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The structural, electronic, and thermochemical properties of indium compounds which are of interest in halide
transport and organometallic chemical vapor deposition processes have been studied by ab initio and statistical
thermodynamic methods. The compounds reported include: indium halides and hydrides (InF, Ingl, InCl
InH, InHa, InH3); indium clusters (Ig Ing); methylindium, dimethylindium, and their hydrogen derivatives
[IN(CHs3), In(CHg)H, In(CHg)H, In(CHg),, In(CHg),H]; dimethylindium dimer [In(CHs),4] and trimethylindium
[In(CH3)3]; dehydrogenated methyl-, dimethyl-, and trimethylindium [In¢EEH,, In(CH3)CH,, In(CH,)];
trimethylindium adducts with ammonia, trimethylamine and hydrazine §¢iHNH3, (CHs)sln:N(CHz)s,
(CHa)sIn:N(H2)N(H2)]; dimethylamino-indium and methylimino-indium [IN(GH(NH>), In(CHg)(NH)]; indium

nitride and indium nitride dimer (InN, bN,); indium phosphide, -arsenide, and -antimonide (InP, InAs, InSb).
The predicted electronic properties are based on density functional theory calculations; the calculated
thermodynamic properties are reported following the format of the JANAF (Joint Army, Navy, NASA, Air
Force) Tables. Equilibrium compositions at two temperatures (298 and 1000K) have been analyzed for groups
of competing simultaneous reactions.

Introduction substrate temperatures up to 906 KMlicrogravity may provide

the venue for maintaining conditions of laminar flow under high
pressuré.Since the selection of optimized parameters becomes
crucial when performing experiments in microgravity, efforts
are presently geared to develop computational OMCVD models
that will couple the reactor fluid dynamics with its chemical

There is growing interest in extending organometallic chemi-
cal vapor deposition (OMCVD) to IHV materials such as
indium nitride (InN) that exhibit large thermal decomposition
at their optimum growth temperatu¥telhe IlI-V nitrides are
candidate materials for light-emitting diodes and semiconductor Kinetics?
lasers operating into the blue and ultraviolet regidriko Inetics: )
overcome decomposition of the deposited compound, the Moreover, fundamental properties of InN are poorly under-

reaction must be conducted at high pressures. At high pressuresStoed for lack of access to high quality crystals or heteroepitaxial
the decomposition of the source vapors occurs in the vapor layers of this materidlIn addition, little information is available

phase, which has the advantage of simplifying the surface regarding gas-phase properties of other indium compounds that
chemistry. However, to avoid problems of uniformity associated MaY P& produced from the source vapors. The lack of knowledge

with large Reynolds number flows, current industrial processes ©f th(lese properties I,mL_’St be corregtedl in order to support the
focus on OMCVD in the viscous flow regime at subatmospheric dévelopment of realistic OMCVD simulations.
pressure. A second problem of group IlI nitride epitaxy is the absence
Because of the high thermal decomposition pressure of InN, Of lattice-matching substrates. Epitaxial films grown on strongly
OMCVD growth has been limited thus far to gallium-rich alloy ~Mismatched substrates (like sapphire) suffer from high densities
compositions. Growth of pure InN at pressures below 1 atm is Of extended defects that, in applications such as confined
restricted to temperatures that represent a poor match to theheterostructure laser diodes, cause difficulties with both device
optimum processing temperature for GaN. Epitaxial growth of perf_o_rmance and rellapmty. Using epitaxial Iatgral overgrowth
InN at higher temperatures has been attempted, but at pressure@f silica-masked sapphire substrates, local regions of low defect
below 1 atm it results in incorporation of indium metal droplets density GaN have been attaireHowever, free-standing doped
into the InN films34 GaN substrates would be far more attractive, since they would

On the basis of stabilization data of the InN surface with Match the thermal expansion behavior of the epitaxial films and
regard to thermal decomposition under a blanket of molecular allow application of large area back-contacts. Such substrates

nitrogen at high pressures, InN growth should be possible atMay become available by thick-film halide transport epitaxy,
which provides for the required high growth rate to support
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But the ZnO buffer layers were very thin, making their removal of trimethylindium [In(CHs)s] has been studied by mass

by etching and lift off usable free-standing GaN films difficult. spectrometry by Buchan et &f.,and electron diffraction and

However, Hasegawa et 8have shown that thick film of GaN  infrared spectroscopy has been performed on the trimethylamine

can be grown after interlayer growth at 1123 K on GaAs(111), adduct of trimethylindium [(Ch)sIn:N(CHs)s] by Bradley et

which makes GaN substrate fabrication on an industrial scale al.3

likely to emerge in the near future. The thermal stability of indium nitride has been studied in
In the present paper, we report calculated structural, elec- films by Ambacher et at.and in single crystals by Krukowski

tronic, and thermodynamic properties for indium compounds et al® The electronic structure of indium nitride single crystals

that are of interest in halide transport and OMCVD simulations, has been studied by photoelectron spectroscopy by Gud'et al.

particularly for group Il nitrides. The goal of this work was to ~ The dissociation energy of InSb has been measured by Bala-

obtain a related and consistent set of enthalpies and entropie§ubramaniaﬁ? Multiconfiguration self-consistent-field calcula-

for indium species that may be used for modeling. To account tions have been performed by Balasubramanian €tfat. InSb

for electron correlation, our calculations were performed based and by Liao and Balasubramantérior In;Sky.

on density functional theory (DFT), which is a suitable method  The next section describes the methodology used to compute

for relatively large molecules. DFT has been shown to be the consistent set of thermodynamic parameters for the indium

capable of reliably predicting frequencies, an important property compounds.

in thermodynamic calculations, for indium dihydrideand

indium trihydride!? It should be noted that our DFT calculations Method

do not include relativistic effects. . L .

B f the rich in both . ld d hiah Molecular structures, energetics, and vibrational frequencies
Ievetlec;aalljcsjeﬁiotngvr\;i?[hanIS:til\l/qisti?:tef?gggrggi?;ae ?(t)? iir(]jiun:g have been obtained from all-electron calculations, using the
halides, we have included in our study InF, InCl and ¥ol quantum mechanical program Qau55|an98 (Revsprf‘%‘l?blg

' y inr, theoretical approach selected is based on density functional

evlalya_\tg our cal_culat;}ons.bCoupIe(i-clustgrb czzlc_ul_atlonziwllth theory (DFT), namely B3LYP, which consists of Becke’s three-
relativistic corrections have been performed by Leininger etal. o meter functionais with Lee—Yang—Parr's correlation

for InF and InCl, and by Bausc_:hligrﬂérand Schwerdtfeger et g, ionalsi243The basis sets selected are as follows: standard
al.*5for InCl and InCh. Nonrelativistic calculations using finite 3-21 g(d,p) on As, Sb, and M;546augmented with the AKR#
difference Hartree Fock have been performed by Moncrieff .o (ded basis sets. and standareBE1 g(d.p) on all other

et al1® on InF, single-determinant Hartre€ock calculations atoms. The AKR4 sét adds onto the stanc;Iard set a range of
for InF and InCl by Dobbs and Hehi*é,asnd MrallelfPIesset tight to diffuse functions as follows: six s-type basis functions
perturbation theory on Ingby Okamota!8 Also available are containing 4, 3, 3, 3, 2, and 1 primitive functions: five p-type
heats of atomization for indium fluoride and indium chlofile i< functions containing 4, 3, 3, 2, and 1 primiti\;es and three

a.n(i“h(_aatszogl‘ formgtion fc|>r_indiym Ifluoride, (_:hlorr]ide, and d-type basis functions containing 4, 2, and 1 primitives. This
trichloride*" Experimental vibrational frequencies have been ggjection results in 71 basis functions (13s/11p/5d) and 157

reported for InF and InC¥ as well as for indium trichloridé? primitives on As, 72 basis functions (12s{26d) and 190

In addition to the halides, the species studied are classified primitive functions on Sb and In, 6 basis function (3s/1p) and
under the following categoriesindium hydrides(InH, InH, 8 primitive functions on H, 18 basis functions (4s/3p/1d) and
InH3); indium clusters(In, Ing); indium alkylides and their 32 primitive functions on C and N; 26 basis functions (6s/5p/
hydrogen and dehydrogenated detives[In(CHs), In(CHz)H, 1d) on P and Cl, with 46 and 49 primitive functions, respec-
IN(CHz)H2, In(CHa)2, IN(CHs)2H, INz(CHg)a, IN(CHg)s, IN(CHy), tively. DFT is a computational method suitable for relatively
|n(CH3)CH2, |n(CH3)2CH2], tr|methyl|nd|um adductsvith am- |arge molecules.
monia, trimethylamine, hydrazine, and derivatives [(zhh: Because of the flatness of the potential energy surfaces of
NHs, (CHg)sIn:N(CHg)s, In(CHs)2(NH), In(CHs)(NH), (CH)s- the indium compounds, we have performed self-consistent-field
In:N(Hz)N(H)]; indium-group V specie@nN, InzNz, InP, InAs, calculations with initial full accuracy and tight convergence
InSh). criterion (<1077). The stringency of the geometry optimization

Several relativistic calculations have been performed for the convergence criteria (18 to 1076 for maximum and root-mean-
indium hydrides: configuration-interaction calculations by square force as well as displacement) was such that no imaginary
Teichteil and Spiegelmadhon InH; multiconfiguration self- vibrational frequencies would show and that the wave function
consistent-field by Balasubramanfdron InH, and by Bala- would test stable. The default integration grid was used. Finally,
subramanian and T&von InH, and InH; coupled-cluster  a population analysis was performed to confirm that a correct
calculations on InH by Leiningé# In addition, nonrelativistic molecular orbital configuration had been achieved.
Hartree-Fock calculations on InH and InHvere performed Using statistical thermodynamics, we have calculated heat
by Dobbs and Hehr#, coupled-cluster and DFT calculations  capacities at constant pressuBg)( enthalpieski), and entropies
on InH and InH by Pullumbi et al1t and InH; by Pullumbi et (9 for the indium compounds that are of interest in OMCVD.
al'2 Both of these two last papers also report vibrational The molecular information on a single-component system is
frequencies from infrared-matrix isolation measurements. InH contained in the canonical partition functi@ywhich can be
vibrational spectra were analyzed by Bahnmaier éf aind expressed as () gV, in terms of the molecular partition
White et al?” and also reported by Roséh. function g. The latter can then be expressed in terms of its

The dissociation energy of ithas been measured by Balducci quantum mechanical energy stat8sand degeneracy;, asq
et al.?? and multiconfiguration self-consistent-field calculations = X g; exp {—[E/(kT)]}, wherek is the Boltzman constant
with relativistic corrections have been performed on indium andT the absolute temperature. In the present calculations, we

dimer and indium trime#! Calculations on Ipusing energy- assumed that the contributions to the energy are independent
adjusted pseudopotentials have been reported by Igel-Mann ebf each other, such that the molecular energy can be separated
al.?2 El-Nahas and Schley®&rreport quasi-relativistic multi- in terms of electronic, translational, vibrational, external and

electron calculations on In(GhH.. The thermal decomposition  internal rotational molecular motionsgd + Ey + E, + E; +
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Figure 1. Properties of the [#C asymmetric stretching in In(G) Harmonic and anharmonic partition functiong; are shown as regular solid
and dotted lines, respectively; harmonic and anharmonic heat capacities are displayed as bold solid and dotted lines, respectively.

Eir), and that the molecular partition function can be similarly
factorized Qe Qi Qv O Qir)-

is (Y% 0y)[(872KT)/h332 (1alglc)Y2, wherelp, Ig, Ic are the
moments of inertia in the three directions ands the symmetry

On the basis of classical statistical thermodynamics, and usingnumber of the external rotation.

the zero-point energyp) as the reference value, molar internal
energy can be expressed ds + RT2 (9 In Q/0 T)yn; molar
enthalpy H) asU + VP or Ug + RT? (8 In Q/d T)yn + VR (0

In Q/d V)rn; molar entropy (S) a¥)/T + R In Q; and molar
heat capacity at constant pressu@)(as EH/dT)pn or (0U/
aMpn + P(OV/I0T)pn, WhereV is the molar volumeP the
pressure, an® the gas constant.

Assuming free internal rotations, the corresponding molecular
partition functiong is calculated as (ai)(87°%l ik T/h?)Y2,
wheregj is the symmetry number of the internal rotation. The
reduced moment of inertia of the rotating grdypis obtained
from: Ii [1 — Iy (coS a/la + cog Bllg + co yllc)], wherel;
is the moment of inertia of the rotating group with respect to
the axis of internal rotation, and, § andy are the angles of

Since the zero-point energy is selected as a reference valuethe corresponding principal axes with the axis of internal

the electronic partition functiog is expressed ageio + i
Oelj eXP{ — Eeli/(kT)}. Because of the relatively large energy
separation between electronic statgscan usually be assumed

rotation. When the molecule has more than one rotating group,
it is assumed thatj; is a product of the individual internal
rotation partition functions. To avoid double counting, the

to be equal to the degeneracy of the ground state, except awibrational frequencys) corresponding to each internal rotation

high temperatures. In this work, the expressiondghas been

is eliminated. Its value is estimated from its rotational barrier

truncated after the first excited state and its energy has been(uymay and the potential energy relationsHiphy = Ui max

approximated with the HOMOGLUMO (highest occupied and
lowest unoccupied molecular orbital) difference. For IngizH
with multiplicity equal to one, the second term results ig.a

of 1.00007 at 6000 K, which corresponds to a contribution to
the entropy of 5x 1077 kJ mol™.

The molecular partition function of translatigp is calculated
as a function of temperature and molar volume a®(RTh2)15
L=V, whereM is the molar masdj is Planck’s constant, and
L is Avogadro’s number. If it is assumed that the equation of
state can be approximated 8 = zRT, with z being the
compressibility factor, the expression fap becomesz
(22M)EYRT)Z5h—3L~4P~1. The translational molecular partition
function is the only partition function that depends Bnin
this work, where calculations are restricted to 1 atm, ideality is
assumed and is equal to 1.

Assuming harmonicity, the molecular vibrational partition
function gy is calculated as the product of the f1exp{ —hv;/
(k}]~*terms. The parametgvaries from 1 to 8—5 in linear
molecules and from 1 tor3-6 in nonlinear molecules, where
nis the number of atoms in the molecule, ands the harmonic
vibrational frequency of th@h vibrational state.

