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The traditional classical fullerene is only composed of pentagons and hexagons, with many different
topologies, of which only a few structures conform to the isolated pentagon rule (IPR), which means all
five-membered rings are separated by hexagons, whereas isomers that violate the rule are called non-
IPR isomers. In contrast, the non-classical fullerene consists of other kinds of polygons such as squares
and heptagons in addition to pentagons and hexagons. X-ray photoelectron spectra (XPS), near-edge X-
ray absorption fine structure (NEXAFS) spectra and X-ray emission spectra (XES), as well as the ground-
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state electronic/geometrical structures of the important non-IPR isomers Cs, sg and Cy-

and the remarkable non-classical isomer Cs-Csg(NC) with its two fluorides Cs-Csg(NC)Fig(A) and Cs-
Csg(NC)F1g(B), have been computed at the density functional theory (DFT) level. Significant differences in

the electronic structures and simulated X-ray spectra have been observed after fluorination. Meanwhile,
Received 25th September 2020 ¢ . d q has b h inth t hich the “fi int” in the X-
Accepted 18th December 2020 strong isomer dependence has been shown in these spectra, which means the “fingerprint” in the X-ray
spectra can effectively identify the above-mentioned fullerene isomers. As a consequence, the work can

DOI: 10.1039/d0ra08215¢ provide useful information especially isomer identification for experimental and theoretical research in
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1 Introduction

The fullerene family has drawn many researchers’ extensive
attention since the discovery of buckminsterfullerene in 1985.*
Many breakthroughs have been made in the years that followed.
I,-#1812Cg, fullerene is the most typical IPR fullerene that obeys
the isolated pentagon rule (IPR);** in contrast, some fullerenes
with fused pentagons which violate this rule are referred to as
non-IPR fullerene. Generally speaking, isomers which satisfy
the IPR rule are more stable than carbon cages with adjacent
pentagons for higher fullerenes.* Enhanced local steric strain
and lack of resonance stabilization bring about the reactivity of
non-IPR fullerene.” IPR fullerene and non-IPR fullerene are
collectively referred to as classical fullerenes for their carbon
cages are both composed of pentagons and hexagons. However,
non-classical fullerenes' carbon cages contain additional other
kinds of polygons, such as the common square(s) or hepta-
gon(s), or both exist at the same time.® In the past, scientists
proposed the possibility of the existence of non-classical
fullerene,” until the year of 2002, the first non-classical
fullerene C,,-C¢, was synthesized by Qian et al., which was
also the first non-classical fullerene with a square.® In 2005,
Troshin et al. isolated two Csg fullerene derivatives CsgF,5CF3
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and CsgF3 whose parent moiety was the first non-classical
fullerene to be found with a seven-membered ring.® Since
then, this field has attracted a lot of attention and more and
more non-classical fullerenes have been discovered by
researchers. In some previous studies, some non-classical
fullerenes had been found to be more stable than the corre-
sponding classical fullerenes. For instance, Ayuela et al.*® and
Cui et al™ found that Cgs, isomer with Cg symmetry, whose
carbon cage contains a heptagon, was more stable than any
classical Cg, fullerene isomers. Furthermore, it was found that
square(s) in carbon cage may lead to added strain and unusual
kinetic stability; on the contrary, the incorporation of hepta-
gon(s) may release the strain in fused pentagon-pentagon
bonds.*

Csg family, as the neighbour of significant Cg, fullerene, has
attracted attention from researchers. There are 1205 classical
isomers of Csg fullerene, and all of them are non-IPR isomers,
among which #2°°C, with C;,-symmetry (nomenclature follows
Fowler's spiral algorithm,* hereinafter simplicity referred to as
C3"12%°Csq) is predicted to be the most stable classical
fullerene.”> So far, no classical Csg fullerenes have been
captured, because non-IPR fullerenes are difficult to synthesize
which is a big challenge for researchers. But, as mentioned
above, two stable non-classical fullerene derivatives CsgF,,CF3
and CsgF;g containing a heptagonal ring had been separated
and the same Csg moiety with a seven-membered ring in their
structures was produced by removing a bond shared by
a pentagon and a hexagon from I;,-Ce, fullerene.® The structure

