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In this work, we present a novel soft chemical synthesis to aluminum nanoparticles based on the
hydrogenolysis of the metastable organoaluminum (I) compound (AlGf¥)in mesitylene at 150C
and 3 bar H. Aiming at the development of a general wet-chemical, nonagueous route to M/E intermetallic
nanophases (E Al, Ga, In), we studied the co-hydrogenolysislofvith [CpCu(PMeg)] (2) as the model
case aiming at Cu/Al alloyed nanoparticles. One equivalerdt@imbined with 2 equiv of yields the
nanocrystalline intermetalli@-CuAl, phase (CuissAlo67), as revealed by elemental analysis, powder X-ray
diffraction, transmission electron microscopy (TEM), and energy-dispersive X-ray analysis. The obtained
Cuo 33Al 0,67 material was also characterized by #al Knight Shift resonance. Alloy particles GuAl
(0.10= x < 0.50), typically 15+ 5 nm (TEM) in size, are accessible as colloidal solutions by variation
of the molar ratio ofl and 2 and by the addition of poly(2,6-dimethyl-1,4-phenylene oxide) during
hydrogenolysis. Thé’Al NMR Knight Shift resonance moves to high field starting form the value of
1639 ppm for pure nano-aluminum particles to 1486 ppm @f:\ip 67 reaching 1446 ppm for GuoAl .50
and was not detectable for Al contents below 50%. Upon oxidation (controlled exposure to the ambient),
a selective oxidation of the Al component, presumably forming €stell structured AO;@Cu-,Aly
(0.10< y < 0.50) particles, was studied by UWis spectroscopy’’Al magic-angle spinning NMR, and
X-ray photoelectron spectroscopy. The Al content can be freely adjusted and lowered down to about 15
atom % (Cy gsAl .15 without oxidizing the Cu(0) core.

Introduction porous copper sponge (Raney-copper) which turns into an
Suitable organometallic precursors and the adaptation ofaCtiVe catalyst for methanol synthesis when promoted with

. .
colloid chemistry to nonaqueous media have pushed metalZno andd_Cthg. _W'th'nl this cr;]ontext, vr\:e h_av? previously
nanoparticle research beyond the limitations of both classical"POrted in this journal on the wet-chemical, nonaqueous

techniques for particle synthesis: metal salt reduction and synthesis of nanobrassCu,—.Zn, (0 < x < 1), using co-
vapor condensatiohBut the extension of this precursor pyrolysis of ZnEj with [CW{ OCH(CH)CH.NMe} 2], and

concept from transition metals to their intermetallic com- quite recently we have been SL_jcceSSfu.l i_n extending this study
pounds with main group metals has not been in the focustoward the d_evelopment of highly efficient quasrhomoge_—
metal colloid research so far. Aluminide nanoparticles and neous, colloidal Cu/ZnO catalysts for methanol synthes.|s
colloids are particularly challenging targets, however, since from SY”'gaSE- Consequently, we have been interested in
the discovery of quasicrystal phases in the Al (rieWn extendllng oumanometa!lurgmal concept to CU/AI phas:es,
system has generally revived the interest in structure andf"IISO aiming at a colloidal congener for the industrially
bonding of classic HumeRothery phases, including interest important ternary Cu/ZnO/AD; catalyst:

their materials properti€sEven certain concepts of catalyst ~ The entry to a wet-chemical nanometallurgy of aluminides
preparation refer to aluminides. Raney-nickel is known to in general relies on a clean molecular source for bare
each freshman student in chemistry! Likewise, aqueous aluminum atoms or particles in solution allowing for moder-

leaching of 9-CuAl, (khatyrkite) powder yields a highly — ate conditions and reasonable quantities and particle con-
centrations. Air stable nano-Al powder, with the particle
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decomposition of [BAI(NMes)] with [Ti(O'Pr)] as the
catalyst for the alane decompositibithe chemical vapor
deposition of aluminum thin films by the thermal decom-
position of RAI at temperatures typically above 30Q is
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and glovebox techniques (Ar,.B, O, < 1 ppm) and sealed

Fischer-Porter vessels (100 mL). All powder X-ray diffractograms
were recorded on a D8 Advance Bruker AXS diffractometer (Cu
Ko radiation) inf—26 geometry and a position sensitive detector

well-established. Some work has been done investigating th(:‘,(capillary technique under argon). Transmission electron microscopy

thermal decomposition of RIH (R = H, Me, Et,'Bu) in

coordinating solvents such as ethers or tertiary amines at

temperatures above 20C.2 Aluminide powder materials,
such as NiA? and PtAI° were obtained by co-hydrogenoly-
sis of AIEt; with [Ni(cod),] and [Pt(cod)] (cod = cis,cis-

(TEM) measurements were carried out on a Hitachi-H-8100
instrument (Accelerating voltage up to 200 kV, Lafament).
High-resolution transmission electron microscopy (HRTEM) studies
were performed at the Hahn-Meitner Institute in Berlin on a Philips
CM30 instrument with an accelerating voltage up to 300 kV. All
TEM samples were prepared on carbon coated gold grids. X-ray

1,5-cyclooctadiene) in toluene and subsequent annealingpnhotoelectron spectroscopy (XPS) spectra were recorded on a

under a 50 bar KHpressure at 200C. Nanostructured thin
films of the MnAl phase were electrochemically deposited
from AICI; and MnC} in ionic liquids!* Some years ago,
we were active in the field of precursor development for the

Scienta Specs DEN-TECH UHV analysis system (the spectra were
calibrated to C 1s at 284.5 eV; the sample was prepared in a
glovebox and transferred to the ESCA via an inert gas transfer
holder). Solid staté’Al magic-angle spinning (MAS) NMR samples

metal organic chemical vapor deposition (MOCVD) of were recorded on a Bruker DSX 400 spectromeiexr 4 mm ZrQ
have noted there the possibility of MOCVD of CoAl thin Hz, unless otherwise stated. All high-resolution NMR spectra in
films from organometallic single molecule precursors as Selution were recorded on a Bruker DPX 250 spectrometesil, C
— o 1 -1 =27
well.22 But none of these above routes holds immediate and toluenags (T = 25°C; 'H, 250.1 MHz,C, 62.9 MHz;*’Al,

romise for a selective svnthesis bee-standinasoluble 65.2 MHz; 3P, 101.3 MHz). The chemical shifts (in ppm) are
P ! . '.V y . .I ; gs u . referenced to the residual proton signals of the deuterated solvent
metal aluminide particles stabilized as a colloid, allowing

