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Search for Lowest-Energy Nonclassical Fullerenes III: C,,
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Density functional and second-order Mgller—Plesset perturbation (MP2) methods were employed in the
investigation of low-lying C,, isomers. All cage structures with four-, five-, six-, and seven-membered rings
were examined with the monocyclic ring, bowl, and other noncage structures. Cage isomers were first identified
via graph theoretical methods, and noncages were identified by basin-hopping methods. Initial isomer screenings
were carried out at the PBE/DND level of theory. Low-lying isomers, within 0.6 eV of the predicted lowest-
energy isomer, were further evaluated at the PBEIPBE/cc-pVTZ and MP2/cc-pVTZ levels. Our results confirm
that the cage structures are more stable than the ring structure and the bowl structure. The lowest-energy
structure for C,; is predicted to be the Cy,-1 cage containing one four-membered ring. Anion photoelectron
and optical spectra of the six lowest-lying isomers are also computed.

Introduction

Since the discovery of Cg, carbon isomers have formed a
foundation of nanocluster research.!? Isomers ranging in size
from Cs to Cog have been reported.>~> However, only a few of
these clusters have been fully examined. The sheer number of
isomers for the larger clusters makes doing so intractable.
Therefore, it was important to identify the means by which the
problem could be truncated. One such scheme is the organization
of isomers into two subsets, classical fullerenes and nonclassical
fullerenes. Classical fullerenes are composed of pentagons and
hexagons, often obeying the isolated pentagon rule (IPR). These
isomers are generally more stable than nonclassical fullerenes,
those including three-, four-, seven-membered, or larger rings.
However, recent theoretical and experimental observations found
some exceptions. Fowler et al. employed semiempirical calcula-
tions in the examination of fullerenes having one or more four-
membered rings.® Their results suggest that the inclusion of these
smaller rings can lead to energetically competitive isomers.
Employing density functional theory (DFT) and X-ray crystal-
lography, Qian et al. found a Cg, isomer with a four-membered
ring.” Furthermore, using Hartree—Fock and DFT methods,
Diaz-Tendero et al. suggested that the ground state of Csy>*
adopts a geometry of adjacent pentagons and a four-membered
ring.8 In addition, a non-IPR fullerene derivative, CgHy, was
synthesized by introducing methane into the Kratschmer—
Huffman method of fullerene production.’ Higher endofullerenes
La@C;, and TbsN@Cgy were shown to possess a non-IPR
fullerene cage.'®

The studies mentioned in the preceding paragraph focused
on larger fullerenes. When focus is shifted to smaller fullerenes,
the prevalence of nonclassical ring sizes is increased. The
smallest cluster capable of forming a classical fullerene is Cyy.
Brabec et al. applied quantum molecular dynamics simulations
with the Car—Parrinello method to the free energy of C,
clusters. Their results show that these isomers favor a trans-
formation from a closed cage structure at low temperatures, to
a more open corrannulene-like bowl structure, and ultimately
to a ring at high temperatures.!! Raghavachari et al. investigated
C,o isomers by both Hartree—Fock and DFT methods; these
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methods favored the ring and cage, respectively.'> Applying the
CCSD(T)/cc-pVDZ method, An et al. found that the ring isomer
is favored at high temperatures and the bowl is favored at low
temperatures.”fl However, when the cluster size is increased
from Cy to Cyy, closed cages become the dominant form.'*® It
was generally thought to form the classical fullerene, composed
of twelve five-membered rings and two six-membered rings.
However, recent DFT calculations'3~'® have shown nonclassical
fullerenes to be energetically comparable to the classical
isomers.

The work presented here will build upon these previous
studies by filling in the gap between these two fullerene sets. It
will focus on identifying the ground-state isomer of C,,. There
have been few previous investigations of the full isomer set,
principally because of its lack of a classical fullerene isomer.'®!”
Previous experimental studies have suggested that its ground
state is a monocyclic ring.'® However, theoretical studies have
favored cages. In their seminal work, Jones and Seifert identified
a series of C,, clusters containing both cage and noncage
isomers.!® Therefore, this study aims to predict the true ground
state of the C,, isomers by an extensive investigation of all
possible cage isomers.

