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All-electron ab initio multiconfiguration self-consistent-field (CASSCF) and multireference configuration
interaction (MRCI) calculations have been carried out to determine the low-lying states of the molecule GeC.
The electronic ground state is predicted t¢He Based on the results of the MRCI calculations, the equilibrium
distance for théll ground state has been computed as 1.842 A and the vibrational frequency as 827 cm
The ground state is separated from the excited states'>", I1, and*A by 3552, 5768, 7322, and 8303
cm %, respectively. The chemical bond in tBH electronic ground state has double-bond character. It is
polar with charge transfer from Ge to C giving rise to a dipole moment of 1.68 D at 1.84 A. Thermal functions
as derived from the theoretical molecular parameters were used in the calculation of the thermodynamic
properties of the GeC molecule from new mass spectrometric equilibrium data. Also, the literature value for
the dissociation energy of GeC has been reevaluated. The recommended dissociatiorDep&eg¥), and
enthalpy of formationAsH°295 1{GeC), in kJ mol! are 455.74+ 11 and 630.4+ 11, respectively.

Introduction between thelll ground state and the low-lying excited states
were derived as 5371, 7602, 9152, and 10 174¢cmespec-
tively. The equilibrium distance for th&1 ground state was
derived as 1.847 A and the vibrational frequency as 711cm

In the present work, elaborate all-electraln initio calcula-
tions of the low-lying electronic states of the GeC molecule
'have been performed to elucidate its nature of bonding and to
obtain molecular parameters. New mass spectrometric equilib-
rium measurements for the GeC molecule have been carried
out, and from the predicted molecular parameters, new thermal
functions have been calculated to evaluate the dissociation
energy and enthalpy of formation of GeC(g). The results have
been combined with those of the reevaluated literature data.

There has been renewed interest in germanioarbon alloys
due to their interesting semiconductor properties, such as the
apparent tunability of the energy gap over a wide range between
that of silicon and germaniuAt# As thin films containing
germanium and carbon are formed by vapor deposition methods
it is important to understand the bonding in molecules containing
germanium and carbon. Earlier we have reported the thermo-
dynamic properties of gaseous germanium carbides, namely,
GeC, GeG, GgC, and GegC,.5 The present theoretical and
experimental investigation of the GeC molecule is in continu-
ation of our program to determine the thermodynamic properties
of small mixed clusters containing silicon, germanium, boron,
carbon, and nitrogen that are relevant to semiconductor ) o
technologys=? The only report on the GeC molecule in the Theoretical Investigations
literature is by Drowart et ald who measured its dissociation

: In the present work, we have performed further investigations
energy by Knudsen effusion mass spectrometry.

X e . of the low-lying electronic states of GeC by carrying out
The molecule SiC, which is isovalent with GeC, has been njticonfiguration self-consistent-field (MCSCF) calculations
the subject of several theoretical and spectroscopic investiga-ithin the complete active space self-consistent-field approach
tions, and it is now well established that the SiC molecule has (cAsSCF). In addition, the molecular orbitals determined in
a°I1 ground state, and the lowest lying excited staf&is*!¢ the CASSCF calculations have been utilized to perform mul-
Furthermore, other low-lying excited states &f&, =", and (reference configuration interaction calculations (MRCI). The

1A 11,16 . .
A. ] ~calculations have been performed using the program system
Much less is known about the molecule GeC. In earlier pMOLCAS, version 38

work,'” we have performed all-electron Hartreleock calcula-
tions combined with valence CI calculations to determine the
low-lying states of the GeC molecule. In that work, the
electronic ground state was identified3Eand the lowest lying
excited states a&~, 1=, 1, and!A. The transition energies

The wave functions were expanded in basis sets consisting
of contracted Gaussian-type functions. For the Ge atom, we have
utilized Huzinaga’s (14s, 11p, 5d) basis ¥aput the exponents
of the most diffuse s and p functions have been increased
slightly, and a diffuse s as well as a diffuse p function has been
- - — added. The exponents of the three most diffuse s functions in

gg)‘(’azeggr&cﬁ'nwg:’;s'w of Denmark. the final basis set are 0.3472, 0.1033, and 0.0369, and those of

