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Tris(-ketoiminate) Aluminium(lll) Compounds as

Aluminium Oxide Precursors

Samuel P. Douglas®, Erica N. Faria®, Shreya Mrig, Ye Zhou, Leonardo Santoni,

Adam J. Clancy, and Caroline E. Knapp**

Precursor design is the crucial step in tailoring the deposition
profile towards a multitude of functional materials. Most
commercially available aluminium oxide precursors require high
processing temperatures (>500°C). Herein, we report the
tuning of the decomposition profile (200-350°C) of a range of
octahedrally coordinated tris(-ketoiminate) aluminium com-
plexes of the type [Al(MeCN(R)CHC=OMe);], by varying the R
substituents in the ligands. The complexes are derived from the
reaction of trimethylamine alane (TMAA) and a series of N-
substituted B-ketoiminate ligands (R-acnacH, R=Me, Et, 'Pr, Ph)
with varying R-substituents sizes. When the more sterically

Introduction

Chelating ligands are well established in the field of metal-
organic chemistry." Among these ligands, conjugated six-
membered ring chelates such as (-diketonates or “acacs” and
[p-ketoiminates or “acnacs” have been widely used (Figure 1).
Each motif can also exist as the protonated, uncomplexed,
organic compound (B-diketone and [-ketoimine, respectively).
There has been particular interest in these ligand systems for
use as precursors over the last few decades, especially in the
field of microelectronics, where techniques such as metal-
organic chemical vapour deposition (MOCVD) and atomic layer
deposition (ALD) have been used to deposit thin films of metal-
based functional materials.*™®

Group 13 P-diketonates are a well-known family of com-
pounds, existing as tris ligated systems when no other types of
ligands are present. Aluminium acetylacetonate, [Al(acac);], is
an example of such compounds and has a rich history as a
precursor for the deposition of aluminium oxides films through
MOCVD.F "
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encumbered ligand (R=Mes) was used, the Al atom became
five-coordinate, therefore representing the threshold to octahe-
dral coordination around the metal in these type of com-
pounds, which, consequently, lead to a change of decomposi-
tion profile. The resulting compounds have been characterised
by NMR spectroscopy, mass spectrometry, elemental analysis
and single crystal X-ray diffraction. [Al(MeCN(Me)CHC=OMe),]
has been used as a single source precursor for the deposition of
Al,O;. Thin films were deposited via aerosol assisted chemical
vapour deposition (AACVD), with toluene as the solvent, and
were analysed using SEM, EDX and XPS.
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Figure 1. (a) p-Diketonate and (b) -ketoiminate chelating ligands.

Despite the great historic interest in [-diketone ligands
(Figure 1a), the lack of opportunity to functionalise them closer
to the metal binding site limits their use, as there are fewer
opportunities to tailor the properties of the resultant metal
complex through this ligand. To overcome this issue, the closely
related B-ketoimine ligand can be used instead (Figure 1b)."*®
They are most commonly synthesised by the condensation
reaction of a p-diketone with a primary amine in the presence
of a catalytic acid. Functionalization at the enamine group can
drastically change the resultant properties of the ligand and,
hence, of the metal complex. Many variations of [3-ketoimine
compounds have been prepared, including examples contain-
ing alkyl,"? aryl® and silyl®” R groups. There are also known
examples of B-ketoimine compounds where the careful choice
of the R group leads to ligand systems with a greater denticity
than two.?*?

As with [-diketones, all Al complexes containing (-
ketoiminates ligands feature Al(lll). Interestingly, mono- and bis-
ligated systems using these ligands are much more common
than the PB-diketonates, with the prevalence of heteroleptic
structures being much greater. Despite there being several
mono and bis ligated systems featuring alkyl,*” alkoxide™™ and
halide®™ co-ligands, only one example of an aluminium
compound featuring -ketoimine and hydride ligands exists.”

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Tris(B-ketoiminate) aluminium complexes do exist, although
are much rarer than with p-diketonate ligands. Only three
complexes of this kind are reported in the literature, all
containing aryl N-substituents.?°??”! The first one was synthes-
ised by Altaf et al,”® who produced an octahedral Al(lll) tris(p-
ketoiminate) complex using a B-ketoiminate ligand with a 4-
tertbutylphenyl N-substituent.”® The second was synthesised by
Olejnik et al. using a methoxyaryl N-substituent®”, and the third
tris(B-ketoiminate) octahedral Al complex was reported by Jana
et al.,”® who were investigating group 13 complexes containing
[-ketoiminate and B-diketiminate ligands. [3-Ketoiminate com-
pounds have also been used in Al-based deposition chemistry,
albeit infrequently. These compounds are more prominently
used for the group 2 metals, where they have allowed the
preparation of volatile monomeric compounds.”®

Six-coordinated, octahedral, complexes containing biden-
tate chelating ligands can form two isomers that are mirror
images of one another. They can adopt either meridional or
facial configurations and can be either lambda, A, left-handed,
or delta, A, right-handed. Tris-bidentate complexes tend to
crystallize as racemic mixtures.

