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The formation of gas-phase oligomer compounds in the CI-Ga—N—H system is considered using hybrid Hartree—
Fock/density functional theory and a polarized double-¢ quality basis set. Geometric parameters, vibrational
frequencies, and thermodynamic characteristics for the ClsGaNH; adduct, its dissociation products GaCl,, NH,, (n
= 1-3), the amidochlorogallanes [Cl,GaNH;], (n = 1-3), their donor—acceptor complexes with GaCl; and NHj,
and the imidochlorogallanes [CIGaNH], (n = 1-4,6) have been obtained. Generation of amidochlorogallanes is
expected to be viable during laser assisted chemical vapor deposition (CVD) at low temperatures. High-temperature
association processes in the gas phase during the CVD of GaN from the Cl;GaNH; adduct are predicted to be less
important, in contrast to previous findings for the aluminum analogue. This difference may be explained in terms
of a much lower Ga—N bond energy compared to Al-N in the ring and cluster compounds.

Introduction since, e.g., the Ngroup does not play a key role as a nitrogen
source in ammonia atmosphére.

According to the thermodynamic analysis by Tchegnov
et al.! the GaCHHCI—NH; system is the most promising
one for GaN production, and the gallium trichloride
ammonia adduct is one of the most suitable precursors. The
Cl;GaNH; adduct has been extensively studied experimen-
tally, and its structuréland thermodynamfacharacteristics
are well-known. At 826-1320 K the source complex
decomposes to produce HCI and the binary nitttié?

Gallium nitride is one of the prospective materials for
micro- and optoelectronics. There is a rapidly growing
interest in GaN chemistry, which has resulted in a special
volume of Gmelin’s Handbodkand several special issues
of Semiconductors and SemimetaisOne of the most
common routes to GaN synthesis is the metal organic
chemical vapor deposition (MOCVD) from trimethylgallium
and ammonia. However, this method results in carbon
contamination which cannot be completely avoided even in
excess ammonia at high temperaturéBo eliminate the GaCLNH,(g) = GaN(s)+ 3HCI(qg)
possibility of carbon inclusion, new inorganic precursors,
such as [HGaNH]s,* [Cl,GaNs]s,5 and [HCIGaN]2 have By varying the experimental conditions, monocrystalline
been recently proposed and examined. However, the role of (5) (a) Kouvetakis, J. McMurran, J. Matsunaga, P.. O'Keefe, M.

the Ns azido group as the source of nitrogen is questionable, Hubbard, J. L.Inorg. Chem.1997 36, 1792. (b) McMurran, J.:
Kouvetakis, J.; Nesting, P. C.; Smith, D. J.; Hubbard, JJLAm.

TE-mail: alex@dux.ru; alextim@chemie.uni-marburg.de. Chem. Soc1998 120, 5233.
(1) Gmelin Handbook of Inorganic and Organometallic Chemistry.  (6) Miehr, A.; Mattner, M. R.; Fischer, R. AOrganometallics1996 15,
Gallium. Supplementaryolume C2. Compounds with nitroge8th 2053.
ed.; Springer-Verlag: Berlin, 1996; p 230. (7) Tchegnov, V. P.; Malkova, A. S.; Pashinkin, A. S.; Sokolov, E. B.
(2) Akasaki, I.; Amano, HSemicond. Semimet997, 48, 357. Neorg. Mater.1979 15, 462.
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SemimetalsAcademic Press: New York, 1998; Vol. 50. (9) (a) Trusov, V. I.; Suvorov, A. V.; Abakumova, R. Mhurn. Neorg.
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Oligomer Compounds in the CtGa—N—H System

GaN was obtained. Despite the intensive experimental types of compounds may be promising starting materials for
investigations, the chemical nature of the intermediates the synthesis of transition metal doped GaN. The dimers
involved in the GaN chemical vapor deposition (CVD) [Cl.GaN(H)SiMeg], and [CLGaN(Me)SiMg], have been
process is still unclear. The knowledge of the mechanism is prepared and structurally characterized by Nutt and co-
expected to be essential for finding optimal growing condi- workers!®® In toluene solution both complexes exist as a
tions. Experiments indicate that the GaN deposition velocity mixture of cis and trans isomers, with the trans isomer being
is lowered afT beyond 1180 K because of side processes. 2.4 kJ mol'! more stable. Substitution of toluene for &4,

The GaN growth rate is increased with increasing;d&ttial results in additional stabilization of the cis form due to higher
pressure, which, according to GrekBiindicates the exist-  solvation of the more polar cis isomer. In solutions of
ence of a dissociation pathway. [Cl,GaN(H)SiMe], the trimer species [@GaN(H)SiMe]s

In 1997, employing the B3LYP/DZP level of theory, we is present, while for [GIGaN(Me)SiMg], trimerization was
demonstrated that formation of gas-phase clusters as internot evidenced. This observation is in line with the high
mediates is thermodynamically feasilflend association  sensitivity of the nitrogen center toward substituents, ob-
processes in the gas phase play major roles for AIN CVD served earlier for the organogallium compounds: trimer
from AICI3NH3. However, in 1998 Okamotbinvestigated forms are formed with H substituents on the nitrogen center
the cyclic [CbMNH ], and chain MClon1NpH2n+1 Structures  ([Me,GaNH;]32° and [H:GaNHy]34) but only dimer species
(n =1-3, M = Al, Ga, In) at the MP2/cc-pVDZ [with [H.GaNMe)],?! are formed in the case of methyl substituents.
effective core potentials (ECP) on Ga and In] level of theory  Experimental thermodynamic data for the oligomerization
and found that chain structures of the dimers were more processes of amido- and imidogallanes are very rare, with
stable than the cyclic structures. He also concluded that “thethe notable exceptions being the studies of Nutt é? @he
monomer was the most stable in these species irrespectiveequilibrium constant and thermodynamic characteristics of
of the metal element” in contradiction with experimental the trimer-dimer equilibrium have been obtained for the
indications of the key role of higher mass associates during313—-366 K temperature interval from the temperature
the chlorine-vapor-phase epitaxy (CIVPE) of AIN. dependence of thtH NMR spectrum:

Although the gallium-nitrogen bond dissociation enthalpy ; _ ;
is the lowest among the group 13 metals ¢AlGa < In),¢ 2[Cl,GaN(H)SiMe], = 3[Cl,GaN(H)SiMel,
the experimentally derived GaN bond dissociation enthalpy ~ for which AH = 68 4= 3 kJ mol'* and AS = 206 + 9 J
of ClsGaNH; is lower by only 3 kJ mol! compared to the ~ mol™* K. These experimental results indicate that the
aluminum analoguf (theoretical methods predict a 29 process of rearrangement of dimeric amidochlorogallanes into
kJ mol! differencé®. Hence, one should expect that trimeric rings is energetically favorable at low temperatures.
association processes might also be important for GaN CVD. There are no thermodynamic data available for the gas-