5On leave from Materials Chemistry Division, Indira Gandhi Centre the most diffuse p functions are 0.3086, 0.1224, and 0.052.
for Atomic Research, Kalpakkam 603 102, Tamil Nadu, India. Furthermore, the basis set has been augmented with one d
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TABLE 1: Spectroscopic Constants of the Low-Lying Electronic States of the GeC Molecule as Derived from the Results of
CASSCF and MRCI Calculations. (Also Shown Are the Dipole Moments)

CASSCEF calculations MRCI calculations
equilib  vibfreq, transenergy, dissoctn dipole equilib  vib freq, transenergy, dissoctn dipole

state dist, A cmt cmt energy2eV.  moment’D  dist, A cmt cmt energy2eV  moment D
ST 1.845 841 0 3.30 1.336 1.842 827 0 3.44 1.677
3 1.918 727 4702 2.72 2.093 1.908 747 3552 3.00 2.331
z* 1.758 1006 4172 2.79 2.041 1.765 943 5768 2.73 2.070
11 1.854 827 8200 2.29 1.527 1.848 823 7322 2.54 1.828
A 1.950 627 9764 2.09 1.842 1.938 656 8303 2.42 1.992

aDerived as the difference between the total molecular energy of each state at the equilibrium distance and the sum of the atomic energies
obtained at the CASSCF and MRCI levels, respectivelyalues are derived at the equilibrium internuclear distances by interpolation.

function with exponent 0.225 347 and one f function with Energy (a.u.) + 2113 a.u.
exponent 3.438. Using segmented contraction, the primitive

basis (15s, 12p, 6d, 1f) has been contracted to (9s, 7p, 3d, 1f), -0.04 -
resulting in triple¢ representation of the valence orbitals 4s and
4p, as well as of the 3d orbitals. The core orbitals 1s, 2s, 3s,
2p, and 3p are represented by doublmnctions. In addition,
the basis contains an f polarization function. For the C atom, J
we have utilized Huzinaga’s (10s, 6p) ba&isugmented with -0.05
a d polarization function with exponent 0.75. The primitive basis
(10s, 6p, 1d) has been contracted to (4s, 3p, 1d), resulting in
double€ representations of the s functions, trigleepresenta-
tion of the 2p orbital, ad a d polarization function. 0.06 1

CASSCF and MRCI calculations have been performed at the
internuclear distances 3.30, 3.48, 3.60, and 3.90 au for the states
3[1, 3=, 11, and!A and at the internuclear distances 3.00, 3.30,
3.48, and 3.60 au for thiE* state.

In the CASSCF calculations, the core orbitals, i.e., 1s, 2s, -0.07 1
3s, 2p, 3p, 3d of Ge and 1s of C, were kept fully occupied. All
valence orbitals, i.e., 4s and 4p of Ge and 2s and 2p of C, have
been included in the active space. The CASSCF calculations
have been performed in the subgrddg of the full symmetry
groupC., of the GeC molecule. The number of configurations -0.08 1
included in the CASSCF calculations were 5923r, 584 for
33~ 492 for1x*, 432 for i1, and 408 for'!A. The molecular
orbitals optimized in the CASSCF calculations have been
utilized as the basis in the MRCI calculations. In the MRCI
calculations, all single and double excitations were allowed from
all the configurations included in the CASSCF calculations. The
number of configurations included in the final CI calculations
amount to 1298 183 foil1, 1286 962 for=~, 772 388 for'=",

759 256 forlll, and 747 848 fofA. -0.10 - y ; - . -

The spectroscopic constants for the GeC molecule have been 28 3.0 32 34 36 3.8 4.0
derived by solving the Schdinger equation for the nuclear R (a.u.)
motion numerically. The ensuing values based on the results
of the CASSCF and MRCI calculations are reported in Table 1 Figyre 1. Potential energy curves of five low-lying electronic states
together with the values for the dipole moments and for the of GeC as derived from MRCI calculations.
dissociation energies. Figure 1 shows the potential energy curves
as derived from the MRCI calculations. Table 2 shows the The transition energies between states of identical configuration,
contributions of the major configurations to the MRCI wave i.e.,3[T and1, and betweeRZ~ andA are probably accurate
functions for the low-lying electronic states as functions of the to some hundred inverse centimeters.
internuclear distance. The occupations of the natural valence Table 2 shows that the low-lying states of GeC essentially
orbitals for the low-lying states are reported in Table 3. are derived from three different configurations. Thus, the major

