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Abstract

Sb(SiMe,); reacts with R;M (R = Alkyl, M = Al, Ga, In) to form simple Lewis acid—base
adducts R;M « SbRj. Reactions with R,MCl (R =Me, Et, /-Bu) do not give uniform
reaction products. Ga and In derivatives react under dehalosilylation to give heterocyclic
compounds of the type [R,MSb(SiMe,),], (x =2, 3). In contrast, Me,AICI leads to the
formation of the six-membered heterocycle [Me(Cl)AISb(SiMes),];. Sterically more demand-
ing diorgano aluminum halides Et,AICl and ¢-Bu,AlCl form simple adducts R,AICl <
Sb(SiMes); (R = Et, ¢-Bu). Heterocycles of the type [R,AISbRY], (x =2, 3) are obtained by
dehydrosilylation reactions between dialkyl aluminum hydrides R,AIH (R = Me, Et, i-Bu)
and R’,SbSiMe; (R’ = SiMe;, ¢-Bu). This reaction pathway also leads to the first synthesis of
an organometallic bismuthide of Group 13 elements, Al, Ga and In. [Me,AlBi(SiMe;),]; is
formed by reaction of Me,AlH with Bi(SiMe,;); and its structure, as determined by X-ray
crystallography, clearly reveals the formation of a six-membered heterocycle in the solid
state. Monomeric aluminum stibides R,AISbR/, < dimethylaminopyridine (dmap) are synthe-
sized by reaction of the corresponding heterocycles [R,AISbR], with dmap. Pyrolyses of Ga
and In adducts, as well as Ga and In heterocycles, yield nanocrystalline GaSb and InSb
through a B-hydride elimination pathway. Detailed metalorganic chemical vapor deposition
investigations also demonstrate the potential of Al-Sb heterocycles [R,AlISb(SiMe;),], (R =
Et, i-Bu) to produce AISb thin films. In addition, GaSb can be prepared in solution by a
dehalosilylation reaction between GaCl; and Sb(SiMes);. Depending on the solvent and its
boiling point, nanoscale GaSb crystallites are obtained. Both the particle size and the
composition can be controlled by the solvent. © 2001 Elsevier Science B.V. All rights
reserved.

Keywords: Antimony; Bismuth; Synthesis; Trialkyl compounds

1. Introduction

Within the last 30 years, several research groups have focused on the preparation
of Group 13-15 compounds. There are two main reasons for these very intense
studies.

1. The compounds are of fundamental interest owing to their bonding properties.
Tremendous efforts were undertaken concerning the synthesis of monomeric
compounds of the type R,MER) and the determination of their solid-state
structures in an attempt to obtain further insight into the nature of the M-E
bond. Theoretical investigations to determine whether or not the M—E bond has
a partial double bond character were also performed [1]. Monomeric com-
pounds RMER’ (M = Al, Ga, In, Tl; E=N, P, As, Sb, Bi) are still unknown,
in contrast to the well-known boron compounds R,B=ER,, which contain c-
and m-bonding parts (E =N, P) [2]. However, the dimeric and trimeric forms
[RMER], and [RMER’]; (M = Al, Ga; E =N, P, As), which are now prevalent
in the literature, are also of theoretical interest owing to their number of
n-electrons (quasi-aromaticity, anti-aromaticity) [3].
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2. Most binary III-V materials (ME) are semiconductors with narrow direct band
gaps between 0.17 (InSb) and 6.20 eV (AIN). Their interesting physical proper-
ties render them very promising candidates for several applications in opto- and
micro-electronics devices. Several synthetic routes for their are preparation
known, e.g. molecular beam epitaxy (MBE) or liquid phase epitaxy (LPE)
processes. Since the pioneering work of Manasevit in 1968 [4], who first
described clearly the metalorganic chemical vapor deposition (MOCVD) process
using two starting compounds (Et;Ga and AsH,) for the synthesis of GaAs
layers, several research groups have demonstrated this technology to be gener-
ally useful for the synthesis of thin films of metals, semiconducting or supercon-
ducting materials. In an extension of these studies, the potential of compounds
containing both elements connected by a chemical bond (so-called single-source
precursors) for the deposition of thin films of the corresponding material by
MOCYVD technology was demonstrated. Therefore, chemists became very inter-
ested in the synthesis of those precursors and developed different general
pathways for their synthesis.

Numerous compounds [R,MER}], and [RMER’],, most of them containing the
lighter elements of Group 15 (E =N, P, As), have been synthesized and structurally
characterized [5]. This is mainly due to the fact that several synthetic pathways for
their synthesis have been known for many years. Powerful and generally useful
synthetic routes are alkane elimination (Eq. (1)) and salt elimination (Eq. (2))
reactions. In addition, dehalosilylation reactions became popular (Eq. (3)), in
particular for the synthesis of Ga—As and In-As compounds. The use of the very
toxic arsanes R,AsH, RAsH, and AsH; is avoided and the workup is very easy [6].

MR, + EH, R M « EH,—1/x[R,MEH,], + RH—1/x[RMEH], + RH

x=>2
M = Al, Ga, In; E=N, P, As; R, R’ = organic ligand (1

R,MX + M'ER5—1/x[R,MER}], + M'X x>2
M = Al, Ga, In; X =halogen; M’ =Li, Na, K; E=N, P, As; R, R’

= organic ligand 2)
R,MX + E(SiMe,);—1/x[R,ME(SiMe;),], + Me;SiX x>2
M = Al, Ga, In; X =halogen; E =P, As; R =X, organic ligand 3)

On the other hand, investigations concerning the synthesis of Group 13/15
precursors with the higher homologues of Group 15, Sb and Bi, have been very
rare. In the early 1950s, Coates investigated the adduct formation between gallium
trialkyls R;Ga and trialkyl pnicogenides R;E. Reactions of Me;Ga with Me;N,
Me;P, Me;As and Me;Sb led to the formation of the corresponding Lewis acid-base
adducts, whereas Me;Bi did not react [7]. It was found that the adduct strength
decreased from R;N to R;Sb. Krannich and coworkers investigated reactions
between Sb(NMe,); and AIR;, which form aminoalanes (R,AINR%), and R;Sb;
adduct formation, as found in the analogous reaction with As(NMe,);, was not
observed [8].



4 S. Schulz / Coordination Chemistry Reviews 215 (2001) 1-37

Until 4 years ago, only a handful of organometallic Group 13 antimonides had
been prepared and structurally characterized. Group 13 bismuthides were com-
pletely unknown. (Cp*Al);Sb, (1), an unusual compound with two ‘naked’ Sb
atoms bridged by three Cp*Al fragments, was synthesized by Roesky and cowork-
ers, but its structure could not be investigated in detail [9]. Cowley and coworkers
synthesized four compounds containing Ga—Sb and In-Sb o-bonds. Reactions of
t-Bu,SbLi with Me,GaCl and Me,InCl gave the six-membered heterocycles
[Me,GaSb(z-Bu),]; (2) and [Me,InSb(z-Bu),]; (3), whereas addition of ¢-
Bu,SbSiMe, to GaCl; and InCl, resulted in the formation of [Cl,GaSb(z-Bu),]; (4)
and [7-Bu,Sb(Cl)In-p-Sb(z-Bu),], (5) [10].

Since 1996, our group and that of Wells have investigated in detail the synthesis
of Group 13 stibides. While the Wells group focused on the preparation of Ga and
In derivatives, we concentrated on the synthesis of aluminum stibides. These studies
have led to the synthesis of several new compounds, which are the object of this
review. More than 20 compounds have been structurally characterized to give a
deeper insight into the structural features of these compounds. They can be divided
into two general classes:

1. simple Lewis acid—base adducts R;M « SbR} with dative M—Sb bonds;

2. compounds with a o-bond between the Group 13 element and Sb, mainly in the
form of four- and six-membered heterocycles [R,MSbR’].. Very recently,
monomeric Lewis base-stabilized compounds R,AISbR)«dmap (dmap=
dimethylaminopyridine) were synthesized in our group by ring cleavage
reactions.