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of resultant Csg with C; symmetry (hereinafter labelled as Cs-
Css(NC)) is hard to synthesize because it violates the strain-
based nonadjacent pentagon rule. Nevertheless, as a result of
the presence of sp® carbon, its derivatives CsgF;,CF; and CsgFyg
are less strained and they are isolated more easily. As early as
1991, Guo et al.** discovered substituted fullerene CsgB,, and
then the electronic properties and binding energy of CsgB, and
CsgN, were also studied theoretically. Gan's team synthesized
Csg open cage derivatives in 2016." The foregoing results about
Csg fullerene are rather finite experimentally, in contrast, it is
more abundant in theory. For instance, Hu et al. used Hartree—
Fork calculations to investigate the endohedral complexes of
Csg cage with H, and CO in 2004." Chen’ group studied amply
the structure, stability, electronic and optical properties of Csg
fullerene isomers and two different fullerene derivatives
CssX15(A) and CsgXyg(B), where X = H, F, and Cl in 2007,
respectively.’® It is worth noting that CsgX;5(A) and CsgX;5(B)
(named by Chen's team, so called in this paper) have the same
parent carbon cage, which is the non-classical Csg isomer with
a heptagon, but the X (X = H, F and Cl) atoms are connected in
different ways on the cage. Similarly, Zhao et al. also calculated
CsgXyg' structure and stability in 2010,"” and Tang et al.*®* had
computed derivatives CsgF;3 and CsgF,,CF; at density func-
tional theory level. Their results indicated that Cs-Cs4(NC) with
a heptagon is more stable than the major non-IPR isomers and
both Cs¢X;4(A) and CsgX;4(B) possess high stability, most of all,
CssF15(A) had lower energy than CsgF,g(B) which was charac-
terized experimentally by Troshin et al. in 2005.° Although there
are still many restrictions on the experimental and theoretical
researches of Csg fullerene, its special structure and broad
applications in materials, energy, medicine, biology, optics and
magnetism'>* have always inspired researchers to make
unremitting efforts.

For Cs-Csg(NC) and its fluorinated derivatives CsgF;5(A) and
CsgF15(B), only limited structures, energies and electronic
properties were presented by theoretical calculations,'*'¢#>°
further researches about electronic structures and spectro-
scopic properties for them are expected to contribute a deeper
understanding. In this paper, to add insight into the electronic
structures of Csg isomers as well as the fluorinated species, X-
ray spectra have been computed at the density functional
theory (DFT) level. X-ray spectroscopy not only has been proved
to be effective for the electronic structure of many molecules or
other complex systems, but also is a powerful tool for identi-
fying fullerene isomers. Herein, a comparative and systematic
study of near-edge absorption fine structure (NEXAFS) and X-ray
photoelectron spectra (XPS) of C,-*'72C5, and Cs,-*'2%°Csg
which is regarded as the most stable classical Csg isomer, as well
as the non-classical isomer CgCsg(NC) and its fluorides
CssgF15(A) and CsgF5(B) (denoted as Cy-Csg(NC)F5(A) and Cs-
Css(NC)F14(B) hereafter, respectively) have been provided.
What's more, X-ray emission spectra (XES) of C,*'%7%Csg,
C5-""2%°C5g and C,-C55(NC) have also been computed at the DFT
level. NEXAFS is atom specific and sensitive to the chemical
environment of atoms, which has been considered as an effec-
tive skill for accurate confirmation of electronic structure,
especially the unoccupied orbitals.**** With regard to core
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orbits, XPS can provide useful information that is used to
distinguish elements and their chemical states quantitatively,
while XES was employed to describe the element specific
valence band structures clearly.**** The paper aim to explore the
electronic structures of Csg isomers and fluorinated derivatives,
and provide a valid way for isomer characterization and iden-
tification because of X-ray spectra show strong isomer depen-
dence in present study.**>* It is expected that the results of this
research will provide a further theoretical support for the
progress of experimental and theoretical researches in Csg
fullerene isomers and derivatives.