In our previous papers (Paper I and Paper II),' we reported
theoretical predictions of the best candidates for the lowest-
energy structures of fullerenes C3;3—Cj. Note that the best
candidates for the lowest-energy structures of IPR fullerenes
C0—C362%*® and Cp—Cyge?™¢ have also been systematically
studied (except Cyy). In this article, we present a theoretical study
of C,,. Previous works have indicated that the addition of
nonclassical rings can lead to stable carbon clusters.””%!316
Therefore, this work will examine all possible C,, cage isomers
containing four-, five-, six-, and seven-membered rings. It will
also compare these cage clusters to the corresponding ring, bowl,
and several noncage carbon clusters.

There are three main goals in this study. First, a multifaceted
search of these Cy, clusters will be performed to find a global
minimum. Second, all of the clusters that lie within 0.6 eV of
the global minimum, as determined by the first-round search,
will be further examined by progressively higher levels of
theory. Third, simulated anion photoelectron spectra and
ultraviolet/visible light absorption spectra as well as NICS values
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and other properties will be presented and will be used to predict
the relative stabilities of these clusters as well as to be compared
with future experimental measurements.

Theoretical Method. All cage structures containing four- to
seven-membered rings were generated using the Plantri and
CaGe programs, of McKay and Brinkman.?! They generate the
initial planar graphs and the translations of those planar graphs
into a 3D structures. Each of these initial structures was assigned
an integer value during the creation process. This value has been
maintained as the clusters identifier, and it does not have an
energetic meaning.

Because there is quite a number of planar representation
isomers, the basin-hopping global-minimum search method??
coupled to the self-consistent charge density functional tight
binding (SCC-DFTB) model® was applied to explore all
possible low-lying isomers.!*? These two steps generated a total
of 318 isomers, of which 218 are closed cages and 100 are not.
Each of these isomers was optimized using the DFT method
within the generalized gradient approximation (GGA) and with
the Perdew—Burke—Ernzerhof (PBE) functional form.>* The
double numerical polarized (DND) basis sets were applied,
which are equivalent to 6-31G* basis sets. These calculations
were performed with the DMol3 software suite.?>2

The isomers within 0.6 eV from the lowest-energy isomer
(at the PBE/DND level of theory) were reoptimized using the
hybrid PBEIPBE functional with the larger cc-pVTZ basis sets
of Dunning and coworkers.?” In our previous Cy study, this
functional and basis set combination was found to give excellent
agreement with much higher levels of theory.!® It was used as
part of an extensive analysis and was shown to reproduce the
ordering of the much higher level CCSD(T)/cc-pVTZ calcula-
tions reliably. However, the 0.6 eV cutoff is arbitrary. It was
chosen to be large enough (larger than typical error bar of DFT)
to ensure a fair sampling of the available clusters but not so
large as to make the number intractable.

The optimized structures (at PBE1IPBE/cc-pVTZ level) were
then subjected to a frequency analysis to ensure that no
imaginary frequencies were presented. In addition, single-point
energies of the five lowest-lying isomers were computed at the
MP2/cc-pVTZ level. The remaining six higher-energy isomers
were excluded from the MP2 analyses because there is a large
jump in energy between the two sets. These calculations are
performed using the Gaussian03 software package.?®

Several spectral features were also calculated for each of the
cage isomers. These features include the anion photoelectron
spectra as calculated via the density of states method from the
PBEIPBE geometries. Besides the HOMO—LUMO gaps cal-
culated from the orbital eigenvalues of the neutral molecules,
the first excited singlets were also calculated from the time-
dependent density functional theory (TDDFT). However, as will
be shown, the PBEIPBE functional does not represent these
features well. Therefore, an extensive functional analysis was
carried out on clusters with known experimental quantities, and
the PBEPBE functional was found to produce the best results.

