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ABSTRACT: The computational investigation on the equilibrium geometries, electronic structures, reactivity, and stability of C/C2-doped
Al (n=2-7) clusters at B3LYP-D4/def2-TZVPP level of theory. The lowest energy structures of AlnCy,2%* clusters are more stable when the
carbon atoms are inserted in the aluminium cluster. The stability of the clusters was determined by various parameters such as binding energies,
dissociation reaction energies, a second-order difference of energy, chemical hardness, ionization energy, and electron affinity. The results
show the singlet cluster (Al2,4,6C12and Alss7Co2%*) shows greater stability than the doublet clusters (Alss7Co-2and Al2,6C12°%) followed by
triplet clusters (Al246). The stability of cationic species is less than that of neutral species, but anionic clusters are shown to be more stable
than the neutral species. The present study can be significant to know the stability and reactivity of the metal clusters upon carbon doping.
Such materials have great importance in combustion, material science, and astrochemical community.
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1. Introduction

The chemistry of metal clusters is an emerging topic in the fundamen-
tal study of molecular and solid-state chemistry that has applications
in material science and catalysis.[1][2][3] It is important for the devel-
opment of novel materials aiming for application in the field of nano-
catalysis, metalized fuels, semiconductors, ceramics, etc.[4][5][6]
Doping of an atom to pure clusters brings a new dimension to the en-
tire electronic structure and properties of the cluster, opening up new
possibilities for the development of innovative materials for techno-
logical applications.[7] Aluminium has been applied as a hanoparticle
fuel additive to enhance the energy density of the fuel.[8,9] New com-
posite materials of carbon and aluminium have a wide range of appli-
cations in the aerospace industry, energetics, and medicine[10]. They
are known for their distinguished thermos-luminescence,[11,12] sens-
ing of pollutant gas molecules,[13,14], and semiconducting proper-
ties.[15-17] Catalytic activity of C/Al-doped molecules plays a key
role in various chemical reactions.[15-17] Al-catalysed water oxida-
tion is one of the widespread chemical reactions.[18-20] The unique-
ness of the Al-containing materials lies in the fact that aluminium is a
trivalent atom in larger clusters and monovalent in smaller clusters
due to the large energy gap between 3s and 3p electronic states.[21]
Additionally, Aluminium and carbon-containing smaller molecules
have astrochemical significance due to their abundance in the inter-
stellar medium.[22-27]

A systematic comparative investigation of the structure, stability, re-
activity, and bonding of charged and neutral clusters of AlnC1,2%* is
limited in the literature. Due to the vast applications of the atom-doped
clusters in advanced materials, experimental and theoretical charac-
terization of carbon-doped Al clusters (neutral and anionic) have
gained a lot of attention over the last decade. For example, the chem-
ical structure and bonding of various aluminium carbon clusters, such
as AlC,[28-30] AlsC,[31] AlsC,[32] AlsC,[33] AlCz2 and AlCz
,[34] AlzC2,[35] and neutral and anionic AlnCs clusters,[36] have been
studied by combined photo electronic spectroscopy and theoretical
methods. Sugioka et al.[6] and Zhai et al.[37] reported the mass dis-
tribution of AlnC- clusters carried out by laser ablation experiment
aided by the computational investigation. Tsukuda et al. reported the
photoelectron spectroscopy of AlnC2™ (n = 5—13) as a product of laser-

ablated Aln with various organic molecules.[38] Additionally, theo-
retical investigations on the structure and bonding of AlnC clusters
suggested the enhanced stability of AlsC and Al12C clusters compared
to their adjacent clusters through DFT calculations.[21] Naumkin et
al. reported the electronic structure properties of small aluminium
clusters AlamCn calculated using the MP2 level of theory.[39] Re-
cently, Loukhovitski et al. reported the physical and thermodynamic
properties of AlnCm and calculated the reaction energies associated
with the Aln clusters under the combustion condition.[40] Ashman et
al. have studied the stability of neutral and anionic AlnC clusters re-
acting with O2.[41] The authors suggest unusually high stability of
neutral and anionic Al-C clusters, which was agreed by an experi-
mental work by Leskiw et al..[42] The AI-C bonding and electronic
structure of selective carbon-doped clusters, such as AlseCi-4, Were
investigated.[43-46]

