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ABSTRACT: The mechanism for the reaction of trimethylalumi-
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num (TMA, Al(CH,;);) with ozone (O;) was investigated in detail Y

using density functional theory calculations to understand the

atomic layer deposition processes that form aluminum oxide + {l

surfaces. We examined the reactions of TMA and some possible ‘

intermediates with O; and revealed plausible paths to form P methoxy hydroxyl
methoxy (—OCH;), formate (—OCHO), bicarbonate (—CO;H), f

and hydroxyl (—OH) species. These species have been observed in e

previous experimental studies. It was shown that TMA easily reacts ’/‘\ r

with O; to generate the Al(CH;),(OCHj;)(0O,) intermediate. The )¢ formate
subsequent reaction between the OCHj; and O, groups finally Al(CH,) \ bicarbonaty
generated an intermediate having a formate group. When all of the 3/3

CHj; groups are converted into OCH; or OCHO, O; will react
with these groups. In the latter reaction, bicarbonate was shown to be formed.

B INTRODUCTION

Atomic layer deposition (ALD) is an important technique to
develop high-quality nanomaterials with functional thin-film
coatings, such as metals and metal ox1des, for various
applications such as electronics and catalysts.' > ALD has
several advantages compared with other deposition techniques:

formation of Al(CH3),(OCHj;), Al(CH;),(CHO), CH;00
radical, CH,0, CH;OH, and C,H,.* For the ALD process
using TMA and O, the formation of methoxy (Al(OCHy)),
formate (AI(OCHO)), bicarbonate (Al(CO;H)), and hydrox-
yl (AI(OH)) species has been reported.” The authors
proposed a reaction mechanism: two methoxy groups react

tunability of the film thickness and composition, good
conformality and uniformity on the surface, high chemical
selectivity, and industrial scalability. In the ALD process, the
precursor is chemisorbed on surface functional groups (e.g,
hydroxyl species) of the substrate material; then, the surface is
exposed to the co-reactant, which reacts with the precursor
chemisorbed on the surface, resulting in the formation of new
surface functional groups. By repeating this cycle, the film
grows.l_3

Trimethylaluminum (TMA, AI(CH;);) is widely used as the
precursor for ALD to form aluminum oxide (Al,O;) thin films.
For the co-reactant, H,O is often used.* However, ALD using
H,0 molecules has several problems, for example, leaving
unreacted hydroxyl groups in the generated AL,O; films.
Therefore, other co- -reactants such as O, plasma and ozone
(0,) are also used.” It has been reported that ALD using O,
reduced such defects”® and the generated ALO, films had
better insulating properties than those using H,O as the co-
reactant.

To reveal the reaction mechanism involved in the ALD
process using TMA precursor, many experimental studies have
been reported.”"'* For the gas-phase reaction of TMA with
O,, reaction intermediates have been analyzed at a low
temperature (35 K) and room temperature, which showed the
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and generate formate, which decomposes into CO and surface
OH group at a high temperature or reacts with O; to form
bicarbonate, and the bicarbonate decomposes to CO, and
surface OH groups at high temperature. The reaction
byproducts of the ALD process using TMA and O;, CH,,
CO,, and H,0 have been reported.lO Rai et al. have shown that
hydroxyl groups and carbonates (CO;>”) are generated during
the ALD using TMA with O, plasma or O; and act as
chemisorption sites for TMA.""'* Several theoretical analyses
have also been conducted using density functional theory
(DET) calculations.”"*™"” ALO, surfaces decorated with
adsorbed methyl (CH;) groups with singlet O atoms, which
may come from the dissociation of O; or O, or from oxygen
plasma, have been studied by Elliott et al."* Reactions of bare
and hydroxylated alumina surfaces with TMA have also been
reported.'* Reactions of TMA with different types of surfaces,
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Figure 1. Free energy profiles of the initial steps of the reaction of Al(CH;); with Os. The free energies are relative values to that of the separated
pair of AI(CH3); and O; (in kcal/mol). For optimized structures, see Figure S1.

for example, LiMn,O, surface’® and carbon nanotubes,'® have
also been analyzed. About the gas-phase reactions, possible
intermediates for the reaction of TMA with O; have been
examined.® Nguyen et al. analyzed the mechanisms for the
reactions of TMA with molecular oxygen and H,0."”

