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The equilibria involving gaseous species above the condensed Au—Ge—Cu system have been investigated by the high-temperature
mass spectrometric technique. The molecules Au,, AuCu, AuGe, Au,Ge, AuGe,, Au,Ge,, AuGe;, AuGe,, Ge,, Ge,, and
Ge, were shown to exist in the vapor phase above the liquid solution. Second- and third-law enthalpy changes have been
determined from the experimental data for the following gaseous reactions: AuCu = Au + Cu, AuCu + Au = Ay, +
Cu, AuGe = Ge + Au, AuGe + Au = Ge + Au,, AuGe + Cu = AuCu + Ge, Au,Ge = Ge + 2Au, Au,Ge + Ge = 2AuGe,
AuGe, = 2Ge + Au, AuGe, + Au = 2AuGe, Ge, = 2Ge, Ge, + Au = Ge + AuGe. In addition, third-law enthalpy changes
were evaluated for the following gaseous reactions: Au,Ge, = 2AuGe, AuGe; + 2Au = 3AuGe, AuGe, + 3Au = 4AuGe,
Ge; + Ge = 2Ge,, Ge, = 2Ge. The values of these reaction enthalpies have then been combined with ancillary literature
data to give the dissociation energies, D° g4, of the diatomic molecules, and the atomization energies, AH?®, 5o, of the various
polyatomic molecules assuming different molecular configurations. A preferred molecular structure along with the resulting
atomization energy, AH®, 593 (kJ mol™), and the corresponding standard heat of formation, AH 1,9 (kJ mol™), respectively,
are presented for the following previously unreported gaseous molecules: Au,Ge (bent, 538 £ 12, 573 £ 12), AuGe, (bent,
535 £ 10, 581 £ 10), Au,Ge, (linear, 934 & 14, 551 £ 14), AuGe, (linear, 903 + 20, 582 + 20), AuGe, (trigonal bipyramid,
1307 % 30, 559 % 30). The previously known molecules AuCu, Ge,, Ge;,, and Ge, have also been evaluated in this investigation,
yielding the atomization energies of 227 & 5, 260 % 10, 637 £ 20, and 989 £ 22 kJ mol™}, respectively. These values are
within the error limits of the reported literature values. Finally, a thorough evaluation of the dissociation energy (referenced
to 298 K) 272.6 £ 5.0 kJ mol™! and the standard heat of formation 470.0 + 5.0 kJ mol™! has been performed on the molecule

AuGe(g).

Introduction

Investigation into the physical and chemical properties of
small atomic and molecular aggregates, particularly metal
clusters, has been quite intensive over the last 2 decades. This
interest stems from recognizing the key role these small
aggregates play in such areas as homogeneous nucleation and
crystal growth.> Experimental knowledge of binding energies
and structures of microscopic clusters may aid the theoretician
in the estimation of configurational entropies.® Also, small
atomic metal aggregates are important in photographic
systems. These dispersed metal clusters’™'® are found to be
better or worse catalysts because of size effects and geometrical
arrangement of atoms. Thus an estimation of cluster geometry
may assist in producing a theory that may predict the catalytic
effect beforehand.

We have previously reported!! on the stability of the
molecules AuSn, Au,Sn, AuSn,, Au,Sn,, and AuSn; derived
from Knudsen cell mass spectrometric measurements.
Therefore, in keeping with this current interest in gaseous
heteronuclear polyatomic molecules of gold, we have examined
the gaseous molecules above the gold—germanium system.
Since germanium and tin are known to form similar gaseous
hémonuclear polyatomic molecules, similar gaseous inter-
metallic molecules could be expected for the Ge-Au system,
as for the Au-Sn system."” The Au—Ge system was also

expected to offer the optimum experimental conditions for
observing even higher polyatomic molecules, because of the
similar vaporization enthalpies and equilibrium pressures of
the component elements gold and germanium. Concomitant
to this objective was the independent redetermination of the
atomization energies of Ge,, Ges, and Gey. Also, an improved
evaluation of the gaseous diatomic molecule AuCu was
performed, due to the incorporation of a small amount of
elemental copper within the condensed mixture.

A preliminary account of the atomization energies of the
four- and five-atom germanium-gold molecules has been given
elsewhere.!?

Experimental Section

The mass spectrometer employed for this investigation is a sin-
gle-focusing, 12-in. radius, magnetic deflection, 90° sector, Knudsen
cell, high-temperature instrument. The spectrometer’’ and the
experimental procedure!?!4 have been discussed elsewhere.

The sample used in the present investigation was 0.49-0.49-0.02
M Au-Ge-Cu alloy. Commercially purchased 99.9+% germanium
was obtained from Alfa Inorganics and pure reference standard copper
and gold from the National Bureau of Standards. The sample was
contained in a graphite cell that was inserted in a tantalum Knudsen
cell, both cells having centric, close to knife-edge orifices of 1 mm
diameter.

The instrument was standardized at an emission current of 1 mA,
which was sustained throughout the experiment. The ions were
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Table 1. Experimental and Estimated Parameters Used in the
Evaluation of Calibration Constants for the System Ge~-Au-Cu?

rel
ionization multi- intens  calibration

Cross plier correcn const

sections gain factor ki, atm

ion 0, A  ilvau By AT K

Aut 5.85 1.00 1.17 0.3672

Au,* 8.78 1.00 1.17¢ 0.246%
Cu* 3.80 1.77 1.05 0.414
Ge* 5.71 1.37 1.06 0.679
Ge,* 8.56 1.37 1.02 0.671
Ge,* 12.85 1.37 1.02¢ 0.542
Ge,* 17.13 1.37 1.02¢ 0.508
AuCu* 7.24 1.38 1.07 0.284
AuGe* 8.67 1.19 1.05 0.510
Au,Ge* 13.06 1.12 1.05¢ 0.360
AuGe," 12.95 1.25 1.05¢ 0.500
Au,Ge,* 17.34 1.19 1.05¢ 0.392
AuGe,* 17.23 1.28 1.05¢ 0.446
AuGe,* 1 21.52 1.28 1.05¢ 0.446

4 See text for details. ? ki constant giving best third-law value
for the gaseous reaction Au, = 2Au of D°,;, = 223.4 kJ mol™.
¢ Estimated values,

investigated by employing an ionizing electron energy of 20 eV, 4.5-kV
ion acceleration voltage, and 1.9 kV at the entrance shield of the
electron multiplier.

Any errors due to ion trapping are estimated by us to be less than
7% of measured ion currents and included in the first error limits.
The temperature of the cell was measured with a calibrated Leeds
and Northrup optical pyrometer by sighting on a threaded black-body
cavity at the base of the tantalum cell and the extent of the temperature
range in this investigation was 1400-2060 K.

The ionic species Au*, Au,*, Ge?, Ge,*, Gey*, Ge,t, AuGe?,
Au,Ge*, AuGe,*, Au,Ge,*, AuGe,*, AuGe,*, and AuCu* were
identified by their m/z ratio, shutterability, isotopic distribution, and
ionization efficiency curves (where possible). Carbon-containing
species of germanium were also observed at the highest temperatures.
In addition, the gaseous ion species Cu*, CuGe*, and CuGe," 16 were
identified.

Results and Discussion

A. Calibration of Partial Pressures from Intensity Data.
The measured ion intensities of the species relevant to the
evaluation of the enthalpy changes for the various reactions
considered can be obtained as supplementary material.

