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ABSTRACT The wet-chemical synthesis of aluminum nanoparticles was investigated systematically by using dimethylethylamine
alane and 1-methylpyrrolidine alane as precursors and molecules with one or a pair of carboxylic acid groups as surface passivation
agents. Dimethylethylamine alane was more reactive, capable of yielding well-defined and dispersed aluminum nanoparticles.
1-Methylpyrrolidine alane was less reactive and more complex in the catalytic decomposition reaction, for which various experimental
parameters and conditions were used and evaluated. The results suggested that the passivation agent played dual roles of trapping
aluminum particles to keep them nanoscale during the alane decomposition and protecting the aluminum nanoparticles postproduction
from surface oxidation and that an appropriate balance between the rate of alane decomposition (depending more sensitively on the
reaction temperature) and the timing in the introduction of the passivation agent into the reaction mixture was critical to the desired
product mixes and/or morphologies. Some fundamental and technical issues on the alane decomposition and the protection of the

resulting aluminum nanoparticles are discussed.
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INTRODUCTION
here has been significant recent interest in the syn-

thesis and properties of nanoscale reactive metal
particles, especially aluminum nanoparticles, for a
number of current and potential applications (1—9). The
large specific surface area and energy density and their
associated high reactivity of aluminum nanoparticles have
made them unique combustible additives in propellant
formulations for significantly higher and faster energy release.
Nanoscale aluminum may also offer significant opportu-
nities in the development of high-capacity hydrogen storage
materials, either directly or through other reactive com-
pounds such as aluminum hydrides. Recently, reactive
aluminum compounds were nanosized for improving their
hydrogen-storage-related properties (10—12). These nano-
particles supported on surface-oxidized carbon nanofibers
or confined in ordered mesoporous silica exhibited lower
dehydrogenation temperature and faster kinetics than those
of their corresponding bulk materials (10—12).
Much effort has been devoted to the synthesis of small
aluminum nanoparticles that are stabilized by coatings or
organic surface passivation agents for protection from rapid
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oxidation to aluminum oxide under ambient conditions
(13—22). Such surface oxidation could have aluminum oxide
accounting for 60 % or more of the mass in a particle of 50
nm or less in diameter. In the preparation by physical
methods, including mechanical attrition (high-energy ball
milling) and vapor condensation (21, 22), the resulting
aluminum nanoparticles are first collected and then surface-
passivated via slow oxidation or by use of various organic
substances (13—16, 21, 22). However, these physical nano-
sizing schemes are often limited for their generally produc-
ing particles of rather broad size distributions, such as
particle diameters from 50 nm to more than 1 um.

The wet-chemical synthesis of aluminum nanoparticles
has been explored by using alanes as precursors in thermal
and/or catalytic decomposition reactions (17—20). For ex-
ample, Foley and co-workers synthesized aluminum nano-
particles through alane thermal decomposition in solution
(19). The nanoparticles were coated with another metal
(gold, nickel, palladium, or silver) for protection from oxida-
tion, for which the nickel coating was found to be more
effective (19). These metal-coated aluminum nanoparticles
were on the order of 150 nm in size. Separately, Jouet and
co-workers found that organic molecules such as perfluori-
nated carboxylic acids could be included in the alane de-
composition reactions for their effective passivation of the
formed aluminum nanoparticles (20). The results from all
of the investigations already reported in the literature suggest
great potential of the wet-chemical approach in not only the
particle passivation but also the manipulation and eventually
the control of other particle properties such as the average
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size, size distribution, morphology, and homogeneous dis-
persion of the nanoparticles in solution.

We report here a more systematic investigation on the
wet-chemical synthesis of aluminum nanoparticles from
different alanes under various experimental conditions and
with the use of molecules containing mono- or difunctional
groups for the particle surface passivation. Some fundamen-
tal and technical issues on the alane decomposition and the
protection of the resulting aluminum nanoparticles are
discussed.