Despite the previous works mentioned above, the details of
the mechanism for the reaction of TMA with O; have not yet
been revealed. In the present study, we revealed possible paths
for the reaction of TMA with O; in the ALD process, which
generates methoxy (—OCH;), formate (—OCHO), bicarbon-
ate (—CO;H), and hydroxyl (—OH) species, using DFT
calculations.

B RESULTS AND DISCUSSION

AI(CH3); + Os. The free energy profiles of the initial steps of
the reaction between Al(CH,); and O; are shown in Figure 1.
Their optimized structures, electronic energy, ro-vibrational
parameters, and Cartesian coordinates are shown in Figure S1
and Tables S1, S2, and S3, respectively. When O; binds to
Al(CH;);, the free energy becomes lower than that of
separated AI(CH;); and Oj by 3.1 kcal/mol (Iy,;). For the
first reaction step, two paths were examined, namely, the
formation of a C—O bond (TS,,;) or O—H bond (TS;,; a H
atom of a CHj group is abstracted by the O; and the generated
CH, group subsequently binds to a CH; group to form a
CH,CHj; group). The former will be the dominant path
because of the much lower activation barrier (1.9 kcal/mol)
than that of the latter (14.9 kcal/mol), and the generated
intermediate was lower in free energy than the reactant by
—61.3 kcal/mol (I;,; (Al(CH;),(O5CHj;))). The O—O bond
of the O;CHj; group in I, dissociated easily because of the
low activation energy (5.3 kcal/mol, TS,,;), and an
intermediate with a methoxy group was formed (I,
(Al(CH;),(OCH,)(0,)), —70.2 kcal/mol). The methoxy
group has been reported as an intermediate in the ALD
process using TMA and O;.” In this intermediate, O,
coordinated to Al weakly, and when it was dissociated as a
singlet O, molecule, the relative free energy increased only 1.5
keal/mol (I;,, (Al(CH,),(OCH;)) + 'O, —68.7 kcal/mol).
Here, we do not consider intersystem crossing, which would
generate a triplet O, molecule, because the present system

does not contain heavy elements and the spin—orbit coupling
would be small. I,; has been reported as an intermediate in the
gas-phase reaction of TMA with O; in a previous study.’
Because I,,; was much lower in free energy than the initial state
(Al(CH;); + O;) by —70.2 kcal/mol, such a dissociation
reaction would be the main path in the gas-phase reaction due
to the large internal energy, unless thermal relaxation is very
efficient. The reaction of the I,,; (Al(CH;),(OCHj;))
intermediate to form Al(CH,),(CHO) + H, which was
suggested in the previous experimental study of the gas-phase
reaction,” is shown in Figure S2. When the O, was not released
from I,,;, it would be involved in the next reactions with OCHj
or CHj; groups. When O, moiety of I,,, abstracted a H atom
from the OCHj, group (TS,,, activation energy was 3.6 kcal/
mol), I, (Al(CH;),(OCH,)(0O,H), —117.0 kcal/mol) was
generated. Another path, in which the second C—O bond was
formed, had slightly higher activation energy (5.1 kcal/mol,
TS,q,) and generated Ly, (AI(CH;)(OCH,)(0,CHj;), —134.4
kcal/mol). The reaction of the Iy, (AI(CH;)(OCHs;)-
(O,CH;)) intermediate is shown in Figure S3. We also
examined H abstraction from the CHj; group by the O, moiety,
but the activation energy was much higher (19.7 kcal/mol,
TS,,,) than for the other two transition states.

Figure 2 shows the free energy profiles of the reactions of
the L, (AI(CH,),(OCH,)(O,H)) intermediate. The opti-
mized structures are shown in Figure S4. The reaction between
the OCH, and O,H groups had low activation energy (9.3
keal/mol, TS,.;) and generated I,.; (Al(CH;),(OCH,O,H)).
Then, the OH moiety of the OCH,O,H group coordinated to
Al to form L (—122.0 kcal/mol), for which the reaction
barrier was very low (1.6 kcal/mol, TSs). From the I
intermediate, we found two paths that had relatively low
activation energies. At the lowest transition-state structure
(TSse1, activation energy was 11.7 keal/mol), dissociation of an
O—-0O bond in the OCH,0,H group and migration of a H
atom from a C atom to an O atom of the OCH,O,H group
occurred simultaneously. The generated intermediate I
(Al(CH;),(OCHOH)(OH), —195.2 kcal/mol), which con-
tained formic acid, was much lower in energy than the previous
intermediate (I;.;, —122.0 kcal/mol). At another transition-
state structure (Tségl), dissociation of an O—O bond of the
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Figure 2. Free energy profiles of the reaction of (a) the I, intermediate and (b) the I, intermediate.