Absolute pressures at any given temperature T (K) for a
particular species (i) were derived from these intensity data
according to the relation

P, = k[GNE/ Gi(vi/v) NEIL*T

where P is the pressure in atm, %; is the reference calibration
constant (for reference species j) in atm A~ K™, the ion
intensities are represented by I;* expressed in A, and T is the
temperature in K. The other parameters G, v, N, and E are
the ionization cross section, multiplier gain, isotopic abundance,
and intensity correction factor, respectively, and the values are
all listed in Table I. :

A reference calibration constant k;j(Au) = 0.367 atm A™!
K was obtained from the equilibrium dissociation of Au,(g)
= 2Au(g)" where the enthalpy change of this reaction was
taken as AH®; = 221.3 kJ mol™!, from published data by
Kordis et al.l’

Relative multiplier gains (v;) for the atomic ions were taken
from an earlier investigation'® using a similar mass spec-
trometer. Values for the relative multiplier gains of the various
homonuclear molecules were assumed equal to that of the
atoms. The v; values for mixed species were obtained by taking
the arithmetic means of the v; value of the composite atoms.
The relative maximum ionization cross sections for singly
ionized atomic species were taken from Mann.!? Tonization
cross sections of diatomic and polyatomic molecules were
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estimated as 0.75 times that of the sum of the cross sections
of the composite elements.!* Experimental ionization efficiency
curves (where applicable) provided an empirical correction
factor I;*(max)/L;*(measd) = E;. This factor was employed
to bring the measured intensities at 20 eV in accord with the
maximum intensities for which the tabulated cross sections
by Mann apply. Where no ionization efficiency curves were
available, intensity correction factors were estimated from
related measured molecules. The various measured and es-
timated instrument parameters are listed in Table I.

B. Calculation of Thermal Functions. The thermodynamic
functions of molecules in the gas phase can be calculated by
using available computer programs employing standard
statistical thermodynamic relations.®® Vibrational frequencies
for the various molecules were evaluated by using a valence
force field calculation, utilizing a modification of the Scha-
chtschneider computer program,?! This program employs the
Wilson FG matrix method.? The free-energy functions, ~(G°y
-~ G°%)/T, and the enthalpy functions, H°y — H®,, were
calculated by using the rigid rotator harmonic oscillator
approximation.

Ancillary thermal functions for the gaseous species Au, Ge,
and Cu were taken from the compilation of Hultgren et al.,?
those for Au, were from Kordis et al.,'” and those for Ge,, Ge;,
and Ge, were from Drowart et al.?* ;

AuCu and AuGe. The thermal functions for gaseous AuCu
were calculated by using the same molecular parameters (r,
=251 A, w, = 250 cm™! (estimated), and an assumed 'T
ground. state) as Ackerman et al.;?> those of AuGe were
calculated by using the experimental vibrational frequency w,
= 249.7 cm™ and electronic states X; (*1/5, 0 cm™), X, (ry 4,
1554 em™), and A (*Z%, 13743 cm™).2627 The equilibrium
separation 7, = 2.38 A was calculated from the vibrational
frequency and the force constant 2.03 mdyn/A given by
Barrow et al.?’ .

Houdart and Schamps® attempted to demonstrate that the
2r ground state for the molecule AuGe results from a
(5d'%, ,0%;.mg.) configuration and corresponds to the ionic
structure Au*Ge™. They postulated that the molecular orbitals
corresponding to the closed-shell 5d(Au) atomic orbital remain
closed-shell orbitals in the molecule. This assumption had
already been suggested for the molecules CuO and AgO by
Cheetham and Barrow.?® These two molecules can be
compared with AuGe since the p? occupation in Ge is sub-
stituted by p? holes in O and since Cu, Ag, and Au all have
similar valence electron structures. An ionic analogy may then
also be used on the remaining polyatomic Au—Ge molecules.
This ionic univalence of Au will be assumed as the preferred
structure of the higher polyatomic molecules, discussed below,
but at times other valence states of gold will be considered for
comparison.

Au,Ge and AuGe,. Spectroscopically determined molecular
parameters for AuGe, and Au,Ge would be needed for an
accurate determination of their themal functions. Because of
the lack of such information, we have considered various
structures in the context with related available information.
A symmetric structure for the molecule Au,Ge and an
asymmetric structure for AuGe, were chosen. One reason for
choosing these structures is the assumed preferred monovalent
state of Au,

The symmetric structure for the molecule Au,Ge is also
indicated from the analogy to the nonlinear GeH,.? 1t is
known that hydrogen and gold have similar electronegativities
(Xu = 2.1 and X, = 2.2°9) if adjusted to correspond to the
same valence state. The bond angle for the molecule GeH,
has been estimated by Smith and Guillory? as slightly wider
angles than for SiH, and CH,, which are 923! and 104°,%
respectively. Also, a bending force constant equal to ap-
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Table I, Calculated Vibrational Frequencies (in cm™) of the Gaseous Polyatomic Germanium-Gold Molecules
molecule w, w, w,
Au,Ge (L) 335 120 dd 132
(B) 285 68 233
AuGe, (L) 409 145 dd 183
(B) 376 98 254
molecule w, w, [ w, W W
Au,Ge, (L) 434 112 255 306 dd 87 dd
(SP) 271 111 263 270 255 58
(tetra) 423 174 251 288 216 168
AuGe, (L) 464 146 316 312 dd 107 dd
(tetra) 476 206 340 341 241 206
molecule w, w, w, W, W W Wy Wy Wy
AuGe, (L) 487 258 391 123 288 dd 140 dd 54 dd
(TB) 550 270 412 236 410 271 382 133 51
(tetra) 415 127 355 102 413 218 126 93 92
Table III. Free-Energy Functions, —(G° g~ H°,)/T, in J K™* mol™, and Heat Content Functions, (#° 7~ H° ), in kJ mol™, for the Gaseous
Molecules AuCu, AuGe, Au,Ge, and AuGe,
temp, K
molecule (struct) function 298 1200 1400 1600 1800 2000 2200
AuCu FEF 228.6 277.4 283.0 287.9 292.2 296.1 299.6
HCF 9.954 43.47 50.96 5841 65.90 73.39 80.83
AuGe FEF 2347 284.7 290.7 295.8 3004 304.5 308.2
HCF 9.958 45.98 54.06 62.09 70.04 77.95 85.77
Au,Ge (linear) FEF 277.1 354.4 363.6 371.5 378.6 384.9 390.7
HCF 15.10 70.79 83.22 95.69 108.2 120.6 133.0
Au,Ge (bent) FEF 303.5 376.7 385.3 392.8 399.4 405.3 410.7
HCF 14.50 66.48 78.12 89.75 101.4 113.0 124.6
AuGe, (linear) FEF 269.8 345.1 354.2 362.0 369.0 375.3 381.6
HCF 14.43 69.83 82.26 94.72 107.2 119.6 132.0
AuGe, (bent) FEF 296.8 368.5 377.0 384.4 390.9 396.8 402.2
HCF 13.99 65.73 77.36 88.95 100.6 112.2 123.8
proximately one-tenth of the arithmetic mean of the stretching Au,Ge, A Aqu

force constants was indicated in the above coordinate analysis
of GeH,.

Matrix isolation studies of germanium dichloride* in-
dicated that this molecule is also bent. The investigators were
unable to determine accurately the bond angle of GeCl, but
estimated an angle of approximately 100 £ 10°.

Assimilating the above experimental data, we expect a bent
structure for Au,Ge(g) and an angle of 110° has been assumed
(this angle is estimated equal to the upper limit of the reported
angle of the molecule GeCl,). An uncertainty in the molecular
angle of 10° produces only an uncertainty in the free-energy
function of approximately 0.5%.