Six-membered ring chelating metal compounds have a rich
history in precursor chemistry, particularly in the deposition of
metal oxide films.”®=>" Examples of the use of such ligands to
produce the metallic element upon deposition do exist, but are
rare®” Much of the research in acac metal complexes for
deposition chemistry has focused on increasing the volatility of
such compounds through adding fluorinated groups and, less
so, into lowering their decomposition temperatures. Regarding
aluminium, [Al(acac);] and its derivatives have been investi-
gated extensively for the deposition of Al,O; thin films since the
1960s.5? Aluminium’s high affinity to oxygen implies it is highly
unlikely that such precursors will be able to convert to the
metallic element, even under the harshest of conditions, unlike
what is seen in copper metal deposition chemistry.?”

With an increasing demand for industrially useful materials
to be more efficient, the search for precursors that decompose
at lower temperatures also increases to adjust to modern lower
temperature deposition techniques that can deposit metallic
features onto low-cost, flexible substrates.”™ As such, a good
precursor should decompose within the 50-200 °C temperature
window.® One way to access the suitability of a metal complex
as a precursor to thin films is by analysing its thermal
decomposition profile.***>% The reduced number of examples
of tris(3-ketoiminate) aluminium complexes described in the
literature prompted us to investigate the accessibility of such
compounds through ligand substitution reactions. For this
purpose, the nature of the R-substituents was carefully chosen
in order to explore the effect of steric bulk of the ligand on
their arrangement around the metal, on the metal’s coordina-
tion number as well as on the decomposition profile of the
resulting compounds. The metal complexes were characterised
by NMR spectroscopy, mass spectrometry, elemental analysis,
with particular focus given to X-ray crystallographic structural
characterisation and thermal decomposition analysis. Herein,
we report the synthesis of four novel tris(B-ketoiminate)
aluminium complexes containing p-ketoiminate ligands with
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varying R-substituent groups (Me, Et, 'Pr and Mes), as well as
the already known analogue containing R=Ph for means of
comparison.?”

Results and discussion
Synthesis of f3-ketoimine ligands

[-Ketoimine ligands can be synthesised via the condensation
reaction of B-diketones with primary amines. Many techniques
have been used to synthesise such compounds, including the
use of solid acid catalysts, catalytic amounts of iodine and
microwave-assisted processes.”’? However, the synthesis of
the p-ketoimine ligands featured in this work use the facile
reaction of acetylacetone with a primary amine, either at room
temperature or heated to reflux, as a simpler and most cost-
effective alternative method offering good yields."”!

The B-ketoimines N-methyl-4-amino-3-penten-2-one (Me-
acnacH), N-ethyl-4-amino-3-penten-2-one  (Et-acnacH), N-
isopropyl-4-amino-3-penten-2-one  (Pr-acnacH), N-phenyl-4-
amino-3-penten-2-one  (Ph-acnacH) and N-(2,4,6-trimeth-
ylphenyl)-4-amino-3-penten-2-one (Mes-acnacH) were selected
due to their variations in steric bulk.

The formation of the B-ketoimine ligands can be easily
identified by the characteristic downfield chemical shift of the
broad NH proton resonance in the amine of the f-chelating
compound between 11 and 12 ppm. This chemical shift occurs
due to deshielding effect of the imino group intramolecularly
hydrogen bonding with the adjacent carbonyl group. f-
ketoimines undergo rapid proton exchange between the nitro-
gen and oxygen atoms and, thus, exists in two tautomeric
forms that rapidly interconvert (Scheme 1).