The free energies are relative values to that
of the separated pair of Al(CH,); and Oj (in kcal/mol). For optimized structures, see Figure S4.
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Figure 3. Free energy profiles of the initial steps of the reaction of Al(CH;),(OCH;) with O;. The free energies are relative values to that of the
separated pair of Al(CH,),(OCHj;) and Oj (in kcal/mol). For optimized structures, see Figure SS.
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Figure 4. Free energy profiles of the reaction of Al(CH,;)(OCHO)(OH) with O;. The free energies are relative values to that of the separated pair
of Al(CH,;)(OCHO)(OH) and O; (in kcal/mol). For optimized structures, see Figure S7.

OCH,0,H group and C—O bond formation between a C
atom of a CH; group and an O atom of an OCH,0,H group
occurred simultaneously, which resulted in the formation of
Iggi (Al(CH;)(OCH;3)(OH)) + CH,O (=197.2 kcal/mol).
The activation energy of this reaction (13.2 kcal/mol) was
slightly higher than that of TS4.. After rotation of the OH
group of L4 occurred (TS;) to generate I, (—195.1 keal/
mol), proton transfer from the OCHOH group to the OH
group (TSg, activation energy was S.4 kcal/mol) occurred
and generated Iy, (Al(CH;),(OCHO)(OH,), —219.2 kcal/
mol). Then, proton transfer from the OH, group to the CH,
group occurred (TS, activation energy of 27.0 kcal/mol),
and I, (Al(CH;)(OCHO)(OH)) + CH, (—232.2 kcal/mol)
was generated. When the monodentate OCHO group in I
became the more stable bidentate form, I, (—241.8 kcal/
mol), the activation energy was very low (1.1 kcal/mol,
TSioc1)- We also examined another path from the I4
(Al(CH;),(OCHOH)(OH)) intermediate, which does not
form an intermediate containing H,O. In this path, rotation of
the OH moiety in the OCHOH group occurred and generated
Ly, (—202.3 kcal/mol). The transition state for this reaction
(TS;,, —186.2 keal/mol) was higher than those in the other
paths mentioned above (—194.3 and —189.7 kcal/mol at TS,
and TSy, respectively). Then, proton transfer from the
OCHOH group to the CH; group occurred (TSgy;, activation
energy was 4.2 kcal/mol), and generated I, (Al(CH;)-
(OCHO)(OH)) + CH,.

AI(CH3),(OCH3) + O3. We next examined the reaction of
the L,; (AI(CH,;),(OCH;)) intermediate with Oj. Figure 3
shows the free energy profiles of the initial steps of this
reaction. The optimized structures are shown in Figure SS.
When O, bound to Al(CH,),(OCH,;), the free energy became
lower than that of separated Al(CH;),(OCH;) and O; by 0.9
keal/mol (Iy,,). Formation of a C—O bond had very low
activation energy (4.0 kcal/mol, TS,,,) and generated stable
intermediate 1,,, (Al(CH,)(OCH,)(0,CH;), —62.6 kcal/
mol), as in the reaction of AI(CH;); with O Another
transition state, in which H abstraction from the OCH; group
by O; occurred, had an activation energy of 7.6 kcal/mol
(TS1y,). Although TS, was higher in energy than TS,,,, the
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difference was only 3.6 kcal/mol; therefore, TS1y, would also
contribute as a minor reaction path. In addition, when all of
the CH; groups are reacted with O; and converted into a
different functional group, such as an OCH; group, the
reaction of the OCH; group with O; would occur. The
reaction of I,,, was similar to that of I;,;, O—O bond
dissociation occurred easily (TS,,,, activation energy was 6.8
kcal/mol), which generated I,,, (AI(CH;)(OCHS;),(0,),
—65.6 kcal/mol). From I,,,, dissociation of a singlet O,
molecule (formation of I, (Al(CH;)(OCH,;),), —65.4 kcal/
mol) or the reaction of O, with the OCH; or CH; groups
would occur. H abstraction from the OCH; group by O,,
which formed 1, (Al(CH,)(OCH,)(OCH,)(0O,H), —113.6
kcal/mol), had a lower reaction barrier (2.4 kcal/mol, TS;.,)
than that of C—O bond formation between O, and CH; group
(7.4 kcal/mol, TS;4,), which formed I,4, (Al-
(OCH;),(0,CH;), —129.5 kcal/mol). The reaction of the
L, (Al(CH;)(OCH,;)(OCH,)(O,H)) intermediate (Figure
S6a) was also similar to that of Iy, (Figure 2a).