The operation of association processes in condensed phasghase amido- and imidochlorogallanes. To clarify the role
is well-known for galliumorganic compoundsAmido- and of oligomers as possible intermediates in the GaN CVD
imidogallanes can be produced by the reaction of substitutedprocess from the @aNH; adduct, here we computationally

gallanes with primary amines: investigate amidochlorogallanes jCGlaNH,], (h = 1—3),
their donor-acceptor complexes with Gaaind NH;, and

GaR, + NH,R — '/ [R,GaNHR],, — /. [RGaNR],, the imidochlorogallanes [CIGaNHK{n = 1—4,6). Unlike our
amidogallanes  imidogallanes previous report on aluminum analoguésot only ring and

cluster but also some chain structures are considered. The
Both amido- and imidogallanes are associated in the solid knowledge of thermodynamic properties is necessary to
state and in nonaqueous solutions with the association degregredict the conditions of the operation of the thermodynami-
n, m, depending on the steric demand of organic substituentscally most favorable reactions in the gas phase during CIVPE.
R, R. The chemistry of chlorogallanes (R Cl) is much ~ We here report structural characteristics of the individual
less explored, but recently structural data for mixed metal compounds, as well as thermodynamic analyses of the major
complex [ChGaN=N—R],, R = WCI(PMe;Ph),,'® which processes in the gas phase. Vibrational frequencies and IR
contains the [(GIGa)NL skeleton, have been reported. These intensities are given as Supporting Information and may
facilitate the experimental observation of these species via

(10) Tchetverikov, N. I.; Tchetverikova, I. F.; Tcherniaev, V. N.; Novikov,

V. B.; Popov. S. ANeorg. Mater 1975 11, 2087. the IR matrix isolation technique.
(11) 169r$|53(05vi Fz.ll;iDemldov, D. M.; Zykov, A. Mzhurn. Prikl. Khim. Computational Details
(12) Grekov, F. F.; Demidov, D. M.; Zykov, A. Meorg. Mater.1979 All computations were performed using the Gaussian 94 program

15, 1394. ; F i ;
(13) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer, H.FF.Am. Chem. Soc. package? All geometries were fully optimized using the three-

1997 119 5668.

(14) Okamoto, YJ. Cryst. Growth1998 191, 405. (18) Takagahara, K.; Ishino, H.; Ishii, Y.; Hidai, MChem. Lett.1998
(15) (a) Kim, H. J.; Egashira, Y.; Komiyama, HAppl. Phys. Lett199], N9, 897.
59, 2521. (b) Egashira, Y.; Kim, H. J.; Komiyama, Bl. Am. Ceram. (19) (a) Nutt, W. R.; Anderson, J. A.; Odom, J. D.; Williamson, M. W.;
Soc.1994 77, 2009. Rubin, B. H.Inorg. Chem.1985 24, 159. (b) Nutt, W. R.; Blanton,
(16) Timoshkin, A. Y.; Suvorov, A. V.; Bettinger, H. F.; Schaefer HJF. J. S.; Kroh, F. O.; Odom, J. Dnorg. Chem.1989 28, 2224.
Am. Chem. Sod999 121, 5687. (20) Neumayer, D. A.; Ekerdt, J. @hem. Mater1996 8, 9.
(17) Chemistry of Aluminum, Gallium, Indium and ThalliuBowns, A. (21) Baxter, P. L.; Downs, A. J.; Rankin, D. W. H.; Robertson, HJE.
J., Ed.; Chapman & Hall: New York, 1993. Chem. Soc., Dalton Tran4985 807.
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Figure 1. Optimized geometries of Gaglla), GaCls (b), the GaGINH3
adduct (c), and the dimer (§3aNHg); (d). Bond lengths are in angstroms;
bond angles are in degrees. Data are from the B3LYP/pVDZ level of theory,
with data from B3LYP/LANL2DZ(d,p) level given in italics. Experimental
values for GaG, GaCls, and GaGINHs are taken from refs 28c,d, 28b,
and 8, respectively.

parameter exchange functional of Betkavith the gradient-
corrected correlation functional of Lee, Yang, and PAB3LYP).
Since our goal was to study mostly large oligomeric species, the
all electron polarized valence doulilépVDZ) basis set of Ahlrichs
and co-worker® was used throughout. Performance of the ECP
basis set of Hay and Waéftaugemented bgt polarization functions

on heavy atoms (orbital exponents 0.16 for Ga, 0.56 for Cl, 0.8 for

Timoshkin et al.

description of the bridging region is known to be sensitive to the
quality of the approximation employed. &2 was earlier studied
computationally by Duke et al. at self-consisted field SCF/DZP
and SCF/ECP levels of theofy.We find that both terminal and
bridging Ga-Cl bond distances are slightly overestimated compared
to experiment, but the GaGa distance of 3.355 A (B3LYP/pVDZ)
agrees better with the experimental value of 3.3G42And 3.260
A28 than does the SCF/DZP result of 3.385 A (Figure 1b). The
SCF/DZP dimerization energy of 40.6 kJ mbivas suggested to
lie 20—40 kJ mof! lower than the experimental valdéindeed,
our B3LYP/pVDZ result of 83.1 kJ mot agrees much better with
the experimental 79.9 kJ mdl?® Therefore, we conclude that
B3LYP/pVDZ method can successfully reproduce experimental
thermodynamic parameters for the systems studied here.

Results and Discussion

() Cl;GaNH; Donor—Acceptor Complex and Its
Dimer. (A) ClsGaNH3; Adduct. The staggered conformation
was found to be a minimum on the PES at the SCF/
LANL2DZ(d,p) level of theory. However, at the B3LYP
level of theory, the eclipsed conformation @5, sym-
metry (Figure 1c) is a minimum for both the pvDZ and
LANL2DZ(d,p) basis sets. It has intramolecular-GH
contacts of 3.075 A (compared to 3.37 A in the staggered
conformation). The GaN and Ga-Cl bond distances are
slightly overestimated compared to experimental findfhgs.
Calculated thermodynamic parametehs$i( 95y = 137.2 kJ
mol™%; AS 295y= 133.7 J mot! K~1) are in agreement with
high-temperature data reported by Trusov et @H® 43
= 134.34 0.8 kJ mot!; AS (743 = 141.44 2.5 J mot?
K~1). Taking into account that basis set superposition error
(BSSE) will lead to higher values, and assuming the value
of BSSE obtained previously for the AlBIH; adduct (14
kJ mol?),16 our BSSE corrected value &H°(z95) = 123.2
kJ molis in excellent agreement with the accepted standard
value of AH 298y = 124.1 kJ mot.2° The staggered confor-
mation of CkGaNH; is a transition state for the internal
rotation around the GaN bond at the B3LYP/pVDZ level

