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ABSTRACT

Optical and electronic properties of aromatics and their clusters are critical to interpreting phenomena
ranging from flame-formed nanoparticles to interstellar dust. These properties are also important to their
applications as organic semiconductor materials. Aromatic hydrocarbons often form coordination bonds
with metal atoms and cations, forming complexes with electronic properties that differ from their parent
aromatics. Metal incorporation to aromatics allows access to a versatile range of optical and electronic
properties via the modulation of their band gaps. Here, we investigate the binding of four fourth-row
transition metals (titanium, chromium, iron, and nickel) with four aromatic molecules (benzene, naph-
thalene, pyrene, and coronene), and the HOMO-LUMO energy gap of the metal-aromatic complexes using
density functional theory calculations. Neutral and cationic (1+ and 2+) complexes are studied at different
geometrical and spin configurations, and their binding energies and HOMO-LUMO gaps are computed for
the ground state. It is observed that binding with metals can reduce the HOMO-LUMO gap of the aro-
matics significantly, and the gap energy of the metal-aromatic complexes is closely correlated with their
ionization energy. The number of possible transitions from occupied to unoccupied molecular orbitals
was also calculated, showing similar spectral energy features for naphthalene, pyrene, and coronene with
and without metal incorporation.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Carbon nanoparticles (CNPs) are one of the most common car-
bon allotropes in nature [1]. As a predominantly combustion-
formed material, they are of great interest to research ranging from
carbon-based materials [2], combustion [1], air pollution [3] to cli-
mate change [4]. It is well accepted that flame CNPs nucleate out
of polycyclic aromatic hydrocarbon (PAH) precursors and grow in
size and mass through a combination of surface reactions and co-
agulation [5-11]. It has been shown that in typical combustion-
formed CNPs, PAH molecules have masses in a range between
around 202 amu (which corresponds to pyrene) to over 500 amu.
The mean PAH mass is around 300 amu [12-15] (which corre-
sponds to coronene) and the PAHs are typically peri-condensed
[16]. Other molecular structures in CNPs may include aliphatics
[17-19] and oxygenates [17,20]. Similar PAHs and their existence
in the interstellar media were discussed also in a range of astro-
chemical studies [21-24].
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Since the pioneering work of D’Alessio and D’Anna [25,26],
it has been well recognized that flame-formed CNPs have well-
defined optical band gaps [27-31]. Recent evidence suggests that
the ionization energy and optical band gap of CNPs follow closely
the quantum confinement behaviors [31]; these properties were
found to depend on particle size with smaller particles giving both
larger photo-ionization energies and larger optical band gaps. Sim-
ilar and consistent behaviors have been observed for electronic
band gaps [32,33]. The impact of these behaviors on the opti-
cal properties of flame CNPs has been discussed recently in the
context of light extinction and scattering measurements of soot
in flames [34,35]. Theoretical calculations conducted thus far have
clearly indicated that the quasi-semiconductor behaviors observed
derive largely from the energy gaps between the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) in PAH molecules, i.e., the molecular building
blocks of CNPs [29,36-39]. Studies have also shown that both clus-
tering [31,39,40], and organic and oxygenate functionalizations of
PAHs affect their HOMO-LUMO energy gaps [38].

Flame CNPs are multicomponent, inhomogeneous materials
[20,41]. As threshold properties related to electron excitation, ion-
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ization energy and band gap can be particularly sensitive to spe-
cific constituent molecules that have the lowest electron excitation
energies [31]. Incorporation of even a small amount of molecules
having low excitation energies in CNPs could fundamentally im-
pact their ionization energies and band gaps [39]. To this end,
we note that all practical combustion systems contain trace met-
als with origins ranging from fuel impurity to metal-containing
lubricating oils. For example, jet fuels can contain sodium, potas-
sium, aluminum, calcium, magnesium, copper, and iron [42]. It is
well known that metal cations may bind strongly and effectively
with aromatic molecules typically via 7 -binding, leading to appre-
ciable binding energies [43-49]. The impact of transition metals
on soot nucleation has been studied extensively in the past (see,
e.g., [50-52]). There are renewed interests recently in the role of
metals on soot formation, including soot mass growth catalyzed
by noble and transition metals [53-55], the effects of alkali metal
on PAH and soot formation [56,57], and metal-catalyzed soot ox-
idation (see, e.g., Wang et al. [58], Khaskheli et al. [59]). In ad-
dition, metal-aromatic complexes have been of great astrochemi-
cal interest. Serra et al. [60] discussed their existence in the inter-
stellar medium as a mechanism for metal scavenging and deple-
tion. Experimental studies explored the reaction of PAHs with iron
cations to form organometallic complexes [61,62] and the spectro-
scopic features of the resulting PAHs ions [23]. Theoretical models
were employed to examine the stability [24] and the infrared spec-
tra [63] of Fe-aromatic complexes. In addition, aromatic molecules
with atomic substitutions are used as tunable organic semicon-
ductor materials, since their structures can be altered to achieve
tunable electronic properties and morphologies of semiconduct-
ing films and fibers [64-66]. As importantly, several recent studies
used scanning tunneling spectroscopy (STS) to probe the electronic
band gap of PAHs and small flame CNPs [32,33]. STS typically uses
a transition metal probe on an organic sample immobilized on a
gold substrate. Sample contamination due to metal atom transfer
to PAH, forming metal-PAH binding, is a distinctive possibility. A
basic understanding of the effect of metal incorporation into PAH
or flame CNPs is essential to interpreting a STS differential conduc-
tance spectrum.

