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Abstract

The current knowledge about azides of the heavier Group 13 elements is reviewed. Only neutral compounds of the general
formula R3_ \M(N3),(D), and MN3 (M = Al, Ga, In, TI; R = organic or inorganic substituent; D = neutral donor; y =0-3) are
taken into account. The syntheses of Group 13 azides of the formal oxidation number +III can either be achieved by salt metathesis,
o bond metathesis, or substitution reactions. The synthesis, structures, properties, and applications of mono-, di-, and triazides

including inter- and intramolecular donor-stabilized compounds are discussed.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The chemistry of covalent azides can be traced back
to the synthesis of HN3 by Curtius in 1890 [1]. Since
then, chemists of several generations have been attracted
to the field of covalent azides. Still today, the prepara-
tion of a new azide is a challenge for a synthetic chemist,
because one never knows exactly how dangerous the
target compound is. Furthermore, unwanted azide
byproducts might be more hazardous than the wanted
product itself and can initiate violent explosions.

* Fax: +49-234-3214174
E-mail address: jens.mueller@ruhr-uni-bochum.de (J. Miiller).

The first organometallic azides Ph,BiN3, PhBi(Nj3),,
and PhTI(N3), were reported by Challenger and Ri-
chards in 1934 [2], with the thallium compound being
the oldest example of the kind of compounds reviewed
here. This article compiles the knowledge about azides
of the heavier Group 13 elements. Only neutral com-
pounds of the general formula R;_,M(N3).(D), and
MN; (M =Al, Ga, In, Tl; R =organic or inorganic
substituent; D = neutral donor; y =0-3) are taken into
account. Salt-like compounds with anions containing
the Group 13 element and azido groups, e.g. [M(N3)4] ",
are not included.

The importance of the nitrides AIN, GaN, InN and
Al,Ga,In,;_,_,N for micro- and opto-electronic de-
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vices [3—9] have pushed the Group 13 azide chemistry a
large step forward within the last few years. New azides
were synthesized to be used as single-source precursors
for the chemical vapor deposition of nitrides (CVD
process). A single-source precursor already contains the
elements of interest in a single molecule, often directly
bound together. The azide group seems to be the
optimal build-in nitrogen source and nitrides were
successfully deposited without additional nitrogen
sources (see Section 6).

2. Monoazides

2.1. Syntheses of monoazides of the types RyMN; and
R(R')MN;

The syntheses of Group 13 azides of the formal
oxidation number +III can either be achieved by salt
metathesis (A), o bond metathesis (B), or substitution
reactions (C) (Scheme 1). Even though the methods are
exemplified for the synthesis of monoazido compounds,
they can be used for the synthesis of di- and triazides as
well. The majority of known azides are accessible
through methods A and B; substitution reactions
(method C) are only applicable in special cases. Scheme

A salt metathesis
RoMX + MN3 — RyMN3 + MX )

X=CI(F,Br,1) M’ =Na (Li, Ag)

B o bond metathesis

RoMY + EN3 —_— RoMN3 + EY 2)
Y E

B1 akyi(H,OH) H

B2 alkyl (l) Ci(

B3 CI(Br,l,alkyl, SiMes(SiPhs, GeMes,
OR, NRy) SnMes, PbMeg)

C  substitution reactions

XoGaNs + 122ZnMe, —— X(Me)GaN; + 122ZnX, ®3)
X=Cl, Br

X(Me)GaN; + LiGaH; —— H(Me)GaN; + GaHy + LIX )
X =Cl, Br

thf
CLAN; + 2PhCH,MgBr —— (PhCH,)ANs-thf + MgBr, + MgCl,  (5)

LMN3 +  Br —>» BrMN;  + I (6)
M=Al, Ga
BraGaN3 + LiGaH, —» H(Br)GaN; + GaHz + LiBr @

Scheme 1. General synthetic methods for Group 13 azides (less often
applied starting compounds are given in parentheses).

1 gives an overview of reactants; the less often applied
compounds are given in parentheses.

Table 1 compiles data of known symmetrical sub-
stituted monoazides of the empirical formula R,MNj;
(M = Al-Tl; R =H, alkyl, aryl, amino, and halogen).

Azidodiethylalane, Et,AINj, the first published di-
alkylelementazide, was synthesized by Prince and Weiss
from Et,AlCl and NaNj in benzene (method A) [18].
Independent of their work, Miiller and Dehnicke
reacted CIN; with Et;Al in a 1:1 ratio (method B2) to
obtain Et,AINj; [19]. Several synthetic methods can be
used for the simple azidodialkyl compounds. This might
be illustrated for azidodimethylalane, which was pre-
pared for the first time from Me,All and Me;SiN; or
Ph;3SiN; (method B3) [10]. In the case of the commonly
used Me;SiN3, the vapor pressures of the reaction
products Me,AIN; and MesSil are very similar, which
prevents the isolation of pure Me,AIN5. This difficulty
is eliminated by the use of Ph3SiNj resulting in Ph;Sil as
a product with a substantially lower vapor pressure than
the targeted aluminum azide. Shortly after, the synthesis
of Me>AIN; by the chloroazide method B2 was pub-
lished [12]. Furthermore, trimethylalane can be reacted
either with Me;SiN; (method B3) [11] or with hydrazoic
acid, HN; (method B1) [13] to give pure azidodimethy-
lalane.

An interesting variation of the silylazide method B3
was recently used for the synthesis of azidoindanes
R,InNj; (R = 'Pr, ‘Bu) [24]. Stirring of RsIn for 10 min
with one equivalent of MeOH yields R,InOMe, which
reacts with one equivalent of Me;SiN; to give the
respective azide R,InNj3 and the siloxane Me3;SiOMe.

The first totally inorganic monoazide Cl,AIN; was
synthesized from Cl3Al and Me;SiN5 in 1972 (method
B3) [35]. A few years later, Dehnicke and Kriiger used
IN;, prepared from NaNj3 and I,, for the reaction with
MI; (M = Al, Ga) to obtain the azidodiiodo compounds
ILMN3; [39]. These azides can be converted to the
bromides BroMNj; by the action of Br, [39]. Recently,
Kouvetakis et al. [36—38] synthesized the dichloro and
dibromo gallanes and indanes X,MNj3 using the azido-
silyl method B3 applied for CL,AIN; by Wiberg et al.
[35] before. In the case of the gallanes X,GaNj; the
intermediate Lewis acid—base adducts Me;SiN3;—-GaX3
(X =Cl, Br) could be isolated and analyzed by single-
crystal X-ray analyses [37,40,42]. As expected, the o-
nitrogen atom of the azido group coordinates to the
gallium atom. Gentle heating of these intermediates
afforded X>GaN; and XSiMes. Respective intermedi-
ates were observed by NMR spectroscopy for the
synthesis of Me,AIN; from Me;SiN3 and MesAl and
for the synthesis of Me,GaNj; from Me;GeN; and
Me;Ga [11].