N) andp polarization functions on hydrogen (orbital exponent 1.0), Of theory. The rotational barrier is low (3.4 kJ mékcom-
denoted as LANL2DZ(d,p) has also been tested. All stationary Pared to 0.6 kJ mot for CI:AINH;, B3LYP/DZP);® and the
points on the potential energy surface (PES) were characterizedvibrational frequency corresponding to the internal rotation
by the computation of analytic second derivatives for the pvDZ (104.3 cm?) is somewhat higher than in the aluminum
basis set and by numeric evaluation of analytic first derivatives analogue (47 cri). Changes in bond lengths between the

with the ECP basis sets.
For the simple species Ga{NH, there is satisfactory agreement

minimum and TS are marginal (less than 0.002 A).
(B) [ClsGaNHg],. Dimerization of the source adduct

between computed and experimental vibrational frequencies if us,ualICbG(,:‘,\“_l3 due to electrostatic intermolecular interactions

scaling factors are appli€t(see Table 1, Supporting Information),
but the Ga-Cl bond lengths are slightly overestimated (Figure 1a).
We also considered the @zls dimer as a test system for the
performance of the level of theory employed, since the correct

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A;; Cheeseman, J. R.; Keith, T.; Petersson, G. A;;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, GAUSSIAN
94, Revision C.3; Gaussian, Inc.: Pittsburgh, PA, 1995.

(23) Becke, A. D.J. Chem. Phys1993 98, 5648.

(24) Lee, C.; Yang W.; Parr R. @hys. Re. B 1988 37, 785.

(25) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571.

(26) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 270.
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may be a good starting point for association processes. The
structure of the optimized dimer &, symmetry is given

in Figure 1d. For the hydrogen analogue@aNH; Cramer

and Gladfelte¥ predicted a dimerization energy of 41 kJ

(27) Duke, B. J.; Hamilton, T. P.; Schaefer, H.IRorg. Chem1991, 30,
4225.

(28) (a) Shen, Q. Ph.D. Thesis, Oregon State University, 1974, as cited in
ref 27. (b) Petrov, V. M.; Giricheva, N. |.; Girichev, G. V.; Titov, V.
A.; Chusova, T. PZ. Strukt. Khim1991 32 (4), 56. (c) Haaland, A.;
Hammel, A., Martinsen K.-G.; Tremmel, J.; Volden, H. ¥.Chem.
Soc., Dalton Transl992 2209. (d) Vogt, N.; Haaland, A.; Martinsen
K.-G.; Vogt, J.J. Mol. Spectrosc1994 163 515.

(29) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Shumm, R. H.; Halow,
I.; Balley, S. M.; Churney, K. L.; Nuttall, R. L. The NBS Tables
of Thermodynamic Properties. Phys. Chem. Ref. Dati982 11,
Suppl. 2.
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Table 1. Selected Parameters for Dorgkcceptor Monomer
XsGaNHs and Dimer [X%GaNHs;], Compounds (All Distances, A;
Dipole Moment, D; Dimerization EnthalpsdimH®208) (per Mole of
Dimer), kJ mott) at the B3LYP/pVDZ Level of Theory

param HGaNH? [HsGaNH]* ClsGaNHs  [ClsGaNH]2
Ga—N 2.184 2.140 2.096 2.053
Ga—XxP 1.585 1.581 2.179 2.204
NH®P 1.023 1.034 1.024 1.031
Xe+sHb 1.784 2.492
AdimH®(208) —41.4 —66.4

aReference 30 For the terminal N-H and Ga-X bonds values are
given for hydrogen and chlorine atoms which are involved -H or
H---Cl intermolecular contacts in dimers.

mol~ at the B3LYP/pVDZ level of theory. They attributed
this to the formation of a new type of bond, the so-called
“dihydrogen bond” with an H-H intermolecular distance
of 1.784 A. They also predict that the 6 distance in the
C, symmetric head-to-tail dimer [{&aNH;], is shorter by
0.044 A than in theC;, symmetric monomer (Table 1). There

are some minor changes in geometric parameters for

hydrogen atoms involved in dihydrogen bond formation; e.g.,
the N—H distance is increasing by 0.011 A, while the-G4
distance is slightly decreased (by 0.004 A). Similar trends
in bond lengths are observed for-+Cl intermolecular
interactions in [GdGaNH], (rh..ci = 2.492 A): while the
Ga—N distance shortens by 0.043 A during dimer formation,
the terminal Ga-Cl and N-H distances are elongated by
0.023 and 0.007 A, respectively. In contrast, the—G&
terminal bonds uninvolved in intermolecular bonding are
shortened by 0.011 A. Head-to-tail dimerization of@ANH;

141 B3LYP/LANL2DZ(d,p}
149 B3LYP/pVDZ

N

93.2 86.8
932 86.8

Ga..Ga 2886 (1) Dav
2916 7 b)

108.0

8(GaCIGaN) 3.5

Gu..Ga 3.385 Ga..Ga 3.136 g)

Figure 2. Optimized geometries of gbaNH, (a), the cyclic dimer
[Cl,.GaNH]2> (b), and the doneracceptor complexes of monoamido-
chlorogallane: NRCl,GaNH; (c), ChGaNH,*GaCk or GaClsNH (d, e),
NH3-Cl,GaNH,:GaCk (f), and the Cl-bridged cyclic dimer gba(u-Cl)-
(u-NH2)GaCINH; (g). Bond lengths are in angstroms; bond angles are in
degrees. Data are from the B3LYP/pVDZ level of theory, with data from
the B3LYP/LANL2DZ(d,p) level given in italics.

weak BR-NCH adduct (dissociation energy 23.4 kJ mipl
cannot be reproduced using a dimeric unit {BFCH), (it

leads decrease of the dipole moment from 6.3 D in the accounts for only 0.152 A or 18%j.Rather modeling of

monomer to zero (by symmetry) in the dimer.
We predict a dimerization enthalpy ef66 kJ mot* for
ClsGaNH; at B3LYP/pVDZ level of theory (per mole of

the “crystal” using a dielectric continuum is necessary as
the self-consistent reaction field approximation was found
to reproduce the bond shortening (0.746 A or 89% of the

dimer). Since the dimerization process is strongly unfavored bond shortening} For the stronger complexes, such as the
by entropy, the temperature at which the equilibrium constant Cl,GaNH; species studied in the present work, a dimeric

of the dimerization process equals ol€™ = 1 (T = 399
K), is too low to stabilize dimeric [GGaNH], species in
the gas phase.

The observed GaN bond shortening in the dimeric
structure is consistent with the fact that in single-crystal X-ray
studies GaN bonds are usually shorter than those found in
the gas phase. For example, for solid@aNMe; rga—n =
2.081(4) A, butrgan = 2.134(4) A in the gas-phaséThe
0.053(8) A difference is close to the difference of the-Ba
bond lengths betweensBaNH;%° and CkGaNH monomers
and dimers (0.044 and 0.048 A, respectively).