Synthesis of tris(B-ketoiminate) aluminium complexes

Aiming to form aluminium complexes with low decomposition
temperatures, B-ketoimine ligands were chosen to complex to
aluminium through the reaction with trimethylamine alane,
[Me;N-AlH;] (TMAA). TMAA itself, is a precursor that can be used
to deposit aluminium metallic films at low temperature,
however it is extremely air and temperature sensitive and thus,
more challenging and expensive to apply in industrial
settings.' ™ Through numerous reactions using different molar
ratios of B-ketoimine, we concluded that, to sufficiently stabilise
the aluminium atom, three equivalents of ligand were required,
therefore liberating three equivalents of dihydrogen gas, which
acts as the entropic driving force (Scheme 2). Sub-stoichiomet-
ric ratios of ligand gave lower yields of the tris-adducts, while

Scheme 1. Tautomeric forms (conjugation) of 3-ketoimines.
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Scheme 2. General reaction for the formation of the tris(3-ketoiminate) aluminium complexes.

using excess amounts resulted in wasted reagent — mono- or
bis-species could not be isolated and characterised. In addition
to dihydrogen, the formation of the low boiling trimethylamine
(B.P. 3°C) as the only other by-product, allows for a more
simplified purification of these complexes.

The complexes with alkyl R groups (1-3) were soluble in
diethyl ether and hence were crystallized from the reaction
solvent at —20°C. Complexes with aryl groups (4 and 5) were
not soluble in diethyl ether due to the larger hydrophobic
character of the R groups and, hence, were crystallised from
toluene at —20°C.

As mentioned, there are only three other tris((3-ketoiminate)
aluminium compounds in the literature, Jana's®® phenyl,
Olejnik’'s methoxyaryl,*” and Altaf's® bulkier (4-tertbutylphenyl)
complexes, with no alkyl adducts known. Other conventional
tris coordinated aluminium complexes featuring bidentate
ligands are limited to a range of tris(B-diketonate) aluminium
analogues,”*" one tris(B-diketimine) aluminium complex,” as
well as others that employ less comparable ligand systems,
such as 8-hydroxyquinoline, that also feature a AIO;N; core,">
and tris-aluminium alkoxide complexes.®'-*%

[Al(MeCN(Me)CHC=0OMe),] ([Al(Me-acnac);], 1)

Compound 1, [Al(Me-acnac);], was prepared by the o-bond
metathesis reaction of TMAA with three equivalents of Me-
acnacH in diethyl ether at low temperature, with the recrystal-
lized compound having excellent purity, as demonstrated by 'H
and “C{'"H} NMR spectra, with a moderate yield (54%). Colour-
less single crystals suitable for X-ray diffraction experiments
were obtained from a concentrated diethyl ether solution at
—20°C and were used to determine the crystal structure of
compound 1 (Figure 2).

Compound 1 crystallised in the triclinic space group P1. The
complex is a 1:3 monomer, with three chelating bidentate f3-
ketoiminate ligands, each binding via both O and N atoms. The
OG;N backbone of all three B-ketoiminate ligands coordinated
to the Al atom, have a delocalised m-electronic system. The
three ligands form an example of an octahedral arrangement
around the six-coordinate Al metal, in a mer configuration, in
order to reduce steric clash between the bulky imino groups.
The distortion found in the octahedral arrangement of the
ligands precludes the generation of each bidentate ligand by
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C10

Figure 2. Molecular structure of [Al(Me-acnac),] (1). Thermal ellipsoids
pictured at 50 % probability. Hydrogen atoms omitted for clarity. Selected
bond lengths (A) and angles (deg): Al1-01: 1.8769(9); Al1—02: 1.8589(9);
Al1-03: 1.8675(9); AI1-N1: 2.0352(11); AI1T-N2: 2.0331(11); AIT-N3:
2.0306(10) O1-AI1—02: 175.27(4); O1—Al1-N1: 86.73(4); N1-Al1-03:
174.93(4); N1-AI1—N2: 89.78(4).

symmetry and, thus, although each ligand environment is
chemically identical, they are crystallographically inequivalent,
leading to a host of comparable, but different, bond lengths
and angles. These findings are likely a result of the mer-
configuration of the ligands around the aluminium, as well as
different cis/trans heteroatom relationships. Interestingly, com-
plex 1 crystalizes as a racemic mixture of the enantiomers delta,
A, and lambda, A, as shown in ESI (section 2a).

Crystallographic data of complex 1 is consistent with the
three other examples of this kind found in the literature 2>%%"
Due to the steric constraints of the bidentate ligands, the
octahedral geometry is slightly distorted, as evident by the
O(1)—Al(1)-N(1) angle of 86.73(4)°, deviating from the 90° ideal
angle. Distortion of other heteroatom-Al-heteroatom angles,
such as O(1)-Al(1)-0(2) (175.27(4)° and N(1)-Al(1)-0O(3)
(174.93(4)°) angles are also observed in the structure. The
AI-N—C—C—C—O six-membered chelate rings are slightly puck-
ered, as reflected by the internal sum of bond angles (ring of
ligand 1~704.6°, where 720° is expected for a hexagon).

