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In this work, we compare different precursor approaches for
the mild decomposition to copper–aluminum and –gallium
powder materials in nonaqueous solution. Referring to pre-
vious work on the preparation of Cu–Al alloy materials from
[(AlCp*)4] and [CpCu(PMe3)], the amine-stabilized metal
trihydrides [(Me3N)AlH3] and [(quinuclidine)GaH3] were
used as alternative sources for Al and Ga. In a comparative
study, [(Me3N)AlH3] and [(AlCp*)4] were treated with the Cu
precursors [CpCu(PMe3)] and [{Cu(mesityl)}5] in mesitylene
solution in various molar ratios at 150 °C and 3 bar H2 to give
metallic precipitates of the composition Cu1–xAlx (x = 0.67,
0.50, 0.31). Whereas the combination [(AlCp*)4] with
[{Cu(mesityl)}5] did not yield an intermetallic phase, all other
Cu/Al precursor combinations led to alloyed Cu–Al materi-
als. For x = 0.67, the θ-CuAl2 phase formed, as shown by
X-ray powder diffraction (XRD) and solid-state magic-angle-
spinning (MAS)NMR spectroscopic studies. Similarly, the re-

Introduction
The synthesis of high-quality crystalline intermetallic

phases by relatively simple and reproducible approaches is
of both fundamental and technological interest, and we
have been studying related chemical precursor strategies
since a number of years.[1] In this regard, the classical
Hume–Rothery phases, such as Cu–Al alloys, have attracted
attention from the viewpoint of the understanding of chem-
ical bonding and their importance as engineering materi-
als.[2] The phase diagram of the binary Cu–Al system,
which is one of the well-investigated cases,[3] shows several
equilibrium intermediates such as β-Cu3Al, γ-Cu9Al4,
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action of [{Cu(mesityl)}5] with [(quinuclidine)GaH3] immedi-
ately led to the precipitation of a gray powder, without the
addition of hydrogen. The powder was identified by means
of XRD as θ-CuGa2. At x = 0.50 and below, the reactions were
less phase selective depending on the precursor combina-
tion. [CpCu(PMe3)] combined with both Al precursors af-
forded a mixture of several Cu–Al phases, whereas
[{Cu(mesityl)}5] was treated with [(Me3N)AlH3] to yield a ma-
terial whose X-ray signature was assigned to the monoclinic
Cu0.51Al0.49 phase. The γ-Cu9Al4 phase could not be obtained
from [CpCu(PMe3)]; instead, solid solutions of α-Cu were ob-
tained. The treatment of [{Cu(mesityl)}5] with [(Me3N)AlH3]
in the Cu/Al molar ratio of 9:4 (x = 0.31) gave a gray powder,
which could be identified by XRD as γ-Cu9Al4.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Cu4Al3, CuAl, and θ-CuAl2.[4] From examination of the
Cu-rich side of the phase diagram between α-Cu and the θ-
CuAl2 phases, it is obvious that it is very difficult to obtain
a phase-pure copper aluminum intermetallic compound
Cu1–xAlx (0.25�x�0.50). To date, several processes to ob-
tain Cu1–xAlx alloys, including high-temperature melting
are known. For example, Havinga et al. reported on the
arc-melting synthesis of the θ-CuAl2 phase and charac-
terized the compound by powder X-ray diffraction.[5] Re-
cently, Grin et al. presented a full structural characteriza-
tion of the θ-CuAl2 phase by single-crystal X-ray structural
analysis (Figure 1) and detailed solid-state 63,65Cu NMR
spectroscopy.[6,7]

El-Boragy et al. synthesized the hexagonal Cu0.58Al0.42

phase as well as the monoclinic Cu0.51Al0.49 phase by heat
treatment.[8] Gulay and Harbrecht investigated the phase
changes in α-CuAl structures, for example, the orthorhom-
bic ζ1- and ζ2-Cu4Al3 phases.[9] These authors showed that
the phase transformations take place at low temperatures;
for example, the ζ2-Cu3Al4–δ phase decomposes to η2-CuAl
and ζ1-Cu4Al3 above 400 °C.[10] Other metallurgical meth-
ods include mechanical mixing of the Cu and Al metals.
For instance, the formation of θ-CuAl2 and γ-Cu9Al4 were
observed by ball milling, rolling, or welding tech-
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Figure 1. Elementary cell of the intermetallic bct θ-CuAl2 phase
(left, Cu: dark gray, Al: light gray) and views at the (001) lattice
plane (middle) and at the (010) plane (right). Structural data are
taken from ref.[6]

niques[11–16] and certain thin film or interfacial reac-
tions.[17,18] The solid-state reaction between Al and Cu pow-
ders during high-energy ball milling revealed the formation
of only γ-Cu9Al4 for the composition Cu1–xAlx
(0.3�x�0.7). Obviously, this particular phase exhibits the
largest driving force under such conditions.[11] Interfacial
reactions of copper and aluminum multilayer films, how-
ever, lead to the formation of the θ-CuAl2 phase even with
an excess amount of Cu.[17,18]

With an increase in the sintering time and/or tempera-
ture, the γ-Cu9Al4 phase is formed. However, in solid-state
reactions between Cu and Al during mechanical alloying
and heat treatment, it was found that γ-Cu9Al4 or θ-CuAl2
is formed as the first phase, depending on the molar ratios
of the starting materials taken and the reaction condi-
tions.[14] Several groups have shown that the situation in the
Cu-rich γ-CuAl phase region is even more intricate.[19] The
complex interplay of thermodynamic and kinetic factors
during the low-temperature annealing of thin films leads to
a sequential formation of metastable and equilibrium inter-
metallic compounds at the interfaces.[20]