The shortening of the GalN bond in the dimer may be
rationalized in terms of the “dipolar enhancement” mecha-
nism presented by Leopold et3&ISignificant bond shorten-

model already accounts for 0.048 A (about 80%) of the
shortening of the doneracceptor bond. Our present results
indicate that even the simple dimeric model may provide a
good estimate of the magnitude of the expected bond short-
ening effect between the gas phase and the crystal structure.
(1) Amidochlorogallanes [Cl,GaNH;], (n = 1-3) and
Their Donor —Acceptor ComplexesCl,GaNH, is a planar
molecule ofC,, symmetry (Figure 2a). It has a G&l bond
0.299 A shorter than the @baNH; adduct. This bond
shortening is slightly greater than in the aluminum analogue
(0.267 A) which may indicate bond strengthening. However,
the Ga-N bond dissociation enthalpy, yielding GaGind
NH, radicals (345 kJ mol), is 75 kJ mot? lower than for
the aluminum analogue (420 kJ ml2indicating a weaker

ing between the gas phase and condensed phase has be&a—N bond. Note that only a 12 kJ méldifference between

observed for “partially bonded” molecules, such ag BFCH.
Note that the large BN bond distance difference (0.835
A) between solid (1.638 A) and gas (2.473 A) phase for the

(30) Cramer, C. J.; Gladfelter, W. llnorg. Chem.1997, 36, 5358.

(31) Brain, P. T.; Brown, H. E.; Downs, A. J.; Greene, T. M.; Johnsen, E.;
Parsons, S.; Rankin, D. W. H.; Smart, B. A.; Tang, C.JYChem.
Soc., Dalton Trans1998 3685.

(32) Leopold, K. R.; Canagaratna, M.; Phillips, J.A4cc. Chem. Re4997,

30, 57.

Ga and Al was predicted for the dorescceptor bond in
the CkMNH3 adducts.

Both donor and acceptor centers in@aNH, are unsatu-
rated (coordination number 3). In terms of the doenor
acceptor properties, &€baNH, is an ambivalent compound,

(33) Iglesias, E.; Sordo, T. L.; Sordo, J. 8hem. Phys. Lettl996 248,
179.
(34) Jiao, H.; Schleyer, P.v. R. Am. Chem. S0d.994 116, 7429.
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as it bears one donor and one acceptor center directly bondedable 2. Calculated and Experimental Subsequent Oligomerization
to each other. Due to the low coordination number, head-to Enthalpies (per Mole of Monomer) of Amido Compounds, kJ mol

tail dimerization is expected to be very favorable energeti-
cally. Indeed, formation of the dimeric [€aNH)], Dz,
structure (Figure 2b) is highly exothermie- {17 kJ motY/
(mol of monomer)). Since the CVD process is usually carried
out in an excess of ammonia, further coordination of

ammonia molecules also is possible. Therefore, we consid-

ered donoracceptor properties of @baNH, toward both
GaCk and NH; in more detail.

The structure of the #N-Cl.GaNH, adduct is presented
in Figure 2c. The energy of the formation of the donor
acceptor bond is-111.4 kJ mot?!, which is by 26 kJ molt
less than that for to the GaCNHj interaction. This indicates
lower acceptor ability of GlGaNH,, as would be expected
due to the closely bonded donor and acceptor centers.

During optimization of the GlaNH,GaCk adduct &C,,
symmetric cyclic structure is obtained with two gallium,
chlorine, and nitrogen atoms in the ring. This ,GBNH,
compound (Figure 2d) may be viewed as a@adimer

monomer= 1/, dimer=
monomer 1/, dimer Y3 trimer method ref
Cl,GaNH, —-117 —-14.1 B3LYP/pVDZ this work
Cl,GaNH(SiMe) —11.3+ 0.5 exp (HNMR) 19
CILAINH —127 B3LYP/DZP 13
H,GaNH, —97 -7 B3LYP/pvDZ 35
Me,GaNH, —-91 —4 B3LYP/pvDZ 35

a Experimental value obtained in toluene solution for the-3386 K
temperature interval.

additional DA interactions. We also can compare the
enthalpies of formation of such species from the source
donor-acceptor adduct:

Cl,GaNH, = ',[Cl,GaNH,], + HCI
AH® 45 = 77.5 kI mol *

Cl,GaNH, = /,NH,GaCLNH,GaCl, + /,HCI
AH® g5, = 45.8 kI mol*

with substitution of the one bridging chlorine atom for the But as the amount of HCI eliminated is different, the entropy
uz-amino group. This rearrangement allows both gallium and factor favors formation of the cyclic dimer over the chain
nitrogen atoms to have the very favorable coordination adduct AS’2eg) are +41.6 and—3.5 J mot! K—1, respec-

number 4. Thus, the enthalpy change for the Ga@tlition
to CLGaNH; is found to be much more exothermic 168
kJ mol?) than the GaGladdition to NH (—137 kJ mot?)

tively) at temperatures higher than 703 K.
The cyclic dimeric structure [@GaNH,], may be com-
pared to the linear chain isomer ;GaNHCIl,GaNH..

due to the stabilizing bridging effect of the chlorine atom. However, attempts to optimize the chain structure resulted
The rearrangement of the GaNH-GaC} adduct precludes  either in cyclization into [GiGaNH,], or in the bridged

a comparison of the donor properties of chloroamidogallane GaCh(u-Cl,u-NH,)GaCl(NH,) (Figure 2g). The latter asym-
and ammonia. Another possible &£4&NH; isomer with a metric compound has a terminal Nigroup and lies 85 kJ
terminal amino group is expected to be less stable, since themol~! higher in energy than [@GaNH,],. The GaClGaN
coordination number of the nitrogen center is only 3. Indeed, atoms in the cycle are almost coplanar (the deviation from

the optimized structure (Figure 2e) lies 105 kJ mdligher
in energy than th@,-NH; isomer. Therefore, it is concluded
that the NH group will preferentially occupy the bridging
position.

The donor-acceptor interaction of @saNH, both with
NH; and Ga( at the same time results in the formation of
a linear chain unit. We optimized two possible isomers of
Cs symmetry and found that one of them is a true minimum
on the PES (Figure 2f), while another (with rotated GacCl
and NH; moieties) turns out to be second-order stationary
point lying 13 kJ mot! higher in energy. From the en-
thalpy of formation of the two doneracceptor bonds in
NH3;-GaChNH,-GaCk and the enthalpy of formation of the
HsN-Cl,GaNH, adduct we conclude that the donor ability
of the NH, group in ChGaNH, toward Ga({ (—126.2 kJ
molY) is lower by 11 kJ mol* than that of ammonia toward
GaCk. Similarly, a stabilization energy of 46 kJ mélcan
be estimated for the Cl-bridged structure,GlgNH,.