Comparing the reactions of AI(CH;); and Al-
(CH;),(OCH;) with O, it was shown that their reactivities
are similar. This indicates that the change of coordination
environment does not significantly change the reactivity of
other parts of the complex. Therefore, the results of the
analyses of single molecules would be similar to that of TMA
chemisorbed on the surface.

AI(CH;3)(OCHO)(OH) + Os. Figure 4 shows the free energy
profile of the reaction of the I;o,; (Al(CH;)(OCHO)(OH))
intermediate with O;. The optimized structures are shown in
Figure S7. When O; bound to Al(CH;)(OCHO)(OH), the
free energy became higher than that of separated Al(CHj;)-
(OCHO)(OH) and O; by 8.0 kcal/mol (I,;) because of the
very weak binding energy of O; to four-coordinated Al, which
was smaller than the decrease of entropy. However, the
following reaction was similar to that of AI(CH;); + O; and
Al(CH;),(OCH;) + O,. After C—O bond formation, which
had a very low activation energy (1.3 kcal/mol, TS,,;) and
generated the stable intermediate I,,; (Al(OCHO)(OH)-
(05CH;), —60.0 kcal/mol), O—O bond dissociation in the
O;CH; group occurred (TS,,s, activation energy was 8.1 keal/
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Figure 6. Free energy profiles of the reaction of the Iy, intermediate, which differs from the I, intermediate in the position of O, and the structure
of A(OCHO)(OH)(CO3H). The free energies are relative values to that of the separated pair of AIlOCHO),(OH) and O (in kcal/mol). For

optimized structures, see Figure S10.

mol) and generated L,,; (AI(OCHO)(OH)(OCH;)(0,),
—60.6 kcal/mol). Then, dissociation of a singlet O, molecule
(formation of I5,; (AI(OCH;)(OCHO)(OH)) + 'O, —64.0
kcal/mol) or H abstraction from the OCH; group by O,
(TSsp3 activation energy was 2.1 kcal/mol) would occur,
which generated Iy,; (AI(OCHO)(OH)(OCH,)(O,H),
—107.5 kcal/mol). The reaction of the Ly, intermediate
(Figure S8) was also similar to that of I, (Figure 2) and I,
(Figure S6), except for the lack of a CH; group, which
abstracted a proton from formic acid in the latter cases.
AI(OCHO),(OH) + Os. Figure S shows the free energy
profiles of the reaction of I;;,; (AI(OCHO),(OH)), which was
generated in the reaction of Al(CH;)(OCHO)(OH) + O,
(Figure S8), with O;. The optimized structures are shown in
Figure S9. When O; bound to Al(OCHO),(OH), the free
energy became higher than that of separated Al-
(OCHO),(OH) and O; by 6.8 kcal/mol (Iy,,) because of

26286

the weak binding energy of O; to Al with high coordination
number. In Iy, one of the OCHO groups became
monodentate. Rotation of the monodentate OCHO group
(TS, 14.2 keal/mol) generated intermediate I, (13.5 kcal/
mol), in which abstraction of a H atom from the OCHO group
by O; occurred easily (TS,,,, 14.5 kcal/mol) and generated L,
(AI(OCHO)(OH)(O3H) + CO,, —54.8 kcal/mol). Reaction
between AI(OCHO)(OH)(O;H) and CO, generated I,
(AI(OCHO)(OH)(OCO(0O;H)), —44.6 kcal/mol), which
required an activation energy of 16.0 kcal/mol (TS,,).
Then, via the transition state with the OCO(O;H) group
(TS4a4 activation energy was 8.3 kcal/mol), proton transfer
resulted in an intermediate having a bicarbonate group (I,
(AI(OCHO)(OH)(CO3H) + 0,), —57.1 kcal/mol). We also
analyzed another possible path from the AI(OCHO)(OH)-
(O3H) + CO, intermediate, Ly, which differed in the position
of CO, and conformation of AI(OCHO)(OH)(O;H) from
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I, In this path, the OH moiety of the Os;H group reacted
with CO, (TS;p4 —34.3 kcal/mol) and generated I,
(AI(OCHO)(OH)(CO;H)(0,), —48.6 kcal/mol). This tran-
sition state was slightly higher than that of TS, (—38.8 kcal/
mol).

