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Group 13-15 inorganic analogues of benzene, [HMYH]; (M = B, Al, Ga; Y = N, P, As), mixed heterocycles of the
type [BAIGaNPASs]Hs and their dimers have been theoretically examined at the B3LYP/TZVP level of theory. Six
different isomers have been structurally characterized for the mixed compounds [BAIGaNPAs]Hs. B—N bonding
strongly (about ~90-100 kJ mol™1) stabilizes the mixed heterocycles, followed by the preference of the Al-N
bonded structures over Ga—N bonded (~30—40 kJ mol~%), while B=P bonding is slightly (5-10 kJ mol~%) more

1
favorable compared to B—As. Thus, the B-N—Al-As—Ga—P bonding pattern is predicted to be the most stable,

followed by the B—-N—Al-P—Ga—As core. Processes of [HMYH]; formation from donor—acceptor complexes HsMYH;
are predicted to be thermodynamically favorable for all MY combinations. Dimerization reactions of the coordinationally
unsaturated [HMYH]; heterocycles yielding hexamer clusters [HMYH]s are found to be exothermic, with the exception
of borazine, for which, as for benzene, dimerization is strongly endothermic due to the aromaticity of C¢Hs and
[HBNH]s. Despite the high endothermicity of [HBNH]; dimerization, the B—N bond formation is the driving force of
the dimerization of mixed species [BAIGaNPAs]Hs. The dimerization enthalpies of [BAIGaNPAs]Hs may be both
exo- and endothermic, depending on the bonding pattern of the isomers. A complete set of mean MY bond energies
in four- and six-membered cycles of [HMYH]s was derived. The MY energies were found to be transferable quantities
and may serve for a qualitative prediction of the relative stability of different isomers of mixed cluster compounds.
[BAIGaNPAs],H;, clusters are promising synthetic targets, they are expected to serve as single-source precursors
for the stoichiometry-controlled CVD processes of the group 13—15 composites. A strategy of their synthesis and
the most suitable starting systems have been also predicted.

1. Introduction sition(CVD) processes are widely used for production of
binary group 13-15 material$.In principle, using different
group 13 and 15 precursors, a composite material may be
deposited, for example, for f&ba—«NyP1—y:

Group 13-15 composites are prospective materials for the
microelectronic industry. Mixed nitrides &baIn,N serve
as light emitting diodes (blue, red, and green) for display
applications. Some materials, such as ,f,GaP and
TlyInyGaAs are predicted to have temperaytrll?rye—independent XAI(CH3); (9) + (1 = )Ga(CHy)s () + YNH; (9) +
properties, which makes them promising materials for the (1—-y)PH;(9) = AlLGa,_ NP, (s)+ 3CH, (9)
fiber optic data transition systerd<Chemical vapor depo-

However, the control of the composition of the film &nd
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chemists! Alternatively, single-source precursors which 13and15elementsinthering, andtheirdimers[BAIGaNRAs]
contain all elements in an already precombined state mayare theoretically investigated for the first time. The structures,
provide an excellent solution for the stoichiometry control stability, and thermodynamic properties of the inorganic
of the film composition. Ring and cluster compounds of analogues of benzene [HMYH[M = B, Al, Ga; Y = N,
group 13-15 elements appear to be the compounds of P, As) and their dimers [HMYH]are also considered for
choice. During the past decades the preparative chemistrycomparison.

of rings and clusters MYR';], and [RMYR], (M = group To describe larger [HMYH] associates with a variety of

13 element; Y= group 15 element) has improved dramati- group 13 and 15 elements, a bond energy model based on
cally.5~7 It was found, that for the organometallic analogues the transferability of the MY bond energies in cluster
the oligomerization degrem, n (m = 2, 3;n = 2-38, 10, compounds may be helpful. The validity of the bond energy
15, 16) depends on the bulkiness of the substituents. R,R model was demonstrated by Yang et%dr the dimeric rings
Many new organometallic and several inorganic compounds [Ho(M,M")(Y,Y)H2]> (M = Al, Ga, In; Y = P, As). Mean
have been synthesized during the past decade which servetlY bond energies for the ring and cluster compounds
as precursors for group 35 materials. In fact, rings and [HMYH] 36 will be given in the present work, and the
clusters with Al-N8 and Ga-N°® cores have been extensively transferability of the derived quantities will be tested.
studied experimentally and their ability to serve as single-  First we will present structures and relative energies of
source precursors toward deposition of AIN and GaN has mixed [BAIGaNPAs]H rings and we will compare them to
been demonstrated. Recently, mixed dimeric cyclic com- inorganic benzenes [HMYH] Then we consider the ther-
pounds [RGaYY'R’;], with GaPAs, GaPSb, and G#sSb modynamics of the dimerization processes and derive mean
cores have been used as precursors toward nanocrystalling1y bond energies for the [HMYH]and [HMYH]s species.
gallium-poor GaRAs;—x, GaRSh—x, and GaAgSh;—,.° On At last, the transferability of the MY bond energies will be
the other hand, GaAs-containing trimeric rings [R tested for dimerization reactions of mixed [BAIGaNPAs]H
GaAsR;]3 were found ineffective for the GaAs deposition  rings yielding [BAIGaNPAs]H;» clusters.

due to As loss! A theoretical approach toward the single-

source precursor concept based on modeling of gas-phas@. Computational Details

reactions has been recently presertetl was shown, that

. : . ) . All structures were fully optimized and verified with subsequent
the formation of dimeric ring species JMYH ], in the gas

vibrational analysis to be minima on the potencial energy surface

phase (M= Al, Ga, In; Y =N, P, As; X=H, F, Cl, Br, I) (PES). Density functional theory in the form of the hybrid B3LYP

is thermodynamically most favorable for=XH. The stability functional* was used together with the full-electron triflepuality

of the MY bond in the gas phase will result in preserving TZV basis set of Ahlrichs, augmented by d-type polarization

the 13/15 ratio during the deposition process. functions (TZVP). Fo H a standard 6-311G** basis set was
However, as far as we know, no precursors containing €mployed:® In some cases the performance of the unaugmented

more than two different group 13 or 15 elements have been TZV basis was also tested. Thg Gaussian 98 s.u.ite of progtams

investigated experimentally or theoretically. In contrast to Vas used throughout. The basis set superposition error (BSSE)

the dimeric rings [¥XMYH],, oligomeric [XMYH], rings correction was evalqated by the counterpoise me%ﬁoql.