Results and Discussions

Relative Stability. The relative energies of the top ten lowest-
energy cage isomers at the PBE/DND level are listed in Table
1. Unlike Cyy and Cas,"® C,, cannot form a classical fullerene;
however, the archetype of a Cy, classical fullerene would contain
twelve pentagons and one hexagon. Note that the terms
pentagon, hexagon, and so on should not be taken to have an
exact geometric meaning. The terms are simply more convenient
then stating the associated ring size. In the total isomer set, four
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TABLE 1: Cluster Identity, Relative Energy AE
(electronvolts), and Number and Type of Faces for the Ten
Lowest-Lying Cage Isomers Generated by Pantri”

AE four-membered

cluster (eV) rings pentagons hexagons heptagons
archetype 0 12 1 0
Cp-1° 0.0 1 10 2 0
Cx-56 0.2 3 6 4 0
C»-99 0.3 3 6 4 0
Cp-2b 0.6 2 8 3 0
Cy-76 0.7 2 8 3 0
Cy,-60 0.7 3 6 4 0
Cy-98 0.7 3 6 4 0
Cy-54 1.0 3 6 4 0
Cy-81 1.1 3 7 2 1
Cy-61 1.2 3 6 4 0

“Four clusters whose energy is within 0.6 eV from the
lowest-energy cluster are marked in bold. The energies were
calculated using the PBE/DND level of theory. * Ref 16.

TABLE 2: Calculated Relative Energies (electronvolts) of
the Eleven Isomers Using the PBE1PBE/cc-pVTZ Level of
Theory and Relative Energies of the Five Lowest-Lying
Isomers at the MP2/cc-pVTZ Level

PBEIPBE MP2
isomer AE (eV) AE (eV)

Cyp-1 0 0
Cy-56 0.254 0.210
C»-99 0.458 0.388
Cpy-ring 0.544 1.283
Cp-2 0.68 0.765
Cy-bowl 1.559
CZQ-HCI 2.786
C22-I1C9 3.667
C22'HC10 4.44
C22'HC12 4.065
CZQ-HCI 1 4.518

cages (Figure 1) were within the energy-cutoff criteria (0.6 eV).
The five noncage isomers along with the bowl (Figure 1) were
out of the cutoff range at this level. It should be noted that
energy cutoff at the PBE/DND level was applied to the two
sets, cage, and noncage, separately, because they were examined
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Figure 1. Optimized structures of the eleven isomers, including four
cage isomers, one ring, one bowl, and five noncage isomers. The group
symmetry of the four cage isomers is given in parentheses. The four-
membered rings in the cage isomers are highlighted in pink.
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TABLE 3: Calculated HOMO—LUMO Gap (electronvolts),
First Excited Singlet, and NICS Value (Using PBEPBE/
cc-pVTZ Level of Theory) for the Four Lowest-Lying Cage

Isomers

PBE1PBE/cc-pVTZ

PBEPBE/cc-pVTZ

Ist Ist
isomer HOMO—LUMO singlet HOMO—LUMO singlet NICS
Cop-1 2.31 1.19 0.71 0.8 3.68
Cx-56 2.48 1.39 0.98 1.12 —=31.40
C2-99 2.02 0.90 0.56 0.66  —4.39
Cxn-2 2.24 1.25 0.72 092 —17.03

TABLE 4: Calculated HOMO—LUMO Gaps, First Excited

Singlets, and Experimental Gaps for Cg, W@ Au,;,*

CGO W@Aulz
Ist Ist
Functional HOMO—-LUMO singlet HOMO—LUMO  singlet

B3LYP 2.75 2.09 2.89 1.90
B3PWOl1 2.76 2.09 3.03 2.03
BP86 1.66 1.68 1.78 1.80
PBEPBE 1.66 1.68 1.81 1.81
PBEIPBE 3.03 2.18 3.33 2.08
experimental 1.73 1.68

@ All calculations were carried out with the cc-pVTZ basis sets.
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in two separate batch processes. These 11 isomers were then
optimized at the PBEIPBE/cc-pVTZ level with the Gaussian03
software suite. The results of these calculations are listed in
Table 2, and their structures are shown in Figure 1. In addition,
MP2/cc-pVTZ single-point energies have been calculated for
each of the five lowest-lying isomers. These results are included
in Table 2 as well.