In spite of experimental and computational reports, the structures of
neutral and charged C1,2-doped Al species with n>3 remained uncer-
tain to date. In this article, we have discussed the bonding in the struc-
tures of the neutral, cationic, and anionic clusters using relevant pa-
rameters, such as bond lengths and HOMO-LUMO interactions. The
stability of the clusters was discussed using the incremental binding
energy and second-order difference of energy, dissociation energies
(DE). Note that, under various experimental conditions, such as laser
ablation and resistively heated graphite tube, the molecular abundance
of a series of clusters, Gen, Sin, Bn, AIBn, Aun, AunPtm[47-49], was
found to be correlated with the second-order difference of energy
(A%E). In the current systems, the (A?E) can be calculated as the reac-
tion energy of 2AlnC12 — Aln+1C12+ Alm1Ca 2, i.e., A’E = E(Aln+1C1,.2)
+ E(Aln-1C1,2) — 2E(AlnCy,2). The reactivity of the above was discussed
using the relevant parameters, such as chemical hardness (1), and
HOMO-LUMO bandgap energy (EnL) values, ionization energy pa-
rameters. Among the charged species, the anionic clusters, AlnCy2,
has been the main interest of the spectroscopy community. Under sim-
ilar experimental conditions, the formation of the respective cationic
species is equally feasible. Therefore, the stability and bonding in the
cationic species AlnCi 2" are discussed in detail. The current study will
facilitate the fundamental bonding interaction between Al-C, which
also help in understanding the growth mechanism of similar nanopar-
ticles. The current study will be beneficial to understand the factors
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affecting the bonding and stability of the key intermediates in C-H
activation and metal insertion reactions in organometallic chemistry.

2. Methods

The geometry optimization of the neutral and charged AlnCm molecu-
lar species were performed using the TURBOMOLE program pack-
age.[50] The calculations were done using the B3LYP-D4/def2-
TZVPP level of theory.[51] The optimization criteria were set with a
smaller grid size (m5) and low convergence criteria (10 Har-
tree/Bohr). The B3LYP level proved to be an efficient method to study
aluminium carbon clusters, as reported earlier.[5,36] The optimized
geometries were confirmed with all positive harmonic vibrational fre-
quencies. Single point energies were calculated to determine the ver-
tical ionization energies, vertical electron affinities, and vertical de-
tachment energies of the clusters. The binding energies AE were cal-
culated as AE(AInCm) = E(AInCm) - n*E(Al)-m*E(C). Dissociation en-
ergies of several low-energy reaction channels, incremental binding
energy, and second-order difference of energy values were calculated
to study the stability of the molecules. In addition, the vertical and
adiabatic ionization energy (VIE and AIE), electron affinity (VEE and
AEE), vertical electron detachment energy (VDE), chemical hardness
(n) of the molecules, HOMO-LUMO energy gaps were calculated to
investigate the reactivity of the clusters. Only the most stable struc-
tures are presented in this article. The other isomers of each molecule
have also been studied and are given in the supporting information
document.
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Figure 1: Ground state optimised geometries of C and C2 doped neu-
tral Aln (n=2-7) clusters and structural parameters calculated at
B3LYP-D4/def2-TZVPP level of theory.
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Figure 2: Ground state optimised geometries of C and C2 doped cati-
onic Aln (n=2-7) clusters and structural parameters calculated at
B3LYP-D4/def2-TZVPP level of theory.

3. Results and Discussion
3.1 Structures and Bonding

Detailed investigations on the geometries of the most stable Al2-7 clus-
ters in the neutral, cationic, and anionic forms and the structures are
reported in the literature.[52][53] A brief discussion on the clusters
was given here to validate the present level of the computational
method. The geometry-optimized structures of Alz-7 were extensively
searched across various spin multiplicities. The lowest energy Aln
structures of the neutral clusters are shown in Figure 1. The average
binding energy, symmetry, electronic ground state, and vibrational
frequencies of the lowest energy structures are presented in Table 1.
The lowest energy structures of the even Al-clusters, i.e., Al246 have
Do (triplet), Dan (triplet), and Cav (singlet) symmetries, respectively.
The Dsd symmetric Als, which was previously reported by Kim et al.
and Tan et al.,[52][53] as shown in Figure 1, is found to be marginally
less stable (0.032 eV) than a Cav symmetric structure shown in SI Ta-
ble S1. The former structure is used for further analysis. The lowest
energy structures of the Alss 7 species are found to be Dsn (doublet),
Cav (doublet), and Casv (doublet) symmetries, respectively, similar to
that reported earlier.[52][53] The Als7 structures possess a nearly
planner four-membered ring, and the additional Al-atom(s) in Als and
Ale.7 structures are positioned on the edge and face of that plane, re-
spectively. The structures of Als-s* are found to be different than that
of the neutral species, with Cav for n=4, Cav for n=5, and Cs for n=6
(Figure 2), respectively. In the case of anionic cluster Al>-7 (Figure 3),
the most stable structures are found to have a nearly similar geometry
as the neutral counterparts. All the above neutral, cationic, and anionic
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structures are found to be identical to that reported earlier.[52] The
average Al-Al bond length in the cations are longer than the neutral
species, suggesting the weakening of Al-Al bonds upon ionization.
However, in the anionic species, the smaller Al-Al bond lengths sug-
gest higher stability of the anionic clusters.
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Figure 3: Ground state optimised geometries of C and C2 doped ani-
onic of Aln (n=2-7) clusters and structural parameters calculated at
B3LYP-D4/def2-TZVPP level of theory.

