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respectively, as the pseudopotentials were ultrasoft. The choice
for these values of the cuto s is justified in the Supporting
Information. Spin polarization was used and smearing with
Gaussian functions was applied with a width of 0.02 Ry to
better describe electronic occupations around the Fermi level.
For the geometry optimization of the isolated complex, a cubic
supercell of 60 A was used to avoid interactions between the
periodic replicas. The adsorption of the molecule on iron was
studied considering the (110) surface, as it is the most stable
surface for this metal.*”*® A supercell of iron with a 5 x 3v/2
in-plane size and a height 6+/2 times the lattice parameter of
bulk iron was used, containing a slab composed of four layers
with 30 atoms each. Integrations were carried out at the I
point for the calculations in the cubic cell, while for the
orthorhombic cell, a 2 x 2 x 1 "-centered grid was chosen. An
initial guess for the geometry of the complex was obtained with
the software Avogadro.'® The molecular structure was then
optimized, with the total energy and the forces converged
under the thresholds of 107 and 1072 Ry, respectively.

I RESULTS AND DISCUSSION

Properties of Isolated Ni(acac),. The chemical structure
of Ni(acac), obtained from the geometry optimization agrees
with the other existing data in the literature.’°~%? Calculated
bond lengths and angles, reported in Table 1, di er no more

Table 1. Bond Lengths and Angles of Ni(acac),?

bond length (A) angle size (deg)
Ni—O 1.85 O—-Ni—-0 95.9
0-C2 1.28 Ni—0-C2 125.6
C2-C3 1.40 0-C2-C3 125.0
C2-C1 151 0O—-C2-C1 1145
C3-H 1.09 C2-C3-C4 1229

#The atomic labels correspond to the ones shown in Figure 1.

than 2 and 3% in absolute value, respectively, compared to
previous experimental and theoretical observations. The
symmetry of the complex was also verified by analyzing the
discrepancies among equivalent bonds. Such discrepancies
were always below 0.1%, which is a low enough value to
reasonably confirm the symmetry of the chemical structure.
Electronic properties of the Ni(acac), complex were also
evaluated. The ionization energy E; was calculated as

E = ENi(acac)} - ENi(acalc)2

(€]
where Enjcacacy; @Nd Enigaca), are the total energies of the

cationic complex obtained by removing one electron and of the
neutral complex, respectively. The calculated value of 6.25 eV
is comparable to the experimental one of 7.41 eV,** with an
underestimation of about 16%, most probably due to the well-
known problem of the fundamental gap in DFT.*

The frontier molecular orbitals of Ni(acac), are shown in
Figure 2. The lowest energy state corresponds to a singlet state
in which the highest occupied molecular orbital (HOMO) is
the result of a combination of the d,, orbital of Ni, accounting
for almost 70% of the wave function, and one p, orbital for
each of the O and C3 atoms, collectively accounting for more
than 20% of the wave function. The lowest unoccupied
molecular orbital (LUMO) is composed of almost 60% of the
Ni d,, orbital and of the O p, orbitals, which collectively
account for almost 25% of the wave function. LUMO + 1 and
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Figure 2. Frontier molecular orbitals of Ni(acac), plotted with an
isovalue of 0.003. The red and blue colors of the isosurfaces identify
the positive and negative signs of the wave function, respectively.

LUMO + 2, which are mostly obtained by combining p,
orbitals of the C and O atoms of the ligand units, are in perfect
agreement with the plots proposed in the literature for the
LUMO and LUMO + 1.2° In fact, the high number of nodal
planes in the lowest unoccupied molecular orbital (LUMO)
may suggest that the calculated energy of this orbital is
underestimated, and it should lie above LUMO + 2.

To estimate which could be the most favorable dissociation
pattern for the isolated complex, the fragmentation energy Eg,,
was determined as

Efrag = Efrag1 + Efrag2 - ENi(acac)2

2
where Eg,g, and Eg,g, are the total energies of the individual

fragments obtained after molecular dissociation. This analysis
aims at comparing di erent ways of breaking the molecules to
evaluate the strength of the broken bonds. The absolute values
of fragmentation energies obtained in eq 2 cannot represent
realistic dissociative events, where the fragments can rearrange
and can be stabilized by the presence of other chemical species.
However, it is instructive to compare the fragmentation
energies of di erent possible fragmentation patterns to
understand which are the strongest bonds in the complex.
We considered nine di erent fragmentation patterns in total,
shown in Figure 3. These patterns do not exhaust all of the
possible combinations for the molecular dissociation; yet, they
were chosen among the most representative cuts for this
complex.