An examination of the AE terms in Table 2 shows a large
jump of approximately 0.9 eV between the Cy,-2 and the bowl
isomer. Indeed, the ring is the only noncage to be energetically
competitive. Therefore, the incorporation of nonclassical rings
allows Cp, to form closed cages. Furthermore, at both the
PBEIPBE and MP2 levels, the closed cage isomer Cj-1 is
confirmed to be the ground state.' It is interesting to note that
each of the top-three lowest-energy cage isomers contains an
odd number of four-membered rings, with one, three, and three,
respectively. These results are in line with those of An et al.!?
The inclusion of nonclassical rings therefore can lead to
energetically competitive small carbon cages. This seems
reasonable because the addition of four-membered rings to the
cage always comes at the cost of two five-membered rings. One
becomes a four-membered ring and one becomes a six-
membered ring.

Chemical Stability and Aromaticity of the Carbon Cage.
Table 3 lists the calculated HOMO—LUMO gap, first excited
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Figure 2. Simulated UV/vis spectra of the six low-lying C,, isomers based on the PBEIPBE/cc-pVTZ level of theory.
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Figure 3. Simulated anion photoelectron spectra of the six low-lying C,,™ isomers based on the PBEIPBE/cc-pVTZ level of theory.

singlet, and NICS value for the four lowest-lying cage isomers.
Isomers with larger HOMO—LUMO gaps are likely more stable
than isomers with smaller HOMO—LUMO gaps.? The
PBE1PBE/cc-pVTZ results show that the HOMO—LUMO gaps
of all cage isomers are between 2.0 to 2.5 eV, similar to the
results for Cyy and Coy.'* However, the first excited singlets of
these isomers are between 0.9 and 1.4 eV. The disparity between
these two measures is clearly not physically reasonable. The
static DFT HOMO—LUMO gap and the first excited singlet
given by TDDFT are two measures of the same quantity.
TDDFT does include correlation terms between the excited state
and electron hole; but these effects tend to increase the value
of the singlet with respect to the HOMO—LUMO gap.*
Furthermore, noting that these increments are on the order of
0.1 to 0.2 eV, % it appears that the PBE1PBE/cc-pVTZ level
overestimates the value of the HOMO—LUMO gap, which was
also indicated by Zhang et al. in recent work.?! Therefore, it is
necessary to use a different functional for the estimation. To
this end, we calculated the HOMO—LUMO gap and first excited
singlet at several levels of theory for two benchmark clusters,
Cgo and W @ Au,,. These calculations were then compared with
the experimental HOMO—LUMO gaps as obtained from their
anion photoelectron spectra. These data are collected in Table
4. The data in Table 4 show that the hybrid functionals
(PBE1PBE, B3LYP, B3PWO91) tend to overestimate the
HOMO—-LUMO gap values for these benchmark clusters, and

the pure density functionals (particularly the PBE functional)
give better estimations, which is consistent with previous work.>!