‘ ° (CeDg H, 7.15 ppm; toluenels 'H, 2.09 ppm) or the probe head
further nanochemistry and processing. Furthermore, the 2ia| g ppm, referenced to [Al(kD)]3* set at 0 ppm). UV-vis

decomposition pathways are usually complex and, as it spectra were recorded on a Perkin-Elmer Lambda 9 UV/vis/near-
appears at least to us, are not fully understood or documentednfrared spectrometer. The samples were diluted in dry mesitylene
in the literature® In those cases, where the aluminum and placed into quartz glass vials (1 cm path length) using a
component is also used as the stoichiometric reducing reagentlovebox. IR measurements (KBr pellets) were carried out on a
for the transition metal component, the M:Al ratio cannot Perkin-Elmer 1720 X Fourier transform spectrometer. GC/MS
be adjusted freely. The goal of our work is thus directed to measurements were performed on a Shimadzu GCMS-QP2010
overcome these |imitations1 and we intend to set up protoco'susing standard Settings for hydrocarbon separati.on. The analy_sis
to derive transition metal aluminide nanoparticles with full for the metal content was undertaken using a Vario AAS 6 atomic

control over composition and particle size distribution under
very clean conditions with as innocent and as few side

products as possible, ideally using all-hydrocarbon precursors
and hydrocarbon solvents under rigorously oxygen-free

conditions. Our attention was thus drawn toetastable
organometallic Al(l) compounds, namely, (AICp*}L, Cp*
= CsMes)'* as the precursor for nano-Al.

Experimental Section

General Considerations and Analytical Methods All manipu-

absorption spectrometer. In situ NMR reactions were done using
pressure stable NMR tubes with poly(tetrafluoroethylene) screw
caps. The precursors (AlICp*and [CpCu(PMg] were synthesized
according to the literatur®c1> All used solvents were dried,
degassed, and argon saturated by using a continuous solvent
purification system (MBraun; kD, O, below 1 ppm). Poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO, powder) was purchased from
Aldrich.

Nano-Al. A sample ofl (1.000 g, 1.541 mmol) was suspended
in mesitylene (10 mL) at 28C, pressurized with H(3 bar), and
heated to 150C (oil bath). After a few minutes] was dissolved

lations and chemical reactions were conducted using Schlenk linecompletely to give a yellow solution. After 15 min, a finely
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J.; Park, K.; Zachariah, M. RChem. Mater2005 17, 2987.
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1, 339. (b) Higa, K. T.; Johnson, C. E.; Hollins, R. A. U.S. Patent
5,885,321, 1999.
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Electron.1996 6, 27. (d) Fischer, R. A.; Kleine, M.; Lehmann, O.;
Stuke, M.Chem. Mater1995 7, 1863. (e) Fischer, R. A.; Miehr, A;;
Schulte, M. M.Adv. Mater.1995 7, 58. (f) Fischer, R. A.; Behm, J.;
Priermeier, T.; Scherer, WAngew. Chem., Int. Ed. Engl993 32,
746.

(13) Banemann, H.; Brijoux, W.; Brinkmann, R.; Endruschat, U.; Hofstadt,
W.; Angermund, K.Rev. Roum. Chim1999 44, 1003.

dispersed black suspension formed. The mixture was stirred for 1
h, whereupon the solution became colorless and the black solid
precipitated. After cooling to 28C, the supernatant was decanted
under argon, and the highly pyrophoric Al powder was washed
with pentane (3x 10 mL) and dried in vacuo. Yield: 160 mg
(100%, according to Scheme 1). AAS: Al, 100%Al MAS NMR
(Figure 5a): 0 1639 (AP). PXRD reflexes in 8 (Figure 1): 38.53

(hkl 111; int. 100%), 44.81 (200, 39%), 65.25 (220, 22%), 78.36
(311, 20%), 82.58 (222, 6%IH NMR (filtrate): 0 1.81 (s, 6 H,
Cp*H, metaCHy), 1.74 (s, 6 H, Cp*Hrtho-CHs), 0.99 (d, 3 H,
Cp*H, ipso-CHj).

(14) (a) Dohmeier, C.; Robl, C.; Tacke, M.; Sclukel, H.Angew. Chem.,
Int. Ed. Engl.1991, 30, 564. (b) Schulz, S.; Roesky, H. W.; Koch, H.
J.; Sheldrick, G. M.; Stalke, D.; Kuhn, AAngew. Chem., Int. Ed.
Engl. 1993 32, 1729. (c) Schormann, M.; Klimek, K. S.; Hatop, H.;
Varkey, S. P.; Roesky, H. W.; Lehmann, C.;gken, C.; Herbst-
Irmer, R.; Noltemeyer, MJ. Solid State Chen2001, 126, 225.

(15) Werner, H.; Otto, H.; Ngo-Khac, T.; Burschka,JCLOrganomet. Chem.
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Scheme 1. Hydrogenolysis of (AICp*) (1) and Reaction with
‘Bu,AlH To Yield Nano-Al Particles

CHj;
) H;C
3 bar Hy, 30 min CHj
174 ;LI — > Al(s) + H
mesitylene, 150°C HsC
CHj;

'BuyAlH, 30 min
mesitylene, 150°C

4/3 Al(s) + 1/3 Cp*H

+2/3 'Bu,AlCp* + 2/3 BuH

CuAl,. Samples ofl (0.159 g, 0.245 mmol) an2i(0.100 g, 0.488
mmol) were combined in mesitylene (10 mL), treated with 3 bar
H,, and set into a 150C hot oil bath. After a few minutes, the
yellow solution became darker, and after 15 min, a gray precipitate
formed. Afte 3 h of stirring at 150°C the precipitated gray Cuél
powder was isolated as described above. Yield: 55 mg (96%,
according to Scheme 2). AAS: Al, 65.3%; Cu, 32.5%. EDX
analysis: Al, 69%; Cu, 31%’Al MAS NMR (Figure 5b): 0 1486.
PXRD data are listed in Table 3 NMR (filtrate): ¢ 6.50 (s, 2
H, CpH, metaCH,), 6.36 (s, 2 H, CpHortho-CH,), 1.81 (s, 6 H,
Cp*H, metaCHy), 1.74 (s, 6 H, Cp*Hortho-CHs), 0.99 (d, 3 H,
Cp*H, ipso-CH3), 0.81 (d, 9 H, P(El3)3).