2. Lewis acid—base adducts R;M < SbR’ (M = Al, Ga, In)

2.1. Syntheses and solid-state structures

The tendency of Group 13 trialkyls to form adducts of the type R;M« D
(D = Lewis base) is a general aspect of their chemistry. Numerous adducts of Al,
Ga and In trialkyls with amines, phosphines and arsines were synthesized and their
structure determined by X-ray diffraction. This provided information about their
bond strengths and the influence of steric and electronic factors [11]. In addition,
several theoretical investigations were performed [12]. Very recently, the role of
terminal atoms X in the donor—acceptor complexes MX; <D (M =Al, Ga, In;
X~ =Hal; D=X", EX;, EH;; E=N, P, As) was investigated [13]. The bond
strength of Group 13/15 Lewis acid—base adducts decreases for a constant Group
13 trialkyl from N to Bi and for a constant Group 15 trialkyl from Al to In.
Therefore, AI-N adducts are the strongest adducts and In—-Bi adducts the weakest
adducts. These findings are in agreement with the HSAB principle of hard/weak
Lewis acids/bases [14]. The Lewis acidity of Group 13 trialkyls, as indicated from
dissociation enthalpies of R;M « NMe; adducts, takes the following order: R;B <
R;Al > R;Ga > R;In > R5T1. The Lewis basicity of Group 15 trialkyls decreases in
the following order: R;N > R;P > R;As>R;Sb > R;Bi [15]. Table 1 gives the
dissociation enthalpies of various adducts.
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The greatest number of structurally characterized adducts contain AI-N dative
bonds. Within the last few years, these compounds, in particular AIH; adducts [16],
have experienced a renaissance owing to their interesting bonding properties, as
well as to their potential application to produce binary nitride materials MN. In
contrast, reports on Group 13/15 Lewis acid—base adducts with the higher homo-
logue of Group 15, Sb, are rare [17]. In 1996, Wells and coworkers began to
synthesize adducts of the type R;M « Sb(SiMe;); (M = B, Ga, In) by adding boron
trihalides [18] and gallium [19] and indium trialkyls [19a,20] to solutions of
Sb(SiMe;); in pentane. We started our studies at the same time and reacted gallium
trialkyls R;Ga with both Sb(SiMe;); [21] and antimony trialkyls SbRj [22]. In
addition, the adduct formation of Sb(SiMe;); and SbRj; with aluminum trialkyls
R;Al and dialkyl aluminum chlorides R,AICI was investigated [23] (Scheme 1).

Up to now, more than 30 adducts have been synthesized and 12 of them
structurally characterized. Table 2 gives an overview of the structurally character-
ized adducts, as well as the observed M—Sb bond lengths and X-Sb-X (X = C, Si)
and C-M-C bond angles. Figs. 1-4 show the solid-state structures of four
representative adducts.

Table 1
Dissociation enthalpies AH® of R;Al<~ER; (E=N, P) 12b

Donor Acceptor AH° (k] mol—") State of aggregation
H;N AlMe, 27.6 +£0.3 solution
Me;N AlMe, 30.0 £0.2 solution
Et;N AlMe, 26.5+0.2 solution
Et,P AlMe, 22.14+0.3 solution
Ph,P AlMe, 17.6 £ 0.2 solution
H;N AlCl, 41 gas
Me;N AlCl, 48 +2 solution
H;N AlBr; 41.0 gas
Et;N AlBr, 44.8 solution
Bu,P AlBr, 47.5 solution
Ph,P AlBr; 34.9 solution

Scheme 1. Adduct formation reactions of Sb(SiMes);.



6 S. Schulz / Coordination Chemistry Reviews 215 (2001) 1-37

Table 2

M-Sb bond lengths, X-Sb-X (X=C, Si) and C-M-C bond angles of structurally characterized

adducts

Adduct M-Sb (pm) X-Sb-X (°) C-M-C (°)

R;Al < Sb(SiMe;),

R =Et (6) [23a] 284.10(5) 102.38(2)-104.74(2) 115.48(8)-115.99(8)

R =i-Bu (7) [24] 284.79(5) 102.60(2)-106.56(2) 115.73(6)-117.43(7)

R,AICI < Sb(SiMe;),

R =¢-Bu (8) * [23a] 282.11(6); 102.87(2)-106.27(2); 119.96(9); 119.28(8)
279.84(6) 100.25(2)-106.34(2)

R;Al« SbR)

R =Me, R'=¢-Bu (9) [23b] 283.44(10) 106.20(14)-106.65(15) 115.4(6)-116.1(4)

R =Et, R'=¢-Bu (10) [23b] 287.3009) 105.68(12)-106.15(12) 114.07(15)-115.35(15)

R =¢-Bu, R"=i-Pr (11) [23b] 292.67(4) 98.85(6)-101.43(6) 115.22(6)-115.83(6)

R =17-Bu, R'=Et (12) [23b] 284.47(7) 97.91(11)-98.30(11) 115.89(11)-116.46(11)

R;Ga « Sb(SiMe;);

R =Et (13) [19a] 284.6(5) 102.2(3)-104.3(3) 114.5(12)-117.6(11)

R = ¢-Bu (14) [19b] 302.7(2) 100.65(8)-100.75(13) 116.7(3)-117.5(5)

R;Ga < SbR}

R =17-Bu;; R’ =Et (15) [22] 284.79(5) 97.32(18)-97.91(19) 115.88(17)-116.71(17)

R =¢-Buy; R =i-Pr (16) [22] 296.18(2) 98.29(6)-101,33(7) 115.70(7)-116.20(7)

R;In « Sb(SiMe;),

R = Me;SiCH, (17) [19a] 300.78(6) 104.29(6) 117.7109)

4 Two molecules within the asymmetric unit.

The solid-state structures of seven Al-Sb, four Ga—Sb and one In—Sb adducts
have been determined. In each adduct, the ligands bound to the metal centers adopt
a staggered conformation in relation to one other. The M-Sb bond lengths
(M = Al, Ga) differ significantly due to the steric demand of the substituents. The
Al-Sb distances observed for the adducts differ by only 13 pm (279.84(6) pm
(8)-292.67(4) pm (11)) and those of the Ga-Sb adducts differ by 18 pm
(284.6(5) pm (13)-302.7(2) pm (14)).

The Al-Sb bond length depends on the steric bulk of the ligands rather than on
the ligand electronic properties. This is clearly revealed by comparison of the
adducts 9 and 10 or 11 and 12, where either the Sb fragment (Lewis base) or the Al
fragment (Lewis acid) remains constant. The bond lengths increase in proportion to
the steric demand of the ligands from 283.44(10) (9) to 287.30(9) pm (10) and from
284.47(7) pm (12) to 292.67(4) pm (11), respectively. The increase from 9 to 10 is
easily explained by the decreased Lewis acidity of Et;Al compared with Me;Al, as
well as by its increased steric demand due to the bulkier Et groups. Comparable
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Fig. 2. Solid-state structure of 8.
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Fig. 3. Solid-state structure of 16.

bond length differences are observed for H;Al — NMe, and Me;Al — NMe, (206 to
210 pm) [12b]. In contrast, the increase from 12 to 11 is caused only by the stronger
steric repulsion between the ligands, because i-Pr;Sb (11) is formally the stronger
base compared with Et;Sb (12). However, the Sb(SiMe,); adducts 6 and 7 [24] do
not show this tendency. The AI-Sb distances found are almost equal (284.10(5) (6)
and 284.79(5) pm (7)) despite the greater steric demand of three i-Bu groups
compared with three Et groups (effective steric parameters: Et: 0.56; i-Bu: 0.98)
[25]. The shortest Al-Sb distance is found in 8 (279.84(6) and 282.11(6) pm).
t-Bu,AlCl is the strongest Lewis acid within this group due to the electron density
withdrawing effect of the chlorine atom, leading to a stronger adduct formation. In
this case, the acidity (electronic aspect) dominates the ligand repulsion (steric
aspect). Again, Al-N adducts show the same tendency (e.g. Me;N-AlMe;: 210 pm;
Me;N-AICI;: 196 pm).