The molecular partition function for external rotatignis
calculated assuming the rigid rotor approximation which is valid
whenT is much greater thah?/(872k) (wherel is an average
moment of inertia for the molecule). The expressiorgofor
linear molecules is (@IkT)/h?, and for nonlinear molecules

(1 — cosng), wheren is the number of maxima in a complete
rotation andp is the angle between the axis of rotation and the
outer atom (or atoms) of the rotating group. A hindered rotation
is assumed to occur when the inverse of the internal partition
function (1) is smaller than 0.95 and the rotational barrier
divided bykT(uimadKT) is less than 20. In the case of a hindered
rotation, its contributions to the thermodynamic properties are
evaluated using the tables provided by Lut$hese tables
have been obtained from quantum mechanical calculations and
are reported as a function oftf/andui; ma/KT. The importance

of internal rotations in the calculations can be shown in the
case of In(CH)s, with three rotating groups. Our calculations
show that the heat capacity at 100 K rises from 79 to 929 K
mol~! (16%) when the contribution from internal rotations are
included, but the percent change drops with increasing temper-
ature and at 1000 K the heat capacity rises from 225 to 238 J
K~1 mol (6%).

The above expressions foy and g, are based on the rigid
rotator-harmonic oscillator model, to which a contribution from
internal rotations dy) is added. In this model, the interatomic
distances are considered fixed, the intramolecular potential
energy is approximated by a parabolic function, and the
molecular rotation and vibration are considered to be inde-
pendent of each other. At higher temperatures, faster rotations
make the molecule stretch and increase its moment of inertia.
Similarly, in strong vibrations it becomes apparent that the
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potential energy deviates from a simple parabola, and the 1400~

distance between two atoms increases due to the anharmonicity | —fited value
of the potential function. Consequently, the intermolecular __ 1200+ ---- statistthermod.value e
distance becomes a function of the vibrational state leading to 75 ) "
coupling between rotation and vibratiéh. £ lOOOV e S

To roughly estimate the effect of anharmonicity, we consider 2 : P

Lo . o ¥ 800 P

the vibration leading to dissociation of a methyl group from = ] P
In(CHg), with a harmonic frequency, of 500 cnt!. Using the @? 5004 /
classical Morse potential energy functibd1 — exp{ —(a. /Re)- 2 /
(R— Rg}]2 (whereRis the In-C distance an. its equilibrium g 400+ Cp
value of 2.25 A, andDe the dissociation energy), one can = 1 S ——
estimate the anharmonicity constanfrom (o/Re)?h/(82uvo), 200+ " H /T
whereu is the reduced mass of the two separating sections. On 17 T-dep.

the basis of DFT energies obtained from a relaxed scanning e A I A
between 2.20 and 2.65 A for the-+H€ bond and fitting the 0 1000 2000 3000 4000 5000
data into a polynomial, we obtaix. equal to 3.876x 1073,
Figure 1 shows the calculated harmonic and anharmonic values Temperature (K)

for the partition functiorgy,; and the heat capacity corresponding Figure 2. Entropy §), heat capacity at constant pressu@){ and

to that particular vibration. At 300 K, anharmonicity increases the time-dependent component of enthalpy for trimethylindium as a
the heat capacity by 0.053 JKmol~2, which corresponds to function of temperature, from DFT and statistical thermodynamic
an increase of 1% in the heat capacity corresponding to thatcalculatlons. The dotted line corresponds to a curve fit.

vibration and 0.3% in the total vibrational heat capacity of the
molecule. At 1000 K, the increase is by 0.049 J3'Knol™,

and the percentages become 0.6% and 0.1%, respectively; whil
at 5000 K, the increase is by 0.74 JXmol™%, corresponding

to 8% for that particular vibration and 1% to the total vibrational z, = (DFT electronic energy- zero-point energylR ~ (6)
heat capacity. The changes in percentages are due to the general

shape of the vibrational heat capacity curve coupled to the z,= A+ In(qy) + In(q/T? + In(q/B) 7)
increase of the anharmonicity effect with temperature. The

e_xar_n_ple seems to suggest that anharmonicity effects be_coquhereA — 3.5 and B= T for linear molecules ané = 4 and
significant only at very high temperatures. In our calculations g — T32 for nonlinear molecules. Equation 7 contains the

we have not included the anharmonicity effect. temperature-independent terms frord (— Ug)/T and the
The calculations o€y, H, andSfor the indium compounds o mperature-independent portions of the electroai); rans-
were performed for temperatures between 10 and 6000 K and|4tiona @), and rotationald;) partition functions, resulting from

then the resulting values were fitted to temperature following i, properties of logarithmé! corresponds to the internal energy
the format of the JANAF (Joint Army, Navy, NASA, Air Force)  5nqu, to the DFT electronic energy with the zero-point energy
Tables*® However, we used a different base for enthalpy and correction.

entropy. We have similarly obtained 14 coefficients to estimate o, the other hand. in eqgs 4 and 5
the thermodynamic properties at standard atmospheric pressure ’ ’

andz; coefficients for enthalpy and entropy, respectively, which
are the temperature independent terms in eqs 2 and 3. Theoreti-
ally, these coefficients correspond to

for two temperature ranges (362000 K and 1006-5000 K). 5
The seven coefficientz{to z;) of each set satisfy the following Zs= Hof/R - z z,x298.1%/n (8)
equations: n=1
C/R=1z + 2T+ 2T’ + 2T + zT* 1) > -
z,= S, /R — 2,In(298.15)— > zx298.18 Y/(n— 1)

HIR=zT + (/2)T* + (z/3)T° + (2/4)T" + (z/5)T° + 2, i 9)

) Finally, the theoretical temperature-independent tefrof eq
SR=zINT+zT+ (23/2)T2+ (24/3)T3 + (25/4)T4+ z, lmcl)sleigll:eal to 3.5 for a linear molecule or 4 for a nonlinear

®) A FORTRAN prograri has been written to calcula@, S

whereRis the universal gas constaffiis temperature in Kelvin, ~ @ndH for temperatures between 10 and 6000 K, in increments
andC, is defined as {H/aT)p. In the present work, enthalpies  0f 1 K, using statistical thermodynamics. TBgvalues are used
and entropies are based on direct quantum/statistical thermo-10 obtain thez to z coefficients of eq 1. Values between 10
dynamic calculations. In the JANAF tables, enthalpies are @hd 2000 K are used to obtain the fitting coefficients for the

defined in terms of standard heats of formatid#f from first temperature range (16000 K), whereas values between
elements in their reference states, and entropies in terms of thirg-800 and 6000 K are used for the second temperature range
law entropies €5 1), as shown in egs 4 and 5: (1000—5000 K). zs from eq 6 gndz7 from eqs 3 and 7 are
determined as the average difference between the statistical
Hyor = Hof + j;BCp dT () thermodynamic temperature-dependent parH@R and SR,

respectively, and the time-dependent values obtained using the
- 7, to z5 coefficients from theC,/R expansion.
St = ot fzgs(Cp/'D dT 5) As an example to show the quality of the equation fitting,
we use trimethylindium [In(CH)3). Figure 2 displays the fitted
The choice of a different reference value results in diffelnt  and statistical thermodynamic values@y, S, and the temper-
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TABLE 1: Calculated Properties for In(CH 3), in and CH3 Using Different DFT Functionals and Basis Sets

In—CHjs standard standard
basis set basis set In—-C harmonic enthalpy enthalpy
functional onIn on CH; distance a  frequency cm? (hartree) (kJ mol?)
In(CHjs) Calculations
B3LYP 3-21G(d,p) AKR4 6-311G(d,p) 2.269 499.6 —5778.579232
72 basis functions 190 36 basis functions
primitive functions 56 primitive functions
B3LYP 3-21G(d,p) AKR4 6-31++G(d,p) 2.262 491.1 —5778.582500
43 basis functions
63 primitive functions
B3P86 3-21G(d,p) AKR4 6-311G(d,p) 2.245 501.5 —5779.986272
B3PW91 3-21G(d,p) AKR4 6-311G(d,p) 2.251 503.3 —5778.630281
BHandHLYP 3-21G(d,p) AKR4 6-311G(d,p) 2.246 522.2 —5778.522657
In Calculations
B3LYP 3-21G(d,p) AKR4 —5738.673344
B3P86 3-21G(d,p) AKR4 —5739.915755
B3PW91 3-21G(d,p) AKR4 —5738.740031
BHandHLYP 3-21G(d,p) AKR4 —5738.652492
CHjs Calculations
B3LYP 6-311G(d,p) —39.820157
B3LYP 6-31H-+G(d,p) —39.821546
B3P86 6-311G(d,p) —39.979995
B3PW91 6-311G(d,p) —39.803458
BHandHLYP 6-311G(d,p) —39.789652
IN(CH3z) — In + (CHjs) Calculations
B3LYP 6-311G(d,p) 0.085731 225.09
B3LYP 6-31H-+G(d,p) 0.087610 230.02
B3P86 6-311G(d,p) 0.090522 237.67
B3PW91 6-311G(d,p) 0.086792 227.87
BHandHLYP 6-311G(d,p) 0.080513 211.39
ature-dependent component &f (Hr-gep divided by T, of the diffuse functions on C and H results on a drop of 2% in

respectively. The theoretical temperature-independent tajm (  the standard enthalpy of dissociation, close to the value obtained
for trimethylindium should be 4. The values obtainedZcdirom with B3PW91 without the diffuse functions.
the Cy/R fits were 7.3 at the lower temperature range and 13.9
at the higher range. The small difference between the fitted and Results
statistical thermodynamic values ldi—qepis a consequence of ) o .
the difference between the theoretical and fitedalues. This The DFT calculated data obtained for the indium species
error is incorporated into the calculationzf thus resulting in ~ Studied are contained in Tables 2 through 4 and Table 8,
a perfect match between the fitted and the statistical mechanicsAPpendix 1. The DFT electronic energy and the zero-point
values ofH. correction for all of the species studied are shown in Table 2.
In addition, a comparison for In(G§{ In, and (CH) was Several points must be made with respect to the table: (a) all
performed using four different DFT methods and two different available significant figures have been included to allow for
basis sets. The DFT methods considered are B3t¥p43 subtraction of large similar numbers, even though the precision
B3P865: B3PW9152 and BHandHLYP® with different hybrid of the calculations would justify no more than three decimal
correlation functions of the electron density (functionals). The Places in total energy; (b) the energy unit shown is hartree per
basis sets used correspond to the one previously discussed foParticle, which should be multiplied by 2625.5 to obtain Joules
In [3-21G(d,p) augmented with AKR4] and for the other atoms Per mole or 627.51 for kcal per mole; (c) energies for species
[6-311G(d,p)], and the addition of diffuse functions for C and that do not contain indium but that are required in some derived
H atoms [6-31%+G(d,p)]. The basis set on the In atom was calculatl_o_ns, such as dissociation energies or equilibrium
kept unchanged, since it is the best available choice within COmpositions, have been calculated at the same level of
Gaussian98° The results from the comparisons are summarized @Pproximation as the indium species; (d) the zero-point cor-
in Table 1. The properties compared are the Ghdistance, rections are calculated as half the sum of the harmonic
the harmonic stretching frequency for the-@ bond, the frequencies.
standard enthalpy for the three species, and the enthalpy for Table 3 summarizes the unique structural parameters that
the dissociation of In(CH3) into In atom plus methyl radical. describe each species studied. Table 4 contains the uncorrected
The two B3LYP calculations result on the larger@ bond vibrational frequencies. There is evidence that DFT vibrational
distances, but all bond distances are within 1%. Addition of frequencies and zero-point corrections should be multiplied by
diffuse functions drops the C stretching frequency by 8  factors between 0.96 and 133%4depending on the basis set
cm1, about 1.7%. B3LYP, B3P86, and B3PW91 give this used. We preferred not to include any correction until systematic
frequency within less than 1% while BHandHLYP results in a errors for DFT calculations on indium compounds are better
frequency 4.5% higher. To exemplify how the differences in known. The coefficients obtained for the calculation of heat
energy and frequency propagate into the calculation of the capacities, entropies and enthalpies between 100 and 5000 K
thermodynamic properties, Table 1 contains the standard en-based on egs-13 are contained in Table 8, Appendix 1.
thalpy of dissociation for singlet In(GHl into doublet In and Enthalpies of dissociation reactions important for OMCVD
doublet CH. The standard enthalpies of dissociation values are modeling are contained in Table 5, at 0, 298.15, and 1000K.
very close for the first three DFT methods (within 2%). Addition These values have been obtained from the data reported in Table
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TABLE 2: DFT Energy and Zero-point Correction for Indium Species?