The results of the MRCI calculations show that the electronic configuration of the state¥T and™T is (80)%(90)%(100)(47)3.
ground state of the GeC molecule® and that this state is ~ The configuration (8)?(90)%(100)?(4x)? is the major configu-
well separated from the low-lying excited statés;, 1=+, 11, ration for the state&~ and!A. Finally, the major configuration
and?A by 3552, 5768, 7322, and 8303 cinrespectively. It is of the staté/ =" is (80)%(90)%(4x)* but this state also has some
noted that an interchange of the sta¥es and’=" has occurred ~ admixture of the configuration (§2%(90)%(100)3(4x)%. The
in the MRCI relative to the CASSCF calculations. The sequence correlation energy gained in the MRCI calculations is largest
of the low-lying electronic states of GeC is identical to that for the state§X~ and!A, with the largest population being in
determined for the isovalent molecule Sit26 For the ground the 10 orbital; it is smallest in thé=" state, with the smallest
state, the equilibrium distance is estimated to be accurate topopulation being in the 10 orbital. This results in the
about 0.02 A and the vibrational frequency to about 20tm  interchange of the staté&~ and=*.

-0.09 J
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TABLE 2: Contributions of the Major Configurations to the mental dissociation energies is probably mostly due to the lack
MRCI Wave Functions describing the *IT Ground State and of correlation of the 3d electrons of Ge.

the Excited States’—, X+, I, and 'A of the GeC Molecule
as Functions of the Internuclear Distance.

Mass Spectrometric Measurements
contribution of valence shell

config (%) at internuclear dist The mass spectrometric measurements were performed fol-
valence shell config 30 33 348 36 39 lowing the measurements of the germanium carbide clusters by
state ® 9 100 1lo 47 57 au au au au au Schmude et dlin series 2, under conditions where unit activity

of germanium in the condensed phase was not ascertained

ig, g g % 8 3 8 gg gé gg gg anymore. The energy of thg ioni;ing electrons was 11 eV. Other
ISt 2 2 0 0 4 0 75 72 66 59 experimental details are given in ref 5.

2 2 2 0 2 O 1 4 9 13 The vapor species were identified from their mass-to-charge
m 2 2 1 0 3 0 83 82 81 78 ratios and isotopic abundances. Table 4 gives the measured ion
W2 2 2 0 20 86 84 84 8l intensities pertinent to the present study, namely",Gae,™,