The common factors of the synthetic methodologies
summarized above are comparably high-energy solid-state
and/or interfacial reactions. In contrast to this, the develop-
ment of so-called soft-chemical molecular precursor routes
to access metal and bimetallic alloy nanoparticles in solu-
tion has been attracting widespread interest in recent
years.[21] We reported on soft-chemical approaches to col-
loidal intermetallic Cu1–xAlx and Cu1–xZnx materials in
particular aiming at free-standing alloy nanoparticles by hy-
drogenolysis of suitable organometallic precursors being
stabilized as colloids.[22,23] Phase-pure θ-CuAl2 powder ma-
terial was obtained by cohydrogenolysis of the precursors
[CpCu(PMe3)] and [(AlCp*)4] in mesitylene solution. Al-
though [(AlCp*)4] is a good source for the Al component,
the difficulty in the synthesis of this particular precursor on
a large scale is a drawback. In addition, the use of
[CpCu(PMe3)] as a Cu precursor leads to phosphane-con-
taining byproducts that are not easy to remove from the
final alloy product. Other Cu precursors such as [Cu-
(OR)2] [R = CH(CH3)CH2N(CH3)2][24] also cause problems
due to noninnocent byproducts (i.e., alcohols, aldehydes,
ketones) that react with the Al sources.
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In our search for optimized precursor combinations for
a wet chemical synthesis of metal aluminum and gallium
alloys and intermetallic compounds we selected the alk-
ylamine adduct stabilized trihydrides [(Me3N)AlH3] and
[(quinuclidine)GaH3] as Al and Ga sources. The alane com-
pound is a well-known starting material for the chemical
vapor deposition (CVD) of thin Al films,[25] yet it is very
reactive and even hazardous. Buhro et al. showed that this
compound decomposes to Al0 by thermolysis in organic
solution with the gaseous byproducts H2 and NMe3.[26] It
is well established that metal hydrides and anionic hydride
complexes, such as Bogdanović’s MgH2

[27] or LiAlH4,[28–30]

serve as precursors for the precursor synthesis of metal al-
loys. Accordingly, we recently showed that [(Me3N)AlH3]
and [Ni(cod)2] (cod = cis,cis-1,5-cyclooctadiene) rapidly re-
act to afford NiAl nanoparticles under hydrogen pres-
sure.[31] Following this line and in order to avoid undesired
phosphane byproducts, as in the case of the [CpCu(PMe3)]
precursor, we chose the all-hydrocarbon and thus hetero-
atom-free [{Cu(mesityl)}5] as an alternative precursor for
Cu.[32] Boyle et al. reported that thermolysis of this com-
pound at 300 °C in hot hexadecylamine (HDA) gives Cu
colloids of a very narrow size regime.[33] The obvious ad-
vantage of this precursor compared to [CpCu(PMe3)] is the
likely conversion of the organic ligand into mesitylene as a
very innocent leaving group upon hydrogenolysis. Below we
report our results by using the precursor concept outlined
above in order to derive a versatile wet chemical synthesis
of Cu/Al and Cu/Ga alloys and compounds.

Results and Discussion

Hydrogenolysis of [{Cu(mesityl)}5] to Yield Cu

The hydrogenolysis of [{Cu(mesityl)}5] alone under the
typical conditions of soft-chemical Cu–Al alloy formation
was studied first. The treatment of a mesitylene solution of
[{Cu(mesityl)}5] with hydrogen (3 bar) at 150 °C leads to
the formation of metallic copper grains that are 0.5–1 mm
in diameter (Scheme 1). According to elemental analysis,
the Cu content is 99 wt.-%, with trace amounts of C and H
as the only other elements present. 1H NMR spectroscopic
and GC–MS analysis of the colorless supernatant evidenced
no other byproducts than mesitylene, which suggests a
clean reaction, as expected.

Scheme 1. Quantitative decomposition of [{Cu(mesityl)}5] to Cu
powder under hydrogen pressure in mesitylene solution.

The X-ray powder diffraction pattern (Figure 2) of the
shiny metallic copper grains matches that of the copper re-
flection pattern (JCPDS No. 4-0836), which exhibits sharp
reflections. Interestingly, the intensity ratios of the 220
(56%), 311 (79%), and 222 (31%) reflections to the strong-
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est (111) reflection significantly deviate from literature data
for bulk Cu (220: 20%, 311: 17%, 222: 5%), which points to
anisotropic particles. However, some movement of copper
grains inside the capillary during the measurement cannot
be ruled out, which contributes to this deviation in the in-
tensity ratios. The average primary crystallite size was esti-
mated to be 25�5 nm by using the Scherrer equation.
Hence, [{Cu(mesityl)}5] can be employed as a precursor for
Cu-containing nanoparticles by the “chimie douce” ap-
proach, established by B. Chaudret.[34]

Figure 2. XRD pattern of the Cu powder obtained by decomposi-
tion of [{Cu(mesityl)}5] under 3 bar H2 pressure/150 °C in mesity-
lene.

Hydrogenolysis of [(Me3N)AlH3] to Al Powder

The compound [(Me3N)AlH3] quantitatively decomposes
to elemental aluminum in mesitylene under 3 bar H2 at
150 °C within 1 h, whereas [(AlCp*)4] decomposes after
only 15 min under the same conditions. Workup of the reac-
tion mixture afforded a highly pyrophoric powder. The
XRD pattern evidences the presence of Al0 (Figure 3). The
Al reflections are sharper in comparison to those of Al ob-
tained from [(AlCp*)4].[22a] The average diameter of the
crystalline domains is calculated to be around 50 nm, which
is in quite good agreement with the results of Buhro.[26b] It
is likely that the decomposition of [(Me3N)AlH3] is induced
purely thermally. It has been reported that heating of
[(Me3N)AlH3] above 100 °C in the solid state gives NMe3

and polymeric [AlH3]x, which further decomposes to Al0

and H2.[35] The solid-state 27Al MAS NMR spectrum (see
Supporting Information) exhibits a Knight shift at δ =
1640 ppm, which is assignable to Al0 and in agreement with
our previous work by using [(AlCp*)4] as a precursor[22a]

and the data of Al powder reported in the literature.[36] Two
signals for Al2O3 are observed at δ = 56 and 1 ppm, de-
pending on the nature of the coordination geometry of the
AlOx species.[37] In order to detect the fate of the amine
ligand, the reaction was followed by NMR spectroscopy
(decomposition in a pressure-stable NMR tube in [D12]-
mesitylene). The 1H NMR spectrum of the precursor
[(Me3N)AlH3] shows a broad signal at δ = 3.81 ppm, which
is assignable to the Al–H atoms, and a sharp singlet at δ =
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1.93 ppm for the hydrogen atoms of the coordinated NMe3

molecule. The corresponding 27Al NMR spectrum exhibits
a broad resonance at δ = 136 ppm for the starting material.
The 1H NMR spectrum recorded after treatment with 3 bar
H2 at 150 °C for 24 h does not exhibit the hydride signals,
whereas the signal for the NMe3 moiety shifts to 2.10 ppm
(free amine). Further, a weak signal of H2 at δ = 4.61 ppm
is observed. The 27Al NMR spectrum evidences the disap-
pearance of the starting material. In addition, no Al-con-
taining species are noted, which is indicative of quantitative
decomposition of [(Me3N)AlH3].