Cardelino et al.

species point group state DFT energy zero-point correction
Indium Halides
InF Cos =t —5838.63087536 0.001255
InCl Cov = —6199.00630492 0.000684
InCls D 1A/ —7119.53625006 0.003077
Indium Clusters
In doublet Ku 2Py —5738.67570450 0.000000
In quartet Kn 4Psj2 —5738.52422795 0.000000
In, triplet Deh 31y —11477.3978308 0.000244
Inz quintet Doon 53, —11477.3077073 0.000464
Inz quartet Co “Az —17216.1301029 0.000662
Inz quartet Deon e —17216.1271044 0.000802
Indium Hydrides
InH singlet Cos D) —5739.27972049 0.003285
InH triplet Cov 3t —5739.20628131 0.003378
InH, Ca °Aq —5739.84350262 0.008869
InH3 Dan A —5740.46386640 0.016190
Indium Alkylides
In(CHs) singlet Csy Ay —5778.61703748 0.033257
In(CH) triplet Cs SAY —5778.54520911 0.033949
In(CHy) Cu 2Aq —5777.94951736 0.019939
In(CH3)H Cs 2N —5779.18009109 0.038981
In(CH3)H, Cs A —5779.79945314 0.046104
In(CHs) C 2A —5818.51601142 0.068798
In(CHz)(CHy) singlet C: A —5817.86591503 0.057236
In(CHz)(CHy) triplet Ci A —5817.84649508 0.056169
IN2(CHg)a D> A —11637.1153789 0.140335
In(CHs).H quasi-G Ci A —5819.13461615 0.074611
In(CHs)2H quasiCs,, C A —5819.11581121 0.073509
IN(CHs)3 Cs, A, —5858.46910188 0.104916
IN(CH3)2(CHy) Ci 2A —5857.79968389 0.092015
Trimethylindium Adducts and Derivatives
(CHs)sln:NH3 Csy Ay —5915.07447231 0.142531
(CHs)2InNH, C A —5874.53406226 0.094816
(CHs)InNH singlet Ci A —5833.93275002 0.047319
(CH3)InNH triplet Ci SA —5833.89990026 0.045203
(CHs)3In:N(CHa)s Ca, 1A, —6033.02120632 0.227299
(CHs)sIn:N(H2)N(H2) Ci A —5970.39948316 0.160937
Indium - Group V
InN Cov Do —5793.34006937 0.001360
InzN; linear Deh ¥ —11586.9343483 0.006790
In2N2 rhombic D2y TAq —11586.9331871 0.006434
InP Cos D —6080.02744457 0.000540
InAs Coos - —7974.57555548 0.000394
InSb Cov D —12050.4658980 0.000319
Other Atoms and Molecules
H Kn 2y, —0.502155930036 0.000000
H> Deon % —1.17957102281 0.010068
CHs Dan 2N —39.8537575439 0.029575
CH, Ta A, —40.5337483093 0.044601
C:Hs Dag Ay —79.8562599299 0.074376
F Kn 2Pyp —99.7538096003 0.000000
Cl Ku °Psp —460.166160487 0.000000
Cl, Deoh 3 —920.405675822 0.001156
N Kn 4S50 —54.5985431427 0.000000
N2 Deoh 134 —109.555930156 0.005576
NH3 Cs, Ay —56.5760352520 0.034295
N(CHz)s Csy A, —174.524485576 0.119643
N2Ha C A —111.901535786 0.053279
P Ku 4S5 —341.280503655 0.000000
PH; Csy Ay —343.172847759 0.023880
As Kn 4S312 —2235.82983984 0.000000
Sb Kn 1S3 —6311.72500554 0.000000

aUnits of energy: hartree.

2 and Table 8, Appendix 1 (using egs 2 and 3). Finally, groups reactions and mass balance equations. The results are sum-
of reactions were organized to evaluate their equilibrium marized in Table 6.

composition at two different temperatures (298.15 and 1000 K), Indium Halides. To evaluate the quality of the computational
based on Gibbs free energy calculations obtained from the dataprocedure chosen, we have performed calculations on InCl,
of Table 8, Appendix 1 (assuming all components in the gas InCls, and InF. We have chosen three properties for comparison
phase). These systems of equations include the pertinentwith reported data: energy, bond distance, and frequency. Table
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TABLE 3: Structural Parameters of Indium Species Based on DFT Calculation3

species point group state distances angles
Indium Clusters
InF Cou 1+ In—F 2.020
InCl Ceon It In—-Cl2471
InCl3 Dan 1A In—Cl2.347(3)
Indium Clusters
In; triplet Don 37, In—In 3.076
In, quintet Don 53, In—In2.658
In3 Ca ‘Az, In—In 2.948(2);3.566 unique in—In 74
Ing Do 4%, In—In2.875
Indium Hydrides
InH singlet Cos = In—H 1.878
InH triplet (o St In—H 1.813
InH Ca 2A;1  In—H 1.799(2) H-In—H 119
InH3 Dan A In—H 1.766(3)
Indium Alkylides
In(CHg) singlet Ca, 1A;  In—C 2.269;C-H 1.096(3) lrC—H 111(3);H-C—H 108(3)
In(CHg) triplet Cs SA"  In—C 2.365;C-H 1.086(3) A C—H 104(3);H-C—H 113(3)
In(CHy) Ca 2A;  In—C 2.238;C-H 1.095(2) In-C—H 125(2);H-C—H 110
In(CHgz)H Cs 2A"  In—C 2.231;In-H 1.811; IN—C—H 112; 108(2);H-In—C 118;
C—H 1.089;1.093(2) H—C—H 109;110(3)
In(CH3)H; Cs A" In—C 2.195;In-H 1.773(2); H—In—C 121(2);H-In—H 119;
C—H 1.094;1.091(2) H—C—H 109;108(2)
In(CHa); C 2A In—C 2.242(2); C—In—C 117;In-C—H 112(2);108(4);
C—H 1.089(2),1.094(4) H—C—H 109(4),110(2)
In(CH3)(CHy) singlet Cy 1A IN—C(CH;) 2.165;In-C(CH;) 2.020; C—In—C 164;H-C(CHs;)—H 109(2),112;
C—H(CHs) 1.091(2),1.090, H—C(CH,)—H 115
C—H(CH,) 1.090(2)
In(CH3)(CHy) triplet C SA In—C(CHs) 2.238;In-C(CHy) 2.198; C—In—C 117;H-C(CHs)—H 110(2),109;
C—H(CHj3) 1.093,1.089,1.093; H—C(CH,)-H 113
C—H(CH,) 1.092,1.089
Inx(CHs)4 D> 1A In—In2.847; In-C 2.218(4); In—In—C 123(4);C-In—C 115(2)
C—H 1.092(4); 1.093(8)
In(CHs)H quasi-G Ci 1A In—C2.200(2);In-H 1.781; C—In—C 123;H-In—C 118(2);
C—H 1.091(2);1.093(4) H—C—H 109(2),110(2),112(2)
In(CHs)2H quasiC,, C A In—C 2.200(2);In-H 1.781; C—In—C 123;H-In—C 118(2);
C—H 1.158(2),1.172(2), 1.170(2) H—C—H 109(2),110(2),111(2)
IN(CHa)s Ca, 1A;  In—C 2.208(3);C-H 1.094(3);1.092(6) IrC—H 109(3);111(6);
H—C—H 109(3);108(6)
IN(CH3)2(CHy) Cy 2A In—C 2.203(2),2.171; C—In—C 122,119(2);
C(CHs)—H 1.091(2),1.092(2), 1.093(2); H—C(CHs)—H 108(2),109(4);
C(CH,)-H 1.089(2) H—C(CH,)—H 112;C-In—C—C 180
Trimethylindium Adducts and Derivatives
(CHg3)sln:NH3 Cs, A1 In—C 2.223(3);In-N 2.450; C—In—C 119(3);C-In—N 96(3);
C—H 1.093(3);1.094(6);NH 1.016(3) H—C—In 111(9);H-N—In 120(3)
(CHg)2InNH; C A In—C 2.196(2);Ir-N 2.058; C—In—C 131(3);C-In—N 115;
C—H 1.091(4),1.092(2); NH 1.010(2) H—C—H 108(3),109(6);H-N—H 110
(CHg3)InNH singlet Cy A In—C 2.152;In-N 1.934; C—In—N 170;H-C—In 108, 111(2);
C—H 1.091;1.090(2); N-H 1.024 H—N-In 113(2);H-N—In—C 180
(CHg)InNH triplet C 3A In—C 2.242;In-N 2.192; C—In—N 110;H-C—In 112, 108(2);
C—H 1.089;1.093(2);NH 1.031 H—N-In 112(2);H-N—In—C 180
(CHa3)3ln:N(CHa)3 Csy A1 In—C 2.226(3);In-N 2.476;C(In}-H 1.094(3);1.093(6); C—In—C 118(3);N-In—C 98(3);
N—C 1.475(3);C(N)-H 1.091(6);1.100(3) C—N-C 110(3);H-C~—In 110(3);112(6);
C—N—1In 109(3);H-C—N 111(3);110(6)
(CHs)sIn:N(H2)N(Ho) C 1A In—C2.227,2.225,2.218;N 2.453; C—In—C 118;120(2);N-In—C 94,95,98;
C(In)—H 1.095,1.094(3);1.093(5); H—N—H 110(3);H-C—In 110;
N—N 1.437;N(In)-H 1.020,1.016; 111(7);112;ln-N—N 114;
N(N)—H 1.015(2) In—N—H 106,107;N-N—H 107,111
Indium - Group V
InN Ceon ¥~ In—N 2.100
In2N2 linear Deon 5%y, In—N2.251(2);N-N 1.171
In.N, rhombic Dan 1Ay In—N 2.400(4);N-N 1.225 In=N—In 150;N~In—N 30
InP Ceop 33 In—P 2.696
InAs Ceor 8%~ In—As2.775
InSb Cos 33~ In—Sb 2.997

aUnits of length: angstrom. Units of angle: degree. Number of instances other than one is shown in parentheses.

7 summarizes the data for InCl and InCtven though we use Using the DFT energies of Table 2, the computed atomization
joules per mole throughout this paper as our preferred energyenergy &0 K (Do) for singlet InCl (see Table 5, reaction 1) is
unit, for the indium halides we use kilocalories per mole, to 103.1 kcal mot®. Huber and Herzbet§report an experimental
facilitate comparison with most of the reported data. value of 102.4 kcal mott for InCl. In addition, using the
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TABLE 4: Vibrational Frequencies of Indium Species Based on DFT Calculation®

species pointgroup  state vibrational frequencies
Indium Halides
InF Cov i+ 551
InCl Coy T+ 300
InCl3 Dan 1A, 84,84, 90, 332, 381, 381
Indium Clusters
In triplet Do Sy 107
In, quintet Do 53, 204
In3 Cz,, 4A2 42, 121, 128
In3 Doh >, 45,45,97,165
Indium Hydrides
InH singlet Ceov = 1442
InH triplet (o St 1483
InH; Ca °Ay 612, 1615, 1666
InH3 Dan 1A 602,608,608, 1761, 1761, 1766
Indium Alkylides
In(CHs) singlet Ca, 1A; 418,500, 500, 1174, 1445, 1445, 2986, 3066, 3066
In(CH) triplet Cs SA' 301, 602, 654, 1029, 1421, 1423, 3067, 3192, 3212
In(CH3)H Cs A’ 32, 375, 444,599, 716, 1162, 1444, 1457, 1611, 3025, 3106, 3142
In(CHy) Ca, 2A; 380, 426, 463, 1354, 3022, 3107
In(CH3)H2 Cs A 45,327, 449, 491, 613, 698, 738, 1215, 1460, 1463, 1734, 1741, 3030, 3104, 3129
In(CHs)2 C 2A 19, 44, 111, 426, 449, 587, 596, 621, 722, 1143, 1169, 1443, 1445, 1453, 1462, 3019,
3021, 3099, 3100, 3135, 3136
In(CH3)(CHy) singlet C 1A 1,112, 184, 461, 532, 664, 669, 708, 770, 1228, 1350, 1443, 1456, 3041, 3075,
3124, 3138, 3167
In(CHs)(CH,) triplet Cy SA 22,109, 218, 434, 497, 547, 585, 635, 698, 1155, 1344, 1444, 1458, 3025, 3065,
3107, 3140, 3173
IN2(CHs)a D, 1A 37,52, 52, 65, 65, 69, 70, 111, 112, 117, 117, 150, 461, 469, 479, 479, 596, 604, 653, 653, 676,
676, 716, 735, 1193, 1193, 1197, 1200, 1456, 1456, 1458, 1460, 1462, 1462, 1462, 1462,
3021, 3022, 3022, 3022, 3096, 3096, 3097, 3097, 3114, 3114, 3114, 3114
In(CHs).H quasiCs C. 1A 5, 28, 105, 330, 451, 475, 501, 622, 715, 715, 735, 1209, 1212, 1457, 1460, 1461, 1465,
1717, 3028, 3029, 3100, 3101, 3123, 3123
In(CHs)2H quasicC,, C. 1A 168, 354, 477, 478, 511, 647, 696, 895, 939, 949, 972, 1319, 1321, 1504, 1506, 1510, 1510,
1716, 2408, 2409, 2449, 2449, 2541, 2542
In(CHa)s Csy A, 27,35, 35,111, 111, 120, 461, 488, 488, 618, 618, 641, 714, 734, 734, 1205, 1205, 1211,
1457, 1459, 1459, 1463, 1463, 1471, 3024, 3024, 3026, 3097, 3097, 3098, 3118, 3119, 3119
IN(CH3)2(CHy) C. 2A 30, 34, 103, 104, 124, 175, 472, 495, 531, 568, 587, 640, 690, 697, 739, 1208, 1211, 1373,
1459, 1460, 1463, 1468, 3029, 3030, 3080, 3102, 3102, 3122, 3122, 3173
Trimethylindium Adducts and Derivatives
(CHs)sIn:NH;3 Cs 1AL 49,70, 70, 76, 87, 87, 104, 104, 119, 255, 455, 458, 458, 482, 482, 618, 641, 641, 692, 713,
713, 1156, 1201, 1201, 1205, 1461, 1461, 1467, 1469, 1471, 1471, 1670, 1670, 3013, 3013,
3015, 3088, 3088, 3088, 3092, 3092, 3092, 3473, 3593, 3593
(CHg)2InNH C 1A 34, 44, 95, 107, 109, 242, 366, 473, 506, 592, 616, 669, 708, 716, 744, 1209, 1212, 1460,
1462, 1464, 1467, 1554, 3035, 3036, 3114, 3114, 3124, 3124, 3563, 3662
(CHs)InNH; singlet C. 1A 46, 154, 204, 503, 682, 719, 740, 811, 1234, 1445, 1451, 3046, 3135, 3145, 3455
(CHg)INNH_ triplet C SA 27,117,178, 421, 449, 602, 635, 724, 1146, 1441, 1452, 3026, 3111, 3141, 3373
(CHg)3In:N(CHs)z Cs, A, 15, 64, 64, 99, 99, 104, 120, 120, 133, 151, 167, 167, 247, 288, 288, 423, 423, 450, 457, 472,
472,605, 621, 621, 688, 699, 699, 825, 1027, 1027, 1069, 1122, 1122, 1195, 1195, 1198,
1241, 1283, 1283, 1443, 1443, 1462, 1462, 1465, 1466, 1470, 1470, 1486, 1492, 1495, 1495,
1516, 1516, 1518, 2981, 2981, 2989, 3017, 3017, 3019, 3089, 3089, 3091, 3091, 3092, 3093,
3095, 3096, 3096, 3128, 3132, 3132
(CHs)sln:N(H2)N(Hy) o IA 40,69, 70, 88,91, 107, 108, 117, 126, 166, 253, 284, 454, 472, 478, 554, 616, 624, 651, 692, 716,
719, 878, 1080, 1123, 1202, 1203, 1207, 1303, 1361, 1462, 1464, 1468, 1471, 1471, 1475, 1675,
1696, 3010, 3013, 3019, 3082, 3086, 3093, 3093, 3095, 3098, 3438, 3475, 3539, 3568
InN Co 33~ 597
In2N; linear Doh 3% 69, 69, 115, 298, 298, 388, 1744
InoN2 rhombic Don TAq 125, 129, 131, 420, 490, 1529
InP Ceos 3= 237
InAs Co 33~ 173
InSb Cov - 140

aUnits in cnTl.