3.11 Structures of AlnC1,2°* Clusters

The neutral Aln structures were doped with the C12 units at the (a)
center, (b) faces, and (c) edges, and the geometry optimized most sta-
ble Al2-7C12 clusters were shown in Figure 1. The structures of other
higher energy isomers with relative energies (AEr) ranging within 1.0
eV were given in S| Table S1. The lowest energy structures of the
cationic AlnC1,2* and anionic AlxC1,2” are shown in Figures 2 and 3,
respectively. The average binding energy values symmetry and elec-
tronic ground state and the vibrational frequencies of the lowest en-
ergy structures were presented in Table 1.

Table 1: Structural parameters average binding energy Es in eV, vi-
brational frequencies in cm, ground electronic states and symmetry
of the most stable Aln®%, Al,C%* and AlnC2%* (n=1-7)

Ep Structural E'{, Structural Ek{/ Strulc—
(eV)* parameters (eV) parameters (eVv) | wral pa-
# # rameters
-0.66 I-Al, (CIL); | 2.44 I-AL*(°Zg"); -1.28 | 1ALy (g
Don Doon ); Decn
-1.13 Al(AL); 0.93 Al*CAL); Dan | -1.62 | Al (CAL);
D3h D3h
-1.30 A|4(3Alg); 0.22 A|4+(4A1); C3V -1.80 A|47(2A1u);
Dzh D2h
-1.50 Als(?Ay); Co | -0.29 | Als*(*Ay); Coy -1.88 | Als(*Ay);
C2v
-1.69(- | Als(*A1); Cay | -0.64 | Alg*(A); Cs -2.02 | Als(CAy);
1.69) (D3q) D3q
-1.85 A|7(2A1); C3V -1.05 A|7+(1A1); C3V -2.12 A|77(1A1);
3v
I-AIC (*Z,); | 2.62 I-AIC* (329*); -2.04 | I-AlIC
Co Co (g,
-1.69 Cov
c-Al,C 0.12 I-Al,C* (41'[9*); -2.80 | c-Al,C
-2.21 (3A1); C2v th (Znu-); CZV
-2.61 A|3C (ZAl), -0.94 A|3C+(3A1’), -3.16 A|3C
Cay Dan (*A); Dan
-2.62 AlLC (‘A)); | -1.23 | ALLC'CA); Cs | -2.94 | AlLLC
Tq (%A1); Dag
-2.43 AlsC  (CA); | -1.47 | AlsC*(AY); -2.80 | AlsC
C1 CzV (lAl); CZV
-2.41 AlC (*A); | -1.51 | Al,C*(?A); C, -2.73 | AlC
C; (AY); Cs
-2.44 Al,C (A); | -1.64 | Al,.C*(A); C; -2.79 | AlLC
Cs (*Aq); Cay
I-C2 ("Z4"); Don I-C2* (°T1;); Daon I-C2” (*Z4"); Dok
-3.04 vec: 1876 3.58 L1595 -4.61 | vcc:1854
c-AlC, (zAl); Co C'A|C2+(3A1), Cuv I-AICy (12), Cov
-3.75 vec: 1802 -0.65 | vec: 1814 -4.56 | vec: 1856
I-A|2C2 (1Zg+); th I-A|2C2+ (ZH); Dooh I-A|2C2- (zl'lg); Dooh
-3.87 L2090 -1.94 | vcc:2095 -4.06 | vcc:1930
AlC,(PA)); Cs AlLC (*Ar); Coy AlCy (*Ay); Ca
-3.43 vcc:1875 -2.26 | vc.c:1936 -3.79 | vec: 1735
A|4C2 (1Alg); D2h AI4C2+(2AU); CZh AIACZ-(ZAlu); D2h
-3.31 ve.c:1609 -2.21 ve.c: 1630 -3.57 vec: 1371