Owing to the high electronic energy density of transition met-
als, their incorporation into an aromatic molecule or flame formed
CNPs is expected to fundamentally alter its HOMO-LUMO gap [67].
Yet, a systematic study of the effect of metal incorporation on the
optical properties of PAHs and flame formed CNPs remains unavail-
able. The overall objective of the current study is to shed light
on the effects of transition metal binding on the HOMO-LUMO
gap of several model aromatic compounds. For this purpose, we
examined molecular complexes of the single-ring aromatic ben-
zene, as well as the polycyclic aromatic hydrocarbons, i.e., naph-
thalene, pyrene, and coronene with fourth-row transition metals
(titanium, chromium, iron, and nickel) using density functional
theory (DFT). The complexation of aromatics with metals was in-
vestigated over a range of spin multiplicity and oxidation states
(neutral and cationic) and binding energies were calculated for the
most stable complexes. It will be shown that for the transition
metals studied, metal-aromatic complexation leads to an apprecia-
ble HOMO-LUMO gap reduction from the parent aromatic without,
however, an appreciable change in its energy band structure.

2. Methods

Aromatics (denoted as Ay, r corresponding to the number of
six-membered rings) considered in the current study are benzene
(CeHe, Aq), and polycyclic aromatic hydrocarbons (PAHs) includ-
ing naphthalene (CioHg, A;), pyrene (CigHyg, A4), and coronene
(Cy4H12, A7). The metal elements considered are titanium (Ti),
chromium (Cr), iron (Fe), and nickel (Ni). Fe was selected due to
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Table 1
Spin multiplicities considered for all metal-aromatic complexes. The ground-state
spin multiplicity of pure metal in each oxidation state is underlined.

Oxidation state, n

Complex 0 1+ 2+

Ti-A" 1,3 2,4 1,3,5
Cr-A? 1,3,57 2,4,6 1,3,57
Fe-A! 1,35 2,4,6 1,357
Ni-A" 1,3 2,4 1,3,5

its widespread presence in combustion systems, and Ti, Cr, and
Ni provide a sample of fourth-row transition metal elements, both
lighter and heavier than Fe. In warm interstellar medium [68] and
during fuel combustion [69], high temperatures could lead to many
charge and electronic states being accessible. Both neutral and
cationic metal-aromatic complexes are investigated for each metal
and aromatic combination. The cationic states of the complexes
studied are 1+ and 2+, though higher oxidation states could be of
interest. Here, we focused only on the 1+ and 2+ charge states be-
cause under most relevant gas-phase conditions, available cationic
species are expected to be lightly charged due to the significant
ionization energy. Furthermore, a variety of spin multiplicities for
metal-aromatic complexes needs to be considered. The spin mul-
tiplicity of each metal-aromatic complex is dictated by the pos-
sible spin multiplicity states of the metal atom. Table 1 lists the
spin multiplicities for all the complexes studied herein. Given the
four aromatics, four metal atoms, three charge states, two geomet-
ric configurations for pyrene and coronene (to be discussed below),
and the spin multiplicity states, a total of 210 complexes were cal-
culated.

DFT calculations were performed using the unrestricted B3LYP
functional [70-72] with the triple-¢ cc-pVTZ basis set [73,74]. The
B3LYP functional has been widely used in calculations involving
aromatic molecules and has been shown to provide reliable re-
sults [38,39,47,75,76]. The cc-pVTZ basis set was selected because
of its extensive nature, which includes d and f polarization func-
tions that are important for the heavy transition metal elements
involved. In addition, it allows for the consideration of relativistic
effects in deep core electrons. All calculations were performed on
Gaussian 16 [77]. The sum of electronic and zero-point vibrational
energies for each compound studied are compared for each metal-
aromatic complex in each charge state, in order to determine the
spin multiplicity state that corresponds to the ground state.

Initial geometry guesses were created by placing a metal atom
on top of an aromatic ring, as illustrated in Fig. 1. In particular,
both the pyrene and the coronene molecules present two different
aromatic ring choices for 7 bindings. For pyrene, a metal atom on
top of the two equivalent rings by the centroid of the molecule
is called the “inner” configuration hereafter, while an atom on
top of the remaining rings is named the “outer” configuration. For
coronene, a metal atom on top of the central ring is named the “in-
ner” configuration and that on top of the remaining rings (e.g., ring
edge) is named the “outer” configuration. The geometry of each
complex was optimized and a frequency calculation followed to
ensure that the converged structure is at a potential energy surface
minimum. The vibrational frequencies were scaled by the appro-
priate anharmonic correction factor (0.9612 for the level of theory
used [78]).