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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The Al-O bond lengths are shorter than the AI-N bond
lengths. This difference is caused by the smaller radius of the
oxygen atoms and its larger ionic contribution to the Al-O
bond. As evidenced by the pattern of bond lengths, the chelate
rings are delocalised (O(1)—C(1): 1.2932(15) A, C(1)-C(2):
1.3702(18) A, C(2)-C(3): 1.4245(18) A, N(1)-C(3): 1.3082(17) A).
Compared with the free p-ketoimine ligand, there is length-
ening of the O(1)—C(1) and C(2)—C(3) bonds and a shortening of
the N(1)—C(3) bond, as the bonds gain less and more double
bond character, respectively.*”

Bond lengths among the three ligands in the complex vary
only slightly and, in most cases, are within three estimated
standard deviations of one another and, hence, are crystallo-
graphically identical. The only notable bond length difference
between ligands include O—C and N—C backbone bond lengths,
which are crystallographically identical only for two of the
ligands, but different for the O(3) and N(3) containing ligand,
most likely due to both heteroatoms on this ligand binding to
the Al in equatorial positions. Bond angles within the ligand are
less similar when comparing the three chelates, most often not
falling within three estimated standard deviations of one
another. One example is the bond angle of the methine
environment, which varies from 123.33(11)-125.38(12) A across
the three ligands. Complexes described in this contribution
feature very similar crystallographic observations and, as such,
ligand specific bond lengths and angles will not be further
discussed for the ensuing examples, but their crystal structures
can be found in Figure 3.

In addition to SCXRD characterisation, compound 1 was
also identified via 'H, *C{"H} NMR (with aid of 2D spectra), MS
and EA. The 'H NMR spectrum does not show any resonances
for the NH proton of the free [-ketoiminate ligand, and the
peaks are shifted from the uncomplexed compound. Interest-
ingly, 1 shows a complicated NMR, with most methyl groups
showing different resonances as well as there being three
different methine environments in both 'H and "C{'"H} NMR
spectra, attributable to the aforementioned mer-geometry. Due
to different cis and trans heteroatomic relationships across the
aluminium metal and varying amounts of steric encumbrance,
no proton or carbon environment across the three ligands is
the same and, hence, the corresponding peaks are slightly
shifted from one another. This phenomenon is most clearly

a)

Figure 3. Molecular structures of (a) [Al(Et-acnac);] (2) and (b) [AI(Pr-
acnac);] (3) Hydrogen atoms omitted for clarity.
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illustrated by the presence of three CH peaks in the '"H NMR at
5.03, 497 and 4.87 ppm, in a 1:1:1 ratio. Methine protons are
followed by two singlet peaks, that lost doublet character due
to loss of enamino proton upon complexation, at 2.92 and
2.79 ppm corresponding to the N-substituent CH; groups in a
1:2 ratio. It is important to note that only two peaks are
observed in this region, and they correspond to the two
environments intrinsic to the mer conformation (two methyl
imino groups trans to one another and one Me—N trans to O).
Finally, there are six methyl groups, three corresponding to the
CH,CO groups (1.99, 1.93, 1.90 ppm) and three corresponding
to the CH;CN groups (1.59, 1.56, 1.55 ppm), each integrating to
3 protons. As expected, C{"H} NMR environments also split
into three for each of the ligands and are consistent with the
formation of 1.

[Al(MeCN(Et)CHC=0OMe),] ([Al(Et-acnac)], 2)

Compound 2, [Al(Et-acnac);], was synthesised by the same
procedure as the methyl analogue, with white crystals precipi-
tated from a concentrated diethyl ether solution at —20°C, in
excellent purity and in good yield (64 %). The crystal structure
of compound 2 was determined via SCXRD and it crystallises in
the higher symmetry monoclinic space group P2,/n (Figure 3a).
Three bidentate ligands bind to the metal in the same manner
as with compound 1 (R=Me).

