Ambient-Condition nano-Alumina Formation Through Molecular Control
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Abstract. When toluene solutions of the tetrametallic compound,
[Al{u-OEt),AlMe,};] (1), are stirred in air at room temperature,
pure amorphous nanoparticulate Al,Oz precipitates. The average
particle size is 17.7 £ 7.4 nm. The tetrametallic core of 1, having
the correct stoichiometry for alumina (2A1,05) appears to act as a
template or nucleating site for the formation of alumina rather than
the expected products of formula, AIOOH. The stability of the
Al4Oq core of 1 was tested by combining it with six equivalents

of Ph3SiOH. This resulted in [Al{u-OELt),Al(OSiPh;),};] (2). Upon
exposure to air, compound 2 formed the hydroxide derivative
[Al{pn-OH),Al(OSiPhs),}5] (3). This demonstrates that the tetra-
metallic core of 1 is stable to both peripheral derivatization as well
as alcoholysis of the internal bridging groups.

Keywords: Alkoxide; Aluminum; Alumina; Mitsubishi structure;
Tetrametallic

Introduction

Over the past several years, there has been increasing inter-
est in molecular routes to materials [1]. Stoichiometric
single source molecular precursors are appealing because
they favor more intimate mixing of the elements, enable the
reactions to take place at lower temperatures than other
routes, or allow access to more pure or otherwise inaccess-
ible phases. In particular, synthetic routes to nanoparticul-
ate materials would be of great technological value [2]. The
recent discovery of the unusual reactivities and structural
properties of nanostructured materials has led to enhanced
research in the synthesis of such materials by entirely new
approaches or by modifying older methods [3]. The unusual
electronic and catalytic properties of nanostructured mate-
rials render them particularly interesting [3]. Stoichiometric
precursors to Group 13/16 materials requiring a 13/16 ratio
of 2:3, suitable for the formation of Al,O3 for example, are
extremely rare. In general, the known precursors to this ma-
terial have simply used an excess of oxygen, in combination
with an aluminum alkoxide or carboxylate. For example,
Al(acac); [4], A(OOR); [5], AI(OR); [6], R,AI(OR) [7], and
R>Al(acac) [8] (R = alkyl) have been used to prepare alumi-
num oxide thin films. Bulk quantities of pure alumina are
accessible only through high temperature syntheses [9].
Precedents of powdered nanoalumina formation from
aluminum ethoxide [10], aluminum tri-zert-butoxide [11],
aluminum isopropoxide and aluminum tributoxide precur-
sors exist in the literature. These studies have shown that
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variation of starting material, type and amount of solvent
and stirring time have an effect on the surface properties of
the alumina. Kung et al. have recently proven that a con-
trolled synthesis can affect the surface properties of alumina
[12]. The strategy employed in this study is to cap the Lewis
acid sites of alumina with a base during hydrolysis to form
the oxide. The bound amine can then be exchanged with
other bases. Alumina synthesized using piperidine as the
base was found to be a catalyst for the aminolysis of epox-
ide by amine, [13] a class of reactions that have potential in
drug synthesis [14].

Recently, our group reported a series of tetrametallic
molecules [Al{u-OEt),AIR,}5] (R = Me (1), Et, Bu) with
a tri-diamond or “Mitsubishi™” structure [15, 16]. These
molecules were designed for creating corrosion resistant
coatings on metal substrates [17]. The molecules were
thought to diffuse into the corrugated surface of the metals
and, with heating, decompose to Al,Os in the absence of
additional reagents.

In this publication we report the remarkable discovery
that these tri-diamond molecules hydrolyze in air to form
pure alumina, Al,Oz (rather than boehmite or gibbsite).
The alumina is amorphous based upon XRD (powder X-
ray diffraction) but pure based on EDX (Energy Dispersive
X-ray analysis). Importantly the material was nanoparticul-
ate with an average particle size of 17.7 + 7.4 nm and a
surface area of 108.82 m%.g~! (BET). Additionally, elemen-
tal analysis demonstrates that there is no significant carbon
or hydrogen contamination (< 0.5 %).