Cu Colloids.2® In a FischetPorter bottle, 0.100 g a? (0.488
mmol) and 0.310 g of PPO were dissolved in mesitylene (20 mL).
The slight yellow solution was degassed and set to 3 haiThle
bottle was then placed into an oil bath set to 280 After 5 min
the solution became light red; soon after, the characteristic wine
red solution of Cu colloids was observed. The solution was stirred
for 2 h at 150°C. After cooling to room temperature, the solution
was transferred into a Schlenk tube. The s spectrum is
presented in Figure 6e.

Cuy—xAly Colloids. Samples ofl and2 with the desired molar
ratio (0.10< x = 0.50), for examplex = 0.33, which refers to
0.025 mmol ofl and 0.244 mmol o2, were combined in mesitylene
(40 mL). A sample of PPO (0.188 g) was added, and the mixture
was treated with stirring under 3 bag ldt 150°C for 16 h. From

Cokoja et al.

NMR shifts for the more copper-rich samples could not be detected
so far, possibly because of extreme relaxation times. The powder
X-ray diffraction (PXRD) data of all samples €uAl, are given
in Figure 5, and for the related UWis spectra, see Figure 6.
Reaction of AICp* with Bu,AlH. (AICp*)4 (0.500 g, 0.771
mmol) was dissolved in mesitylene (30 mL) at 18D and treated
with a 1 M solution of Bu,AlH in tetrahydrofuran (3.1 mL, 3.100
mmol). Immediately, a black solid precipitated. The mixture was
stirred for 16 h at 150C. After cooling to room temperature, the
solution was filtered, and the black solid was washed with pentane
(2 x 20 mL), dried, and identified as Al by PXRD. Yield: 0.055
g (2.055 mmol, referring to 66% yield supporting the stoichiometry
of Scheme 1). For a quantitative detection of [CgBAL], Cp*H,
and isobutane, a NMR reaction was performed: (AlG{6).050
g, 0.077 mmol) andBu,AlH (0.308 mL, 1 M solution in toluene)
were suspended in tolueig (1 mL) and heated at 12T for 2 h.
After a few minutes, Al(0) precipitated. In the recordétl NMR
spectrum, the signals of [Cp*u,] were visible at 1.86 ppm (s,
15 H, Cp*), 0.98 ppm (m, 12 H;-CH,—CH—(CHj3),), and—0.13
ppm (m, 4 H,—CH,—CH—(CHz),). The signals of the rest of the
Cp*H appeared at 1.78 ppm (d, 3 H) and 1.71 ppm (d, 3 H) and
matched the expected ratio [Cp*BL,]/Cp*H of 1:0.5. The proton
signals at the aliphatic carbon of the Cp* ring could not be detected
because of overlapping signals of [Cp*Blli;]. The methyl proton
signal of isobutane appeared at 1.08 ppm (m, 9 H, GHj¢} and
also matched the expected ratio [Cp*BUi]/isobutane of 1:1. The
proton at the tertiary carbon, which should appear at around 1.8
ppm, was not visible as a result of other signals lying above. The
27AI NMR spectrum exhibited a signal of [Cp*Bu,] at —86.9
ppm.

Results and Discussion

Al Nanoparticles from (AICp*) 4 by Hydrogenolysis.
Treatment ofl dissolved in mesitylenec(= 0.15 mol/L)
with 3 bar H at 150°C yields 160 mg of a pyrophoric black
precipitate already after 15 min, which was identified as
analytically pure aluminum (elemental analysis; PXRD,

the deeply red-colored colloidal solutions, the PPO stabilized Figyre 1). The reaction is clean and quantitative according
Cu—,Aly particles were quantitatively precipitated by addition of to IH NMR and GC/MS studies of the supernatant (Scheme

n-hexaqe (100 mL), Washed Wmh}he.xane, quanhtatwgly redis- 1). The'H NMR spectrum of the filtrate of the reaction
persed in toluene or mesitylene again, and characterized by TEM

and energy-dispersive X-ray (EDX) analysis. EDX analysis. Calcd
for Cu—Aly: x = 0.50. Found: Al, 0.54; Cu, 0.46. Calcck =
0.33. Found: Al, 0.30; Cu, 0.70. Calck = 0.17. Found: Al,
0.19; Cu, 0.81. Calcdx = 0.10. Found: Al, 0.08, Cu, 0.927Al
MAS NMR (Figure 5c) for sample GudAloso 0 1446. The?’Al

(16) Himmel, H.-J.; Vollet, JOrganometallics2002 21, 5972.

(17) Dohmeier, C.; Loos, D.; Schokel, H. Angew. Chem., Int. Ed. Engl.
1996 35, 129.

(18) Timoshkin, A. Y.; Frenking, GJ. Am. Chem. So002 124, 7240.

(19) As a result of the magnetization of metallic powder in the field of the
MAS NMR instrument, the minimal spin frequency of 5000 Hz,

required for a measurement, could not be reached. Therefore, the

mixture exhibits the expected three signals of the methyl
protons of Cp*H (two singlets at 1.81 and 1.74 ppm, as well
as a doublet at 0.99 ppm in a ratio of 6:6:3). The signal of
the proton at the aliphatic ring carbon was not detected
because of the low concentration of the sample in the original
filtrate. Correspondingly, thé’Al NMR spectrum of the
filtrate did not show any signals. Hence, a formation of any
Al(I1) species during the hydrogenolysis of AICp* as well
as the presence of unchangear other Al(l) species can
be excluded.

Matrix isolation Fourier transform infrared studies and

samples were diluted in PPO to separate the single particle grains andquantum chemical calculations reported by Himmel and

avoid the magnetization effect.

(20) (a) Muler, D.; Gessner, W.; Behrens, H.-J.; SchelerG&em. Phys.
Lett. 1981, 79, 59. (b) Kunath-Fandrei, G.; Bastow, T. J.; Hall, J. S;
Jaer, C.; Smith, M. EJ. Phys. Chem1995 99, 15138.

(21) (a) Bastow, T. J.; Smith, M. B. Phys.: Condens. Matter995 7,

4929. (b) Reference measurements were performed at the Ruhr-

University Bochum with Al powder (Fluka) and ADs (neutral, for
column chromatography, Merck). The Al(0) signal appeared at 1640
ppm, and the two As signals were found at 68 and 8 ppm.