In the event of calculations yielding complexes with imaginary
frequencies, the optimization was relaunched by moving the metal
along the reaction coordinate until a stable geometry is achieved.
Certain spin multiplicity states (see Supporting Information)
did not produce stable complexes, but in all cases, they can be
disregarded because of their high electronic energy as compared
to the corresponding ground state complexes.
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Benzene (A,) Naphthalene (A,)

M : Ti, Cr, Fe, Ni
i :inner configuration
o : outer configuration

Pyrene (A,) Coronene (A.)

B o

Fig. 1. Schematic of metal-aromatic complexes for benzene, naphthalene, pyrene,
and coronene. Metal atoms are positioned on top (or bottom) of aromatic rings. In
the cases of metal-pyrene and metal-coronene complexes, the “inner” and “outer”
configurations are denoted by the subscripts “i” and “0”, respectively.

The binding energy of transition metal atoms to aromatics was
calculated for each complex at each charge state. This was deter-
mined by comparing the sum of electronic and zero-point vibra-
tional energy of each complex with those of the dissociated prod-
ucts, namely a neutral or charged aromatic and a metal atom or
cation, respectively. The appropriate value for the binding energy
corresponds to the lowest energy dissociated products, which de-
pend on the way charge is distributed. Therefore, the binding en-
ergy for a complex with positive charge n is calculated as follows:

E, = min {EM,-+E n,.-}—EM_Ar. M)

O<i<n

The binding energy was in addition corrected by the basis set
supoerposition error (BSSE), estimated a posteriori using the coun-
terpoise method [79]. A positive binding energy thus corresponds
to the metal-aromatic complex being more thermodynamically fa-
vored than the dissociated products, while a negative binding en-
ergy means that the dissociated products are favored over the
complex. Only positive charges are considered in the dissociated
products, since splitting a positive charge into a larger positive
charge and a negative charge would require excessive energy, due
to the additional ionization energies and electron affinities that
arise.

The Kohn-Sham molecular orbital energies of the ground state
complexes were used to determine their energy gaps. The energy
difference (Ey..) between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) can
be directly calculated from the energy band structure. It has been
shown that the B3LYP functional could overestimate the gap size
of aromatic compounds in comparison with experimental absorp-
tion measurements [76]. Since an exact match should not be ex-
pected [80], the B3LYP functional is still considered to be appro-
priate especially if the objective is to compare the HOMO-LUMO
gaps of aromatic compounds. Since high-spin states studied here
contain unpaired electrons, HOMO-LUMO gaps are calculated sep-
arately for « and B electrons with the unrestricted B3LYP func-
tional. Both Ey_ values are calculated and the smaller of the two
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is presented for each complex, as it is the smaller value that deter-
mines the energy gap size of the complex.

Experimentally, the optical band gap Eg”* of the related CNP
materials can be acquired from UV-vis absorption measurements
(see, e.g., Ref. [31]). According to Tauc [81], the optical band gap
of a corresponding condensed-phase material may be determined
from the absorbance «:

ahv o (hv — EP¥, (2)

where h is Planck’s constant and v is the photon frequency. Elec-
tronic state calculations may be used to infer the value of k [31,40].
Previously, it was found that the exponent k is close to 2 for PAHs
and their clusters. The value is also consistent with those observed
experimentally on flame CNPs over a wide range of particle sizes
[31].

In order to determine such a power law for absorbance, we
assume that ahv is proportional to the number of transitions of
energy states n(AE) from occupied to occupied molecular orbitals
[31,40]:

ahv & n(AE) = /NO (E)Nu(E + AE)dE, (3)

where Ny and Ny are the electronic state densities of occupied and
unoccupied molecular orbitals, respectively. These electronic state
densities are taken directly from the Kohn-Sham orbital energies
of the DFT calculation. A problem to circumvent is the fact that
DFT is not known to predict degenerate molecular orbitals as hav-
ing identical energies, because only the total electron density of
the molecule is conserved [82]. To overcome this problem and al-
low Ng and Ny to take finite values greater than unity, Kohn-Sham
eigenvalues are grouped in bins of width equal to 0.5 eV. Provided
enough transitions are available, the exponential fit is insensitive
to the bin width.

3. Results and discussion
3.1. Geometries and binding energies

Spin multiplicity adds an important dimension of complexity to
the identification of the ground state metal-aromatic structures for
HOMO-LUMO energy calculations. In addition, the binding energy
of a metal-aromatic complex is another parameter important to
the highest charge state we must consider. Figure 2 illustrates the
ground state selection as determined by the energy of optimized
geometries of metal-aromatic complexes, using 4 of the 210 test
complexes as examples. They include all aromatics, metals, and
charge states considered here. For each complex, the spin multi-
plicity state with the lowest energy is selected as the ground state,
hence the triplet, doublet, quartet, and septet for Fig. 2(a)-(d), re-
spectively. It should be noted that Fig. 2(c) and (d) only show the
outer geometric configuration for pyrene and coronene. The same
analysis was applied to the inner configuration and the ground
state is selected as the lowest energy state of all possible configu-
rations.