The preparation of the parent azidogallane H,GaNj,
which was explored by the Kouvetakis group recently,
can be envisioned as a highlight of Group 13 azide
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Table 1
Symmetrical substituted azides of the type R,MN; #
R Al Ga In Tl
Me B3 (Me,All + Me;SiN3 or Ph3SiN;) B3 (Me;Ga+MesGeNs) [11]; B3 (MesIn+Me;SnN3) [11]; B2 and Bl (Me,TIOH + HN3)

[10], (AIMe; +MesSiN3) [11]; B2
[12]; B [13]

Et A [18]; B2 [19]; B2 [20]; A and B1 ¢ B2 [12,22]; A [23]
[21]

Pr

Bu A [25,26] ©

‘Bu A [25]

"Bu

(Me;Si),CH B3 £[27]°®

Bl and B2 [13]; A [14] ®

BI[15]®

B2 [12]

B3 (‘Pr,InOMe+ Me;SiN;) ¢
[24]°

A T[26]

B3 (Me;SiN; 4+ Busl-
InOMe) 9 [24] ®

Ar A (Ar = Mes) [25] ®

Cp

Ind ®

Me,N A 31] A 321 ® [31]

pip ! A[33] 2

tmp 3 A [32]

F B2 ¥ (Et,AIF +CIN3) [34]

Cl B3 [35] B3 [36,37] B3 [38]

Br C (I,AIN; +Bry) [39] C (I,GaN;+Br>) [39]; B3 B3 (BrsIn+Me;SiNy3) [38]
(Br;Ga+ Me;SiN3) [40]

I B2 (All;+1IN3) [39] B2 (Gal3 +1IN3) [39]

H A (H,GaCl+LiN3) [41]; C

(Br,GaN; + LiGaH,) ' [40]

[16]: A (Me,TII+AgN5) [17] ®

B2 [12]

A T[26]

A (Ar: Ph; Ph,TIF 4+ NaN3)
[28]; A (Ar=Ph, o-, m-, p-
tolyl) [29]

A (Cp,TICI+KN3) [30]

A (Ind,TICI+KNj3) [30]

# Variations with respect to the general synthetic methods A, B1-B3, and C (Scheme 1) are mentioned in parentheses.

® Characterized by single-crystal X-ray analysis.
¢ In situ preparation of Et;AIN; for organic synthesis.
9 In situ preparation of R,InOMe from R;In and HOMe.

¢ The authors claim the successful synthesis of Bu;GaNj3 from a HO—pyridine (1:1) solvent mixture. The data of the product do not agree with the

ones described in Ref. [25].
T See also comment e.

€ [(MesSi),CH],AIN; can be synthesized from [(Me;Si),CH]4Al, and Me;SiN3 with photochemical activation.

" Ind = indenyl (CoH5).

! pipH = piperidine.

J tmpH = 2,2,6,6-tetramethylpiperidine.

X F,AIN; is only mentioned, but not characterized.
! D,GaNj3 is accessible using LiGaDy.

chemistry [40,41]. This parent compound was synthe-
sized for the first time by a salt metathesis from H,GaCl
However, this method

and LiN;3 (method A) [41].

Table 2
Asymmetrical substituted azides of the type R(R")MNj; #

requires high-quality H,GaCl, a compound which is
difficult to synthesize and maintain as a pure substance
at ambient temperatures [43]. H,GaN; can be easier

Al

Ga

Me(I)AIN;: B3 (Me>All +Me;SiN3) [10]; Ef(CI)AIN5: B2 [34];
Me(CI)AIN; °: B3 [44]; Me(Br)AIN; °: C (Br,AIN;+ZnMe,) [44]

H(Cl)GaN; ®: A (Cl,GaH + LiNy) [41]; H(Br)GaNs: C (Br,GaN;+ LiGaHy)
[40]; H(Me)GaN;5: C (Me(X)GaN;+LiGaHy; X = Cl, Br) [45];

Me(Cl)GaNs ®: C (Cl,GaN3+ZnMe,) [45]; Me(Br)GaNs °: C
(Br,GaN3+ZnMe,) [45]; Cp*Ga[(Me3Si),N]GaN; b, (Cp*Ga+ Me;SiN3) ©

[40]

# Variations with respect to the general synthetic methods A, B1-B3, and C (Scheme 1) are mentioned in parentheses. Indium and thallium azides

of this type are unknown.
® Characterized by single-crystal X-ray analysis.
¢ Cp* = MesCs.



108 J. Miiller | Coordination Chemistry Reviews 235 (2002) 105119

prepared via a reduction of Br,GaNj; with an excess of
LiGaH, [40]. Attempts to synthesize the parent azidoa-
lane by similar methods were unsuccessful. At best, they
resulted in unstable, explosive polymers of the empirical
formula H,AINj; [44].

As it can be seen from Table 2, the only asymmetrical
substituted monoazides known so far are either alanes
or gallanes. The first azide of the type R(R")MNj; have
been synthesized by o bond metathesis B3, i.e. Me,All
and Me3SiN; react to give Me(I)AIN; [10]. A series of
new azido gallanes, H(X)GaN; (X =Cl, Br, Me) and
Me(X)GaN; (X = Cl, Br), have been synthesized either
by salt metathesis (Eq. (8)), by substitution reaction with
LiGaH, (Scheme 1, egs. (4), (7) or with dimethylzinc
(Scheme 1, Eq. (3)) [40,41,45]. Similar methods have
been used to prepare the aluminum azides Me(X)AIN;
(X'=Cl, Br) [44].

HGaCl, + LiNg —_— H(C)GaN; +  Licl (8)

The reaction of pentamethylpentadienylgallium,
Cp*Ga, with the azides XyIN; (Xyl = 2,6-dimethylphe-
nyl) and MesSiN; results in two different types of
product [46]. The reaction with the organic azide in a
I:1 ratio gives the dimer (Cp*GaNXyl),, the first
dimeric iminogallane with the unusually low coordina-
tion number three at the gallium atoms. However,
trimetylsilylazide reacts in a 2:1 ratio with Cp*Ga
resulting in an asymmetrical substituted azidogallane
[(Me3Si),N]JCp*GaN; which crystallizes as a dimer.
Jutzi et al. interpreted the reaction as depicted in Scheme
2 [46]. The iminogallane Cp*GaNSiMe; is purposely
formed during the first step of the reaction sequence,
accompanied by the loss of N,. This intermediate reacts
further with one equivalent of Me;SiN; to give the
characterized amino(azido)gallane in a yield of 86%.

2.2. Structures of monoazides of the types RyMN; and
R(R')MN;

All known molecular azides (Tables 1 and 2) are
oligomers. The first investigation on the degree of

oligomerization was performed on Et,AIN; [19,20].
This azide is shown by cryoscopy to be trimeric in

[ Cp*GaNSiMe3 ]

+ Me3SiNg 1

Cp" SiMe;
122 [(n'-Cp*K(Me3Si}N}Ga(-Na)l,  ~—— SN
N3 SiMe;

n%-Cp*Ga + MesSiN; —_—

N,

Scheme 2. Formation of {Cp*Ga[(MesSi);N]GaNs},.

