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Wet Chemistry Synthesis of #-Nickel Aluminide
NiAl**

Helmut Bonnemann,* Werner Brijoux, Hans-
Werner Hofstadt, Teyeb Ould-Ely, Wolfgang Schmidt,
Bernd Wallmuth, and Claudia Weidenthaler

Owing to its extraordinary physical properties [-nickel
aluminide NiAl is an important raw material,l'! which on the
one hand has a lower density than nickel,?! while on the other
at 1638°CP! exhibits a significantly higher melting point than
nickel (1453°C) and aluminum (660°C). Since a dense
aluminum oxide layer is formed, even at low surface
oxidation, NiAl has high thermal stability and resistance to
atmospheric oxygen.[! Owing to its high resistance towards
environmental influences NiAl can be used as a Ni replace-
ment, for example in gas turbine blades and automobile
construction.!

The mechanical properties of NiAl are highly dependent
upon the conditions of preparation and grain size.l®l Tradi-
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tionally, the coarse-grained material (&> 1 um), which is
produced by milling!”! at 800—900 °C(“mechanical alloying”)
is brittle at room temperature. Refining the particle diameter
into the nanometer range increases ductility, strength, and
hardness.[®! Thus nanocrystalline NiAl, which was produced
by gas-phase condensation,] exhibits a considerably greater
microhardness than the milled material. Mechanical alloying
is associated with two significant disadvantages: 1) the
particles readily agglomerate to larger units at the relatively
high milling temperature, and 2) large amounts of Ni and Al
remain together unalloyed.

Buhro etal.l'! have described a method for the wet
chemical synthesis of NiAl by the reaction of suspended
NiCl, with LiAIH, in mesitylene while refluxing under an
inert atmosphere. NiAl is not formed directly during the
reaction but only by subsequently heating the solid to about
550°C. The by-products LiCl and AICl; must be removed
from the solid by sublimation at 700-750°C, whereby a
relatively coarse-grained material is obtained. Withers et all'!]
reacted NiCl, with Al powder at 750°C and after purifica-
tion of the crude product from AICl; by sublimation, ob-
tained a Niz;Al powder with a grain size in the micrometer
range (& =1.4-1.8 um). Abe and Tsugel'? obtained a mix-
ture of NiAl and Ni;Al powder by the reaction of NiCl, and
AICI; with ammonium carboxylates and subsequent heating
of the resulting Ni and Al carboxylates up to 1400 °C under
argon.

As early as 1955 Ziegler and co-workers described the
formation of colloidal nickel in the reaction of [Ni(acac),]
(acac = acetylacetonate) with AIR; (R = alkyl) in solution.[3]
This finding was used later by Wilke et al. to explain the
»hickel effect” in the polymerization reaction of ethene on
AIR;; in this context the reactions of organonickel com-
plexes such as [Ni(bpy)Me,] (bpy=2,2— -bipyridine),
[Ni(cdt)] (cdt =cyclododeca-1,5,9-triene), and [NiCL(PR;),]
with AIR; or AIHR, were also investigated. Wilke et al.
concluded that in these reactions thermolabile addition
compounds of nickel core complexes were formed with
AIR; or AIHR,.[""

Repeating the Ziegler experiments in an autoclave under
H, we obtained a black dispersion, which according to
transmission electron microscopy (TEM) contained colloidal
nickel [Eq. (1)] The reaction of [Ni(acac),] with AliBu; gave
particles with a mean diameter of & =2.8 nm. After removal
of the solvent and excess AlEt; in high vacuum (HV) a hard
black solid remained. By hydrogenation at 80°C under
pressure (5 MPa) we obtained from this a black powder,
which according to elemental analysis contained NiAl and
larger amounts of an undefined, inseparable by-product

[Eq. (D]

toluene, 100°C
_

[Ni(acac),] +2 AlEt; + H,

2 black solid —%°C

black dispersion

M

NiAl + by-products

The reaction of [Ni(cod),] (cod = cycloocta-1,5-diene) with
AlEt; at room temperature in a molar ratio of 1:1 in toluene
under a H, pressure of 5—-10 MPa gave a clear black-brown
dispersion from which a black solid precipitates. After
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removal of the solvent by distillation and drying under high
vacuum a solid, highly air-sensitive intermediate 1 is isolated,
which according to elemental analysis contains Ni and Al as
well as larger amounts of hydrocarbons [Eq. (2)].