experimental heat of formation for InCl from Barbiand after
performing a correction from 2980 K for the dissociation of
Cl,, Bauschlichéf* obtains aDg of 103.5 kcal mot? for InCl.

result in values ranging from 102.8 to 97.3 kcal miofor
increasing order of multibody perturbation theory, and 97.0 and
98.9 kcal mot? for quadratic configuration interaction without

Bauschlicher'¥* all-electron and effective-core-potential coupled- and with triple terms, respectively. Leininger etlalalso
cluster calculations (extrapolated to the complete basis set limit) performed coupled-cluster all-electron and effective core po-

for InCl result in 109.1 and 108.6 kcal md| respectively,
before relativistic corrections, and 102.8 and 103.5 kcal ol
respectively, after these corrections. Schwerdtfeger ét al.

tential calculations, with and without relativistic corrections.
They reporiDe values of 98.7 (all-electron) and 99.9 kcal mol
(effective-core potentials) with relativistic corrections, and 100.5

coupled-cluster calculations with relativistic pseudopotentials (all-electron) and 100.8 kcal mol (effective core) without
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TABLE 5: Enthalpy and Internal Energy for Reactions Involving Indium Species?

units in hartree units in kJ mol units in kcal mot?
reaction 0K 298.15K 1000 K 0K 298.15K 1000K 0K 298.1K 1000K
1 InCl—In+Cl 0.164358 0.165374 0.166558 431.52 434.19 437.30 103.14 103.77 104.52
2 InCls— In+3Cl 0.360069 0.362481 0.362779 94536 951.69 952.48 225.95 227.46 227.65
3 InClz—InCl + Cl, 0.123190 0.123394 0.121101 323.43 32397 31795 7730 7743 75.99
4 InClz— InCl + Cl, 0.124269 326.27 77.98
(no ZPE correction)
5 InF—In+F 0.200840 0.202059 0.203517 527.31 530.51 534.34 126.03 126.79 127.71
6 Inytriplet— 2 In doublet 0.047502 0.048216 0.049291 124.72 126,59 129.41 29.81 30.26 30.93
7  Inyquintet— In doublet+ In quartet 0.107672 0.108560 0.109670 282.69 285.03 287.94 67.57 68.12 68.82
8 Ing— 3 In doublet 0.104505 0.105617 0.106637 274.38 277.30 279.98 65.58 66.28 66.92
9 Ing— In doublet+ In; triplet 0.057003 0.057401 0.057346 149.66 150.71 150.56 35.77 36.02 35.99
10 InH—In+H 0.099542 0.100950 0.103363 261.35 265.04 271.38 62.46 63.35 64.86
11 InH,—InH+H 0.055206 0.056934 0.058963 14494 149.48 15481 34.64 3573 37.00
12 InH,— In+ H; —0.01173 —30.80 —7.36
(no ZPE correction)
13 InHs—InH, +H 0.112209 0.114235 0.115649 294.60 299.92 303.64 70.41 71.68 72.57
14 In(CH)H, — In(CHz)H +H 0.109042 0.112107 0.113449 286.29 294.34 297.86 68.43 7035 71.19
15 In(CH)H — In(CH3) +H 0.055206 0.056058 0.055815 144.94 147.18 146.54 34.64 35.18 35.02
16 In(CH),H — In(CHg), +H 0.093208 0.096765 0.099561 244.72 254.06 261.40 58.49 60.72 62.48
17 Iny(CHg3)4 — IN(CHz)2+In(CHg) 0.079171 0.075825 0.072448 207.86 199.08 190.21 49.68 47.58 45.46
18 In(CHs)z — In(CHg), + CHs 0.093706 0.093696 0.090609 246.03 246.00 237.89 58.80 58.80 56.86
19 In(CHs)2 — In(CHs) + CHs 0.039870 0.039424 0.034900 104.68 103.51 91.63 25.02 24.74 21.90
20 In(CH;) —In+ CHs 0.084206 0.085723 0.086092 221.08 225.07 226.03 52.84 53.79 54.02
21 In(CH)s — In(CH3)2(CH,) + H 0.156545 0.157773 0.161395 411.01 414,23  423.74 98.23 99.00 101.28
22 In(CHs), — In(CH3)(CHy) + H 0.156545 0.158931 0.163643 411.01 417.27 429.64 98.23 99.73 102.69
23 In(CH) — In(CHy) + H 0.153378 0.154526 0.157974 402.69 405.71 41476 96.25 96.97 99.13
24 InN—In+N 0.060930 0.062121 0.063526 159.97 163.10 166.79 38.23 38.98 39.86
25 INnN—In+ %, N, —0.115700 —0.115219 —0.115307 —303.77 —302.51 —302.74 —72.60 —72.30 —72.36
26 InpN; linear— 2 InN 0.256513 0.256886 0.254690 673.48 674.45 668.69 160.96 161.20 159.82
27 1INz linear— 2 In+ N, 0.025113 0.026448 0.024075 65.93 69.44 63.21 1576 16.60 15.11
28 InP—In+P 0.072204 0.073141 0.074273 189.57 192.03 195.00 45.31 4590 46.61
29 InAs—In+ As 0.069037 0.069876 0.070969 181.26 183.46 186.33 43.32 4385 4453
30 InSb—In+ Sb 0.063337 0.064117 0.065197 166.29 168.34 171.18 39.74 40.23 40.91
31 (CHy)sln:NHz — In(CHg)s + NH3 0.024163 0.025926  0.021310 63.44 68.07 5595 15.16 16.27 13.37
32 (CHy)aln:N(CHs)s — In(CHs)s + N(CHz)s  0.024163  0.021828 0.013384  63.44 5731 3514 1516 13.70 8.0
33 (CHy)sln:NHz — (CHg)2InNH, + CHy4 0.001932 0.003190 0.005546 5.07 8.38 14.56 121 2.00 3.48
34 (CH)2InNHz — (CHg)InNH + CH, 0.065268 0.065709 0.052485 171.36 172.52 137.80 40.96 41.23 32.93

35 (CHy)sln:N(H2)N(H2)— In(CHg)s + NoHs  0.023181  0.025124  0.030232 60.86 65.96 79.37 1455 1577 18.97

Internal Energy
36 (CHy)sln:NH;z — In(CHg)s + NH3 0.024976 65.57 15.67
37 (CH)3In:N(CHz)s — In(CHg)s + N(CHs)3 0.020878 54.82 13.10

a Calculations are based on electronic and vibrational energies obtained using DFT theory.

relativistic corrections. We estimate that the zero-point correction  The uncorrected vibrational constant obtained for InCI (Table
would reduce these values by about 0.4 kcal Tholt is 4) is 300 cm. Huber and Herzbet§ report 317 cm™.
interesting to note that, while Bauschlichéf'salculations show Bauschlicher'¥* all-electron and effective-core potential calcula-
that the relativistic corrections have a large effect, Leininger et tions give 319 and 317 cm, respectively, and the values from
al13 calculations indicate differently. Our DFT calculation for Schwerdtfeger et df range between 308 and 307 chfrom

the OK atomization energy of InCl shows excellent agreement multibody perturbation theory, and 306 chifrom quadratic
with the experimental values, even though no relativistic effects configuration interaction. Leininger et H.report vibrational
have been considered. frequencies of 314315 cnt? for nonrelativistic calculations,

Our calculated bond distance for InCl (Table 3) is 2.471 A. and 306-308 cnt* for relativistic calculations. Our DFT
Huber and Herzbet§report a value of 2.401 A. The calculated ~ frequency for InCl is 1.05 times smaller than the experimental
values of Schwerdtfeger et @]_using multibody perturbation value or a 5% absolute error. Coupled cluster and configuration
theory, range from 2.411 to 2.412 A, while using quadratic interaction calculations on 10 small molecules using triple-
configuration interaction they obtained 2.413 A (without triple basis sefSresulted in average absolute percent errors for
terms) and 2.414 A (with triple terms). The all-electron and theoretical harmonic vibrational frequencies ranging between

effective-core potential calculations of Bauschlidigusing 1.5+ 2.0% and 6.3+ 7.4%. Thus, our DFT results for InCl
quintuple€ basis sets) give bond distances of 2.406 and 2.401 are very satisfactory.
A, respectively. Leininger et & coupled-cluster calculations Using the DFT energies of Table 2 the computed atomization

range from 2.422 to 2.430 A. Our value of 2.471 A is similar energy &0 K (Dy) for singlet InC} (see Table 5, reaction 2) is
to Dobbs and Heh?é (2.470 A) single-determinant Hartree 225.9 kcal motl. On the basis of Barin® experimental
Fock calculations. Thus, our DFT bond distance is about 3% standard (298 K) heat of formation for In{CBauschlichel*
longer than expected. Coupled cluster and configuration interac-obtains a Do of 232.8 kcal mot?, after performing the
tion calculations on 10 small molecules using trifjlbasis sets corresponding corrections. Bauschlich&t'sll-electron and
by Thomas et alresulted in average errors for bond lengths effective-core-potential coupled-cluster calculations for $nCl
from —0.69% to+0.20%. with no relativistic corrections, result in 256.5 and 242.7 kcal
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TABLE 6: Equilibrium Composition for System of Reactions Involving Indium Speciest

Cardelino et al.

equilibrium equilibrium molar molar
AG AG constant constant composition  composition
system 298.15K 1000 K 298.15K 1000 K 298.15K 1000 K
System 1: Indium Clusters
Ing<=1nz + In 0.027429 1.73% 107
In,<>21In 0.019950 1.83% 107
3[Ing +2[Ing] +[In] =1
[In] 0.005
[Inz] 0.012
[Ing] 0.324
System 2: Indium Hydrides
InHz < InH, + H 0.099989 0.064880 1.01910  1.266x 107
InH, < InH + H 0.047673 0.024005 1.18010 22 5.105x 1094
InH<In+H 0.091802 0.068269  5.95010%  4.342x 10710
H+H<H; —0.155374 —0.126519 2.92% 10"t 2.242x 1017
[InH3]+[InHZ]+[InH] +[In] = 1
3[InH3]+2 [INHZ]+H[InH] +[H] +2[H,] = 2
[H] 0.000 0.000
[Ha 1.000 1.082
[In] 0.000 0.165
[InH] 1.000 0.835
[InHZ] 0.000 0.000
[InH3] 0.000 0.000
System 3: Trimethylindium Decomposition by-+€ Bond Breaking
In(CHz)3 < In(CH3), + CHs 0.077526 0.037645 3.63610%  6.877x 10°%
IN(CHz)z < In(CH3) + CHs 0.026576 —0.008120  7.10X% 10  1.299x 10
IN(CHg) < In + CH3 0.074274 0.046790 11165103 3.831x 10°%7
CH; + CHz < C;He —0.118791 —0.073495  2.00& 10*>  1.199x 10™°
[IN(CHa)s] +[IN(CHz)z] +[IN(CHg)] +[In] =1
3[IN(CHs)3] +2 [IN(CHa)2] +[IN(CH3)] +[CHs] +2 [C2Hg] = 3
[CH3] 0.000 0.000
[CoHe] 1.000 1.020
[In] 0.000 0.040
[INCH3] 1.000 0.960
[In(CH3)2] 0.000 0.000
[In(CH3)3] 0.000 0.000
System 4: Trimethylindium Decomposition by-H€ and C-H Bond Breaking
IN(CHz)3 < In(CH3), + CHs 0.037645 6.87% 107%
In(CHz); < In(CH3) + CHs —0.008120 1.29% 1070t
In(CHz) < In + CHz 0.046790 3.83% 107%7
In(CH3)3 hag |n(CH3)2(CH2) +H 0.100364 1.72% 104
In(CHz), < In(CH3)(CHy) + H 0.104983 4.00% 10°%
IN(CH3) < In(CHy) + H 0.106192 2.735 10715
IN(CHgz)z + IN(CHg)2 <> INx(CHs)4 —0.044053 1.106« 10706
IN(CHs)2 + H < In(CHa)H —0.041824 5.44% 1075
In(CHz) + H <> In(CHz)H —0.019273 4.396¢ 10792
In(CH3)H + H < In(CH3)H; —0.067980 2.10% 107
In+H<InH —0.067298 1.695 10700
InH + H < InH; —0.024837 2.54% 10703
InH, + H < InHg —0.063549 5.188& 10t
In +In<In, —0.018638 3.59% 102
Inz + In < Ing —0.026607 4.455 10103
IN(CHs)3 + CHz <> In(CH3)2(CH,) + CH,4 —0.014031 8.39& 10t
IN(CH3)2(CHy) < In(CHs)(CHs) + CHs 0.042264 1.599 10708
CH; + H<CH, —0.114395 4.87% 10t
H+H<H, —0.126521 2.24% 10"
CH; + CHz < C;Hg —0.073495 1.19% 10710
[IN(CHg)s]+[IN(CHs)2]+[IN(CH3)] +[In] +[In(CH3)2( CHZ)]+[IN(CH3) (CHy) ] +[IN(CH2) ] +2[In2(CHg) 4] +
[In(CHg) H]+[In(CH3)H] +[In(CHz)H] +[InH] +[InH 2] +[InH 5] +2[In;] +3[Ing] = 1
3[In(CH3)3]+-2[In(CHa)2] +[CH3] +[IN(CHg)] +3[IN(CH3)2(CH,)]4-2[In(CHs) (CHR)] +[IN(CH2)] +
4[Iny(CHg)4] +2[IN(CHs)H] +[In(CH3)H]+[IN(CH3)H2] +[CH4] +2[CHe) = 3
9[IN(CHs)s] +-6[IN(CHa)2] +-3[CHa] +3[IN(CHg)]4-8[In(CHa)2( CH)] +[H] +5[In(CH3)(CH2)] +
2[In(CHy)]+12[Inx(CHs)4] +7[IN(CHs)H]+4[In(CHz)H]+5[In(CHg)H] +[InH] +2[InH] +3[InH3z] +4[CH4] +2[H,] +6[C;He] = 9
[In(CH3)3] 0.000
[In(CH3)7] 0.000
[In(CH3)] 0.000
[IN(CH3)2(CHy)] 0.078
[In(CH3)(CHy)] 0.003
[In(CHY)] 0.000
[In2(CHs)4] 0.000
[In(CH3).H] 0.000
[IN(CH3)H] 0.793
[In(CH3)HZ] 0.000
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TABLE 6 (Continued)
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equilibrium equilibrium molar molar
AG AG constant constant composition  composition
system 298.15K 1000 K 298.15K 1000 K 298.15K 1000 K
[In] 0.000
[Ing] 0.000
[Ing] 0.000
[InH] 0.000
[InH3] 0.000
[InH4] 0.000
[H] 0.003
[H2] 0.043
[CH3) 0.000
[CH4] 0.000
[CoHe] 1.199
System 5: Trimethylindium Decomposition plus Amine Adduct Formation
IN(CHs)3 <> In(CHs), + CHs 0.077526 0.037645 3.63610°%  6.877x 10°%
In(CHs), < In(CH3) + CHg 0.026576  —0.008120 7.10% 10713 1.299x 1070t
IN(CH3) <= In + CHs 0.074274 0.046790 1116103  3.831x 1077
CHs + CH;z < C;Hg —0.118791 —0.073495 2.00& 10™*  1.199x 10"
IN(CHs)3+NH3 <> (CHs)sln:NH3 —0.011733 0.021027 2.309 1070° 1.307x 107
[In(CH3)3]+[In(CH3)2]+[In(CH3)]+[In] +[(CH3)3In:NH3] =1
3[In(CH3)3]+2[In(CH3)2]+[In(CH3)]+[CH3]+2[C2H6]+3[CH3)3InNH3] =3
[NH3]+[(CH3)3In:NH3] =1
[CH3) 0.000 0.000
[CaHe] 0.961 1.020
[In] 0.000 0.040
[INCHg] 0.961 0.960
[In(CH3)2 0.000 0.000
[In(CHa3)4 0.000 0.000
[NH] 0.961 1.000
[(CH3)sInNH3] 0.039 0.000
System 6: Trimethylindium Decomposition plus Trimethylamine Adduct Formation
In(CHs)3 <> In(CHg), + CHs 0.077526 0.037645 3.63610%  6.877x 10°%
IN(CHs)2 <> In(CHs) + CHs 0.026576  —0.008120 7.10% 10713 1.299x 107t
IN(CHz) <= In + CHs 0.074274 0.046790 1.11610°% 3.831x 10797
CHs + CH; <~ C;Hg —0.118791 —0.073495 2.00& 10™*  1.199x 10™°
IN(CHs)3+N(CHgz)s <> (CHs)sIn:N(CHa)s —0.006353 0.039526 8.01910"%2  3.797x 10°%
[In(CH3)3]+[In(CH3)2]+[In(CH3)]+[In] +[(CH3)3|I’]N(CH3)3] =1
3[|n(CH3)3]+2 [ln(CH3)2]+[|n(CH3)]+[CH3]+2[C2H6]+3[(CH3)3|nN(CH3)3] =3
[N(CH3)3]+[(CH3)3|I']ZN(CH3)3] =1
Ha] 0.000 0.000
[CoHe] 1.000 1.020
[In] 0.000 0.040
[INCHg] 1.000 0.960
[In(CHa)2] 0.000 0.000
[In(CHa)4] 0.000 0.000
[N(CHs)3] 1.000 1.000
[(CH3)3InN(CH3)3] 0.000 0.000
System 7: Dimerization of Indium Nitride
INN + InN < In_N» —0.200919 3.57% 10?7
InoN2 <> 2 In+ Ny —0.049026 5.28% 10%%
2In<In; —0.019950 5.444¢ 1002
In; + In <= In3 —0.027429 5.774 1003
[INN]+2[InzNg]+[In] +2[Ing]+3[Ing] = 1
[INN]+2[IN2NoJ+2[N,] = 1
[InN] 0.000
[In2NZ] 0.000
[In] 0.005
[Ing] 0.012
[Ing] 0.324
[N2] 0.500