The formation of donoracceptor bonds between mono-

planarity is only 3.8).

[Cl,GaNH,]s3. Okamotd* reported eDa, Symmetric struc-
ture for the trimeric aminochlorogallane. However, in the
present study th®s, symmetric structure turned out to be
second-order stationary point with two low imaginary
vibrational frequencies (1£&m™1) at the SCF/pVDZ level.
Optimization without symmetry constrains resulted i€a
symmetric boat conformation (Figure la). However, the
energetic difference between the boat conformation and the
D3, symmetric structure is only 6 kJ mdlat the B3LYP/
pVDZ level of theory, which suggests a rather flat PES. The
dimer—trimer reorganization enthalpy of-14 kJ mot*
(per mole of monomer) is in good agreement with experi-
mental data obtained for the dimerimer equilibrium of
Cl,GaN(H)SiMe (Table 2). Oligomerization of inorganic
derivatives of amidogallanes is more favorable than that of
organometallic systems.

An alternative chain structure of the trimer GadH,-
GaCbNH,GaCkNH; has been optimized. By analogy with

mer amidogallane may be compared to the head-to-tail linear GaCiINH,GaCbNH,, a Cs symmetric chain was found

dimerization process, in which two additional doror

to be a second-order stationary point on the PES. Removing

acceptor bonds are formed. The dimerization enthalpy of symmetry constrains resulted in cyclization process with

Cl,GaNH; is —234 kJ mot?, while formation of two donor
acceptor bonds with Gacand NH; yields —238 kJ mot™.

formation of a ClI bridged structure.
The process of cyclization is extremely favorable due to

Therefore, the two processes are energetically equivalent,unsaturated Ga and N centers, but it may be blocked in
but the entropy factor slightly favors dimerization over the principle by additional doneracceptor interactions. We

742 Inorganic Chemistry, Vol. 41, No. 4, 2002



Oligomer Compounds in the CtGa—N—H System

121.6 B3LYP/LANL2DZ(d,p) ﬁi'g Y GeGa 2595

121.6 B3LYP/pVDZ 2.634

() Ga.Ga (4memberedring) 2.827; 2.857
. - . - Ga..Ga (6 membered ring) 3.420; 3.459
Figure 3. Optimized geometries of the cyclic trimer [GaNH,]s (a), @-Ga (G membered ring)

and the GgCl7N3H; (donor-acceptor stabilized monoamidochlorogallane  Figure 4. Optimized geometries of imidochlorogallanes: singlet CIGaNH
dimer): linear (b) and cyclic (c) isomers. Bond lengths are in angstroms; (&), cyclic dimer [CIGaNH] (b), cyclic trimer [CIGaNH} (c), cube tetramer
bond angles are in degrees. Data are from the B3LYP/pVDZ level of theory. [CIGaNH]: (d), and cage hexamer [CIGaN{le). Bond lengths are in

. . angstroms; bond angles are in degrees. Data are from the B3LYP/pVDZ
considered th? two isomers of the N(GaCIZ_NHZ)Z'Ga'Cb ~ level of theory, with data from B3LYP/LANL2DZ(d,p) level given in italics.
compound (Figure 3b,c). One of these is a chain with _ o ' _
separated terminal Gagind NH; moieties, while the other Table 3. Calculated Subsequent Oligomerization Enthalpies of Imido

. .. Compounds:¥n—1[XMNH] -1 = Y,[XMNH] ,,, kJ mol?®
one has close intramolecular contacts between terminal——r il Jos =l In

groups and is a precursor of the JGANH]; trimer. The compd n=2 n=3 n=4 n=6 method ref

H---Cl stabilized chain trimer NH(GaCbNH,),-GaCk (Fig- ClGaNH *gié *gg *;13 *gg Egggﬁxzfzozm \ i:i_s Wort
. . . : - - - - p is wor

ure 3c) is pr(_ed|cted to lie 91 kJ_ mdllower in energy than  HGaNH -207 —-59 —-41 -20 B3LYP/pVDZ 35

the unstabilized structure (Figure 3b). The two chain —228 —60 —38 —21 B3LYP/LANL2DZ(d,p) this work

compounds have almost the same-@aa distances (3.476 ?:A&?SSH —ggi —gg —gg —;Z Sgtigg\gz ig

3.495 A) as the cyclic trimer [@BaNH]; (3.427-3.493 A), 312 —64 —61 —27 BILYPILANLZDZ(dp) thiswork

which indicates the absence of strain in the cyclic compound. HAINH ~ —282 -58 —57 —24 B3LYP/LANL2DZ(d,p) this work

(I Imldochlorqgallanes [CIGaNH] » (n =_ 1-4, 6).For aOligomerization enthalpy is that for the reactidn[XMNH] 4 =
ClGaNH we considered only structures which are monomer ¥g[XMNH] ¢.
building blocks for the oligomer species, with-86a and
N—H connectivity of substituents (Figure 4a). In qualitative (Figure 5). For the hexamer species values for the four- and
agreement with the aluminum analodg@i¢he CIGaNH triplet six-membered rings, as well as mean values of the i&a
structure has a longer G&l bond by 0.251 A and lies 79  and Ga--Ga distances are given (values for the aluminum
kJ mol* higher in energy. Note that the situation is reversed analogues are presented for comparison). The metal
for the GaN molecule, where the triplet structdfé) state nitrogen bond is shorter in the trimers than in the dimers,
also has a longer GeN distance (by 0.144 A) but lies 123  and the metatmetal distance is considerably larger both for
kJ mol! lower in energy compared to singletY") state Al and Ga, reflecting the electrostatic repulsion of-M
(See Table 1s). and N-N atoms and resulting in the high exothermicity of

Subsequent oligomerization steps lead to the structures ofthe dimer-trimer reorganization energy (Table 3) when all
dimer, trimer, tetramer, and hexamer compounds (Figure 4b bonds are preserved and all atoms are coplanar. A shorter
e). The oligomerization energy (Table 3) decreases succesAl—N bond, found for alln, agrees well with the higher
sively with increasing oligomerization degradper unit of oligomerization energies of formation of imidochloroalanes
monomer), but changes from the tetramer to hexamer are(Table 3). The M-CI bond lengths are increasing with
still considerable. These energy changes may be comparealigomerization degreen, but this trend is much less
to changes in the Ga\, Ga—Cl, and Ga--Ga distances  pronounced.
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Table 4. Calculated Standard (298.15 K, 1 atm) Enthalpies (kJ ®a@nd Entropies (J mot K-1) for Several Reactions at the B3LYP/