An almost analogous influence of the ligand size is observed for the Ga—Sb bond
distances. However, the effect is greater for the Ga—Sb than for the AI-Sb adducts.
The bond length observed in 7-Bu;Ga < SbEt; (284.6(5) pm) is almost the same as
that in 7-Bu;Al < SbEt; (284.10(5) pm), which is to be expected since the covalent
radii of Al and Ga are equal (covalent radii: Al = Ga: 126 pm) [26]. In contrast, the
distances for the Sb(i-Pr); adducts (11, 16) differ significantly by almost 4 pm
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(¢-Bu;Al < Sbi-Pry: 292.67(4) pm (11), -Bu;Ga « Sbi-Pr;: 296.18(2) pm (16)). This
may be explained by the stronger Lewis acidic character of aluminum trialkyls
compared with gallium trialkyls (electronegativity X: Ga = 1.81 > Al =1.61) [27].
The M-E bond lengths in Et;Al < Sb(SiMe;); (284.10(5) pm) and Et;Ga <«
Sb(SiMe,); (284.6(5) pm) again are almost identical. The distance of 284 pm seems
to be the shortest value that trialkyl aluminum and trialkyl gallium compounds as
Lewis acids can reach in SbR} adducts (R’ = alkyl, SiMe;). Shorter M—Sb distances
would lead to an increased steric repulsion between the ligands, which can be
overcome only by a stronger Lewis acid, e.g. through substitution of one alkyl
group by a chlorine atom. As expected, the longest Ga—Sb bond length is observed
in the sterically overcrowded adduct z-BuyGa < Sb(SiMe,); 14 (302.7(2) pm).

Up to now, the only structurally characterized In—Sb adduct is (Me;SiCH,);In «
Sb(SiMe,); (17) [19a]. The In—Sb bond distance was determined to be 300.78(6) pm.
However, this distance is supposedly at the lower end of the In—-Sb dative bond
range, because the covalent radius of In (r.,, = 143 pm) is about 17 pm larger than
those of Al and Ga (r,,, = 126 pm). Bearing in mind that the steric pressure of the

cov

Fig. 4. Solid-state structure of 17.
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Table 3
Selected 'H- and '*C-NMR shifts and A(H) and A(C) values and internal shifts A, ; and A ¢ of Al
trialkyls and the adducts in C¢Dyg

Compound é 'H? 6 3¢ AH)* A(C)?
Me;Al ~0.36 ~6.79

Me;Al < SbEt, —0.32 —6.38 0.04 0.41
Me;Al  Sb(n-Pr) ~0.33 —6.67 0.03 0.12
Me;Al < Sb(i-Pr); —0.28 —5.39 0.08 1.40
Me;Al « Sb(sec-Bu), —0.32 —6.38 0.04 0.41
Me,Al — Sb(z-Bu), —021 —5.02 0.15 1.77
Et;Al 0.31 0.87

Et;Al < SbEt, 0.35 2.40 0.04 1.53
Et;Al « Sb(n-Pr), 0.33 1.88 0.02 0.99
Et;Al < Sb(i-Pr), 0.37 2.62 0.06 1.75
Et;Al « Sb(sec-Bu), 0.37 2.54 0.06 1.67
Et;Al < Sb(7-Bu), 0.42 3.70 0.11 2.83
t-Bu;Al 1.08 21.09

1-Bu,Al — SbE, 127 19.10 0.19 —2.01
1-Bu,Al — Sb(n-Pr), 130 19.10 0.22 —201
t-Bu;Al < Sb(i-Pr), 1.26 19.58 0.18 —1.51
t-Bu;Al « Sb(sec-Bu), 1.21 20.27 0.13 —0.82
t-Bu;Al < Sb(7-Bu), 1.09 21.24 0.01 0.15

4 Me;Al and Et;Al: 6 'H (o-H); ¢-BusAl: 6 'H (B-H).
®Me;Al and Et;Al: § '*C (a-C); ¢-BusAl: 6 3C (a-C).
°Me;Al and EGAL A(H)=5(“'H)adduct_5(“'H)tria1ky1a1ane; t-Bu;Al: - A(H) = 6 (B-H)qduce— 9 (B-

H)lrialkylalane'
¢Me;Al and Et;Al: A(C) = (9-C)agguce — 0 (0-O)riatkytatanes  -BusAl: A (C) = 6(a-C),qquet — 9 (-
C)lria]kylalane'

ligands is not as effective for the larger In atom as it is for the smaller Al and Ga
atom, the In-Sb dative bond length range is estimated to be between 300 and
315 pm. Further investigations have to be performed to obtain deeper insights into
the structural features of those adducts.

2.2. Multinuclear NMR investigations

In an attempt to determine the M-Sb bond strength in solution by NMR
experiments, a series of completely alkylated AI-Sb and Ga—Sb adducts was studied
by 'H and '3C spectroscopy. Table 3 gives an overview of the chemical shifts ¢ and
the differences A in the chemical shifts compared with the pure aluminum trialkyl
obtained for the Al-Sb adducts; those for the Ga—Sb adducts are summarized in
Table 4.

In each adduct the resonances of the organic ligands bound to the Group 13
element are shifted to lower field compared with the pure trialkyl, whereas those of
the organic ligands bound to Sb are shifted to higher field. Comparable results were
obtained in adducts of the type Me;Al«< PR, [11a], R;Ga < PR} (R =Me, Et)
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Table 4
Selected 'H- and '*C-NMR shifts, A(H), A(C) values and internal shifts Ay ;; and Ac ¢ of the Ga
trialkyls and the adducts in C,Dyg

Compound 6 'H? 6 13¢cP A(H)© A(C)¢
n-Bu;Ga 0.61 19.3

n-BuyGa « SbEt, 0.73 16.1 0.12 —3.2
n-Bu;Ga « Sb(n-Pr), 0.66 16.9 0.05 —24
n-BusGa « Sb(i-Pr); 0.74 16.6 0.13 27
n-Bu;Ga « Sb(7-Bu), 0.80 16.4 0.19 —-2.9
1-Bu;Ga 1.16 315

t-Bu;Ga « SbEt, 1.32 26.9 0.16 —4.6
t-BuyGa « Sb(n-Pr), 1.32 27.3 0.16 —4.2
t-Bu;Ga « Sb(i-Pr); 1.23 30.0 0.07 1.5
1-Bu,Ga « Sb(/-Bu), 1.16 315 0 0

@ n-BuyGa: 6 'H (a-H); £-BusGa: 6 'H (B-H).

> n-Bu;Ga: 6 °C (0-C); t-Bu;Ga: 6 3C (a-C).

¢ n-Bu;Ga: AH) = 6 (2-H)aqauee — 0 (-H) riancyiganianes -Bu;Ga: AH) = 6 (B-H)agauet — I (B-
H)lrialkylgu]l'dllc’

4 n-Bu;Ga: AC) = 6(2-Clagauct —0(2-C)  riaikyigattane’ 1-BusGa: A(C) = 6(a-C),qquet — 9 (-

C)triu]kylgallanc'

[11b,28], and Me;In « NR; [29]. The A values observed for a-H and «-C resonances
of Me;Al, Et;Al and n-Bu;Ga adducts correlate with the basicity of the coordinated
antimony trialkyls. The biggest low-field shifts of a-H and o-C resonances (and
therefore biggest A(H) and A(C) values) of the Me, Et and n-Bu groups are
observed in adducts with the electronically strongest Lewis base 7-Bu,;Sb [30]. In
contrast, '"H-NMR spectra of the sterically hindered 7-Bu;Al and ¢-Bu,;Ga adducts
show the biggest low-field shifts of B-H and o-C of the z-Bu group with the
electronically weakest Lewis base Et;Sb. The bulkier the groups at the Sb atom, the
smaller is the low-field shift, indicating a weaker adduct in solution. This tendency
reaches its maximum in adducts with 7-Bu;Sb, which show resonances at the same
shift as the starting trialkyls, which is obviously a result of the complete dissocia-
tion of the adduct in solution [31]. These findings show clearly the contradictory
influence of sterically bulky ligands: a bulkier ligand at the Sb atom leads not only
to an increase in Lewis basicity but also to an increase in steric repulsion between
acid and base. In the case of the sterically most demanding 7-Bu;Al/Ga—Sb(z-Bu),
adducts, the steric repulsion between the acid and the base fragment dominates the
adduct strength, whereas in the case of the adducts with the sterically less bulkier
Me;Al, Et;Al and n-Bu,;Ga acids the donor strength of the antimony base is
decisive.
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3. Heterocycles [R,MSbR}]. (M = Al, Ga, In)
3.1. Syntheses and structures

Only a few examples of Group 13 stibides with c-bonds between M and Sb were
known until 1996. This is mainly due to the fact that synthetic pathways, which
have been developed for the preparation of Group 13 amides, phosphides and
arsenides, are not successful. Alkane elimination reactions, for example, do not
work because the Sb—H Group is less protic than the N-H and P-H group
(electronegativity X: N: 3.04; P: 2.19; As: 2.18; Sb: 2.05) [27]. In addition, the bond
energies of Group 13/15 compounds decrease from N to Sb, as can be seen in Table
5. Therefore, the formation of heterocycles with the higher homologues of Group
15, in particular Bi, is less favored thermodynamically.