Complex 2 is also in a distorted octahedral geometry in
mer-configuration, with most distortions in the ethyl analogue
being similar to those of the methyl. The N(1)—AI(1)—N(3) angle,
however, shows more distortion in 2, with a 95.82(4)° angle
(91.56(4)° in 1). This can be understood based on the fact that
as the alkyl substituents on N(1) and N(3) are closest together in
2, they have to span out into the same plane, hence distorting
further away from the 90° optimum geometry. As with complex
1, 2 also crystalizes as a racemic mixture of the enantiomers
lambda and delta.

The Al-O bond lengths are slightly shorter than in the
methyl analogue (1.8512(9)-1.8693(9) A) while the AI-N bond
lengths are slightly larger (2.0441(10)-2.0498(10) A). These
findings can be rationalised by the added steric bulk of the
ethyl group at the N atoms, therefore forcing them to bind
further away from the Al atom, resulting in the O atoms binding
closer to supply the Al atom with sufficient electron density, in
combination with the delocalised nature of f-ketoiminate
ligands. The O(1)—C(1) and N(1)—C(3) bond lengths for the ethyl
analogue are very similar to that of the methyl complex
(O(1)—C(1) 1.2932(15) A in 1 and 1.2968(15) in 2; N(1)-C(3)
1.3082(17) in 1 and 1.3123(16) in 2). The N(1)—C(6) bond length
in the ethyl complex 2 is larger compared to that of the methyl
analogue (1), with bond lengths of 1.4764(16) and 1.4685(16) A,
respectively. This longer N(1)—C(6) bond length in 2 can be
attributed to the increased steric strain imposed by the ethyl
groups in each ligand, forcing them to contort further away
from the ligand backbone. As with 1, there are similar trends in
differences in bond lengths and angles between each of the
three chelating ligands in 2.

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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The 'H NMR spectrum of 2 does not show any resonances
for the NH proton of the free (-ketoimine ligand, peaks are
shifted, and there is loss of multiplicity due to the removal of
the enamino proton upon complexation. As with the methyl
analogue, 2 also has complicated NMR spectra. All methyl,
methylene and methine groups have different chemical shifts in
the "H and "*C{'"H} NMR spectra due to the mer-geometry of the
complex. The most downfield environments are the methine
groups on the ligand backbone occurring at 5.00, 4.96 and
4.88 ppm, followed by the methylene groups of the ethyl N-
substituents between 3.40-3.19 ppm, while the methyl groups
on the ethyl groups are upfield shifted to 1.27, 1.21 and
1.06 ppm. “C{'"H} NMR environments are also consistent with
the formation of 2.

[Al(MeCN(‘Pr)CHC=OMe);] ([Al(Pr-acnac);], 3)

Compound 3, [Al(Pr-acnac);], was synthesised analogously to 1
and 2, with white crystals precipitated from a concentrated
diethyl ether solution at —20°C, in excellent purity and good
yield (61%). The crystal structure of 3 was determined via
SCXRD and it showed that it crystallises in the triclinic space
group PT (Figure 3b). Three bidentate ligands bind to the metal
atom in the same manner as with the other tris(3-ketoiminate)
aluminium compounds, 1 and 2, described so far.

Complex 3 also adopts a distorted octahedral geometry as
the mer-stereoisomer. Overall, the isopropyl complex is more
distorted than the ethyl analogue due to the added steric bulk
of the N-substituent, which is evident by a larger distortion in
the ligand pincer bonding angle, O(1)—AI(1)-N(1), of 87.34(4)°,
compared to 88.10(4)° in 2. Distortions of the O(1)—Al(1)—N(1),
O(1)—Al(1)—0(2) and N(1)—Al(1)—O(3) bond angles of 87.34(4),
177.27(4) and 174.38(5)° respectively, are generally greater than
those reported in the literature,?**?” indicating that the
isopropyl groups impose a greater steric bulk closer the metal,
therefore creating a larger distortion. As with complexes 1 and
2, 3 also crystalizes as a racemic mixture of the enantiomers
lambda and delta.