Figure 3. XRD pattern of Al powder from the decomposition of
[(Me3N)AlH3] under 3 bar H2/150 °C in mesitylene (Al reference
taken from the JCPDA database, No. 4-787).

Formation of the θ-CuAl2 Phase

Previously, we showed that [CpCu(PMe3)] (1 equiv.) and
[(AlCp*)4] (0.5 equiv.) quantitatively yields the intermetallic
phase θ-CuAl2.[22a] However, this synthesis suffers from cer-
tain problems, as outlined in the introduction section (also
see Supporting Information). By using these precursors, it
was not possible to synthesize other phase-pure Cu-rich
phases, such as Cu0.50Al0.50 or γ-Cu9Al4; rather, a mixture
of several α-Cu/Al phases was obtained (vide infra). The
analogous cohydrogenolysis of [{Cu(mesityl)}5] with
[(AlCp*)4] did not result in the alloying to any Cu–Al
phase. Hence, we substituted [(AlCp*)4] against [(Me3N)-
AlH3] and examined the reactivity of this Al precursor
with [CpCu(PMe3)] and with the alternative Cu source
[{Cu(mesityl)}5] for comparison.

Reaction of [(Me3N)AlH3] with [CpCu(PMe3)]

Addition of a mesitylene solution of [(Me3N)AlH3]
(2 equiv.) to a mesitylene solution of freshly sublimed
[CpCu(PMe3)] (1 equiv.) in a Fischer–Porter bottle resulted
in a color change from bright yellow to orange and finally
dark red. Soon after (�30 s), a grayish powder precipitated,
accompanied by vigorous gas evolution. In order to com-
plete the reaction, the solution was then set to 3 bar H2,
heated to 150 °C, and stirred for 24 h. The residue was iso-
lated and washed first with 1,4-dioxane to remove residual
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phosphane and phosphane oxide byproducts and thereafter
with n-pentane, and it was then dried in vacuo at room
temperature.

In order to characterize the byproducts, the same reac-
tion was carried out in a pressure-stable sealed NMR tube
(in the presence of 4 bar H2). In the 1H NMR spectrum
after 1 d of reaction time, the signals of cyclopentadiene
(CpH) at δ = 6.49, 6.32, and 2.75 ppm and free PMe3 (δ =
0.82 ppm) and NMe3 (δ = 2.11 ppm) were found, which is
indicative of full decomposition of both precursors without
any undesired side reactions. Accordingly, in the 31P NMR
spectrum, only the signal of PMe3 was found at δ =
–62.2 ppm. The 27Al NMR spectrum did not exhibit any
signals. The X-ray diffractogram (Figure 4a) of the isolated
powder as described above clearly exhibits the characteristic
reflections of the θ-CuAl2 phase (body-centered tetragonal
I4/mcm, JCPDS No. 25-0012). There was no indication of
the presence of either pure Cu or Al or of another Cu–
Al phase, which would certainly be crystalline under the
conditions described (vide supra). The average crystallite
domain size was estimated to be around 75 nm by using the
Scherrer equation. The results of elemental analysis match
the expected molar ratio of Cu and Al (see Experimental
Section); however, the total metal content of the sample was
not 100%. In all Cu/Al samples described in this work, the
residual content is C, H, and O, which stems from oxidation
and hydrocarbon artifacts (solvent and/or decomposition
products) that are not fully desorbed from the particle sur-
face. The 27Al MAS NMR of the sample (diluted with SiO2

powder) reveals a strong signal at δ = 1492 ppm (Figure 5a),
which is assignable to the Al Knight shift in θ-CuAl2 in the
range of 1480[38] to 1500[7] and 1530 ppm[39] and thus in
agreement with the literature. A strong signal of Al2O3

[37]

at δ = 31.3 ppm is visible, which is indicative of partial oxi-
dation of the sample (see Supporting Information). The co-

Figure 4. XRD diagrams of θ-CuAl2, synthesized from (a)
0.5 equiv. [CpCu(PMe3)] and (b) 0.1 equiv. [{Cu(mesityl)}5] with
1 equiv. [(Me3N)AlH3] under H2 pressure.

Eur. J. Inorg. Chem. 2008, 3330–3339 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3333

hydrogenolysis of the precursors according to Scheme 2 was
carried out in the absence of a surfactant; therefore, ag-
glomeration of the resulting particles could not be avoided.
As evidenced by the TEM images, the agglomerated par-

Figure 5. TEM images of θ-CuAl2 powders (top), synthesized by
cohydrogenolysis of (a) [CpCu(PMe3)] and 2 equiv. of [(Me3N)-
AlH3] and (b) 0.2 equiv. of [{Cu(mesityl)}5] and 2 equiv. of
[(Me3N)AlH3], and the corresponding EDX analyses (bottom).

Scheme 2. Synthesis of the θ-CuAl2 powder from cohydrogenolysis
of (a) [CpCu(PMe3)] and (b) [{Cu(mesityl)}5] with [(Me3N)AlH3].

Figure 6. XRD diagram of the θ-CuGa2 powder (JCPDS No. 25-
0275) obtained by cohydrogenolysis of [{Cu(mesityl)}5] and [(quin-
uclidine) GaH3].
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ticles exhibit a wide size distribution of 100–200 nm (Fig-
ure 5a, top left). The EDX analysis of a selected area (Fig-
ure 6a, bottom left) reveals an atomic Cu/Al ratio of around
1.0:2.1 (�10%). Analysis performed on several different
particles does not indicate any Cu-rich, Al-, or Cu-only re-
gions.