a Calculations are based on electronic and vibrational energies obtained using DFT theory. Units of Gibbs free energy: hartree.

mol~1, respectively, and 232.7 and 234.1 kcal molafter

from Barin’s® standard heat of formation data. Our decomposi-

relativistic corrections. The coupled-cluster calculations by tion energy, with no zero-point correction, for InG$ 326.3

Schwerdtfeger et df with relativistic pseudopotentials, result
in decomposition energies @ K (InClz — InCl + Cly) with no
zero-point corrections ranging from 369.1 to 341.1 kJ Thol

kJ mol?! (Table 5, reaction 4). Our calculated atomization
energy is 7.5 kcal mol lower than Bauschlicher*$ estimated
experimental value and our calculated decomposition energy is

for increasing order of multibody perturbation theory, and 339.3 23.8 kJ mot? (5.7 kcal mof?) higher than Schwerdtfeger et

and 338.0 kJ mof for quadratic configuration interaction

all5> estimated experimental value. Thus, our DFT energy

without and with triple terms, respectively. These values are calculation for InC4 is in reasonable agreement with experi-

compared with a decomposition value of 302.5 kJThdErived

mental results.
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TABLE 7: Molecular Properties for InCl and InCl 32

Cardelino et al.

InCl InCl3
Do Re v Do AE R. In—Cl v (cm™)
(kcal mol?) A (cm?)  (kcalmof?)  (kJ mol?) A EE A/ A FE

DFT calculation 103.1 2.471 300 225.9 326.3 2.347 381 332 90 84
experimental values
ref 16 102.4 2.401 317
ref 17/ref 11 103.5 232.8
ref 17/ref 12 302.5
ref 19 2.275 379 344 110 100
other calculations
ref11: CCSD(T); 109.1 2.408 319 256.5

AE; CBS
ref11: CCSD(T); 108.6 2.40% 317 242.7

ECP; CBS
ref11: CCSD(T); 102.8 232.7

AE; CBS; RC
ref11: CCSD(T); 103.5 234.1

ECP; CBS; RC
ref 12: MP2-MP4; 102.8-97.3 2.41%2.412 308-307 369.1+-341.1 2.292 396 348 110 100

ECP+ RC
ref 12: QCISD- 97.0-98.9 2.413-2.414 306 339.3338.0 2.295-2.299

QCISD(T); ECP+ RC
ref 10: CCSD; AE 100% 2.426 314
ref 10: CCSD; ECP 10098 2.422 315
ref 10: CCSD; 98.7 2.430 306

AE; RC
ref 10: CCSD; 99.9 2.426 308

ECP; RC
ref 14: HF 2.470
ref 15: MP2 2.248 382 344 120 115

aCode: AE= all electron; CBS= complete basis set extrapolation;
terms;Do = 0 K atomization energy; ECR effective-core potential; MP2

CCSD@ xoupled cluster including single, double, and optional triple

-MP4 multibody perturbation theory, orders-2; QCISD= quadratic

configuration interaction including single and double terms; QCISB{Tjuadratic configuration interaction including triple terms; RCelativistic

correctionsR. = equilibrium bond distance; = vibrational frequencyAE

= 0 K decomposition energy (In€t+ InCl + Cl,) with no zero-point

energy correction® Using quintuple basis sets¢ MP3 result.9 D. values. We estimate that the zero-point energy for InCl would reduce these

values by about 0.4 kcal mdl

Our calculated Ir-Cl distance in InGJ (Table 3) is 2.347 A.
From a combined analysis of gas electron diffraction intensities
and vibrational frequencies, the experimental distance was
determined to be 2.275 & The calculation of Schwerdtfeger
et all® using multibody perturbation theory results in 2.292 A,
while the quadratic configuration interaction calculation gives
2.295 A (without triple terms) and 2.299 A (with triple terms).
Okamoto’4® multibody perturbation calculation gives a bond
distance of 2.248 A. Our DFT aCl bond distance in InGlis
about 3% longer than the experimental distance, similarly to
InCl.

The uncorrected vibrational constants obtained for jiigde
Table 4) are 381 (& 332 (A/), 90 (Ay"), and 84 (B) cm %

The experimental values of Vogt etZlare 379 (B, 344 (A),
110 (A2"), and 100 (B cm™2. The results from Schwerdtfeger
et al’® using third-order multibody perturbation theory are 396
(E"), 348 (A), 110 (A""), and 100 (B cmL. Finally, Leininger

et al3 give the following values: 382 ([ 344 (A'), 120 (A",
and 115 (B cm™L. Our DFT frequencies for Inglhave to be
multiplied by the following factors to obtain the experimental

013 5p,
17026 05" i
i ,-0.30 m,

-0.36 Sp/

-0.31 5s

-0.38 o
-0.42 8p
-0.76 oq
-0.81 3s/ 0.81 ¢ -0.81 3s
-0.84 oAnAn .0.82 4d\ -0.83 a ;
092 af, e, ¢
Cl InCl In InCl3 3Cl

Figure 3. Molecular orbital diagram for indium chloride and indium
trichloride (energy units: hartree).

a small increase in energy in InCl and are almost unaffected in
InCl3). In InCl, bonding occurs between a high energy In 5p
and lower energy CI 3(displayed in Figure 3 with a dashed
line). The three bonding orbitals in Ingre considerably lower

values: 0.99, 1.04, 1.22, and 1.19, thus ranging the absolutein energy than the bonding orbital in InCl, even lower than the

error from 0.5% for the larger vibration to 16% for the smallest.
For comparison, the values of Schwerdtfeger éb ahould be
multiplied by 0.96, 0.99, 1.00, and 1.00, thus having absolute
errors between 4.5% and 0%.

Figure 3 shows the molecular orbital diagram obtained for
InCl and InC4, respectively. Both InCl and Ingtlisplay a drop
in energy of the In 5s electrons. The CI 3s orbital increases in
energy in InCl but these atomic orbitals are almost unaffected
in InCl3 (similarly to the Cl 3p lone-pair electrons, which have

3p lone pairs in Cl. Finally, the 4d In atomic orbitals are
considerably perturbed in In€IThis effect is consistent with
the larger effective charge on the In atom in IpCH1.02) than
in InCl (4+0.49), producing a contraction of the 4d orbitals.
Our DFT calculations on InF result in Be value of 126.4
kcal mol~® or aDg value of 125.6 kcal mol. Leininger et ak3
reportDe values of 125.7 and 125.4 kcal mé| based on two
coupled-cluster calculations with 20 and 28 correlated electrons,
respectively, and including relativistic effects. ThBe experi-
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mental valué® is 126.4 cmi®. Our DFT calculation for InF is
the same as the experimental value, and about 0.7 kcal'mol
above the coupled-cluster calculations with relativistic effects.
The DFT equilibrium distance obtained for InF was 2.020 A
(see Table 3). The experimental vaitiwas reported as 1.985
A. The coupled-cluster relativistic calculations of Leininger et
al13gave a value of 1.990 A and the Hartreféock calculations
of Dobbs and Heh#é resulted in 1.943 A. In the case of InF,

J. Phys. Chem. A, Vol. 105, No. 5, 200861

resulted in an isosceles structufé{), with a OK dissociation
energy of 201 kJ mol, considerably weaker than the one
predicted by our calculations. The corresponding linear structure
(“=,7) was found to be only 7 kJ mot of higher energy. The
bond distances they report are two of 2.95 A and an angle of
71° for the 4A; state, and 2.90 A for thés,~ state.

The standard Gibbs free energy for the dissociation ef In
(eq 9 of Table 5) using data from Table 8, Appendix 1, was

our bond distance is overestimated by about 2%, while the calculated to be 127 kJ md) indicating that Igis also a weakly
coupled-cluster calculation overestimates by only 0.3%. On the bound free-radical species. The standard Gibbs free energy for

other hand, the Hartred-ock calculation underestimates by 2%.
Table 4 shows an estimated vibrational frequency of 551'cm

for InF. The experimental valtigis 535.3 cm%, while Leininger

et al3 report 526 cm®. Our value overestimates the property

by a factor of 1.03.

Indium Clusters. Atomic indium has been observed by

the dissociation of Inwas calculated to be 105 kJ maél
Temperature-dependent calculations of Gibbs free energy for
the dissociation of ground-state;land Ins give spontaneous
dissociation above 1370 and 2170K, respectively.

Equilibrium composition for the three species (Ing,Iand
Ing), were estimated for 1000K using a mass balance equation

resonant fluorescence spectroscopy produced by the pyrolysison the In atom (Table 6, system 1). The resulting proportions

of In(CHz)s at temperatures above 600°KFurthermore, the
pyrolysis of In(CH)3; at temperatures above 40Q was seen
to occur mostly homogeneously in the gas phés&hus,

OMCVD reactors may contain In clusters.

We considered the singlet, triplet and quintet states gf In

and the linear, bent and triangular conformations of doublet and

quartet In. No stable In singlet state was achieved. The two
stable states of ifound aredw, and>Z, (see Table 2), with
bond distances of 2.811 and 2.658 A, respectively (Table 3).
The two stable states found for the; iImolecule correspond to
a bent*A; and a linearfZ, state (Table 2), with bond distances
of 2.948 and 2.875 A (Table 3), respectively.
Multiconfiguration self-consistent-field calculations with
relativistic corrections by Balasubramanian and%and energy-
adjusted pseudopotential calculations by Ingel-Mann €alko
found the3x, state to be the ground state of.iBalasubrama-
nian and L# report a bond distance of 3.0 A, vibrational
frequency of 135 cmt andDe of 80 kJ mof?, and Ingel-Mann
et al32 report aDe of 105 kJ moll. From all-gas equilibria
spectrometric measurement@afor In, of 74.4+ 5.7 kJ mol?
was recently obtained by Balducci et?8IThe heat of atomi-
zation at 0 K, corresponding to eqs 6 from Table 5, was
calculated to be 125 kJ midl, 1.7 times higher than the
calculated, of Balducci et aP® and 1.2 times higher than that
calculated by Ingel-Mann et &f.Earlier experimental values

for In, Iny, and Iy, respectively, are 1¢:107%1 at 1000 K.
The equilibrium constants for thedmand Iy dissociations are
1078 and 104, respectively. Consequently, for 1 atm gaseous
indium and at 1000 K one expects about 0.5% to be as In atom
and 2.4% as In dimer (b

Indium Hydrides. The hydrides considered were InH singlet
and triplet, InH doublet, and Inksinglet. The diatomic singlet
was found to be lower in energy than the triplet state. TheHn
distance becomes smaller with increasing number of H's (see
Table 3): 1.878 Ain InH, 1.799 A in Ini and 1.766 A in
InH3z. The H-In—H angle in Inkis 119. The 0 K atomization
energiedy for InH, InH,, and InH; were calculated to be (on
the basis of reactions 10, 11, and 13 of Table 5): 261, 406,
and 701 kJ mot!, respectively, oD, of 270, 429, and 743 kJ
mol~1, respectively. The frequencies obtained are 1442%cm
for InH; 612, 1615, and 1666 cr for InH,; and 602(A"),
608(E), 1761(E), and 1766(A') for InHs.