o ) _ o GeC', GeG", and GeC*. The ion intensities of all the species
The & orbital is mainly the bonding combination of the Ge  except for GeC are those corresponding to the most abundant
4s and C 2s orbitals. Theo9orbital is the corresponding  isptope. For GeG, the ion intensities were measured at mass
antibonding orbital. The korbital is the bonding combination g4 to avoid a possible contribution of any residual gaseous GeO
of the Ge 4p and the C 2p, and the 1& orbital is the {5 the jon intensity at mass 86. As the ion intensities were
corresponding antibonding orbital. Orbitals and 57 are the  recorded at 11 eV, the fragmentation contribution to the GeC
bonding and antibonding combinations of the Ger4md the  jntensity from either G£€ or GeG is considered negligible,
C 2pr, respectively. Thus, for each of the low-lying states, the pecause fragmentation to Geets in at an energy of 15 €9.
formal bond order is 2 in their leading configuration. Further-  The Gibbs energy functions;(Gr — Ho)/T, and enthalpy
more, from Table 3, it is recognized that the excess of electronsincrementsHr — Ho, needed in the evaluation of the reaction
in bonding relative to antibonding valence orbitals resulting from enthalpies were taken from the literature for,@§2! Ge(g)?2
the MRCI calculations amounts to 3.58, 3.69, 3.68, 3.63, and C(s)2 Ge,C(g)5 and GeG.5 Those for GeC(g) were computed
3.61 e for the state¥1, °x~, 'X*, 'I1, and'A, at interuclear  according to statistical thermodynamic procedures, using the
distances close to the equilibrium distance of each state. Thisharmonic oscillator, rigid rotator approximatiéh,and the
indicates that the chemical bond has double-bond character inmglecular constants obtained from the MRCI calculations (Table
all the low-lying states. 1) in the present investigation. At the respective temperatures
From Table 1, it is noted that the equilibrium distances of 298.15, 1600, 1800, 2000, 2200, and 2400 K, (&t — Ho)/T
the low-lying states are found in three distinct groups. For the values, in J mol K1, are 208.9, 263.2, 267.4, 271.1, 274.6,
states’IT andI1, the equilibrium distances are 1.842 and 1.848 and 277.8 and thiely — Hy values, in kJ mol?, are 8.86, 56.50,
A (3.48 and 3.49 au). The equilibrium distances are larger for 64.38, 72.36, 80.40, and 88.50, respectively. The thermal
the state$=~ and!A, 1.908 and 1.938 A (3.61 and 3.66 au), functions for Ge(g)2! GexC(g)® and GeG(g)® have been
respectively, and shorter for tAE* state, 1.765 A (3.34 au). It  adjusted to correspond to the standard presgéire= 1 bar

appears that the number of electrons in the @rbitals is instead ofp® = 1 atm.
correlated with the bond length. Thus, at 3.48 au, the populations The measured ion currents,(Table 4), were related to the
of the 4 orbitals are 2.79 and 2.81 e for the statBsand'IT. corresponding partial pressur&, according to the relatioR;

For the state$>~ and!A, the corresponding populations are = kil;T. The reference calibration constakge, = 0.10+ 0.03
1.93 and 1.89 e at 3.60 au. Finally, the state has a population bar A~1 K1, has been determined as described e&rligsing
of 3.59 e in the 4 orbitals at 3.30 au. Thus, the more electrons the equilibrium Ggg) = 2Ge(g) withD°y(G&) = 260.4+ 7.0

in the 47 orbital, the shorter the bond. kJ mol12! The k values for the other species were then
In all the low-lying states, charge is transferred from Ge to calculated employing the relatida = kse(oyni)cd(oyni)i. The
C. This results in a gross atomic charge469.23 e on Ge in  ionization cross sections;, of Ge and the germanium carbide

the 3IT ground state and 6£0.20 e in the stat&l1, both at the molecules were assumed to be equal to 0.75 times the sum of
internuclear distance 3.48 au. The gross atomic charges in thethe atomic cross section from Freund et®br Ge(g) and from
states’>~ and!A amount to+0.18 and+0.15 e, respectively, ~Manr?’ for C(g) at the corresponding electron impact energies.

at 3.60 au. At 3.30 au, the gross atomic charge on Ge in the The multiplier gains,y;, for the germanium-containing ionic
I3+ state amounts te-0.24 e. species were taken to be the same as that for Glee isotopic

abundancesy, of the atomic species were taken from De Bievre

The states’IT and TT resemble each other closely. They :
and Barneg2 The resulting pressure constants and related data

essentially represent the triplet and the singlet spin couplings > A
of the angular momenta of the electrons in the singly occupied &€ given in footnoté to Table 4. _

orbitals 9 and 4v. Likewise, the state®¥~ and!A are basically _For the determination of the enthalpy of formation and
different couplings of the space and spin angular momenta of dissociation energy of the GeC molecule, the enthalpy changes
the singly occupied # orbitals. The major configuration of ~ for the reactions

the state$=~ and!A, (80)3(90)4(100)%(4x)?, also gives rise to

a state of =t symmetry, but it is noted that the major GeC(g)= Ge(g)+ C(graph.) 1)
configuration of the lowest lying=" state is (8)2(90)%(4n), 2GeC(g)= GeC,(g) + Ge(g) )
although it has some admixture of the configuratiom){®o)2-