Figure 6 shows the subsequent reaction of I, when the
generated O, reacted with AI(OCHO)(OH)(CO;H). The
optimized structures are shown in Figure S10. When O, was
coordinated to AI(OCHO)(OH)(CO;H) and the OCHO
group became monodentate, the free energy increased (I,
—53.1 kcal/mol). Rotation of the monodentate OCHO group
(TSgy —47.2 kecal/mol) generated intermediate Iy, (—48.3
kcal/mol), from which abstraction of a H atom from the
OCHO group by O, occurred easily (TS,,,, —46.4 kcal/mol)
and generated 1, (AI(OH)(CO;H)(O,H) + CO,, —117.1
kcal/mol). These reactions are similar to that between the

OCHO group and O; shown in Figure 5 (from Iy, to L,,).
From I,, to Ig, the position of CO, changed and the
conformation of AI(OH)(CO;H)(O,H) changed. Reaction
between AI(OH)(CO,H)(O,H) and CO, (TS,,,, activation
energy was 13.4 kcal/mol) generated Ly, (Al(OH)(CO,;H)-
(OCO(0,H)), —111.0 kcal/mol). In the surface reaction, the
OCO(O,H) group might react with some surface group or
surface itself to generate carbonate.

From 1,,,, we also examined other paths, in which O, was
released and decomposition of bicarbonate or formate
occurred (Figure 7). The optimized structures are shown in
Figure S11. Rotation of bicarbonate ligand occurred easily
(TSees) activation energy was 8.7 kcal/mol) because of weak
binding of bicarbonate in five-coordinated structure. By
contrast, proton transfer in the bicarbonate group required a
high activation energy (39.4 kcal/mol, TSg4,), so it would
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occur only at high temperatures. Through two low transition
states (i.e., TS;¢4 and TSg, which correspond to the rotation
of the OH group and dissociation of the C—O bond in the
bicarbonate group, respectively), I, (Al(OCHO)(OH), +
CO,, —65.0 kcal/mol) was generated. We also examined the
decomposition of formate to form CO and the OH group (L.,
(AI(OH),(CO3H)) + CO, —54.3 kcal/mol). However, the
activation energy of this reaction was very high (78.2 kcal/mol,
Tsée4)'

Figure 8 shows the reaction of the I;; intermediate, which
occurred when CO, was released from the I, intermediate in
Figure 5. The optimized structures are shown in Figure S12.
After rotation of O;H (TS,g) and coordination of OH moiety
in O;H (TSsg), O;H dissociated into O, and an OH group
(TS activation energy was 7.7 kcal/mol) and generated Iy
(A1(OH),(OCHO), —65.4 kcal/mol).

AI(OCH;);3 + O;. In previous sections, we showed that Oy
reacted with the CH; group with low activation energy,

26288

resulting in the formation of the OCHj; group. Thus, we also
examined the reaction of AI(OCH,); with Oy (Figure 9) to
reveal reactions that would occur when all of the CH; groups
are already reacted with O;. The optimized structures are
shown in Figure S13. When O; bound to AI(OCH,;);, the free
energy became lower than that of separated AI(OCHj;); and
Oj; by 2.9 kcal/mol (I,s). Abstraction of a H atom from the
OCH,; group by Oj had a low activation barrier (4.3 kcal/mol,
TS,,s) and generated stable intermediate I,,5 (Al-
(OCH;),(OCH,)(0;H), —47.5 kcal/mol). The generated
OCH, and O;H groups reacted with low activation energy (5.6
keal/mol, TS,,s) and generated I,,; (Al(OCHj;),(OCH,OH)-
(0,), —45.8 kcal/mol). The generated O, group would
abstract a H atom from the second OCH; group (TS;,5, —43.3
kcal/mol) or OCH,OH group (TSsps, —42.1 kcal/mol) and
generate I,,; (Al(OCH,)(OCH,0H)(OCH,)(0,H), —101.7
keal/mol) and I,5 (Al(OCHj;),(OCHO)(O,H)), respectively.
Because 1,5 has OCH, and O,H groups, like I, (Figure 1),
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L, (Figure 3), and Ly,; (Figure 4), reactions similar to them
(see Figures 2, S6, and S8) would occur and generate formate.