The singlet state of InH was calculated to have a 1.86 A bond
distance, a frequency of 1482 ciand aDe of 240 kJ mot?
by Teichteil and Spiegelmarfdusing relativistic configuration
interaction methods. Using complete active space SCF followed
by full second-order configuration interaction and relativistic
calculations Balasumbramanfdrobtained a bond distance of
1.823 A for the singlet, ®. of 249 kJ mot?! and a vibrational
frequency of 1469 cm. DFT calculations by Pullumbi et &t

based on mass spectrometry have been reported by De Maridive a vibrational frequency of 1466 crhand a bond distance

et al®7(93.7 kJ mot?, for aX state), Drowart and Hont§(96.5

kJ mol 1) and Gingerich and BI#& (102.5 kJ mot?). Huber
and Herzber¥ report 97 kJ mot!, a value that was corrected
by Froben et af° to 84 kJ mot? after a 118 cm? frequency
was measured in Raman spectra of matrix-isolated group [lIA
dimers. We obtained a vibrational frequency of 107-¢ifTable

of 1.89 A, while coupled-cluster calculations performed by the
same authors with single, double and triple excitations, give a
vibrational frequency of 1504 cmiand a bond distance of 1.850
A. In addition, coupled-cluster calculations with single and
double excitations (using pseudopotentials and scalar-relativistic
energy corrections) resulted in a dissociation energy of 255 kJ

4), a factor of 1.10 smaller than the one determined by Froben mol™%, a bond length of 1.846 A, and a vibrational frequeficy

et al%In, ground state is a weakly bound free-radical molecule

of 1432 cnt. From an experimental point of view, Huber and

that may contain 75 vibrational quantum levels, assuming a Herzberg® report aD. of 248 kJ mot™, a bond distance of

harmonic oscillator approximation.

Our DFT calculations resulted in two stable quartgtsitates,
corresponding to a bentA) and a linear4=,") structure. The
bent state is lower in energy by only 8 kJ mblhas a bond
distance of 2.948 A, an angle of 7@&ibrational frequencies of
41(A1), 121(B), and 127(A) cm~1, and an atomization energy
of 269 kJ mot? (Tables 5, reaction 8). The linear state has a
bond distance of 2.875 A and vibrational frequencies ofrdf(
97(0g) and 165¢,) cm~1. Complete-active space multiconfigu-
ration self-consistent-field calculations performed by Feng and
Balasubramaniaft, followed by multireference singles and
doubles configuration interaction with relativistic corrections,

1.8378 A, and a vibrational frequency of 1475.4 ¢mand
RosenR8 reports the samB, a bond distance of 1.89 A, and a
vibrational frequency of 1476 crh. From IR studies, Bahnmaier
et al2® report a bond distance of 1.83776 A, a vibrational
frequency of 1475 cmi, and White et at’ report aDe of 248

kJ mol?l, a bond distance of 1.836 A, and a vibrational
frequency of 1476 cm.

Our bond distance for singlet InH lies within the reported
experimental values. O, (270 kJ mot?) is 9% higher than
the experimental; and our vibrational frequency is 1.02 times
smaller than the experimental values.

Our InH triplet state was found to be 193 kJ mbhigher in
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energy than the singlet, to have a bond distance of 1.813 A andconstants obtained at 298.15 K for dissociatidracH atom

a vibrational frequency of 1483 crh Teichteil and Spiegel-
manr?3 found the triplet state to be 176 kJ mblhigher in

from InHz, InH,;, and InH were 10%, 10722, and 1042
respectively, and at 1000 K were 1) 104, and 101

energy than the singlet, to have a bond distance of 1.79 A andrespectively. For a system at equilibrium that initially contained

a vibrational frequency of 1511 crh Balasumbramanidf
found it to be 177 kJ mot higher in energy, to have a bond
distance of 1.749 A and a vibrational frequency of 1503 tm
Rosen8 reports an experimental value 195 kJ midhigher for

the triplet than for the singlet state, having the triplet a bond
distance of 1.78 A and a vibrational frequency of 1459-&m
Similarly, Huber and Herzbetgreport an energy difference of
194 kJ mot? between the triplet and the singlet states, a bond
distance of 1.776 A and a vibrational frequency of 1304 &m

In atoms and kWimolecules in a ratio of 1:1, only InH would be
present at 298.15 K, but at 1000 K, the percent of InH would
drop to 84%, with 17% of the indium as In atoms.

Indium Alkylides, and Their Hydrogen and Dehydro-
genated Derivatives.The species considered in this group
include hydrogen and dehydrogenated derivatives of the indium
alkylides. The 10 species are methylindium [In(§Hand its
derivatives [IN(CH)H, In(CHz)Hz, In(CH,)], dimethylindium
[IN(CH3)7] and its derivatives [In(CH)2H, IN(CH3)CH,, Inp-

for the triplet state. The difference in energy between the singlet (CH,),)], and trimethylindium [In(CH)3] and its dehydrogenated

and the triplet states that we obtained is very similar to the

experimental values; the bond distance is about 2% the

derivative In(CH).CH..
In the case of methylindium [In(CH, a singletCs, state

experimental values; and, the vibrational frequency is about 2% 5,4 4 tripletCs state were found to be stable, with the singlet

higher than Roser?8 value.

We obtained a stable calculation of a bent conformation for
doublet InH. The In—H bond distance were 1.799 A, the
H—In—H angle was 199 and the vibrational frequencies were
1666, 1615, and 612 cmi. The 0 K dissociation energo
into InH + H was calculated to be 145 kJ méland into In+
H, (with no zero-point energy correctior)31 kJ mof? (see
Table 5, reactions 11 and 12). Pullumbi et'ghave synthesized
InH, by reacting molecular hydrogen and excited metal atoms
isolated in solid argon and have performed DFT and coupled-
cluster calculations with single and double excitations on this
molecule. Their IR measurements in solid argon resulted in
vibrational frequencies of 1615.6, 1548.6, and 607.4%mvhile
their DFT calculations resulted in frequencies of 1608.8, 1561.8,
and 621.6 cm®; a In—H bond distance of 1.815 A; and a
H—In—H angle of 120.58 Multiconfiguration self-consistent
field calculations with second-order configuration interaction
with relativistic effects performed by Balasubramanian and
Tao?® resulted h 0 K dissociation energy (with no zero-point
energy corrections) of50 kJ moi?® with respect to In+ H,
and 132 kJ moit with respect to InH+ H. They also obtained
a bond distance of 1.782 A, and a bond angle of 1°.90ur
calculated dissociation energy for the splitting of one H atom
is 15 kJ mof? higher than the calculations of Balasubramanian
and Tao?® our bond distance is between their value and the
value by Pullumbi et al! and our vibrational frequencies are
less than 1.04 times larger than the IR measurements.

We found theDg, conformation of InH to be the ground
state, with an Ir-H bond distance of 1.766 A, vibrational
frequencies of 602(4'), 608(E), 1761(E), and 1766(A’), and
a OK Dg of 295 kJ motf?. (Table 5, Reaction 13), dde of 314
kJ mol™. The already mentioned calculations by Balasubra-
manian and T& give a bond distance of 1.754 A andda of
292 kJ moftl. Dobbs and Hehre report a calculated bond
distance of 1.781 A. Vibrational frequencies from IR measure-
ments in solid argoi found In—H stretching frequencies at
around 1754.5 cmt; and bending frequencies of 613.2 and
607.8 cntl. Consequently, ouDe is 7% higher than the value
calculated by Balasubramanian and Paour bond distance is
less than 1% larger than their value; and, our vibrational
frequencies are less than 1% different from the experimental
values.

System 2 of Table 6 was utilized to calculate the equilibrium

being 188 kJ moi! lower in energy than the triplet. The 0 K
dissociation energy into In and Ghvas calculated to be 221

kJ mol* (Table 5, reaction 20). Its corresponding hydrogenated
derivatives [In(CH)H, and In(CH)H] had 0 K dissociation
energies (for loosing one H atom) of 286 and 145 kJ ol
respectively (Table 5, reactions 14 and 15). Figure 4 depicts
the structure of the In(C¥H radical, where one of the methyl
H'’s is cis and coplanar to the singly occupied In orbital and
trans to the H atom bonded to In. Figure 4 also shows the
structure of the In(CkH, molecule, where the two H atoms
attached to In are coplanar to one of the methyl H atoms.
Multibody perturbation calculations by El-Nahas and Schi&yer
on In(CHy)H, show an In-C bond distance of 2.205 A, less
than half a percent larger than our value (see Table 3), and a
zero-point energy correction of 0.04725 hartree, 2% higher than
our value (see Table 2). We found that the dehydrogenated
species of methylindium, the doublet In(gthas an Ir-C bond
distance about 1% smaller than methylindium. The 0 K
dissociation energy for methylindium into this species plus a
hydrogen atom was calculated to be 403 kJ ThdTable 5,
reaction 23).

The doublet dimethylindium In(Cg, may form a singlet
dimer, stable by about 208 kJ mél(Table 5, reaction 17) with
respect to two monomers. Figure 4 sketches the dimethylindium
dimer, with an In-In distance of 2.847 A an®, symmetry.

On the other hand, the dimethylindium dissociation energy
(Table 5, reaction 19) into methylindium and methyl radical
was calculated to be only 105 kJ mal Two stable singlet
structures were found for the hydrogenated dimethylindium
molecule [IN(CH),H], of conformations quasls and quastC,,.

The former was found to be only 46 kJ mélower in energy.
Dissociation of the H atom (at 0 K) requires 245 kJ mdiTable

5, Reaction 16). Finally, the formation of the dehydrogenated
species In(CE)CH, from dimethylindium requires 411 kJ mdl

of energy (Table 5, Reaction 22). Thed€ bond distances in
these species were found to be 2.242 A for dimethylindium,
2.200 A for the hydrogenated species, 2.165 A for the
dehydrogenated species, and 2.218 A for the dimethylindium
dimer.

Trimethylindium [In(CH)4] is a conventional organometallic
precursor of OMCVD for groups Il and V semiconductors.
Dissociation into dimethylindium plus a methyl radical at 0 K
was calculated to be 246 kJ mél(Table 5, reaction 18),

composition of ground-state gaseous indium hydrides at 298.15whereas the dehydrogenation of trimethylindium into IngizH

and 1000K (based on Table 8, Appendix 1, data) in molecular
H,. A 1:1 ratio of indium atoms and moleculas I$ represented
by the last two mass balance equations. The equilibrium

CH, was estimated to be 411 kJ mél(Table 5, reaction 21).
The Cg, structure of trimethylindium is shown in Figure 4, with
all heavy atoms on the same plane. The calculatedClfbond
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Figure 4. Diagrams of indium compounds. The four grades correspond, from dark to light, to indium, nitrogen, carbon, and hydrogen atoms.

distances for trimethylindium are 2.208 A, and the dehydrated energy of 150 kJ mol was found for the homogeneous

radical has two bonds of 2.203 A and one of 2.171 A. decomposition in b but the decomposition was found to be
One of the most important issues in OMCVD is the process surface dependent whern, Was used as a carrier g&sThe

of metallic precursor decomposition. A study by Larsen étal.  reaction was believed to be heterogeneous at temperatures below

on the thermal decomposition of trimethylgallium [Ga(§d 673K and homogeneous at higher temperatures. In the case of

showed that attack of this molecule by a methyl radical probably an heterogeneous reaction (lower temperatures) the possibility

results in methane and Ga(ebCH,, which would then  of adduct formation between trimethylindium and phosphine
decompose to Ga(GH{CHy). Similar reactions for trimethyl- a5 proposed.

indium are The methyl dissociation of trimethylindium adsorbed at a

IN(CHy); + CH; — CH, + In(CH,),(CH,) (10) GaAs substrate was sf[udied at 300 K by Shogt_an &t ahd _
that adsorbed at a Si(11) substrate was studied at various

IN(CHs),(CH,) — CH, + IN(CH,)(CH,) (11) temperatures by Bu et éﬂ.The latter investigation determined
that there is partial IrC dissociation at 120 K; at 550-€H

Using the data of Table 8, Appendix 1, calculation of the Gibbs Preaking occurs; at 630 K, In form islands and desorbs; and at
free energy for eq 10 gives19 kJ mot? at 300 K and—7kJ temperatures above 950 K, there is complete H and In desorption
mol~ at 1000 K, thus resulting in a spontaneous reaction exceptand only Si-C is left. Measurements of atomic In during
at very high temperatures. For eq 11, similar calculations give Pyrolysis of trimethylindium were obtained by Hebner efal.
213 kJ mot?! at 300 K and 148 kJ mot at 1000 K, an using resonant fluorescence spectroscopy, with a threshold tem-
unfavorable reaction that improves with increasing temperature. perature for observation of indium signal of 598 K. The decom-
The decomposition of trimethylindium into methylindium and  position of trimethylindium using bas a carrier gas was also
two methyl radicals is believed to be the initiating steps of a studied by Fan et & The kinetics of trimethylindium pyrolysis
chain reaction in Bor toluene (an efficient radical scavenger), was studied using mass spectrometry sampling by Allendork
with the formation of ethané* et al®® They determined an activation energy of 193 kJ Thol

Two equilibrium systems were considered for the dissociation
of trimethylindium: one with only Ia-C bond breaking (Table
6, system 3) and one with both-H€ and C-H bond breaking
(Table 6, system 4). In the first case the radicals formed are
dimethylindium, methylindium, indium atom and methyl, at
298.15 and 1000 K. In the second case, all of the alkylindium
in rapid succession to form methylindium, where the rate derivatives (hydrogenated and dehydrated) are included, plus
constant for breaking the second methyl bond is much higher th€ indium hydrides and indium clusters, at 1000 K. In system
than that for the first bond. Larsen et®aproposed that a chain 3 the methyl radicals combine to form ethane, while in system
reaction occurs during pyrolysis, triggered by the formation of 4 the H atoms and the methyl radicals combine to form H
methy! radicals. CH,, and GHe. In system 3 and at room temperature the