The framework of this article is as follows: the second part
introduces the calculation methods of the XPS, NEXAFS and
XES spectra, the third part discusses and analyzes the results in
detail, and the final conclusion of this paper is given in the
fourth part.

2 Computational details

Molecular mechanics, molecular graphics and quantum
chemistry were well utilized in this study for geometrical
structures of the non-IPR isomers Cs,-"12°°Csq and C,-1%78Cs4,
as well as the non-classical isomer Cs-Csg(NC) with its fluori-
nated derivatives Cs-Csg(NC)F15(A) and Cs-Csg(NC)F45(B). At
first, the three-dimensional models of Cy-Csg(NC), Cs-Cs5(NC)
Fi5(A) and Cs-Csg(NC)F14(B) were designed by GaussView™
software. The initial coordinates of Cs,-"2°°Csg and C,-"1°78Csyq
were obtained by GaGe* program. Then, the geometrical
structures of the above-mentioned fullerenes and fluorinated
derivatives were optimized by the Gaussian 09 program** at the
B3LYP**/6-31G** level. And single point energy was also
calculated with a larger 6-311++G(3df,3pd) basis set in order to
get more accurate results for further energy analysis. All ener-
gies we got were computed by ZPE correction. The natural
atomic charges of the atoms within two fluorinated derivatives
were analyzed by the natural bond orbital (NBO)**** at the
B3LYP****/6-31G level. Besides, the nucleus-independent
chemical shifts (NICS)*** which can estimate the aromatic
properties of fullerene and derivatives were calculated by
GIAO**-B3LYP/6-31G (d,p) method. The calculated variation
tendency of energies and the relative stability among the non-
IPR isomers Cs,-"12°°Csg and C,-"°78Csg, as well as the non-
classical isomer CyCs4(NC) conform to the previous
researches."*® Furthermore, we use a larger basis set and thus
the results are more reasonable and reliable to provide a more
accurate prediction.

The NEXAFS and XPS spectra are computed by the StoBe*
program at the density functional theory level and the gradient
corrected Becke (BE88) exchange®™ functional and Perdew
(PD86) correlation functional®* have been used. On the one
hand, the excited carbon atoms have used the triple-{ quality
individual gauge for the localized orbital (IGLO-III) basis set of
Kutzelnigg et al.,*® on the other hand, model core potentials
have been applied to the other non-excited carbon atoms and
fluorine atoms, which can facilitate the convergence of the core-
hole state. Furthermore, the theoretical NEXAFS spectra have
been simulated by using a full core-hole (FCH) potential
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method in combination with a double basis set technique,
where a normal orbital basis set for the minimization of the
energy and an added augmented diffuse basis set (19s, 19p, 19d)
has been used for the excited carbon atoms to obtain a proper
expression of the relaxation effects.