Reaction of [(Me3N)AlH3] with [{Cu(mesityl)}5]

The treatment of a mesitylene solution of the alternative
Cu precursor [{Cu(mesityl)}5] (1 equiv.) with a mesitylene
solution of [(Me3N)AlH3] (10 equiv.) gave a red-brown
solution, which was then set to 3 bar H2 and heated to
150 °C. Within a few minutes, a gray, metallic shiny precipi-
tate formed. Workup of the reaction mixture afforded a
gray powder in quantitative yield, which suggests complete
decomposition of both precursors (Scheme 2). According
to elemental analysis (AAS), the Cu/Al ratio of the isolated
powder (after workup as described before) is 1.00:2.11 and
almost matched the expected Cu/Al ratio of 1:2. The 1H
NMR spectroscopic and GC–MS studies do not provide
any insight into the fate of the mesityl group that would
have resulted upon decomposition of [{Cu(mesityl)}5] to
Cu0. A reaction in a pressure-stable NMR tube was carried
out to trace the fate of the mesityl group and to further
characterize the mechanism of decomposition. The initial
1H NMR spectrum of [{Cu(mesityl)}5] (see Supporting In-
formation) shows two sets of signals of the pentameric clus-
ter [{Cu(mesityl)}5] at δ = 6.64 ppm (ring-H, 3 H), 2.96 (or-
tho-CH3, 6 H), and 2.02 ppm (para-CH3, 3 H), which is in
equilibrium with the dimeric species [{Cu(mesityl)}2] (δ =
6.56, 2.90, and 1.93 ppm) as reported in the literature.[32]

After addition of [(Me3N)AlH3] and subsequent decompo-
sition at 4 bar H2 and 150 °C for 24 h, the 1H NMR spec-
trum is comprised of only one singlet due to free trimeth-
ylamine at δ = 2.11 ppm, which also suggests full decompo-
sition of [(Me3N)AlH3]. The expected signals of the other
byproduct, mesitylene, overlap the signals of residual pro-
tons of [D12]mesitylene and thus could not be integrated.
The 27Al NMR spectrum of the solution does not exhibit
any signals. The initial signal of the alane complex at δ =
136 ppm, however, disappears so that undesired side reac-
tions (e.g., to AlIII complexes), which would lower the yield
of Al0, can be ruled out. The X-ray diffraction pattern of
the synthesized sample (Figure 4b) clearly exhibits all re-
flections of the θ-CuAl2 phase (khatyrkite, body-centered
tetragonal I4/mcm, JCPDS No. 25-0012). The reflections
appear to be slightly broadened in comparison to the X-
ray diffraction patterns of the θ-CuAl2 sample, which was
prepared from [CpCu(PMe3)] and from [(AlCp*)4],[22a] or
from [(Me3N)AlH3] (Figure 4a), respectively. The average
size of the crystalline domains in the particle grains was
calculated to be 25�5 nm by using the Scherrer equation.
In the 27Al MAS NMR spectrum of the powder, the Knight
shift of Al at δ = 1494 ppm is observed, which is in good
agreement with the previously published data for θ-
CuAl2.[7,38,39] The TEM image of the sample, which was
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suspended in toluene upon sonication, exhibits strongly ag-
glomerated particles (Figure 5b), similar to the θ-CuAl2
particles synthesized from [CpCu(PMe3)] and [(Me3N)-
AlH3]. The EDX analysis of several selected particle
regions confirmed the expected molar Cu/Al ratio of 1:2
(�10%).

Formation of the θ-CuGa2 Phase

The Cu–Ga phase diagram[4a] is quite similar to that of
Cu–Al, with several Cu-rich phases (γ1,2,3-Cu3Ga1–x, β-
Cu3Ga, ζ-Cu4Ga1–x), as well as the Ga-rich θ-CuGa2 phase.
Taking into account the intricacy of phase purity and pos-
sible phase transformations, as in the case of α-CuAl
phases, the θ-CuGa2 phase was selected as a synthetic tar-
get. In contrast to [(R3N)AlH3] compounds, the corre-
sponding alkylamine adduct stabilized gallium trihydride
species are less stable and difficult to handle. An exception
is [(quinuclidine)GaH3] (quinuclidine = 1-azabicyclo[2.2.2]-
octane), which is thermally stable as a microcrystalline
powder up to 80 °C and stable for weeks in solution under
treatment with 3 bar H2 and 150 °C. However, thermolysis
of a mesitylene solution at 150 °C in the absence of H2 leads
to rapid decomposition to Ga0. This suggests that the py-
rolysis of [(quinuclidine)GaH3] to give Ga0 is suppressed in
the presence of H2. Quite similar to the reaction of
[{Cu(mesityl)}5] with [(Me3N)AlH3] as discussed above, the
treatment of a mesitylene solution of the same Cu precursor
with a solution of [(quinuclidine)GaH3] in mesitylene im-
mediately led to a reaction (Scheme 3) resulting in a dark-
red solution. The mixture was stirred under an atmosphere
of argon at 150 °C for 24 h and a gray solid formed. The
supernatant was decanted, and the gray residue was washed
with n-pentane and dried.

Scheme 3. Synthesis of the intermetallic θ-CuGa2 phase from
[{Cu(mesityl)}5] and [(quinuclidine)GaH3].

The X-ray diffraction pattern of the isolated powder re-
veals all the reflections of the θ-CuGa2 phase (tetragonal
P4/mmm, Figure 6), and it perfectly matches that in the
database (JCPDS No. 25-0275). Other phases, as well as
metallic Cu or Ga, could not be detected by XRD. Elemen-
tal analysis revealed a Cu/Ga ratio of 1:2.08, which is con-
firmed by EDX. Thus, this reaction offers an approach to
a low-temperature CuGa2 phase, which is thermally only
stable up to ca. 250 °C. Interestingly, this phase cannot be
accessed by conventional metallurgic melting of the two
metals, and it is so far only available by mechanical milling
of the metal powders.[40] The reaction was also performed
in a pressure-stable NMR tube under an atmosphere of ar-
gon in order to characterize the organic byproducts. Thus,
the precursors were dissolved in [D12]mesitylene. Shortly af-
ter, a gray solid precipitated. The reaction mixture was
heated at 150 °C for 1 h to ensure that the reaction was
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complete. In the 1H NMR spectrum, the signals of
[{Cu(mesityl)}5] were not observed. The hydrogen atoms of
the free quinuclidine ligand are found at δ = 2.75 [m, 6 H,
N(CH2)3], 1.54 [sept., 1 H, HC(CH2CH3)N], and 1.36 ppm
[m, 6 H, HC(CH2CH3)N]. In addition, a singlet at δ =
4.61 ppm for free H2 was also noted, which is indicative of
complete decomposition of the Ga complex. In compari-
son, the 1H NMR spectral signals of the quinuclidine ligand
in [(quinuclidine)GaH3] (in [D12]mesitylene) appear at δ =
2.50, 1.24, and 1.05 ppm, and the signal of the gallium hy-
drides at δ = 4.51 ppm.