(22) Cokoja, M.; Fischer, R. A. Unpublished results.

(23) Cokoja, M.; Schiter, M. K.; Parala, H.; van den Berg, M. W. E_;
Klementiev, K. V.; Giuert, W.; Birkner, A.; Fischer, R. A. Manuscript
in preparation.

Vollet revealed that the photoinduced reaction of monomeric
AlCp* with H, in an argon matrix at 12 K yields the dimer
[Cp*Al(u-H)]2.1¢ That species may also play a role in the
hydrogenolysis described above, because the tetrahedral
cluster ofl undergoes a dissociation/association equilibrium
with monomeric AICp* at elevated temperatures in solution.

To shine some light into the hydrogenolysis mechanism of
1 and because of the so far synthetic inaccessibility of
[Cp*AlH ;] as a possible intermediate, we treatadlith 'Bu,-
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Figure 1. PXRD pattern (left, lines: JCPDS reference data no. 4-0787) and TEM images (right) of the nano-Al powder obtained according to Scheme 1.
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Figure 2. XPS spectra of Al nanoparticles (left, survey; right, Al region).

AlH at 150 °C in mesitylene. Immediate precipitation of The TEM images of the Al powder obtained by hydro-
aluminum occurred, and the observed byproducts Cp*H and genolysis of 1 show surprisingly uniform, in the (111)
Al'Bus are likely to stem from the decomposition of the direction elongated particles of 28 2 nm matching the
intermediate adduct'Bu,(H)AI"'—AI'Cp*]. According to estimation from the PXRD reflex broadening based on the
theoretical studies by Timoshkin and Frenkifighis latter Scherrer equation (Figure 1). XPS proves the presence of
compound is very likely to be rather unstable under our Al(0) (2ps; peak at 71.4 eV) and Al(lll) (24 peak at 74.4
conditions and is thought to rapidly decompose according eV), pointing to AbOs, and a close-up of a selected particle
to Scheme 1. At the very least, the stoichiometry of the points b a 3 nmthick amorphous coating around the
hydrogenolysis ofl (Scheme 1) being based on a mass- nanocrystalline Al core (Figures 1 and 2).
balance and identification (NMR, GC/MS) of all products Bare nano-Al is, of course, a getter for oxygen. R
substantiates our suggestions. MAS NMR spectrum (Figure 5a) of a sample being freshly
It is of course important to explicitly state here that neither synthesized (glovebox, Ar, solvents with,®,0 < 1 ppm),
ARz (R = Me, Et), nor'BuAlH as the most obvious diluted with PPG° and immediately transferred into a ZrO
alternative Al precursors decomposes to yield aluminum rotor and sealed, exhibited only traces of the@ylsignals
particles under rather mild conditions of 3 bag &t 150°C at 1.0 ppm (AIQ) and 57.0 ppm (AIG)® besides the easily
in mesitylene over a period of several hours of treatment. observed Knight Shift resonance at 1639 ppm, which
The treatment of [MéN—AIH 5] with 3 bar H, does lead to perfectly matches the Al metal shifts reported in the literature
elemental aluminum; however, the decomposition occurs as well as our own reference measureméhio other?’Al
significantly slower (ca. 1 h) than in the caselpfand the signals were detected, and similarly, hydrocarbon impurities
particles are around 50 nm in length (PXRD) with a very Were absent according ti MAS NMR and IR data (KBr
broad size distribution. Also we wish to point out that we Pellet).
deliberately avoided using any catalyst such as [R(}] We conclude that has significant potential as a very clean
as reported by Higa et &8 for the sake of most clean and controllable source for bare nano-Al particles in non-
conditions and the reducing of byproducts of any kind. With aqueous, aprotic solution. It should be noted here that the
these constraints in mind, the hydrogenolysi4 wfith Cp*H heavier congeners of (AICpf)(GaCp*}, and (InCp*} also
as the only and chemically rather inert byproduct was decompose when treated with 3 bas ptessure under the
selected for nanometallurgy of aluminides, rather than the same conditions as described, to yield elemental gallium and
more complex reduction df with 'Bu,AlH or any alternative indium, respectively, and Cp*H as a side prodécivhile
aluminum reagent with or without a catalyst. (InCp*)s decomposes as fast as (AlICp{vithin minutes),
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Scheme 2. Co-Hydrogenolysis of (AICp*) (1) and
[CpCu(PMey)] (2) and Wet-Chemical Synthesis of CuAl and
Cuy—xAly Colloids, Stabilized by PPO

= =

| 3 barH, :

Cu + 1/2 (AICp*)y ———————  CuAly(s) ] :

| mesitylene, 150°C ‘

PMes -2 Cp*H, - CpH, - PMey CuKa

| =
X " B i SR
4-(1-x) (AICP"), . o 2 20
— Cuy,Al, colloids @ PPO
3 bar H,, PPO (1-x) |
mesitylene, 150°C 0.10 <x < 0.50 s..JLM.J . L_..JL.J-\J xA,T\
Table 1. Comparison of PXRD Reflexes (@ deg) of Synthesized ” H ‘ w | H ” |
CUAlz and Reference Data (JCPDS No. 25'0012) 10 2‘0 30 4‘0 5‘0 6‘0 ?I‘J Sln :,;0 1[‘]0
hkl our CuAb  CuAl; hkl our CuAL  CuAl; 20(°) —=
i in o i ino