A|5C2 (ZA), C1

A|5C2+(1A) ) Cz

AlsCy (*Ar); Dan




-3.05 vec: 1404 -2.21 | vcc:1534 -3.42 | vee: 1180

AlsC: (*A); C, AlsC2"(A); C, AlsC2 (%A); C,

-3.01 vc.c:1353 -2.19 | vec: 1471 -3.25 | vcci1294

A|7C2 (ZA), C1 A|7C2+(1A); C1 A|7C2-(1Ay); CS

-2.90 vec:1221 -2.27 | vcc: 1254 -3.16 | vcc: 1163

# Eb (AlnCn® %) = E (AlnCr® %) - n*E(Al)-m*E(C) /(n+m)

The lowest energy structures of Als-7C clusters possess singlet and
doublet ground states for the even and odd n-values, respectively. The
C-atom is positioned at the center of the Aln species (except for AleC
with the edge-bound carbon atom) in the above structures. The struc-
tures obtained by positioning the carbon atom at the edge of the Aln
species mostly resulted in the lower energy isomers with relative en-
ergies of 1.85, 0.42, 0.13, and 0.97 eV for n=3, 4, 5, and 7, respec-
tively. As shown in Figure 1, the doping of a carbon atom in Alz, and
Als resulted in a significant increase in Al-Al distance. In the struc-
tures, the formation of relatively stronger Al-C bonds (E» of Al-Al and
AI-C are -0.66 and -1.69 eV, respectively) stabilizes the structures.
The AlssC structure has a tetrahedral C-atom at the center, similar to
that reported earlier.[21,41,54] Different structures of AlssC (shown
in SI Table 1) were reported by Gui-Fa et al.[55], which were found
to be 0.42 and 0.18 eV less stable at the current level of theory, re-
spectively. In the case of AleC, the lowest energy structure (C2-sym-
metric) is found to have the carbon atom inserted in the Al-Al bond at
the edge, similar to that reported by Ashman et al..?® The isomer with
C-atom at the center of the Ale-unit, forming a Dsn symmetric struc-
ture (similar to that reported in ref. [54]; SI Table S1), is found to be
less stable by 0.07 eV. The most stable Cs-symmetric AlzC structure
is found to be similar to that reported earlier.[54]

The Cz-doped Aln clusters are found to have an insertion of the C2 unit
in the Aln molecule (Figure 1). As shown in the Al2,3Cz2 structures, the
C2 unit is inserted within the Al-Al bond. In the case of Als-7C2, the
C:is inserted along the long diagonal of the rhombus-shaped Als-unit
in the Aln molecules. The structures of Alz-6Cz are similar to the re-
ported lowest energy structures.[5,56,57] The C-C bonds in Als-7C2
have shown a significant increase in bond length with the increasing
size of the clusters, suggesting the lowering of CC bond orders. The
CC stretching frequencies in the above molecules (Table 1) have
shown 200-600 cm* redshift compared to the acetylenic structures
found in the Al2Co..

The structures of the corresponding cationic species AlnCi2* are
shown in Figure 2. Except for AlsC*, other cationic structures are not
yet reported. The most stable structures of AlsC* were reported as Dsn
symmetric by Pei et al.[45]. However, at the current level of theory,
the lowest energy structure of AlsC* is found to be C2v symmetric,
similar to the neutral molecule. The Dsn symmetric cluster (SI Table
1) is less stable by 0.240 eV than the Cav structure. The C2v Symmetric
AlsC* was also reported earlier to be the most stable structure at
MP4(SDQ)/aug-cc-pVTZ/IMP2/aug-cc-pVTZ and CCSD/aug-cc-
pVTZ/IMP2/aug-cc-pVTZ levels of theory.[45] The Al.C* structure
is found to be linear (D) with a *TIg* ground electronic state, which
is different from the neutral and anionic structures. The most stable
structure of Als7C* having Dsn, Cs, Cav, Cz, and Ci1 symmetries, re-
spectively, for n=3-7, are found to be marginally different compared
to their neutral counterparts. The Cz-doped cationic Al.C2* clusters
(Figure 2) with odd and even numbers of Al-atoms show singlet and
doublet ground states, respectively. The most stable structures of

Als45C2* with Cav, Can, and C2 symmetries, respectively, are found to
be different compared to their neutral counterparts with Cs, D2n, and
C:1 symmetries. However, the most stable structures of Als7C2* are
found to be similar to the respective neutral species.

Figures 3 depict the structures of the anionic species, AlnCy2". The
most stable Al2C- structure was found to be similar to the neutral struc-
ture with Cav symmetry. The most stable structures of Als.7C-are dif-
ferent from their neutral counterparts with Dan, D24, Cav, Cs, and Cav
symmetries, respectively. The even and odd number of aluminum-
containing clusters possess doublet and singlet states. The AlsC" and
AlsC- structures are similar to the cationic species. All the structures
except AlysC are found to be similar to structures reported by Ash-
man et al..?® The reported Al4C" with Dan is found to be 0.32 eV less
stable than the D2q structure shown in Figure 3. The Cav symmetric
AlICs is found to be similar to that reported by Boldyrev et al.*

The most stable structures of AlnCz clusters also possess the singlet
and doublet states for odd and even numbers of Al-atoms in the clus-
ters. The Al24C2 are similar to their neutral geometries having Den
and D2n symmetries, whereas the Alss-7Cz structures with Cay, Dan,
Ci, and Cs symmetries, respectively, are different compared to the re-
spective neutral clusters. Cannon et al. reported Al2C> structure with
Can symmetry is different compared to the D«n structure in Figure
3.[34]. The structure of AlsCz with C2y symmetry is similar to the re-
ported structures.[32,35]

3.2 Stability of the AlnCm®* (n=1-7; m=0-2)
The stabilities of the structures were verified based on the following

energy parameters: (a) average binding energy, (b) dissociation en-
ergy, and (c) chemical hardness.
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Figure 4: The average binding energies AEb (V) of the (A) neutral
(B) cationic and (C) anionic AlnC12% * clusters