It is confirmed that FCH method have provided excellent
transition moments as well as good relative energy positions
when evaluating the NEXAFS spectra of fullerenes and the
derivatives.**** For the sake of determining the absolute energy
position of the spectrum, the AKohn-Sham (AKS) calculations
have been performed, which can give more accurate ionization
potential (IP) values compared with other methods. In the AKS
scheme, the total energies of the system in the ground state and
the N — 1 electron system after the core ionization have been
optimized.” Then, the IP is obtained by the energy difference
between the ground state and the fully optimized core-ionized
state. In order that the first spectral feature corresponding to
the transition [1s — the lowest unoccupied molecular orbital
(LUMO)] coincides with the same one obtained from the
AKohn-Sham approach,®®*® all the raw spectra have been cali-
brated. As a result of introduction of the core hole,* all spectra
have congruously used a shift of +0.2 eV to explicate the
differential relativistic effect. The final NEXAFS spectra are ob-
tained by convoluting the discrete intensities, a Gaussian
function with full width at half maximum (FWHM) set at 0.3 eV
below the IP as well as a Stieltjes imaging approach®”*® in the
region above has been used. The final XPS spectra are generated
by broadening the IP bars with a Lorentzian line shape that
FWHM set at 0.15 eV, each IP bar weighted with the portion of
equivalent centers among all centers of the studied element.
The simulated X-ray spectra also have been demonstrated to be
effective for the determination of the electronic structures of
many molecules, surfaces, clusters and bulk materials, such as
DNAs, carbon nanotubes, fullerenes, etc.>*

The XES spectra have been performed by using the tool
package BIONANO LEGO* at the B3LYP*»**/6-31G level with the
group theory formulation developed by Luo et al*** X-ray
emission spectroscopy, which can provide information about
the valence occupied orbitals, is composed of the radiative
decay of valence electron into a core hole. Central insertion
scheme (CIS) method®**® and a category of Krylov subspace
methods®” are applied to the BIONANO LEGO software. SCF
iterations and computational time are reduced obviously by
a better initial guess of above methods. The CIS method can add
the identical units in the middle of the system continuously to
elongate the initial system and obtain the initial Hamiltonian in
the site representation which possess identical central parts.®~*°
Meanwhile, the category of Krylov subspace methods can
effectively reduce the storage and computational requirements
so that large-scale characteristic value problems are well solved.
In the XES spectrum, the transition moment between valence
and core orbital is computed, and the ground state electronic
structure is utilized to calculate the adiabatic approximation
intensities.”® Further convolution by a Lorentzian function with
FWHM = 0.5 eV has been applied to generate the final XES
spectra.
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3 Results and discussion
3.1 Geometrical and electronic structures

The optimized structures of the non-IPR isomers Cz,-*'**°Csq
and C,-**"78Cgg, as well as the non-classical isomer Cy-Cs4(NC)
with its fluorinated derivatives Cy-Cs5(NC)F;5(A) and Cs-Csg(NC)
Fi5(B) are demonstrated in Fig. 1. The distinct geometrical
features of five different optimized structures in Fig. 1 have
been individually marked. There are three pairs of pentagon-
pentagon ring fusions (denoted as DFP) and two pairs of triple
sequentially fused pentagons (referred to as TSFP) which are
both colored in purple in the structures of Cs,-"'2°°Csq4 and
C,-"978C54, respectively. And there is a heptagon colored in gold
and two TSFPs that are also colored in purple in the carbon
cages of Cs-Csg(NC) and its two fluorides. As illustrated in the
Fig. 1, the fluorine atoms which colored in green are attached to
carbon atoms within two fluorinated derivatives in different
ways. Compared with Cs-Cs4(NC)F;4(A), which has three fluorine
atoms connected with heptagon sites, only two fluorine atoms
of Cs-Csg(NC)F,5(B) are located at the heptagon sites, most of
the remaining fluorine atoms are attached to the triple
sequentially fused pentagons as shown in Fig. 1. Addition of
fluorine atoms contributes to the release of local strain and
hybridization changes from sp> to sp®, nevertheless the pres-
ence of them did not change the symmetry of the carbon cage
which still maintains the C; symmetry. The result is consistent
with the results of previous theoretical studies.''®

Table 1 manifests the statistics of relative energies, bond
lengths as well as HOMO (highest occupied molecular orbital)-
LUMO (lowest unoccupied molecular orbital) gaps of three Csg
isomers and the fluorinated derivatives Cs-Cs5(NC)F44(A) and Cs-
C55(NC)F;4(B). The singlet and triplet states of three Csg4 isomers
have been separately considered. Based on the results of the
Table 1, although the shortest and longest bond lengths of three
Csg isomers are different, their average values are almost the
same (1.435 A —1.436 A). Average C-C bond lengths of both two
fluorinated derivatives are 1.473 A which is longer than the
average bond length of the pristine CsCsg(NC). Due to