(int.in%) sample reference (intin%) sample reference Figure 3. PXRD diffractogram of CuAd synthesized according to Scheme
110 (100) 20.681 20.620 004 (8) 78.406 78.382 2 (reference data JCPDS no. 25-0012) and TEM/EDX images (inset, bar
200 (35) 29.474 29.386 510 (11) 81.162 80.678 = 200 nm).
211 (70) 38.010 37.867 422 (11) 81.007
220 (35) 42.200 42.071  431(9) 82.440 81.842 : : .
112 (90) 42683 42591 114 (9) 85 181 + 5 nm via the Scherrer equation. A hint on the rgther small
310 (70) 47.442 47.332 204 (1) 86.119 85.950  grain size of the obtained powder was the diffraction pattern,
gg% g?g; g-gég g-fgg iié Egg gg-é;g gg-égg which exhibited relatively broad reflexes (fwhm of the 110
400 (2) 61646 61032 440 (3) 902056 ovrsr2 reflext 29 = 0.289), compared to a highly crystalline,
312 (6) 61.435 512 (5) 93.283 92.205 annealed reference sample (fwhm of 110 reflexd 2
‘Zlg Egg 23322 gg-ggi ggg 8; gg-?gg gg-égg 0.143).25> The peak broadening was demonstrated in six
420 (11) 690330 69173 314 (17) 97184 97063 reflexes, which were expected to appear as three pai at 2
402 (21) 73.620 73.462 600 (5) 99.542 99.267 = 61.032, 61.435, 80.678, 81.007, 81.842, and 82.181, but
332 (20) 77483 77.251 could not be fully resolved because of overlapping and

o emerged as three broadened reflexes at 61.646, 81.162, and

(GaCp*), surprisingly, decomposes only very slowly after g» 440 in , respectively. The reaction was performed at
2 days of treatment with 3 barztat 150°C. . 150°C, and further annealing of the sample was not intended

Nanocrystalline CuAl, Powder by Co-Hydrogenolysis  giving rise to further particle growth, peak sharpening, and
of 1 with 2. Aiming at the development of a generally crystallization. So we can certainly not exclude the co-
applicable soft chemical synthesis of transition metal alu- formation of any other amorphous Cu/Al phases by PXRD.
minide colloids in nonaqueous solution, we selected the Cu/ The TEM image revealed agglomerated particles with a broad
Al system as our test case, as explained in the introduction.sjze distribution of around 100 nm, which is not surprising,

A suitable Cu source is [CPCU(PM(2, Cp=7>-CsHs).*> a5 the precursors were decomposed without any surfactant
Its hydrogenolysis yields analytically pure Cu(0), on which present, which would prevent agglomeration.
chemistry we will report in more detail elsewhéfeThe The Al—Cu phase diagratfis as complex as the GtZn

ligands Cp and PMeare easily cleaved from the copper y»qq system, containing the typical regions ofdhg, and
center of2, releasing Cu atoms that neither undergo side ,, hpaqeg at the Cu-rich side and exhibiting several interme-
reactions nor adsorb noticeably to the surface of the growing yjic compounds with distinct solid state structures and
particles (NMR). Furthermore, CpH and P)Mae not prone crystallographic properties, namely, &4 CusAls, CUAls,
to be transferred to the Al side in contrast to acetylacetonateCuAl andd-CuAl,, at specific conditions of existence. Thus
or halide as the typical ligands, for example, used in the |, ying at the Cu-rich side of the phase diagram between
Bonnemann synthesis of copper colloids, which typically thea phases that have Cu structure #@GuAl,, it is obvious
Uses _[M(acaQ) as the metal sosu2r4ce and Alfas both th(_a that it is difficult to prepare a phase pure copper aluminide
reducing agelmmdthe surfactant® _The co—hydrogenolyss compound CuAl, with 0.25 < x < 0.50. In particular,
of 1 and2 with a Cu/Al molar ratio of 1:2 yields a gray, yhe formation of CyAl, and CuAb is often observed in
surprisingly air stable, nonpyrophoric precipitate and a clear typical ball milling?” and interfacial reactioré. Depending
colorless supernata_nt (Scheme 2). on the conditions, other intermetallic Cu/Al compounds, that
Elemental analysis and PXRD of the powder as-synthe-
sized proved the formation ##CuAl, (Khatyrkite, tetragonal (25) The CuA sample ¥Al Knight Shift: 1480 ppm), donated by Prof.
body-centeredd/mcn). The PXRD pattern perfectly matched Dr. Yuri Grin, was measured at the Ruhr-University Bochum under

reference data (Figure 3). The Cu/Al ratio of 1:2 was the same conditions as all other solid state NMR and PXRD samples,
as described in Experimental Section.

confirmed by EDX analysis of a TEM sample of our CUAI  (26) Hansen, MConstitution of binary alloys2nd ed.; McGraw-Hill: New

material. The average particle size was calculated to be 35  York, 1969.
(27) (a) Ying, D. Y.; Zhang, D. LJ. Alloys Compd200Q 311, 275. (b)

Xi, S. Q.; Qu, X. Y.; Ma, M. L.; Zhou, J. G.; Zheng, X. L.; Wang, X.

(24) (a) Boinemann, H.; Botha, S. S.; Bladergroen, B.; Linkov, V.Appl. T. J. Alloys Compd1998 268 211.
Organomet. Chem2005 19, 768. (b) Vukojevi¢ S.; Trapp, O.; (28) Jiang, H. G.; Dai, J. Y.; Tong, H. Y.; Ding, B. Z.; Song, Q. H.; Hu,
Grunwaldt, J.-D.; Kiener, C.; S¢ty F.Angew. Chem., Int. EQ005 Z. Q. J. Appl. Phys1993 74, 6165. (b) Umakoshi, Y.; Fujitani, W.

44, 7978. J. Jpn. Inst. Met1994 58, 1095.
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is, CwAl, CusAl,, and CuAl, mentioned above are detected,
t002° Of particular interest in our context are the well-studied
thin film reactions of Cu/Al multilayers which had been

investigated by Jiang et al. using differential scanning
calorimetry and TEM. Sequential intermetallic compound
formation was found in the temperature range from 27 to
347°C, somewhat matching our conditions in solution. The

Chem. Mater., Vol. 18, No. 6, 20689

Al source for alloying with Cu. We then turned our interest
toward the synthesis @f-CuAl, respectively Cu.,Al alloy
colloids (0.10< x < 0.50). The choice of an appropriate
surfactant, weakly adsorbing at the particle surface and
controlling Ostwald ripening, is crucial for this purpose.
Whereas pure Cu particles can be very easily stabilized with
a variety of surfactants, including hexadecylamine (HBA),

activation energies for the formation of Cyfdnd CuyAl,4
were determined to be 0.7& 0.11 and 0.83t 0.2 eV,
respectively. The CuAlphase was formegrior to the Cy-
Al, phase even in the presence of excess coffpdior
example, the co-decomposition band?2 in an Al/Cu ratio
of 4:9 under 3 bar KHat 150°C and keeping the reaction