and clusters offer much greater variety in making different The B3LYP functional usually gives good prediction of the

. thermodynamic properties for group-135 elements. The average

compositions of group 13 and 15 elements. In the present

report the simplest models of mixed [XMYHkitlusters (X

= H; n = 3, 6) are considered. Trimeric “true inorganic

heterocycles” [BAIGaNPAs]klcontaining all different group
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T., Eds.; Wiley VCH: New York, 1999.
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Table 1. Comparison between Calculated and Experimental Thermodynamic Characteristics

process AHO08) AD 208 method reference
CoHg = (1/3)GsHg + 2H2 129.7 122.1 B3LYP/TZV this work
113.4 122.4 B3LYP/TZVP this work
1114 1215 exptl 19
BH3; + NH3 = (1/3)[HBNH]s + 2H; —200.0 —22.2 B3LYP/TZV this work
—213.8 —21.4 B3LYP/TZVP this work
—230.8 —23.0 exptl 19

a Standard reaction enthalpi@gi®zeg) are in kJ mot?,

difference between experimental and theoretical dissociation en-

thalpies of the XMNH3 donor-acceptor complexes was found to
be 7 kJ moi! (M = Al, Ga, In; X = CI, Br).1# Computed
thermodynamic properties of the reaction of formation of benzene

and borazine (the only experimentally known substances among

the considered [HMYH]cycles) are compared with experimental
data in Table 1. As can be seen, inclusion of the polarization

functions produces much better agreement with experimental values

for standard enthalpies. For the B3LYP/TZVP level of theory, the
average error for standard enthalpy is 9 kJ Thofor standard
entropy it is 1.3 J mol K% The error in standard enthalpy for the
heterocyclic borazine (17 kJ md) is much larger compared to
that of benzene (2 kJ mol). It is more likely that the errors for
the other heterocycles will be similar to that of borazine. Predicted

standard entropies are in excellent agreement with experiment both

for benzene and borazine.

3. Results and Discussion

A. Structures and Relative EnergiesFor the inorganic
analogues of benzene with [BAIGaNPAg]idomposition,
six spatial isomers with different group 435 bonding

pattern in the ring are possible. The optimized structures and

numbering of the isomers are presented in Figure 1. All
isomers have nonplanar structureS; (symmetry). The
nitrogen and group 13 centers exhibit a tendency toward
planar coordination, while the P and As centers are pyra-
midal. The TZV and TZVP basis sets have similar perfor-
mances in bond lengths (with the exception of the-RlI
and A—As bonds, which are up to 0.03 A shorter at TZVP).
The major difference was found in the angles around P and
As centers: the predicted values at B3LYP/TZVP are up to
5° smaller compared to B3LYP/TZV. Energies relative to
the most stable isomérare given in Table 2.

All six isomers may be divided with regard to their relative
stability into three groups. The less stable (by-200 kJ
mol™Y) species are isomerg and VI, which lack B-N
bonding. Therefore, we conclude that a-B bond is
essential for the stabilization of the ring. Within four-Bl

bonded structures, the most stable ones are two structures V

with AI—N bonds (isomerd and Il), while the Ga-N
bonded structuredl andIV are 36-50 kJ mot? higher in
energy. Very minor contributions arise from—® versus
B—As bonding, structures which possess-B bond are
slightly (5—10 kJ mot!) more stable compared to-BAs
bonded, as follows from the energies of structurasdll ,
Il and IV. Al—P bonding is about 23 kJ mol* more
favorable compared to G& (isomerd/ andVI). We predict

(18) Timoshkin, A. Y.; Suvorov, A. V.; Bettinger, H. F.; Schaefer, H. F.
J. Am. Chem. Sod.999 121, 5687.
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standard reaction entropi@sS29g) are in J mott K—%.

N..Ga 3.834; 3.681
P.Al 3.869; 3.864
B..As 4.195,4.184

[Ga

AP NG 38163726

L As...Al 3.973; 3.949
—£0 g
@\ B.P  4.070;4.114

N..Al 3.88153.720
‘e P.B 40784111
1032 1o5q N\, 0a--As 3.998; 3.962
%3 1973

2459
2433

As
N..Al 3.879;3.713 Al
P..Ga 3.880;3.874
B..As 4.204;4.191

@
B.N 38393722
P.Al 4061; 4070

X) P..Ga 4.056;4.056 Ga..As 4.169; 4.117

Al..As4.165; 4.124

VI

Figure 1. Optimized structures of six isomers of "inorganic benzene"
[BAIGaNPAs]Hs (top view). Bond distances in angstroms, bond angles in
degrees. B3LYP/TZV (normal text) and B3LYP/TZVP levels of theory (in

italics).

Table 2. Bonding Pattern and Relative Energi€8' (kJ mol?1) of the
[BAIGaNPAs]Hs Isomers, the MY Bonding in the Most Suitable
Precursor System for Their Synthesis

bonding Ee Erel MY bonding in
isomer pattern B3LYP/TZV B3LYP/TZVP precursor system

! BNAIAsGaP 0 0 AIN, GaAs, BP
I BNAIPGaAs 5.3 13.2 BAs, AIN, GaP
1] BI NGaAsAlP 30.9 39.3 BP, GaN, AlAs
V' ENGaPAIAS 40.0 55.1 BAs, AP, GaN

BI PAINGaAS 89.6 99.4 BAs, AIP, GaN
VI Bpganaas 924 102.8 BP, AlAs, GaN

that, among all species, isomdrandIl with B—N—Al—

1 [ 1

As—Ga—P and B-N—AlI—-P—Ga—As bonding patterns,
respectively, are most stable and may be attractive targets
for synthesis.