Applying the energy analyses, using Eq. (1), to all metal-
aromatic complexes at each charge state, the spin multiplicities of
the ground states are identified and listed in Table 2, along with
the BSSE-corrected binding energies to be discussed later. As it is
shown, the metals considered exhibit similar behavior regarding
the multiplicity of the most stable complex. For all aromatics con-
sidered, titanium complexes in the triplet, quartet, and triplet state
are the most stable for the neutral, 1+, and 2+ complexes, respec-
tively. Similarly, Cr complexes are the more in the septet state for
the neutral, sextet state at 1+ charge state, and the quintet state
at 2+ state. Fe complexes in the quintet, quartet, and quintet states
are the most stable for the neutral, 1+, and 2+ complexes, respec-
tively, with the exception of Fe—A?, which is more stable at the
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Fig. 2. Relative zero-point corrected electronic energy (in eV) for metal-PAH complexes for different spin multiplicities. The HOMO (lower plot) and LUMO (upper plot)

molecular orbital electron densities are included for each multiplicity value. The complexes presented are: (a) Ti-A%*, (b) Ni-A}*, (c) Fe-A}* (outer configuration),

(outer configuration).

triplet state. Ni complexes in the singlet, doublet, and triplet states
are the most stable for increasing charge.

The current results are in agreement with those of Simon and
Joblin for Fe-PAH complexes [45], who deduced that the quintet
state is favored for neutral complexes and the quartet state is fa-
vored for 1+ charged complexes. Moreover, we found that for Fe-
A?, the triplet state is the ground state (in agreement with calcula-
tions by Pandey et al. [83]), having a lower energy than the singlet
and quintet states, by 1.67 eV and 0.63 eV, respectively. Our results

(d) Cr-A9

are in general agreement with calculations for Fe;_,-A; by Senap-
ati et al. [48], with the exception of the ground state multiplicity.
They stated that the triplet is the ground state for Fe-Ag and that
the doublet is the ground state for the 1+ cation. However, these
ground states were inferred only from those of the metals with-
out considering the impact of the PAH molecules in the complexes.
Our results also match those of Simon and Joblin for the Fe-PAH!+
complexes, with the quartet being the ground state for all of the
aromatics considered.
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Table 2
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Binding energies in eV computed for the lowest energy geometric configurations of the metal-aromatic complexes
considered and comparison with selected literature values. The value in the parenthesis is spin multiplicity.

Oxidation state, n

Complex 0 1+ 2+
M2++A0 M1++A’]+

Ti-Al 1.29 (3) 0.96° 247 (4)° 2.68 + 0.09" 4.72 (3) -0.34
Cr-Af 0.00 (7) 0.12¢ 1.59 (6)° 1.76 £ 0.10° 6.1 (5) —-1.81
Fe-Al 0.66 (3) >0.7¢ 2.07 (4)° 2.15 £ 0.10"  6.51 (5) 5.45-7.42! —-0.97
Ni-A} 0.36 (1) 0.87-1.30°  2.50 (2)° 2.52 £ 0117 7.93 (3) 7.69-7.85 -1.75
Ti-A} 1.13 (3) 247 (4)° 6.10 (3) -0.15
Cr-Aj 0.00 (7) 1.71 (6)° 7.22 (5) -1.89
Fe-A} 0.28 (5) 0.64 (5)2 2.94 (4)° 2.77 (4)¢ 7.47 (5) -1.21
Ni-Aj} 0.49 (1) 2.58 (2)¢ 9.23 (3) 8.98-9.25/ —-1.64
Ti-A} 0.99 (3)° 2.57 (4)*,° 6.81 (3)° -0.17
Cr-A} 0.00 (7)? 1.86 (6)*,° 8.41 (5)° -1.43
Fe-A} 0.38 (5)> 0.68 (5)¢ 2.68 (4)°,4  2.60 (4)% 8.82 (5)° -0.59
Ni-A} 0.51 (1)° 1.99 (2)*4 10.58 (3)* —-1.02
Ti-A} 0.74 (3)? 2.50 (4)%°  2.26 (4)" 6.83 (3)° —-0.28
Cr-A7 0.00 (7)* 1.85 (6),9  2.00 (6)" 8.87 (5)° -1.11
Fe-Aj 0.30 (5)*  0.62 (5)¢ 2.61 (4,4 2.59 (4)% 9.08(5)* —-0.46
Ni-A} 043 (1)? 1.84 (2)*4 11.30 (3)* —-0.44

Outer configuration as the lowest energy configuration.
Inner configuration as the lowest energy configuration.

a
b
¢ Binding energy with respect to M!++A?.
4 Binding energy with respect to MO+Al*.
e

Estimated from the binding energies of the corresponding 1+ cations and the ionization energy of the neutral

complex; see Ref. [83].
! Direct measurement; see Ref. [84].
& MPW1PW91/6-31+G(d,p) theory from Ref. [45].

h B3LYP/6-31G* & 6-311+G* energies on geometry optimized at B3LYP/6-311G & 3-21G level of theories, from

Ref. [47].
i Range of DFT levels of theory from Ref. [85].

1 B3LYP, B3LYP-GD3BJ, B3LYP-GD3BJ-BSSE/Stuttgart-Dresden SDD & 6-311++G(d,p) theory, from Ref. [75].

¢

¢

Fig. 3. Optimized structures for (a) Ti-A9 and (b) Cr-AJ.