Five examples of Al, Ga and In stibides were known previous to the studies by
Wells and coworkers and by ourselves. They were prepared by reactions of
[Cp*Al], with [¢-BuSb], (4), of ¢-Bu,SbLi with Me,GaCl and Me,InCl (5) and of
t-Bu,SbSiMe; with GaCly and InCl; (6)

3/4[Cp*All, + 3/4[t-BuSb], — (Cp*Al),Sb, (1) (4)
3t-Bu,SbLi + 3MezMC1;>_][3K/3[SeZMSb(z-Bu)2]3 (M =Ga (2), In (3)) (5)
3¢-Bu,SbSiMe, + 3GaCl, TCI > [C1,GaSb(z-Bu),]; (4)

4¢-Bu,SbSiMe; + 2InCl, %tzlc(lt—Bu2Sb(Cl)In-p—Sb(t-Bu)ﬂz (5) (6)

The structure of (Cp*Al);Sb, (1; Fig. 5) was not described in detail due to some
disorder problems, but its connectivity was determined without any doubts [9]. The
same structural feature was found in (i-Pr,NB),P, [32].

The six-membered heterocycles [Me,GaSb(z-Bu),]; (2) [10b], [Cl,GaSb(z-Bu),],
(3) [10a] and [Me,InSb(¢-Bu),]; (4; Fig. 6) [10b] adopt distorted twist-boat-type
conformations, with average M—Sb bond lengths of 266.1 pm for 3 and 285.5 pm
for 4. The distortion within the ring is reflected by the wide range of Ga—Sb and
In-Sb bond lengths (in both about 8 pm) and the endocyclic ring angles (about
12°). In accordance with the VSEPR model, the angles at the Ga centers are greater
than and those at the Sb atoms smaller than a tetrahedral arrangement. The planar,
dimeric compound [7-Bu,Sb(Cl)In-pu-Sb(z-Bu),], (5; Fig. 7) [10c] shows two different

Table 5
Bond dissociation energies DSog of heteronuclear M—E bonds in diatomic molecules [73]

M-E DSos (kI mol—1) M-E D3s (kI mol—") M-E D3ys (kJ mol—")
AN 297 + 96 Ga-N In-N

Al-P 216.7 + 12.6 Ga P 229.7 +12.6 In-P 197.9+8.4
Al-As 2029 +7.1 Ga-As 2096+ 12 In-As 201

Al-Sb 2163 +5.9 Ga-Sb 192.0 +12.6 In-Sb 1519+ 10.5

Al-Bi ? Ga-Bi 159 +17 In-Bi 153.6 £1.7
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In-Sb bond distances, because this compound contains both a bridging and a
terminal 7-Bu,Sb moiety bound to the In center. As expected, the In-Sb bond
distance of the terminal, three-coordinated 7-Bu,Sb fragment (279.7 pm) is about
7 pm shorter than that of the bridging 7-Bu,Sb moiety (286.5 pm). In solution at
ambient temperature, only one signal due to the ¢-Bu groups was observed,
indicating a rapid interchange between the terminal and bridging moiety.

Sb

Cp*Al Cp*Al AlCp*

Sb

Fig. 5. Graphical representation of 1 showing its connectivity.

Fig. 6. Solid-state structure of 4.
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Fig. 7. Solid-state structure of 5.

Since 1996, Wells and coworkers have prepared several Group 13 stibides in an
analogous way to the syntheses of the corresponding phosphides and arsenides.
Dehalosilylation reactions of diorganogallium or indium halides and Sb(SiMe,),
gave four-membered heterocycles of the type [R,MSb(SiMe;),],.

2R,MCl + 2Sb(SiMe,); > [R,MSb(SiMe;),], (M = Ga, In) (7)
— 2Me;3SiCl
2¢-Bu,GaCl + Sb(SiMe;); —— ((¢-Bu,)Ga),(C)Sb(SiMe5), (19) (8)
— MesSiCl

Five four-membered heterocycles were structurally characterized: [¢-
Bu,GaSb(SiMe;),], (18; Fig. 8) [19b], (z-Bu,Ga),(C1)Sb(SiMe;), (19) [19b],
[Et,GaSb(SiMe;),], (20) [33], [(Me;SiCH,),InSb(SiMe,),], (21) [19a], and [¢-
Bu,InSb(SiMe;),], (22) [20]. The six-membered ring [Me,GaSb(SiMe;),]; (23; Fig.
9) was synthesized in our group by reaction of Me,GaCl with Sb(SiMe,); and its
solid-state structure determined by X-ray crystallography [21]. Breunig et al.
synthesized an InSb heterocycle by reaction of a distibane and an indium trialkyl
under cleavage of the Sb—Sb bond [34].

Me,SbSbMe, + In(CH,SiMe;); — [Me,SbIn(CH,SiMe,),]; (24) (9)

The values of the M—Sb bond distances and M—Sb—M and Sb—M-Sb bond angles
of 18-24 (M = Ga, In) are summarized in Table 6 [35].

The average Ga—Sb bond length of 269.1 pm found in [Me,GaSb(SiMe,),]; (23)
is slightly elongated compared with those found in [Cl,GaSb(z-Bu),]; (2)
(266.1 pm). This is rather the result of electronic (stronger acidic character of the
Ga atoms in 2 due to the electron-withdrawing ability of Cl atoms) rather than
steric effects (effective steric parameters: Me, 0.52; CI, 0.55) [25]. Six-membered
rings (2, 23) are generally formed with small ligands (Me, Cl) bound to Ga and In,
except for 24. In this compound the In atoms are substituted by the sterically
more-demanding CH,SiMe; groups. Sterically more-demanding ligands lead to the
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9

5.1

Sb1

Fig. 8. Solid-state structure of 18.

formation of four-membered heterocycles (18, 20, 21, 22). Depending on the ligand
size, both the M-Sb bond distances and the endocyclic bond angles of the dimeric
compounds show significant differences. The average Ga—Sb distances range from
2723 pm (20) to 276.7pm (18) and the In-Sb distances from 288 pm (21) to
293.1 pm (22). This is significantly longer than the sum of the covalent radii (Ga—Sb:
264 pm; In—Sb: 281 pm) [26]. Compared with the six-membered rings, the M—Sb dis-
tances in four-membered rings are elongated, indicating the increased steric repul-
sion between the ligands.

If the reaction of ¢-Bu,MCl and Sb(SiMes); is performed in 2:1 stoichiometry,
mixed bridge heterocycles are obtained. This is in contrast to the 1:2 reaction re-
ported by Cowley and coworkers [10], which led to the heterocycle 5. Although (z-
Bu,In),Sb(SiMe;),Cl is not stable in solution towards intermolecular dehalosilyl-
ation, and gives the dimer 22, the Ga-containing ring (¢-Bu,Ga),Sb(SiMe;),Cl (19;
Fig. 10) was isolated and structurally characterized. Compared with the dimer 18,
the Ga—Sb bond lengths (273.36(12) and 273.37(11) pm) are 3 pm shorter due to less
steric repulsion and the electron-withdrawing influence of the Cl atom.

Our group was in particular interested in the synthesis of organometallic Al
stibides, whose structures were unknown prior to our studies. In contrast to reac-
tions with dialkyl gallium and indium chlorides, Sb(SiMes); does not react with di-
alkyl aluminum chlorides R,AICI (R =Et, ¢-Bu) through dehalosilylation but
through adduct formation (R,AICl < Sb(SiMe,);, see Section 2). This is mainly a re-
sult of the thermodynamically stronger Al-CI bond compared with Ga—Cl and In—Cl
bond (Table 7).
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Fig. 9. Solid-state structure of 23.