Attempts to Obtain a Phase-Pure Cu0.50Al0.50 Material

Whereas the formation of the clearly defined θ-CuAl2
phase does not compete with the formation of closely
neighboring Cu–Al phases, the synthesis of phase-pure Cu-
rich intermetallic Cu–Al phases, which do not exhibit Cu
fcc structure, is quite an ambitious goal. As mentioned
above, the narrow range between 20 and 50 at.-% Al con-
tains numerous phases in which each possesses a unique
crystal structure, for example, η1,2-CuAl, ζ1,2-Cu4Al3, δ-
Cu3Al2, γ-Cu2Al1, γ-Cu9Al4, and β�-Cu3Al. The α-Cu
structure appears below 20 at.-% Al.[20] Therefore, the ki-
netics of the formation of one single phase plays an impor-
tant role and is intrinsically difficult to control. In this case,
a slight deviation of the metal content owing to the intro-
duction of impurities in the organometallic precursors or
errors in weighing and quantitative transfer of the rather
small quantities of precursors could have a strong effect on
the product distribution.

The cohydrogenolysis of a mesitylene suspension of equi-
molar amounts of [CpCu(PMe3)] and [(Me3N)AlH3] af-
forded a gray powder upon workup of the reaction mixture.
The X-ray powder diffractogram exhibits reflections that
could not be assigned to the target Cu0.50Al0.50 phase (Fig-
ure 7b), but rather to γ-Cu9Al4 (JCPDS No. 24-0003) to-
gether with several Cu-rich phases possibly including γ-
Cu6.1Al3.9 (JCPDS No. 19-0010). Similar observations were
made when [CpCu(PMe3)] and [(AlCp*)4] were used as pre-
cursors (Figure 7a). However, there still are several weak
reflections at 2θ = 29.83, 32.37, 52.96, and 58.86°, which
cannot be indexed as a known phase or as any other likely
metallic or oxide material. This suggests the presence of
other, presumably poorly crystalline phases that could be
Al rich, as only Cu-rich phases were detected by XRD.
Subsequently, we substituted [CpCu(PMe3)] by
[{Cu(mesityl)}5]. Hence, mesitylene solutions of
[{Cu(mesityl)}5] and [(Me3N)AlH3] (5 equiv.; Cu/Al 1:1)
were combined in a Fischer–Porter bottle, and a deep-red
solution formed. Subsequent treatment with 3 bar H2 at
150 °C afforded a gray precipitate within 15 min. The X-
ray diffraction pattern of the obtained powder (Figure 7c)
exhibits very broad reflections with low intensity, which
could be assigned to the Cu0.51Al0.49 phase (monoclinic C2/
m, JCPDS No. 26-0016). The broad line widths of the re-
flections are also indicative of the presence of other
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amorphous or nanocrystalline phases in the product.
Therefore, the capillary containing the sample was annealed
at 200 °C, a temperature at which a material with a bulk
melting point of around 650 °C could be considered to crys-
tallize (see Cu–Al phase diagram[4]). Yet, this heat treatment
did not lead to crystallization of the sample. Neither the
appearance of new reflections nor the sharpening of the
observed reflections took place (Figure 7d), presumably as
a consequence of an alumina layer covering the particles,
which thus prevents agglomeration. Thus, a sample of the
powder in a quartz ampoule that was evacuated
(10–3 mbar), sealed, and subsequently annealed at 500 °C
for 24 h exhibits a XRD pattern that could be assigned to
the γ-Cu9Al4 phase (Figure 7e). The reflections assigned to
the Cu0.51Al0.49 phase are no longer visible in the pattern
of the annealed sample.

Figure 7. XRD diagrams of the powders obtained by cohydro-
genolysis of (a) [CpCu(PMe3)] and 1 equiv. [AlCp*], (b)
[CpCu(PMe3)] and 1 equiv. [(Me3N)AlH3], (c) [{Cu(mesityl)}5] and
5 equiv. [(Me3N)AlH3], (d) sample (c) annealed at 200 °C and (e)
sample (c) annealed at 500 °C.

The reason for this change is unclear so far. Presumably,
a phase transformation took place to give the γ-Cu9Al4
phase in addition to another Al-rich phase that is not crys-
talline and, therefore, not observable by XRD. However, we
cannot rule out either the presence of more than one phase
or the oxidation of the Al component to amorphous Al2O3

before annealing the powder sample. The 27Al MAS NMR
spectrum of the as-synthesized material, tentatively denoted
as the Cu0.51Al0.49 phase, reveals a weak and very broad
signal at δ = 645 ppm and a signal of Al2O3 at δ = 21 ppm
(see Supporting Information). With decreasing Al concen-
tration, the Knight shift moves to higher field. Below a cer-
tain Al content in the alloy, for example, for α-CuAl phases,
the Al resonances are generally very difficult to detect with-
out sophisticated NMR spectroscopic techniques. In ad-
dition, the XRD data of the sample show that the crystal-
linity is poor and the obtained phase purity is questionable,
as discussed above. Nevertheless we assign the observed sig-
nal at δ = 645 ppm to the Knight shift of Al pointing to a
Cu/Al alloyed material in accordance with the XRD data.
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Attempted Formation of the γ-Cu9Al4 Phase