N N
I } Re
N N A
1 1 N
AN RoM N MR N// 3
RoM, MRz z 2 N// \\N
i NS Sy
N N7 K, N R,AI—N=N=N—ARR,
1
N
A B C
I
I N N
N R N=N=N
I M—nN 5
/ RoGa
NYMRz O\ ’ N=n=N
RME ] \ MR, R
N H R,Ga
. v
1l
N
D E

Fig. 1. Structures of monoazides R,MN3.

benzene. Vibrational analysis by IR and Raman spectro-
scopy indicates that azidodiethylalane trimerizes via the
o-N atom of the N3 group to give a planar six-
membered ring (Fig. 1B; Dj;, symmetry). Similar
investigations on the azides MesMN; (M = Al, Ga, TI)
and Et;,MN3; (M = Ga, In, TI) [10,12,13,16,22] led to the
conclusion that the aluminum and gallium species are
trimers, the indium azide is probably a dimer, and the
thallium compound is an ionic solid composed of R,T1+
cations and Nj anions. The first azidoalane to be
characterized by crystallography was [(Me3Si),H-
CLAIN; [27]. Surprisingly, the compound trimerizes
via the y-N atoms to form non-planar 12-membered
rings in the solid-state (Fig. 1C and Fig. 2). This unusual
structure might be a consequence of the bulky (Me;s-
Si),HC ligands which prevent oligomerization via the
more basic a-N atoms.

Azidodimethylgallane was the first structurally char-
acterized monoazide R,MNj;. Single-crystal X-ray de-
termination shows repeating Me,GaNj units linked via

Fig. 2. Molecular structure of [(Me;Si),HC],AIN;. scHAKAL [47]
drawing based on the data of the single-crystal X-ray determination
of Ref. [27]; methyl groups are omitted for clarity.
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o-N atoms to form spirals along the a-axis of an
orthorhombic unit cell (Fig. 1E) [14]. Mes,GaNjy
(Mes = 2,4,6-trimethylphenyl) oligomerizes via the o-N
atoms to form dimers [25]. In accordance with the solid-
state structure, molecular mass determination by cryo-
scopy has shown that Mes,GaNj; dissolves as dimers in
benzene [25]. The amino(azido)gallane (Me,N),GaNj;
crystallizes as dimers, but in contrast to the mesityl
compound Me,N groups are in bridging positions.
These dimeric units are further associated by dative
interactions between y-N atoms of the terminal azido
groups and Ga atoms of adjacent four-membered rings
(Fig. 1A). Even though the intermolecular Ga-N
distances are rather long (343 pm), the gallium geometry
is significantly distorted from tetrahedral to trigonal
bipyramidal. A comparable linkage of dimers was found
for the indium azides ‘Pr,InN3 and ‘Bu,InNj [24]. The
relatively short In—N, contacts of 266 pm indicate
stronger intermolecular bonds in comparison with the
gallane [Me,N(N3)Ga(pu-NMe»)],. An even more com-
plex structure was found for Me,InNj; in the solid-state.
Based on mass spectrometry, it was proposed that
Me,InN; consists of trimers [11]. However, single-
crystal X-ray analysis has shown that Me,InN; forms
a three dimensional network of dimeric units (Fig. 1A)
[15]. Each In atom of a dimer (Me,InN3), exhibits two
intermolecular contacts to y-N atoms of azido groups of
adjacent dimers (average In—N distance of 292 pm).
This gives a distorted octahedral coordination at indium
with two Me groups, two a-N atoms (intramolecular),
and two y-N atoms (intermolecular).

The heaviest Group 13 element forms ionic salts. The
structure of dimethylthallium azide can be described as
distorted NaCl type structure exhibiting linear Me,T1
and linear N units [17]. This result is in agreement with
the earlier conclusions drawn from vibrational spectro-
scopy of Me,TIN; [16].

Recently, Kouvetakis et al. characterized the mole-
cular structures of a series of asymmetrically substituted
aluminum and gallium azides, Me(X)MN; (X = Cl, Br)

Fig. 3. Molecular structure of H(Cl)GaNj. scHAKAL [47] drawing
based on the data of the single-crystal X-ray determination of Ref. [41];
H atoms are omitted.

[44,45] and H(Cl)GaN; [41] (see Table 2). The first
published example of this type was H(Cl)GaN3 which
forms a cyclooctane-like GayN4 heterocycle via Nj
bridges (Fig. 1D and Fig. 3). The eight-membered rings
exhibit chlorine in an alternating up and down position
with the idealized molecular point group symmetry Sy.
These heterocycles are associated via Ga—Cl contacts
ranging from 353 to 373 pm to form chains in the crystal
lattice [41]. The methyl derivatives Me(Cl)GaN3 [45] and
Me(X)AIN; (X =Cl, Br) [44] show a comparable
cyclooctane-like  structure, but in contrast to
[H(Cl)GaNj3], significant intermolecular contacts could
not be detected. A six-membered ring structure was
found for Me(Br)GaNj3 in the solid-state (Fig. 1B) [45].
The crystallographic analysis revealed two kinds of
disorder which were successfully modeled in the struc-
ture. This model indicates that the mayor fraction of
these molecules form trimers with three p-N5 groups and
the minor fraction exhibits two p-N3 groups and one p-
Br ligand.

Table 3 shows single-crystal X-ray data for N3 groups
from selected molecular azides. Typically, N,—Ng bonds
are longer than Ng—N, bonds. This can be interpreted as
a higher bond order for the terminal N-N bond,
showing a pre-formation of the N, molecule. Distinction
between N,—Ng and Ng—N, bonds is not possible for
[{(MesSi),CH},Al(n-N3)];  with  the unique azide
bridged structure (Fig. 1C and Fig. 2).

Azide groups are nearly linear with N,—Ng—N, angles
in the range of 175-180°. Based on a simple molecular
picture linearity is expected, but more detailed quantum
mechanical analysis has shown that slightly bent azido
groups should be formed [48].

2.3. Syntheses and structures of donor-stabilized
monoazides

The use of appropriate bases results in Lewis acid—
base adducts which are not further associated. Nitrogen
or oxygen donors have been used either inter- or
intramolecularly (Tables 4 and 5). The simple adducts
compiled in Table 4 are commonly synthesized by
adding the respective base to the azide. The pure azides
R,>MN3; are not known for (CcHsCH,)>MN;z;—thf (M =
Al, Ga) and H,AIN;—NMes;. The benzyl derivatives
were prepared from the thf adducts of the chlorides
(C¢HsCH,),MCIl—-thf by salt metathesis with NaNj
(Scheme 1; method A) [50]. H,AIN;—NMes was synthe-
sized by a 1:1 reaction of H3AI-NMe; and hydrazoic
acid (Scheme 1; method B1) [44]. The adduct H,AIN;—
NMe; is quite reactive and looses the amine and
hydrogen on standing at ambient temperature to yield
a polymeric solid which is extremely shock sensitive [44].