The nucleus-independent chemical shift (NICS) value, taken
at the center of a molecular cage, serves as a measure of
spherical aromaticity.3? Negative NICS values tend to correlate
with spherical aromaticity. Therefore, large negative values are
an indicator of chemical stability. From an examination of Table
3, there is no clear correlation with the magnitude of gaps and
NICS values. Interestingly, the largest value of HOMO—LUMO
gap and the largest negative NICS value correspond to the same
isomer, although a correlation of two data points does not
constitute a generic trend. Furthermore, the ground state
candidate Cy-1 has a positive NICS value, yet isomer Cy,-2
has approximately the same value of HOMO—LUMO gap but
with a much more negative NICS value. This might be due to
the local structure of the two isomers. Referencing Table 1, it
can be seen that isomer C,,-1 has two hexagons, and isomer
Cx-2 has three hexagons. In addition, isomer C,,-56 has four
hexagons and the largest negative NICS value. Therefore, there
is a possible trend, namely, increasing the number of hexagons
may decrease the NICS value. Therefore, increasing the number
of six-membered rings tends to stabilize the cluster.

Given the data, it would seem that isomer C,,-56 is the most
aromatic. Although NICS values do not always correspond to
aromaticity,* they do correlate with an overall diatropic current
system in the cage. In essence, the large negative NICS values
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TABLE 5: Calculated First and Second Vertical
Detachment Energies (electronvolts) of Five Lowest-Lying
Isomers at the PBE1PBE/cc-pVTZ Level of Theory”

isomer 1st VDE (eV) 2nd VDE (eV)
Cp-1 2.910 2.986
Cp-56 2.736 3.062
C»-99 2.861 3.005
Cyy-ring 3.061 4.196
Cp-2 2.843 2.921

“Two values give rise to the position of the first and second peak
in the simulated photoelectron spectra shown in Figure 3.

tend to suggest that nonclassical fullerene cages possess a degree
of chemical stability and therefore could be synthesized in the
laboratory.

Anion Photoelectron Spectra and Optical Spectra. Anion
photoelectron spectroscopy (PES) and optical spectra (UV/vis)
are powerful experimental tools for the characterization of
carbon cluster structures. In Figures 2 and 3, we present the
simulated optical spectra of neutral species and PES spectra of
anion species for the six low-lying neutral isomers. The UV/
vis spectra show a high degree of variability, between the cage
and noncage isomers. Overall, the cages have more absorption
peaks than the noncage structures. More specifically, Cy,-1 has
two relatively weak absorptions at 1.2 and 1.4 eV. C5,-56 has
two weak absorption peaks at 1.4 and 1.6 eV, whereas C»-99
has four weak absorption peaks below 2.0 eV. Cy,-2 has three
absorption peaks below 2.0 eV, two strong ones at 1.25 and
1.6 eV, and a weak one at 1.95 eV. The ring isomer has no
absorption peak below 2.0 eV, whereas the bowl isomer has
two weak absorption peaks below 2.0 eV.

The anion photoelectron spectra are also distinctive. The first
vertical detachment energies (VDESs) of the cage structures are
below 3.0 eV, and the gap between the first and second VDE
for the cage isomers is less than 1 eV (Table 5), which is
inconsistent with previous experimental results of ~1.5 eV.!8
However, it is interesting that the VDE of the C,,-ring is located
near 3.0 eV with a gap between the first and second VDEs close
to 1.5 eV; both values fit the previous experiment.'® This is not
an unexpected result because the methodology employed by
Yang et al.'® is known to favor ring formation for small fullerene
clusters (n < 24). Yet, as shown by Prinzbach et al.;** it is
possible to synthesize specific metastable clusters by rational
design.

Conclusions

All low-lying isomers of C,, were systematically studied with
the combination of the basin-hopping global optimization and
DFT. Our results have shown that among the five lowest-lying
isomers, the cage structures take four positions, and only one
noncage, that is, the Cy,-ring, is included at rank 4. All low-
lying cage isomers have notably large HOMO—LUMO gaps.
However, the lowest-energy isomer, Cy-1, has a positive NICS
value, whereas the other three lowest-lying cage isomers have
negative NICS values. Finally, both optical and anion photo-
electron spectra were simulated to be compared with future
experiments. In conclusion, the incorporation of four-membered
rings allows for the generation of closed cages for C,, and the
best candidate for the ground state is the closed cage isomer
Cp-1.
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