The product of the cohydrogenolysis of [(Me3N)AlH3]
and [CpCu(PMe3)] in a Cu/Al ratio of 9:4 showed α-Cu
reflections (shifted Cu reflection due to lattice distortion
caused by Al atoms) at 2θ = 42.93 (111), 49.92 (200), 73.34
(220), 88.87 (311), and 93.92° (222). This is similar to the
cohydrogenolysis of [CpCu(PMe3)] and [(AlCp*)4] in the
same Cu/Al ratio of 9:4 (see Supporting Information). The
Knight shift of Al cannot be observed in these samples.
Thus, it can be concluded that it is not possible to selec-
tively synthesize the γ-Cu9Al4 phase from these precursor
combinations under the conditions described. The cohydro-
genolysis of [{Cu(mesityl)}5] (1 equiv.) and [(Me3N)AlH3]
(2.25 equiv.; molar ratio 2.25:1 = 9:4) afforded a gray pow-
der. Elemental analysis (AAS) of the powder revealed a Cu/
Al ratio of 2.15:1.00 = 8.6:4. Similar to the attempted syn-
thesis of the Cu0.51Al0.49 material described in the previous
section, only NMe3 is found in the supernatant by NMR
spectroscopy. The 27Al MAS NMR does not show any reso-
nances other than alumina at δ = 31 ppm with its rotational
side bands (Supporting Information). There are no reports
in the literature on the Al Knight shift in the γ-Cu9Al4 alloy
that would allow comparisons. According to the XRD
pattern in Figure 8a, the sample clearly shows reflections of
the targeted γ-Cu9Al4 phase. However, the reflections are
very broad and weak. Therefore, the sealed capillary con-
taining the powder sample was annealed at 200 °C for 24 h.
The XRD diagram does not exhibit any change in the dif-
fraction pattern (Figure 8b). After further annealing at
500 °C for 24 h, the XRD pattern changes drastically (Fig-
ure 8c). Surprisingly, the initial pattern disappears com-
pletely and a set of very sharp reflections develop, which is
quite in contrast to the annealing of the Cu0.51Al0.49 sample

Figure 8. XRD diagrams of (a) 1 equiv. [{Cu(mesityl)}5] and
2.2 equiv. [(Me3N)AlH3], (b) the powder of (a) annealed at 200 °C,
and (c) the powder of (a) annealed at 500 °C.
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described above (Figure 7). We have so far not been able to
identify/assign the Cu–Al phase or any other likely material
(such as oxides) for this annealed sample.

Reactions in the Presence of Surfactants

The treatment of solutions of [CpCu(PMe3)] or
[{Cu(mesityl)}5] with solutions of [(Me3N)AlH3] in the
presence of the surfactant poly(2,6-dimethyl)(1,4-phenylene
oxide) (PPO) resulted in the formation of precipitates rather
than colloids. Irrespective of the way the two reagents were
mixed, we found no effect on the particle growth and ag-
glomeration. Addition of HDA to a mesitylene solution of
the Cu precursors followed by slow addition of [(Me3N)-
AlH3] also did not prevent precipitation of the particles,
even at –50 °C. Thus, our attempts to prepare colloidal in-
termetallic Cu/Al nanoparticles by using [(Me3N)AlH3] as
the Al source instead of [(AlCp*)4] and PPO or HDA as
stabilizing agents failed possibly due to the extreme reactiv-
ity of the Al precursor, as we have suggested in our previous
publication of copper aluminum alloy colloids.[22a]

Conclusions

In summary, it was shown that the Al complex [(Me3N)-
AlH3] is a valuable precursor for the synthesis of nanoscale
copper aluminum alloys. The alane offers several advan-
tages over the AlI compound [(AlCp*)4]. Whereas [(Me3N)-
AlH3] can easily be synthesized in mass scales of 20 g by a
simple salt metathesis reaction from Me3NHCl and Li-
AlH4,[41] the low-valent AlI compound is synthesized in
four reaction steps, including the synthetically delicate re-
duction of AlIII to AlI by the Na/K alloy.[42] However, in
contrast, the alane is highly reactive and the reactions are
very vigorous and less controlled. Attempts to prepare a
colloidal solution of Al nanoparticles by using either
[(Me3N)AlH3] or [(AlCp*)4] failed. The [(AlCp*)4] com-
pound is a mild reagent, which first has to be dissolved in
a solvent before it decomposes to Al0. This causes an intrin-
sic delay of decomposition, so that the time scale of releas-
ing Al0 matches quite well with that of the metal precursors
used herein. Although the cohydrogenolysis of [CpCu-
(PMe3)] with both [(AlCp*)4] and [(Me3N)AlH3] gives the
apparently pure θ-CuAl2 phase, the products are contami-
nated with, thus far, an unidentified phosphane-based
side product, which is quite difficult to remove. With
[CpCu(PMe3)], it was also not possible to obtain other Cu-
rich α-CuAl phases in the same quality of phase purity. The
compound [{Cu(mesityl)}5] instead is a very clean source
of Cu0 upon hydrogenolysis in mesitylene solution. In con-
trast to the Cu–phosphane complex, it reacts with [(Me3N)-
AlH3] to give obviously phase-pure θ-CuAl2. In addition,
the synthesis of copper-rich phases such as Cu0.50Al0.50 and
γ-Cu9Al4 were investigated; however, it could not be unam-
biguously excluded that other phases are present. The phase
selectivity of the soft-chemical approach remains question-
able in these cases. Although scale up of the synthesis of
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the organometallic precursors is certainly possible, which
thus enables scale up of the soft-chemical synthesis, the
value of the above-outlined soft-chemical approach is cer-
tainly not to compete with established metallurgical pro-
cesses. Rather, the synthesis of the low-temperature θ-
CuGa2 phase (decomposition above 250 °C) that was
formed by the reaction of [{Cu(mesityl)}5] and [(quinucl-
idine)GaH3] nicely demonstrates the potential of the pre-
sented precursor concept, namely, the access to metastable
alloy phases, which are less accessible by traditional metal-
lurgical routes.