Results and Discussion

Preparation of [ Al{u-OFEt),Al(OSiPh;),}3] (2) and
[Alp-OH ) ,Al( OSiPh;) 5} 3] (3)

A series of tetrametallic D;-Symmetric alkoxide molecules
containing aluminum of general formula [Al{(u-OEt,AIR};]
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where R = Me (1), Et and 'Bu have been previously synthe-
sized and fully characterized in our laboratory [15, 16]. T

explore the stability of the Al;O¢ core, 1 was combined with
6 equivalents of tri(phenyl)silanol (Scheme 1). The result
was a 76 % yield of [Al{pu-OEt),Al(OSiPh;),}3] (2), the only
aluminum-containing product that could be isolated from
the reaction. The Al4Og core of 1 is also present in com-
pound 2. The ethoxide groups do not redistribute in the
presence of tri(phenyl)silanol as observed when an alumi-
num alkoxide and silanol are combined [18]. Compound
2 hydrolyzed upon exposure to air to form the hydroxide
derivative [Al{pn-OH),Al(OSiPhs),}3] (3) (Scheme 1). The
fact that water does not displace the tri(phenyl)silanol
ligands as it does the alkyl groups in the formation of
alumina from 1 can be explained by the greater acidity of
HOSiPh; (pKa, 10.8) compared to water [19].

Me Ph,SiO OSiPh,

" / \ |
Me—_ Me Ph,SiO "
A " RN __-OSiP!
{-oxtep //AI A~oEt E/tO/A: OSiPh,
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3

Scheme 1 Compound 1 reacts with tri(phenyl)silanol to form
compound 2. Compound 2 hydrolyzes to compound 3.

Characterization of [ Al{u-OEt) ,AIl( OSiPh;),}3] (2)
and [ Al{u-OH ) ,Al( OSiPh;),};3] (3)

Like 1, compounds 2 and 3 maintain their tetrametallic
structures in solution (based on NMR and reactivity). The
stability of the tetrametallic structure in solution can be at-
tributed to the exceptional strength of the combined
Al—0O—Al bridges [20]. Compounds 2 and 3 were charac-
terized by 'H NMR, ?’Al NMR, elemental analysis, IR
and mass spectrometry (MALDI). The mass spectrum (EI,
positive) of compound 3 contains two important peaks:
78 (100.0 %, [AI(OH);]"), 1267 (1.0 % [Al{(n-OH),Al-
(OSiPhs),}; — AI(OH)(OSiPhs),]*) that support the pro-
posed structure (Scheme 1).

Description of the crystal structure of

[ALp-OEt) ,Al( OSiPh;)»};] (2)

Compound 2 crystallizes as a monomer from CH,Cl,
solution (Fig. 1). The structure is similar to that of
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Figure 1 Molecular structure of [Al{pu-OEt),Al(OSiPhs),}5] (2)

Selected bond distances/A and angles/>: All-O1A 1.902(4), All-O2A
1.896(4), Al1-O1B 1.903(4), Al1-O2B 1.907(4), Al1-O1C 1.917(4), Al1-02C
1.898(4), AI2A-O1A 1.792(4), AI2A-O2A 1.789(5), AI2BOI1B 1.792(4),
AI2B-O2B 1.794(4), AI2C-O1C 1.796(4), AI2CO2C 1.786(4), SilA-O3A
1.601(5), Si2A-O4A 1.609(5), SilBO3B 1.610(4), Si2B-O4B 1.612(5), SilC-
03C 1.617(4), Si2CO4C 1.608(4), SilA-O3A-AI2A 173.0(3), Si2A-O4A-
AI2A 170.0(3), SilB-O3B-AI2B 162.7(3), Si2B-O4B-AlI2B 169.3(3); SilC-
03C-AI2C 163.7(3), Si2C-04C-A12C 164.2(3).

[Al{p-OEt),AlR»}5] (R = Me (1), Et) which also exhibit a
tetrametallic tri-diamond structural motif [15, 16]. Com-
pound 2 contains one central six-coordinate aluminum and
three four-coordinate aluminum atoms connected to the
central atom through six bridging oxygen atoms. Also, like
the [Al{u-OEt),AIR,}5] (R = Me (1), Et) structures, the
Al—O distances are longer around the central six-coordi-
nate aluminum atom (av. 1.9 A) than for the four-coordi-
nate aluminum atoms (av. 1.8 A); this is expected as the
atomic radii increase with an increase in coordination num-
ber [15, 16]. The Si—O bond distances, ranging from
1.601(5) A to 1.617(4) A, are comparable to those observed
in several related compounds [20, 21]. The Al—O(SiPh;)
bond distances (1.692(4) A-1. 701(4) A) are comparable to
those in the previously reported Al—(OSiPhs);(THF)
(1.696(4) A, 1.703(4) A, and 1.709(4) A) [22].