So far, only Me,AIN;—NH5Bu [49] and Cl,InN;(thf),
[38] have been characterized in the solid-state. The
molecular units of the aluminum compound are linked
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Table 3
Selected bond lengths (pm) and angles (°) for molecular monoazides

N,—Nj

NB*NY

M-N, N,—Npg-N,

[{(Me3Si),CH}Al(-N3)]; [27]

114 2 [112.7(6)-115.4(5)] 114 * [112.7(6)~115.4(5)] 193 * [190.4(5)—194.4(4)] 176  [175.3(5)-177.3(6)]

[Me(CHAI(1-N3)] [44] 126.0(7) 111.2(8) 190.5(5) 178.0(6)
[Me(Br)AI(1-N3)], [44] 126.4(8) 113.8(8) 194.2(7) 178.2(8)

[(CsH oN)(N)AI-NCsH o), P [33]  116.9(6) 112.2(6) 180.5(4) 176.5(7)
[Me>Ga(u-N3)]. [14] 120.1(9) 112.1(9) 205 2 [203.9(6), 205.1(6)]  179.3(9)
[Mes,Ga(-N3)] [25] 122 * [121.9(3), 122.6(3)] 113 *[113.3(3), 113.6(3)] 205 ® [204.2(2)-204.8(1)] 180 ® [179.6(2), 179.6(2)]
[(Me>N)(N3)Ga(-NMe)], [32] 117.7(5) 113.8(5) 191.9(4) 175.6(5)
[H(C)Ga(u-N3)]4 [41] 125 2 [123(2)-126(2)] 113 * [112(2)-115(2)] 201 2 [197(2)-206(2)] 177 * [176(2)-179(2)]
[Me(CGa(u-N3)l [45] 126(2) 109(2) 196(2) 177(2)
[(n'-Cp*){(MeSi),N} Ga(u-N3)|» [46]  123.5(3) 113.53) 207 ® [206.1(2), 207.6(2)] 177.8(3)

[Me>In(u-N3)ls [13] 118 # [117.9(6)~118.7(6)] 116 * [115.1(6)~115.9(6)] 239  [239.0(4)~239.5(4)] 180 * [179.5(5)~179.6(5)]
[ ProIn(u-Na) [24] 119.4(2) 113.83) 236 2 [229.6(2), 243.3(1)]  178.9(2)

# Average value.
b CsH,;(NH = piperidine.

via hydrogen bridges, which are formed between the
nitrogen atoms of the amine donor and N3 groups from
adjacent molecules (Fig. 4). One H atom of the ‘BuNH,
ligand is associated to an o-N atom and the second H
atom is associated to a y-N atom.The indium compound
Cl,InNj3(thf), exhibits a unique molecular structure in
the solid-state (Fig. 5). It crystallizes as dimers with a
planar Cl,InN,InCl, core. Two thf ligands for each In
atom complete the octahedral coordination of the
metals [38].

Except for the complex (salen)AIN;, all known
intramolecularly coordinated azides have been synthe-
sized by the salt metathesis method A (Table 5). Fig. 6
depicts the different types of intramolecularly coordi-
nated azides. By using ligands capable of intramolecular
coordination, monomeric azides have been synthesized
with either four- or fivefold coordination at the metal
center. The structurally characterized complexes carry
either a 3-dimethylaminopropyl, Me,N(CH,);, a 2-
[(dimethylamino)methyl]phenyl, 2-(Me,NCH,)CsH,4, or
a rigid porphyrin ligand.

Table 4
Adducts of monoazides *

The azide Me,N(CH,);Al(N3)'Bu, a liquid at ambient
temperature, was crystallized in a capillary using a
miniature zone melting procedure [53]. It crystallizes as
monomeric units without intermolecular contacts (Fig.
7). Table 6 compiles selected bond lengths and angles of
donor-stabilized monoazides. As expected, the geome-
tries of the N3 groups are similar to those discussed
earlier for the oligomeric monoazides (Table 3). All
three azides of the type [Me,N(CH»)3[,MN3; (M = Al,
Ga, In) have been structurally characterized by single-
crystal X-ray analysis. The aluminum and gallium
compounds show trigonal bipyramidal coordination of
the metal centers with two nitrogen donor atoms at
apical positions. The molecules are not further asso-
ciated in the crystal lattice. In contrast, the indium
monoazide [Me,N(CH,);],InN; forms a chain structure
with symmetrical In-NNN-In bridges in the backbone
of the polymer resulting in octahedral coordination of
the In atoms. The first structurally analyzed Group 13
porphyrin azide is (oep)GaNj3 [58]. The coordination
polyhedron around gallium is an almost perfect square
pyramid (Fig. 8 and Table 6).

Al Ga

In

MesAINs— NH5Bu ° [49]; Et AINs—th [18];

[50); Me(CI)AIN;~NMes [44]; H,AINs—NMes: Bl
(H3Al-NMe; + HN3) [44]

Et,GaN;—NMeHNH>: A (Et,GaCl-NMeHNH,+ NaN3) [M.M. ChLInN;(D),:
(C¢HsCH,),AIN;—thf: C (Cl,AIN3+CsHsCH,MgBr+thf) © Sung, C. Kim, S.H. Yoo, C.G. Kim, Y. Kim, Chem. Vap.
Deposition 8 (2002) 50]; (C¢HsCH,)>,GaNz—thf: B3

[(C6H5CH2)2GaC17thf+ M6;51N~;] ¢ [50], ClzGﬂN}*NMEj;

D = thf ®, py [38]

[37.42); ChGaN3~NMeyEt [37]; HyGaN3—py [40];
H>GaNs—NMes [40]; HyGaNs—NC,Hys % A
(H,GaCl-NC;H,;+NaNj3) [51]

& Variations with respect to the general synthetic methods A, B1-B3, and C (Scheme 1) are mentioned in parentheses; azides of this type are

unknown for TI.
® Characterized by single-crystal X-ray analysis.
¢ The free azide is unknown.
4 NC,H,; = quinuclidine.