C-C.,(NC)F,(B)

1 9
C-C,(NC)F4(A)

Fig. 1 Optimized structures of the non-IPR isomers Cs,-#12%°Csg and
C,-#1078Cq. as well as the non-classical isomer C¢-Csg(NC) with its
fluorinated derivatives Cs-Csg(NC)F1g(A) and Cs-Csg(NC)F1g(B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Statistics of bond lengths (A), HOMO-LUMO gaps (eV), relative energies (kcal mol™) and NICS values (ppm) of the non-IPR isomers
C,-#1295Cog and C,-#1978Cgq, as well as the non-classical isomer C,-Csg(NC) with its fluorinated derivatives C-Csg(NC)F1g(A) and C,-Csg(NC)
F1g(B). The electronic states of three Csg isomers as well as the average of NBO charges on fluorine atoms for two fluorides are also listed

Shortest Longest Average HOMO-LUMO Relative

Molecule State Re. Ree Re. gap energy NICS NBO(F)
Ca12%Cg A 1.385 1.495 1.435 — 6.13 — —

3A, 1.388 1.468 1.436 1.382 0.00 —7.520 —
C,-"1078C g 1A 1.374 1.492 1.436 1.376 18.25 1.865 —

3A, 1.388 1.476 1.436 — 24.00 — —
Cs-Csg(NC) vy 1.375 1.489 1.436 1.516 8.65 —5.254 —

SN 1.385 1.471 1.436 — 17.26 — —
Cs-Cs5(NC)Fy4(A) A 1.335 1.629 1.473 3.320 — —14.83 —0.323
Cs-C55(NC)Fy4 (B) A 1.339 1.632 1.473 2.732 — —11.21 —0.326

fluorination, the C-C bond lengths have been elongated in
general which reflects the considerable changes in the Csg
backbone. The energies of singlet Cy-C55(NC) and C,-"'78C;; are
8.61 kcal mol™" and 5.75 kcal mol "' lower than their triplet
isomers, respectively. In contrast, the triplet Cs,-*'*°°Csq is
6.13 keal mol™" lower than its singlet one in energy, which
agrees well with the previous results."»””> Hence, we focus on
the singlet CyCs5(NC) and C,-"%78Csq, as well as the triplet
electronic state of C,,-*'2°°Cs in the following discussion. The
results indicate that the stability of class fullerene Cs,-**2°°Cs, is
higher than non-classical fullerene C,Csg(NC) and another
classical isomer C,-"°7®Csq. According to our calculations, the
energy of fluoride Cy-Cs5(NC)F4(B) is 5.567 keal mol ™" higher
than Cs-Csg(NC)Fy5(A) which indicates that Cs-Csg(NC)F4g(A) is
more popular isomer in energy than the former. In the previous
report,”® Chen et al. stated that the singlet C,-**°7%Csg and Cy-
Cs3(NC) are also more stable than their triplet electronic state at
the B3LYP*>%/6-31G level, and the triplet Cs,-""2°°Cs;4 is also the
most popular isomer in energy, whose energy is 9.15 and
18.99 kcal mol™" lower than that of singlet Cy-Css(NC) and
C,#%78C5g, respectively. Meanwhile, Chen's work' also indi-
cated the fluoride Cs-Csg(NC)F;5(A) is more stable than the B-
former fluoride. In summary, our results of variation tendency
of energies and the relative stability among three Csg isomers
conform to the previous researches.'>'® Furthermore, we use
a larger basis set, thus the results are more reasonable and
reliable to provide a more accurate prediction. The non-classical
isomer C,-C55(NC) shows a larger HOMO-LUMO gap, that does
not provide direct information on the relative chemical stability
compared with the non-IPR isomers Cs-"2°Css and
C,"978C 5. Meanwhile, Cs-Csg(NC)F45(A) has a larger HOMO-
LUMO gap than another fluoride Csg(NC)F;4(B), and both their
HOMO-LUMO gaps are much larger than their parent fullerene.