(100)%(4m)>. GeC(g)+ Ge(9)= Ge,C(9) 3)

The predicted dissociation enerd@ys = 3.44 eV, corresponds
to a value ofDy = 3.39 eV. This represents 74% of the were evaluated according to the third-law method using the
experimental value of 4.72 eV obtained in the present investiga- relationArH®, = —RTIn K, — TA{(Gr — H°g)/T}. Reaction 1
tion. The discrepancy between the calculated and the experi-is pressure independent and assumes the graphite to be at unit
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TABLE 3: Occupations in the Natural Orbitals for the Low-Lying Electronic States of GeC as Derived in MRCI Calculations?

internuclear dipole gross atomic population in
state dist, au moment, D chargeonGe &(Cs+ Ges) ¥ (Cs—Ges) 1@ (0) 110 (0%) A5 (1) 5ot (77%)
STI 3.48 1.676 0.23 1.96 1.90 1.00 0.04 2.79 0.23
D 3.60 2.336 0.18 1.96 1.92 1.91 0.05 1.93 0.14
=+ 3.30 2.069 0.24 1.96 181 0.25 0.02 3.59 0.29
11 3.48 1.822 0.20 1.96 1.90 1.00 0.04 2.81 0.20
A 3.60 1.986 0.15 1.96 1.92 191 0.05 1.89 0.18

a Also shown are the dipole moments and the gross atomic charges on Ge at the respective internuclear distances.

TABLE 4: Measured lon Intensity Data of Ge*, Ge™, 12 (554+ 12) for GeC. The values previously reported are
GeC', GeG*, and GeC*2P given in parentheses.
let lGen lgect lGegs*, lGect There is good agreement among thgH°, values derived
T.K 108A 101%A 10%R”A 10%A 10%A from these three different reactions. This shows that the data
2033 3.85 3.78 4.8 0.56 0.88 for Ge(g), Ge@(g), and GeC(g) are consistent with those in
2070 6.49 5.28 8.7 1.25 1.33 ref 5, and it gives additional proof for the absence of a frag-
3822 g?i éll.ég g-g é-gg é-gg mentation contribution to | (GeQ from both GeG and GeC
5044 >4 105 20 0.40 at the 11-V electron impact energy used in the experiments.

The selected values from the present investigatiof:bi°o-

@The ion intensity of GeC was measured at mass 84; all other (GeC,g)= 624.4+ 11 kJ mot! andD°y(GeC)= 458.44+ 11
intensities are for the maximum intensity peakkse = 0.10+ 0.03, kJ mol! were based on reaction 1 only, since reactions 2 and
nkGez:: c?'g,lgé,'é‘;ﬁf ::O'gsz'ggezczn = 0':1‘(")* ;‘;‘%Gr?c :g'éosgbg A; m’j(] )- 3 do not provide independent determinations of these properties.
—0.2361 oo e 0.75400, i‘*?ac)'% — o andoe — 0 cec Here the overall uncertainty was determined as described

IR — ¢ e e ' elsewheré? by taking into consideration the estimated uncer-

TABLE 5: Third Law Enthalpy of Reactions, A/H?% in kJ tainty in the temperature{10 K), partial pressures (50%),
mol~?, at Each Temperature for Reactions +-3° relative multiplier gains (30%), and free-energy functions (2 J
AH% K=t mol™?).

Drowart et al'® in their mass spectrometric investigation of

LK Rl R2 R3 gaseous germanium carbides employed the ionization cross-
present work 2%(7)83 :gggg :gg'g :iig'g section data from Otvos and Steven¥amd the partial pressure
2054  —2520 2799  —4406 data of Ge(g) in equilibrium over Ge(l) from Stull and Sifke
2036 —248.6 —271.6 —440.9 for obtaining the pressure calibration constants. The partial
2044 —254.7 —280.8 pressures given at 1860 K above the germantgnaphite and
ref 10 1860  —2544 2721 —439.1 at 1810 and 1920 K above the germaniusilicon carbide-
i;?g :ggg:? 2100 —437.9 graphite systems were reevaluated to derive the enthalpies of
1920 —2500 2844 —445.7 reactions +3. The germanium in the GeSi—graphite system