EXPERIMENTAL SECTION

Materials. The dimethylethylamine alane, HsAIN[(CH5),C,Hs],
in a toluene solution was supplied by Sigma-Aldrich and so were
titanium(1V) isopropoxide, lithium aluminum hydride (LiAIH4),
anhydrous aluminum chloride, perfluorotetradecanoic acid
(Cy5F27COOH), 1H,1H-perfluoro-1-tetradecanol (C;5F,;CH,OH), tet-
radecanoic acid, dimethyl-5-hydroxybenzene-1,3-dicarboxylate,
octadecylamine, and 1-methylpyrrolidine. The solvents diethyl
ether, tetrahydrofuran (THF), hexane, and toluene were distilled
over sodium metal before use. Other solvents either were spec-
trophotometry/HPLC-grade or were purified via simple distillation.
Deuterated NMR solvents were obtained from Cambridge Isotope
Laboratories.

The 1-methylpyrrolidine alane, H5AIN[(C4Hg)(CH5)], was pre-
pared according to procedures already reported in the literature
(23, 24). Briefly, in a glovebox, N-methylpyrrolidine (13.6 g,
16.6 mL) was added dropwise to a suspension of aluminum
chloride (2.64 g, 20 mmol) and LiAlH4 (2.58 g, 68 mmol) in
hexane (30 mL) at room temperature (22 °C) with vigorous
stirring. The reaction mixture was further stirred for about 12 h
more, filtered, and rinsed twice with hexane (15 mL each). The
filtrate was collected and evaporated under vacuum for removal
of all volatile components to yield HsAIN[(C4Hg)(CH3)].
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5-(Hexadecyloxy)isophthalic acid (HDIPA) was also prepared
by following procedures available in the literature (25). Briefly,
dimethyl-5-hydroxyisophthalate (7.5 g, 36 mmol) and potas-
sium carbonate (9.8 g, 71 mmol) were mixed and stirred in N,N-
dimethylformamide (DMF; 200 mL) at 80 °C for 1 h. A solution
of 1-bromohexadecane (13.1 g, 43 mmol) in DMF (25 mL) was
added dropwise, and the mixture was stirred for another 6 h.
The reaction mixture was concentrated and poured into water,
from which dimethyl-5-(hexadecyloxy)isophthalate was ex-
tracted with dichloromethane. The sample was recrystallized,
followed by base-catalyzed hydrolysis into HDIPA. '"H NMR (500
MHz, DMSO-de): 0 13.28 (s, 2H), 8.04 (s, 1H), 7.61 (s, 2H), 4.04
(t, 2H), 1.68—1.72 (m, 2H), 1.38—1.41 (m, 2H), 1.20—1.32 (m,
24H), 0.83 (t, 3H). '°C NMR (125.7 MHz, DMSO-dq): 0 166.86,
159.20, 133.03, 122.61, 119.36, 68.44, 31.80, 29.57, 29.51,
29.28, 29.24, 29.04, 25.90, 22.58, 14.30.

Measurements. Air- and moisture-sensitive materials were
handled in an argon-filled glovebox. NMR spectra were obtained
on a JEOL Eclipse 500 NMR spectrometer or a Bruker Advance
500 NMR spectrometer. Thermogravimetric analysis (TGA) was
carried out on a Mettler-Toledo TGA/SDTA851e or a TA Q500
system. Powder X-ray diffraction (XRD) measurements were
performed on a Scintag XDS-2000 powder diffraction system.
Electron microscopy imaging was conducted on a Hitachi HD-
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2000 scanning transmission microscopy (S-TEM) system in the
SEM and Z-contrast modes. The specimen for the imaging was
prepared by depositing a few drops of a dilute nanoparticle
suspension onto a carbon-coated copper grid, followed by
solvent evaporation under ambient conditions. The energy-
dispersive X-ray (EDX) analysis was performed in situ on the
same S-TEM system.