Experimental Section
General Considerations: All manipulations and chemical reactions
were conducted by using Schlenk lines and glove box techniques
(Ar, H2O, O2 �1 ppm) and sealed Fischer–Porter vessels (Andrews
Glass, volume: 90 mL). Solvents were dried by passing through a
pad of activated alumina (chromatography grade, Merck) on a
Schlenk frit and subsequently distilled. [D12]Mesitylene (Deutero
GmbH) was dried with activated molecular sieves and degassed by
several freeze–pump–thaw cycles. All other solvents (purchased by
Merck) used were dried, degassed, and saturated with argon by
using a continuous solvent purification system (MBraun; H2O con-
tent below 1 ppm). All powder X-ray diffractograms were recorded
with a D8-Advance-Bruker-AXS diffractometer (Cu-Kα radiation)
in θ–2θ-geometry and a position sensitive detector (capillary tech-
nique under argon, thickness: 0.7 mm). TEM measurements were
carried out with a Hitachi-H-8100 instrument (Accelerating voltage
up to 200 kV, LaB6 filament). The TEM samples were prepared
from diluted solutions or suspensions in toluene on carbon-coated
gold grids (Plano). The NMR spectra in solution were obtained by
using a Bruker DPX 250 MHz or DRX 400 MHz spectrometer in
C6H6, C6D6, or [D12]mesitylene (T = 25 °C, 1H: 250.1 MHz, 27Al:
65.2 MHz). The chemical shifts (in δ ppm) are referenced to the
residual proton signals of the deuterated solvent (C6D6: 1H
7.15 ppm; [D12]mesitylene: 1H 6.67 and 2.16 ppm) or the probe
head {27Al: 68 ppm, referenced to [Al(H2O)6]3+ set at 0 ppm}.
Small-scale hydrogenolysis reactions were carried out in pressure-
stable NMR tubes fitted with PTFE screw caps (Wilmad-
LabGlass). Solid-state 27Al MAS NMR spectral measurements
were carried out with a Bruker DSX 400 MHz spectrometer, with
a rotation frequency of 20 kHz (T = 25 °C, 104.2 MHz). Gas chro-
matographic–mass spectral measurements were performed with a
Shimadzu GCMS-QP2010. Elemental analyses were obtained by
using Elementar Vario III atomic absorption spectrometer (AAS).
The compounds [{Cu(mesityl)5}],[32] [CpCu(PMe3)],[43] [(quinucl-
idine)GaH3],[44] and [(AlCp*)4][42] were synthesized according to
literature reports. [(Me3N)AlH3] was prepared by a modification of
the procedure published by Jouet et al.[41] from Me3NHCl (Aldrich)
and LiAlH4 (Acros) in toluene, and the product was purified by
crystallization from a saturated toluene solution.

Hydrogenolysis of [{Cu(mesityl)}5] to Yield Cu: A yellow solution of
[{Cu(mesityl)}5] (0.100 g, 0.547 mmol) in mesitylene (10 mL) was
treated with H2 (3 bar) in a Fischer–Porter bottle and heated at
150 °C. After 15 min, a red-brown, metallic shiny solid formed. The
reaction was stirred for 1 h. Thereafter, the reaction was worked up
as described above. Yield: 0.031 g (89%). AAS: 99 wt.-% Cu. XRD
reflections (2θ): 43.30 (111), 50.48 (200), 74.14 (220), 90.06 (311),
95.21° (222).

Hydrogenolysis of [(Me3N)AlH3] to Al Powder: In a Fischer–Porter
bottle, [(Me3N)AlH3] (0.100 g, 1.122 mmol) was dissolved in mesit-
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ylene (10 mL). This solution was degassed in vacuo; the bottle was
then pressurized with H2 (3 bar) and placed into a 150 °C hot oil
bath. After 1 h, a gray precipitate formed, which was allowed to
settle in the glove box. The colorless supernatant was carefully re-
moved with a syringe. The residue was washed with n-pentane
(3�20 mL) and dried in vacuo (10–3 mbar) Yield: 0.026 g (86%).
AAS: 99.7 wt.-% Al. 27Al MAS NMR (104.2 MHz, 25 °C, ν =
20 KHz): δ = 1640 (Al0), 56 (AlO4), 1 (AlO6) ppm. XRD reflections
(2θ): 38.53 (111), 44.81 (200), 65.25 (220), 78.36 (311), 82.58 (222)°.

This reaction was also performed in a pressure-stable NMR tube:
[(Me3N)AlH3] (0.010 g, 0.112 mmol) was dissolved in [D12]mesity-
lene (0.7 mL), and the tube was then pressurized with H2 (3 bar)
and heated to 150 °C. After 5 min, Al0 precipitated. NMR spectra
were recorded after 1 h at 150 °C. 1H NMR (250.1 MHz, 25 °C): δ
= 2.11 [s, 9 H, N(CH3)3] ppm.

Reaction of [CpCu(PMe3)] with [(Me3N)AlH3]: In a Fischer–Porter
bottle, [CpCu(PMe3)] (0.224 g, 1.094 mmol) and a stoichiometric
amount of [(Me3N)AlH3] were dissolved in mesitylene (20 mL).
The required masses of Al precursor for targeting the respective
Cu–Al phases are given in Table 1. The precursors reacted immedi-
ately, whereupon a gray solid formed. In order to ensure comple-
tion of the reaction, the bottle was set to 3 bar H2 pressure and
placed in a 150 °C hot oil bath and stirred for 24 h. The residue
was washed with hot 1,4-dioxane (3 �20 mL) to remove the P-con-
taining byproduct and then washed with n-pentane (3 �20 mL).
Subsequently, the gray powder was dried in vacuo (10–3 mbar). The
yields are listed in Table 1. EDX (x = 0.67): 30 at.-% Cu, 70 at.-%
Al. 27Al MAS NMR (104.2 MHz, 25 °C, ν = 20 KHz): δ = 1492
(Al0), 31 (Al2O3) ppm. XRD data are given in the Supporting In-
formation.

Table 1. Required masses of [(Me3N)AlH3] for the formation of
Cu1–xAlx phases.

Cu1–xAlx m([(Me3N)AlH3]) Elemental Cu/Al ratio Yield
analysis [%] and sum formula

x = 0.67 0.195 g Cu 42.7 1.00:2.12 0.103 g
(2.819 mmol) Al 38.6 (Cu0.32Al0.68) (80%)

x = 0.50 0.098 g Cu 50.9 1.00:1.07 0.072 g
(1.095 mmol) Al 23.1 (Cu0.48Al0.52) (73%)

x = 0.31 0.043 g Cu 64.4 1.00:0.46 0.058 g
(0.482 mmol) Al 12.5 (Cu0.68Al0.32) (70%)

This reaction was also performed in a pressure-stable NMR tube:
[CpCu(PMe3)] (0.010 g, 0.049 mmol) and [(Me3N)AlH3] (0.0087 g,
0.098 mmol) were dissolved in [D12]mesitylene (0.7 mL), and the
tube was then pressurized with 4 bar H2 and heated to 150 °C.
After 5 min, θ-CuAl2 precipitated. NMR spectra were recorded af-
ter 24 h at 150 °C. 1H NMR (250.1 MHz, 25 °C): δ = 6.49 (m, 2
H, CpH, meta-H), 6.32 (m, 2 H, CpH, ortho-H), 2.75 (m, 2 H, ipso-
H), 2.11 [s, 9 H, N(CH3)3], 0.82 [d, 2JP,H = 2.634 Hz, 9 H,
P(CH3)3] ppm.