As expected, with the increase in steric bulk on going from
ethyl to isopropyl N-substituents, there is an increase in Al-N
bond lengths (2.0529(12)-2.0638(11) A), while changes in Al-O
bond lengths are negligible (1.8445(9)-1.8742(9) A). The N-
(1)—C(3) and N(1)—C(6) bond lengths are longer in 3 due to the
increased bulk of the alkyl group. The Al-heteroatom bonds
found in this compound are in good agreement with those
found in Jana’s aryl tris-phenyl-p-ketoiminate aluminium com-
plex (Al-O: 1.839(1)-1.865(1) A, AI-N: 2.040(2)-2.062(2)), Olej-
nik's  methoxyaryl  (Al-0:1.8276(16)-1.8680(16) A,  Al-N:
2.0511(19)-2.0723(19)), and Altaf’s tert-butylphenyl complexes
(AlI-0: 1.8321(9)-1.8764 (10) A, Al-N: 2.0403(11)-
2.0671(11)).2%%7 |t is interesting to note that, although one
could assume that the isopropyl groups in 3 would cause less
steric encumbering between ligands than the aryl groups, it
seems this is not the case as 3 has slightly longer AI-O and
AI-N bond lengths in order to reduce clashing of ligands. As
with complexes 1 and 2, 3 exhibits similar trends in differences
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in bond lengths and angles among each of the three chelating
ligands.

Compound 3 was also identified via 'H, *C{"H} NMR, MS and
EA. Similarly to 1 and 2, the '"H NMR spectrum of 3 does not
show any resonances for the NH proton of the free $-ketoimine
compound, the peaks are shifted relative to the free ligand and
there is loss of multiplicity due to the removal of the enamino
proton upon complexation. As with the other alkyl analogues, 3
shows a complicated NMR, with all methyl, methylene and
methine groups displaying different resonances in the 'H and
BC{'H} NMR spectra, due to the mer-geometry of the complex.

[Al(MeCN(Ph)CHC=0OMe);] ([Al(Ph-acnac);], 4)

Compound 4, [Al(Ph-acnac);], was synthesised by the same
procedure as the other analogues and according to the
literature,”® with white crystals precipitated from a concen-
trated toluene solution at —20°C in excellent purity and good
yield (65%). The crystal structure of compound 4 was
determined via SCXRD, with bond lengths and angles occurring
within three standard deviations with when compared to Jana’s
report.”” Three bidentate ligands bind to the metal in a
distorted octahedral geometry with mer-stereoisomerism as
seen for compounds 1-3. As with complexes 1-3 and, in
accordance with the original report of Jana, 4 also crystalizes as
a racemic mixture of the enantiomers lambda and delta. The
formation of compound 4 was also confirmed by 'H, *C{'H}
NMR (with aid of 2D spectra), MS and EA and is in good
agreement with the literature® and with the previous exam-
ples described thus far.

[Al(MeCN(Mes)CHC=OMe);] (where Mes=2,4,6-trimethylphenyl
([Al(Mes-acnac);], 5)

Compound 5, [Al(Mes-acnac);], was synthesised in an analo-
gous manner to 1-4, with white crystals precipitated from a
concentrated toluene solution at —20°C in excellent purity and
moderate yield (47%). Despite numerous attempts, no ad-
equate single crystals could be obtained of compound 5 and
they could only be refined by a model with a high R-factor
(14.35%). This appears to be a feature of the crystal growth,
since multiple attempts yielded the same high mosaicity in the
collected frames.

Due to the poor quality of the data, crystal symmetry, bonds
lengths and angles will not be discussed at great length and
will only be used as guidance to assist observations in the TGA
data (via trends). Nevertheless, this pseudo-crystallographic
model, shown in Figure 4, does provide key information, which
would have been very difficult to elucidate without it. Due to
the large steric bulk of the mesityl (2,4,6-trimethylphenyl) R
group in the ligand used to synthesise complex 5, it is no
longer possible to accommodate three [-ketoimine ligands
binding in a bidentate mode around the metal to form a six-
coordinate octahedral geometry. Instead, only a five-coordinate
trigonal bipyramidal geometry can be formed, with axial O-
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Figure 4. Molecular structure of [Al(Mes-acnac);] (5). Thermal ellipsoids are
pictured at 50 % probability. Hydrogen atoms are omitted for clarity.

binding of two chelating ligands and one ligand only binding in
a monodentate mode (Figure). Intuitively, the monodentate f3-
ketoiminate binds to the Al through the oxygen atom, most
likely owing to steric factors, as the ligand is positioned as such
that the bulky mesityl group is situated as further away as
possible from the crowded complex centre. Furthermore,
aluminium also has a high affinity to oxygen, making this
bonding motif also supported by electronic factors. As such,
these findings suggest that the limit to steric saturation has
been reached when R=Mes, forcing the metal complex to go
from six- to five-coordinate.

In addition to SCXRD characterisation, compound 5 was
also identified via 'H, *C{"H} NMR (with aid of 2D spectra), MS
and EA. 'H and "*C{'H} NMR spectrum is consistent with
complexation and with the spectra of the other species 1-4
described so far.