Reactions at Room Temperature. For H;AIN[(CH5),C,Hs], a
toluene solution of the alane (0.5 M, 6.5 mL) was mixed with
predegassed (bubbled nitrogen gas for 30 min) diethyl ether (10
mL) and stirred at room temperature (22 °C) in the argon-filled
glovebox. To the solution was added titanium(IV) isopropoxide
(8 uL) rapidly via a syringe. Upon stirring of the mixture 8 min,
a solution of C5F,7COOH in diethyl ether (26 mM, 25 mL) was
added, and the resulting mixture was stirred continuously for
12 h. At completion, the reaction mixture was allowed to settle,
and the ether layer was removed. The brown-colored sediment
was washed twice with diethyl ether, followed by the removal
of residual ether via evaporation (all in the glovebox).

Similarly, HsAIN[(C4Hg)(CH5)] (284 mg, 2.47 mmol) was
dissolved in predegassed diethyl ether (15 mL) and stirred in
the glovebox. To the solution was added titanium(IV) isopro-
poxide (5 uL) rapidly via a syringe. The mixture was stirred for
8 min, 30 min, 60 min, 2 h, or 4 h before the addition of the
C,5F,7COOH solution in diethyl ether (32 mM, 15 mL), followed
by stirring for another 12 h. Each mixture was allowed to settle
before removal of the diethyl ether layer. The remaining sedi-
ment was washed twice with diethyl ether and then evaporated
to remove the residual solvent (all in the glovebox).

The same procedures above were used for 1H,1H-perfluoro-1-
tetradecanol (C;5F,;CH,OH) or tetradecanoic acid (C;5sH,;COOH)
in place of C,5F,;COOH as the surface passivation agent, with the
same alane-to-passivation agent ratios and under otherwise the
same experimental conditions. For use of HDIPA as the surface
passivation agent, HsAIN[(C4Hg)(CH5)] (284 mg, 2.47 mmol) was
dissolved in predegassed THF (15 mL) and stirred at room
temperature in the glovebox. To the solution was added tita-
nium(V) isopropoxide (5 uL) rapidly via a syringe. The mixture
was stirred for 8 min, 30 min, 2 h, or 4 h before the HDIPA
solution in THF (32 mM, 15 mL) was added, followed by stirring
for another 12 h. The reaction mixture was allowed to settle,
and the THF layer was discarded. The remaining sediment was
washed twice with THF and then evaporated for complete
removal of residual THF (all in the glovebox).

Reactions at High Temperature. A solution of H5AIN[(C4Hg)-
(CH5)] (284 mg, 2.47 mmol) in predegassed toluene (15 mL)
was prepared and heated to 110 °C under nitrogen in the
glovebox. The solution was vigorously stirred while titanium(I'V)
isopropoxide (5 L) was added quickly via a syringe, followed
immediately or after up to a 30 min delay by the addition of
the C;5F,7COOH solution in a toluene/diethyl ether mixture (32
mM, 15 mL). The reaction mixture was further stirred for 30
min without heating. After the reaction, the mixture was
centrifuged to discard the supernatant. The sediment was
washed twice with diethyl ether and then evaporated to remove
any residual ether (all in the glovebox).

For use of octadecylamine as the copassivation agent with
C5F,7COOH, octadecylamine (666 mg, 2.47 mmol) in prede-
gassed toluene (10 mL) was prepared and heated to 90 °C under
nitrogen in the glovebox. To the hot solution under vigorous
stirring was added sequentially titanium(IV) isopropoxide (5 uL),
the H5AIN[(C4Hg)(CH5)] solution in predegassed toluene (1.24
M, 2 mL), and then the C,5F,,COOH solution in a toluene/diethyl
ether mixture (0.1 M, 5 mL). After the reaction, the mixture was
centrifuged to discard the supernatant. The sediment was
washed twice with diethyl ether, followed by the removal of
residual ether via evaporation (all in the glovebox).