Reactions of [{Cu(mesityl)5}] with [(Me3N)AlH3]: To a solution of
[{Cu(mesityl)}5] (0.200 g, 1.094 mmol) in mesitylene (10 mL) in a
Fischer–Porter bottle was added by syringe a solution of [(Me3N)-
AlH3] in mesitylene (10 mL), whereupon the color of the solution
in all the cases turned dark red. The required masses for the respec-
tive Cu1–xAlx phase are given in Table 2. The solution was de-
gassed, set to 3 bar H2, and heated for 3 d at 150 °C, whereupon a
gray, metallic solid precipitated. The colorless supernatant and the
residue were separated as described above. The yields are given in
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Table 2. EDX (x = 0.67): 33 at.-% Cu, 67 at.-% Al. 27Al MAS
NMR (104.2 MHz, 25 °C, ν = 20 KHz): δ = 1495 (Al0) ppm. XRD
data are listed in the Supporting Information.

Table 2. Required masses of [(Me3N)AlH3] for the formation of the
Cu1–xAlx phases.

Cu1–xAlx m([(Me3N)AlH3]) Elemental Cu/Al ratio and Yield
analysis [%] sum formula

x = 0.67 0.195 g Cu 46.9 1.00:2.11 0.113 g
(2.819 mmol) Al 42.0 (Cu0.32Al0.68) (88%)

x = 0.50 0.098 g Cu 57.8 1:00:0.91 0.086 g
(1.095 mmol) Al 22.3 (Cu0.52Al0.48) (87%)

x = 0.31 0.043 g Cu 70.3 1.00:0.45 0.076 g
(0.482 mmol) Al 13.4 (Cu0.69Al0.31) (92%)

Data for x = 0.50: 27Al MAS NMR (104.2 MHz, 25 °C, ν =
20 KHz): δ = 645 (Al0), 21 (Al2O3). XRD reflections (2θ): 15.61
(001), 23.55 (–110), 25.20 (–111), 30.89 (–311), 44.62 (–511), 63.97
(–622), 76.69 (800), 82.12° (–333). Data for x = 0.31. XRD reflec-
tions (2θ): 22.72 (210), 25.08 (211), 30.66 (300), 35.85 (222), 44.14
(330), 49.00 (332), 51.36 (422), 64.26 (600), 73.61 (631), 75.74 (444),
77.64 (550), 81.29 (721), 88.40 (651), 92.06 (741), 97.50° (660).

For x = 0.67 (θ-CuAl2), this reaction was also performed in a pres-
sure-stable NMR tube: [{Cu(mesityl)}5] (0.010 g, 0.055 mmol) and
[(Me3N)AlH3] (0.0098 g, 0.110 mmol) were dissolved in [D12]mesit-
ylene (0.7 mL), and the tube was then pressurized with 4 bar H2

and heated to 150 °C. After 5 min, θ-CuAl2 precipitated. NMR
spectra were recorded after 24 h at 150 °C. 1H NMR (250.1 MHz,
25 °C): δ = 2.11 [s, 9 H, N(CH3)3] ppm.

Synthesis of the θ-CuGa2 Phase: Samples of [{Cu(mesityl)}5]
(0.050 g, 0.273 mmol) and [(quinuclidine)GaH3] (0.100 g,
0.547 mmol) were combined in a Fischer–Porter bottle. When the
two solids were shaken together, the colorless-to-pale-yellow mix-
ture turned slightly brownish black indicating an apparent reaction.
Addition of mesitylene (10 mL) to this mixture resulted in a reddish
brown homogeneous solution with vigorous gas evolution. The
bottle was placed in an oil bath at 150 °C and within 5–10 min, a
black solid precipitated. After 4 h of heating, the solution was co-
oled, the supernatant was carefully decanted, and the black precipi-
tate was washed with n-pentane (3 �20 mL) and dried in vacuo.
Yield: 0.047 g (87%). XRD reflections (2θ): 15.14 (001), 30.62
(002), 31.54 (100), 35.17 (101), 44.54 (102), 45.25 (110), 46.67 (003),
47.98 (111), 55.65 (112), 57.49 (103), 63.78 (004), 65.98 (200), 67.06
(113), 68.14 (102), 72.94 (104), 74.47 (202), 75.01 (210), 77.04 (211).
AAS: 23.3 wt.-% Cu, 53.3 wt.-% Ga.

The reaction was repeated in a pressure-stable NMR tube:
[{Cu(mesityl)}5] (0.010 g, 0.055 mmol) and [(quinuclidine)GaH3]
(0.020 g, 0.110 mmol) were dissolved in [D12]mesitylene (0.7 mL).
After 5 min, θ-CuGa2 precipitated. In order to ensure completion
of the reaction, the mixture was heated to 150 °C for 1 h. 1H NMR
(250.1 MHz, 25 °C): δ = 4.61 (H2), 2.75 [m, 6 H, HC(CH2CH2)3N],
1.54 [sept., 1 H, HC(CH2CH2)3N], 1.36 [m, 6 H, HC(CH2CH2)3N].

Supporting Information (see footnote on the first page of this arti-
cle): General synthesis procedure for Cu1–xAlx by hydrogenolysis
of [CpCu(PMe3)] and [(AlCp*)4]; XRD reflections of the synthe-
sized θ-CuAl2 phases; 1H and 27Al NMR spectra of [(Me3N)AlH3]
before and after hydrogenolysis; 27Al MAS NMR spectra of the
obtained Al powder and that of θ-CuAl2 synthesized by cohydro-
genolysis of [(Me3N)AlH3] with [CpCu(PMe3)] and [{Cu-
(mesityl)}5], respectively; 1H NMR spectra of the hydrogenolysis of
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[{Cu(mesityl)}5], XRD diagrams of θ-CuAl2 from hydrogenolysis
of [CpCu(PMe3)] and 0.5 equiv. [(AlCp*)4] before and after
workup; XRD diagram of α-Cu from hydrogenolysis of 9 equiv.
[CpCu(PMe3)] and 4 equiv. [(AlCp*)4].
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