Comparison of crystal structures
Table 1 shows a comparison of the Al-O and AI-N bond

lengths as well as the O—AI-N ligand pincer angles found in
each of the novel complexes, in addition to Jana's structure.?”

Table 1. Comparison of the Al-O and Al-N bond lengths and the O—AI-N
pincer angles for complexes 1-4 (the specific N-substituent of the ligand
used in each complex is indicated in parentheses for clarity).

Al-0 [A] AI-N [A] O-AI-N [’]
1 (Me) 1.859-1.877 2.031-2.035 88.73-90.30
2 (Et) 1.851-1.869 2.044-2.049 88.10-90.56
3 (Pr) 1.845-1.874 2.053-2.064 87.34-89.89
4 (Ph)® 1.839-1.865 2.040-2.062 88.09-90.54
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For the tris bidentate complexes (R=Me, Et, 'Pr and Ph), there is
a general trend of increasing AI-N bond length with varying
steric bulk of the R group (Pr being the bulkiest). The effects of
hyperconjugation do not play a key role in determining the
AI-N bond lengths among differing N-substituents as shorter
bond lengths for longer, more branched alkyl chains, are not
observed. The lengthening of the AI-N bond is generally
accompanied by a shortening of the AlI-O bond although that
is not the case for the 'Pr analogue, most likely to prevent
greater steric clash with adjacent imino groups on other ligands
if the O atoms were to be pulled in more closely.

Trends in the O—AI-N ligand pincer angles are less clear,
however the less crowded 5-coordinate mesityl complex is less
strained as it is not 6-coordinate like 1-4. Further evidence that
the 'Pr complex, 3, is the most sterically encumbered complex
out of all the octahedral adducts can be noted by the fact that
is has the smallest ligand pincer angle out of the four
complexes.

Deposition Numbers 2211016-2211018 for 1-3 contain the
supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service.

Accessing the Al complexes suitability as precursors

Thermal decomposition analysis of the tris(f-ketoimine)
aluminium complexes 1-5

Thermal analysis of the precursors allows for an initial assess-
ment of the suitability of the tris(3-ketoiminate) aluminium
complexes, 1-5, as precursors for the deposition of aluminium
metal or aluminium oxide via a deposition technique of choice.
All B-ketoimine compounds described herein fully decompose
(i.e. 100% mass loss of ligand weight fraction).

Thermal decomposition summary

Figure 5a shows the overlapping thermograms of complexes 1-
5, with derivatives highlighting the onset of thermal degrada-
tion steps shown in Figure 5b. The TGA analyses indicate that,
from the five tris(B-ketoiminate) aluminium complexes de-
scribed in this work, the two smaller alkyl complexes, 1 and 2,
degrade through a single thermal event which is initiated
within the desired temperature bracket of 50-200°C, indicating
that deposition onto low-cost flexible materials is feasible.
Compound 1 (R=Me) exhibits very promising features, with
low decomposition temperature, with mass loss beginning at
152°C, and suggesting decomposition into Al metal rather than
complete degradation to Al,O;.

Complexes 2-5 exhibit mass losses consistent with the
formation of Al,O,. The complexes containing aromatic rings, 4
and 5, degrade in multiple steps, with the final decomposition
event initiating above 250°C, while the sterically hindered
aliphatic 'Pr-substituted p-ketoimine complex, 3, shows an
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Residues after TGA could not be analysed by techniques such

§ 80 EA, XRD and XPS to further probe their composition as the TGA
g machines used exposed samples to atmospheric conditions
g 60- after measurement, which would oxidise any AI(0) residue
@ formed during the thermal degradation. To confirm whether
d‘Lf each precursor decomposed to aluminium metal under inert
= 404 conditions, inert furnace heating experiments (pyrolysis) were
-% undertaken. Two precursors were chosen for initial experiments:
= 20- [Al(Et-acnac);] (2), a single-component, low temperature-degra-
dation aliphatic complex, and [Al(Ph-acnac);] (4), a two-

. component, high temperature-degradation aromatic complex.