The outer metal-coronene configuration is always favored over
the inner configuration (see, Fig. 1); the inner configuration leads
to complexes of higher energies, either as a local minimum or a
first-order saddle point, or those whose local energy minima can-
not be found by the level of theory used (see, the Supporting Infor-
mation). For the charged pyrene complexes, the outer configuration
is found to be always favored. The neutral pyrene complexes differ
to an extent, with Fe—Ag and Ni—Ag favoring the inner configura-
tion.

In all of our calculations, the metal atom was initially placed at
the center atop a given aromatic, six-membered ring. During ge-
ometry optimization of some complexes, the metal atom migrated
toward the edge of the aromatic molecule structure. Examples are
shown in Fig. 3(b): while the Ti atom stayed near the center of
the aromatic ring, Cr migrated to the edge. The edge-7 bindings
are preferred for neutral Cr, Fe, and Ni complexes with PAHs larger
than benzene (with the exception of Ni—Ag), as well as for Cr—A%+
and Ni—A%*. This behavior has been reported for Fe-PAH complexes

previously [45]. Ti is the only metal considered that consistently
stays near the center of an aromatic ring.

Binding energies calculated for each complex at its ground state
are listed Table 2. The values include a BSSE correction. For the
neutral complexes, the binding energies may be calculated in a
straightforward manner, by using the energies of the metal atom
and neutral aromatic at their respective ground states. For cationic
complexes, however, the binding energy calculation can be more
involved. Care must be taken to consider the comparable ioniza-
tion energies of the transition metal atoms and aromatics. For the
2+ cations, the dissociated products of the lowest respective ener-
gies are those with both the metal and aromatic at the 1+ charge
state, because of the large second ionization energy of transition
metals and aromatics. For example, the second ionization energy
of the Ni atom is 18.2 eV (2nd), substantially larger than the first
ionization energy at 7.6 eV [86]. Likewise, coronene has the second
ionization energy of 12.8 eV and the first ionization energy 7.3 eV
[87,88]. Regardless, none of the 2+ complexes are found to be sta-
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1.55eV 7 *\-1.76 ev
P \\* Ti""+A,
M=5
Cr-As*
- N -2.28 eV
0.37 eV Cri++AL
\‘ o
M=7

Fig. 4. Enthalpy change at 0 K from a neutral PAH and a 2+ cation (first bar, blue) to the formation of the complex (second and third bars, orange), to dissociation (last bar,

red), for (a) Ti-Aﬁ+ and (b) Cr-A%*. The total multiplicity (M) of compounds is included.

ble, as the binding energies are all negative (see, the last column
of Table 2).

For the 1+ cation complexes, the energies of the dissociated
products were evaluated for both M'*+A? and M%+A}!* pairs. The
results differ among the complexes considered. Metals in the 1+
cationic state are always favored as the dissociated products from
M—A}*, because of the large ionization energy in benzene (9.24 eV
[89]). The ionization energy of aromatics tends to decrease with
their size, and hence, the charge states of the dissociated metals
and aromatics begin to differ starting from naphthalene. For in-
stance, the Ti cationic complexes have the lowest binding energies
with M'++A? assigned as the dissociation products, while the Ni
cationic complexes with naphthalene, pyrene, and coronene favor
the M%+Al* pair as the dissociated products. These results can be
understood again by considering the ionization energy. That is, the
first ionization energy of Ni is higher than that of Ti by more than
0.8 eV [86]. For each 1+ cationic complex, the binding energy value
listed in Table 2 corresponds to its lowest dissociation energy at
0 K.

The computed binding energies are compared with experimen-
tal data, where available, in Table 2. The dissociation energies have
been measured experimentally for all the M-A}+ complexes [84].
The binding energy of a neutral complex may be calculated from
that of the corresponding 1+ catonic complex and the ionization
energy [83]. As presented in Table 2, good agreement is observed
between theory and experiment for all 1+ cationic benzene com-
plexes (to within 0.21 eV); the discrepancy is within 0.33 eV for
neutral Ti, Cr, and Fe complexes. Our cationic complex binding en-
ergies also agree with previous computational work by Wedder-
burn et al. [90] (within 0.38 eV), Jaeger et al. [91] (within 0.11 eV),
and Yang and Klippenstein [46] (within 0.16 eV).

Our calculations appear to underpredict the binding energy of
the neutral Ni-A; complex notably. Suffice it to note that the lit-
erature values listed in Table 2 were estimated by Pandey et al.
[83] from the cation binding energies [84] and the metal-A; com-
plex ionization energy [92]. To shed light on the discrepancies, we
computed the ionization energy for the complex, and found that
the discrepancy can be attributed to, at least partly, to the discrep-

ancy in the ionization energy. Our calculated ionization energy is
smaller than the range used in Pandey et al.’s estimate, by 0.25-
0.68 eV.