our particular aluminum precursor, (AICp*j1) (similarly
to other obvious aluminum sources mentioned in the
introduction) appeared to be much too reactive toward all
the usual choices of capping ligands; for examflegacts
with HDA under H pressure to yield an Al(lll) amide.
Similarly, other common surfactants are either too reactive
mixture under those conditions for 1 week did not yield the against1 and/or nano-Al, for example, oleic acid, trio-
CuwAl, phase similarly to CuAl In the PXRD of the  ctylphosphineoxide and poly(vinylpyrrolidone), or failed to
obtained powder, only broad Cu reflexes were detected. By keep the particles in solution (e.g., long chain tertiary amines
annealing the isolated powder to 58D in vacuo for 5 days,  and phosphines). Alkyl chain polyethers of the type RO-
the characteristic reflections of gAl, emerged gradually.  (CH,CH,O),R introduce the problem of traces of water,
This comparison may explain why it is possible to obtain which are very difficult to rigorously reduce below the level
apparently phase-pue CuAl, particles rather than a more  of 1 ppm. Thus, we selected a related polymeric stabilizer,
complex mixture together with GAl, and other possible  PPO, which is also a widely used surfactant in colloid
compounds by our organometallic route. At very low synthesis? that proved to behave inertly towaldNMR).
temperatures of 150C the alloying process is certainly However, even using PPO, we so far were unable to derive
kinetically controlled. a CuAbL (CusAlgs;) nanomaterial being composed of

The?7Al Knight Shift resonance at 1486 ppm of the CwAl  nonaggregated, individual CuAparticles dispersed in a
material is clearly shifted to high field from pure aluminum colloidal solution. The same is true for all our efforts to
at 1639 ppm (Figure 5b) and exactly corresponds to the Al obtain well-defined pure nano-Al colloids in mesitylene,
shift observed by the groups of Bast$vand Torgeso#! stabilized by PPO. But by reducing the Al contentxta
as well as to our own CuAleference measuremenitsthe 0.50, the co-hydrogenolysis éfand2 in molar ratios from
Knight Shift is a sensitive probe for the local electronic 1:1 to 1:9 in the presence of PPO resulted in nicely deep
density of states, reflecting different crystallographic alu- red-colored Cu.,Aly colloids (0.10< x < 0.50), which could
minum sites, and, thus, the qualitative change of the isotropic be precipitated with pentane and, thereafter, fully redispersed
value of the Knight Shift resonance unambiguously indicates in toluene or mesitylene by ultrasound. All these novel
alloying of Al with Cu in our case. Interestingly, traces of Cu—,Aly colloids exhibited a rather broad particle size
oxygen, being certainly present (see the TEM of Al particles distribution of around 16- 5 nm (forx = 0.50, 174+ 5 nm;
in Figure 1), are no obstacle for alloying. Again, hydrocarbon x = 0.33, 16+ 3 nm;x = 0.17, 18+ 4 nm;x = 0.10, 18
impurities are absentfl MAS NMR and IR). The byprod- 4+ 5 nm; see Figure 6). Apparently, the solubility of alloyed
ucts according Scheme 2 were found by GC/MSNMR, Cu/Al—PPO particles in mesitylene increases with a rising
and®P NMR. In theH NMR spectrum of the filtrate of the ~ Cu content on moving away from intermetallic compounds
reaction mixture, the three typical resonances of Cp*H such as CuAland toward the solid solution-CuAl phase.
methyl protons are observed again, similar to the pure Al We observed a similar behavior for related nanobre$s
case above (1.81 (s), 1.74 (s), and 0.99 ppm (d) in a ratio of Cuzn particles stabilized by PPO, with the best solubility
6:6:3). The olefinic protons of cyclopentadiene (CpH) are observed fora-CuZn particles rather thaf-CuzZn and so
observed at 6.50 (s) and 6.36 ppm (s). In analogy to Cp*H, forth.2® Noteworthy is that the solubility of PPO and the
the aliphatic proton of CpH is not visible. Besides, the Cu,_,Al, particles improved using anisole as the solvent
resonances at 0.81 ppm @, + (Hz) = 2.585) are assigned  rather than mesitylene. Consequently, it is more difficult to
to the free PMgligand, and in thé’P NMR spectrum, the  precipitate the particles from an anisole solution than from
signal of the P atom expectedly appears-&2.4 ppm. A mesitylene. EDX spectroscopy of the precipitated, washed,
quantitative NMR experiment (sealed tube) was performed and redispersed GuAl, particles revealed the expected
under conditions similar to those as described above. Thecompositions of the particles close to the expected ratio of
signal intensities matched the stoichiometry presented inthe metals within the accuracy of the not deliberately
Scheme 2. calibrated method (10% relative error).

Synthesis and Characterization of Cuy-,Al, Colloids.
The results described above proved the suitability as an

(32) (a) Hambrock, J.; Becker, R.; Birkner, A.; Weiss, J.; Fischer, R. A.
Chem. Commur2002 68. (b) Schiter, M. K.; Khodeir, L.; Hambrock,

J.; Ldtfler, E.; Muhler, M.; Fischer, R. ALangmuir2004 20, 9453.

(33) (a) Dassenoy, F.; Casanove, M.-J.; Lecante, P.; Verelst, M.; Snoeck,
E.; Mosset, A.; Ould Ely, T.; Amiens, C.; Chaudret,BChem. Phys.
200Q 112 8137. (b) De Caro, D.; Ould Ely, T.; Mari, A.; Chaudret,
B.; Snoeck, E.; Respaud, M.; Broto, J.-M.; Fert@hem. Mater1996
8, 1987.

(29) (a) Abbasi, M.; Taheri, A. K.; Salehi, M. T. Alloys Compd2001,
319 233. (b) Draissia, M.; Boudemagh, H.; Debili, M. ®Phys. Scr.
2004 69, 348.

(30) Bastow, T. J.; Celotto, S\cta Mater.2003 51, 4621.