100 200 300 400 500
Temperature (°C)

(o2

R=Ph (4)

Offset Normalised dWt/dT

100 200 300 400 500
Temperature (°C)

Figure 5. (a) Overlapping thermograms of the tris(3-ketoiminate) aluminium
complexes 1-5. (b) Offset derivatives of thermograms, with dWt/dT=0 for
each curve given as a grey line to guide the eye. Grey background given
between 50-200 °C to highlight desired decomposition window. Individual
thermograms provided in ESI. Curve colours taken from reference [42],° to
maximise contrast for readers with prot/deuteranopia.

intermediate behaviour, with multiple overlapping degrada-
tions likely initiating beyond the upper bracket limit of 200°C.
While the decomposition temperature of 3 is promising, the
mass loss is less than satisfactory, producing either aluminium
metal or aluminium oxide films with considerable carbon
contamination. Compound 3 likely decomposes at lower
temperatures than the other octaheadral analogues due to the
isopropyl N-substituents being the bulkiest among the six-
coordinated complexes and, as such, yielding a more distorted
octaheadral geometry around the metal, so it requires less
energy for decomposition.® Accordingly, while complexes 3-5
are good candidates as precursors for the deposition of
aluminium oxide, they are not suitable for depositions onto
temperature sensitive substrates.
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Initially, 0.15 g of each compound was loaded into a crucible in
a tube furnace under a flow of N, and heated to 350, 400 and
500°C in subsequent experiments. Brown powdery deposits
were not conductive and PXRD analysis revealed amorphous
material. Since Al,O; is not crystalline when formed at temper-
atures below 900°C, it was not detected in the XRD pattern.
Repeat experiments under vacuum yielded identical results.

AACVD of AlO,

A proof of concept study was undertaken to validate the
precursors potential to deposit Al,O; via AACVD using a
solution of 1 in toluene. Thin films of Al,O; were deposited onto
glass slides inside a tube furnace set to 450°C. The aerosol
containing the precursor was transported through the tube
furnace with a carrier gas of N, with a flow rate of 1 Lmin~".
Films were transparent and well adhered to the substrate and
could only be removed with abrasion from a steel stylus. EDX of
the films confirmed the Al content (73.8 at.% Al, 13.6 at.% Q)
and SEM showed films to be smooth and relatively featureless,
with some areas of nucleation (Figure 6), presumably the
beginnings of the next layer growth, indicative of island growth
mechanism. Formation of any carbides or nitrides was ruled out
by XRD, which did not detect any crystalline material.

To confirm the formation of Al,0;, X-ray photoelectron
spectroscopy (XPS) was carried out on samples deposited at
450°C (Figure 6). The small doublet splitting (0.42 eV) of the
Al 2p,,, and the Al 2p,,, renders fitting of the data unreliable,
therefore raw data is presented as an alternative (after
calibration to adventitious C 1s at 285 eV). As expected, the
binding energy of Al 2p was in the region of 73.7 eV, in line
with previously reported XPS for Al,0,.°"4

Conclusions

We described the synthesis and characterisation of four novel
tris(B-ketoiminate) Al(lll) complexes, including the first examples
where the N-substituent is an alkyl group, complexes 1-3. N-
Substituents with varying sizes were chosen as part of a
comprehensive evaluation of their effect on the resulting
structure of the complex and, consequently, their decomposi-
tion profile. Most Al complexes described in this work adopt a
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Figure 6. XPS (left) and SEM (right) evidence of the formation of Al,O; thin films grown on glass substrates via AACVD from a toluene solution of 1 at 450°C,

with a 1 Lmin~" flow rate of N, carrier gas. Scale bar on SEM represents 10 um.

distorted octahedral arrangement around the aluminium site,
form the mer-isomer and crystalizes as a racemic mixture of the
enantiomers A and A. The exception is 5 (R=Mes), which
exhibits a trigonal bipyramidal configuration, with two ligands
in bidentate mode and one monodentate, bound to the
aluminium via the oxygen atom, as a consequence of the
bulkier nature of the Mes-acnac f-ketoiminate ligand. Com-
pound 5 is the only complex of this niche motif, and it signifies
the steric limit at which three -ketoiminate ligands, with bulky
N-substituents, can no longer all bind in a bidentate mode
around the metal.

The decomposition profile of all complexes have been
studied via TGA and their suitability as metal-organic decom-
position (MOD) precursors was evaluated. Compounds 1-5
generally showed good decomposition properties, with the
best precursor being [Al(Me-acnac);] (1), displaying excellent
mass loss properties and a low onset decomposition temper-
ature (<200°C). These compounds could have potential as
precursors for a range of deposition techniques, including
MOCVD and, since they are highly soluble in a range of organic
solvents, it is hypothesised that they may be particularly
applicable in solution-based techniques such as AACVD and
inkjet printing.
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