We examined the subsequent reaction of the Ly (Al-
(OCH;),(OCHO)(O,H)) intermediate (Figure 10). The
optimized structures are shown in Figure S14. After rotation
of the OCHO group (TS, and TSgs), which generated Ig,s
(—118.8 kcal/mol), a reaction between the CHOH and O,H
groups occurred (TSgs, activation energy was 19.8 kcal/mol)
and generated Igs (Al(OCH;),(OCHO(O,H)), —108.9 kcal/
mol). After the conformational change of the OCHO(O,H)
group occurred (TS;,s), dissociation of an O—O bond of the
OCHO(O,H) group and migration of a H atom from the C
atom to an O atom in OCHO(O,H) occurred simultaneously
(TSgps, activation energy was 16.3 kcal/mol). An intrinsic

reaction coordinate (IRC) calculation showed that the H atom
migrated to an O atom (which formed a transient structure,
Al(OCH;),(CO3H,)(OH)) and continued to migrate to
another O atom, resulting in a stable intermediate containing
bicarbonate, Iy, (Al(OCH;),(CO;H)(OH,), —215.2 kcal/
mol).

AI(OCH;); Dimer. In a previous study, the formation of
formate from two surface OCH; groups (AL—OCH; + Al—
OCH, — Al,—OCHO-Al + CH, + 1/2H,) was proposed.’
To examine the reactivity of two ligands that bind to different
Al atoms, we considered the reaction of AI(OCH;); dimer
(Figures 11 and S15). In the dimer, two OCH; groups bridge
the two Al atoms (bridging OCH, groups), and the other
OCH; groups coordinate with one of the Al atoms (normal
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OCHj; groups). We compared two paths in which a CH,
molecule was generated from two OCH; groups, but both had
high activation energies. The reaction between a normal OCH;
group and a bridging OCH; group had a lower activation
barrier (72.9 kcal/mol, TS,,s) than that between two normal
OCHj; groups (92.3 keal/mol, TSyy4), although it was too high
to overcome even at the high temperature used in ALD. The
intermediate generated in the former path (I, 6.9 kcal/mol),
in which the OCH, group bound to the OCHj; group, was
similar to the situation when one H atom (1/2H,) is removed
from a surface OCHj; group; thus, we continued the analysis
for this intermediate to examine whether CH, formation is
plausible when a H atom is lost at the beginning. However,
CH, formation from this intermediate also required high
activation energy (68.8 kcal/mol, TS,,). Therefore, the
reaction between two OCH; groups to form formate would
not be plausible. To compare the decomposition of bridging
formate with that of the chelate form (Figure 7), we analyzed
the decomposition of I,,4. The activation energy was 79.9 kcal/
mol (TS,), which was close to that of the chelate form (78.9
keal/mol, TS444) and generated CO and surface OH (I, —3.9
kcal/mol), which was much higher in energy than that of
formate (1,5, —36.7 kcal/mol). We also analyzed a reaction in
which formate moved to a single Al atom (TS;,) and
generated an open Al site (I3, —13.4 keal/mol), where other
molecules can bind, to examine the reaction between formate
and O; bound to different Al sites.

Figure 12 shows the reaction of surface formate and O;,
which are coordinated to different Al atoms. The optimized
structures are shown in Figure S16. The reactivity was similar
to the reaction between formate and O5 bound to the same Al
atom (Figure S). Oy can abstract a H atom from the formate
group easily (TSs,s activation energy was 2.0 kcal/mol) and
generate an intermediate having CO, and O;H groups (L.,
—75.9 kcal/mol), similar to the reaction of the monomer
(Figure 5), although CO, and O;H bind to a different Al atom
in this case. Then, a reaction between CO, and O;H occurred
(TSeu activation energy was 10.1 kcal/mol) and generated

bicarbonate and O, (Izs —77.7 kcal/mol). The generated
monodentate bicarbonate would become the bidentate form
(I;46) via a low transition state (TS, activation energy was
3.0 kcal/mol). When CO, was released from I, the O;H
group dissociated into O, + OH via a low transition state
(TS,q4¢ activation energy was 3.9 kcal/mol).