A Ge-Au bond distance of 2.38 A, with a stretching force
constant of 2.03 mdyn/A, was chosen the same as for the
diatomic molecule GeAu. A bending force constant is esti-
mated as one-tenth of the arithmetic mean of the stretching
force constants associated with the angle bend, which was
calculated as 0.20 mdyn/A. The electronic contribution to
the free-energy function was assumed to be 11.50 J K™! mol™
(equivalent to a statistical weight of g, = 4). The thermal
functions for a linear molecule were also calculated for a final
thermodynamic comparison, employing the same molecular
parameters as listed for the bent structure.

The molecule AuGe, has no experimentally determined
molecular analogy, as does the Au,Ge molecule. As stated
previously an asymmetric structure has been assumed for the
AuGe, molecule. Both a linear and a bent structure have been
considered. The bent molecule was assumed to have a mo-
lecular angle equal to 110°. An Au-Ge bond distance of 2.38
A, with a force constant of 2.03 mdyn/A, was again assumed.
The Ge-Ge bond distance and stretching force constant were
assumed equal to that assumed for the germanium dimer,
namely, 2.44 A and 2.90 mdyn/A.** The bending force
constant of this triatomic molecule was estimated as 0.27
mdyn/A. These parameters have been assumed for both
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Figure 1. Additional assumed molecular structures for the molecules

Au,Ge,, AuGe,, and AuGe,.

structures, The electronic contribution for this molecule was
again taken as 11.50 J K! mol™".

The calculated vibrational frequencies for the molecules
Au,Ge(g) and AuGe,(g) are listed in Table II. The thermal
functions for these molecules and for AuGe(g) and AuCu(g)
are listed in Table III.

Au,Ge,, AuGe;, and AuGe,. The molecular parameters used
above were again employed to calculate ideal thermodynamic
functions for the molecules Au,Ge,, AuGe,, and AuGe, by
using various alternate models for comparison. The first model
used in each case was a linear molecular structure, which is
symmetric (D..,) for Au,Ge, and asymmetric (C..,) for the
AuGe;, and AuGe, molecules. In every case gold was assumed
monovalent.

Matrix isolation spectroscopic studies of diatomic
molecules®>* indicate square-planar structures of their dimers.
Thus a square-planar structure (Figure 1) was also used as
a model for the molecule Au,Ge,. This structure incorporates
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Table IV, Free-Energy Functions, ~(G°p—H°)/T,in J K" mol*, and Heat Content Functions, (H°— H°,), in kJ mol™*, for the Gaseous

Molecules Au,Ge,, AuGe,, and AuGe,

temp, K
molecule (struct) 298 1200 1400 1600 1800 2000 2200
Au,Ge, FEF 297.7 398.8 411.2 422.2 431.8 440.2 448.1
(linear) HCF 18.69 95.81 113.2 130.6 148.0 165.4 182.9
Au,Ge, FEF 317.1 416.6 4284 438.9 448.1 456.5 464.4
(square planar) HCF 18.83 92.80 109.4 125.9 142.5 159.2 175.8
Au,Ge, FEF 309.0 . 405.1 416.9 427.2 436.4 444.8 452.3
(tetrahedral) HCF 17.68 91.21 107.7 124.3 140.9 157.5 174.1
AuGe, FEF 290.7 389.8 402.0 412.8 422.2 430.9 438.9
(linear) HCF 18.01 . 94.85 112.2 129.6 147.0 164.4 181.9
AuGe, FEF 304.8 397.6 409.3 419.2 428.4 436.8 444.3
(tetrahedral) HCF 16.71 89.66 106.2 122.8 139.3 155.9 172.5
AuGe, ‘ FEF 325.2 454.4 470.3 484.1 496.6 507.5 514.6
(linear) HCF 23.72 122.8 1452 167.6 190.0 212.3 2347
AuGe, FEF 3147 431.8 446.4 459.4 471.1 481.6 491.2
(trigonal bipyramid) HCF 20.53 114.6 136.1 157.6 179.1 200.7 222.2
AuGe, FEF 340.0 465.3 480.7 494.4 506.3 517.1 526.8
(tetrahedral) HCF 23.25 118.7 140.3 161.8 183.4 205.0 226.6

Table V. Summary of Enthalpy Changes for the Molecule AuCu(g)

reaction enthalpy,® kJ

temp range, K second law selected D° .,
homogeneous reaction (no. of data) AH°p(T,K)  second law AH®,;, third law A, kI mol™!
AuCu=Au +Cu 1641-2060 (17) 2319 (1827) 225.0: 7.8 231.12.1 228.0
AuCu + Au=Au, + Cu 1696-2060 (16) -3.2(1859) -3.1+738 7.0 2.0 225.3b
av 226.7+5.1

% Errors correspond to standard deviation. ? Value of D°,,,(Au,) = 223.4 = 3.2 kJ mol™! was employed.!! ’

divalent gold and would not necessarily be considered, except
for the experimental observations quoted above. An additional
structure, in which the AuGe fragments are associated per-
pendicular to each other, also was considered to demonstrate
the effect of molecular aggregation on the evaluated ther-
modynamic values. In this “tetrahedral” structure (Figure
1) gold is trivalent (possibility cannot be ruled out).

A second geometry assumed for the molecule AuGe, was
a cluster or aggregate similar to the tetrahedral structure
described for Au,Ge,. A simple description of this tetrahedral
model (Figure 1) is that the germanium atoms comprise a
equilateral triangle with the gold atom bonded at equal atomic
distance, assumed to be 2.38 A, from each germanium atom.

Two additional structures (Figure 1) were assumed for the
AuGe, molecule. The first is a three-dimensional structure
where a central germanium atom is tetrahedrally bonded to
the four remaining atoms, similar to the molecular structure
of methane. The second structure is a trigonal bipyramid, in
which three germanium atoms are bonded in an equilateral
triangle, with the remaining Ge atom bonded at equal distance
(2.44 A) to all three below the plane of the ring and the gold
atom is bonded at equal distance (2.38 A) above the plane of
the ring.

The molecular parameters employed in the calculation of
the diatomic and triatomic Au—Ge molecules were again used
in calculating the vibrational frequencies of the above poly-
atomics. Also, in order to elucidate a complete set of vi-
brational frequencies, we must assume additional force
constants for these higher gaseous polyatomic molecules. For
certain molecules a torsional force constant (k) was employed,
to estimate various vibrational frequencies in the available
computer program, and these values are Ge-Ge—~Ge-Au of
0.665 mdyn/A, Ge-Au-Ge-Au of 0.765 mdyn/A, and
Ge-Ge-Ge-Ge of 0.565 mdyn/A. These torsional force
constants were estimated as half the sum of the two valence
angle bends involved.

Many observers will not find the above assumptions valid
for the clusterlike configurations and will prefer a reduction
in the bonding force constants within these molecules. We

i

observed (though will not report) that when reaction enthalpies
are calculated by employing a 50% reduction in the bond’s
force constant, they are by about 10 kJ mol™ smaller and that
the statistical error increases by 0.5 kJ mol™! for the third-law
enthalpies, Because of this increase in statistical error plus
the lack of experimental results indicating the actual bond
force constants in these configurations, we employed the
diatomic force constants in calculating the vibrational fre-
quency of these molecules. The electronic contribution was
again taken as 11.50 J K™! mol™!, for each of the molecules.
The calculated thermal functions for Au,Ge,, AuGe,, and
AuGey are reported in Table IV, and the calculated vibrational
frequencies are listed in Table IV.