It is of interest to compare the data about the stability of
the mixed rings toward “homoatomic” trimeric rings
[HMYH] 5, formed by only one group 13 and group 15
element (M= B, Al, Ga; Y = N, P, As). To this end, all
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Table 3. Geometric Parameters of [HMYEICompounds and Thermodynamic Characteristics of the Reaction of Their Formation from the
Donor—Acceptor Complexes: #MYH3; = (1/3)[HMYH]s + 2H, Predicted at B3LYP/TZVP

MY point group R(M —Y) R(H—M) R(Y—H) —MYM —-YMY AHO(zgg) AS)(ZQB) AGO(zgg)
CcC Deh 1.392 1.084 1.084 120.0 120.0 113.4 122.4 76.9
BN Dan 1.431 1.193 1.008 123.0 117.0 —104.4 119.8 —140.1
BP Cay 1.856 1.187 1.408 119.0 117.0 32.9 1125 —0.6
BAs (o 1.989 1.188 1.510 108.1 119.5 29.5 105.4 —-18
AIN Dan 1.802 1.581 1.013 125.5 114.5 —50.7 111.6 —84.0
AP Ca, 2.317 1.583 1.424 100.7 117.0 —35.4 107.7 —67.5
AlAs Cs, 2.423 1.585 1.523 96.1 117.5 —61.2 106.9 —-93.1
GaN Dan 1.849 1.560 1.012 126.8 113.2 121 108.3 —20.2
GaP Ca, 2.323 1.570 1.424 100.3 1171 —39.8 104.4 —70.9
GaAs Cay 2.428 1.574 1.523 96.3 117.7 —69.7 105.4 —101.1

aBond distances are in angstroms, bond angles in degrees, standard enthBIfjigg and standard Gibbs energia§,9g) in kJ moi~! and standard
entropiesAS(29g) in J mol* K%,

cis-oriented (located at one side of the¥y core). A similar
situation was observed earlier for the [XMYHHimers,
k ¥ g ;M Fe) where “cis” isomers withC,, symmetry were predicted to
be 5-20 kJ mol-* more stable compared to “trans” isomers
a) with Cyn symmetry?® A case study of the [HAIPH]
D .

conformers (with different orientation of the lone pairs)
performed in the present work revealed the same trend. A
= structure with one inverted lone pair at phosphorus lies 16
kJ mol* higher in energy; a structure with all three lone
pairs inverted (with trans orientation of hydrogens) is 55 kJ
mol~! higher in energy compared to the structure with cis-
oriented hydrogens. Therefore, we expect that the cis
conformation of inorganic benzenes shown of the Figure 2b
is the most stable. The same is expected to hold for the mixed
rings as well.
Formally, the composition [BAIGaNPAspfHmay be

c) D achieved by six different combinations of individual homo-
Figure 2. General structures of nitrogen-containing trimers [HMBIE), atomic [HMYH]; cycles. In Figure 3 relative energies of the
P and As trimers [HM(P,As)H](b), [HMYH] s hexamers (c), and [HMYH] isomersl—VI are compared with relative energies of the

cubic tetramers (d). . . . .
@ mixtures of homoatomic cyclic compounds having the same

nine inorganic analogues of benzene [HM¥Hilave been composition.

optimized. The calculated structural parameters are given in  The lowest in energy is a (1/3)[HBNEi}- (1/3)[HAIPH];
Table 3. In agreement with previous theoretical assess-+ (1/3)[HGaAsH} mixture, closely followed by (1/3)-
ments2° nitrogen-containing molecules are planar widk, [HBNH] 3 + (1/3)[HAIAsH]; + (1/3)[HGaPH]}. These results
symmetry (Figure 2a). In case of P- and As-containing are in line the with higher stability of the-BN moiety in
molecules, pyramidal structures wit;, symmetry are the cycle. Note that even the most stable mixed isomsr
obtained (Figure 2b). The pyramidality of P and As centers higher in energy compared to (1/3)[HBNHH (1/3)-
with coordination number 3 is well-known and has been [HAIPH]; + (1/3)[HGaAsH}.

found before for inorganic benzen®sdimeric [XMYH] »** One of the most used synthetic paths of production of
(X = F—I1, M = Al—In), and monomeric Y}MYH ,%? species. group 13-15 rings and clusters is the elimination reaction
Note, that in [HM(P,As)H] trimers all hydrogen atoms are  sequence starting from the dora@cceptor complexes and
ending at the group 1315 binary material MY:

(19) Chase, M. W., Jr., NIST-JANAF Themochemical Tables, Fourth
Edition, J. Phys. Chem. Ref. Data, Monograph 9, 1998, pp951. —HR

(20) (a) Jemmis, E. D.; Kiran, Blnorg. Chem.1998 37, 2110. (b) RMYR'H, — (I/M)[R,MYR'H],,,
Matsunaga, N.; Gordon, M. S. Am. Chem. S0d.994 116, 11407. _RR
(c) Schleyer, P.v. R.; Jiao, H.; van Hommes, N. J. R.; Malkin, V. G; (1/n)[RMYR'] — MY
Malkina, O. L.J. Am. Chem. S0d997, 119, 12669. (d) Fink, W. H; n

—HR

Richards, J. CJ. Am. Chem. S0d.991, 113 3393. (e) Chen, X.; Li,

C.; Wu, T.; Yao, T.; Ju GTheor. Chem. Accl998 99, 272. (f) The oligomerization degra®, n depends on the steric bulk
Matsunaga, N.; Cundari, T. R., Schmidt, M. W.; Gordon, MTBeor. i i i
Chim. Actal992 83, 57. (g) Lazzeretti, P.; Tossell, J. Aheochem of the S.UbStltL.lem .R"R With very bulky S.UbStltu.entSS the
(3. Mol. Struct) 1991, 82, 403. N synthesis of trimeric compounds [RMYRis possible*
(21) IggOzS?EI:HZ, é% Y.Phosphorus Sulfur Silicon Relat. Ele2@01, 168~ Let us consider the possibility of formation of mixed rings
(22) (a) Allen, T. L.; Scheiner, A. C.; Schaefer, H.IForg. Chem199Q and predict the most promising precursors for their synthesis.
29, 1930. (b) Timoshkin, A. Y.; Suvorov, A. V.; Schaefer, H.Zh.
Obshch. Khim2001, 71, 10 (in russian)Russ. J. Gen. Cher2001, (23) UIf, V.; Timoshkin, A. Y.; Scheer, MAngew. Chen2001, 113 4541,
71, 8. (c) Himmel, H.-J.; Downs, A. J.; Green, J. C.; Greene, TIM. Angew. Chem., Int. Ed. End2001, 40, 4409.
Chem. Soc., Dalton Tran2001, 535. (24) M. Scheer, private communication.
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Figure 3. Relative energies of the [BAIGaNPAslisomers and mixtures
of (1/3)[HMYH] 3 + (1/3)[HM"Y'H]3 + (L/3)[HM"Y""H]s trimers at B3LYP/
TZVP. The most favorable precursor system for each isomer is indicated

by arrows.