Table 6
M-Sb bond distances and M-Sb-M and Sb-M-Sb bond angles (M = Ga, In) of four-membered
heterocycles

Compound M-Sb (pm) M-Sb-M (°) Sb-M-Sb (°)

[Me,GaSb(SiMe;),]5 (23) [21] 267.7(1)-271.4(1)  118.3(1)-127.6(1)  103.6(1)-107.3(1)

[Et,GaSb(SiMe;,),], (20) [33] 271.8(1), 272.9(1)  92.7(1) 87.3(1)

[£-Bu,GaSb(SiMe;),], (18) [19b] 276.5(1), 276.8(1)  94.4(1), 94.5(1) 85.5(1)

(¢-Bu,Ga),CISb(SiMe,), (19) [19b] 273.4(2) 85.7(1)

[£-Bu,InSb(SiMe;),], (22) [20] 292.73(2), 94.83(1), 95.12(1)  85.03(1)
293.40(2)

[(Me;SiCH,),InSb(SiMes),], (21)* [19a] 288 95.2 (average) 84.8 (average)

[Me,SbIn(CH,SiMe;),]; (24) [34] 285.19(6)-286.93(5) 129.2(1)-137.7(1)  92.4(1)-98.6(1)

“The poor quality of the crystals did not facilitate a complete data set collection.

However, the reaction of Sb(SiMe,); with Me,AlCl proceeds through elimination
of Me,Si to the formation of the six-membered heterocycle [Me(CI)AlISb(SiMe,),];
(25) [36]. It is still unclear why the Al-Me bond is cleaved in this particular case but
not in reactions with Me;Al or MeAICl,. In these cases, even at higher tempera-
tures no elimination reactions takes place.

3Me,AlCI + 3Sb(SiMes);—— [Me(CI)AISb(SiMes,),]; (25) (10)
— 3MeySi
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In summary, the dehalosilylation reaction did not offer a general route for the
preparation of Al-Sb heterocycles. Therefore, we searched for other possible
pathways for their preparation, and realized that they can be generally synthesized
by a dehydrosilylation reaction. Dialkyl aluminum hydrides R,AlH react with
Sb(SiMe,); or 7-Bu,SbSiMe; through elimination of Me;SiH to give dimeric or
trimeric heterocycles [R,AISbR}], (x =2, 3).

R,LAIH + Sb(SiMe,); — 1/x[R,AISb(SiMe,),]. (11)
— Me3SiH
R,AIH + 7-Bu,SbSiMe, — 1/x[R,AISb(¢-Bu)s], (12)
— MesSiH

Several compounds were synthesized, and five of them were characterized by
X-ray analysis. They represent the first examples of organometallic Al-Sb ring
compounds. The ring size depends on the steric bulk of the ligands bound to Al, as

Fig. 10. Solid-state structure of 19.

Table 7
Bond dissociation energies DSgs/kJ mol~! of Al/Ga/In/Si-H/Cl/Sb bonds in diatomic molecules [73]

Al Ga In Si
H 284.9 +6.3 <274.1 243.1 <299.2
Cl 511.340.8 481+ 13 439 +8 406

Sb 216.3+5.9 192.0 +£12.6 151.9 +10.5 ?
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Table 8
Al-Sb bond distances and Al-Sb—Al and Sb-Al-Sb bond angles of Al-Sb heterocycles

Compound M-Sb (pm) Al-Sb-Al (°) Sb-Al-Sb (°)
[Me,AlISb(SiMes),]; (26) [23a] 270.25(8)-273.62(8) 118.53(3)-128.24(2)  103.48(3)-106.52(3)
[Et,AISb(SiMe;),], (28) [39] 272.28(5), 272.92(5) 91.680(15) 88.320(15)
[i-Bu,AlISb(SiMe;),], (29) [39] 274.29(5), 274.60(5) 93.660(15) 86.340(15)

(Me,Al)5(Sb(t-Bu),),Sb(SiMes),  271.94(16)-278.03(16)  115.38(5)-128.37(5)  103.10(5)-106.89(5)
(30) [37]
[Me,AISb(¢-Bu),]; (27) [37] 271.88(10)-278.39(10)  115.28(3)-128.92(3)  102.80(3)-108.18(4)

Fig. 11. Solid-state structure of 27.

was found for the corresponding Ga stibides: small groups, like Me or Cl, favor the
formation of six-membered rings [Me,AlISbR%];, whereas Et and i-Bu groups lead
to four-membered heterocycles [R,AISbR], (R = ¢-Bu, SiMe;). Table 8 shows the
Al-Sb bond distances and the endocyclic Al-Sb—Al and Sb-Al-Sb bond angles.

The  six-membered  heterocycles  [Me(Cl)AISb(SiMe,),];  (25)  [23a],
[Me,AlISb(SiMe;),]; (26) [23a] and [Me,AlSb(z-Bu),]; (27; Fig. 11) [37] are
isostructural.
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Their non-planar Al;Sb; rings adopt distorted twist-boat conformations with
both the Al and Sb atoms in distorted tetrahedral environments. The Al-Sb bond
lengths observed for 27 (2.719(1)-2.784(1) A) cover a wider range than those found
in 26 (2.703(1)-2.737(1) A). Despite the increased steric demand of Me,Si com-
pared with ¢-Bu groups (effective steric parameters: Me;Si, 1.40; 7-Bu, 1.24) [25],
the ring is less strained owing to the replacement of a tertiary C atom (of #-Bu
group) by a larger Si atom, as can also be seen by comparison of the bond angles
(26: Si-Sb-Si = 100.67(3)—102.29(3) pm; 27: C-Sb-C = 104.87(13)-106.02(14) pm).
The average values of 275 A (27) and 272A (26) are significantly elongated
compared with the sum of the covalent radii of 264 pm for Al and Sb [26]. In
agreement with the VSEPR model, the endocyclic Sb—Al-Sb bond angles are
significantly smaller (26: 103.48(3)—106.52(3)°; 27: 102.8(1)-108.2(1)°) and the
Al-Sb—Al bond angles greater (26: 118.53(3)-128.24(2)°; 27: 115.3(1)-128.9(1)°)
than a tetrahedral arrangement. The same structural features were reported for
other Al-pnictogen trimers [38].

In contrast to similar corresponding Ga—Sb and In-Sb heterocycles, the planar
four-membered Al-Sb rings [Et,AISb(SiMe;),], (28; Fig. 12) and [i-
Bu,AISb(SiMe;),], (29) [39] show Al-Sb bond lengths (28: 272.28(5)-272.92(5) pm;
29: 274.29(5)-274.60(5) pm)) comparable to those found in six-membered rings.
The bond angles (Al-Sb—Al: 91.68(2)° (28); 93.66(2) (29); Sb—Al-Sb: 88.32(2)° (28);
86.34(2) (29)) differ slightly and depend on the size of the organic ligands bound to
Al Sterically more-demanding i-Bu groups, evidenced by an increased C-Al-C

C10

Fig. 12. Solid-state structure of 28.
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bond angle (121.2(1)° in 29 compared with 117.3(1)° in 28), lead to smaller
Sb-Al-Sb and bigger Al-Sb—Al angles. Analogous results were found in the related
compounds [R,AIE(SiMe,),], (R = Me, Et, i-Bu; E =P, As) [40], where the corre-
sponding values show the same tendency, as can be seen in Table 9.

Analogously substituted Ga—Sb and Al-Sb rings show comparable bond dis-
tances. This is a surprise, because the Al fragment is the stronger Lewis acid.
However, Ga and Al have the same covalent radii of 126 pm [41]. Here again, steric
repulsion is dominating over electronic aspects in M—Sb heterocycles, as it is in
M-Sb Lewis acid—base adducts (Scheme 2).