Buchan et af? determined that trimethylindium pyrolyzes —dominant species present are In(flnd GHg, but at 1000 K
m05t|y homogeneous|y in the gas phase when it is alone, but10% of free In atoms are also present (notice that this system
in the presence of phosphine (RHboth components pyrolyze  does not consider cluster formation). In system 4, and at 1000
at lower temperatures than alone and only methane;\@H K, the hydrocarbon present isis, (no CHs nor Hy); most of
formed. In this case, InP is initiated by the reaction of the indium is as Ig(38%), about 37% as In(CH 2% as In,
trimethylindium and phosphine in the vapor phase. An activation and less than 1% as In(GHand In atoms. It should be noted

In(CH,); — IN(CH,), + CH, — In(CH,) + 2CH, (12)
CH, + CH;+M — C,Hg + M (13)

In 1963, Jacko and Priée proposed that trimethylindium
decomposes by homolytic fission loosing two methyl radicals
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that for the system with 21 equations the mass balance equatiorequal amounts of InCfand free ammonia or trimethylamine

was achieved within 10%. that are about 10 times smaller than the adduct concentration.
Trimethylindium Adducts with Ammonia, Trimethyl- Bradley et aPf® indicated that at room temperature the adduct
amine, Hydrazine, and Derivatives. Trimethylindium with generated sufficient pressure to obtain an adduct spectrum with

ammonia, trimethylamine and hydrazine are common precursorsno trace of peaks from trimethylindium or trimethylamine, thus
in OMCVD experiment$. Adducts may form between groups completely associated at room temperature. At 1000K, there
11l and V CompoundS, which may dissociate or decompose by seems to be no adduct, and the System becomes identical to
eliminating alkanes. For example, trimethylindium adducts with System 3.

trimethylphospine or triethylphospine were seen to dissofiate Indium Compounds with group V Elements. Group IlI-V

but trimethylindium with arsin€ to decompose. Larsen etal. materials may be used in fast microelectronic devices, since
and Buchan et &* proposed formation of an adduct between they are faster than conventional Si-type semiconductor materi-
trimethylindium and phosphine as a possible low-temperature als. We have performed calculation on the following group V
mechanism during the pyrolysis of trimethylindium and phos- series: indium nitride, phosphide, arsenide, and antimonide
phine, with decomposition into (GhInPH, plus methane. In (InN, InP, InAs, and InSb, respectively), as well as on the InN
particular, we studied the trimethylindium adduct with ammonia dimer (InNy).

[(CH3)3In:NHg], the trimethylindium adduct with trimethyl- InN may be used for fabricating highly efficient light-emitting
amine, [(CH)sIn:N(CHs)g], the trimethylindium adduct with  diodes’3 solar cells’* optical coatings, and sensdfsThe
hydrazine [(CH)sIn:N(H2)N(H2)], and the derivatives (Cék- transport characteristics of InN are superior to those of GaN
INNH_, singlet and triplet (Ch)InNH. and GaAs, a distinct advantage in high-frequency centimeter

(CHg)sln:NH3z was found to haveCs, symmetry, with the and millimeter wave device$. The InN versus In plus N
trimethylindium almost retaining its heavy atoms coplanar. stability was studied using ultrahigh-pressure X-ray measure-
Figure 4 shows the small puckering of the trimethylindium part ments by Krukowski et &l InN is extremely difficult to
resulting from the Ia-N bonding. The Ia-N distance was found  synthesize because it is metastable up to 900 K at 1 atm. At
to be 2.450 A (Table 3), while the +1C bonds became 0.7%  higher temperatures it decomposes preferably to liquid In and
larger than in trimethylindium. Dissociation enthalpy for this N, it melts at 2146 K with an equilibrium Noressure higher
adduct was calculated to be 64 kJ mioht room temperature  than 60 kbar, and the decomposition at temperatures below 930
(Table 5, Reaction 31). The trimethylindium adduct with K is believed to be kinetically controlletThe specific heat of
trimethylamine [(CH)sIn:N(CHjs)s] was also found to b€s,, InN was found to be at 300 K 39.80 J mdK ~1 by Krukowski
with a 1% larger Ir-N bond distance (2.476 A) and similar et al® and 42.03 J mol K1 by Slack et af” The difference
In—C bond lengths than the ammonia adduct. The dissociationis probably due to impurities of the InN crystals in the latter.
enthalpy for the trimethylamine adduct (Table 5, reaction 32) (We obtained a heat capacity of 34.3 J midk~! for gaseous
was calculated to be 62 kJ mélat room temperature, and a InN at 300 K.) The decomposition of INN was also measured
change in internal energy (Table 5, Reaction 37) of 60 kJfnol  in a vacuum by heating a sample and recording partial pressure
The trimethylindium adduct with hydrazine [G}3In:N(H2)N- of the relevant gasespecomposition occurs at much lower
(H2)] has an In-N bond distance of 2.453 A, barely larger than temperatures than its melting point and has an effective
the adduct with ammonia, and has a dissociation enthalpy of activation energy of 336 kJ mol. This activation energy is a
62 kJ mof?t at room temperature (Table 5, reaction 35). The factor of 1.5 to 1.9 higher than the binding energy of a single
derivative obtained after eliminating a methane molecule from In—N bond (about 165 kJ mot from Table 5, reaction 24; an
the amine adduct [See Figure 4, §HnNH,] shows an In-N experimental valué of 186 kJ motll). By ion-assisted molec-
distance 16% smaller. The enthalpy for the methane elimination ular beam epitaxy, the maximum deposition temperatures for
was found to be only 13 kJ mol at room temperature. the growth of InN were found to be between 1060 and 1130
Subsequent elimination of a methane would require 171 kJ K.2

mol™* (Table 5, reaction 34). Despite the experimental difficulties, InN has been prepared
Bradley et aP® determined the structure of the trimethylamine on Si(100) by laser-assisted chemical vapor deposition from low-
adduct of trimethylindium by electron diffraction, and the pressure HN and trimethylindiunt® InN has been grown by
enthalpy and the internal energy change for the dissociation by epitaxy on sapphir&-82 On the other hand, InP is easier to
electron diffraction and infrared spectroscopy. They found a obtain. InP layers were grown by hydride vapor phase epitaxy
Cs, structure, with In(CH)3 almost retaining its planar structure. by McCollum et a3 The first preparation of InP using flow
Their In—N bond distance of 2.378 A is 4% smaller than our modulation techniques in the hydride vapor phase epitaxial
calculation, whereas their +C distance of 2.170 A is less than  system was done by Wang et®aHighly pure InP layers were
3% smaller than our calculation. From the relative amounts of obtained from trimethylindium and phosphine in & 900 K
the three species in the vapor at 335, 374, 426, and 474 Kby chemical beam epita®y and by atmospheric pressure
obtained by electron diffraction, an enthalpy of dissociation of OMCVD.8 A procedure to grow InP from trimethylindium and
81 + 6 kJ mol! was obtained, 23% larger than our value. For phosphine in Hand N> at atmospheric pressures and 920 K
the dissociation at constant volume, and using infrared spec-was obtained by Sacilotti et & .With respect to other indium-
troscopy to determine relative concentrations at six temperaturesgroup V materials, InAs layers were grown using atomic layer
between 298 and 427 K, the value of 842 kJ mol! was epitaxy from indium chlorides and arsenic hydride by Kattelus
obtained, 26% higher than our calculated 62 kJ Thol et al®8 and using OMCVD from arsine and trimethylindium by
The adduct formation was incorporated into the small system Partin et af® InSb, used as magnetic position sensors in
for the trimethylindium decomposition; thus, system 5 of Table automobiles, has been grown also by OMCVD by Partin & al.
6 includes formation of the trimethylindium adduct with and Egan et &
ammonia and System 6 with trimethylamine. In both cases we The calculations of Balasubramanian e¥akesulted in =~
have assumed a 1:1 initial ratio for the two respective precursors.state for InSbh, with a bond distance of 3.02 A, a vibrational
Our results indicate that for both adducts at 298 K there are frequency of 121 cmt, and aDe of 135 kJ mot? (4% smaller
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013 5p consistent set of data to calculate the thermodynamic properties
021 o 025 05, ™ : between 300 and 5000K for the following indium compounds:

-0.27 o ..
-0.31 5s

- InF, InCl, InCk, InH, InHy, InH3, Iny, In3, IN(CH3), IN(CH3)H,
IN(CH3)H>, IN(CHg)2, IN(CHs)2H, IN2(CHa)a, IN(CHa)s, IN(CHg)2-
035 2p / 0.40 nu CHy, In(CH3)CH2, |n(CH2), (CH3)3|I’IZNH3, (CH3)3|HZN(CH3)3,
/ IN(CH3)2(NHy), In(CHs)(NH), InN, InzN2, InP, InAs, and InSb.

For a system in equilibrium at 1000 K, when In atoms are
o6 o . 087 o produced in the absence of other species such as;iillrbe
/ ¢ s the main species present with 97%. The amount of indium
-0.81 2s present as nwill be 2.4%, and as In atoms 0.5%.

On the other hand, when In and Blre initially in a 1:1 ratio,
and only the indium hydrides are considered (no In cluster
N InN In InNNIn-— 2 InN formation), InH is the predominant species at 298 K. At 1000K,
Figure 5. Molecular orbital diagram of indium nitride and indium  InH and In atoms would be found at a ratio of 5:1.

nitride dimer (energy units: hartree). In an equilibrium system at 1000 K that initially contains

than the reported experimeritavalue of 141 kJ molt). These only trimethylindium, one expects about a third of the indium
calculations were performed using relativistic effective core 0 be as 18 (38%), and the hydrocarbon to beHs (no CH,
potentials, complete active space multiconfiguration self- NOr H). The other important indium species would be IngCH
consistent field, and multireference singles plus doubles con- (37%), Iz (2%) and less than 1% as In(@Hand In atoms.
figuration interaction. Calculations have been reported by Liao  When a simplified trimethylindium dissociation is considered
et al3? for the?Aq state of the indium antimonide dimer £8ty), in the presence of ammonia or trimethylamine, our equilibrium
corresponding to a rhombus structure. calculations show equal amounts of InC&hd free ammonia
We did not obtain a stable calculation on singlet InN, which  or trimethylamine, 10 times smaller than the adduct concentra-

showed Iarge Single{triplet leIng The stable structure found tion at room temperature. At 1000 K we expect no adduct
for InN and for the other group V compounds wéks . The formation.

series InN, InP, InAs, and InSb shows the following increasing
bond distances of (Table 3): 2.100, 2.696, 2.775, 2997 A, ) -
respectively, and decreasing vibrational frequencies (Table 4) cglly unstable with respect to !ndlum atom and molecular
of 597,237,173 140 cr, respectively. Th 0 K dissociation ~ Mtrogen atany temperature considered and 1 atm. Nevertheless,
enthalpies for the series were 160, 190, 181, and 166 kJ'mol a linear indium n|_tr|de dimer could_for_m in the gas phase that
(reactions 24 and 2830, Table 5). Tk 0 K dissociation energy C(_)uld be stable with respect to two indium atoms and molecular
for INN with respect to In plus 0.5 Nat standard pressure hitrogen by as much as 69 kJ mélat room temperature (63
conditions (reaction 25, Table 5) was determined-894 kJ kJ mol™* at 1000 K). However, when formation of indium
mol-L. The molecular orbital diagram for this molecule (Figure Clusters is considered at 1000 K and 1 atm, all dimers would

5) shows an IrN bonding orbital of higher energy that the dissociate to form mainly §(97%), and small amounts ofn

-0.46 oy

-058 o, ..

-0.82 4d -0820nn_S  _0gponn
AA S AA

1.03 o4/

082 conn
AA

The indium nitride molecule was found to be thermodynami-

singly occupiedr orbitals on the N atom. (2%).
Two structures of the InN dimer were obtained: a lin&y
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to two InN, but only 66 kJ moi® (reaction 27, Table 5) with

respect to two In atoms and,NFigure 5 depicts the dramatic ]

drop in energy that the bonding orbital from a single Infy)(  APpendix 1

molecule undergoes in forming the dimer. For the latter, the . .

open shell orbitals are the highest in energy)( _Calculations for Table 8 are based on electronic and
System 7 of Table 6 contains the dimerization of indium Vibrational energies obtained using DFT theory.

nitride at 1000 K and 1 atm, with its dissociation into In and The coefficientsz;—z; satisfy the following equations for

N2, and possible formation of jnand Irs. The equilibrium Kelvin temperatures:

composition results in 97% of In as3ln2% as In, less than

1% as In atom, and no dimer. C/R=2+2T+ T+ 2T + 2T

Concluding Remarks

We have shown that DFT is an adequate method for H/R= 2T+ (Z/2)T? + (z/3)T° + (/) T* + (Z/5)T° + 7
performing calculations on indium compounds. Our results
showed that energies of molecules for which experimental data
is available could be calculated within a few kiloJoules and
frequencies within 10%. Thus, the thermodynamic properties
derived from using the DFT calculations can be used in Values are provided for two temperature ranges: -30000 K
OMCVD modeling. In this respect, we have generated a (low) and 1006-5000 K (high).