As an example, we will consider formation of the most stable

B-As, Al-P, Ga-N

B-P, Al-As, Ga-N

V1
\4

B-As, Al-N, Ga-P

v

111
B-P, AN, Ga-As

IT
I

B-N, Al-As, Ga-P
B-N, Al-P, Ga-As

isomerl. It has a IB—N—AI —As—Ga—IID bonding pattern,
which may be divided into two groups of bonds. One
combination includes BN, Al—As, and Ga P bonds, the
second one AFN, Ga—As, and B-P bonds. Isomer lies
67 kJ mol-* higher compared to (1/3)[HBNH]+ (1/3)-
[HAIAsH] 5 + (1/3)[HGaPH]}, and therefore its synthesis by
mixing of the B-N, Al—As, and GaP bonded precursors
is thermodynamically prohibited. On the other hahdigs
28.6 kJ mot?! lower compared to the energy of (1/3)-
[HAINH] 5 + (1/3)[HGaAsH} + (1/3)[HBPHE, and therefore
its formation from A-N, Ga—As, B—P bonded precursors

is thermodynamically favorable.

Of course, simple mixing of the corresponding homo-
atomic rings [RMYH} (which, with exception of borazine,
are not experimentally known so far for R H)?> will not
afford the desired EBAIGaNPAs]H; isomer. However,
suitable elimination reactions starting fromyAMNH 3, Rs-

(25) (a) Dias, H. V. R.; Power, P. Angew. Chem., Int. Ed. Engl987,
26, 1270. (b) Waggoner, K. M.; Hope, H.; Power, P Angew. Chem.
1988 100, 1765;Angew. Chem., Int. Ed. Engl98§ 27, 1699. (c)
Dias, H. V. R.; Power, P. Rl. Am. Chem. S0d.989 111, 144. (d)
Waggoner, K. M.; Power, P. B. Am. Chem. S0d.991, 113 3385.
(e) Hope, H.; Pestana, D. C.; Power, PARgew. Cheml1991, 103
726; Angew. Chem., Int. Ed. Engl991, 30, 691. (f) Wehmschulte,

R. J.; Power, P. Rl. Am. Chem. S0d.996 118 791.
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GaAsH;, and RBPH; are predicted to yield the desired
mixed heterocycld, while elimination from RBNH3;, Rs-
AlAsH3;, and RGaPH are expected to be ineffective. This
follows from the comparison of energetics of two possible
elimination reactions (Table 4). For the precursor system 1,
formation of the mixed compound is always more favorable
compared to that of individual trimers. In contrast, formation
of a mixed compound from the precursor system 2 is less
favorable compared to that of individual trimers.

The monomeric BMYH ; compounds may also be suitable
precursors for the synthesis of mixed rings. Experimentally
known RMYR'; monomers usually have bulky protecting
groups R,Rand additional donor stabilization to preclude
dimerization reaction® Experimental attempts to synthesize
isomers with R= H need to involve the doneracceptor
stabilization of the intermediates and products. In fact,
donor—acceptor stabilized monomeric (M€H,MPH,-
(W(CO)) compounds (M= Al, Ga) have been recently
synthesized by UIf2 by H, elimination from W(COjPH;
and MH;NMe;s. As indicated by recent studies, (MMH,-
MPH(W(CO)) is serving as a starting material toward
further H, elimination with formation of donoracceptor
stabilized dimeric and trimeric ring4 Since donor-acceptor
bonding prevents further association processes (such as
dimerization), appropriate mixtures of doracceptor sta-
bilized HbMYH, compounds may yield the desired [BAI-
GaNPAs]H isomer (donot-acceptor stabilized). The bond-
ing pattern of the most promising precursor systems are
indicated in Table 1, and the energies of thegimination
from the corresponding mixture ofsMYH 3 donor—acceptor
species are given in Table 4.

Since even high lying isomerg and VI are lower in
energy compared to both (1/3)[HBPH} (1/3)[HAIASH];

+ (1/3)[HGaNH}§ and (1/3)[HBAsH} + (1/3)[HAIPH]; +
(1/3)[HGaNHgE, for each isomel—VI there exists a precur-
sor system from which the formation of a given isomer is
thermodynamically more favorable than formation of a
mixture of individual rings. Due to the high stability of the
B—N bond in [HBNH]E, precursors containing such bonding
are predicted to be ineffective reagents for the synthesis of
all isomers and their use should be avoided.

As was shown in our previous theoretical studies devoted
to GaN CVD?’ from the thermodynamic point of view a
hydrogen atom is a satisfactory model for the methyl group.
Therefore the results obtained in the present report for the
hydrogen-substituted species are expected to be a qualita-
tively correct description of the thermodynamic behavior of
the more complex systems[BAIGaNPAs]H; and [RMYH];
with organic substituents R.

(26) (a) Waggoner, K. M.; Ruhlandt-Senge, K.; Wehmschulte, R. J.; He,
X.; Olmstead, M. M.; Power, P. Pnorg. Chem1993 32, 2557. (b)
Petrie, M. A.; Ruhlandt-Senge, K.; Power, P.IRorg. Chem.1993
32, 1135. (c) Waggoner, K. M.; Ruhlandt-Senge, K.; Wehmschulte,
R. J.; He, X.; Olmstead, M. M.; Power, P. lRorg. Chem1993 32,
2557. (d) Barry, S. T.; Richeson, D. $. Organomet. Chen1996
510, 103. (e) Luo, B.; Young, Jr., V. G.; Gladfelter, W. Lnorg.
Chem.200Q 39, 1705.