Decomposition of [ Al{iu-OEt) ,AIMe,}3] (1)

When 2 g of 1 was stirred in 500 mL of dry toluene at room
temperature for one month open to air, a fine white powder
was obtained (Scheme 2). Characterization studies revealed
that the fine white powder was nano-alumina. This nano-
alumina was formed by the hydrolysis of 1 by moisture ab-
sorbed from the air. In the absence of further studies the
complete pathway for the hydrolysis reaction could not be
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ascertained but the initial step was very likely to be the
cleavage of alkyl- aluminum bonds by H,O.

Me Me
Me\\ | A/I/Me
\"OEt Eto—
EtO~— 4 OFt

/A H,0 (from air)

EtO\ /OEt e AMOTPhoUS Al, Oy
A

Me” Me
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Scheme 2 Compound 1 decomposes to amorphous alumina.

Characterization of the Aluminum Oxide

TGA (thermogravimetric analysis) of the alumina revealed
two weight loss regions. The weight loss of 38.6 % between
0°C and 250 °C was due to desorption of water and or-
ganic contaminants (Benzene, 1-methyl-2-[(3-methyl-
phenyl)methyl]) as observed by gc/ms. The weight loss of
0.57 % in the 850—930 °C range can be attributed to the
transformation of amorphous to crystalline alumina. The
absence of weight loss in the 250—800 °C range rules out
the presence of chemisorbed water [23].

Table 1 X-ray diffraction results of alumina samples after heating
for two hours at different temperatures

Temperature Phase

600 °C Amorphous alumina

800 °C Amorphous alumina + y-alumina

1000 °C Amorphous + 0 + y-alumina

1100 °C o + 0 + y-alumina

1200 °C Mainly o-alumina + traces of 0-alumina

Table 2 Decomposition sequence of aluminum hydroxides [26]

Aluminum Decomposition Sequence

Hydroxide

Gibbsite CHI (300-500 °C) — KAPPA (800-1150 °C) —
ALPHA (1150 °C —)

Boehmite GAMMA (500 — 850 °C) — DELTA (850-1050 °C) —
THETA (1050 — 1150 °C) — ALPHA (1150 °C —)

Bayerite ETA (300 — 500 °C) — THETA (880 — 1150 °C) —
ALPHA (1150 °C—)

Diaspore ALPHA (500 °C—)

Remarkably, the XRD data (Table 1) indicate that the
alumina remains amorphous up to 800 °C. Crystallization
observable by XRD only occurs between 800 and 1000 °C.
This corresponds to the transformation of amorphous alu-
mina to a crystalline phase and is consistent with the TGA
results. At 1000—1200 °C, o~ and 6-alumina are observed.
These observations are in sharp contrast to the XRD pow-
der patterns obtained from thermal evolution of tran-
sitional aluminas obtained from boehmite [24—26], bayerite
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Figure 2 TEM image of Al,O; formed from the decomposition of
compound 1.

[24, 25], gibbsite [25] and other conventional amorphous
alumina as depicted in Table 2 [26]. Transformation of the
alumina in the current study to crystalline phases at much
higher temperatures than those reported in the literature
suggest the presence of a highly structured core that re-
quires high temperatures for rearrangement.

The TEM image (Fig. 2) of the alumina shows the aver-
age particle size of 17.7 £ 7.4 nm and BET studies give a
surface area of 108.82 m?.g~!. These data confirm the nan-
oparticulate nature of the alumina formed.

Solid-state 2’Al NMR reveals peaks at 10.9, 41.0 and
75.5 ppm corresponding to 6-, 5- and 4- coordinate Al en-
vironments, respectively. The appearance of three coordi-
nation environments for Al is consistent with other known
amorphous aluminas [27]. Whereas the solid-state 2’Al
NMR for boehmite [28], bayerite [29] and o-alumina [28]
exhibit only six-coordinate Al, Gibbsite [30] and y-alumina
[28] exhibit six- and four- coordinate Al environments. An
infrared absorption spectrum of the fine white amorphous
material reveals a broad band at 500—1000 cm™!, which is
characteristic of amorphous nano-Al,Os. [26]. In addition,
an unresolved broad band in the range 2900—3700 cm ™! is
also observed, which can be assigned to hydrogen-bonded
hydroxyls, present at the surface of the solid [31]. However,
structural hydroxyls attributable to boehmite (1155(sh)
cm ! and 1065(vs) cm ™) [30] and gibbsite (1034(m) cm ™!
and 980(vs) cm™!) [32] were clearly not present. Raman
spectrum reveals peaks at 550 and 1100cm~!. This is mark-
edly different from other crystalline or hydrated aluminas
[33].