Table 5

Intramolecularly coordinated monoazides *

Al Ga In Tl

[Me>N(CH>)3]»AIN; °: A [MesN(CH>)3],GaN5 ®: A [56]; [Me>N(CHs)s]oInN; ®<: A (por)TIN; % A (por = oep and
(Me,N(CH,);AICL, +NaN3) [49], A [Me,N(CHs)5]Ga(Ns) Bu: A [57]; (IMe,N(CH,)3bInBr + TI[PF] + NaN3) [59], A tpp) [62], A (por = tpp °, tmpp %
((Me,;N(CH,);),A1X +NaNj; X = Cl, Br) [52]; [Me;N(CH,)3)Ga(N3)Me: A [57]; ((Me,N(CH,)3]InBr+ Ag(O3SCF3) + NaNs3) d [60]; (por)TI(O,CCF3)+KN3) [63]
[Me>N(CH>)3]AI(N5) Bu ®: A [52,53]; [2- [Me>N(CH>)>NEt],GaN5: A [32]; (por)InN; & A (por = tpp and oep) ¢ [61]

(MexNCH>)H,ColAIN5 ®: A [52]; [2- (por)GaN; % A (por = omp, oep 2, tpp, tmtp,

(Me,NCH>)HyColAI(N3) Bu: A [52]; tptp; (por)GaX + NaNj; X = Cl, O,CMe) [58]

MeN[(CH>)»(NSiMes)|,AIN5 ®: A [54]; (sale-
n)AIN; ©: Bl [(salen)AlMe+ HNj3] and C (sale-
nH,+ Et,AIN3) [55]

% Variations with respect to the general synthetic methods A, B1-B3, and C (Scheme 1) are mentioned in parentheses.
® Characterized by single-crystal X-ray analysis.
¢ Used as a catalyst for asymmetric synthesis; salen = (R,R)-(—)-N,N’-bis(3,5-di-tert -butylsalicylidene)-1,2-cyclohexanediamino or the (S,S)-(+) enantiomer.
4 omp = 2,3,7,8,12,13,17,18-octamethylporphyrinato, oep = 2,3,7,8,12,13,17,18-octaethylporphyrinato, tpp = 5,10,15,20-tetraphenylporphyrinato, tmtp = 5,10,15,20-tetra-m -tolylporphyrinato,
tptp = 5,10,15,20-tetra-p -tolylporphyrinato, tmpp = 5,10,15,20-tetra(4-methoxyphenyl)porphyrinato.
¢ A related compound of the formula [Me,N(CH,)3],InN;—[Me,N(CH,)3],In(O3SCF3) have been investigated by single-crystal analysis too.
T Used as 1,3-dipoles in cycloadditions.

611501 (2007) SET shmarady Luistuay) uonvuip100) | Ljw
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Fig. 4. Molecular structure of Me,AIN;—~NH5Bu. SCHAKAL [47]
drawing based on the data of the single-crystal X-ray determination
of Ref. [49]; H atoms are omitted for clarity.

Fig. 5. Molecular structure of [Cl,InN3(thf),],. SCHAKAL [47] drawing
based on the data of the single-crystal X-ray determination of Ref. [38].

3. Diazides

In comparison with monoazides, the number of
diazides are quite limited. Table 7 gives an overview of
the known diazides and related adducts. The first
compound of this type was synthesized by Challenger
and Richards in 1934 by salt metathesis [2]. Starting
from PhTICI, and NaNj, phenylthallium diazide was
prepared in aqueous solution. So far, the known
diazides have not been structurally characterized (Table
7). The alkyl derivatives MeAl(N3),, EtAl(N3),, and
EtGa(N3), are soluble in thf, presumably as 1:1 adducts.
Three adducts of EtGa(N3), with nitrogen bases have
been synthesized and characterized by standard methods
[57].

An interesting reaction has given transition metal
substituted gallium diazides. Substitution reaction of
K[Cp(CO),Fe] with  Ga(N3); in thf gives
[Cp(CO),Fe]Ga(N3), which can be isolated as a pyridine
adduct, and [(OC)4Co]Ga(N3),—NMejs can be obtained
in a similar fashion.

-,
( NMe, (\N Sites
NMe, | /
I uM——Y MeN
My N3 Na | \) k/NSlMe;,

R Me,N
A Y = CHy, NEt
B
”l‘Mez “INMe,
MitN3 I
R oM
Ny |
D MezN
E
R' R R
1 R1
R | Ny )
N\'/
2 R2
R n..Nl/ \0
R! R
R R R
F G
(por)MN3 (salen)MN;

Fig. 6. Structures of intramolecularly coordinated monoazides.

Fig. 7. Molecular structure of Me>N(CH,);Al(N3)'Bu. SCHAKAL [47]
drawing based on the data of the single-crystal X-ray determination of
Ref. [53].

Five intramolecularly coordinated diazido complexes
are known (Table 8), which all exhibit one or two amine
donors. They are synthesized by salt metatheses from
the respective chlorides with NaN; (Fig. 9). Cowley et
al. characterized [2,6-(Me,NCH,),H;C4]Ga(N3), by
single-crystal X-ray analysis [67]. The geometry can be
described as a trigonal bipyramidal coordination of the
Ga atom with two donor nitrogen atoms at the apical
positions (Fig. 10), but the molecules are not further
associated in the solid-state. The azide groups show the
expected alternating bond lengths with comparable
values to monoazides [N,—Ng: 121.2(5), 118.1(5) pm;
Ng-N,: 113.9(6), 113.0(6) pm; Ga-N,: 191.4(4),
192.8(4) pm; N,—Ng—N,: 173.5(6), 176.1(5)°] [67]. A
similar structure, with monomers in the crystal lattice,
was found for the diazidogallane [Et,N(CH,),],N-
Ga(N3), [Ng—Ng: 119.1(5), 119.2(5) pm; Npg-N,:
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Table 6
Selected bond lengths (pm) and angles (°) for donor stabilized monoazides

CN®  N,—Ng Ng-N, M-N, N,-Ng-N,
Me,AIN;—NH5Bu [49] 4 120.2(2) 113.9(2) 190.1(1) 176.3(1)
[Me>N(CH,)3]AI(N3) Bu [53] 4 120.0(4) 114.4(4) 185.8(3) 176.4(3)
(Me;NCH,)H,Cg,AIN; [52] 5 116.1(6) 115.3(7) 186.4(6) 175.5(7)
[Me,N(CH,)3,AIN; [52] 5 119.12) 114.5(2) 189.7(2) 176.9(2)
[Me,N(CH,);],GaNj; [56] 5 120.7(8) 113.2(9) 200.5(5) 178.0(8)
(oep)GaNj3 ° [58] 5 117.2(2) 114.6(3) 195.5(2) 176.4(2)
[Cly(thf),In(p-N3)], [38] 6 121(2) 113(2) 224.2(8) 180.0(4)
[{Me,N(CH,)3}»In(u-N3)], [60] 6 116.52) © 116.5(2) © 252.6(2) 180
(tpp)TIN; ® [63] 5 121.0 117(1) 220.2(9) 177(1)
(tmpp)TIN; ° [63] 5 121.0 113.9(7) 220.5(6) 176.4(9)

% Coordination number.
b oep = 2,3,7,8,12,13,17,18-octaethylporphyrinato,

tpp = 5,10,15,20-tetraphenylporphyrinato,

tmpp = 5,10,15,20-tetra(4-methoxyphenyl)por-

phyrinato.
¢ Njp coincides with a center of inversion.

Fig. 8. Molecular structure of (oep)GaNj (oep =2,3,7,8,12,13,17,18-
octaethylporphyrinato) scHAKAL [47] drawing based on the data of
the single-crystal X-ray determination of Ref. [58]; H atoms are
omitted for clarity.