(27) (a) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer, HJPhys. Chem.

A 2001 105 3240. (b) Timoshkin, A. Y.; Bettinger, H. F.; Schaefer,
H. F. J. Phys. Chem. 2001, 105 3249.
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Table 4. Standard Enthalpies of the Elimination Reactions (kJ)abdf the Donor-Acceptor Complexes #1YH ;3 with Formation of the Mixed
Isomers [BAIGaNPAs]iH Compared to the Elimination Reaction with Formation of the Mixture of Individual Trimers [HMYHFM'Y'H]3, and
[HM"Y"H]s at BSLYP/TZVP

precursor system 1 precursor system 2
isomer MY, MY', M"Y" AHO(ng)elim AHO(ng)trimers MY, M'Y', M"Y" AHO(gga)e"m AHO(ng)lrimers
| AIN, GaAs, BP —113.6 —87.5 BN, AlAs, GaP —141.4 —205.3
Il BAs, AN, GaP —116.1 —60.9 BN, AIP, GaAs —126.8 —209.4
1 BP, GaN, AlAs —93.9 —16.2 BN, GaAs, AIP —100.3 —209.4
v BAs, AIP, GaN —91.8 6.3 BN, GaP, AlAs —87.0 —205.3
\Y BAs, AIP, GaN —50.3 6.3 BP, AIN, GaAs —-17.7 —87.5
\ BP, AlAs, GaN —33.5 —16.2 BAs, AN, GaP —29.4 —60.9

@ AH%9sf™ is the standard enthalpy of the reaction:sMYH3 + H3sM'Y's + HaM"Y"'3 = [BAIGaNPASs]Hs + 6H,. AHOgsf™e™s is the standard
enthalpy of the reaction: #YH3z + HaM'Y's + HsM"Y"'3 = (L/3)[HMYH] s + (1/3) [HM'Y'H]5 + (1/3) [HM""Y""H]3 + 6H,.

Table 5. Geometric Parameters of Hexamer [HMYsHJompounds Predicted at B3LYP/TZVP and Energetic Characteristics of Their Dissociation into
Trimerst

MY RM-Y) R(H—M) R(Y—H) ~MYM —YMY AH 05 AS08) AG205)
cc 1.558 1.090 1.090 120.0 120.0 —603.0 222.6 —669.4
(1.565) (90.0) (90.0)
BN 1.559 1.198 1.010 1233 115.3 —203.1 249.7 —367.5
(1.643) (86.2) (93.7)
BP 2.007 1.192 1.419 123.4 116.6 30.3 270.9 ~50.4
(2.017) (90.2) (89.7)
BAs 2.116 1.190 1.513 123.7 116.3 37.1 253.6 ~385
(2.124) (90.0) (89.9)
AIN 1.911 1.584 1.016 126.2 113.7 463.3 279.2 380.1
(1.980) (90.2) (89.5)
AlP 2.423 1.581 1.415 127.9 111.4 282.5 243.1 210.0
(2.446) (88.7) (90.7)
AlAs 2.521 1.581 1.507 128.3 111.2 211.9 260.7 134.1
(2.538) (89.4) (90.0)
GaN 1.968 1.565 1.015 126.7 1133 324.1 268.8 243.9
(2.054) (91.5) (88.1)
GaP 2.431 1.565 1.418 127.6 112.3 155.4 239.5 83.9
(2.453) (90.8) (88.7)
GaAs 2.530 1.566 1.512 128.1 111.9 99.5 258.3 225
(2.539) (91.1) (88.3)

2Bond distances are in angstroms, bond angles are in degrees, standard dissociation entHéjgigand Gibbs energieAGPgg) are in kJ mot?,
standard entropieAS(29g) are in I mof! K~1. 2 Values in the first row are for the six-membered ring, values in the second row (in parentheses) are for the
four-membered ring. Thermodynamic parameters are given for the reaction [HMV¥Y[HMYH] 5.

B. Dimerization ProcessesSince all M and Y atoms in  Therefore, the aromaticity in borazine strongly deviate its
the [HMYH]; and [BAIGaNPAs]H rings are unsaturated behaivior from 13 to 15 heavier analogues, for which
(low coordination number 3), their dimerization processes dimerization energies aexothermic Recently Jemmis and
should be considered. First, we will consider the dimerization co-workerd® examined reactivity as a new characteristic
enthalpies of the [HMYH] rings yielding hexanuclear property of aromaticity and concluded that the stability of
clusters [HMYH}. The general structure of these hexamer the o-complex obtained by protonation or methylation is a
compounds withDzg symmetry is given in Figure 2c. good indicator of aromaticity. They concluded that the
Optimized structural parameters are given in Table 5 togetheraromaticity of borazine is about half the aromaticity of
with calculated dimerization enthalpies. benzene, which is in agreement with earlier data for

The MY bonds are significally elongated upon dimeriza- resonance energies (46.4 kJ midbor borazine and 92.5 kJ
tion, as follows from the comparison of MY bond lengths mol~! for benzene§ Lower aromaticity of borazine is also
given in Tables 3 and 5. The elongation is most pronouncedin line with NICS criterion of Schleyer and co-workéis
for the C—C bond (elongating by 0.17 A, 12% increase), (NICS values are-10.7 and—3.2 for benzene and borazene,
followed by the B-Y bonds (6-9% increase), while the  respectively). If we consider dimerization enthalpies of
Al—Y and Ga-Y bonds are lengthened by4% compared  [HMYH] 5 as criterion of their aromaticity, then we conclude
to the trimers. The MY bonds in the hexamers are inequiva- that among the 10 considered [HMYHkpecies only
lent: the bonds in the six-membered cycle are generally borazine and benzene are aromatic and that the degree of
shorter compared to bonds in four-membered cycle. How- aromaticity of borazine is about half of that in benzene, in
ever, the difference between two bond lengths is not large. agreement with the results of Gord&hand Jemmigé Note,