N,N-Dimethylaniline (DMA; 10 mL) as the solvent was de-
gassed and then heated to 90 °C under nitrogen in the glovebox.
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Scheme 1.
Alanes

H3AIN[(CH3),CoHs]

Catalytic Decomposition Reactions of

N[(CH3)2C2Hs]
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or ——» Al + Hy + or

HAIN[(C4Hg)(CHa)] N[(C4Hg){(CH3)]

To the hot solvent with vigorous stirring was added the
H3AIN[(C4Hg)(CH3)] solution in predegassed toluene (0.73 M, 2
mL) and titanium(IV) isopropoxide (5 uL). Subsequently, the
Cy5F,7COOH solution in diethyl ether (60 mM, 5 mL) was added.
After the reaction, the mixture was centrifuged to discard the
supernatant. The sediment was washed twice with diethyl ether,
followed by the removal of residual ether via evaporation (all
in the glovebox).

Aluminum Tests. The contents of active aluminum in the
samples of surface-passivated aluminum nanoparticles was
determined in terms of the base hydrolysis method and/or by
using TGA measurements. In the base hydrolysis (26), the active
aluminum reduced water under basic conditions into hydrogen
gas, whose quantity was determined volumetrically to calculate
the amount of active aluminum. In TGA, the sample was
scanned to 1000 °C in the presence of air, so that the weight
gain due to the formation of aluminum oxide was used to
calculate the original active aluminum content. The two tests
were found to be consistent according to results from the
calibration with samples of pure aluminum.

RESULTS AND DISCUSSION
The two alane compounds H5AIN[(CH5),C,Hs] and

H5AIN[(C4Hg)(CH35)] could both be decomposed with organ-
otitanium(lV) as a catalyst (Scheme 1) (18, 20). However, the
formation of aluminum nanoparticles from decomposition
was quite different between the different alanes and also
significantly dependent on other experimental parameters.
The alane H5AIN[(CH5),C,Hs] was obviously more readily
decomposed than the other alane H;AIN[(C4Hg)(CH5)] at
room temperature. For the former, the catalytic decomposi-
tion was already substantial after reaction at room temper-
ature for only a short period of time (8 min or so), when the
surface passivation agent C5F,7COOH was added to help
trap the nanoscale aluminum, resulting in the formation of
well-defined aluminum nanoparticles. According to S-TEM
imaging results (Figure 1), these surface-passivated nano-
particles were averaging 48 nm in diameter, with a size
distribution standard deviation of 15 nm. The EDX analysis
of the specimen confirmed the presence of high relative
concentrations of aluminum and fluorine (in the passivation
agent C;5F,;COOH) but only a small amount of oxygen,
consistent with the expectation for the surface-protected
aluminum nanoparticles without any significant oxidation.
The XRD pattern of the nanoparticle sample exhibited no
obvious peaks, suggesting that the aluminum nanoparticles
were largely amorphous. This was consistent with the results
from high-resolution TEM imaging of the nanoparticles
showing no obvious crystalline fringes. The Fourier trans-
form infrared (FT-IR) spectrum of the passivation agent
capping the aluminum nanoparticles differed from that of
free molecules in terms of diminished carbonyl absorption
around 1750 cm™" (Figure 2), in agreement with similar
observations already reported in the literature (20).
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FIGURE 1. S-TEM (SEM mode) image (top) and high-resolution TEM
image (bottom left) of the aluminum nanoparticles from
H;AIN[(CH3),C,H;5] (some of the passivation agent removed in the
preparation of specimen for imaging) and a statistical analysis based
on multiple SEM images (bottom right).
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FIGURE 2. FT-IR spectra of (A) C;5F,;COOH capping the aluminum

nanoparticles (upper) versus free (lower) and (B) HDIPA capping the
nanoparticles (upper) versus free (lower).