LANL2DZ(d,p) and B3LYP/PVDZ Levels of Theory

B3LYP/LANL2DZ(d,p) B3LYP/pVDZ

reaction AH?®(208) AS’ (208 AH® (298 AS’ (208 AAH?2 AAS?
Cl;GaNH; = GaCk + NH3 136.0 127.9 137.2 133.7 1.2 5.8
ClsGaNH; = Cl,GaNH, + HCI 180.7 133.9 194.5 146.7 13.8 12.8
Cl,GaNH, = GaCh + NH> 366.5 160.1 345.0 153.2 —-21.5 -6.9
Cl,GaNH, = Y/5[Cl,GaNH,] 2 —-111.8 —-97.8 —-117.0 —105.2 —-5.2 7.4
ClsGaNH; = CIGaNH+ 2HCI 555.3 272.8 550.8 278.0 —-4.5 5.2
CIGaNH= GaCl+ NH 170.4 131.4 150.2 131.6 —20.2 0.2
ClGaNH= 1/,[CIGaNH], —245.6 -96.1 —221.4 —-93.4 24.2 2.7
ClGaNH= 1/3[CIGaNH]z —314.7 —126.5 —288.9 —121.5 25.8 5.0
ClGaNH= 1/,[CIGaNH], —351.5 —155.1 —330.6 —154.2 20.9 0.9
ClGaNH= Y¢[CIGaNH]s —378.1 —-167.7 —356.7 —166.3 21.4 1.4
GaCkNH3z = 2HCI + ¥,N, + GaCl+ Y5H, 410.6 384.0 356.4 389.6 —54.2 5.6
|mean 194 4.9

a2 AA denotes the difference between the B3LYP/pVDZ and B3LYP/LANL2DZ(d,p) results.

r, A
3.5 1
B 6 membered ring
—e—Ga..Ga
O AlLA
—e—Ga-Cl mean
31 ---0---ALCI
—&—Ga-N
—-A---AFN g ‘O <> 4 membered ring
2.5 4 ¢
2 4 membered ring
mean
| 6 membered ring
1.5 T T T T T |
0 1 2 3 4 5 6

Figure 5. Trends in structural parameters for imidochlorogallanes and
imidochloroalanes [CIMNH] Lines are drawn to guide the eye only. Data
for Al compounds are taken from ref 13.

We did not consider alternative chain structures for the
imidochlorogallanes since they would have coordination
number 3, which is highly unfavorable, as indicated by the
very high dimerization enthalpies of dimer and trimer species:

2[CIGaNHL = [CIGaNH],  AH® g5 = —436.8 kJ mol*

2[CIGaNHL = [CIGaNH],  AH® g5 = —406.8 kJ mol*

While oligomerization reactions are more favorable for
Cl derivatives compared to H and Me (Table 3), the overall

(IV) Thermodynamics of the Gas-Phase Reactions.
Standard enthalpies and entropies of major gas-phase reac-
tions are given in Table 4. Comparing the results obtained
with LANL2DZ(d,p) and pVDZ basis sets shows reasonable
agreement. The average discrepancies between the two
approaches are no more than 20 kJ mhdh standard
enthalpy ad 5 J mot! K™ in standard entropy of the
reaction.

An important aspect of the reaction pathways considered
is the height of the potential energy barriers. Since adduct
formation proceeds without an activation barf&rthe
enthalpy of the dissociation into free components is equal
to the dissociation energy. Okamé&tmbtained transition
states (TS) for the reaction S$4NH3; = CI,MNH, + HCI
(M = Al, Ga) at the SCF level of theory but could not obtain
the TS’s at the MP2 level. For M In, a TS could not be
found by Okamoto even at the SCF leV&lHe thus
concluded that the activation energy is “not much larger than
the reaction energy” even if transition states actually éfist.
For the boron analogues, however, it was shown that the
activation energy of the process;BNH; = CI,BNH, +
HCl is 130 kJ mot?, which is 76 kJ mott higher than the
reaction enthalpy of 54 kJ md! (all data from RI-MP2/
TZVP level of theory)’

We find that the TS for HCI elimination from @AINH 3
lies 10 kJ mot! (SCF/D95**) higher than the reaction
energy, while for the gallium analogue the barrier is only 1
kJ mol* (SCF/pVDZ level). At the B3LYP level, we could
not obtain the TS for either Al or Ga compounds, in line
with Okamoto’s results at the MP2 level of theory.

Gibbs energies for the processes of their formation from the  On the other hand, we did locate a TS at the B3LYP/

GaCgkNH; adduct are greater than zero, i.e., endothermic,
in contrast to the formation of [HGaNkignd [(CH)GaNH},
species® Thus, HCl is a poor leaving group, which is
probably due to the stronger G&l bonding compared to
the Ga-H and Ga-C bonds. In fact, the mean G&l, Ga—

H, and Ga-C bond dissociation energies in GgQbaH,

and Ga(CH); are 363° 2713° and 237° kJ mol ™, respec-
tively.

(35) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer, H.F.Phys. Chem. A
2001, 105 3249.
(36) Graves, R. M.; Scuseria, G. E. Chem. Phys1992 96, 3723.
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pVDZ level for the HCI elimination from the dimer
[ClsGaNH;), to yield CkGaNH; + HCI + Cl,GaNH,. As

(37) Reinhardt, S.; Gastreich, M.; Marian, C. Rhys. Chem. Chem. Phys.
2000Q 2, 955.

(38) (a) Demchuk, A.; Porter, J.; Koplitz, B. Phys. Chem. A998 102,
8841. (b) Demchuk, A.; Porter, J.; Breuscher, A.; Dilkey, A.; Koplitz,
B. Chem. Phys. Lettl998 283 231. (c) Demchuk, A.; Porter, J.;
Koplitz, B. Electrochem. Soc. Prod999 98-23 129. (d) Demchuk,
A.; Cahill, J. J.; Koplitz, B.Chem. Mater200Q 12, 3192.

(39) Ni, H.; York, D. M.; Bartolotti, L.; Wells, R. L.; Yang, WJ. Am.
Chem. Soc1996 118 5782.

(40) Gmelin Handbook of Inorganic Chemistry. Ga. Organogallium
compounds8th ed.; Springer-Verlag: Berlin, 1987; p 514.
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300 - =3¢~ CI3GaNH3 = GaCI3 + NH3

—A—CI3GaNH3 = 1/3 [CI2GaNH2]3 + HCI
. —o—CI3GaNH3 = 1/6 [CIGaNH]6 + 2HCI
250 4 O - & - GaCI3NH3 = 2HCI + % N2 + GaCl + %2 H2
AN - -0 - GaCI3NH3=1/2(Ga2CI5NH2)+ 1/2HC! +1/2 NH3
N @  Ci3GaNH3 = Gafl) + 1/2N2(g) + 3HOI
200 + AN ——0— C13GaNH3 =1/6[GaBCIINEHO] + 1.5 HCI

AGT, kd mor’

-100 e
200 500 800 1100
T,K

Figure 8. Gibbs energytemperature dependence diagram for selected
gas-phase reactions.