Note that the dimerization of [HBNH]is stronglyendo- that in all earlier theoretical studies [HBPH¥yas considered
thermic (by 293 kJ mot?), in contrast to all other group to be moderately aromatic (NICS value for [HBRH$
13—-15 species. Thus, borazine follows the pattern of —8.7)2°°This in part may be attributed to the fact thaDg,
benzene, for which the dimerization yieldingB,, prismane
is predicted to be even more endothermic (by 603 kJ Hwol (28) Kiran, B.; Phukan, A. K.; Jemmis, E. Ihorg. Chem2001, 40, 3615.
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Table 6. Bonding Patterhfor Different Isomers, Calculated Relative Energig¥' at B3LYP/TZVP and Estimated on the Basis of MY Bond Energies
Relative Energie€™.sim Dimerization EnergiésEdimer kJ mol?

no. of MY bonds in isomer

isomer BN AIN GaN BP AP GaP BAs AlAs GaAs E®TzVP  E*estim Edimer
monomers
| 1 1 0 1 0 1 0 1 1 0 0.0
1l 1 1 0 0 1 1 1 0 1 13.2 18.4
1 1 0 1 1 1 0 0 1 1 39.3 42.5
\Y 1 0 1 0 1 1 1 1 0 55.1 63.9
\ 0 1 1 1 1 0 1 0 1 99.4 111.9
VI 0 1 1 1 0 1 1 1 0 102.8 140.8
dimers
| +1viaBN 2+2 2 0 2 0 2+ 2 0 2+ 2 2 0 0.0 —87.6
| + | rotated 2+1 2+1 0 2+1 0 2+1 0 2+1 2+1 14.2 3.7 —-73.4
I +1 via AIN 2 2+2 0 2 0 2+ 2 0+2 2 2 62.4 27.9 —25.2
| +1viaBP 2 2 0+ 2 2+2 0 2 0 2+ 2 2 117.1 69.1 29.5
I +1(C) 2 2 0+2 2 0+2 2 0+2 2 2 149.4 84.0 61.8
I +1 (G) 2 2 0+2 0+2 2 2 2 0+ 2 2 140.5 85.5 26.6
IV +1V (C) 2 0+2 2 0+2 2 2 2 2 0+ 2 144.9 88.9 —-52.9
V +V (C) 0+2 2 2 2 2 0+ 2 2 0+2 2 109.0 86.0 —=177.3
VI + VI (C) 0+2 2 2 2 0+ 2 2 2 2 0+ 2 110.7 86.2 —182.5
Il + 11l open (G) 2 0+2 2 2 2 0+ 2 0+ 0c 2 2 —50.8 —217.1

2 For dimeric species, the number of bonds in six-membered ring are given befotesiiga, and number of bonds between six-membered rings after
the + sign.P Edimer is the energy of the formation of the dimer from corresponding monorf&msmation of the B-As bonds was expected but not
occurred.

symmetric planar molecule, which is not a minimum on PES, At first the dimerization of the most stable isonewas
was mostly considered. considered. Bonding pattern and relative energies of the
Computed dimerization energies are overestimated due todimers are given in Table 6. The optimized structures are
the finite basis set employed. To estimate the magnitude of presented as Supporting Information.
the error, BSSE correction was computed by the counterpoise We have also performed the optimization of [BAIGa-
method!’ BSSE correction is maximal for [HAINH]and NPAsLH;; units, assuming only head-to-tail dimerization of
[HGaNH]Js (22.8 and 21.4 kJ mot, respectively [per mole  isomerd —VI with formation of theC; symmetric associates.
of dimer]). For all other [HMYH} pairs BSSE values liein  All such dimers possess two bonds of each sort, however,
range 10.2-12.8 kJ mot* (per mole of dimer). Note that  the bonding pattern is different in essence of which bonds
BSSE correction calculated by the counterpoise method isare in six-membered rings and which are in four-membered
overestimated, and therefore the exact values of the dis-rings. The optimized structures are given as supporting
sociation energies are expected to lie between uncorrectednformation, relative energies are presented in Table 6.

and BSSE corrected values. Our results show that the dimerization enthalpies of the
The dimerization energies of the-B and B-As cycles mixed rings may be both exo- and endothermic, depending
are very low, which makes the standard Gibbs energy of on the bonding pattern. Indeed, the formation df a Il
hexamer formation in all B-containing systems endothermic, dimer with newly added two GaN, two B—P, and two Al
in contrast to Al and Ga systems. Thus, dimerizatiomlbf As bonds is endothermic by 27 kJ malAt the same time,
boron-containing rings is thermodynamically prohibited.  formation ofV + V dimer with two B—N, two Al—As, and
Due to the unsaturated character of the bonding, mixed two Ga—P bond is exothermic by-177 kJ mot?. It is
[BAIGaNPAs]Hs rings may also dimerize, aggregating interesting that the dimerization ofla-VI ring is driven by
themselves into clusters of [BAIGaNPAkl, composition. the formation of the B-N bonds. The most exothermic
There are several dimerization models possible for eachenthalpies of dimerization are related te-B bond formation
isomer, and a variety of structures can be produced by mixing(V + V; VI + VI; | + | via BN). This at first contradicts
all possible isomers together. It is not possible at the presentthe result of high endothermicity of dimerization of pure
time to describe all possible dimeric combinations for all borazine [HBNH}. However, the endothermicity of the latter
isomers. Therefore, instead of considering all isomers arises from the aromatic stabilization of the trimeric ring
explicitly, we will test a bond energy model of predicting [HBNH]s. In the mixed [BAIGaNPAs]H rings, there is no
their stability. This model will be derived in section C. To aromatic stabilization (only one B and one N center are
test the applicability of the bond energy model, we consid- present in each molecule), and therefore, formation of the

ered two series of dimerization processes: shortest (and the strongest)-Bl bond is most favorable
(a) different dimerization paths of the most stable isomer thermodynamically.
I; (b) “head to tail” dimerization of isomers—VI with The vibrational frequencies and IR intensities of the

formation of Ci-symmetric dimers, which have the same [BAIGaNPAs]H; mixed compounds are given as supporting
number of MY bonds (two MY bonds of each kind; the information. They may facilitate the experimental identifica-
difference is in the bonding pattern of the four- and six- tion of the compounds. The analysis of the computed
membered cycles). vibrational frequencies reveals great similarities in the spectra
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Table 7. Mean M—Y Bond Energies, kJ Mot (per MY bond) in
[HMYH] 3, [HMYH] 4, and [HMYH]s Calculated According to the
Dissociation into MH and YH Fragmerits