The relatively rapid decomposition of the alane
H5AIN[(CH5),C,Hs] probably enabled kinetically controlled
processes for the formation and trapping of more homoge-
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FIGURE 3. Representative S-TEM (SEM mode) image on aluminum
nanoparticle samples from some repeats of the H;AIN[(CH5),C,Hs]
decomposition reaction with C5F,;,COOH as the passivation agent.

neously distributed aluminum nanoparticles (Figure 1). How-
ever, the same high reactivity could also be problematic in
terms of the reaction reproducibility and control. The cata-
lytic decomposition resulting in the well-defined aluminum
nanoparticles could only be achieved by using a fresh alane
sample, and even with the use of only freshly acquired alane
samples, there were significant batch-to-batch variations.
Many such experiments designed specifically for exact
repeats resulted in more complex product mixtures of a
composite-like morphology (Figure 3), which might be at-
tributed to the reaction being relatively sensitive to the
precursor alane sample and perhaps also to some subtle
differences in the experimental conditions. A somewhat
different morphology of composites based on fiberlike
structures could also be observed by doubling the amount
of the passivation agent used in the reaction while keeping
the alane and all other experimental parameters the same
(Figure 4).

The alane H5;AIN[(CH3),C,Hs] is also relatively expensive,
which may limit its use as a precursor in the scale-up
production of aluminum nanoparticles. In this regard, the
alane H;AIN[(C4Hg)(CH5)] could offer some advantages. It
was explored as a precursor for aluminum nanoparticles
more systematically in this study.

The catalytic decomposition of the alane HsAIN[(C4Hg)-
(CH»)] was obviously less efficient under the same experi-
mental conditions as those described above for H;AIN-
[(CH5),CHs], generally yielding more complex product
mixtures that contained only minor aluminum particles
according to results from electron microscopy analyses and
the classical volumetric base-hydrolysis test (measuring the
active aluminum content in the sample in terms of the
volume of hydrogen gas produced) (26). The poorer yields
of aluminum nanoparticles from H5AIN[(C4Hg)(CH5)] could
be attributed to this alane being relatively more stable,
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FIGURE 4. S-TEM images (top, SEM mode; bottom, Z-contrast mode)
on a sample from H;AIN[(CH;),C,Hs] decomposition with a much
higher passivation agent C,sF,;COOH concentration.

requiring more time for the decomposition reaction before
the addition of the surface passivation agent.

The reaction time allowed for the catalytic decomposition
of H5AIN[(C4Hg)(CH5)] in the absence of the passivation agent
was apparently critical to the composition and morphology
of the product mixture. For example, at the same alane-to-
passivation agent molar ratio of 5:1, when the reaction time
for H5AIN[(C4Hg)(CH35)] decomposition (Scheme 1) at room
temperature was increased from 8 min to 2 h before the
passivation agent CsF,;COOH was added to the reaction
mixture, the resulting product mixture contained many
more aluminum particles. According to the results from the
base-hydrolysis test and TGA measurements, the conversion
from alane to aluminum was more than 90% under the
conditions of the reaction for 2 h before the addition of the
passivation agent. The product mixtures thus obtained were
prepared into specimens for electron microscopy analyses,
from which the results consistently exhibited relatively larger
(100—200 nm) aluminum nanoparticles mixed with the
passivation agent in a composite-like morphology (similar
to what is shown in Figure 3). The EDX analyses of the same
specimens suggested the presence of high aluminum and
fluorine contents and very low oxygen, again as expected
for the C5F,;COOH-protected aluminum nanoparticles with-
out any significant contamination by aluminum oxide. The
aluminum nanoparticles in these samples were more crys-
talline according to powder XRD results. In the diffraction
pattern, the aluminum peak was broadened (Figure 5), from
which the width was used with the Scherrer equation (27)
to estimate the average size of the aluminum particles. The
particle diameter thus calculated was about 150 nm, in
reasonable agreement with the observation in electron
microscopy analyses.

The passivation agent apparently played dual roles of
keeping the aluminum particles nanoscale in their formation
and also protecting the formed nanoparticles from oxidation.