115.5(6), 115.2(5) pm; Ga—-N,: 192.3(4), 194.5(4) pm;
No—Npg—N,: 175.5(5), 175.3(5)°] [66]. In contrast to
these coordinatively saturated gallanes, the diazide
Me,N(CH,)3Ga(N3), with only one amine donor is
associated in the solid-state. The molecular structure
of this species was determined by two different single-
crystal analyses [56,65]. The first crystals were grown in
a sealed capillary from the melt directly on the

Table 8
Intramolecularly coordinated diazides *

Ga In

MezN(CH2)3Ga (N3)2 bZ C M€2N(CH2)3]I1 (N3)2I A
(Ga(N3); + Li(CH,);NMe,) [65], A (Me,N(CH,);InBr; + NaNj3) [68]
[56,57] ¢,

[Me;,N(CH,),)EtN]Ga(N3)>: A d

[66]; [EtaN(CH,):.NGa(N3), ©: A

[66]; [2,6-

(Me;NCH,),H3CelGa(N3), *: A

[67]

% Variations with respect to the general synthetic methods A, Bl -
B3, and C (Scheme 1) are mentioned in parentheses; aluminum and
thallium compounds of this type are unknown.

® Characterized by single-crystal X-ray analysis.

¢ Different molecular structure of [Me,N(CH;)3]Ga(N3); as in Ref.
[65], see text for details.

d Alternatively this diazide can be synthesized from Me,N(CH,),N-
HEt and M€3N*G8(N3)3.

diffractometer [65]. The poor quality of the crystal
grown resulted in a limited quality data set, however,
the principal structural features were determined show-
ing dimers with a central Ga,N, ring, which had been
formed through association via the a-nitrogen atoms of
the azido groups (Fig. 11A). Crystals grown from a
purer batch of the azide Me,N(CH,);Ga(N3), under

Table 7

Diazides of the type RM(N3), and related adducts *

Al Ga Tl
MeAI(N3): Bl [64], B3 (Me(I)AIN; +Me;SiN3) [10]; EtGa(Ns)»: A [5T]; EtGa(N3),—D (D =NGC;Hy; &, py, NH5Bu) [57];  PhTI(N3)»:
EtAI(N3), (dismutation of EtCIAING) ° [34]; CIAI(Ns)x: B3 [Cp(CO)sFe]Ga(N3)r—py % C (K[Cp(CO),Fel+Ga(Ns)s+py) [65: A [2]

[35] [(0C)4C0]Ga(N3),~ NMes “: C (K[(CO)sCo] +Ga(N3)s +py) [65]

& Variations with respect to the general synthetic methods A, B1-B3, and C (Scheme 1) are mentioned in parentheses; indium compounds of this

type are unknown.
® EtAl(N3), is mentioned, but not characterized.
¢ NC;H;; = quinuclidine.
9 The free azide is unknown.
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Fig. 9. Structures of intramolecularly coordinated diazides.

Fig. 10. Molecular structure of [2,6-(Me;NCH,),H;Cg]Ga(N3), SCHA-
KAL [47] drawing based on the data of the single-crystal X-ray
determination of Ref. [67].

different conditions gave a better crystallography data
set [56]. Moreover, the molecules showed a new type of
association in the crystal lattice (Fig. 11B). Tetramers
were formed by head-to-tail azide bridges between Ga
atoms, which can be described as a dimer of dimers [56].
The stronger dimeric unit is shown in Fig. 11B, where
two gallium diazides are linked via one Ga—N, contact

Table 9
Triazides M(N3); and related adducts #

of 281.4(5) pm. These dimers are associated through N—
Ga contact of 306.9(6) pm between Gal and N3 (a y-N
atom of a neighboring molecule) to form a centrosym-
metric dimer of dimers (Fig. 11B). The structural
parameters of the azide groups are N,—Ng=116-118
pm, Ng—N, =114-115 pm, Ga—-N, = 187-190 pm, and
N,—Ng—N,: 174-176°.

4. Triazides

The triazides of aluminum and gallium were synthe-
sized for the first time in Wiberg’s group from diethyl-
ether solutions of the respective hydrides EH; and three
equivalents of hydrazoic acid (method B1; Table 9)
[69,70]. These azides have been obtained as colorless
solids, which were soluble in thf. The first report of a
structurally characterized triazido alane, py;Al(N3)s,
appeared in 1996 [49]. In the same year, there were
two reports of the analogous gallane [65,71] and a year
later the respective indium compound was described
[60]. All three compounds py3;E(N3); exhibit octahed-
rally coordinated metal centers with a mer configuration
of the two ligand sets. The aluminum compound is
depicted in Fig. 12 as a representative example. Besides
the tripyridine compounds, only the simple 1:1 adducts
of Ga(N3); with amine donors were synthesized by
Fischer et al. The adducts with Mes;N and Et;N have
been characterized by single-crystal X-ray structural
determinations (Fig. 13). Table 10 shows selected bond
lengths and angles of donor-stabilized triazido com-
pounds. Most of the azido groups exhibit the expected
bond length alternation: the N,—Ng bond is longer than
the Ng—N, bond. This alternation is only weakly
pronounced for the indium species, which agrees with
a more ionic description of the indium azide bonds [60].

Al Ga

In

AI(N3);: Bl (AIH3+HN3) ©
[69], BL ¢ [72]; py3Al(N3)s
(A+py) [49]

Ga(N3)s: BI (GaHs+HNj) [70], A [65], (from EGN-Ga(Ns)s)  pysln(Ns)s ® [60]; (terpy)In(Ns)s * [68]; [(rer-
[73]; py3Ga(N3); >° (A+py) [65], B3 [Ga(N-
Me)s +MesSiNs +py] L [711; (N3)sGa —thf & [65]; (N3)3Ga—N-

(terpy)In(N3)A0>,C(CH,);0H] ° [68] ]

NMes ° [56,65]: (N3);Ga—NEt; ® [65], (Na[Ga(N3)4] + NEts)
[56,73], (N3)3Ga —NMesR (R = n-CsH7, n-CioHa) [S6];

(N3)3Ga—NC7Hy3 " [65]

# Variations with respect to the general synthetic methods A, B1-B3, and C (Scheme 1) are mentioned in parentheses; thallium compounds of this

type are unknown.
® Characterized by single-crystal X-ray analysis.

¢ Al(N3); was obtained trough method A with thf as the solvent, but the solvent could not be removed completely [74].

4 Matrix isolation IR spectroscopy of the monomer.

¢ Single-crystal X-ray structural data for py;Ga(N;); available in Ref. [65,71].
 pysGa(N3); can be obtained by a dismutation reaction of (Me,N),GaNj5 in pyridine.

¢ Ga(N3); dissolves probably as a mono thf adduct; not isolated.
f‘ NC;H,3 = quinuclidine
' terpy = 2,2’,2"-terpyridine.