RT, 5MPa

1(cod),| + t;+H, ———— black-brown dispersion —
Ni(cod),] + AIEt, + H black-brown dispersion % 1 2

As a qualitative GC analysis of the distilled solvent showed,
complexed cod is hydrogenated to cyclooctane during the
reaction; the ethyl ligand in AlEt; is converted into butane
and butylcyclooctane. Ethene, ethane, butene, and hydrogen
were detected in the gas phase by mass spectrometry.

Compound 1 was investigated in more detail by IR
spectroscopy as well as by differential scanning calorimetry
(DSC) and thermogravimetry (TG) coupled with mass
spectrometry (MS). A 'H NMR spectrum could not be
recorded because of the insolubility of 1 in apolar solvents.
The IR spectrum (Figure 1) clearly shows the vibrational
bands of aliphatic C—H bonds in the region just below
3000 cm™! as well as the deformation bands of the Al alkyl
groups and the bands of the Al—C bond in the fingerprint
region. In addition a band at 1591 cm~! appears, which
presumably originates from an Al-H vibration.

99 1016,
1171
QB—M rf//\\w/v\/t 1261 M
MV 1591 948 72

h
97 7\
1369
1 % base 1398 985 752
T/% frove 1444

95
94
937 604

4000 3000 2000 1500 1000 500

- /cm

Figure 1. IR spectrum of 1.

According to DSC/TG/MS analysis of 1 (Figure 2a, b)
above a temperature of 70°C a loss in weight occurs with
release of hydrogen (m/z 2) and cyclooctane (m/z 112, 111).
Signals for the C, to Cy fragments are also found in this region.
The cod ligand could not be detected in the sample. From
above about 140°C the formation of ethene and, in smaller
amounts, ethane (m/z 28 and 30, respectively) occurs. Above
about 200 °C methane is formed by hydrogenation of ethene
(m/z 16, 15). Small amounts of oxygen, which occur as an
impurity in the argon, react (reduction of the intensity of the
signal for m/z 32) with hydrogen to form water (m/z 18); the
hydrocarbons too are also oxidized to a slight extent. Up to a
temperature of 400°C the sample loses overall 7.5 wt%. A
further loss in weight is observed only above temperatures of
900°C. This loss in mass is associated with the release of lower
hydrocarbons such as methane, ethene, propane, and can be
attributed to the decomposition of carbon-rich hydrocarbons
(coke). According to dynamic DSC/TG/MS this process is
clearly still not complete at 1500°C. The loss up to this
temperature is a further 7.2 wt.% of the total mass. Thus on
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Figure 2. Top: MS curves, recorded during the TG/DSC measurement; the
curves are not to scale to allow clearer presentation of lower intensities.
Bottom: TG/DSC curves of 1, measured with a heating rate of 10°Cmin
under argon.

heating the sample up to temperatures of 400 °C under argon
first hydrogen, ethene, ethane, cyclooctane, methane, and
coke, which in turn partially fragments to lower hydrocarbons
above 900°C, are formed.

The following reaction course can be proposed from the
DSC/TG/MS experiments together with the IR measure-
ments, GC analysis, and from comparison with literature data:
cod is cleaved from [Ni(cod),] which is hydrogenated to
cyclooctane. AlEt; decomposes into (AlEt,H), and ethene,
which further reacts partially to butane. To a small extent,
however, cod adds to AlEt; or to AIH. The AIH species
coordinates through a hydrogen bond to atomically dispersed
nickel in the toluene and stabilizes this in colloidal form with
formation of the black-brown toluene dispersion. [Eq. (1)].
That such a bridging bond formation is possible comes from
the results of Wilke et al.l') A Ni-H-Al bridge in [(cdt)Ni-H-
AlEt,] was established directly by low-temperature 'H NMR
measurements. The broad Al-H band in the IR spectrum of
the solid 1 also suggests a Ni—H - Al bridge (Figure 1). The
crystal structure of [(cdt)Ni-H-AlMe,(C,;H3N)] serves as a
model for stabilization with hydrogen bonds.®! In this
complex Ni and Al are each tetrahedrally coordinated and
are connected by an angular hydrogen bond. Because of the
Al-H-Ni angle of 116° the Ni—Al distance is only about
273 pm, which is indicative of a metal - metal interaction. In
agreement with the analysis and the comparative data from
the literature 1 may be described as a matrix of nickel atoms
coordinatively surrounded by AlEt,H (Figure 3).
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Figure 3. Presumed structure of the amorphous intermediate 1.