Our binding energies are compared with computed values of
the naphthalene, pyrene and coronene complexes in literature,
where available. The results are satisfactory, as given in Table 2,
in spite of the differences in the levels of theory used, for all
cases except for the Fe-A? complexes, where the largest discrep-
ancy is 0.36 eV compared to the results of Simon and Joblin [45].
The discrepancy is attributed to the large BSSE correction of 0.29,
0.27, and 0.29 eV for naphthalene, pyrene, and coronene, respec-
tively. Other studies also reported the binding energies for some
of the complexes studied. They are not listed in the table because
the results are not comparable to the current study. For exam-
ple, Bauschlicher [44] calculated the binding energy of Fe-A}Jr , as-
suming Fe't+A; to be the dissociation products on the basis of
a Mulliken charge analysis of the complex. This differs from our
assignment (Fe+A}+) based on the calculated ionization energies
of Fe and A;, in agreement with Senapati et al. [48]. We note
that our binding energy values are also in close agreement with
those of Szczepanski et al. [93] for Fe-A}*, Fe-A}*, and Fe-A}* the
1+ cationic Fe complexes with benzene, naphthalene, and pyrene.
Kerkeni et al. [75] reported the binding energy of Ni—A;+ to be
2.82 eV, higher than our value (2.48 eV). The difference is at-
tributable also to the dissociation product assignment. In addition,
Klippenstein and Yang [47] reported the binding energies of Fe-
Al* and Ni-Al*. Their results are excluded from comparison for
the same reason. For the Ti—A}+ and Cr-A}Jr complexes, our bind-
ing energies are close to those of Klippenstein and Yang [47], but
the agreement is fortuitous to an extent, because the Cgy symme-
try they imposed on the complex led different complex structures
about the metal position. As discussed before, our geometry op-
timization yielded the outer configuration for both complexes. It
should be noted that the counterpoise BSSE correction is small for
the majority of complexes ( 0.01 eV), with some exceptions noted
above for Fe-A?, where the BSSE correction is significant, but still
smaller than 0.3 eV. This result supports the choice of the cc-pVTZ
basis set as an appropriate basis set for this work.
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Fig. 5. The HOMO-LUMO gaps of the most stable neutral and cationic metal-aromatic complexes compared with those of the corresponding aromatics: (a) benzene, (b)

naphthalene, (c) pyrene, and (d) coronene.

Table 3
HOMO-LUMO energy gap in eV computed for the lowest energy geometries of the
metal-PAH complexes considered. The value in the parenthesis is spin multiplicity.

Oxidation state, n

Complex 0 1+ 2+

Ay 6.71

Ti-A} 1.73 (3) 2.86 (4) 2.57 (3)
Cr-Al 3.88 (7) 3.11 (6) 2.55 (5)
Fe-Af 2.81 (3) 2.99 (4) 4.22 (5)
Ni-A} 3.20 (1) 3.97 (2) 411 (3)
Ay 4.79

Ti-Af 1.68 (3) 2.55 (4) 3.15(3)
Cr-A} 297 (7) 2.85 (6) 2.19 (5)
Fe-A} 2.11 (5) 3.57 (4) 2.56 (5)
Ni-Af 2.83 (1) 3.69 (2) 2.26 (3)
Ay 3.84

Ti-A} 1.60 (3)* 2.29 (4)° 2.19 (3)°
Cr-A} 2.55 (7)? 2.46 (6)? 2.16 (5)?
Fe-Aj} 1.88 (5)° 2.87 (4)° 2.24 (5)°
Ni-Aj} 2.89 (1)° 2.89 (2)° 241 (3)°
A; 4.02

Ti-Af 1.49 (3)? 2.14 (4)° 1.80 (3)*
Cr-A} 2.70 (7)? 2.42 (6)° 1.20 (5)*
Fe-Al 1.94 (5)* 2.74 (4) 1.37 (5)*
Ni-Af 2.78 (1) 2.72 (2)° 1.31 (3)?

a Quter configuration as the lowest energy configuration.
b Inner configuration as the lowest energy configuration.

Metal cation formation is likely to occur in high-temperature
environments. However, elevated temperatures favor dissociation.
Therefore, in order to assess the stability of cationic complexes
at high temperatures, where metal cations formation is likely, the

Gibbs free energy of dissociation has been calculated for Ti—A};r
and Fe—A}l+ at 298.15 K, 1000 K, and 2000 K as examples. The
BSSE-corrected resulting values are 2.20 eV, 1.32 eV, and 0.10 eV
for Ti-A}l+ and 2.32 eV, 0.70 eV, and —0.52 eV for Fe—A}l+ , respec-
tively. This shows that both of the selected complexes are more
favored over their dissociation products at room temperature and
at 1000 K, and Ti-A}lJr is still quite stable at 2000 K.