[HMYH] 4 [HMYH] 6
[HMYH]s [HMYH]s (four-membered (six-membered

MY (mean) (mean) cycle) cycle)
CcC 592.0 361.4 346.6 368.8
BN 496.5 314.7 302.5 320.8
BP 319.8 215.1 202.7 221.3
BAs 283.5 191.3 179.4 197.2
AIN 337.8 251.5 243.6 255.4
AP 212.0 157.4 150.3 161.0
AlAs 194.1 141.6 134.5 145.1
GaN 266.3 196.0 189.2 199.3
GaP 183.1 131.0 124.0 134.6
GaAs 168.2 118.0 110.9 121.5

aFor [HMYH]es, mean bond energies are calculated separately for the
four- and six-membered cycles. All values at B3LYP/TZVP.

of all [BAIGaNPAs]H; compounds. There is no “fingerprint”

produced. However, as can be seen from Table 6, the relative
energies may be wrong by as much as 40 kJ ol

By analogy, the mean MY energy in hexamer [HMY;H]
cluster compounds was calculated according to complete
dissociation with 18 MY bonds breaking:

[HMYH] s = 6HM + 6YH

The obtained values are given in Table 7. Note that the
mean M-Y bond energy in the hexamers is much lower
compared to that in trimers, reflecting the longer MY
distances. There are two type of MY bonds in [HM¥%H]
within six-membered rings and between these rings (in four-
membered rings). Because of this, the derived mean MY
bond energies in [HMYH] cannot be used to estimate the
relative energies of mixed dimers.

To show this, we calculated several "head to tail"

region for the given isomer, and a rather careful comparison SYmmetric [BAIGaNPAsH:, dimers which are isobonding
of the spectra should be performed. Thus, IR methods are(naving the two MY bonds of each kind, see Table 6 for

predicted to be of less help in the determination of the isomer
structure. The same arguments are valid for the mixed dimers

[BAIGaNPASLH;, as well.
C. Derivation of MY Bond Energies. Due to the high

computational costs, considering more complex species in

detail is not possible, but a simple model of the isomer
stability may be helpful in estimating the synthetic paths.
Recently Ziegler and coauthé?sdeveloped an additive

scheme for [MeAlQ] clusters, based on the bonding

detail of bond counting). If the values of mean energies of
the hexamers were used, all these isomers would have the
same relative energy. However, the computed B3LYP
relative energies of these "isobonding" compounds are not
equivalent, reflecting the inequality of the MY bonds in four-
and six-membered rings. Therefore, separate values for the
MY bond energy in six- and four-membered rings are
needed.

The separation cannot be done simply by taking into

environment of atoms in the cluster to estimate the cluster @ccount the dissociation of the hexamers into two trimers.

energy. This approach, however, cannot be applied for the
group 13-15 mixed species, because they exhibit a diverse

range of elementelement bonds. In this situation, derivation

This follows from the endothermicity of the dimerization of
borazine, while dimerization of the monomkwia B—N
bonding is the most favorable process whiclkexsthermic

of mean MY bond energies seems to be one of the Simmest_‘rherefore, we decided to estimate the energy of the MY bond

ways to predict relative stabilities of the complex cluster
species. In a work by Yang et &k jt was shown that the
bond energies in four-membered cycles of group-13
elements [HAM,M")(Y,Y")H,], are transferable. In the present
report we are testing the transferability of MY energies in
trimer and hexamer compounds.

First we derive mean bond energies in [HMY;H]ngs.
This was done by considering a reaction of complete
destruction of all six MY bonds with formation of singlet
HM and triplet YH species:

[HMYH] ; = 3HM + 3YH

The alternative reaction of dissociation of the trimers into
monomers with three MY bonds breaking ([HMYH}
3HMYH) proved to be inadequate due to the fact of
remarkable stability of linear HBNH (the only linear HMYH
molecule), which leads to an underestimation of theNB
energy.

The obtained values of the MY bond energies in [HM¥H]

are given in Table 7. Using these MY bond energies, a good

gualitative agreement with the explicitly calculated values
(correct order of relative stability of isomeds-VI) is

(29) Zurek, E.; Woo, T. K.; Firman, T. K.; Ziegler, Thorg. Chem2001,
40, 361.

in the four-membered ring by considering the dissociation
of the [HMYH], cubanes. AllTy symmetric [HMYH],
cubanes (Figure 2d) have been optimized at BALYP/TZVP.
The optimized structural parameters are given in Table 2S.
All MY bonds in cubane are in four-membered rings, and
all atoms have coordination number 4. Therefore, we expect
that the mean MY bond energy, obtained from the equation

[HMYH] , = 4HM + 4YH

may be taken as the MY bond energy in the four-membered
ring of the hexamer [HMYH]. Predicted MY distances in
the [HMYH], tetramers are close to MY distances in the
four-membered rings of [HMYH]hexamers (Table 8). For
the P,As-containing species the difference between bond
lengths is about 0.01 A, for nitrogen containing species the
difference is more pronounced: about 0.05 A. The MY bond
energies in the six-membered ring are now defined by using
the total dissociation energy of [HMYHKland the corre-
sponding bond energies in the four-membered ring. The
results obtained are given in Table 7.