C. Evaluation of Thermodynamic Properties. AuCu. The
gas-phase equilibrium reactions considered in the evaluation
of the dissociation energy for AuCu(g) are

AuCu = Au + Cu 1)
AuCu + Au = Ay, + Cu 2)

The second-law enthalpy, AH® 1, for reaction 1, Figure 2, was
evaluated at 231.9 £ 7.8 kJ (T = 1827 K), corresponding to
a AH®,94 of 225.0 £ 7.8 kJ. The third-law enthalpy for the
same reaction was calculated as AH®44 = 231.1 & 2.1 kJ. For
reaction 2 the second-law enthalpy, Figure 2, was evaluated
as AH® 359 = ~3.2 £ 7.8 kJ. The average enthalpy value
obtained from a third-law evaluation was AH®,4 = 7.0 £ 0
kJ.

The second-law entropies, AS®,95, Were obtained as 81.4 £
4.2 and ~12.4 + 4.2 J K7\, respectively, for reactions 1 and
2. The third-law entropies for the same reactions were
evaluated as 84.7 and -6.9 J K.

For the dissociation energy (Table V) of AuCu(g) we select
D®y5 = 226.7 £ 5.1 (D°, = 224.3) kJ mol™!. Here the error
term represents the estimated total uncertainty, taking all
possible error sources into consideration. This dissociation
energy was obtained by averaging all dissociation energies, both
second and third law, for the above two reactions. The en-
thalpy of reaction 1 represents the dissociation energy directly,
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reaction enthalpy,® KJ

temp range, K second law second law selected D° 5,
reaction (no. of data) AH° 1 (T, K) AHC ., third law AH° kJ mol™?
AuGe =Ge + Au 1408-2060 (24) 279.6 (1673) 269.7 3.4 275.6 + 1.8 272.6
AuGe + Au=Ge + Au, 1633-2060 (18) 47.3 (1822) . 436158 515+1.8 271.0%
AuGe + Cu=Ge + CuAu 1694~2060 (17) 54.9 (1827) 51.2+£49 4452 1.3 274.3¢
av 2726 +5.0

4 Error corresponds to standard deviation. ? Value of D°,,, =223.4 £ 2.1 kJ mol™? for Au,(g)."! € Value of D°,,, = 226.7 + 5.1 kJ mol™?

for AuCu(g), this work.

2200 2000 1800 1600
! |
H |

0.0—

AuCu + Au= Au, +Cu

- AuCu=Au+Cu

log K,

5:0 6.0
1097 T (k)
Figure 2. Second-law plots for the molecule AuCu(g).

The dissociation energy for AuCu(g) was computed from
reaction 2 by employing D°,9(Au,) = 223.4 £ 2.1 (D%, =
221.3) kJ mol-L.Y7

The selected dissociation energy for the gaseous molecule
AuCu is in very good agreement with a reported literature
value{ by Ackerman et al.? of D°((AuCu) = 228.0 £ 9.2 kJ
mol™.

The value by Ackerman et al. had been based on a third-law
evaluation of the reaction Au(c) + Cu(g) = AuCu(g), using
fewer data (7 sets) over a more limited temperature range
(1658-1798 K). These authors had to estimate the activity
of gold in the liquid alloys and also had used different ioni-
zation cross sections and multiplier gains. In view of the fact
that different reactions have been evaluated in the two in-
vestigations, the good agreement is particularly gratifying. In
the present investigation, sets at 17 temperatures (1641-2063
K) for reaction 1 and at 16 temperatures (1686-2063 K) for
reaction 2 have led to both third-law and second-law data for
both reactions with very good enthalpy and entropy agreement.
The higher reliability of the value for the resulting dissociation
energy of AuCu(g) obtained in the present investigation is
reflected in the better estimated accuracy, compared to that
of Ackerman et al.?» We will employ our selected value of
D%,05(AuCu) = 226.7 = 5.1 in further calculations. The
corresponding standard heat of formation for the gaseous
molecule is obtained as AH®;,55 = 477.1 £ 5.1 kJ mol™. This
heat of formation was evaluated by using the value for Au(c)

T (%)

20‘00 . 18‘00 | IOIOO . 1400

3 AuGe+Cu=Culu+Ge

AuCGe+Au = Au, +Ge

log K,

-4.0—

AuGe=Au+Ge

6.0
10771 (k)
Figure 3. Second-law plots for the molecule AuGe(g).

= Au(g) equal to 368.2 + 1.2 kJ mol™ and the value for Cu(c)
= Cu(g) equal to 336.8 = 1.2 kJ mol™, as taken from Hultgren
et al.?

AuGe, The enthalpy changes for the gaseous reactions
(Table VI)

AuGe = Ge + Au 3)
AuGe + Au = Ge + Au, (4)
AuGe + Cu = Ge + CuAu (%

were determined by both the second- and third-law methods.

The second-law enthalpy changes, AH® 7, for reactions 3,
4, and 5 were obtained from the In K, vs. 1/T plot (Figure
3) as AH® 43 = 279.6 £ 3.4, AH® 55, = 47.3 £ 5.8, and
AH® 37 = 54.9 £ 4.9 kJ, respectively. The corresponding
AH® 54 values are 269.7, 43.6, and 51.2 kJ by using literature
and calculated heat content functions. The corresponding
second-law entropies, referenced to 298 K, are 76.7 = 2.0,
-15.8 = 3.1, and -1.1 £ 2.6 J K™\,

The third-law evaluation of the above three reactions yields
enthalpies (AH®,q5) of 275.6 £ 1.8, 51.5 £ 1.8, and 44.5 £
1.3 kJ, for reactions 3, 4, and 5, respectively. The calculated
third-law entropies (AS®,q) are, respectively, 80.0, ~11.6, and
-4,7 J K. The good agreement between the second- and
third-law enthalpies and entropies involving the molecules
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Table VII. Summary of Enthalpy Changes for the Molecule Au,Ge(g)
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reaction enthalpy,® kJ

temp range, K second law selected AH® 5 44,
homogeneous reaction (no. of data) AH° (T, K) second law AH® ;. third law AH° kJ mol*
Au,Ge =Ge + 2Au 1633-2060 (16) 573.8(1822)
linear 5649+ 12.8 5894z 4.1
bent 558.6 +12.8 530.6 + 4.0 544.6
Au,Ge + Ge =2AuGe 1686-2060 (16) ~12.1 (1854) ‘
linear 02+7.1 38.01 3.0
bent -6.2%17.1 —21.1%19 531.6°
av 538.1:+12
@ Error corresponds to standard deviation, ® Value of D°,,3 =272.6 2 5 kI mol™! for AuGe(g), this work.
AuGe and AuCu demonstrate the reliability of the calculated T (°x)
pressure constants. , 1o \ 2000 } 1800 ‘ 1400
The dissociation energy (D°,43) of AuGe(g) was calculated '
as 272.6 kJ for reaction 3, which represents directly the 1
dissociation. Values of 271.0 and 274.3 kJ were obtained from ..
the average of the second- and third-law enthalpies for re- 10— AT

actions 4 and 5, respectively, by using the literature value of
D°298(Au2) = 2234 £ 21Kkl mol™! 17 and D°298(AuCu) =
226.7 £ 5.1 kJ mol™! (from the present investigation). The
final selected dissociation energy of AuGe(g) is taken as the
average of the above three calculated dissociation energies and
is eq}.lal to D%,95 = 272.6 £ 5.0 kJ mol™! (D%, = 270.4 kJ
mol!).