Meziani et al. www.acsami.org
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FIGURE 5. XRD pattern of the C,3F,;COOH-passivated aluminum

nanoparticles (average size ~ 150 nm), with the standard pattern
of aluminum from the XRD database for comparison.

Thus, several passivation molecules of different structures
and functionalities were compared and evaluated with the
use of H5AIN[(C4Hg)(CH5)] as a precursor for aluminum
nanoparticles. The fluorinated alcohol C,5F,;CH,OH is
both structurally and functionally somewhat similar to
C,5F,,COOH because the proton in fluorinated alcohol is
known to be highly acidic. In general, however, the alcohol
was a much less effective passivation agent than the corre-
sponding acid under otherwise the same experimental
conditions. The addition of the alcohol to the reaction
mixture (even after only a short delay such as 8 or 30 min)
did not trap nanoscale aluminum particles, and instead the
particles kept growing into larger sizes (beyond 200 nm).
On the other hand, the nonfluorinated acid C,sH,;COOH was
similar to its perfluorinated counterpart as the passivation
agent in the catalytic decomposition reaction of HsAIN-
[(C4Hg)(CH5)] under various experimental conditions.

The effectiveness of the passivation agent with a pair of
carboxylic acids, HDIPA, was evaluated. For the function of
trapping aluminum particles to keep them nanoscale, HDIPA
was similar to both C;5H,,COOH and C,5F,;COOH. In the
reaction, HDIPA also interfered with the decomposition of
H5AIN[(C4Hg)(CH5)], with a reaction time of close to 2 h
required without HDIPA in the reaction mixture for a com-
plete alane-to-aluminum conversion. Further prolonging the
reaction time beyond 2 h (before the addition of HDIPA)
resulted in larger and crystalline aluminum particles of
various shapes (Figure 6). These HDIPA-protected aluminum
nanocrystals were highly stable in ambient air, without the
surface being oxidized over at least days (the same TGA
traces obtained for the sample over the time period). The
FT-IR spectrum of the HDIPA capping the aluminum nano-
particles again exhibited diminished carbonyl absorption
around 1710 cm™! (Figure 2) due to significant carboxylate—
aluminum surface interactions.

The results described above on the alane HsAIN[(C4Hg)-
(CH»)] obviously suggest that a more efficient catalytic
decomposition to allow the prompt addition of the selected
passivation agent would be favorable to both the desired
complete alane-to-aluminum conversion and the formation
of smaller aluminum nanoparticles. At room temperature,
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FIGURE 6. S-TEM (SEM mode) images on a sample from
H;AIN[(C4Hg)(CH3)] decomposition at room temperature for 4 h
before the addition of the passivation agent HDIPA.

FIGURE 7. Field-emission SEM image on aluminum nanoparticles
from the H;AIN[(C4Hg)(CH5)] reaction in hot toluene (110 °C) for 20
min before the addition of the passivation agent C,5F,;COOH.

the use of much higher catalyst concentration (3 times, for
example) hardly improved the decomposition efficiency and
the overall results of aluminum nanoparticles. More effective
were higher reaction temperatures with otherwise similar
experimental parameters or under different experimental
conditions. For example, the catalytic decomposition reac-
tion of H5AIN[(C4Hg)(CH5)] in hot toluene (110 °C) was much
more efficient. When the reaction was allowed to proceed
for 20 min before the addition of the passivationa agent
Cy5F»,7;,COOH, the alane-to-aluminum conversion was es-
sentially quantitative. According to results from electron
microscopy analyses, the product mixture contained mostly
aluminum nanoparticles of 50—100 nm size (Figure 7).