_ is not at unit activity; therefore, the data point at 1765 K was
“ The reevaluated data from ref 10 are also included. not considered for the pressure-dependent reaction (3), due to

TABLE 6: Average Third Law Enthalpy of Reactions, lack of original data to correct for the pressure calibration

AH% in kJ mol~1, and Enthalpy of Formation, AH®, of constant. . . .
GeC Derived from Then? The partial pressures given in ref 10 were revised by
present work ref 10 correcting them for the difference in the ionization cross sections

and the partial pressure of Ge(g) over Ge(l) used in ref 10 and

reaction At A% A’ At those from ref 29 employed in the present study according to
1 —252.7+ 2.7 624.4 —258.3+ 8.0 630.0 the f0||OW|ng re|ati0ns:
2 —278.4+ 4.6 620.2 —288.8+ 19.3 625.4
s 446.1+£64 624.2 440.9+4.2 619.0 (pGe)revised: (pGe)refl({(pGe)refZQI(pGe)refSZ] (4)
aThe reevaluated data from ref 10 are also included. Standard
deviation of the mean (see Table 5). (PedPoexcyrevised™

. . . . (pGe/pGexC))reflC{(OGEIOGexC))reflcl(UG«.JOGexCQpreserl (5)
activity, reaction 2 is an all-gas-phase pressure-independent

reaction, and reaction 3 is an all-gas-phase reaction and pressurghe ratio ofpecdpcec employed in the reevaluation was 1.873
dependent. The reaction enthalpies at each temperature ofx 10¢ (1860 K), 3.335x 10* (1765 K), 7.645x 10* (1810 K),
measurement are given in Table 5, and the average derived fromand 1.538x 10* (1920 K). Here an average electron impact
them for each reaction is given in Table 6. energy of 13.5 e¥ has been used in correcting for the energy
The average enthalpies of formation derived from the reaction dependence of the cross sections off@ad C?” The individual
enthalpies are also given in Table 6. The necessary enthalpiesA;H°, values derived from the reevaluated data are listed in
of formation for C(g)?® AjH°9 = 711.24 0.5 kJ mot?, and Table 5, and the average reaction enthalpies and enthalpy of
for Ge(g)?° AfH% = 371.7+ 2.1 kJ mot! were taken from formation derived from them are included in Table 6. The values
the literature. Those for GE and GeG in ref 5 were agree well with the corresponding ones from the present
reevaluated to comply with the different cross-section assump- investigation. The average enthalpy of formatids°y(GeC,g)

tions adopted in the present investigation foP%md CZ series = 630.0 kJ mot! was derived from the enthalpy of reaction 1
1, at 14 eV pge = 4.46 A2 andoc = 0.477 . The reevaluation (Table 6). The corresponding dissociation energig(GeC)
of the intensity-temperature data in ref 5 yieldeskH 295 15 = 452.9 kJ motl. The dissociation energy as reported by

in kJ mol?1, of 594.84 10 (601+ 10) for GeG and 552.6+ Drowart et al® was 456+ 21 kJ mot?.
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The reevaluated results from Drowart et*&lhave been
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(2) Gazicki, M.; Szymanowski, H.; Tyczkowski, J.; Malinovsky, L.;

combined with those from the present investigation to obtain Schalko, J.; Fallmann, WIhin Solid Films1995 256, 31.

an assessed value for the enthalpy of formatigid°o(GeC,q)

= 627.24+ 11 kJ motL. Here we have weighted the results of
each investigation proportional to the square root of the
respective number of data pointé5 in the present investiga-
tion and for ref 10,/2 for the average of the 1810 and 1920 K
values (635.8 kJ mal), 1 for the 1860 K value (626.1 kJ
mol™1), and 1 for the 1765 K value (622.3 kJ mé). The
derived properties alBo® = 455.7+ 11) kJ mot?, AfH9515

= 630.4=+ 11 kJ moil, andD®95.15= 460.8+ 11 kJ mof™.