Now the predicted MY bond energies will be used to
estimate relative energies of different isomers. The results
obtained are presented in the bottom part of the Table 6.
The estimated values correctly predict the order of the three
lowest lying isomers, and they also correctly give higher
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Table 8. Comparison of the MY Bond Distances for Investigated Compouhds

D
oo

GaAs
2.245
2.428
(2.542)
2.431, (2.453) 38)30, (2.5

GaP

2.149

2.323
(2.449)

1.968, (2.054)

GaN
1.705
1.849

(2.004)

2.521, (2.538)

AlAs
2.242

2.423
(2.535)

2.423, (2.446)

AlP
2.152
2.317

(2.438)

1.911, (1.980)

AIN

1.637
1.802
(1.940)

BAs

1.799
1.989

(2.138)
2.116, (2.124)

BP

1.697
2.007, (2.017)

1.856
(2.028)

BN
1.559, (1.643)

1.235
1.431
(1.595)

cc
(1.570)
1.558, (1.565)

1.198
1.392

compound

[HMYH]

[HMYH] 5
[HMYH] 4
[HMYH] ¢

2.429
2.407
2.408
2.420

2.309

2.329
2.301
2.319

1.884
1.887
1.860
1.855

2.415
2.433
2.406
2.425

2.307
2.304

2.332
2.325

1.829
1.831
1.794
1.798

2.051
2.054
2.020
2.009

1.932

1.932
1.881
1.888

1.416
1.412
1.411
1.407

1]

v

V

VI
dimers

monomers

2.504, 2.512, (2.541)

2.514, (2.554)
2.473

2.429
2.446
(2.510)
2.483
(2.510)

2.370
2.360
2.402
(2.428)
2.410
2.414
2.429, (2.451)
2.429, (2.422)
2.363
(2.456)

(2.116)
(2.142)
2.055
2.050
2.043

2.522, (2.546)

2.477
(2.506)
2.458
(2.519)
2.502
2.504
2.421

(2.407)
2.405
2.361
2.416

(2.423)

(2.416)

1.943, (1.983)
1.922, (1.981)

1.939
1.939
(2.003)

(2.259)

2.055, (2.030)

2.064
(2.045)
(2.058)
2.009
2.014
2.043
2.059

1.581, 1.584, (1.626)

1.571
1.567
1.574
(1.607)
(1.608)
1.575, (1.623)
1.570

+ | via BN
+ | ‘rotated
+ | via AIN
+ | via BP
Il + 1l (Ci) open

IV + IV (Ci)
V +V (Ci)
VI + VI (Ci)

I +1(Ci)
Il + 11 (Ci)
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2.452
2.437

(2.135)
2227

2.526, (2.526)

2.449

2.069, (2.033)
(4.203)

1574

1.438
aB3LYP/TZVP level of theory2 Values for the four-membered rings are given in parentheses.
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III+III open (C)

Figure 4. Optimized structure of th#l + Il open dimer ofC; symmetry.
B3LYP/TZVP level of theory.

energies for Csymmetric structures but the quantitative
agreement is very poor. Despite of quantitative discrepancies,
however, we conclude that the bond energies listed in the
Table 7 may be applied for a qualitative estimation of the
relative stability of isomers. The poor quantitative agreement
is in part due to the underestimation of the' B bond energy
in the four-membered ring, which follows from the com-
parison of calculated and estimated valuesVot V and
IV + IV isomers. A significant reorganization due to steric
mismatch between "head to tail" dimerizing rings may be
another factor limiting the applicability of the bond energy
model. The importance of the latter factor is illustrated by
the following example. During an optimization of the "head
to tail" [l + 1l isomer C; symmetry), a structure shown
in Figure 4 emerged. It features nearly planar three-
coordinated boron and pyramidal three-coordinated arsenic
centers. Despite the fact that it lacks-Bs bonding, it is
the most stable isomer among all considered in the present
work. This result can be rationalized in terms of weakeness
of the B—As bond and high reorganization energy of the As
center. Predicted inversion barriers for jiPH; and Ask
are 27, 149 and 192 kJ nd| respectively’ The B—As
bond energy in the four membered ring is 179 kJ Thol
(Table 7), which does not compensate unfavorable distortion
energies of the As and B centers. Dimerization energies of
[HBPH]; and [HBAsH} are very low (30 and 37 kJ mdl,
respectively). Note significant shortening of the-B and
B—P distances, which are close to the values for the pure
borazene and [HBPH](see Table 8). Thus, additional
stabilization of B-N and B—P bonds may be also responsible
for high stability of the partly unsaturated "open" structure.
The mean MY bond energies presented in Table 7 may
also serve as values to estimate the possibility of bond
breaking in the cycles. The least stable is the GaAs bond,
with dissociation energy of 111168 kJ mot?, followed by
the Ga-P bond with a dissociation energy 12483 kJ
mol~t. Thus, Ga-As and Ga-P bonds are expected to be
most easily broken. This may explain the experimental
observation that cyclic GaAs containing precursors were
found ineffective for the GaAs depositidhjn contrast to
GaN and AIN precursors. The gallium loss observed upon
converting the mixed dimeric cyclic compounds »{R
GaYY'R'7)2 (Y, Y' = P, As, Sb) is another indicator of
precursor’s instability® All mixed rings have either Ga
As or Ga—P bonds (or both). However, in contrast to rings
which are solely GaAs and Ga-P bonded, the mixed rings
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considered in the present work have only one—®@a or energies were derived for ring and cluster compounds and
Ga—P bond and therefore are expected to be more stablemay serve for a qualitative prediction of relative stability of
toward ring destruction. isomers of mixed 1315 clusters [HMYH]. However,
applicability of the bond energy model is limited due to steric
4. Conclusions and reorganization effects. Inorganic analogues of benzene,

. . . . "true" heterocycles [BAIGaNPAs]Hand their dimers are
Among the considered mixed inorganic analogues of IR . ) .
not "curiosities" in the inorganic chemistry world, but they

benzene [BAIGaNPAs]k heterocycles with a BN bond : .
. . are predicted to serve as advanced single-source precursors
are predicted to be exceptionally stable. Processes of the

. L for the formation of novel materials and group -185
formation of heterocycles by Helimination from the . .
. composites. Substitution of a group 13 metal by a rare-earth
corresponding doneracceptor complexes are favorable

4 . : . . . metal (lanthanides and actinides) may also be possible,
thermodynamically. Synthesis of the mixed rings is feasible ! C .
. . . making a step toward stoichiometry controlled synthesis of
from the thermodynamic point of view. For the each

[BAIGaNPAs]Hs isomer there is a precursor system from doped group 1315 materials.
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