This average value compares favorably with a reported
literature value of Neckel and Sodeck®” which is equal to D%
= 273.3 = 14.6 kJ mol™!. Since Neckel and Sodeck do not
list the free energy functions for AuGe(g), it is not clear
whether they had included the X, (*ry), 1552 cm™) state in
their computation. They discuss that this electronic state
would have an effect on the free energy function that could
not be neglected but state later that this effect would be within
their estimated 8 kJ mol™ uncertainty. They also had a poorer
second- and third-law enthalpy agreement. Furthermore there
is a large uncertainty in the dissociation energy of Ge,(g),
which molecule these authors utilized in their pressure-in-
dependent reaction.® We therefore consider our value as the
more reliable one and will use it in the evaluation of the
atomization energies of the polyatomic germanium-gold
molecules. '

The standard heat of formation, AH®; g, for AuGe(g) was
derived at 470.0 = 5 kJ mol™!. This value was calculated by
using the AH, 505 values for the reaction Ge(s) = Ge(g) of
374.4 £ 2.1 and 368.2 £ 1.2 kJ mol™! for the reaction Au(s)
= Au(g), from Hultgren et al.?

Au,Ge. The second-law enthalpy changes (Figure 4), AH® 7,
were determined for the gas-phase reactions

Au,Ge = 2Au + Ge (6)
Au,Ge + Ge = 2AuGe N

as 573.8 £12.9 (T = 1822 K) and 12.1 £ 7.0 (T = 1854 K)
kJ, respectively.

The corresponding AH® 44 values, with the assumption of
a linear structure, were obtained as 564.9 and 0.2 kJ, by using
the heat content change, A(H®; — H®,4). Similarly, AH® g
values, with the assumption of a bent configuration, were
calculated as 558.6 and —6.2 kJ, for reactions 6 and 7, re-
spectively.

Third-law enthalpies for reaction 6 were determined as 589.4
=+ 4.1 and 530.6 £ 4,0 kJ for the linear and bent structures,
respectively. By use of reaction 7, the third-law enthalpy
obtained for the linear structure was 38.0 = 3.0 kJ and for
the bent structure was ~21.1 = 1.9 kJ. These values are
summarized in Table VII.

A strong dependence of the heats of reactions on various
assumed structures is clearly illustrated for the molecule

Au,Ge +Ge = 2GeAu

|°g Ke

-5.0 -

Au,Ge =2Au + Ge
-6.0—

520 8.0
‘ 1077 (%) _
Figure 4. Second-law plots for the molecule Au,Ge(g).

Au,Ge. The evaluated AH® 4 values for reaction 7 gives best
second- and third-law agreement for the bent structure. By
use of reaction 6, the difference between the second- and
third-law values for the linear and the bent structure is about
the same. Reaction 6 is a strongly pressure-dependent reaction.
Thus, a small uncertainty in the pressure constants of the
constituents may produce a larger uncertainty in evaluated
heats of reactions. This fact also appears to be reflected in
the larger standard deviations of reaction 6 as compared with
those of reaction 7. Therefore, reaction 6 is not conclusive
in demonstrating which structure may be preferred. The lower
statistical error of the third-law. enthalpies for the bent
structure in reaction 7, as compared to the linear, also suggests
the bent structure as preferred. The bent structure is further
predicted by the analogy to the experimentally determined
structure of GeH,, since gold and hydrogen are known have
similar electronegativities for the same valence state, as
discussed previously.

The corresponding second-law entropies for the bent
structure, referenced to 298 K, are 191.7 % 7.0 and 24.5 +
3.8 J K1 for reactions 6 and 7, respectively. The corresponding
third-law entropies are 176.5 and 28.0 J K, in fairly good
agreement. These values are compared with the second-law
entropies for the linear structure of 199.1 + 6.9 and 31.9 £
3.8 J K respectively for reactions 6 and 7 and the corre-
sponding third-law entropies of 212.4 and 52.4 J K*!, Again
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Table VIII. Summary of Enthalpy Changes for the Molecule AuGe,(g)

Kingcade, Choudary, and Gingerich

reaction enthalpy,® kJ

selected
temp range, K second law atomization
homogeneous reaction (no. of data) AR p (T, K) second law AH°,,, third law AH®,,, energy, kJ mol™}
AuGe, =2Ge + Au 1633-2060 (17) 572.4 (1822)
linear 5554+ 14.4 571.1:4.2
bent 549.1 £ 14.5 531.1:4.2 540.1
AuGe, + Au = 2AuGe 1633~2060 (17) —6.7 (1822)
linear -2.6+44 19.5£2.0
bent ~-8.8 4.4 ~20.6 £ 1.4 530.5%
av 5353+ 10
8 Error corresponds to the standard deviation, ? Value of D°,54 =272.6 + 5 kJ mol™' for AuGe(g), this work.
the preference for the bent structure is clearly indicated from T (°k)
the results for reaction 7, on the basis of the better agreement 2200 2000 1200 1600

between second- and third-law results.

The atomization energy, AH® g3, of Au,Ge(g) was based
on the assumed bent structure and was calculated from the
average of second- and third-law enthalpies, as 544.6 kJ for
reaction 6 and 531.6 kJ for reaction 7. The latter atomization
energy was calculated by employing D°,(AuGe) = 272.6
5.0 kJ, previously reported. A selected atomization energy
for Au,Ge, AH®, 593 = 538.1 £ 12 kJ mol™! (AH,, = 534.9
kJ mol™!), was then calculated for the bent structure from the
average of the above two values. The estimated uncertainties
for this investigation have been included in the error term
given,

The selected atomization energy of Au,Ge together with
ancillary literature data®? yielded the standard heat of for-
mation.

AH®;505[Au,Ge(g)] = 572.7 £ 12 kJ mol™!

AuGe,. The second law enthalpy changes (Figure S), AH® 7,
for the gas-phase reactions

AuGe; = 2Ge + Au (8)
AuGe, + Au = 2AuGe )

were determined as 572.4 £ 14.4 (T = 1822 K) and -6.7 =
4.4 (T = 1882 K) kJ, respectively. The corresponding AH® 5
values, on the assumption of a linear structure, were obtained
as +555.4 and -2.6 kJ. Similarly, AH®,gs values, on the
assumption of a bent structure, were calculated as 549.1 and
8.8 kJ, for reactions 8 and 9, respectively.

Third-law enthalpies for reaction 8 were determined as 571.1
£ 4.2 and 531.1 £ 4.2 kJ for the linear and bent asymmetric
structures, respectively. By use of reaction 9, the third-law
enthalpies obtained for the linear structure were 19.5 £ 2.0
kJ and for the bent structure —20.6 £ 1.4 kJ. These enthalpies
are summarized in Table VIII.

Having no molecular analogy for the molecule AuGe,(g)
as was available for the gaseous molecule Au,Ge, one must
rely solely on the second- and third-law agreement and a
variation in statistical errors of the evaluated reactions, in
estimating the molecular structure of AuGe,(g). Referring
to Table VIII and employing similar arguments as used for
the Au,Ge(g) molecule, one observes that the bent structure
for the molecule AuGe, may also be considered the preferred
structure. This is indicated particularly from the somewhat
better second- and third-law agreement for the pressure-in-
dependent reaction 9. The bent configuration is also indicated
by the lower statistical error of the third-law enthalpies of
reaction 9. ’

The corresponding second-law entropies (AS®,g;) for the
nonlinear structure are respectively 182.0 = 7.8 and 18.4 £
2.4 J K for reactions 8 and 9. The third-law entropies are
respectively 172 and 12.1 J K™! for the same two reactions.
These results compare with the second-law entropies for the

20 ‘ \ \ |

AuGe,+Au=2GeAy

)) i
(&4
Y}
(¥}

log kp

AuGe, = Au+2Ge

5.0 ‘ , o
10/ T (k)
Figure 5, Second-law plots for the molecule AuGe,(g).

linear structures of 189.3 + 7.8 and 25.8 = 2.4 J K™ and the
third-law entropies for the same structure of 199.4 and 37.7
J K. The slightly better agreement between the second- and
third-law entropies for the nonlinear structure for reaction 9
may be considered as additional support of this structure,
though not as conclusive as for Au,Ge(g).