The lowest fragmentation energy is observed in the case of
Cut 2, where two Ni—O bonds are broken. Breaking two C—C
bonds is more di cult, requiring 5.8 (Cut 8) to 7.4 (Cut 1) eV
more than Cut 2. As expected, the fragmentation energies of
mixed patterns where a Ni—O bond and a C—C bond are

Different bonds

Equal bonds

Cut1
Cut2
19 251 C4l_15'3<

Figure 3. Fragmentation patterns considered for Ni(acac),, divided
into two groups depending on whether equal or di erent bonds are
broken. An exception is Cut 3, in which a single bond is broken,
compared to all of the other patterns in which two bonds are broken.
The fragmentation energies, calculated as in eq 2 and expressed in eV,
accompany each pattern.

https://dx.doi.org/10.1021/acs.jpca.0c05040
J. Phys. Chem. A 2020, 124, 8005—8010


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05040/suppl_file/jp0c05040_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05040/suppl_file/jp0c05040_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05040?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05040?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c05040?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

VW vy Wy vy #
. a
W sy O W, AW
40 A% Ath A
>

SB

Lateral views Top views

Lateral views Top views

Figure 4. Optimized geometries of Ni(acac), on the iron (110) surface, with the complex placed in the on top (OT), short bridge (SB), and long
bridge (LB) configurations and their rotated counterparts, marked by an asterisk, along with the respective adsorption energies. The size of the blue-
colored iron atoms was increased by 50% in the pictures. In the top views, the iron atoms below the first layer were colored with a lighter blue to

better distinguish the relevant sites on the surface.

broken lie in the middle. Therefore, Cut 2 may be the most
likely to occur for isolated molecules, as the energy required to
separate the two fragments is lower with this scheme.
However, the e ect of a metallic substrate can change the
picture provided by these calculations, as the fragments of the
molecules can be stabilized di erently on the surface of the
metal, in favor of a dissociative pattern that involves the
stronger C—O bonds.

One could roughly estimate the strength of individual bonds
in the complex by considering half of the fragmentation
energies of Cuts 1, 2, and 4. This calculation would yield 5.96,
2.25, and 546 eV for C—O, Ni—O, and C—CH bonds,
respectively. Cuts 5—9 are indeed the combination of these
fragmentation patterns and summing up the fragmentation
energies of the individual bonds would yield 7.71, 8.21, and
11.4 eV for Ni—O + C—CH (Cuts 5 and 6), Ni-O + C-0
(Cut 7), and C—0O + C—CH (Cuts 8 and 9), respectively.
These last values di er from the energies on the right side of
Figure 3. Such discrepancies are most probably due to the
di erent electronic structures of the fragments, which are left
to relax to the minimum energy configurations in all of the
calculations. Constraining the electronic configurations by
assigning specific spin multiplicities to the fragments would
probably provide better agreement between the calculated
bond strengths; yet, such a detailed analysis goes beyond the
purpose of this study, as a qualitative consistency can already
be observed in the fragmentation energies calculated with the
present approach.

Adsorption and Fragmentation on Iron. To better
understand the e ect of a metallic substrate on the chemical
properties of Ni(acac),, the Ni(acac), complex was adsorbed
on an iron (110) surface. Three nonequivalent sites of the
surface were chosen as the initial position of the Ni atom of the
complex: the position on top of an iron atom (OT), the
twofold coordination site, called the short bridge (SB), and the
fourfold coordination site, called the long bridge (LB). Two
di erent orientations of the complex were considered for all
three sites: with the ligand units parallel to the y-axis of the
supercell (OT, SB, and LB) and with the complex rotated by
45° (OT*, SB*, and LB*). During the geometry optimization
of the complexes on the iron surfaces, the x and y coordinates
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of the Ni atom were kept fixed, while all of the other degrees of
freedom were allowed to relax. The final configurations of the
adsorbed systems are shown in Figure 4.

When the complex was in the OT, OT*, SB, and LB*
configurations, the complex chemisorbed on the iron surface,
while in the case of the SB* and LB configurations, only
physisorption could be established. For all of these systems, the
adsorption energy E.q4 was evaluated as
— Eiron

E Ni(acac), ENi(acac)2 ~ Eiron ?3)

ads

where E‘,Q?{‘acac)z and E;,,, are the total energies of the system

composed by the complex adsorbed on the iron slab and of the
iron slab alone, respectively. The adsorption energy for each
configuration is included in Figure 4. One of the most
favorable configurations for the Ni atom on the surface is the
OT position. However, the LB* configuration is especially
favorable because all of the O and C3 atoms are almost on top
of iron atoms, increasing the number of bonding interactions
and leading to a more stable configuration. In fact, rotating the
complex by 45° is favorable only when the Ni atom is on the
LB site. In the other cases, instead, the rotated complex cannot
e ciently adsorb on the surface, resulting in twisted geo-
metries (OT*) or weak physisorption (SB*).