In contrast with the alumina formation observed for 1,
the hydrolysis of other known alkyl aluminum compounds
produces boehmite (AIOOH) [34]. The tetrametallics used
here clearly undergo some form of hydrolysis but not to the
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expected hydrolytic product, AIOOH. This may be attri-
buted to the pre-assembled core of aluminum and oxygen
atoms that apparently pre-ordain the elements involved to
form alumina rather than boehmite. The core, in effect, acts
as a template for the formation of new Al—O (alumina)
bonds.

Experimental Part

The decomposition of 1 and the characterization of the alumina
were carried out in air. All other manipulations were conducted
using Schlenk techniques and an inert atmosphere glove box. All
solvents were rigorously dried prior to use. All glassware was cle-
aned with a base and an acid wash and dried in an oven at 130 °C
overnight prior to use. NMR data were obtained on JEOL-GSX-
400 and —270 instruments at 270.17 (*H) and 104.5 (*’Al) MHz.
Chemical shifts are reported relative to SiMe4 and are in ppm. 2’Al
magic angle spinning (MAS) NMR spectra were acquired at
104 MHz (9.4T) on a Varian 400 MHz Inova spectrometer with a
spinning rate of 8 KHz. Pulse width in the range of 1.2 to 3ps was
used together with recycle time ranging from 6-15s. AI(NO3); was
used as the reference. Elemental analyses were obtained on a Per-
kin-Elmer 2400 analyzer and were found to be within acceptable
limits for 2 and 3. Infrared data were recorded as KBr pellets on
a Matheson Instruments2020 Galaxy Series spectrometer and are
reported in cm~!. Brunauer-Emmet-Teller (BET) surface area was
measured on Micromeritics ASAP 2000 Accelerated Surface Area
and Porosimetry Analyzer. Thermogravimetric analyses were per-
formed on TA Instruments Hi-Res TGA 2950 Analyzer. X-ray
powder diffraction data were collected on Rigaku diffractometer
using CuK,, radiation. The working conditions were 40 kV and
20 mA. The presence of different phases was confirmed by compar-
ing the XRD patterns obtained with those in JADE ICDD PDF
database. R3Al, AI(OEt); and Ph;SiOH were purchased from Ald-
rich or Strem and used as received. Caution! R3Al is highly pyroph-
oric and must be handled under an inert atmosphere.

Synthesis of [Al{(u-OEt),Al(OSiPhs),}s] (2). To a suspension of
Ph3SiOH (3.540 g, 12.8 mmol) in toluene (25mL) at room
temperature was added a toluene solution (15mL) of
[A{(n-OEt),AlMe,} 5] (1.000 g, 2.13 mmol) (prepared according to
the literature) [15]. After the solution was stirred for 3 days, a white
precipitate formed which was isolated by filtration. It was sub-
sequently recrystallized from CH,Cl, at room temperature. Yield:
3.28 g (75.7 %) Mp: 174—176 °C. Anal. Calcd: C, 70.98; H, 5.96.
Found: C, 70.73; H, 5.85 %.

'H NMR (CDCl;, 200 MHz): & 0.49 (t, 18H, OCH,CHj), 3.24 (m, 6H,
OCH,Hy), 3.52(m, 6H, OCH,H,), 6.99—7.53 (m, 90H, PhH). Al NMR
(CDCls, 52.1 MHz): & 58.3(w,/,=2288 Hz), 5.3(»,,=312 Hz). IR(KBr; v,
em1): 3067(m), 3048(m), 2998(w), 2977(w), 2904(w), 1960(w), 1890(w),
1825(w), 1765(w), 1654(w), 1589(w), 1485(w), 1428(s), 1305(w), 1260(w),
1187(w), 1115(s), 1060(s), 1026(m), 998(m), 900(m), 744(m), 707(s), 660(m),
620(w), 516(s). MS (MALDI, positive) m/z = 1363 (68.0%,
[Al{(n-OEt),Al(OSiPh3),},]"), 1755 (2.0 %, [Al{(n-OEt),Al(OSiPhs),} ;-
OSiPh,]*).

Synthesis of [Al{(u-OH),Al(OSiPhs)5}3] (3). Al{(p-OEt)Al-
(OSiPh3),}3 (2) (1.000 g, 0.49 mmol) was dissolved in CH,Cl,
(100 mL) and permitted to stir exposed to air until the solvent was
evaporated totally. A white residue was obtained. Yield: (0.889 g,
96.9 %). Mp: 64—68 °C.