3 Crystals were accidentally obtained from a decomposition reaction of (terpy)In(Ns); in thf.
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Fig. 11. Molecular structures of Me,N(CH,);Ga(N3), scHAKAL [47] drawing based on the data of single-crystal X-ray determinations of Refs.

[65,56].

Fig. 12. Molecular structure of py3;Al(N;); sCHAKAL [47] drawing
based on the data of the single-crystal X-ray determination of Ref. [49];
H atoms are omitted for clarity.

Fig. 13. Molecular structure of MesN—Ga(N3); SCHAKAL [47] draw-
ing based on the data of the single-crystal X-ray determination of Ref.
[56].

There are two exceptions from the expected bond length
alternation. The azido group trans to the pyridine ligand
in py;Al(Ns); and pysIn(Ns); show a shorter N,—Ng
bond (105.2(5) and 106.0(4) pm) than the Ng—N, bond
(121.4(6) and 121.3(4) pm). This surprising result was
attributed to solid-state effects [60].

Table 10
Selected bond lengths (pm) and angles (°) for structurally characterized
triazides

CN*® N,-Ng Ng-N, M-N, N,~Ng-N,

pysAl(N3); [49] 6 105.2 1214 200.6 176.6
119.6 114.9 1952 176.7
118.6 114.7 1953  176.2

pysGa(N3); [65,71]° 6 1194 1142 2005 176.4
1199 1145 2007 177.1
1208 1158 2007 1788

pysIn(N3); [60] 6 1060 1213 2193 1754
1166 117.1 2235 176.0
1156 1173 2233 1767
Me;sN—Ga(N3); [56] 4 121.5 1140 1888 1755
1213 1145 1887 1756
1217 1137 1892 1753

% Coordination number.
® Data taken from Ref. [71].

5. Element(I) azides

The simplest azido species of the Group 13 elements
are compounds of the type MNj3. All of these element(I)
azides are known as molecular compounds from recent
matrix-isolation investigations (Table 11); the bulk
material is only known for thallium. Thallium mono-
azide, which can be crystallized from aqueous solutions,
is an ionic solid with a tetragonal distorted CsCl type
structure [80,81]. The linear N; groups are symmetri-
cally surrounded with N-N distances of 118 pm
(corrected for thermal motions) [81]. Similar structures
have been found for alkaline salts KNz, RbNj3, and
CsNj [80].

Recently, Andrews et al. investigated the co-deposi-
tion of laser-ablated metals Al [75,76], Ga, In, and TI
[78] with N, at 10 K. A set of element nitrogen species
M, N, were isolated in N, matrices by these experiments
and characterized by IR spectroscopy. Among these
species the monoazides MNj3; have been characterized
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Table 11
Molecular element(I) azides MNj;

A1N3 GaN3

IHN3 T1N3

Laser-ablated

Ga(N3);+hv; UV—vis spectroscopy in solution [77]; laser-ablated Ga+ N,/N ? [78];

Laser-ablated Laser-ablated

Al+N, #[75,76] thermolysis of [Me,N(CH>)s]Ga(N5), ° [79] In+N, *[78] TI+N, * [78]
# Matrix-isolation IR spectroscopy of MNj in solid N».
® Matrix-isolation IR spectroscopy of GaNj in solid Ar.
Table 12 §
IR vibrational frequencies (cm ~ 1) of matrix-isolated element(l) azides c
MN; * 9
AINj; [75,76]  GaNj [78,79] InNj [78] TIN; g ®
[78] £° A
; a
vas(N3) 2144.0 2096.8 2074.5 (2076.6, 2048.8° g
(2150.9) ® (2103.6) ® 2073.4)° 2. a
2106.0 * 5]
vs(N3)  1386.0 1328.3 1323.9 (broad)® - ¢ | v
(1391.9) ® (1331.3) ®
1340.3 © gl Wt
b d d d o} N y T T T N " v
v(MN) 509.7 - - - 2200 2000 1800 1600 1400 1200 1000 800 600 400

395.7(397.4) ©

% Data are given for the most abundant isotopomer; values in
parentheses are due to matrix site effects.

® Matrix-isolation IR spectroscopy of MNj in solid N».

¢ Matrix-isolation IR spectroscopy of GaNj in solid Ar.

for the first time (Table 12). The assignments were
supported by density functional calculations and mea-
sured isotopic shifts. Three normal modes were assigned
for the aluminum species, two normal modes for the
gallium and indium compounds, and only one normal
mode for the thallium azide in the experimental IR
spectra (Table 12). The frequencies of the asymmetric
stretching mode of the N3 groups decrease from 2144.0
for aluminum to 2048.8 cm ™' for thallium, with the
latter value approaching the frequency of 2002.9 cm ~!
for Nj isolated in N, matrices [82]. This trend clearly
reflects an increasing ionic bonding between the Group
13 element and the azide group. Furthermore, the
intensity ratio between the asymmetric and the sym-
metric N stretching mode is expected to increase with
increasing ionic character of the azide ligand, and for
N; only the asymmetric mode is IR active. This
expectation matches the observed intensity ratios: 8:1
for GaNj, 18:1 for InNj; for TIN; a symmetric N;
stretching mode was not detected [78].

Gallium(I) azide was trapped in an excess of solid
argon from the pyrolysis of the intramolecularly co-
ordinated gallium diazide Me,N(CH,);Ga(N3), [79].
This reactive intermediate has been identified among
other thermolysis products because it was selectively
bleached by an irradiation of the matrix-isolated ther-
molysis products with an Xe arc lamp (Fig. 14) [79]. In

om’

A Y

Wr~v v y

b

0.00

e

absorbance units
-0.10 -005

0.15
o

Fig. 14. (A) Products of thermolysis of Me,N(CH,);Ga(N3), at
520 °C trapped in excess of argon at 15 K: (a) HNj; (b) GaNj; (c)
NHs3; (d) HoC=NCHs; (e) HoC=CHy; (f) CHa (g) HCN. (B)
Difference IR spectrum obtained by irradiation of the product matrix
A; negative IR bands indicate disappearing species (Ref. [79] Repro-

this work GaN; was characterized by three IR bands at
2106.0, 1340.3, and 395.7 cm ™' assigned to v,(N3),
15(N3), and v(GaN), respectively (Table 12).