To better understand the interaction between Csg backbone
and fluorine atoms, the natural bond orbital (NBO) analyses for
Cs-Csg(NC)F,5(A) and Cs-Csg(NC)Fq5(B) have also been per-
formed. The charge transfer during the fluorination process can
qualitatively represented by the average of NBO charges on
fluorine atoms for two fluorides. As shown in Table 1, the
average natural atomic charge of fluorine atoms is —0.323
(—0.314 to —0.334) in fluorinated derivatives Cs-Csg(NC)Fq5(A),
and that is —0.326 (—0.318 to —0.336) in another fluorides,

© 2021 The Author(s). Published by the Royal Society of Chemistry

which is consist with the previous studies.® It is worth
mentioned that the natural atomic charges of C (sp®) atoms in
two fluorides are from 0.309 to 0.35, while that of C (sp*) atoms
are from —0.039 to 0.026. Such results indicate strong electron
acceptor and donor characteristics of fluorine atoms and the
Csg backbone, respectively. What's more, it can be inferred that
the addition of fluorine atoms to the Csg mainly affects the
charges of C (sp®) atoms and the influence on C (sp®) atoms is
negligible. The strong electron transfer and electrostatic inter-
action reveal large changes have taken place in electronic and
geometrical structures from fullerene to the fluorinated deriv-
ative. The change in structure has been confirmed by the growth
of the C-C bond length, while the change in electronic structure
has been exhibited by the XPS and NEXAFS spectra, as will be
discussed below.

Furthermore, we also calculated the nucleus-independent
chemical shifts (NICS) values at the center of the fullerene
based on the GIAO-B3LYP/6-31G (d,p) method to get informa-
tion on the aromatic character. According to the NICS charac-
terization, a negative NICS value indicates that it has the
aromaticity, the antiaromaticity is characterized by a positive
NICS value, and nonaromaticity by a value close to zero. As
displayed in the Table 1, Cs-Cs55(NC) is aromatic with a NICS
value of —5.25 ppm and the triplet C,,-"*2°°C54 possesses a more
negative NICS value of —7.52 ppm, while the singlet C,-***75Cs,
shows antiaromaticity by a positive NICS value of 1.865 ppm.
Fluorofullerene Cs-Cs5(NC)F;4(A) not only has lower energy than
the synthesized Cy-Csg(NC)F,5(B), but also owns more negative
NICS value of —14.83 ppm, which suggests that Cs-Csg(NC)
F15(A) is stable and may be isolated experimentally. In addition,
both the NICS values of two fluorinated derivatives are more
negative than their parent fullerene, this phenomenon could be
reasonably explained by that the addition of fluorine atoms has
changed the C-C bond lengths of the Csg backbone, and thus
hybridization of some carbon atoms changed from sp” to sp,
finally, the loss of electron density in the skeleton greatly affects
the aromatic character of the cage center.

In order to discuss the spectra of fullerene isomers more
conveniently, it is necessary to classify the carbon atoms of
fullerene through their local environment in which they are
located. There are six distinguished types of carbon sites dis-
played in Fig. 2. (1) The pyracylene site C,, in which the carbon

RSC Adv, 2021, 11, 1472-1481 | 1475
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Pyracylene Corannulene Pyrene
==c; \
Cs ™
— /
DFP TSFP Heptagon

Fig. 2 Schematic illustration of the local environment of different
types of carbons.