Figure 6. Optimized geometry of the transition state for the adduct-assisted jntermediate involves a barrier of 25 kJ mbivith respect
HCI elimination (b) and structures on the intrinsic reaction path in the
to separated reactarts.

forward (c) and reverse (a) directions. Bond lengths are in angstroms. Data

are from the B3LYP/pVDZ level of theory. While in the case of GBNHj; barriers for HCI elimination
and for dimerization of the resulting $8NH, have to be
4389 overcome, this is not the case forsGRNH;. Accordingly,

2CLGaNH, +2HCI % an analysis of the first steps toward oligomer formation based

on the thermodynamics of these reactions is possible. We

will use a Gibbs energytemperature dependence diagram
+168

% o N s for this thermodynamic analysis.
2 " s [ClGaNHe2 HCI The Gibbs energy T dependence diagram of major gas-
f o i ;;,aGaNHa.HCPClZGaNHZ phase processes is presented in Figure 8 (a diagram of the
—za;gaNTa‘ . energetics of all gas-phase reactions is given as Supporting
Nt Information). As may be concluded, thesGBRNH; adduct

[ClsGahiide is quite stable in the gas phase. The dissociation of the

Cl;GaNH; adduct into free components is favorable above
680 K, while at lower temperatures formation of other
species, such as the trimeric amidochlorogallangd@NH;] s
and cyclic GaClsNH, are thermodynamically preferable to
can be seen in Figure 6, a chlorine atom of ongG@NH; the dissociation into components. Note that the Gibbs
moiety assists in the hydrogen transfer from the nitrogen to energies of all imidocompounds [CIGaNHie much higher
the chlorine atom within the secondsGlaNH; moiety. The (only the most favorable process of hexamer formation is
overall classical barrier for this process is lower by 25 kJ shown in Figure 8), and these species are thermodynamically
mol~! than the enthalpy of the reactionsGlaNH; = HCI + not accessible, in contrast to the Al analogtfes.
Cl,GaNH.. Hence, the initial elimination of HCI from the Therefore it is of interest to compare the behavior of the
primary CkGaNH; adduct (Figure 7) does not involve Ga and Al systems in more detail. Earliewe predicted
significant barriers beyond the reaction endothermicity, in that oligomer forms may be intermediates in CVD of AIN
agreement with Okamoto’s assessniént. from CILAINH ;. Analysis of the Gibbs energytemperature
Once formed, the GGaNH, molecules can dimerize ina  diagram (Figure 8) shows that this is not the case with the
head-to-tail fashion, but again we could not locate a TS for gallium imido compounds. The difference may be rational-
this reaction at the B3LYP/pVDZ level of theory. Note that ized in terms of the lower GaN bond energy compared to
the dimerization of the boron analogueBNH, was found that of AI=N. From the standard enthalpies of reactions with
to be a stepwise process involving an intermediate with only M—N bond formation (Table 5) a difference in mean bond
one additional B-N bond. According to the RI-MP2 energies may be estimated assuming that all other changes
computations by Reinhardt et al. the formation of this in the course of the reaction (such as distortion of fragments

Figure 7. Enthalpy profiles of initial reactions of the §£3aNH; adduct.
Not drawn to scale.

Inorganic Chemistry, Vol. 41, No. 4, 2002 745



Timoshkin et al.

Table 5. Estimation of the Difference of AtN and Ga-N Bond
Energies from the Standard Reaction Enthalpie& € Ea-n — Ecan
per One Bond Formed), kJ md| and Coordination Numbers (CN) of
Reagents and Products

AE per CN CN

reaction M= Al2 M = G& MN bond product reagent

MCl; + NHz = CI3MNH3 —149.0 -137.2 11.8 4 3

CILbMNH, = Y,[CI,MNH,],  —126.5 —117.0 9.5 4 3

Y,[CIMNH] , = Y4[CIMNH], —119.4 —109.2 10.2 4 3

Ij[CIMNH] 3= Y4[CIMNH] s —82.7 —67.8  14.9 4 3

MClI; + NH, = CI,MNH, —420.2 —345.0 75.2 3 2 Ga..Ga 3372 Eg;g;;gmgs)
CIMNH = /3[CIMNH] , —-300.9 -—-221.4 79.5 3 2 Ga...Ga 3.355 (bottom ring)
CIMNH = Y/3[CIMNH] 3 —363.8 —288.9 74.9 3 2

MCI + NH = CIMNH —229.5 -150.2 79.3 2 1

aReference 13, B3LYP/DZP level of theoyPresent work, B3LYP/

pVDZ level of theory. Figure 9. Optimized geometry of the @basNgHs cluster compound. Bond

) ) lengths are in angstroms; bond angles are in degrees. Data are from the
and terminal bond relaxation) are the same for the Al and B3LYP/pVDZ level of theory.

Ga cases. The results obtained (Table 5) indicate, first, that

the Ga-N bond is always weaker than the-AN bond and, The overall enthalpy of formation of this compound from
second, that the bond energy difference for a given type of the source adduct is 113.4 kJ mblwhich is comparable to
reaction depends on the coordination number of the M centerthe adduct dissociation enthalpy.

in products and reagents (see Table 5). The difference in (V) Calculation of the Standard Enthalpies of Forma-
Al—N and Ga-N bond energies is found to be 4@5 kJ tion of All Compounds. The results obtained in this research
mol~1 for the formation of tetracoordinated atoms from tri- allow us to calculate the standard gas-phase enthalpies of
coordinated ones, but it rises to 780 kJ mot? for the formation (AsH°2gg) of all investigated compounds. How-
formation of tri-coordinated atoms from di-coordinated ones. ever, there are different ways to evaluaig°9s. One of
Clearly, it is the lower GaN bond energy of the unsaturated the ways is to use computed atomization enthalpies together
gallium species that makes formation of gas-phase oligomerswith experimental values of the standard enthalpies of forma-
in the case of gallium much less favorable than for-Al tion of free atoms. This approach was recently employed
species. Note that, in the case of organometallic and hydridefor the calculation of formation enthalpies of the GaCl
derivatives, formation of cluster imidogallanes is exothermic, speciesX= 1—3).** However, the accuracy of the computed

due to the more favorable leaving groups £ithd H. thermochemical properties of radicals is much lower com-
At temperatures of about 850 K decomposition processespared to that of closed shell species. Moreover, the descrip-
become much more important thansGaNH; formation. tion of isolated atoms is a known problem for density

Herein we consider formation of GaCl,NHCI, and H as functional theory (DFT) methodS$.Therefore, our goal was
major products in the gas phase. These small species starto find a way of predicting standard enthalpies of formation
to dominate in the reaction volume at temperatures abovewithout taking into account atomization enthalpies.