To prepare the NiAl powder 2 compound 1 is first treated
with H, at about 200 °C without pressure (or at a pressure of
about 5 MPa). In this way the ethyl groups bonded to the Al
centers are hydrogenated. Annealing at about 300 °C under an
inert atmosphere finally gave with gas evolution (H, and C,
hydrocarbons) almost hydrocarbon-free, high purity 2.0

Compound 2 was characterized by X-ray diffraction (XRD)
and scanning electron microscopy (SEM): NiAl (S-nickel
aluminide: Ni content 46.6-57.7 atom %) crystallizes with a
CsCl structure. The space group is Pm3m, the lattice
parameter a (=b =c) is, according to the Ni fraction, 287.04
(NigeAlss, and Nis;;Aly,s, respectively) to 288.72 ppm
(NisyAlse).'! In the diffractogram (Debye - Scherrer image,
Cug,, radiation, A = 1.540598 A) of 2, reflections at 260 =30.9°,
44.4°, 54.0°, 64.7°, 71.0°, and 81.9° are observed, which
supports the presence of NiAl (Figure 4).

60
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Figure 4. Powder diagram of 2 after hydrogenation and annealing at
300°C.

To test this 2 was annealed to 1000°C under an inert
atmosphere leading to the formation of NiAl powder 3. This
gave intense, sharp reflections which can be assigned un-
ambiguously to NiAl. In addition weak reflections of the
intermetallic Ni;Al phase (a-nickel aluminide) formed to a
small extent can also be observed (Figure 5a).

The measured and calculated intensities are compared in
Table 1. The calculated intensities were obtained from a
crystal structure refinement according to the Rietveld meth-
0d.l'®l The CsCl structure was used as starting model for the
refinement in which the la position (0,0,0) was initially
completely occupied with Ni, the 1b position (2,%2,%2) with Al.
To allow for a possible disorder of Ni and Al at both positions
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Figure 5. Section of the powder diagram of 3 after annealing at 1000 °C.
The reflections of the Ni;Al phase are indicated by arrows.

Table 1. Observed (I.y,) and calculated (I ) intensities in the powder
diagram of 3.

(hkI) Lo, Latea
(100) 14 14
(110) 100 100
(111) 3 3
(200) 16 15
(210) 3 3
@11) 28 28
(220) 9 9
(300) <1 <1
(221) 1 1
(310) 16 15
(311) <1 <1

the two positions were additionally occupied with Al and Ni,
respectively. The refinement of the occupancy factors was
carried out under the specification of full occupancy of both
positions. The data converged for Ry =0.023, y*=1.4% (for
all measured points) and Ryp = 0.111; the lattice parameter is
288.4(1) pm. The refinement of the crystal structure refine-
ment gave a mixed occupancy of Ni and Al at both positions.

For the 1a position there were occupancies of 0.92(3) Ni and
0.08(3) AL. The 1b position is occupied with 0.97(2) Al and
0.03(2) Ni. This gives a composition of NisAl, s for the (-
nickel aluminide.'). The evaluation of the X-ray data thus
shows that 3 is a #-nickel aluminide contaminated with a small
amount of a-nickel aluminide.

The particle size was determined on the basis of the data
shown in Figure 4, and LaB, served as reference compound.
The primary particle sizes were calculated according to the
Scherrer method, and the (100), (110), (200), and (211)
reflections were used for the calculation. A mean primary
particle size of & =4 nm was obtained.

The NiAl material 2 was characterized by SEM. Because of
its small particle size of 2—4 nm (TEM) 2 is highly sensitive
towards oxidation and was therefore annealed at 500 °C under
H, before transfer into the SEM apparatus. The SEM image
(Figure 6, original enlargement: 96 x ) of the pretreated NiAl
powder shows differently sized particles (ca 150-500 um),
which have, however, no conspicuous, that is ordered,
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Figure 6. SEM image of 2 (after annealing at 500 °C).
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Figure 7. SEM image of 3.

structure. The already slightly sintered NiAl powder annealed
at 1000°C exhibited, in contrast, channel-like trenches (Fig-
ure 7, original enlargement: 96 x ).

By changing the mass ratio [Ni(cod),]/AlEt; from 1:1 to 3:1
the synthesis described here produces a-nickel aluminide
Ni;Al. The reaction with GaEt;, [Fe(CsHs)(cod)], and
[Ce(CyHs);] gives the ternary aluminides NiGaAl, FeNiAl,
and CeNiAl (see Experimental Section).!'"!