(31) Torgesson, D. R.; Barnes, R. G.Chem. Physl975 62, 3968.
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Under argon After oxidation formation of a passivating alumina layer, as it was the case
2) Cunl Cunl with CuAly; see discussion to follow.
’ ) | ) In the 27Al MAS NMR measurement of GisoAloso We
\\JL\A\%‘ \l observed a Knight Shift resonance of 1446 ppm, which is
M.,__J\ moved high-field from CplssAl 067, and matching of the trend
from Al over CuAlL to CuAl with rising Cu content (Figure
b) | ‘ 5¢). Correspondingly, upon oxidation, tBiél Knight Shift

— G
\ »‘M resonance of the metallic Al component became too weak
I I
Cu

5d) and remained unchanged even after several hours of
reduction at elevated temperatures (2&0with H, or CO

at 3 bar). Yet in the Cu,Al, samples with an Al content of

x < 0.50, we were unable to detect the Al metal signal, most

probably because of the low Al concentration, caused by

the dilution of the NMR samples by PPO together with

to be detected, whereas the Al oxide signals rose (Figure
1 C)

9 — Cu - g“o increased relaxation time complications.
E The alloying was also reflected by the transformation of
\JUL A A P " the characteristic 573 nm surface plasmon resonance (SPR)
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100 of the pure Cu reference collgidinto a very broad
20¢) — 200) — absorption structure centered at 520 nm for thg gl o 50
Figure 4. PXRD diagrams of PPO stabilized colloids of (a)sGthlo.s0 sample (Figure 6a). With rising Cu content, the absorption

(b) CheAlo33 (€) Clb.gAl 017 and (d) Cu.goAloso measured underargon  pecame more distinctly visible, and for €Al o35 a well-
and on air (oxidation of the colloids before precipitation). Reference JCPDS

data: Cu, 4-0836; GiAl,, 24-0003 C4O, 5-0667. developed apsorption peak at 519 nm was obsgrved (Figure
6b). The typical SPR of nano-Cu appeared again at 573 nm
Table 2. Deviation of the PXRD Reflexes ot-Cu/Al Phases from with reduction of the Al mole fraction down to 10% in

h in 2 in D f the Al ; :
the Cu Structure (in 26, deg), in Dependence of the Al Content Cuy_Al, (0.10=< x < 0.33, Figure 6¢,d). For our previously

reflex e 200 220 311 222 reported nanobrass colloids, for exampleCuzn (5 atom
Cu 43.298 50434 74132 89934 95143 o4 gnd 30 atom % Zn) ang-CuZn (65 atom % Zn), we
giﬁf:ﬂ :8:%3 :g:ggg :8:22; :g:ggg :8:%8 have observed a similar behavior with the SPR peak for the
ClseAloss —0.302 —0.365 —0.582 —0.662 —0.658 o-CuZn particles being close to the position of the pure Cu

nanoparticles, while thg-Cuzn particles, having a rather
high Zn content, have not revealed a significant SPR
absorption featuréThe optical absorption spectra of metallic
nanoparticles can be described according Mie's thébry,
which gives the total extinction coefficiert according to
eql

Unlike the Cuy3sAlo67 (CUAl) case above, the PXRD
pattern of the PPO stabilized €44Alos0 (CuAl) particles
could not be assigned to the expected CuAl phase (Cupalite,
monoclinicC2/m, JCPDS no. 26-0016) but rather to By
(Figure 4a, cubid43m, JCPDS no. 24-0003). Surprisingly,
only the high-temperature phase 8L, was visible in the
PXRD of colloidal CysAlos0 under these reaction condi-
tions. A powder sample prepared by combinihgnd?2 in
the equimolar Cu/Al ratio without PPO exhibited reflections
indexed for CuAl, CyAl, CuzAl, CusAl3, and CyAl, besides . . .
CuwAl,. Hence, in the PXRD of the colloidal GepAloso yvherell is the yvavelength of the absorblng_rad|at|or_1 apd
sample, the other possible, typically Al-rich phases were 'S the dielectric constan.t of the surrounding medium (as-
presumably amorphous; at least we cannot rule out this. ThusSUmed to be frequency independent). The valjesnde,
the “ClhscAlosg’ sample should be regarded as a possible &€ the real and imaginary parts of the complex dielectric
mixture of several Cu/Ab and/3 phases. Instead, the PXRD functlon €(w) of the material. As a result of the lack of
diagrams of precipitated GuAl, colloids (0.10< x < 0.33, swtabl'e refgrence Qata, at least .to our knowledge, for' the
Figure 4b-d) exhibited reflexes that could clearly be _bulk d|ele_ctr|c function of the various CL_J/AI phases being
assigned to the typical fcc Cu pattern with slightly shifted Nvolved in our study, we could not directly model the
Cu reflexes, caused by the random incorporation of Al atoms ©PSeérved SPR spectra, so far. However, for example, a related
into the copper lattice forming a solid solution and thus Simulation is possible fqf-Cuzn (with 50 atom % Zn) based

corresponding to the-phase region. The shift of the reflexes N the data of the bulk dielectric function ffbrass® and
is expectedly proportional to the Al content in the samples reveals a matching of the observed absorption around-525

(Table 2). Noteworthy is that in the PXRD diagram of the °3° nmSGWith the calculated maximum at 520 nm for
0-Clo 67l 0 33 sample, the (330) reflex of GAl, at 290 = ﬁ—Cu_Zn. In accordance, UVVIS' ;pectra of ouﬁ-brqss
44.075 (int. 100%) was observed besides the Cu reflexes €0lloids, made by co-decomposition 2fand [ZnCp?] in
(Figure 4b), indicating the coexistence @fand 8 phases. PPO/mesitylene under hydrogen pressure, exhibited an
Other reflexes of C4A\l, were not visible because of the low :

(34) Mie, G.Ann. Phys1908 25, 377.

intensity of this ph_ase in the sample. Upo_n oxidation, the (35) Sasovskaya, I. I.; Korabel, V. Phys. Status Solidi B986 184, 621.
CuwAl, reflex remained unchanged, most likely due to the (36) Suzuki, N:; Ito, SJ. Phys. Chem. R006 110, 2084.
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Figure 5. 27Al MAS NMR of (a) Al nanoparticles, (b) CuAlpowder obtained by hydrogenolysis dfand 2, (c) Cus0Alos0@PPO colloids, and (d)

oxidized Cu s50Al0.50@PPO colloids (10 000 Hz).
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Figure 6. Time dependent oxidation of PPO stabilized colloids of (a)£los0 (b) Cwe/Aloss (C) Cghloaz (d) ChoAloio and (e) pure Cu

colloids@PPO, monitored by UMvis spectroscopy (top). Bottom: TEM images of sampleg.a

absorption at 535 niff. Assuming that the bulk dielectric  protected by some kind of an oxidation inhibiting shell,
functions ofo/f-CuAl anda/f-CuZn are not fundamentally  which seems to be composed of alumina preferentially. In
different, we may conclude that the observed shift of the contrast, the absorption of a nano-Cu reference colloid
SPR as a function of the composition clearly indicates alloy quickly shifts upon oxidation to 610 nm as the result of
Cu;—Aly particles. In addition, it should be noted here that CuQ.@Cu core-shell particle formatiord®-3? While these

the particle size distribution has some influence also and theCuQ.@Cu core-shell particles can be reduced in solution
SPR shifts to longer wavelengths with increasing particle by addition of CO, syn-gas, or pure,f#° the oxidized
size, giving rise to substantial peak broadening, which may a-CuAl colloids discussed here showed no change at all upon

be especially important at higher Al contents.