A selected atomization energy for the gaseous bent molecule
AuGe,, referenced to 298 K, AH®, 203 = 535.3 £ 10.0 kJ mol™
(AH®,, = 531.9 kJ mol™), was similarly evaluated for the
molecule Au,Ge(g). The estimated uncertainty in the thermal
functions, pressure calibration, and temperature measurements
for this investigation have been included in the error term given
here.

The heat of formation, AH®¢ 545, Of gaseous AuGe, was
derived as 581.5 £ 10.0 kJ mol™! by using ancillary data from
the literature.?

Au,Ge,. The equilibrium reaction

AUzGez = 2AuGe (10)

was studied, and the calculated third-law enthalpies, AH,g,
were determined (Table IX) as 388.6 = 2.8 kJ for the linear
structure, 313.8 % 3.5 kJ for the square-planar structure, and
338.7 £ 3.2 kJ for the tetrahedral structure. The corre- -
spondinglthird-law entropies, AS® 4, are 196.7, 156.1 and
168.0 K,
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Table IX. Third-Law Enthalpies for the Reaction Au,Ge, (g) = 2AuGe(g)
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data set “A[G p—H,,0)/T], TK™ AH®,0 P KT
no.% T K log Ky linear sq planar tetrahedral linear sq planar tetrahedral
14 1954 0.387 45.3 36.4 39.3 386.8 313.3 3379
15 2010 0.260 45.3 36.4 39.3 392.8 317.3 342.5
16 1947 0.548 45.3 36.4 39.3 391.6 318.3 342.7
22 1934 0.523 45.3 36.4 39.3 388.1 315.2 337.5
24 2023 -0.013 45.3 36.4 39.2 384.7 308.8 334.1
25 2060 -0.121 45.3 36.4 39.3 387.3 310.1 335.9
av 388.6+2.8 313.8x3.5 338.7+3.2

@ Data set numbers correspond to data tabulated in the supplementary material. b Error corresponds to standard deviation.

Table X. Third-Law Enthalpies for the Reaction
AuGe,(g) + 2Au(g) = 3AuGe(g)

~A[(G T~
: H® 15)/T1,
d IK?
ata _ IN )
set log tetra- kA
no® T,K K linear hedral linear tetrahedral
13 1911 2,00 20.2 18.8 1878 71.7
15 2010 212 201 18.7 86.8 76.5
16 1947 209 202 188 859 75.8
22 1934 210 202 18.8 849 74.7
23 1985 208 201 187 873 71.5
24 2023 218 201 18.7 849 74.6
25 2060 235 201 18.7 79.8 69.5
av 854%25 753:26

% Data set number corresponds to data tabulated in the supple-
mentary material. 2 Error corresponds to standard deviation.

The evaluated second-law enthalpies, AH®,qq, for reaction
10 are 415.8 £ 58.8 kJ for the linear structure, 409.7 & 58.8
kJ for the square-planar structure and 409.2 % 58.8 kJ for the
tetrahedral structure. No major significance can be placed
on these second-law values, because of the limited data and
short temperature range involved. These values are only
reported for comparison to support the more reliable third-law
data, but a preference for the linear structure appears indi-
cated.

Consideration of the variance in the standard dev1at10n of
the calculated third-law reaction enthalpies produced by
employing different free-energy functions can also be used to
analyze the correctness of the chosen free-energy functions.
As the various estimated molecular parameters differ from
the unknown true value, a trend is developed with temperature
within the free-energy functions. The greater the trend be-
comes the larger the standard deviation in the calculated
third-law enthalpies. In reference to Table IX, one observes
the smallest standard deviation for the linear molecule
Au,Gey(g).

The germanium dimer is believed to exist in a *Z ground
state,2® which contains two unpaired electrons, one at each
atom. The availability of these unpaired electrons enhances
the likelihood that the gold atoms will bond more readily to
different germanium atoms. Because the multiple bonds
between the Ge atom will probably be unaffected by the
addition of two gold—germanium bonds. This structure would
then be isoelectronic to acetylene (C,H,), which is linear.

Therefore, the free-energy function calculated by assuming
a symmetric linear structure best represents the gaseous
molecule Au,Ge,. -

These third-law enthalpies listed in Table IX yielded
atomization energies for the assumed linear, square-planar,
and tetrahedral structures of 934 £ 14 (AH®,, = 927), 859
+ 18 (AH®, = 853), and 884 £ 16 (AH°ao 877) kJ,
respectively, by using D°,55(AuGe) = 272.6 kJ mol™!. We
recommend the value based on the linear structure as the
selected atomization energy. The standard heat of formation,
based on the preferred linear structure, was derived as 551 +
14 kJ mol™, Literature enthalpies used in obtaining the heat
of formation came from Hultgren et al.?

AuGe; and AuGe,. The third-law enthalpies, referenced to
298 K, for the gas-phase reactions

AuGe; + 2Au = 3AuGe (1)
AuGe,4 + 3Au = 4AuGe (12)

have been evaluated as 85.4 £ 2.1 kJ for the linear molecule
and 74.3 £ 2.6 kJ for the tetrahedral molecule, by employing
reaction 11. For reaction 12 the third-law enthalpies were
obtained as 158.7 £ 4.9 kJ for the linear structure, 216.2 £
4.5 kJ for the trigonal-bipyramidal structure, and 140.6 + 5.0
kJ for the tetrahedral structure. These reaction enthalpy
calculations are summarized in Tables X and XI. The
third-law reaction entropies corresponding to a linear molecule
of AuGe;(g) and AuGe,(g) were obtained as 92.6 and 126.7
J K, respectwely, for reactions 11 and 12.

In coming to a decision about the structures of AuGe;(g)
and AuGe,(g), we considered no reliable second-law enthalpy
changes for the higher polyatomic Ge~Au molecules since the
reciprocal temperature range is limited in its extent. We then
considered -only the calculated third-law enthalpies and
molecular analogies for some insight into the more likely
structure of these polyatomic molecules.