321 Binding energy

The binding energies AE for both neutral and charged AlnCm clusters
were calculated using the following method: AE = E(AInCm®*) —
nxE(Al) — mx E(C). The average binding energy Es is calculated as
AE/n+m. The lower the value of the average binding energies (Eb), the
higher the stability of the structures. The calculated Ey values of the
most stable AlnCo-2°* (n=1-7) clusters are given in Table 1. The vari-
ation in the Ep as a function of a number of Al-atoms of the neutral,
cationic, and anionic species are shown in Figures 4A, 4B, and 4C,
respectively. The more negative Ep values of AlnCi2 indicate that the
doping of carbon increases the stability of the Aln clusters. It is evident
from the structures that some of the Al-Al bonds are replaced by Al-
C bonds in AlnC and AlnCa. Therefore, the highly negative Eb values
of AlnCz.2 are justified. The additional CC bonds in Al.C2 increase
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Table 2: lonization energy (vertical and adiabatic) and electron affinity (vertical and adiabatic), vertical electron detachment energy,
HOMO-LIMO energy gaps and chemical hardness () of Aln, AlnC and AlnC: species in eV. The energies calculated at CCSD(T)
method are given in paranthesis.

Name VIE (eV) AIE (eV) VEA (eV) AEA (eV) VDE (eV)
(Expt)[2] AEA VDE EnL n
Calc | (Expt)[1] | Calc Calc | (Expt)[3] | Calc (Expt)[4] Calc
(Expt)[5]
I-Al | 6.37 | 6.0-6.42 | 6.19 6.20 1.25 124 | 1.46+0.06 | 1.23 1.60 1.30 | 381
Al; | 631 | 6.42-65 | 6.19 6.45 152 153 147 | 1.89+0.04 | 219 1.90 149 | 3.91
Al 647 | =65 6.11 6.55 1.97 1.74 1.97 | 220+0.05 | 2.14 2.20 1.09 | 422
Als | 6.18 | 6.42-65 | 6.04 6.45 1.87 1.82 1.90 | 2.25+0.05 | 1.87 2.30 167 | 4.02
Als | 653 | 6.0-6.42 | 6.17 6.45 1.89 2.09 215 | 2.63+0.06 | 2.29 2.65 177 | 421
Al; | 575 | 6.0-642 | 555 6.20 1.68 1.96 1.92 | 2.43+0.06 | 2.06 2.50 1.68 | 3.72
ALC | 724 7.00 1.61 1.76 1.93 | 4.43
2 (7.68) (2.03) 171
ALC | 655 6.65 2.30 2.20 256+ | 1.16 | 4.42
(6.85) (2.51) 2.12 | 0.06[6]
ALC | 749 6.96 1.08 1.57 265+ | 291 429
* (7.56) (1.42) 1.63 | 0.06[7]
Alc | 370 5.77 1.64 2.19 267+ | 159 | 367
(5.93) (2.76) 2.15 | 0.03[8]
Alc | 629 6.30 1.85 2.26 1.89 | 4.07
(6.61) (2.24) 2.37
AlC | 642 6.42 2.86 2.82 133 | 464
! (6.54) (3.19) 2.80
LALC 7.71 0.76 0.64[9] 0.71[9] | 3.56
2 | 752 (8.19) 0.93 (0.54) 0.59 4.22
ALC 5.84 1.81 2.19+ 1.70
2 | 6.55 (6.00) 1.97 (2.00) | 0.03[10] | 1.68 4.26
ALC 6.61 155 2.80
2 7.40 (7.14) 1.71 (1.69) 1.44 455
AlsC 5.93 2.60 151
2 1 6.02 (6.08) 2.23 (3.02) 3.13 413
AleC 6.56 1.94 2.63
o2 | 657 (7.01) 1.80 (2.33) 2.18 4.23
ALC 5.69 2.33 1.41
™2 | 567 (5.84) 2.28 (2.71) 2.18 3.97

# Vertical electron detachment energies (VDESs) as determined from the photoelectron spectra. The absolute error of the energies is +0.1 e

IE and EA calculated at CCSD(T) method.



the stability of the Co-doped clusters. Similar trends were observed for
the cationic AlnC1,2* and anionic AlnCuy,2” clusters, as shown in Figures
4B and 4C, respectively. In the case of the Aln cluster, the negative En
values increases with an increasing number of Al-atoms due to the
increase in the number of bonds. In the case of Al.C, the -Ep values
have increased till n=4 and then remained nearly unchanged for the
higher clusters. In the case of AlnC> clusters, the values are found to
be gradually decreasing with an increasing number of Al-atoms. Com-
paring the structures of Al, and AlnC1,2, the major difference is the
replacement of Al-Al bonds with Al-C bonds. The increase in the
number of Al-C bonds resulted in the increase in the -Ep values from
AIC to AlsC, which can be correlated to the increase in the number of
Al-C bonds from n=1to 4, respectively. Thereafter, the number of Al-
C bonds remained at 4 in the higher clusters.