Oxidation of Cu;—Al Colloids and Formation of Core
Shell Particles. Interestingly, even after a few days of
exposure to ambient conditions (moist air), the s
absorption of these GuAl colloids (0.17< x < 0.50) did
not change at all (Figure 6), quite similar to our related
observations in the case of CwZn, alloy particles?® This
observation again clearly indicates alloyedCuAl particles,

similar reductive treatment. Preferential Al oxidation and
Al,O3 surface layer formation is known for single-crystal
aluminide thin films of the more electronegative transition
metals?” with NiAl to yield y-Al,Os@NiAl as a well-studied
example®

We believe that the Cu or Cu/Al alloy core is not being
substantially oxidized, as long as the Al content is above 15
atom %. Below a level of 15 atom % Al, the Cu component
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cannot be effectively passivated by the growth of a dense chemistry of [M(ECp*)y] (M = Fe, Ru, Ni, Pd, Pt; E Al,

Al,O3 layer and appears to be oxidized as well, resulting in
the typical color change from red to green, and the
characteristic UV-vis absoption at 604 nm occurs (Figure

Ga, In) which may be of future relevance also in terms of
single molecule precursors for alloys or as building blocks
for molecularly defined HumeRothery type large clustefs.

6d). The UV+vis spectra of these samples clearly resembled The surface oxidation of the titie-CuAl alloy particles,

those of pure oxidized Cu@PPO colloids of the ceshell
type CuQ@Cu (Figure 6e). In addition, th& Al NMR
signals for AbO; were clearly seen in intentionally oxidized
Cu—Alx samples, suggesting a surface decorated structur
AlLO;@Cu—Alx—s (0.10< x < 0.50;0 < x). In accordance,
powder diffraction diagrams of GuAl colloids (0.17< x

< 0.33), oxidized by treatment with ®efore precipitation,
showed that, in the samples down to 20 atom % Al, Cu(0)
is still visible, whereas in the sample with 10 atom % Al,
Cw,0 was found in addition to Cu (Figure 4). This points to
incomplete oxidation of Cu, most presumably forming a
multiphase composite or corshell particles with a mixed
Cuw,O/Al,0; surface structure. That structural damage result-
ing from oxidation of thosex-CuAl alloy particles is also
indicated by the line broadening of the remaining fcc Cu
reflexes.

Conclusion

Our results suggest (AlCpf)as an exotic but quite
interesting precursor to be generally applicable for wet-
chemical nanometallurgy of late transition metal aluminides,
for example, extending the scope of Chaudret et al.’s Work
on metal colloids toward classical HumRothery phases.
Following the lines outlined above, we already obtained Fe/
Al, Co/Al, and Pd/Al materials which we are currently
investigating. The Cp* moiety turns out to be an advanta-
geous leaving group being cleanly split off by hydrogenoly-
sis. Important other alloy components, being notoriously
difficult to introduce by simple salt reduction, such as Mg,
Zn, and Si, may thus as well be applicable via [Mgg*®
[ZnCp*,],4° and [SiCp%]** as precursors. Just to give an
inspiring example, we like to cite the unusual molecular
SiAly4 cluster, [(Cp*Al(SiAlg)], being obtained by employ-
ing [SiCp*] as the Si sourc# Consequently, the use of
[ZnCp*]] instead of ZnEthas aided our nanobrass chemistry,
and we have now obtained €yZn, colloids of improved
purity in comparison with our previous work according to
extended X-ray absorption fine structure studiels addi-

tion, we like to emphasize here our related molecular cluster

(37) Grabke, H. JMater. Sci. Foruml997 2512, 149.

(38) Ceballos, G.; Song, Z.; Pascual, J. J.; Rust, H.-P.; Conrad, tm&a
M.; Freund, H.-JChem. Phys. LetR002 359, 41.

(39) Duff, A. W.; Hitchcock, P. B.; Lappert, M. F.; Taylor, R. G.
Organomet. Cheml985 293 271.

(40) Blom, R.; Boersma, J.; Budzelaar, P. H. M.; Fischer, B.; Haaland,
A.; Volden, H. V.; Weidlein, JActa Chem. Scand., Ser.1886 40,
113.

(41) Jutzi, P.; Kanne, D.; Kger, C.Angew. Chem., Int. Ed. Engl986
25, 164.

(42) Purath, A.; Dohmeier, C.; Ecker, A.;"Kpe, R.; Krautscheid, H.;
Schriwkel, H.; Ahlrichs, R.; Stoermer, C.; Friedrich, J.; Jutzi,JP.
Am. Chem. So00Q 122, 6955.
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that is, their redox chemistry, bears interesting perspectives,
even beyond the study of Hum&othery nanophases and
their materials properties as such. For example, oxidized
o-CuZn particles, that is, Cu particles decorated with isolated
ZnO surface species, may be interesting model catalysts for
methanol synthesis from CO/G@nd H.> On the basis of
the work discussed above, we are now trying to selectively
prepare multiphase Cu/ZnO/&); single-particle nanocom-
posites by controlled corrosion of free-standing ternary Cu/
Zn/Al alloy particles, accessible by co-hydrogenolysislof
and 2 together with [ZnCp3], to serve as novetolloidal
congeners for the heterogeneous methanol catdlystst

but not least, the Fe, Co, Ni, or binary FeCo, FePt, and £oPt
nanoparticles in the focus of investigations for magnetic
properties;*® possibly relevant to novel data storage media
and typically synthesized by organometallic wet-chemical
methods quite compatible with our example here, may be
alloyed with small amounts of Al and then oxidized to yield
bimetallic core-shell nanoparticles with the AD; shell
effectively protecting the magnetic core alloy.
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