SR=7,InT+ 2T + /2T + /3T + (/4T + 7,
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TABLE 8: JANAF-Type Coefficients to Calculate Thermodynamic Properties of Indium Species as a Function of Temperature

tem-
perature
species range 7z 2 z Z Zs Z z
InF low 3.276689 3.642293 109 —4.159896x 10°%  2.077002x 10°%° —3.789125x 10'® —1.843683x 10  8.829404
high 4.330501 1.77160% 1079 —7.048899x 1079  1.219680x 10 —7.676527x 10716 —1.843683x 10™°  3.564662
InClI low 3.423117 4.49681% 109 —6.529388x 10%  3.891661x 10°%° —8.130438x 10'® —1.957480x 10  9.329684
high 4.447954 5.47158% 10°%° —2.184676x 107%  3.788755x 10712 —2.388328x 10716 —1.957480x 10™°  4.527942
InCl3 low 5.146275 2.072796 10792 —3.062453x 1079  1.848707x 10°% —3.899157x 1071? —2.248158x 10"  7.057404
high 9.757765 2.543969 10°%* —1.015114x 10797  1.759741x 10'* —1.108984x 10> —2.248159x 10™° —1.442838x 10"%*
In doublet low 2.500000 2.264856101% —5.811324x 1017  4.235165x 10720 —9.926167x 10724 —1.812120x 10"  6.643340
high 2.500000 1.24345Q 104 —7.806256x 10718  1.905824x 1072' —1.033976x 102> —1.812120x 10"  6.643340
In quartet low 2.500000 2.26485510°14 —5.811324x 10°Y7  4.235165x 107 —9.926167x 102 —1.812072x 10"  7.336487
high 2.500000 1.24345Q 104 —7.806256x 10718  1.905824x 102! —1.033976x 102> —1.812072x 10"  7.350301
In, triplet low 3.927053 2.949142 1079 —4.790919x 107°%  3.057664x 1079 —6.685872x 10713 —3.624255x 10"  1.002761x 10*°!
high  4.493317 7.041198 1079 —2.814981x 10°%°  4.885896x 10°*° —3.081690x 1077 —3.624255x 10"  7.509656
In, quintet low 3.602690 4174574 107%° —6.437893x 10°°¢  3.983282x 1079 —8.533805x 10°*3 —3.624226x 10"  1.118053x 10°*
high  4.475872 2.539908 1079 —1.014927x 10°%  1.761030x 10?2 —1.110497x 1076 —3.624226x 10"%°  7.192563
Ing low 5.494068 7.705298 1079 —1.248267x 10°°  7.954317x 1079 —1.737579x 102 —5.436393x 10"  1.139327x 10!
high  6.980864 2.015876 1079 —8.058771x 10°%°  1.398692x 1012 —8.821781x 10'7 —5.436393x 10 4.773782
InH low 3.478754 —2.131544x 1079 2.494571x 1079 —2.022239x 107  4.756463x 101® —1.812310x 10™°  5.130985
high  3.606693 8.87311% 10°% —3.421729x 107 5.800371x 107 —3.599099x 10715 —1.812310x 10"%°  3.998166
InH, low 3.797204 2.249223 10°%  2.053784x 10°°% —2.524677x 107%°  6.582394x 10713 —1.812486x 10"  6.581640
high  4.669357 2.28621% 1079 —8.747902x 10797  1.475302x 10°1° —9.121521x 1075 —1.812486x 10"  1.274295
InH3 low 3.401592 8.066662 1070 —2.219764x 107% —1.080839x 107%°  4.791638x 10°** —1.812680x 10™° 5.975110
high  5.913395 3.98204Q 1079 —1.517394x 10°%  2.552103x 10710 —1.574964x 1014 —1.812681x 10"%° —7.943076
INCH3 low 3.362128 1.094972 1079 —5.961956x 107%  1.703911x 10°%° —2.030469x 1071® —1.824722x 10"  9.020252
high  5.142802 6.684412 1079 —2.329048x 10°%  3.685072x 10710 —2.177773x 1014 —1.824723x 10"%° —4.185757x 107°t
INCH, low 3.474743 1.191599 10792 —1.279330x 10°%  6.917552x 10°%° —1.395598x 1012 —1.824515x 10"  9.899514
high 5.521158 3.68427% 107 —1.251361x 1079  1.942307x 10710 —1.131256x 104 —1.824516x 10"%°  1.181749x 10°%*
In(CHa)H low 4545518 1.390159 10792 —6.897573x 107  1.384459x 107%° —4.107036x 1014 —1.824898x 10" 5504429
high 7.313344 7.94566% 1078 —2.803228x 1079  4.476747x 10710 —2.664226x 1074 —1.824899x 10™° —1.108731x 10'0t
In(CH3)H, low 4.130454 2.002846: 10°°2 —1.178356x 1079  3.267505x 10°%° —3.245167x 107 —1.825091x 10™° 6.567218
high 8.594697 9.62386% 1078 —3.443492x 1079  5554406x 1071© —3.329603x 104 —1.825093x 10™° —1.886796x 10"0!
In(CHa), low  5.789203 2.36751% 10792 —1.340860x 10°%  3.975850x 10°%° —4.869591x 107 —1.837310x 10"%°  1.832245
high 9.940690 1.36259% 10792 —4.740298x 1079  7.493159x 10° —4.425633x 104 —1.837311x 10™° —2.356157x 10t
IN(CH3)(CHy) low  5.105322 2.716529 10792 —2.324470x 10°%  1.073922x 10°% —1.969912x 10*? —1.837101x 10"  7.500612
high 1.023562¢ 10"9t  1.071877x 10792 —3.700818x 10°% 5.817763x 1071© —3.422027x 10** —1.837102x 10™° —2.095709x 10°%
INx(CHz)a low 1.047716x 10°t  6.331793x 10792 —5.181944x 1079  2.376792x 1079 —4.428832x 107*? —3.674643x 10" —3.772240
high 2.190128< 10t 2.776387x 10792 —9.685255x 107%¢  1.534046x 1079 —9.073853x 1074 —3.674647x 10"° —7.085783x 10!
In(CH3)H low 3.561245 2.62347% 10°°2 —3.837975x 1079 —5.471097x 10°°°  1.885071x 102 —1.837498 10+%° 1.059061x 1070t
high 1.034382< 1079t 1.744112x 10792 —6.475599x 10°%  1.070588x 10°%° —6.528628x 1014 —1.837500« 10" —3.060567x 10°%
IN(CHz)3 low 7.284643 3.75054Q 10792 —2.237466x 1079  7.243933x 10°%° —1.002637x 10712 —1.84991% 10" —4.488778
high 1.395932« 10t 2.090304x 107%2 —7.292570x 1079  1.155158x 107%° —6.833166x 104 —1.849915x 10™° —4.483178x 10"t
IN(CHa)2(CHy) low 6.676739 4.13523% 1092 —3.317179x 10°%  1.471743x 10°% —2.650844x 1012 —1.84970% 10"  1.297272
high 1.434668x 107t 1.788989x 10°°2 —6.209295x 107%  9.799007x 1071° —5.780509x 104 —1.84970% 10" —4.214114x 10"%*
In(CH3)sNH3 low 8.467926 5.93632% 10792 —4.873854x 1079  2.276396x 10°°® —4.311500x 101? —1.86777% 10" —8.177523
high 1.84528% 1070t 2.716972x 10°°2 —9.347440x 107%  1.466190x 10°° —8.611813x 104 —1.867780x 10™° —6.534638x 10"t
In(CH5),NH, low 6.595007 4.189039 10792 —3.483474x 10°  1.597016x 10°° —2.937211x 10712 —1.854989x 10t  7.498049x 10
high 1.424858x 10"t 1.760149x 10°°2 —6.022486x 10°%  9.410117x 107°© —5.511733x 104 —1.854989x 10™° —4.196310x 10"°*
In(CH3)NH low 5.080469 2.188062 10792 —1.7573356x 109  7.600917x 107°° —1.320608x 10712 —1.842185x 10™° 3.031273
high 9.440717 8.795938 10 —3.021779x 10°%  4.735161x 10710 —2.779352x 1074 —1.842186x 10™° —2.273476x 100t
IN(CH3)3sN(CHg);  low 9.465587 8.72636% 10792 —5.488191x 109  1.927767x 107% —2.960246x 10712 —1.904994x 10"%° —1.215876x 10"°!
high  2.564312«< 10"  4.661636x 10792 —1.645350x 1079  2.628333x 109 —1.564462x 10'* —1.905000x 10"%° —1.092736x 10"°?
IN(CH3)sN(Hy)- low 8.249625 6.665694 10792 —5.142962x 107 2.252312x 1079 —4.075728x 10712 —1.885241x 10™%° —2.497257
N(H2) high  2.021396x 10"  3.091491x 109 —1.069146x 109  1.683663x 10%° —9.919145x 1014 —1.885244x 10"%° —6.983439x 10"t
InN low 3.283073 3.882006 107° —4.696143x 107°  2.459678x 107%° —4.670922x 107 —1.829380x 10"  9.643050
high  4.356156 1.50543Q 10°%* —5.994575x 107  1.037780x 10°** —6.533974x 1076 —1.829381x 10"  4.343562
InoNzlinear low 4.835566 1.99378% 1092 —2.806321x 10°°  1.677836x 1079 —3.542116x 1072 —3.658841x 10"  8.121772
high  9.153831 1.315658 10°% —5.023160x 10°°7  8.459542x 10°* —5.225438x 1075 —3.658842x 10" —1.220324x 10!
InP low 3.527725 4.360892 107 —6.593534x 10°%  4.030634x 107%° —8.566094x 107 —1.919910x 10"  1.009607x 100
high  4.467333 3.43747% 1079 —1.373260x 1079  2.382414x 10712 —1.502177x 10716 —1.919910x 10"%°  5.766022
InAs low 3.686201 3.91214% 10°% —6.138162x 107%  3.837508x 107%° —8.278213x 107'® —2.518157x 10"  1.066779x 107t
high  4.482586 1.833778 10°% —7.329021x 107  1.271835x 10°*2 —8.020801x 10" —2.518157x 10"  7.060861
InSh low 3.793803 3.512985 10°%° —5.609680x 10°%  3.544067x 10°%° —7.698108x 10'® —3.805214x 10t  1.110189x 10°*
high  4.488541 1.20702Q 109 —4.824873x 1079  8.373699x 10°1¥ —5.281246x 10" —3.805214x 10"  7.983709
other species
H low 2.500000 2.26485% 10714 —5.811324x 10717  4.235165x 1020 —9.926167x 1072 —1.585674x 10" —4.600092x 107°t
high  2.500000 1.24345Q 1014 —7.806256x 1078  1.905824x 1072 —1.033976x 102 —1.585674x 10"% —4.600092x 10 !
H, low 3.500422 3.312113% 109 —2.478260x 10797  4.011975x 10710 —1.148223x 10713 —3.692977x 1075 —4.275289
high  3.062400 5.61564Q 1079 —4.574501x 10°% —8.712460x 10?2  1.173360x 107 —3.691168x 10"% —1.775952
Cl low 2.500000 2.26485% 10714 —5.811324x 10717  4.235165x 1072° —9.926167x 107%* —1.453081x 10"  4.880603
high  2.500000 1.24345Q 1014 —7.806256x 10718  1.905824x 1072 —1.033976x 1072 —1.453081x 10'%®  4.880603
Cl, low 3.282660 3.871732 10°% —4.672593x 10°°  2.442704x 107%° —4.631583x 107 —2.906391x 10"  7.267773
high  4.355052 1.51690% 10°%* —6.040054x 107  1.045630x 10°** —6.583303x 1076 —2.906393x 10"  1.968984
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TABLE 8 (Continued)

J. Phys. Chem. A, Vol. 105, No. 5, 200867

tem-
perature
species range z 2 Z3 Z Z5 Z Z
CH, low 3.810641 2.657614 10°% 2.018941x 10°%  —1.837437x 10 3.938933x 10  —1.257541x 10%7 2.643879
high 3.108591 5.504099 10°°  —1.828297x 10°% 2.790690x 1071© —1.604823x 1074 —1.257529x 107 5.973501
CH, low 4.000979 —2.294438x 107 1.522343x 100  —1.073612x 10 2.313520x 1072 —1.278539x 107  —3.278980x 10 %
high 1.880234 9.406498 10°°  —3.264305x 10°% 5.149882x 1071° —3.036938x 1074 —1.278527x 10"%7 8.725102
C,He low 3.879388 6.552222 1079 1.584851x 10°%  —1.430140x 10 3.385888x 1072  —2.51927X 10'°7 3.949507
high 4.228544 1.583996 10%? —5.596418x 10°% 8.945776x 10710 —5327179x 10°* —2.519384x 10" —2.867215
N low 2.500000 2.26485% 104 —5.811324x 107 4.235165x 10720 —9.926167x 102 —1.724076x 1077 4.180742
high 2.500000 1.24345Q 10°* —7.806256x 10718 1.905824x 1072t  —1.033976x 1072 —1.724076x 1077 4.180742
N2 low 3.548647 —6.838606x 107%4 1.887261x 10°%  —1.060433x 107 1.892244x 1018  —3.459307x 10'%7 2.929300
high 2.943360 1.357268 10°%  —4.797248x 10°%7 7.656062x 1071 —4.549143x 107> —3.459294x 10+%7 5.923834
NH3 low 4.230241 2.676514 1072 4.451251x 10°%  —1.130801x 10°%8 3.100456x 1012  —5.507075x 107 8.842416
high 9.203082 2.583654 10°°2  —9.237978x 10°% 1.489194x 107  —8.922561x 107  —5.507423x 1007 —2.695403x 10"%*
N(CHy)s low 4.230241 2.676514% 10702 4.451251x 10°%  —1.130801x 1079 3.100456x 1012 —5.507237x 107 1.756411x 1010t
high 9.203082 2.583654 10°°2  —9.237978x 10°% 1.489194x 107 —8.922561x 104 —5.507479x 107 —9.766706
N,oH, low 3.904113 6.360109 10703 6.337039x 10°° —6.801982x 10°%° 1.691703x 1072  —3.531756x 1077 7.036976
high 4.539046 9.68859% 107  —3.265477x 10°% 5.049879x 1071  —2.936402x 10°* —3.531443x 107 1.947182
P low 2.500000 2.26485% 104 —5.811324x 10°Y7 4.235165x 10720 —9.926167x 107 —1.077672x 108 5.371149
high 2.500000 1.24345Q 104  —7.806256x 10718 1.905824x 1072  —1.033976x 10725 —1.077672x 10'% 5.371149
As low 2.500000 2.26485% 1074 —5.811324x 107 4.235165x 10720 —9.926167x 107 —7.060152x 10°8 6.696102
high 2.500000 1.24345Q 104  —7.806256x 10718 1.905824x 102  —1.033976x 1025 —7.060152x 10'% 6.696102
Sh low 2.500000 2.26485% 107 —5.811324x 1077 4.235165x 10720 —9.926167x 1072* —1.993074x 107° 7.424393
high 2.500000 1.24345Q 104  —7.806256x 10718 1.905824x 1072  —1.033976x 10725 —1.993074x 10'%° 7.424393
F low 2.500000 2.26485% 10 —5.811324x 1077 4.235165x 10020 —9.926167x 102*  —3.149958x 1077 3.944824
high 2.500000 1.24345Q 104  —7.806256x 10718 1.905824x 102  —1.033976x 10725 —3.149958x 10'%7 3.944824
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