Table 9
Average bond lengths (pm) and angles (°) of four-membered heterocycles [R,AlE(SiMes),], (E =P, As,
Sb)

[RLAIE(SiMes),, ~ ALE (pm)  ALE-Al () E-ALE(®) R-ALFR (°) Si-E-Si (%)

[Me,AlP(SiMes),], 245.7 90.6 89.4 113.4 108.4
[40a,b,c]

[Et,AlIP(SiMes),], 245.7 90.2 89.8 114.2 108.0
[40d]

[i-Bu,AlIP(SiMes),],  247.6 91.0 89.0 117.1 106.3
[40c]

[Me,AlAs(SiMes),],  253.6 91.7 88.3 115.0 108.1
[40¢]

[Et,AlAs(SiMe;),], 253.5 91.0 89.0 115.0 107.6
[401]

[i-Bu,AlAs(SiMes),], 255.0 92.2 87.8 118.8 105.6
[40b,c]

[Et,AlSb(SiMe5),], 272.6 91.7 88.3 117.3 107.3
[39]

[i-Bu,AlSb(SiMes),], 274.4 93.7 86.3 121.2 102.7
[37]

[R,AISBR; ] [Me(CDHAISb(SiMes),];
\RZAIH MezAIC/
[R,MSb(SiMes), ]« R,MCl R,SbSiMes GaCls [Cl,GaSb(SiMes)s]s
(M = Ga, In) (R= t-Bui SiMes)
l/2 IHC13
ﬁ -BuyGaCl \
(-BuyGa),(Cl)Sb(SiMe;), [#-Bu,Sb(CIn-p-Sb(#-Bu, ],

Scheme 2. Dehydro- and dehalosilylation reactions of Sb(SiMe;) and 7-Bu,SbSiMe;.
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3.2. Reactions

3.2.1. Exchange reactions

Both the four- and six-membered MSb heterocycles readily undergo exchange
reactions with other Group 13/15 heterocycles in solution. This may occur through
the breakage of one or two bonds within the ring, leading to the formation of
chains or monomeric units of R,MER} in solution, which can rearrange to give the
mixed ternary heterocycles.

[R,MER,], + [R2ZME'R,], — (R,M),(ER,)(E'R,) (13)
[R_MER;], 4 [R,M'ER,], = (R,M)(R,M')(ER,), (14)

However, it is difficult to prove the existence of a ternary heterocycle unambigu-
ously. NMR studies in solution always give complicated mixtures of compounds,
and X-ray analysis is unable to distinguish between a ‘real’ ternary compound and
a mixture (1:1 co-crystallization) of two different heterocycles. In addition, bond
lengths and angles cannot be compared owing to disorder problems. The values
observed are always ‘mixed’ values. This was found both in our group [42] and in
Wells’ group [33,43]. Therefore, the results of X-ray structure analyses will not be
discussed herein. However, Wells and coworkers demonstrated the potential of
so-prepared ternary compounds to produce ternary materials by thermal decompo-
sition, as evidenced by XRD studies [33].

3.2.2. Ring cleavage reactions

Monomeric Group 13 monoamides, monophosphides and monoarsenides
R,MER, (M =Al, Ga, In; E=N, P, As) have been synthesized and structurally
characterized within the last 10 years. All of them are substituted by very bulky
ligands (e.g. R, R'=¢-Bu, adamantyl, Mes* (2,4,6-t-Bu,—C,H,), Dipp (2,6-i-
Pr;-C¢H;), Cp*) to depress the tendency of cyclization or oligomerization. How-
ever, four- and six-membered heterocycles may be described as intermolecular
stabilized Lewis acid—base adducts (Scheme 3).

As pointed out previously, the bond strength of Group 13 base adducts R;M « D
(D = ER;) decrease from nitrogen to bismuth [7]. Corresponding to the HSAB

RyAl SbR', R,Al «— SbR, R,Sb AIR,
Ty = -
R28b——AIR, R2Sb —p AIR, RoAl SbR,

Scheme 3. Intermolecular stabilized heterocyclic acid-base adducts
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concept, the ‘hard’ acid Al gives adducts with a ‘hard’ N-base rather than with
‘soft’ Sb- and Bi-bases. This tendency is also clearly demonstrated in reactions of
equimolar amounts of the strong complexing N-base 4-dimethylamino pyridine
(dmap) and the Al-Sb heterocycles (R,AISb(SiMe,),),. (R = Me, x =3 (26); R = Et
(28), i-Bu, x=2 (29)). For the first time, monomeric, Lewis base stabilized
Al-monostibides R,AISb(SiMe,), «dmap (R =Me (31), Et (32); Fig. 13) were
formed after cleavage of the ring core [44].

1/x[R,AISb(SiMe3),], + dmap — R,AISb(SiMe3), < dmap (15)

Their solid state structures unambiguously prove the presence of monomeric
units R,AISb(SiMe,),, coordinated by one dmap molecule.

The AI-N distances (31: 1.978(1); 32: 1.980(2) A) are shorter than those observed
in common Al-N adducts, which typically range from 2.00-2.10 A [45]. The Al-Sb
bond lengths (31: 2.691(1); 32: 2.680(1) A) are the shortest ever observed and are
close to the sum of the covalent radii (264 pm). Therefore, we believe them to
represent examples of ‘real’, undisturbed Al-Sb distances. Distances found within
the AISb heterocycles (2.72-2.78 A) are significantly elongated (see Table 8). The
environment around the Sb center is pyramidal (sum of the bond angles 302.4° (31)
and 298.9° (32)). The Al atoms are tetrahedral arranged.

Fig. 13. Solid-state structure of 31.
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The reaction of heterocycles with dmap offers an elegant and general pathway for
the synthesis of monomeric Group 13 stibides. These compounds are of interest
owing to their potential to serve as starting compounds for the synthesis of
bimetallic compounds of the type dmap — (R,)Al-Sb(R%) —» ML,, by coordination of
a metal fragment ML, to the Sb atom. Those compounds would show an
interesting combination of a main group metal and a transition metal connected to
one Group 15 element. Additionally, Lewis base stabilized monomers may be more
volatile and, therefore, of greater interest in MOCVD processes than the
heterocycles.

4. [Me,AlBi(SiMe;),l;: synthesis and structure

The number of organometallic Bi-heterocycles [R, BiMR ], containing Bi and
the main group element M in 1:1 stoichiometry, is limited due to the weak M-Bi
bonds (main group element). Almost every structurally characterized MBi heterocy-
cle contains an electronegative element, like oxygen and nitrogen (M = O, N) [46].
[Cp3SmBi],, containing a four-membered Sm,Bi, core, is the only structurally
characterized organometallic ring compound in which the Bi atoms are linked by an
electropositive element [47].

We demonstrated the synthesis of an Al-Bi ring in excellent yields by dehydrosi-
lylation. The reaction of Me,AlH and Bi(SiMe;); gives [Me,AlBi(SiMe,),]; (32; Fig.
14), the first Group 13/15 compound with the heavier element of Group 15, Bi,
which could be structurally characterized by single crystal X-ray analysis [48].

3Me,AlH + 3Bi(SiMe,); [Me,AlBi(SiMe,),]; (33) (16)

— 3Me;SiH

As found in other six-membered heterocycles of the type [R,AIE(SiMe;),]s
(E =P, As, Sb), the Al and Bi atoms of the non-planar six-membered ring adopt
distorted tetrahedral environments. As expected, the endocyclic Al-Bi-Al bond
angles (121.7(1)-130.5(1)°) are slightly bigger and the Bi-Al-Bi bond angles
(101.0(1)—104.1(1)°) smaller than other Al-pnictogen rings due to the steric effects
of the pnicogenides atom. Steric repulsion is responsible for the formation of either
four- or six-membered heterocycles. With the smaller elements of Group 15, P and
As (reoo(P) =110 pm; 7., (As) = 119 pm), four-membered rings [Me,AlE(SiMes),],
(E =P, As) are formed, whereas the somewhat larger Sb and Bi atoms (r,,,(Sb) =
138 pm; r.(Bi) =146 pm) [26] favor the formation of six-membered rings
[Me,AlE(SiMes),]; (E = Sb, Bi) (Table 10).

The Al-Bi bond distances range from 275.5(3)-279.3(3) pm; this is longer than
the sum of the covalent radii of 272 pm, but shorter than the distances found in the
Zintl phase anion [ALBig]'°~ in CasAl,Big (280.0-286.9 pm) [49]. Owing to the
lack of other structurally characterized organometallic Group 13-Bi heterocycles,
no further comparisons can be made.

The first synthesis of an organometallic Group 13—Bi compound clearly demon-
strates the general application of the dehydrosylilation reaction to produce Group
13/15 compounds. Its major advantages are the mild reaction conditions (e.g. no
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solvents are necessary; easy workup; quantitative yields; low reaction temperatures),
which are necessary for the formation of this thermodynamically less stable Al-Bi
ring, compared with other Al heterocycles with the lighter homologues of Group
15.