We also examined the decomposition of bicarbonate in a
bridging ligand form. Figure 13 shows the decomposition of
bicarbonate in L, after O, was dissociated (Ig). The
optimized structures are shown in Figure S17. The bicarbonate
became a bridging ligand easily (TSy,¢, activation energy was
1.5 kecal/mol). It was shown that the activation energy of the
proton transfer in the bridging bicarbonate (36.2 kcal/mol,
TS,0.6) Was similar to that of chelate bicarbonate (39.4 kcal/
mol, TSg4, shown in Figure 7); by contrast, the rotation of
bicarbonate ligand had much higher activation energy (28.9
kcal/mol, TS,4,) than that of chelate bicarbonate (8.7 kcal/
mol, TSe,). Thus, the bridging bicarbonate would be stable
and would decompose only at high temperatures.

B CONCLUSIONS

We analyzed the mechanism for the reaction of TMA with O,
using DFT calculations. It was shown that Al(CHj;), easily
reacted with O; to generate Al(CH;),(OCHj;)(0,), L,;. When
the generated O, was not released from this intermediate and
involved in subsequent reactions, the O, group reacted with
the OCH; group to form the AI(CHj;),(OCH,)(O,H)
intermediate (I5,;) and finally generated formate species,
Al(CH;)(OCHO)(OH) + CH, (I or Io,;). When O,
reacted with an intermediate having both CH; and OCHj;
groups, i.e, Al(CH;),(OCHj;) (I,,), O; would react with the
CH, group preferentially (TS,,,), although the reaction with
OCH,; also had a low activation barrier (TS,;,), which was
higher than that of the former by 3.6 kcal/mol. When all of the
CHj; groups are converted into OCH; or OCHO, O; will react
with these groups. In the former case, the reaction between the
OCH; group and Oj; generated an intermediate having the
OCH,OH group (Al(OCHj;),(OCH,0H)(0,), L,s), which

https://doi.org/10.1021/acsomega.1c03326
ACS Omega 2021, 6, 26282—-26292


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03326/suppl_file/ao1c03326_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03326/suppl_file/ao1c03326_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03326?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03326?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03326?fig=fig13&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03326/suppl_file/ao1c03326_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03326?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

would finally generate formate or bicarbonate species. When
O; reacted with formate, bicarbonate was obtained. The
formation of formate from reactions between two OCH,
groups, which was proposed in a previous study,” was shown
to be unlikely (Figure 11).

Comparing the reactions of Al(CH;); + O; (Figure 1),
Al(CH;),(OCHj;) + O; (Figure 3), and Al(CH;)(OCHO)-
(OH) + O, (Figure 4), the coordination environment does not
significantly affect the reactivity of each ligand. Therefore,
similar reactions are expected to occur also at the surface, and
the reaction mechanisms for the monomers revealed
comprehensibly in the present study will provide insights to
understand the chemical processes in ALD.

B THEORETICAL METHODS

The mechanism for the reaction of Al(CHj;); with O; was
analyzed using DFT calculations with the B3LYP func-
tional'®'® and 6-311G(d,p) basis sets.””*' The effects of
basis set and functionals were also examined for some
intermediates and transition states (Table S1). We also
considered the reactions of some intermediates that would
be generated from the AI(CH;); + O; reaction, such as
Al(CH;),(OCH;). To examine the reactions between two
ligands coordinated to different Al atoms, reactions of the
Al(OCH,;); dimer model were also analyzed. In total, we
analyzed the reactions of six reactants with O, and several
paths were examined for each reactant. Notations of the
intermediate and transition-state structures in each path are I,
and TS,,. respectively, where x, y, and z indicate the number
of each reaction step (1, 2, 3, ...), the notation of the path (a, b,
¢, ..), and the notation for the reactant (1—6). Frequency
calculations were performed for all calculated structures to
confirm they are true minima or transition states, and the
potential energy profiles shown below are of Gibbs free energy
at 298.15 K. Intrinsic reaction coordinate (IRC) calculations
were carried out for the transition states to confirm the minima
structures. The calculations were performed using Gaussian 16
quantum chemistry software.”
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