atom lying in a pentagon is connected through an exo bond to
another pentagon. (2) The corannulene site C,, in which the
carbon atom lying in a pentagon is connected through an exo
bond to a hexagon. (3) The pyrene site Cs, in which the carbon
atom is part of three hexagons. (4) The DFP site C,, in which the
carbon atom lies in a pentagon-pentagon ring fusion. (5) The
TSFP site Cs, in which the carbon atom lies in the fusion of
triple sequentially fused pentagons. (6) The heptagon site Cg, in
which the carbon atom lies in the proximate hexagon-hexagon-
heptagon vertexes and pentagon-hexagon-heptagon vertexes.
Different combinations of these six carbon sites will produce
different isomers. For example, there are 45 pyracylene sites, 8
TSFP sites and 5 heptagon sites both for Cs-Cs5(NC) and its
fluorinated derivatives; 36 pyracylene sites, 12 corannulene
sites, 6 DFP sites and 4 pyrene sites for C;,-*'?°°Csq; 34 pyr-
acylene sites, 10 corannulene sites, 8 TSFP sites and 6 pyrene
sites for C,-"1°78Cxs.

In addition, the Fowler-Manolopoulos spiral algorithm
mentioned above is one of the most widely used algorithms for
the generation and nomenclature of fullerene isomers, which
advantageously solves the topological problem of fullerene
isomerism. Fowler and Manolopoulos developed the algorithm
in 1992 (ref. 73) and demonstrated its limitations in 1993.7* The
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algorithm is not guaranteed to yield all possible isomers, for
instance the non-classical fullerene isomers, but it is reliable
and suitable for constructing polyhedrons with lower symme-
tries, especially for the fullerenes with atoms within 380. In the
present work, the C;,- and C,-symmetric Csg isomers are,
according to the Fowler's spiral algorithm,® corresponding to
the fullerenes®® numbered as 1205 and 1078.

3.2 XPS

The calculated C 1s XPS spectra of different non-equivalent
carbon atoms in the non-IPR isomers Cas-"2%°Css and
C,-"978C54, as well as the non-classical isomer Cy-Cs5(NC) are
displayed in Fig. 3(a). It is easily observed that the three Csg
isomers all show a strong peak at around 289.9-290 eV and two
weak peaks at lower energy about 289.5 eV and higher energy
about 290.3 eV, respectively. All carbon atoms of non-IPR
isomer C,-"'?°°Cs, are classified as only 13 symmetry-
independent atoms and four types: DFP, pyracylene, cor-
annulene and pyrene. While compared with Cs,-**°°Csg, the
symmetries of another non-IPR isomer C,-"1%78C, and the non-
classical isomer C;-Csg(NC) are reduced and the non-equivalent
carbon atoms of them are increased to 29 and 31, respectively.
Particularly worth mentioning is that the spectrum of non-
classical isomer have an un-conspicuous wave-packet at
around 290.6 eV, which is not observed in that of two non-IPR
isomers. The clear differences among the three isomers could
be attributed to the presence of heptagon sites in Cs-Csg(NC).
Such a particular characteristic can provide useful evidence for
the identification of the three isomers. In addition, there are
similar IP values for the same or similar types of carbon atoms
in different molecules. According to the Fig. 3(b)-(d), the pyrene
sites in these two non-IPR molecules have the same IP values at
high-energy regions around 290.3 eV, while there are no pyrene
sites in the non-classical isomer, which are replaced by the
heptagon sites with high-energy range of 290.2-290.6 eV.
Besides, carbons at the pentagon-pentagon ring fusions (DFP/
TSFP) of the three Csg isomers exhibit at the lower-energy
regions. This phenomenon could be reasonably inferred by
that the stability of the different types of carbon atoms. The
presence of adjacent pentagons leads to the enhanced local
steric strain and lack of resonance stabilization, thus the
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Fig. 3 Calculated 1s ionization potentials (IPs, denoted as bars) of different symmetry-independent carbon atoms in each Csg isomer (a) and
type-specific contributions for the non-IPR isomers Cs,-#12%°Csg (b) and C,-#1978Csq (c), as well as the non-classical isomer C,-Csg(NC) (d). The
XPS spectra are generated from these IPs through a Lorentzian convolution with FWHM = 0.15 eV.
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increased chemical active sites result in the decrease of ioni-
zation energy. In contrast, the incorporation of heptagon may
release the strain of carbon skeleton, resulting in the higher
ionization energy. All of the above results are well consist with
the previous theoretical conclusions of Cs4,%® Cgo,** C75,** C74,>
and C,g.%®