'"H NMR (CDCl;, 200 MHz): § 2.73 (br S, 6H, AlI-OH—Al), 6.94—7.65 (m,

90H, PhH); Al NMR (CDCl, 52.1 MHz, +70 °C): 8 66.1 (e,,,=2340 Hz),
7.8 (@1,=780 Hz); 27A1 NMR (MAS-NMR, 104.29 MHz): § 59.0, 11.0. IR
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(KBr; v, em™"): 3629(m), 3431(m), 3067(m), 3047(m), 3021(m), 1960(w),
1890(w), 1824(w), 1765(w), 1654(w), 1589(m), 1485(m), 1428(s), 1305(w),
1262(w), 1188(w), 1118(s), 1062(s), 1025(s), 997(m), 878(w), 857(w), 829(w),
741(m), 711(s), 699(s), 661(m). MS (EL, positive): m/z = 78 (100.0 %,
[AOH)y"), 1190 (4.0%, [Al{(n-OH),Al(OSiPhs),}s-Al(OH)(OSiPhs),-
Ph]*), 1267 (1.0 %, [Al{(n-OH)>Al(OSiPhs),} 5-Al(OH)(OSiPhs)]*).

Decomposition of 1 to produce Nano-Alumina Particles. To 2 g of 1
in a 1 L Schlenk flask was added 500 mL of dry toluene and the
solution was stirred. After two weeks of stirring open to the air 1
formed a colloidal suspension. The solvent was then removed un-
der vacuum to obtain a white powder. IR (KBr, cm™'): 3506(s),
2964(w), 1558(w), 1457(w), 1263(m), 1072(w), 1004(w), 801(s). 27Al
NMR (MAS-NMR, 104.29 MHz): § 75.54, 41.06, 10.99. Raman
(cm™"): 550, 1100. Brunauer-Emmet-Teller (BET): 108.82 m?.g~!
Transmission Electron Microscopy (TEM): See Figure 1. Thermo-
gravimetric analysis (TGA): A weight loss of 38.6 % was observed
between 0 °C and 250 °C. No change was observed in the tempera-
ture range of 250—850 °C. There was a 0.57 % drop in the weight
in the 850—930 °C.

X-Ray Experimental Data for 2

X-ray quality crystals of 2 were obtained by recrystallization from
CH,Cl,. X-ray data for 2 was collected on a Nonius Kappa-CCD
unit using Mo-Ko radiation. Crystal data is summarized in
Table 2. All calculations were performed using Siemens software
package SHELXTL-Plus. The structures were solved by direct
methods and successive interpretation of difference Fourier maps,
followed by least-squares refinement. All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were included in re-
finement in calculated positions using fixed isotropic parameters.
Crystallographic data for 2 have been deposited with the Cam-
bridge Crystallographic Data Center (CCDC reference number
219744 and copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: +44-1223-336033, e-mail: deposit@ccdc.cam.ac.uk).

Table 3 Crystal data and structure refinement for 2

Empirical formula Ci9 Hyno Aly Oy Sig

M/ g mol ™! 2030.67

Color colorless

Crystal size/ mm 0.34 x 0.22 x 0.20
Crystal system monoclinic

Space group P2/n

a/ A 15.091(3)

b/ A 38.495(8)

c/ A 23.174(5)

B/e 92.94(3)

v/ A3 13445(5)

Peard g cm ™3 1.230

Z 4

F(000) 5193

u (Mo-K,) /mm™! 0.343

T/ K 173(1)

hkl range —16=h=16, —41=k=41, —24=1=24
© range/ ° 1.73-22.46
Reflections measured 34495

Unique reflections (Rj,() 17464 (0.0441)
Obsd reflections, n [F= 4c (F)] 12256

Refinement method

Refined parameters/restraints
R1[I > 20]

R1 (all data)

Goodness-of-fit on F?

Full-matrix least-squares on F?
1767/6250

0.1028, wR2 = 0.2652

0.1391, wR2 = 0.2888

1.061

Largest diff. peak and hole/ e. A3 0.884 and 0.704
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Conclusions

We have introduced a group of stoichiometric molecular
precursors that possess a pre-existing framework related to
the desired Al,O5 solid-state material. The low-temperature
atmospheric decomposition to form alumina rather than a
hydrated alumina, such as boehmite, is a phenomenon that
warrants further study. We are currently exploring similar
precursors for mixed-metal chalcogenides, as well as other
transition metal containing derivatives of compound 1 for
use as precursors to new composite materials.
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