loss of
Me: Me3Ge+ (m/z119, 24.8µs) and Me2GeBr+ (m/z183, 30.8
µs), respectively. They are asymmetric because the product ions
are generated as the parent ions are accelerating in the first
extraction region. Finally, a fourth small broad peak (“drift”
peak) around 32.9µs is associated with parent ions that
dissociate in the 30-cm-long drift region. The fractional
abundances of the parent and daughter ions are shown in the
breakdown diagram in Figure 5. The “drift” peak was included
in the parent ion signal, so that only those ions that dissociated
in the first acceleration region are considered fragment ions.
The TOF distributions and the breakdown diagram have been
modeled by varying the dissociation onsets of the Me loss and

TABLE 1: Auxiliary and Derived Thermochemical Data (in kJ/mol)

∆fH°0K
a (H°298K - H°0K)b ∆fH°298K

a ∆fH°298K (lit. values)

Me4Ge -92 ( 4c 28.9 -123( 4c -87.9,d -102.6( 8.3,e -72.8( 8.7,f

-107.5( 6.4,f -123,g -134( 13h

Me3GeCl -216.3( 5.7 26.9 -239.8( 5.7 -266.1( 8.8i

Me3GeBr -165.3( 4.3 26.9 -196.5( 4.3 -222.2( 8.8i

Me3Ge+ 705.8( 4.1 22.4 682.3( 4.1 680.7,j 690.3,h 685.5k

Me2GeCl+ 637.1( 5.8 20.8 621.1( 5.8
Me2GeBr+ 681.4( 4.7 20.8 657.8( 4.7
Me 150.3( 0.4l

a Determined from current TPEPICO dissociation onsets, unless otherwise stated.b Obtained using vibrational frequencies calculated at the B3LYP/
aug-cc-pVTZ level with hindered rotor corrections.c Calculated and reported by Koizumi et al.16 d Shaulov et al.8 e Long et al.9 f NIST webside.14

g Steele.11 h Lappert et al.12 i Baldwin et al.15 j Dewar et al.35 k Calculated at the CCSD(T)/CBS level of theory.l From Weitzel et al.36 and Blush
et al.37

Figure 2. The breakdown diagram for Me3GeCl+ in the 9.95-11.83
eV range, showing the two parallel dissociation steps, loss Me and
loss Cl. Solid lines are simulated by taking into account the thermal
energy distribution as well as rate constants.
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Br loss reactions as well as the TS vibrational frequencies. The
solid lines in Figures 3-5 are the best fits obtained by varying

the two 0 K dissociation onsets and the two sets of transition-
state frequencies.

The rate constants shown in Figure 6 are the optimumk(E)
functions which have been determined from the simulation of
the TOF distribution and breakdown diagram. In the lower part
of the energy range (<10.34 eV), both dissociation rates are
slow (k < 107 s-1) so that the parent ions dissociate during
their whole trajectory. This explains the slightly asymmetric
peaks particularly for the fragment Me3Ge+ in the 24.28-26.30
µs range. The activation entropies of the two dissociation
channels calculated at 600 K were 59.4 and 20.7 J‚mol-1‚K-1

for loss bromide and loss methyl, respectively. Both are positive,
which indicates that these reactions proceed via loose transition
states. As one also can see in Figure 6, the Br loss reaction rate
increases more slowly than the methyl loss rate. The derived
dissociation onsets at 0 K areE01 ) 10.250( 0.011 eV (loss
Br) andE02 ) 10.333( 0.020 eV (loss Me). The error here is
smaller than that quoted for the Cl loss reaction in GeMe3Cl+,
because this reaction seems to be statistical over the whole
energy range investigated, and we can use the measured rate
constants to help establish the 0 K onset.

The E01 value for the Br loss reaction combined with the
heats of formation of the Br atom18 and of Me3Ge+ (obtained
in this work) leads to a 0 Kheat of formation of-165.3( 4.3
kJ/mol for the neutral molecule Me3GeBr, which converts to
∆fH°298 (Me3GeBr)) -196.5( 4.3 kJ/mol at 298 K. This heat
of formation combined withE02 for Me loss leads to the 0 K
heat of formation of 681.4( 4.7 kJ/mol for the dimethylger-
manium bromide ion, which converts at 298 K to∆fH°298
(Me2GeBr+) ) 657.8( 4.7 kJ/mol.

Some years ago, Baldwin et al.15 determined the heats of
formation of neutral halogen trimethyl germanium, Me3GeX (X
) Cl, Br), by measuring the enthalpy associated with the
hydrolysis process described by eq 8. Their measurements of

∆rH for X ) Cl and Br were -7.1 and -2.1 kJ/mol,
respectively. Inasmuch as the heat of formation of (Me3Ge)2O
was (and still is) unavailable, it was estimated from the heat of
formation of (Et3Ge)2O and adjusted for the ethyl/methyl group
substitutions. This led to liquid-phase heats of formation, which

Figure 3. TPEPICO ion time-of-flight distributions for Me3GeBr at
several selected photon energies in the range 9.86-10.43 eV. Points
are the experimental data, while solid lines limited by shadow areas
show the simulated TOF distributions.

Figure 4. Typical time-of-flight distribution of the Me3GeBr+ ions at
10.04 eV photon energy, showing the fit of the model to the slightly
asymmetric peak for the loss Br. The “drift” peak is a result of parent
ions that dissociate in the drift region. It appears after the parent ion
because the ions were slowed before entering the final drift region.
Solid line is simulated as described in text.

Figure 5. The breakdown diagram for Me3GeBr+ ions in the 9.86-
10.55 eV range. Solid lines are simulated as described in text.

Figure 6. The RRKM rate constants that fit both the TOF distributions
and the breakdown diagram for trimethyl germanium bromide.

Me3GeX + (1/2)H2O f

(1/2)(M3Ge)2O + HX[55H2O] ∆rH (8)
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they converted to gas-phase values by estimating the vapor
pressure using Trouton’s rule. They thus reported the gas-phase
heats of formation of-266.1 and-222.2 kJ/mol for Me3GeCl
and Me3GeBr, respectively. Although these values differ from
ours by nearly 26 kJ/mol, it is perhaps significant that the
difference between these heats of formation (∆(∆fH°298) ) 43.9
kJ/mol) does not depend on the doubtful value of∆fH°298
((Me3Ge)2O). In fact, the Baldwin heat of formation difference
is practically the same as our value of 43.3 kJ/mol reported
here. The disagreement in the Baldwin and current measure-
ments can thus be attributed primarily to their estimated heat
of formation of (Me3Ge)2O.

Conclusions

Threshold photoelectron and photion coincidence (TPEPICO)
technique have been used to study the dissociative photoion-
ization and thermochemistry of a set of germanium com-
pounds: Me4Ge, Me3GeCl, and Me3GeBr. From the analysis
of the breakdown diagrams and the simulation of time-of-flight
spectra (particularly for Me3GeBr case), we have obtained
accurate dissociation onsets, which were used to find an accurate
∆fH°298 (Me3Ge+) of 682.3( 4.1 kJ/mol. This value has been
used to obtain the∆fH°298 of -239.8( 5.7 and-196.5( 4.3
kJ/mol for the neutral molecules Me3GeCl and Me3GeBr,
respectively, which in turn were used to determine the heats of
formation (not reported in the literature) of 621.1( 5.8 and
657.8( 4.7 kJ/mol for the ionic fragments Me2ClGe+ and Me2-
BrGe+, respectively.
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