C22

Fig. 14. Solid-state structure of 33.

Table 10
Average bond distances and endocyclic bond angles of the six-membered heterocycles
[Me,AlIE(SiMe,),]; (E =P, As, Sb, Bi)

[Me,AIE(SiMe,),],  ALE (pm)  ALE-Al () E-ALE(®) R-ALR (°) Si-E-Si (%)

E=P, x=2"[3572] 2457 90.60 89.4 113.4 108.35

E=As; x=2° 253.6 91.71 88.29 115.0 108.09

[HAIP(SiMey),],  239.8 126.42 113.58 107.83
[74]

E=Sb; x=3[23a] 2719 124.01 104.89 117.88 101.65

E=Bi; x=3[46] 2774 126.85 102.30 119.23 100.54

4The structures obtained for E=P and As show the presence of a four-membered ring
[Me,AlE(SiMes),], in the solid state. Obviously, the Me group is sterically too demanding for the
somewhat smaller P atom to allow the formation of a six-membered ring. However, the six-membered
ring [H,AIP(SiMe;),]; is known and, therefore, is given in this table.
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5. Binary, nanocrystalline MSb materials (M = Al, Ga, In)

Group 13 antimonides are narrow direct band gap semiconductors with small
band gaps and high electron and hole mobilities, which render them very attractive
for applications in optoelectronic devices (Table 11).

For example, GaSb is used for the production of light-emitting and light-detect-
ing devices for the 2 um wavelength range [50], in field effect transistors [51] and in
infrared detectors [52].

Since the early 1990s, the preparation of ranocrystalline materials has been of
industrial interest owing to their special electronic and optical properties [53].
Several synthetic routes, which lead to the formation of bulk materials, thin films
and nanoparticles, have been explored. In Group 13/15 semiconductors, the prepa-
ration of phosphides and arsenides have been investigated extensively [54]. Re-
cently, Wells and Gladfelter reviewed synthetic pathways for the preparation of
binary and ternary nanocrystalline III-V (13-15) materials [54b]. Therefore,
several studies described therein are not presented in this work. However, two
pathways will be discussed here in more detail:

1. synthesis using chemical reactions in hydrocarbon solvents, and
2. pyrolysis of single-source precursors.

5.1. Synthesis in solution

In 1986, dehalosilylation reactions were established to prepare metalorganic
Group 13/15 compounds [55] and in 1989, Group 13/15 materials were synthesized
for the first time by this method [56]. Since that time, several groups have
established this route to prepare ME materials (M = Al, Ga, In; E=P, As) of
nanoscale dimension [57]. Group 13 antimonides had not been prepared until
5 years ago, when we [58] and Wells and coworkers [59] established the synthesis of
GaSb by dehalosilylation reaction of GaCl; and Sb(SiMe;)s.

GaCl, + Sb(SiMe,), ‘GaSb’ (17)

— 3Me;SiCl

Detailed investigations on this reaction in different solvents at different tempera-
tures clearly revealed the influence of the solvent on the GaSb nanoparticles formed
[60]. Both the purity and the particle size of the so-formed GaSb depend on the
solvent and its boiling point. We obtained the best results in xylene, achieving a
uniform GaSb particle size, high homogeneity and low levels of impurities. Wells et
al. also obtained good results from reactions in pentane [61]. Figs. 15 and 16 show
typical transmission electron microscopy (TEM) images of GaSb samples prepared
in xylene and hexane.

The different particle sizes obtained under almost the same reaction conditions
(only the boiling point of the solvent differs) can clearly be recognized. With
increasing temperature the particle size also increases, while the rate of impurity
formation in the resulting material decreases. The hexane sample showed large
particles with Moiré contrasts, indicating agglomeration of small stacked crystalline
particles, which could be resolved by high-resolution TEM. The size of the single



Table 11

Band gaps and electron and hole mobilities at 300 K, melting points and emission wavelength of I1I-V materials [75]

Material Energy gap (eV) Electron mobility (cm? V~—!s~1") Hole mobility(cm®> V~!'s~1) Melting point (°C) Emission 4 (nm)
AIN 6.20 14 ~2500 200
GaN 3.44 440 1500 380
InN 2.05 250 1200 620
AlP 3.62 60 450 ~2100 500
GaP 2.27 160 135 1750 550
InP 1.34 5370-5900 150 1330 950
AlAs 2.15 75-294 2013 570
GaAs 1.42 8000-9200 400 1510 860
InAs 0.35 33000 100450 1215 3400
AlSb 1.61 200 400 1330 770
GaSb 0.75 3750 680 980 1800
InSb 0.17 77 000 850 798 7700

9¢

LE-1 (1002) SIZ SMa100Yy Lustudy) uoyvuIp100) / Znyds °S
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Fig. 15. TEM image of a GaSb sample prepared in hexane.

particles is about 10—15nm with the lattice fringes having distances of 6 and
3.5 nm, belonging to (100) and (111) planes in cubic GaSb. The predominant GaSb
particle size obtained from solution in xylene is about 50 nm. The XRD pattern of
this sample compares well with reflections of cubic GaSb and some metallic Sb
JCPDS [62]. The pattern of the xylene sample is also more crystalline, as indicated
by sharper reflections and reduced background scattering. Rietveld refinement,
based on the structure of sphalerite-type GaSb, leads to following lattice parameter
of GaSb: a = 609.52(2) pm (space group: F43m, Ga: 4a 0, 0, 0; Sb: 4c 1/4, 1/4, 1/4)
(Rpror = 5.83%, Rprage = 1.22%).

This result is interesting, because the physical properties of semiconductors
depend on their particle size [63]. Therefore, a simple, controlled synthesis of
nanocrystals with a uniform particle size is the goal of several research activities.

5.2. Synthesis by pyrolysis of single-source precursors

5.2.1. Pyrolysis of Sb(SiMes); adducts of gallium and indium trialkyls

The prepared adducts 6-17 (see Section 2) are potential precursors for CVD
studies. The adducts sublime at relatively low temperatures (< 100°C at
10~ 3 mbar) without decomposition. First pyrolysis investigations at 350°C in sealed
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Fig. 16. TEM image of a GaSb sample prepared in xylene.

capillaries gave AISb [64], GaSb and InSb [20] materials. Wells et al. studied the
thermal decomposition of ¢-Bu;Ga-Sb(SiMe,); (14) and 7-Bu;In-Sb(SiMe,); (32)
under static vacuum at 350°C (14) and 400°C (32). Nanocrystalline GaSb and InSb,
with an average particle size of 11 nm, were obtained through a B-hydride elimina-
tion pathway. Problems arose from the sublimation of the adducts under these
conditions, leading to low final yields of 11% (32) and 30% (14). The thus-prepared
InSb was In rich.

5.2.2. Thermal decomposition of GaSb and InSb heterocycles
The thermal decomposition behavior of [¢-Bu,GaSb(SiMe,),], 18 was investi-
gated by two pyrolysis experiments [19b]:
1. pyrolysis between 175 and 400°C under dynamic vacuum resulted in the forma-
tion of GaSb in 64% yield with an approximate average particle size of 9 nm;
2. pyrolysis between 175 and 400°C under static vacuum resulted in the formation
of GaSb in 27% yield. CH,, H,, Me;SiH and isobutylene were eliminated and
identified by IR spectroscopy, showing that the formation of the GaSb material
occurs through a B-hydride elimination process.
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[Et,GaSb(SiMe,),], (20) was also investigated concerning its potential application
as a precursor for the preparation of GaSb [33]. Thermolysis at 400°C leads to the
formation of nanocrystalline GaSb (average particle size 10 nm) in low yield (20%)
due to sublimation of the heterocycle under these conditions. The thus-formed
GaSb shows contamination with C and H (2%). Again, its formation occurs
through a B-hydride elimination.

Very recently, In-rich InSb was produced in 53% yield from the pyrolysis of
[£-Bu,InSb(SiMe,),], (22) at 400°C under static vacuum [20]. Interestingly, the
material, also formed through a f-hydride elimination pathway, is free from
contamination with carbon or hydrogen.