The present thermodynamic evaluation of GeC(g) has been

based on the value faxH®,05 1{Ge,g) of 374.5- 2.1) kJ mof?
from Hultgren et af® This choice has been influenced by our

previous use of the same value in our related investigations of 19

Ge?! and of gaseous germanium carbide clustarsd by our
unpublished second-law average value of 374) kJ moi?
from two independent mass spectrometric measurements. Gu

vich et al?? selected in the most recent assessment of this 4,

property, the value of 3678 1.0 kJ mof?, based on the work
by Severin et at® The work by Severin et & is based on

Knudsen effusion studies and assumes the gas phase to consi

of only Ge(g). It is knowf*~36 that the equilibrium vapor of
germanium contains germanium polymers up te i@eddition
to Ge. We calculated from the relative intensities of,Ge

(3) Kumar, S.; Trodahl, H. Jrhin Solid Films199Q 193/194 72.

(4) Shinar, J.; Wu, H. S.; Shinar, R.; Shanks, HIRAppl. Phys1987,
62, 808.

(5) Schmude, R. W., Jr.; Kingcade, J. E., Jr.; Gingerich, KJAhy.
Chem.1995 99, 15294.

(6) Viswanathan, R.; Schmude, R. W., Jr.; Gingerich, KJAChem.
Thermodyn1995 27, 763.

(7) Viswanathan, R.; Schmude, R. W., Jr.; Gingerich, KJAPhys.
Chem.1996 100, 10784.

(8) Gingerich, K. A.; Viswanathan, R.; Schmude, R. W.,JrChem.
Phys.1997 106, 6016.

(9) Schmude, R. W., Jr.; Gingerich, K. A. Phys. Chem. A997,
101, 2610.

(10) Drowart, J.; De Maria, G.; Boerboom, A. J. H.; Inghram, M.JG.
Chem. Phys1959 30, 308.
(11) Bruna, P. J.; Peyerimhoff, S. D.; Buenker, RJJChem. Phys.
8Q 72, 5437.
(12) Bauschlicher, C. W., Jr.; Langhoff, S. R.Chem. Physl987, 87,
2919.
(13) Martin, J. L. M.; Francois, J. P.; Gijbels, R.Chem. Phys1990

192, 6655.

(14) Langhoff, S. R.; Bauschlicher, C. W., Jr.Chem. Phys199Q 93,
'(15) McLean, A. D; Liu, B.; Chandler, G. 8. Chem. Physl992 97,
8459.

t (16) Bernath, P. F.; Rogers, S. A.; O'Brien, L.C.; Brazier, C. R.; McLean,
2 D. Phys. Re. Lett. 1988 60, 197.

(17) Nagarathna-Naik, H. M.; Shim, I.; Gingerich, K. A. Unpublished
work presented at the Annual Conference on Molecular Spectroscopy,
Columbus, OH, June 1984.

(18) MOLCAS, version 3: Andersson, K.; Blomberg, M. R. A;

Ge;m 36 that at a temperature of 1700 K, these contribute as gyscher, M. P.; KelloVV.; Lindh, R.; Malmquist, P>ANoga, J. Olsen, J.;
much as 6% of the partial pressure of Ge to the total pressureRoos, B. O.; Sadlej, A. J.; Siegbahn, P. E. M.; Urban, M.; Widmark, P. O.

(Zill(pea/p@e) ~ 1.06). This results in the overestimation of
the partial pressure of Ge by as much~aE6% in a Knudsen
method experimeft and would add 1.4 kJ mot to the value
for the third law enthalpy of sublimation. This correction is
outside the uncertainty limit of 1.0 kJ mdlchosen in refs 22
and 33.

The final report of the CODATA Task Group on Key Values
for Thermodynamics give#\tH°»9s1{Ge,g) of 372+ 3 kJ
mol~1.37 CODATA doesn’t yet consider the work on which
Gurvich et ak? based their selected values. In our judgment,
additional experimental work is called for the determination of
the standard enthalpy of formation of Ge(qg).

Using the standard heat of formation from Gurvich et?al.
or from CODATAS” would result inAfH®,95 1{GeC,g)= 623.7
+ 11 or 627.94 11) kJ mof?, respectively.
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