850 K, and it is expected that radical mechanisms for GaN  The approach used will be illustrated by deriving standard
growth will be predominant in the case of CIVPE, in contrast enthalpies of formation of the @aNH, compoundsX =

to MOVPE. Another important side reaction is formation of 1—3) and GaClsNH, (Table 6). Two independent reactions
liquid gallium metal, N, and HCI, which according to our  of decomposition of GGaNH; were considered. The cal-
analysis (using literature data for the liquid gallium) becomes culated B3LYP/pVDZ dissociation enthalpy and literature
important at 1100 K. Indeed, GaN deposition is not observed values of the enthalpies of formation of GagQ\H3, GaCl,
experimentally above 1180 K. and HCI (-447.7, —46.1, —79.9, and—92.3 kJ mot?!,

It was repeatedly shown by Koplitz and co-workéthat respectively}® were used to obtain two independent values
laser irradiation may be the best choice to activate the of AiH°2eg(ClsGaNHs) (see Table 6, processes 1 and 2). The
generation of clusters at low temperatures. Among the othermean value of-626 £ 5 kJ mol s in excellent agreement
products, hexamer species §¥BasNesHg have been observed  with the literature value of-628 kJ mot™.2° This gives us
in the gas phas®&° The stability of amidochlorogallanes confidence in deriving standard enthalpies of formation for
suggests that similar products may be formed under laserother compounds.
irradiation at low temperatures in {8aNH; systems. The By analogy,AH°2es(Cl.GaNH) may be deduced from
optimized structure of theCs, symmetric CiGasNsHo the B3LYP/pVDZ enthalpies of three independent reactions
compound is given in Figure 9. It has two £B& rings in a (3—5) and the literature values @H°9s of Cl;GaNH;
chair conformation bonded to each other by three additional (—628 kJ mot?) and NH (185 kJ mot?1).2° The two values
Ga—N bonds. The standard enthalpy of the process obtained for reaction 3 have a large deviation due to

2[Cl,GaNH,]; = ClsGgNgH, + 3HCI (41) Bauschlicher, C. WJ. Phys. Chem. A998 102, 10424.
(42) Pankratz, L. BThermodynamic Properties of Halides.S. Bureau

. 1 P of Mines, Bulletin 674; Superintendent of Documents: Washington,
is 300 kJ mot?, but the entropy factor favors HCI elimination DC, 1984, as cited in ref 4L,

with increasing temperaturd& oo = 114.2 I mot* K1), (43) Galbraith, J. M.; Schaefer, H. B. Chem. Phys1996 105, 862.
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Table 6. Calculation ofAiH°(29g) (kJ mol™?) for Italic Species Table 7. Standard Enthalpies of Formation and Standard Entropies of
- Gas-Phase Species Studied in the Present Work (All Data from the
reaction B3LYP/PVDZ Level of Theory If Not Otherwise Indicated)
process enthalpy ArHC (208
(1) ClsGaNH; = GaCk + NHs 137.2 —631.0 point - ArH"(zse Sy
(2) ClsGaNH; = GaCl+ YoH, + 356.4 ~620.9 compd group  kJ mol Jmol ™K
1/,N, 4 2HCI ClsGaNH; Cay —628.G¢ 384.7
mean value —626.0 (ClsGaNH)2 Con —1322.4 603.0
lit. value?® —628.0 Cl,GaNH, Co, —340.2 344.7
(3) Cl,GaNH, = GaCh + NH, 345.0 ~303.72-401.3 NHyCl.GaNH, G —496.4 - 397.0
(4) CliGaNH; = Cl,GaNH; + HCI 1945 —341.2 GaClsNH, Cav 9540 4982
(5) Cl.GaNH, = GaCl+ HCl + 161.9 ~330.1 NH3 Cl,GaNH-GaCh G 10716 5756
1YoHy + YN, ClsGaNHs-HCI-Cl,GaNH, C1 —1129.8 649.7
mean valu® —340.2 [Cl,GaNH], Dan —-914.4 479.1
[Cl.GaNH]3 Cs —1413.9 656.4
(6) ClIGaNH= GaCl+ NH 150.2 121.4 ClGaNH Cs 110.9 289.3
(7) ClsGaNH; = ClGaNH+ 2HCI 550.8 107.4 [CIGaNH], Don —221.0 391.8
(8) CIGaNH= GaCl+ ¥;H; + /2N, 194.3 114.4 [CIGaNH]s Dan —534.0 503.4
mean valué¢  110.9 [CIGaNH], Tq —-878.8 540.7
(9) ChGaNH, + GaCk = GaClsNH, ~ 168.4 ~954.7 [CIGaNH]s D —14748 7384
(10) GaCls + NHs = GaClsNH, + HCI 28.0 -957.1 [CloGasNeH] Csy ~ —225L7  867.1
(11) GaClsNH, = GaCl+ GaCk+  330.3 ~950.2 GaCl Co —79.9 239.8,240.3
HCl + 1/2H2 + 1/2N2 GaCh Coy —180.1 303.1
mean value —954.0 GaCh Dsn —447.7 3258
_ _ GaCls Dan -975.3 5105
a Using AtH°(208(GacCb) from ref 41.° Using AtH°(298(GaCb) from ref NH o 351.8 181.2: 181.2
42.°Process 3 is excludedProcess 6 is excluded. NH, Coy 184.9 194.9: 195.8
NH3 Cs, —46.12 192.5;192.5
uncertanities in the literature valuesH° 205(GaCb). Note HCI Cooy —92.3  186.7,186.9

that the values obtained from reactions 4 and 5 agree well #Experimental value, ref 29.

with each other, and therefore, the mean value-840 kJ )

mol~* will be recommended a&{H° z05(Cl,GaNH). Using bond (_vs AEN) and the small_ temperature window for_

this value, the standard enthalpy of formation of the GaCl operation of gas-phase association reactions due to side

radical may be revisited according to the first equation, and Processes. However, laser-induced generation of chloro-

it is equal to—180 kJ mot?, which falls in the range of amidogallanes at low temperatures is possible both thermo-

previously reported values 6144 kJ mot? (computed by dynamically and kinetically. Ana}lysis of the potential energy

Bauschlichert and the experimentally derived241 kJ surfaces revealed that the first steps toward oligomer

mol-* value of Pankrat$2 formation, HCI elimination and subsequent dimerization,
The standard enthalpy of formation of CIGaNH may be Proceed without barriers. Assistance of a seconG&NH,

derived in three different ways (reactions®, Table 6). The ~ monomer is found to lower the energy required for HCI

value obtained for the process 6 is slightly overestimated elimination below the dissociation limit for the GaNH

due to the diradical nature of NAX") and will be excluded. = Cl2GaNH, + HCl reaction. Finally, we conclude that the

Therefore, the mean value of the eqgs 7 andt 811 kJ mot* stability of .oligo!'n(_er imido and amido compou_nds with

is recommended as standard gas-phase enthalpy of CIGaNH[€SPect to d|ssomat|on_ processes makes them suitable precur-

For the GaClsNH, compound with Cl and Npibridges, a  SOrs for GaN production.
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