Bond Dissociation on Iron. The metallic substrate can
play an important role in modifying the mechanisms of
molecular dissociation. To verify whether the dissociation
mechanism predicted for isolated Ni(acac), is still the most
favorable also on iron, we calculated the dissociation energies
on the substrate Ef2g as

Eflrrz?gn = Eclgzrt]ral + 2Elli2;%rr]1d - EII\:(i)(rzacac)2 = 2Ejqn 4)
where En . and i{ga”nd are the total energies of the fragments
corresponding to the central metallic unit and to a single ligand
unit, respectively, adsorbed on the iron surface. The total
energy of the iron slab must be subtracted twice in eq 4 to
balance the number of iron atoms. The dissociation energies
on iron were calculated for di erent placements of the metallic
centers and ligand units originated by Cut 1 and Cut 2. Lateral
and top views of the fragments considered are included in
Figure 5. The sites and orientations considered for the central

https://dx.doi.org/10.1021/acs.jpca.0c05040
J. Phys. Chem. A 2020, 124, 8005—8010
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Figure 5. Optimized geometries of the fragments of Ni(acac),
obtained from Cut 1 and Cut 2 on the iron surface. In the top
views, the sizes of all of the iron atoms were increased by 50% and the
atoms below the first layer were colored with a lighter blue.

metallic units were the most favorable found in the adsorption
calculations, namely, OT, SB, and LB*. Three di erent
orientations were considered for each of the ligand units,
which were left to relax freely on the surface. Each ligand unit
was placed on the iron surface with the carbon chain parallel to
the x-axis, rotated by 45°, and parallel to the y-axis, to explore
di erent adsorption configurations on the surface. For both the
fragments, the most favorable configurations turned out to be
the ones in which the units were rotated by 45°. These
adsorption configurations, shown in the bottom panels of
Figure 5, were the ones considered for the calculation of the
dissociation energy in eq 4.

Table 2 reports the calculated dissociation energies of the
Ni(acac), complex on the iron surface. All of the calculated

Table 2. Reaction Energies for the Dissociation on the Iron

Substrate Ef3) in eV
oT sB LB*
cut1 -1.88 —2.70 -162
cut 2 -0.82 ~1.49 -1.27

dissociation energies are negative, meaning that the dissocia-
tion of the complex is favorable on the substrate. Cut 1 is the
most favorable way of breaking the complex, as the energies
obtained from this pattern are higher in absolute value than the
ones of Cut 2. This result shows that the preferred dissociation
pattern changes from Cut 2 for the isolated molecule to Cut 1
for the complex adsorbed on the iron substrate. The fragments
obtained upon dissociation on the iron surface can be
stabilized di erently with respect to the isolated molecular
fragments, which are unable to relax their strained geometry. In
particular, for Cut 1, such favorable values of dissociation
energies are also due to the detachment of the oxygen atoms of
the central metallic cores, leading to significantly higher
stability of the system. For both dissociation patterns, the most
favorable destination for the metallic core is the SB position,
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providing the lowest (highest in absolute value) dissociation
energy.

Since only part of the O atoms detached from the Ni atom
in the central units originated by Cut 1, we verified whether
the full dissociation of the NiO, unit on iron is thermodynami-
cally favorable, by calculating the following reaction energy

Eiron + 4E(i3ron 4E

frag,central

iron

iron _ ENiQ, _

= ENi iron

®)

is the energy required to fully divide the NiO,

iron
where Efrag,cemral ! . | !
central unit and ERR", EG™, and EX(, are the total energies of

the respective isolated species, all adsorbed on iron. The values
of Effsgcentrar Vary by changing the adsorption site of the Ni
atom on the surface; yet, they range from —1.33 (SB) to —2.20
eV (LB), with the negative sign indicating that the full
dissociation of the NiO, central unit is favorable and that the
final product of the dissociation will most probably consist of
Ni and O atoms fully separated on the iron surface, as long as
enough energy is provided to the system to overcome the
dissociation barriers.

In a previous study regarding molybdenum dithiocarba-
mates, we discovered that the most probable fragmentation
pattern for these complexes on iron di ers from the one for the
isolated complexes, predicted by analyzing the strength of the
bonds that take part in the dissociation.?®” The results of the
fragmentation analysis are in perfect agreement with the ones
obtained in this work for Ni(acac), and they suggest the
following general rules for small metallorganic complexes
interacting with the iron surface:

1. While the molecular dissociation of the isolated
complexes is energetically unfavorable, the iron substrate
is capable of stabilizing the fragments of the dissociation,
turning it into a favorable process.

2. The dissociation pattern in which the weakest bonds of
the isolated complexes are broken is not the most
probable when the complexes are on the iron surface.
Alternative paths can be observed in which stronger
bonds are broken, due to the stabilization of the relative
fragments by the substrate.

In fact, Ni(acac), and most of the MoDTC structures on iron
can be broken more preferably between the chalcogen atoms
and the adjacent carbon atoms of the ligand units. These
chalcogen atoms remain near the central metallic units,
completing the coordination of the metal, and possibly detach
in a subsequent step, while the carbon atoms with broken
bonds strongly bind to the iron surface.

I CONCLUSIONS

We presented a study concerning the interaction of Ni(acac),
with an iron surface by means of DFT. After confirming the
good agreement between the optimized geometry of the
complex with the existing structural data available, we
calculated the frontier orbitals and the ionization energy of
this complex for the first time with DFT. A fragmentation
analysis both for the isolated complex and for the complex
adsorbed on iron was performed and di erent adsorption sites
were considered to understand which is the most preferable
configuration of Ni(acac), on the iron surface. The main
results are summarized as follows:

e For isolated Ni(acac),, the most favorable fragmentation
pattern is Cut 2, corresponding to the dissociation of the
acetylacetonate ligand units from the nickel atom.
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