Additionally, the larger Al-C bond lengths in Als7C (SI Figure S1)
than that in the smaller clusters suggest weaker bonding in the larger
clusters. Therefore, a marginal change in Ep values in Als7 are ex-
pected. In AlsC2 molecules, the bond length of the only CC bond in-
creases with an increase in the cluster size (SI Figure S3), and hence
the decrease in - Ep for higher n values is observed. Note that the -Ep
values of Al.C12 converge towards that of the Aln clusters with in-
creasing n-values because of the limited number of AIC and CC bonds
in the clusters. Figure 4B (cationic) and 4C (anionic) show similar
observations, suggesting bonding similarity among the species. Figure
4B shows that the average binding energies of the cations are less neg-
ative compared to the neutral and anionic clusters, which suggests the
lower stability of the cations. In the case of anionic species, AlnC1-27,
the Eb values (Figure 4C) are higher than the neutral clusters, suggest-
ing the higher stability of the anionic species due to the positive elec-
tron affinity of the neutral clusters. The variation of the Ep values of
the anionic clusters are found to be similar to that of the neutral clus-
ters.

ALC, —> AL +C,
-o- —>ALCHC

——ALC > AL+
AL > AL,
- —ALCKC

Reaction Energy (¢V)

AL C AL C

ALC ARHC b ALC,—> AL+ C

- — ALC
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Figure 5: Reaction energies of (A) Al;7,C%* — Al.%*+ C, and
(B) Al1.7C%* — Al + C; and Aly.7C%* — Al C%* + C calcu-
lated at B3LYP-D4/def2-TZVPP level of theory.

3.2.2 Dissociation energies

In addition to the binding energy, another critical factor that deter-
mines the stability of AlyCy1,2%* (n=1-7) clusters is the dissociation re-
action energies AE:r. The list of dissociation reactions is mentioned in
Sl Table S2 and S3. The higher the dissociation reaction energy, sug-
gest that the higher the stability of a structure under dissociation con-
ditions. Figure 5 shows the AE associated with the removal of C from
Al2.7C1,2%* The AE; values are highly positive, ranging between 5-8
eV/mole. Note that removing a C-atom from Al.C12%* requires the
removal of all AIC and CC (in C2-doped clusters) bonds. Therefore,
in the case of AlnC%*, the AE; values gradually increase till n=4 be-
cause of the increase in the number of Al-C bonds in the structures.
The lower DE value of AlzC* can be associated with the exceptionally
high stability of the dissociation product Al7*, as reported earlier that
the Al7* is a magic cluster.[58][59] The unusually high DE values of
Al7C- can be linked with the increased stability of the cluster. In the

case of Al.C>, the removal of the C2 unit via Alz.-7C2 — Alz.7+C> reac-
tions is found to be energetically unfavorable compared to the elimi-
nation of a single carbon atom. Similar to the above, the removal of a
Czrequires the removal of all the Al-C and CC bonds and thus requires
more energy than that in the C-elimination reaction. In the case of
Al2C2%*, the removal of the C-atom required the breaking of the acet-
ylenic C=C bond, and thus the DE values are significantly higher.
Overall, the elimination of C and C2 from AI.C%* and Al.C2%%, re-
spectively, are less likely because of several low-energy fragmenta-
tion channels (SI Table S3). The dominant dissociation channel is the
elimination of Al from the neutral and anionic and Al* from cationic
species, as described below.
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-ALC—> AL, CHAl
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Figure 6: Reaction energies of (A) Al1-7Co-2— Aln-1Co-2+ Al, (B) Al1-
7Co-2" = Aln1Co-2* + Al and Al1-7Co-2* — Aln1Co2 + Al* and (C) Als-
7Co-2— Aln-1Co2” + Al calculated at B3LYP-D4/def2-TZVPP level of
theory.

Figures 6A, 6C, and 6B show the dissociation reaction energies AEr
associated to the least energetic Al-elimination channels from AlnCa,2
and AlnC12" (n=1-7), and Al and Al* elimination from AlnC12* respec-
tively. The reaction energy AEr, which was previously reported as in-
cremental binding energy, in the neutral and anionic clusters is defined
as E(AInCin®Y)-E(Aln-1Cm®Y)-E(Al). To further confirm the relative
stability among the adjacent clusters, we have used the second-order
difference of energy (A%E) parameter, which was calculated as the re-
action energy of 2AlCi2 — AlwiCi2 + AlnaCn, ie., AE =
E(Aln+1C1,2) + E(Alr-1C1,2) — 2 X E(AINC1,2). Figures 7A-7C show the
A’E of neutral, cationic, and anionic clusters.

The AE: associated with the Al-elimination from AlnC, as shown in
Figure 6A, with n=5, 6, and 7 are 1.49, 2.27, and 2.68 eV, respec-
tively, which are relatively lower than the respective pure Aln clusters
(2.31, 2.47 and 2.93 eV). In the case of smaller AlsC clusters (n<4),
eliminating the Al atom requires more energy, as all the Al atoms are
bound to the carbon atom. In the case of AE values (Figure 7A), the
stability of AlsC and AleC are found to be lower than the smaller clus-
ters. Therefore, the insertion of carbon atoms in Als.7 clusters gener-
ates loosely bound Al atoms. For example, the lower AEr and A’E val-
ues of AlsC (SI Table S3) are due to the easy elimination of the Al
attached to the tetrahedral Al4«C moiety (Figure 1).