Gallium monoazide was detected for the first time by
photolysis reaction of Ga(N3)z dissolved in acetonitrile
[77]. The authors assumed that the irradiation of
triazidogallane resulted in a reductive elimination ac-
cording to Eq. (9).

hv
Ga(Na)s —_— GaNg + 3N, 9)
MeCN

The irradiation experiment was monitored by UV—vis
absorption and emission spectroscopy. The evolution of
N, gas was accompanied by a new absorption at A, =
298 nm and the product showed luminescence at A, =
475 nm (Aexe = 300 nm). The assignment of the product
to GaN; was mainly based on a similar absorption/
emission behavior of Ga™ in alkali halides [77].
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6. Properties and applications of azides

All azides are potentially explosive, but for the
majority of compounds reviewed in this article, no
spontaneous explosions have been reported. In general,
an increase of the nitrogen content is usually accom-
panied by an increase in the degree of hazard involved;
e.g. triazides are usually more dangerous than diazides
or monoazides. But in comparison with azido boranes,
the azides of the heavier Group 13 elements are
relatively harmless. This might be illustrated by a
comparison of the properties of Me,BN; [83,84] and
Me,AIN; [10]. While the borane is explosive the alane is
just pyrophoric. Among the monoazido compounds
(Tables 1, 2, 4 and 5) only Cl,AIN; was described to
be explosive [10]. The parent gallane, H,GaN3, should
be handled with care. The neat compound is stable at
room temperature, but can explode by contacts with
sharp objects [40,41]. An example of a thermally robust
monoazide is the intramolecularly coordinated alane [2-
(Me,NCH,)H4Cg),AIN; with fivefold coordinated alu-
minum (Table 5 and Fig. 6E). This organometallic
species can be purified by sublimation (140 °C/10~?
Torr) and it melts without decomposition at 147—
149 °C [52].

As mentioned before, the diazides are potentially
more hazardous than comparable monoazido species.
All diazides that are not inter- or intramolecularly
coordinated by a Lewis base must be handled with
great care (Tables 7 and 8). For example, CIAI(N3), has
been described to explode when heated above 100 °C
[35]. However, because this diazide contained small
amounts of AI(Nj);, it is not clear if pure CIAI(N3),
would behave similarly. MeAl(N3),, the first published
aluminum diazide [64] have been reported to be shock
insensitive, but EtAl(N3), have been described as a
highly explosive material [34]. Again, it is not clear if
indeed pure EtAl(N3), is highly explosive, because the
authors only suspected that a explosive residue of a
distillation was EtAl(N3),. Diazidoethylgallane, Et-
Ga(N3),, explodes when heated rapidly above 281 °C
[57]. The coordination of Lewis bases to azides can
tremendously enhance their thermal stability. That
might be illustrated with the intramolecularly coordi-
nated gallium diazide [2,6-(Me,NCH,)>,H;Cg]Ga(Ns),
(Fig. 10 and Table 8), which sustains vapor phase
heating at 400 °C [67].

The triazido compounds AI(N3); and Ga(N3); are
colorless, moisture and shock sensitive solids, which are
soluble in thf (Table 9). The solvent-free gallane melts
reversibly at 232 °C, but attempts to sublime the
compound in high vacuum (25-180 °C; 10 3-10~8
Torr) resulted in detonation [65].

The azides of the heavier Group 13 elements have
been mainly applied for materials chemistry and organic
synthesis. In the areas of materials chemistry, azides

Table 13
Azide precursors applied for thin films depositions of Group 13
nitrides

AIN GaN InN

Me,AIN; [85,86]
Et2A1N3
[85,86,88,89]
[Me;N(CH,)3],AIN;  [Me;N(CH>)3]1,GaNj3 [56] [Me;N(CH,);],InNj
[49,90] [59,60,90,91]
(MezN)2A1N3 [31] (MezN)2G3N3 [32]

Me,AIN;— NH;Bu

[49,90]

Me,GaNj [14,87]
EtzGﬂN:; [23,89]

Me,InN; [15]

Me,N(CH»)3Ga(N3),
[90,92,93]
[EtaN(CH2)2.NGa(N3),
[66]

H,GaNj; [40,41,94]
Cl,GaNj; [36,37,42,95]
C12G3N3—NM63 [37]
Et,GaN3;—NMeHNH,
[MM. Sung, C. Kim,
S.H. Yoo, C.G. Kim, Y.
Kim, Chem. Vap. De-
position 8 (2002) 50]

were used for the deposition of Group 13 nitrides either
as thin films or as nano-scaled materials. The nitrides
AIN, GaN, and InN as well as the alloys Al,-
Ga,In;_,_,N can be used for micro- and opto-
electronic devices; of particular interest are blue and
ultraviolet laser diodes for high-density optical storage
and other applications [3-9]. Usually, thin films of
Group 13 nitrides are deposited on suitable substrates
by metal organic chemical vapor deposition techniques
(MOCVD) using trimethyl compounds MesM (M = Al,
Ga, In) and a large excess of ammonia. An alternative to
this classical method can be found in the use of single-
source precursors, compounds which already contains
the elements of the desired solid film in a single
molecule. The main advantage of single-source over
classical precursors is the possibility to deposit nitrides
at much lower temperatures. From a chemical point of
view, Group 13 azides are promising single-source
precursors, because they already contain the two
elements of interest directly bound together with the
N3 group perfectly suited for the production of N
atoms. Gallium nitride is the most interesting material
among the Group 13 nitrides, because it exhibits a direct
band gap of 3.4 ¢V and can be used as the basic material
for blue LEDs and lasers. Beyond this background it is
understandable that most of the work aiming at the
deposition of materials from Group 13 azides were
focused on GaN. Table 13 shows the azides which have
been used for the thin film depositions. The first reports
where the well-known azides Me,AINj; [85,86], Et,AIN;
[85,86,88,89], and Et,GaNj [23,89] were applied as
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single-source precursors appeared in 1988—1989. For
most of the investigations (Table 13) standard CVD
techniques with different substrates have been tested;
e.g. sapphire (a-Al,O3), Si, SiC, and GaAs in different
crystallographic orientations. The most common sub-
strate for epitaxially grown GaN (wurtzite-type) is
sapphire(0001). Under some special CVD conditions,
the growth of porous columnar GaN layers [96] and InN
whiskers [91] was observed.

Some of the single-source azide precursors have also
been used for the preparation of nano-sized materials
and different techniques were employed; e.g. pyrolyses
of bulk precursors, pyrolyses of precursors inside porous
templates (like MCM 41), thermolyses of precursors in
high-boiling solvents, and CVD under special condi-
tions. Et,AINj3 has been used for AIN nanoparticles [97],
H,GaNj; [41], Et,GaN3 [98], D-Ga(N3); (D =donor
ligand) [65,73,99-102], and Me,N(CH,);Ga(N3),
[101,102] for GaN nanoparticles, R,InN; (R ='Pr,
‘Bu) [24] and [Me,N(CH,);],InN3 [91] for InN nano-
particles and TIN; [103] for Tl nanoparticles. Among the
Group 13 nitrides, the growth of InN is most challen-
ging because this material begins to lose nitrogen
around 500 °C [24]. Recently, Buhro and co-workers
reported a successful low-temperature synthesis of
crystalline InN fibers. The fibers are formed by thermo-
lyses of azidoindanes R,InN3 (R = ‘Pr, ‘Bu) in refluxing
diisopropylbenzene at 203 °C in the presence of the
reducing agent H,NNMe, [24]. The authors proposed a
solution—liquid—solid (SLS) growth mechanism to ex-
plain the results.
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