In an effort to improve the distribution and dispersion of
aluminum nanoparticles, octadecylamine (a molecule com-
monly used in the nanoparticle synthesis) was used as a
copassivation agent with C;5F,,COOH. Experimentally, the
reaction conditions were generally similar to those described
above, except for some changes in the sequence of the
addition of various reagents. The resulting aluminum nano-
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FIGURE 8. Representative S-TEM (SEM mode) image on aluminum
nanoparticles from the H;AIN[(C4Hs)(CH5)] reaction in hot toluene
with octadecylamine as a copassivation agent with C,sF,;COOH.
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FIGURE 9. XRD patterns of the surface-passivated aluminum nano-
particles synthesized in hot toluene with octadecylamine (upper)
and in hot DMA (lower), with the standard pattern of aluminum from
the XRD database for comparison.

particles protected by a combination of C;sF,;COOH and
octadecylamine appeared better in dispersion according to
electron microscopy imaging results (Figure 8). A statistical
analysis of the microscopy images yielded an average
particle size of 75 nm in diameter and a size distribution
standard deviation of 19 nm. Here the role of octadecy-
lamine, in addition to it being a commonly used surface
passivation agent for inorganic nanoparticles, might also
include acid—base interactions with C,5F,7COOH to enhance
its intended function. The XRD pattern of the sample is
shown in Figure 9, confirming the presence of nanoscale
aluminum. In terms of the same logic, DMA was used to
replace toluene as the reaction solvent at a high reaction
temperature (90 °C), but only C;5F,;COOH was used as the
passivation agent. The catalytic decomposition of HsAIN-
[(C4Hg)(CH5)] under the experimental conditions was ef-
ficient, yielding relatively smaller aluminum nanoparticles
(mostly less than 50 nm) according to electron microscopy
imaging results (Figure 10). The XRD pattern of the alumi-
num nanoparticles is also shown in Figure 9 for comparison.

The strong affinity of carboxylic acid groups to the
aluminum metal surface has been well-documented in the
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FIGURE 10. TEM image on aluminum nanoparticles from the
H5AIN[(C4Hs)(CHj3)] reaction in hot DMA.

literature based on both experimental and theoretical studies
(28—32). For example, the strong interactions between
carboxylate species and aluminum atoms and the corre-
sponding structural configurations were demonstrated in the
study of aluminum atoms deposited onto a carboxy-termi-
nated self-assembled monolayer on a gold substrate (30).
The requirement for two oxygen heads in a carboxylate
group to achieve the surface passivation of aluminum nano-
particles was demonstrated by the obviously poor perfor-
mance of the fluorinated alcohol. As mentioned earlier,
HDIPA with a pair of carboxylic acids (thus two pairs of
oxygen heads) was effective in the protection of for-
med aluminum nanoparticles from surface oxidation.
C,5F,,COOH was also effective, probably at least in part
because of its very high acidity (thus closer to the carboxy-
late). Its nonfluorinated counterpart C;5H,,COOH appeared
to be somewhat less effective in the protection of aluminum
nanoparticles from surface oxidation, though a more quan-
titative comparison based on more accurate evaluation
methods is still required.

In summary, both alanes HsAIN[(CH5),C,Hs] and H5AIN-
[(C4Hg)(CH5)] could be catalytically decomposed, with the aid
of a passivation agent, into aluminum nanoparticles. The
former is more reactive, capable of yielding well-defined
nanoparticles, while the latter is more complex in decom-
position, so that manipulations of the experimental param-
eters and conditions are necessary. The passivation agent
plays dual roles of trapping aluminum particles to keep them
nanoscale during the alane decomposition and also protect-
ing the aluminum nanoparticles postproduction from surface
oxidation. As a result, an appropriate balance between the
rate of alane decomposition (depending more sensitively to
the reaction temperature) and the timing in the introduction
of the passivation agent into the reaction mixture is critical
to the desired product mixes and/or morphologies. The use
of a passivation agent with a pair of functional groups
responsible for interactions with the aluminum surface is
beneficial at least to the postproduction protection of the
aluminum nanoparticles. Further studies of the alane de-
composition reaction under other conditions, including, for
example, those with extremely rapid mixing and/or the use
of a passivation agent mixture, should be valuable to the
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more predictable or controllable production of well-dis-
persed stable aluminum nanoparticles.
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