The variation of AE: values of Al.C2 systems (Figure 6A) shows sig-
nificantly higher values for Al-elimination from the singlet species,
i.e., Al246C2, than the adjacent odd-numbered species with doublet
ground states. Similarly, the A%E in Figure 7A shows prominent odd-
even parity in AlyCz, with higher A’E values in singlet clusters
(Al2,4,6C2) than doublet (AlssC2) species. The high reaction energy of
I-Al2C2 (Figure 6A) suggests the higher stability of the molecule be-
cause of its acetylenic structure. Therefore, the even-numbered Al-
clusters possess higher stability due to the singlet ground states.

The reaction AlnC12* —Aln1C12 + Al* is found to be energetically
favourable compared to the Al-elimination channel (AlnC12* —Aln-
1C1.2* + Al) in the cationic clusters, as shown in Figure 6B. The AEr
values of the Als-7C* are nearly similar, as shown in Figure 6B. How-
ever, the A’E values of the Al,C* cluster show prominent odd-even



parity where the clusters with singlet ground states (AlssC*) are more
stable than doublet species Al24,6C*. Similar to the neutral Al.C the
odd-even parity was not found in the anionic AlnC clusters.
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2 : 4 : i z \'nn?her uf‘AI aw;s 6 : : : 5 :
Figure 7: Comparison of second order difference of energy of (A)
neutral (B) cationic and (C) anionic AlnCm (n=1-7, m=0-2) clusters
were calculated at B3LYP-D4/def2-TZVPP level of theory.

Based on both AE: and A%E values (Figures 6 and 7), the stability of
AlyC*and AlnC2* are found to be nearly the same for the respective n-
values. Overall, the singlet species (Alss7C2*) are found to be rela-
tively more stable than the Alss species. In addition, similar to the
neutral species, Al2Cz* is found to be highly stable, which is most like
because of the acetylenic structure of the molecule. The dissociation
energy of AlnCy2” structures via Al-elimination were shown in Figure
6C. In the case of AlnCz", the values show odd-even parity with the
higher stability of the odd n-species, which can be linked to the singlet
ground state of the molecules. The above can also be confirmed by
the A%E values shown in Figure 7C.

3.23 Chemical hardness (n) and stability

Another important factor in describing the stability of a metal cluster
is the calculated chemical hardness parameter 1. This value is corre-
lated to the difference between vertical ionization energy and vertical
electron affinity values as n = (IP-EA)/2. The higher n value indicates
higher stability, and the lower value indicates higher chemical reac-
tivity. Note that, within the limitations of Koopmans’ theorem, the
energy of HOMO and LUMO corresponds to the ionization energy
and electron affinity. Therefore, the energy gap between the HOMO
and LUMO (Eww) can be correlated to the chemical hardness value of
a cluster. The calculated values for Eni and n were given in Table 2.
The correlation between the parameters is shown in Sl Figure S4.
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Figure 8: Comparison of Chemical hardness (n) of Al,, AlnC, and
AlnCZ

The 1 AlnCu.2 clusters are higher than the Aln clusters, except AlsC,
which means the carbon-doped clusters are less reactive compared to
pure Aln clusters, as shown in Figure 8. The odd-even parity is prom-
inent in Al clusters with respect to their triplet and doublet states. The
Alszs 7 and Alz4 possess doublet and triplet states, respectively, and
shows that the doublet species are more stable than the triplet ones.
The Ale clusters show a smaller n value compared to the adjacent
triplet and doublet species because of its singlet ground states. The
AlnC: clusters with even n values show singlet ground states, odd n
values show doublet ground states, and odd-even parity is observed,
which shows that the singlet species are more stable than the doublet
ones. In the case of the AlsC system, the chemical hardness parameter
n is lower than the other Al.C clusters because of the weakly bound
fifth Al-atom connected to tetrahedral Al4C moiety.

3.24 Electron affinity and lonization energy

The electron affinity (EA) is the energy liberated when one electron
is added to the neutral molecule. The high electron affinity value in-
dicates the high energy release due to the electron attachment. Both
adiabatic (AEA) and vertical electron affinity (VEA) values of AnCm
clusters were computed and given in Table 2. Vertical EA is measured
as the difference between the energy of neutral and anionic clusters
without a change in the geometry. The adiabatic EA was measured as
the energy difference between the neutral and the anionic cluster with
relaxed geometry. The VEA values were found to be slightly higher
than AEA values due to the geometry relaxation. The experimental
values are found to be in good agreement with the calculated data. For
example, the adiabatic EA data of Al2C2 and AlsC: clusters were re-
ported experimentally, and our calculated data are in good agree-
ment.[34,35]