5.3. Synthesis of AISb thin films by MOCVD process

Antimony-containing films have been grown by MOCVD, MBE [65] and
metalorganic molecular beam epitaxy (MOMBE) [66], the combination of MOCVD
and MBE. Problems for MOCVD preparations arise from the fact that potential
precursor compounds are not stable at room temperature (e.g. SbH; decomposes at
room temperature and Me,SbH above — 78°C). Moreover, primary and secondary
stibines RSbH, and R,SbH are difficult to generate and to handle. Therefore, MSb
films (M = Al, Ga, In) were formed by reaction of Group 13 trialkyls, such as RyM
(R =Me, Et, i-Pr, t-Bu; M = Al, Ga, In) or Me;N — AIH;, with Sb trialkyls, such
as Me;Sb, Et;Sb and 7-BuSbMe, [67]. Another Sb source for the preparation of
Group 13 stibides by the MOCVD process is Sb(NMe,), [68]. However, various
drawbacks from the use of two precursors, such as the site-blocking effect [62a], the
formation of droplets on the surface of Group III elements [61c,63b], and a
relatively low growth rate, have led to the search for alternative precursors.

Cowley et al. [10b] demonstrated the potential of the InSb heterocycle
[Me,InSb(¢-Bu),]; (3) to produce polycrystalline InSb by MOCVD. InSb (stoi-
chiometry In:Sb=1:1) was grown on Si(100) wafers in a horizontal hot-wall
reactor. The deposition temperature was 450°C and the growth rates ~ 1.0 pmh 1!,
The carbon impurity level was below the detection limit of X-ray photoelectron
spectroscopy. Preliminary experiments also demonstrated [Me,GaSb(z-Bu),]; (2) to
be a useful precursor for the deposition of GaSb thin films. To the best of our
knowledge, no further investigations concerning MOCVD preparations of Ga—Sb
or In-Sb materials using heterocyclic single-source precursors were performed. The
analogous preparation of AISb thin films by this technology was also unknown,
because, prior to our own results, no such AlSb heterocycles that could be used as
starting compounds were known.

When designing a precursor for MOCVD experiments, the following aspects have
to be considered.

1. The precursor has to be volatile enough to guarantee a sufficient mass transport.

2. The ring core has to be as stable as possible, while the metal-ligand bonds
should be as weak as possible. It is known that the metal—carbon bond strength
decreases with increasing size of the ligand [69], e.g. GaMe;: DSyq =264 +
17kImol~!;  GaEty: D3 =209+17kImol~!; SbMe;: DSyq=255+
17 kI mol —'; SbEt,: DSgg =243 + 17 kJ mol ~"') [70].
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3. The metal centers should be substituted by a hydrogen atom or an alkyl group
containing a B-H atom to allow a B-H elimination process, which is known to
produce pure films with low carbon impurities.

Detailed pyrolysis studies were performed with [Et,AlSb(SiMe;),], (28) and
[i-Bu,AlISb(SiMes),], (29) in a cold-wall MOCVD reactor in the absence of any
carrier gas and at relatively high vacuum conditions [71]. The AlSb films were
grown on polycrystalline Al,O; substrates [72]. The optimum deposition tempera-
tures were determined to be in the ranges 375-425°C (28) and 425-475°C (29). In
the optimized temperature ranges the films showed the expected 1:1 stoichiometry.
The deposition rate is mainly kinetically limited and ranges from 5 to 9umh~—".
Table 12 shows the composition of the films as determined by wavelength-dispersive
X-ray spectroscopy (WDS) analyses.

5.3.1. AISb film from [Et,AISb(SiMe;),], (28)

X-ray diffraction studies on AISb films grown at temperatures above 375°C show
characteristic peaks of crystalline AlSb. The crystallinity increases proportionally to
the temperature. However, the Si incorporation level also increases with the
temperature, in particular at temperatures above 450°C. At 500°C, it reaches almost
15%. Carbon incorporation is below the detection limits of WDS and oxygen was
less than 1 at.%. The concentration of Sb stays constant at around 47% with a
concentration ratio of [Al]:[Sb] close to 1.0 up to a temperature of 450°C. At higher
temperatures the [Al]:[Sb] concentration ratio rises (1.28 at 500°C) as the rate of the
Sb deposition decreases in favor of Si deposition. Obviously, the metal-ligand
bonds were cleanly cleaved at temperatures below 425°C, whereas at higher
temperatures the fragmentation of the silyl groups occurs, which leads to silicon
atoms being deposited in the layer.

The morphology of the AISb thin films has been examined by scanning electron
microscopy (SEM). The particle sizes range from 300 to 700 nm. Images of the films
show both single crystals and agglomerated particles present in the layers. The
analyses reveal small changes of the surface morphology in particle size depending
on the temperature. An increase of the deposition temperature leads to smaller

Table 12
Composition of the AISb thin films obtained from MOCVD reactions as determined by WDS analyses
at different deposition temperatures

Precursor Deposition temp. (°C) Al (%) Sb (%) Si (%) Ratio Al/Sb
28 350 48 47 3 1.02
28 425 49 47 3 1.04
28 450 47 43 8 1.09
28 500 46 36 15 1.28
29 400 49 47 3 1.04
29 450 50 47 4 1.06
29 500 49 42 8 1.16
29 550 46 27 28 1.71
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Fig. 17. AISb thin film grown on Al,O; at 425°C at a pressure of 5 x 10> mbar using precursor 28.
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Fig. 18. AISb thin film grown on Al,O; at 475°C at a pressure of 5 x 10> mbar using precursor 29.
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crystallites. Figs. 17 and 18 show the results of the films grown on Al,O; at 425°C
and 475°C, respectively.

5.3.2. AISb film from [i-Bu,AISb(SiMe;),], (29)

With precursor 29, crystalline AISb layers are formed above 425°C (about 50°C
higher than with 28). X-ray diffraction studies gave comparable results to films
obtained from precursor 28. Again, the composition of the films depends on the
deposition temperature. At temperatures below 450°C the concentration of Si is low
(3—4%). Above 475°C the Si concentration increases remarkably, reaching 27.5% at
550°C. The concentration ratio of [Al]:[Sb] is close to 1.0 at low temperatures.
Above 475°C an Al-rich material is formed ([Al]:[Sb] = 1.7 at 550°C).

SEM studies of the films exhibit nearly the same surface morphology as those
from precursor 28. However, the particle sizes (in the range of 400—900 nm) are
slightly larger.

6. Conclusions

Trialkyls of Group 13 R;M react with SbR% (R = alkyl, SiMe;) to form simple
Lewis acid—base adducts. In the solid state, the central M—E bond length is mainly
a function of steric repulsion between the ligands. Sterically demanding Group 13
trialkyls, like 7-Bu;M, form the strongest adducts with electronically weaker, but
sterically less bulky stibines. In contrast, Group 13 trialkyls with somewhat less
bulky ligands, like Me and Et, form the strongest adducts with the electronically
strongest stibines. Independent of their increased steric demand.

Ga-Sb and In-Sb heterocycles are formed by dehalosilylation reaction between
dialkyl-gallium and -indium chlorides and Sb(SiMe;);. The corresponding Al-Sb
heterocycles can be obtained only by dehydrosilylation reactions using dialkyl
aluminum hydrides and Sb(SiMes); and R’,SbSiMe;, respectively. The ring size
depends on the steric bulk of the substituents bound to Al

The synthesis of [Me,AlBi(SiMe,),]; clearly demonstrates the general ability of
the dehydrosilylation reaction for the synthesis of Group 13—pnicogenides com-
pounds (pnicogenides = P, As, Sb, Bi). Al-Bi heterocycles, which are thermody-
namically less stable than the corresponding compounds with the lighter elements
of Group 15, can only be synthesized under those mild reaction conditions. No
other reaction pathways succeeded.

In solution, the Group 13—Sb rings can be cleaved. This is evidenced by reactions
of two different heterocycles, leading to mixed, ternary ring compounds. In
addition, reactions of Al-Sb heterocycles with strong Lewis bases give monomeric,
electronically stabilized Al-Sb compounds. This simple reaction offers the possibil-
ity to synthesize electronically rather than kinetically stabilized monomeric Group
13/15 compounds.

Binary Group 13-Sb materials can be produced by simple pyrolysis experiments
of adducts or heterocycles by MOCVD reactions using the corresponding heterocy-
cles and by reaction of GaCl; and Sb(SiMes); in solution. Depending on the
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hydrocarbon solvent, the composition, particle size and the crystallinity can be
controlled.
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