To understand the preferred position and nature of the metal-
aromatic bindings, we performed a natural bond orbital analysis
(NBO) on all M-A, complexes. As examples, the structures of Ti-
A? and cr-A9 are shown in Fig. 3. We found that the Ti atom
forms coordination covalent bonding with the aromatic structure.
For example, in Ti—A?, the Ti atom forms 2-center covalent bonds
with two C atoms, with occupancies equal to 0.89 and 0.85. The
bond orbitals originate from the Ti d-orbital and the C p-orbital.
The Ti atom interacts weakly with the remaining carbon atoms,
with Wiberg bond indices of 0.28. In contrast, the binding in
Cr-A‘]) is extremely weak: the Wiberg index is 0.0057 between
Cr atom and its closest carbon atom; the interactions are even
weaker with the remaining carbon atoms in the ring. Fe—A? and
Ni-A‘l’ also exhibit covalent 2-centere bonds of occupancies equal
to 0.73 and 0.71, respectively. The stronger coordination bonding
in Ti—A? explains its relatively large binding energy (1.13 eV, see,
Table 2), compared to the other neutral complexes. NBO analyses
also show that the 2+ cationic complexes form no 2-center bonds,
with the exception of one bond in Cl'-A%+ of occupancy of 0.71,
involving solely the d-orbital of Cr and the p-orbital of C. These
cationic complexes have small Wiberg index values, in agree-
ment with the negative binding energy computed (to be discussed
below).
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Our computed binding energies of M-A2+ complexes with re-
spect to dissociation to M2++A? are in reasonable agreement with
literature computed values, as presented in Table 2. Good agree-
ment is observed with additional results from Kolakkandy et al.
[49] (not listed in Table 2). It is important to note that all pre-
viously reported binding energies [49,75,85] are based on the as-
sumption of preserved multiplicity with M>*+A? as the dissoci-
ated products. Nevertheless, an interesting question about these
binding energies concerns the assignment of the dissociation prod-
ucts. In fact, all of the 2+ cationic complexes have a negative bind-
ing energy if M!T+A!* is assigned as the products, indicating that
thermodynamically such complexes are unfavorable. To examine
the energetics of the 2+ cationic complexes, we plot, as exam-
ples, the relative energies of the Ti—A%Jr and Cr—A%Jr complexes and
their dissociated products in Fig. 4. Clearly, the energy of M2++Ag
is significantly higher than that of M1++A§Jr , owing to the large
second ionization energy of the fourth-row transition metals (>
12.80 eV [86]). Additionally, the multiplicity of the ground state
2+ cationic complexes matches that of the 2+ metal cations them-
selves (i.e., triplet, quintet, quintet, triplet for Ti, Cr, Fe, Ni, re-
spectively). Hence, as Fig. 4 shows, both Ti—A%+ and Cr—A%+ com-
plexes can undergo electronic excitation, i.e., an increase in the
multiplicity, followed by exothermic dissociation to M”+A§Jr of
the same, combined multiplicity. In the case of Ni (not shown),
there is no such spin excitation, as both the ground state Ni2*+A?
and Ni'*+A!* assume the triplet state, and the 2+ cationic complex
dissociates more favorably to Ni'*+A!* than to Ni2++A?,

3.2. HOMO-LUMO energy gaps

The HOMO-LUMO energy gaps computed for the four aromatic
compounds are listed in Table 3. The values are in close agreement
with established literature values [38,40,94,95] and experiments
[94,96]. For example, the HOMO-LUMO gap of naphthalene was
calculated to be 4.79 eV, compared to 4.71 eV in a previous DFT
study [38] and 4.74 eV in a time-dependent DFT (TDDFT) study
[95]. Literature values for pyrene range from 3.78 eV in a DFT cal-
culation [38], 3.75 and 3.51 eV in a TDDFT calculation [94], and
3.53 eV from experiment [96], all of which are compared reason-
ably well with our 3.84 eV. The experimental value for coronene is
at 3.72 eV versus our 4.02 eV, consistent with the overestimation
of the HOMO-LUMO gap of coronene by the B3LYP functional as
reported by Menon et al. [76].
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Fig. 7. Energy band structures of occupied and unoccupied energy states and possible number of energy-state transitions (n(AE)) of selected metal-aromatic complexes.
N(E) refers to the density of a specific energy state at E. The line in each n(AE)-vs.-AE plot corresponds to a Tauc-like fit, which yields the value of the power law exponent

k.
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Binding a metal atom with an aromatic affects its HOMO and
LUMO electron densities significantly, as one would expect. The na-
ture of the electronic excitation appears to be specific to a given
metal-aromatic pair. For instance, Cr-A? complexes (in the septet
state), have an electronic excitation with the ground state dis-
tributed in the aromatic and the excited state centered in the
metal atom (Fig. 2(d) and supporting information); and such a
lack of electronic density shared between the aromatic and the
metal stems from the lack of electronic interaction between the
metal and PAH, as confirmed by a NBO analysis. In contrast, Ti-A?
and Fe-A? complexes involve non-local, coordination binding, and
hence, the HOMO and LUMO molecular orbitals are distributed be-
tween the metal and the PAH 7 electrons. Ni-A>" complexes (in
the triplet state) exhibit a 7 to m* excitation similar to PAHs with-
out metal coordination. Clearly, the nature of the excitation and the
change in the HOMO-LUMO gap depends on the nature of metal-
aromatic binding, which in turn, depends on the charge state and
system multiplicity.

The HOMO-LUMO gaps of the ground-state complexes are listed
in Table 3 and compared in Fig. 5. In all cases, binding an aromatic
with a metal results in appreciable reduction in its HOMO-LUMO
gap, by more than 1 eV and in some cases up to 5 eV. For ex-
ample, the HOMO-LUMO gap of the M-A} complexes lies in the
1.7-4.2 eV range, a drop of >2 eV from that in benzene. M-A}
complexes have HOMO-LUMO gaps in the 1.7-3.7 eV range, metal-
pyrene complexes have HOMO-LUMO gaps in the 1.6-2.9 eV range,
and M-AZ complexes have HOMO-LUMO gaps smaller than 2.8 eV.