Theoretical calculations by Anderson® have demonstrated
that for the five-atom molecules of the group 4A,B elements,
in particular Tis and Sng, the trigonal-bipyramidal structure
is probably the most stable form. This same structure is
believed to be the more stable form for the molecule Ges which
demonstrates similar bonding to Sns. Therefore, a simple
replacement of one germanium atom by gold may not disrupt
this more stable configuration. The same structure, trigonal
bipyramidal, also shows the smallest statistical error of the
three structures considered for the molecule AuGe,(g). The

Table XI. Third-Law Enthalpies. for the Reaction AuGe,(g) + 3Au(g) = 4AuGe(g)
~A[(G p = H,5)/T], TK! b
data set trig AH yon,” K
no.% T, K log K linear bipyramid tetrahedral linear trig bipyramid tetrahedral
16 2010 1.83 374 50.2 329 153.7 2117 135.6
23 1985 1.52 39.7 524 35.3 163.6 » 2207 145.6
av 158.7+4.9 216.2+ 4.5 140.6 = 5.0

% Data set number corresponds to data tabulated in the supplementary material.

mean.

b Error corresponds to deviation from the arithmetic
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Table XII. Summary of Enthalpy Changes for the Molecule Ge,(g)

Kingcade, Choudary, and Gingerich

reaction enthalpy ? kJ

temp range, K second law AH® p second law third law selected
reaction (no. of data) (T, X) 208 AH"’m D° 54, kI mol™!
Ge, = 2Ge 1528-2060 (17) 277.3 £ 6.0 (1787) 254.8+6.0 266.5 £ 2 262.6°
Ge, + Au=Ge + AuGe 1528-2060 (17) ~12.2£3.3(1787) -24.3233 -94+1 258.2bc
av  260.4 + 10

@ Error corresponds to standard deviation, ° Average of second and third law calculated atomization energy, giving twice the weight to the
more reliable third law. ¢ Value of D°,;, =272.6 + 5 kJ mol™! for AuGe(g) was employed, this work.

enthalpy changes for the molecule AuGe, is calculated by using
only two data points, and any conclusion drawn from the
statistical error alone can only be speculative. The final
demonstration of this molecule’s structure will be left to
theorists and spectroscopists.

Neither of the two models considered for AuGe,(g) is
indicated more favorable from the thermodynamic calculations
or molecular analogy. We thus propose the linear structure
as the preferred one, mainly because of the preference of
monovalent gold.

Calculated atomization energies, AH®, 595, for the linear
AuGe,(g) molecule was obtained as 903 £ 20 (AH®,, = 897)
kJ mol™" and for the trigonal-bipyramidal AuGe,(g) molecule
was obtained as 1307 % 30 (AH®, = 1296) kJ mol™. These
were evaluated by assuming a D°,3(AuGe) = 272.6 & 5.0 kJ
mol™!. Here the error term corresponds to an estimated overall
uncertainty.

Standard heats of formation, AH®;,, for these two
molecules were derived as 588 + 20 and 559 + 30 kJ mol™,
for AuGe, and AuGe,, respectively. Literature subhmatlon
enthalpies for gold and germanium used in obtaining these
values came from Hultgren et al.?

Ge,, Gey, and Ge,. Several equilibrium reactions may be
considered in an analysis of the reaction enthalpies for the
different polyatomic germanium molecules. Of particular
interest in this investigation were the reactions

Ge, = 2Ge (13)

Ge, + Au = Ge + AuGe / (14)
Ge; + Ge = 2Ge, (15)
Ge, = 2Ge, (16)

We have studied reactions 13 and 14 over a temperature
range 1578-2060 K (17 data sets). The second-law enthalpy
changes at temperature 1787 K, AH®; = 277.3 % 6.0 and
AH°r = -12.2 + 3.3 kJ, respectively, for reactions 13 and 14,
were obtained. These enthalpies correspond to AH®,53 = 254.8
+ 6.0 kJ and AH®,93 = -24.3 3.3 kJ, respectively. The
calculated third-law enthalpy, Table XII, changes for the same
two reactions are AH®,g5 = 266.5 £ 2.1 kJ and AH®4 = 9.4
£ 1.5 kJ, respectively.

The corresponding second- and third-law entropies for
reaction 13, respectively, are 78.5 + 3.7 and 86.3 J K-, and
for reaction 14 are -3.3 £ 1.8 and +6.3 J K™, Because the
number of data is slightly limited for the extended temperature
range employed, the second-law enthalpy calculated here may
be less reliable than the evaluated third-law enthalpy.
Therefore, a selected dissociation energy is calculated from
the above two reactions by employing the average of both the
second and third law, giving twice the statistical weight to the
third-law value. These values are respectively for reactions
13 and 14 D®,4 = 262.6 £ 10 (D°, = 257.2) kJ mol™! and
D, = 2582 £ 10 (D°; = 254.3) kJ mol™l. The latter
dissociation energy was calculated by using the evaluated D,
(AuGe) = 272.6 £ 5.0 kJ mol™! (this work). A final value
for the dissociation energy of Ge,(g) is taken as the average
of these two previous values and is D°,93 = 260.4 £ 10 (D°
= 255.7) kJ mol™%,

Table XIII. Third-Law Enthalpies for the Reaction
Ge,(g) + Ge(g) = 2Ge,(g)

~A[(G°p—
data set m)/T],
no.% T,K  -logk, JTK*' a0kl
11 1804 1.01 7.52 92.0
12 1866 0.93 7.43 91.5
13 1911 0.89 7.37 92.0
14 1954 0.94 7.31 95.4
15 2010 0.87 7.25 94.9
16 1947 0.94 7.32 95.3
20 1801 1.07 7.52 93.8
21 1856 1.05 7.44 95.6
22 1934 0.90 7.34 93.3
av 93.8+1.5

¢ Data set number corresponds to data tabulated in the supple-
mentary material. Error corresponds to standard deviation.

Table XIV, Third-Law Enthalpies for the Reaction
Ge,(g) = 2Ge,(g)

-A[(G T~
data set H,,)IT1,
no.% T,K ~logk, 71K AHC 0 b KT
12 1866 4.25 37.6 445.9
13 1911 3.78 37.6 439.1

14 1954 3.62 375 442.7
15 2010 3.44 37.5 447.9
16 1947 3.83 37.5 448.9

21 1856 4.37 37.6 4477
22 1934 3.80 37.6 445.0
av 4453232

¢ Data set number corresponds to data tabulated in the supple-
mentary material. Error corresponds to standard deviation.

The equilibrium dissociation reaction, reaction 13, has been
studied mass spectroscopically by Drowart et al.,* Kant and
Strauss,® and Neckel and Sodeck.’” The dissociation energies
D°(Ge,) determined from these studies were 267.8 £ 21,
272.0 £ 21, and 269.9 £ 21 kJ mol™\, respectively. If we adjust
for the same free-energy functions as those in literature,?3
and in the present investigation, the value by Neckel and
Sodeck becomes 271.4 £ 21 kJ mol™!. All these literature
values are higher than the value for D°;(Ge,) = 255.7 £ 10
kJ mol™! obtained in the present investigation, although our
value falls within the stated error limits.

Drowart et al.?* used 10-15-eV ionizing electrons, Kant and
Strauss®® used 20~ or 70-eV electrons, noting the independence
of the I(Ge,™)/I(Ge") ratio on the electron energy, and Neckel
and Sodeck used 10.6 ¢V. These compare with the 20-eV
electron energy used by us. We did note the possibility of some
arbitrary fragmentation correction assuming some frag-
mentation for the germanium and germanium-containing
polyatomic molecules, and improvement between second- and
third-law enthalpies by 2 kJ was obtained. The average
dissociation calculated from these corrected values was still
lower than the values reported in literature. We did not apply
any fragmentation correction to the reported value, because
the other researchers did not report any fragmentation in the
pure germanium systems and we had no strong justification
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Table XV. Summary of Atomization Energy and Standard Heats of Formation of the Experimentally Observed Gaseous Molecules

AH® 106, K] AH"a o kI . AH°fm,kJ Afg,, K]
species mol™!, this study - mol™!, this study AH a.o»b lit. mol"! thls study mol™!, this study