The vertical electron detachment energies (VDE) were also calculated
and given in Table 2, which were measured as the energy difference
between the relaxed geometry of the anionic cluster and the neutral
cluster without changing the geometry. The VDE values of AlxCo-2
clusters were found to be increased as the number of aluminium atoms
increased and are in good agreement with the experimentally reported
data shown in Figure 9A. The AlxC: species shows the odd-even al-
ternation with respect to singlet and doublet states. The above can be
explained based on the electronic configuration, where the Alz46C2
clusters with doublet states have a n'-electronic configuration, and the
Als s 7Co clusters with singlet states with fully filled outer orbitals. So,
it is easy to remove an electron from the n* orbital rather than the fully
filled orbital, which indicates that the singlet Alss7C2 clusters are
more stable than the doublet Al2,46C2 clusters. The VDE values show
good agreement with the previously reported experimental data of
AlnC (n=3-5)[31-33] and Al2C2.[34]

lonization energy (IE) combined with EA is an essential parameter
used to determine the chemical hardness as well as the electronic
structure of the clusters. We have calculated vertical and adiabatic
ionization energies of AlnCo-2 (n=2-7), which are helpful for the spec-
troscopic characterization of neutral clusters, are given in Table 2. The
IEs of AlnC1,2 (n=2-7) clusters show prominent odd-even parity as ob-
served earlier in the case of chemical hardness and electron affinity,
where the singlet Al246C2 clusters are more stable than the doublet
Als s 7C2 clusters. The IEs of Aln clusters do not change much with the
addition of an extra aluminium atom. Our calculated IEs show perfect
agreement with the experimental data are shown in Figure
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Figure 9: (A) vertical detachment energy VDE (B) vertical ionization
energy of Aln (black squares), AlnC (red circles) and Al.C2 (blue tri-
angles) clusters. The data points without connected line represents the
corresponding experimental data.

4., Summary

In this article, we have investigated equilibrium geometries, electronic
structures, reactivity, and stability of C/C -doped Al.°* clusters have
been systematically studied at B3LYP-D4/def2-TZVPP level of the-
ory. The available experimental and computational data and the pre-
dicted most stable structures are in good agreement. The average Al-
Al bond length and average binding energy data suggest that the sta-
bility of the anionic Aln clusters is higher than the neutral species, fol-
lowed by the cationic species. The stability of the clusters was deter-
mined with the help of various energy parameters such as average
binding energy, dissociation reaction energies, ionization energies,
electron affinity, and VDE.

The more negative Ep values of AlnCi2 indicate that the Doping of
carbon increases the stability of the Aln clusters. It is evident from the
structures that some of the Al-Al bonds are replaced by Al-C bonds in
AlrC and AlnC2. Similar trends were observed for the cationic AlnCa2*
and anionic AlnC1,2" clusters. The variation in the Eb values was un-
derstood based on the number of Al-C and C-C bonds present in the
structure of the cluster.

The dissociation reaction energy (AEr) Cz-elimination reactions from
AlnC%*, is found to be energetically unfavourable compared to the
elimination of a single carbon atom. The above is due to the elimina-
tion of a Cz requires the removal of all the Al-C and CC bonds and
thus requires more energy than that in the C-elimination reaction. The
dominant dissociation channel is the elimination of Al from the neu-
tral and anionic and Al* from cationic species. In the case of smaller
AlnC clusters (n<4), eliminating the Al atom requires more energy, as
all the Al atoms are bound to the carbon atom. The stability of AlsC
and AleC is found to be lower than the smaller clusters. Therefore, the
insertion of carbon atoms in Als.7 clusters generates loosely bound Al
atoms. For example, the lower AE; and A%E values of AlsC are due to
the easy elimination of the Al attached to the tetrahedral AlsC moiety.

The variation of AEr values of Al.Cz systems shows significantly
higher values for Al-elimination from the singlet species, i.e.,
Al2,4,6Co, than the adjacent odd-numbered species with doublet ground
states. The Al*-elimination is found to be energetically favorable com-
pared to the Al-elimination channel in the cationic clusters. However,
the A%E values of the Al.C* cluster show prominent odd-even parity
where the clusters with singlet ground states (AlssC*) are more stable
than doublet species Alz246C*. Similar to the neutral Al,C the odd-
even parity was not found in the anionic AlnC clusters. Based on both
AE; and AZE values, the stability of Al,C*and Al.C2* are found to be

nearly the same for the respective n-values. Overall, the singlet spe-
cies (Alss,7C2*) are found to be relatively more stable than the Alsg
species. In the case of AlnCz, the values show odd-even parity with
the higher stability of the odd n-species, which can be linked to the
singlet ground state of the molecules.

The n AlnCy2 clusters are higher than the Aln clusters, which means
the carbon-doped clusters are less reactive compared to pure Aln clus-
ters. Based on the chemical hardness parameter, the reactivity of the
triplet species is found to be higher than the doublet followed by sin-
glets. The electron affinity, vertical detachment energies, and ioniza-
tion energies also show a similar trend as seen in the above parameter.
The bonding is explained based using molecular orbital diagrams. The
current computational investigation demonstrates various factors to
understand the stability and reactivity of metal-containing Aln clusters
under extreme conditions, such as combustions or collision-induced
reactions. The results of the current investigations are thus highly im-
portant for spectroscopy, material, and organometallic chemistry
communities.
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