For neutral complexes, Ti has the strongest effect in reduc-
ing the energy gap, followed by Fe. Overall, Ni appears to have a
weaker effect, except for the 2+ naphthalene and coronene com-
plexes. The HOMO-LUMO gap of the 1+ complexes tends to be
larger than that of neutral and 2+ complexes, with the exception
of Cr complexes, whose HOMO-LUMO gap is largest in the neu-
tral state. The effect of metal addition on HOMO-LUMO gap is
more dramatic than the effect of PAH size or PAH dimerization.
For instance, Ti addition decreases the band gap of benzene from
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6.71 eV to 1.73 eV and that of coronene from 4.02 eV to 149 eV.
A larger PAH with a comparable HOMO-LUMO gap is the con-
siderably larger circum-3-coronene (1.5 eV), consisting of 61 aro-
matic rings [39]. As for dimerization, the stacking of two coronene
molecules leads to a less than 10% decrease in HOMO-LUMO gap,
which is again a small effect compared to metal addition. In larger
clusters resembling CNPs, the smallest band gap component is ex-
pected to dominate and govern the band gap of the cluster and in
the presence of metals, a metal-PAH aromatic complex will likely
be that smallest band gap component [39].

We further notice that except for Ti-A}* and Ti-A}*, the HOMO-
LUMO gap is greater than the binding energy for all complexes
considered. Hence, photo-excitation can lead to complex dissoci-
ation. Interestingly, between the metal type and complex charge
state, binding a metal with PAH can provide a versatile range of
HOMO-LUMO energy gap values, and hence, it gives rise to the
possibility of a tunable band gap for molecular electronics applica-
tions, as well as targeted organic plasmonic resonance utilization
[97,98].

HOMO-LUMO gaps and ionization energies are well correlated,
as shown in Fig. 6(a), for neutral and 1+ cationic complexes. This
follows from Koopmans’ theorem [99] and occurs because ioniza-
tion energy is the sum of the HOMO-LUMO gap and the energy re-
quired to remove an electron from LUMO, or the Coulombic energy,
which corresponds to the energy required to overcome the image
charge effect. It is interesting to note that for the neutral species,
the slope of the linear relation of Fig. 6(a) is roughly unity, with
a 3 eV intercept that corresponds the Coulombic energy. For the
1+ cationic complexes, the slope is > 2. Hence, in addition to the
change in the HOMO-LUMO gap, aromatic molecule size impacts
the Coulombic energy because of the effect of charge delocaliza-
tion, as seen in Fig. 6(b). Benzene complexes have both the high-
est HOMO-LUMO gaps and largest Coulombic energies in general,
while coronene complexes have the smallest HOMO-LUMO gaps
and Coulombic energies.

3.3. Electronic transition

Electronic transition analysis is performed for each metal-
aromatic complex of Table 3 in a manner similar to previous
analyses of PAH clusters [31,40]. The results are illustrated in
Fig. 7 for three example complexes. Here, the Kohn-Sham eigen-
values, which correspond to molecular orbital energies, are lumped
in 0.5 eV bins and the resulting molecular orbital band structure is
shown on the left-hand side plots of Fig. 7(a)-(c). The numbers
of unoccupied and occupied orbital energies are used in Eq. (3) to
obtain the number of possible transitions as a function of the tran-
sition energy. The number of transitions is plotted as on the right-
hand side plots of Fig. 7(a)-(c). A Tauc-like power law fit is per-
formed for the obtained data:
n(AE) = A(AE — Eyp)¥, (4)
from which the value of the exponent k is extracted and plotted in
Fig. 8 for all complexes considered. It is seen that the exponents
k are around 2 for the metal-PAH complexes (A(y 4 7)), which are
close to the value measured for flame generated CNPs [31], and the
theoretical values for a wide range of PAHs and PAH clusters [40].
The exponent k is between 1 and 2 for the M-A; complexes, but
these k values are not as meaningful, because the small number
of electronic states of M-A; complexes leads to a small number of
available transitions, making the power law fit not as meaningful
as in the case of multi-ring aromatics.

4. Conclusions

Molecular complexes of aromatics (benzene, naphthalene,
pyrene, coronene) and fourth-row transition metals (Ti, Cr, Fe and
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Ni) are studied by density functional theory using the B3LYP func-
tional with the triple-{ cc-pVTZ basis set. The focus of the study
was on the effect of metal bonding on the HOMO-LUMO gap of
aromatics. Stable complexes were found from a comprehensive
search over geometric consideration, charge state (0, 1+, and 2+),
and spin multiplicities. The binding energies and HOMO-LUMO
gaps of the ground-state complexes are calculated. The 2+ cationic
complexes were determined to be thermodynamically unfavorable.
Binding with a metal atom significantly lowers the HOMO-LUMO
gap of the aromatic under all charge states. The number of possible
transitions from occupied to unoccupied molecular orbitals in all
metal-PAH complexes studied follow a power law relationship with
respect to transition energy. Except for the benzene complexes, a
power value was found to be close to those of PAH molecules and
clusters without metal incorporation.
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