AuGe 2726+ 5.0 270.5 2733+ 15 470.0: 5.0 469.3
Au,Ge

linear 570.8 + 14 567.5

bent 538.112 5349 5727+ 12 572.6
AuGe,

linear 558.5+12 555.6

bent 535.3+10 531.9 5815+ 10 579.3
Au,Ge,

linear 934 + 14 927 551 +14 552

sq planar 859 £ 18 853 i .

tetrahedral 884 £ 16 877
AuGe,

linear 903 + 20 897 58220 586

tetrahedral 893+ 20 865
AuGe,

linear 1251 £ 32 1242

trig bipyramid 1307 £ 30 1295 559+ 30 560

tetrahedral 1231 £ 32 1223
AuCu 226.7 £ 5.1 2243 22809 477.1.£5.1 478.1
Ge, 260.4 = 10 255.7 269.7 £ 21 488.4 + 10 487.4
Ge, . 637+ 20 627 644.4 £ 21 486 + 20 488
Ge, 989 + 22 977 1010.4 £ 30 509 + 22 510

@ Error corresponds to estimated overall uncertainty.

todo so. A selected dissociation energy, D°,5(Ge,) = 271.4
+ 17 (D%, = 266.4) kI mol™, has been obtained as the average
of all literature values and our value, This selected value has
been employed in evaluating the atomization energies of Ges(g)
and Ge,(g) in the present investigation,

The atomization energies of the gaseous molecules Ge; and
Ge, have been subject to evaluation of experimental data by
both Kant and Strauss®® and Drowart et al.>* These inves-
tigations were limited to narrow temperature ranges and a
limited number of data. The calculated third-law atomization
energies from Kant and Strauss® are AH®, o(Ge;) = 648.5
+ 17 kJ mol™ and AH®,((Ge,) = 1016.7 £ 33 kJ mol™, and
from Drowart et al.* the corresponding values are 640.2 =
21 and 1004.2 & 22 kJ mol™!, respectively. These values refer
to an assumed linear structure, which is indicated by Kant and
Strauss to be probably the preferred structure, as compared
to cyclic structures. The present evaluations have therefore
been made by assuming linear structures of these molecules.

The evaluated third-law enthalpies for reaction 15 are listed
in Table XIII. The average third-law enthalpy change for
this reaction is obtained as AH%,3 = 93.8 £ 1.5 kJ. Com-
bining this value and the value D°,44(Ge,) = 271.4 = 17 kJ
mol™!, we obtained an evaluated AH, ,3(Ge;) = 636.6 + 20
kJ mol‘1 An average third-law enthalpy change for reaction
16 was evaluated as AH®, 553 = 445.3 = 3.2 kJ (Table XIV).
The atomization energy of AH®,,03(Gey) = 988.9 £ 22
(AH®,, = 977.2) kJ mol™! was obtained from AH(R16) by
employmg again the above D°,45(Ge,). The above error terms
associated with the atomization energies correspond to esti-
mated overall errors, and the remaining errors represent
standard deviations.

As in the case of the Ge, molecule, the atomization energies
of Ge, and Ge, are lower, but within the stated error limits
of the corresponding literature values.

The standard heats of formation, AH {564, of Ge,, Ges, and
Ge, were derived by using ancillary data from the literature,?
AH"ms(Ge(g)) = 374.4 & 21 kJ mol™!. The calculated heats
of formation are 477.4 £ 17 (based on D° = 271.4 £ 17 kJ
mol™1), 486.9 £ 20, and 509.9 + 22 kJ mol™!, respectively.
Summary and Conclusion

The extensive data reported in the previous discussion are
summarized in Table XV. This includes the previously
unreported gaseous molecules Au,Ge (bent, 538.1 £ 12),
AuGe;, (bent, 535.3 £ 10), Au,Ge, (linear, 934 + 14), AuGe,

b Refer to text for references.

Table XV1. Correlation of an Estimated Gold Binding Energy of
Germanium Clusters

H°, o(AuGe,) -
H,, o(Gen),
molecule (struct) kJ ‘mol!
AuGe 270.5
AuGe, (bent) 276.2
AuGe, (linear) 270
AuGe, (trigonal bipyramid) 318

(linear, 903 + 20), and AuGe, (trigonal bipyramid, 1307 +
30). Thus, it is seen that the geometry and structure chosen
for a given molecule have a significant effect on its atomization
energy.

It would be interesting to compare the relative strengths of
the bond between an Au atom and the various germanium
clusters. In Table XVI, the quantities AH®,o(AuGe,) -
AH°,((Ge,) are presented for the gold—germanium clusters
studied in this investigation. In these computations, the
atomization energies for Ge,(g) used are from the present work
and those for AuGe,(g) correspond to the preferred structures,
One observes that for the molecules AuGe, AuGe,, and AuGe,
the gold to germanium cluster association energy is relatively
constant but for the molecule AuGe, the stability is enhanced.
This increase in stability may be interpreted as arising from
clustering within the molecule, but without further work,
namely, the determination of accurate second-law enthalpies
and the extension of the investigation to higher clusters, no
conclusive analysis leading to a limiting value for the binding
energy of an Au atom to “bulk” Ge is possible.

For the linear molecule Au,Ge, a significantly higher
Au-Ge binding bond energy than that in the diatomic molecule
AuGe is obtained. This is also observed in other metal-group
4A molecules, e.g., Au,Sn,!! and Li,Si;. % All these molecules
are quasi-isoelectronic with acetylene for which the stability
is attributed to the strong triple bond between the carbon
atoms, as well as the bond strengthening of the H-C bond
through hybridization. Thus triple bond formation between
the group 4 elements in Au,Ge,, Li,Si,, and Au,Sn, is sug-
gested.

The atomization energy data obtained in the present in-
vestigation hopefully will stimulate structural investigations
and theoretical calculations which would permit more
meaningful conclusions regarding the trends in the binding
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energies of gold as a function of germanium cluster size.
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The behavior of Rhg(CO) ¢ on the surface of inorganic oxides (alumina, magnesia, and silica—alumina) has been found
to be strongly dependent on the mode of impregnation and on the water content of the support. On alumina it is possible
to maintain the molecular nature of the cluster provided the water content of the alumina is low; otherwise the OH groups
of the support are at the origin of a ready oxidation of the cluster resulting in a rhodium(I) carbony! species. The rhodium(I)
carbonyl species reacts with CO in the presence of excess water to give back the cluster Rhg(CO);s. (Rh(CO),Cl), supported
on alumina also reacts with CO in the presence of excess water to give Rhg(CO) 4. A facile reduction of the rhodium(I)
carbonyl species, obtained from oxidation of Rhe(CO),4, under hydrogen or excess water in the absence of CO leads to
the formation of metallic rhodium together with an “intramolecular” rearrangement of a linear to a doubly bridged carbonyl
ligand. It is possible to regenerate the rhodium(I) surface carbony! species with oxygen followed by carbon monoxide.
Infrared data for Rhs(CO),¢ supported on alumina, magnesia, and silica~alumina indicate an electronic interaction between
the support and the cluster, the rhodium(I) carbonyl species, or the metallic species obtained upon reduction of rhodium(l).
A catalytic cycle is proposed which accounts for the water gas shift reaction carried out on the cluster frame and its oxidation

products.

The analogies between very small particles of transition
metals frequently used in heterogeneous catalysis' and mo-
lecular clusters, which are more seldom used in homogeneous
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catalysis,? have been recently examined.> Although these two

* classes of compounds belong to different fields of chemistry,

namely, molecular and solid-state chemistry, many com-
parisons were made possible by the fast development of the
synthesis and characterization of new molecular clusters of
increasing nuclearity.* It appears that geometric as well as
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