Experimental Section

Synthesis of 2: An equimolar amount of AlEt; (3.42 g) was added to a
solution of [Ni(cod),] (8.24 g, 30 mmol) in toluene (100 mL) under an inert
atmosphere. After transfer to an autoclave and pressurization with H, to
5-10 MPa the reaction mixture was stirred at room temperature for 72 h.
A clear solution was formed from which a solid separated. After removal of
the solvent and drying in high vacuum (102 Pa), the black, highly air-
sensitive crude product 1 was isolated.*) Compound 1 was hydrogenated at
200°C and then annealed under argon at 300°C. Elemental analysis of 2
(%): Ni 67.57, Al 30.69, C 0.02, H 0.02. Yield: 249 g (96.8% of the
theoretical amount).

Analysis of 2: XRD (STADI-P, Stoe, with primary monochromator): Cuy,;
radiation (1.540598 A), linear site-sensitive detector. The data for the
Rietveld analysis were collected in the region 26=20-130° with an
intercept length of 0.01°. The samples were measured in sealed quartz glass
capillaries.

IR (Magna750, Nicolet): KBr, resolution 4 cm™!; #=604vs, 727s, 752s,
918w, 948m, 985s, 1171w, 1261w, 1369w, 1389w, 1444m, 1591w, 2858m,
2892m, 2922m cm~.

602 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

DSC/TG/MS (STA 449 C, Netzsch-Geritebau, coupled with a quadrupole
mass spectrometer Thermostar442, Balzers): measurement range 30—
1500°C, heating rate 10°Cmin~!, Argon.

SEM investigations were carried out with a Hitachi PC-controlled
apparatus, Type S8500N which was equipped with an EDX detector from
Oxford Instruments. For the SEM morphology investigations it was
sufficient to mount the samples on a conducting carbon pad.

Synthesis of ternary aluminides as exemplified of Ga—doped NiAl 5: AlEt;
(3.09 g, 27.1 mmol) and GaEt; (1.1 g, 7 mmol) were added to a sample of
[Ni(cod),] (9.27 g, 34.07 mmol) in toluene (100 mL) under an inert
atmosphere. After transfer into an autoclave and pressurization with H,
(5 MPa), the reaction mixture was stirred for 16 h at 130°C. After
precipitation of the reaction mixture, removal of the solvent, and drying
in high vacuum (102 Pa), the black, highly air-sensitive crude product 4 was
isolated.?!] Product 4 was then hydrogenated for 24 h at 390°C without
pressurization to give the final product 5. Elemental analysis of 5 (% ): Ni
60.96, A119.89, Ga 14.40, C 0.53, H 0.08. Yield: 3.21 g (99.7 % of theoretical
anount).
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7-Deaza-2'-deoxyxanthosine Dihydrate Forms
Water-Filled Nanotubes with C-H--- O
Hydrogen Bonds**

Frank Seela,* Thomas Wiglenda, Helmut Rosemeyer,
Henning Eickmeier, and Hans Reuter*

Inspection of an assembly of 7-deaza-2’-deoxyxanthosine
dihydrate (1-2H,0) molecules!!l within a crystal discloses
interesting structural features: Besides an intramolecular
hydrogen bond (N3—H --- OH—5'), an array of further hydro-
gen bonds stabilizes a supramolecular aggregate of four
molecules of 1. This arrangement results in the formation of
an almost flat tetramer (Figure 1) with an oval cavity of

approximate dimensions 9.5 x 6.5 x 3.0 A

Q (£0.5A). A pile of completely stacked

teramers forms a columnar nanotube-like
structure (Figure 2).

o o The synthesis of 1?1 was performed as
HO described previously.P! It was crystallized
nd from iPrOH/H,0/MeOH (3/1/1), which was

1 slightly acidified with glacial acetic acid, as a

dihydrate in the monoclinic space group P2,

(see Supporting Information).[! The structure shows that 1

exists in the 2,4-dioxo form in the solid state (Figure 3); both
oxo substituents lie slightly out of the ring plane.

The torsion angle y' (O4'-C1’-N9-C4),5! which defines the

orientation of the base relative to the sugar group (syn/anti),
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1

Figure 2. Nanotube of stacked tetramers (see Figure 1).

amounts to 61.9°; thus the nucleoside 1 adopts the syn
conformation. A literature surveyl® of nearly 300 X-ray
structures of nucleosides reveals that 1 belongs to the minor
group of about 50 structures showing this N-glycosylic syn
conformation. The syn conformation around the N-glycosylic
bond is unusual for 7-deazapurine nucleosides.[” In the case of
1it is fixed by an intramolecular hydrogen bond between the
H atom on N3 and the O atom of the 5'-OH group (separation
1.98 A)® forcing the exocyclic 5-CH,OH moiety into the
+sc[(+)g]) conformation with a torsion angle y of 52° for C3'-
C4'-C5'-05'. The sugar ring adopts the *T; (“south”) con-
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