The calculated C 1s XPS spectra of the two fluorinated
species compared with the corresponding Css backbone are
presented in Fig. 4(a). The spectra of Cy-Csg(NC)F;5(A) and Cs-
Css(NC)F;4(B) both demonstrate a strong peak at around 291 eV
and a weak shoulder in the range of 291.4-291.6 eV, as well as
a wave-pocket at higher energy range of 293.4-293.8 eV, which is
not observed in that of the pristine fullerene Cs-Csg(NC). In
addition, significant differences in the XPS spectra have been
observed after fluorination, the whole features of the fluori-
nated species exhibit an obvious blue shift in a sense after
fluorination. Meanwhile, there are slight differences between
the two fluorides. For a deeper insight, the contributions from
the three types of carbons have been displayed in Fig. 4(b) and
(c). One can observe that the carbon atoms belong to the same
types of the two fluorides have similar IP values. Compared with
the parent fullerene, the TSFP sites of two fluorides both exhibit
an obvious blue shift, especially for that directly bonded to
fluorine atoms, which have the higher IP values at 293.4-
293.8 eV. Since the carbon atoms which are connected to the
fluorine atoms have the characteristic of an electron donor, the
energy level position of the inner 1s orbital of them is reduced,
that is, the peaks in XPS spectra of two fluorides appear in the
higher-energy regions.*® This is accordant with previously re-
ported results on halogenation of carbon compounds that the
binding energy of carbon 1s electrons will increase differently
depending on the bond type of carbon atoms.”>”® Such obser-
vation again confirms the effective changes in the geometrical
and electronic structures of the C5g backbone after fluorination.
Compared with the previous studies of Cs4,*® Cep,** Cy5,** Cr4,%
C,g,%® and their chlorinated derivatives, the fluorides still have
an obvious blue shift after fluorination. It is worth mentioning
that the blue shift after fluorination is 0.2 eV more than that
produced by chlorination.

View Article Online
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Accordingly, the XPS spectra can in principle be considered
as a useful technique for identifying isomers with different
symmetries and detecting changes in their geometrical and
electronic structures after fluorination.

3.3 NEXAFS

The calculated NEXAFS spectra of the three Csg isomers are
shown in Fig. 5(a), which are obtained by the weighted
(according to their relative abundance) summation of all type-
specific spectra. The non-IPR isomers Cs-""2°°Css and
C,"%78C5q, as well as the non-classical isomer CyCsg(NC)
exhibit seven major peaks, which are labeled as A-G (marked in
the ascending order of energy and hereafter). Distinct differ-
ences have been shown by the spectra of these three isomers in
Fig. 5(a), especially the energy range of 283-285 eV. For
example, both an obvious peak labeled as A exists in the spectra
of CyCsg(NC) and C,-'°7%C5q, while the same position of the
spectrum of C;,-*'*°*Cs, shows a weak shoulder that is not
easily detectable, which is on the left of the peak A. In addition,
the non-IPR isomer C;,-"'2°°C54 possesses a broad wave-packet
which consists of two peaks A and B, while there is a much
stronger peak B with a weak left shoulder in the spectrum of the
Cs-Csg(NC), besides, a weak peak B and a sharp peak C appear in
the similar energy range of C,-"'°Css. Slight differences also
could been observed in the high energy regions, especially the
clear peak G in the spectrum of Cj;,-*'2°Csg, which is hardly
found in the same regions of Cy- and C,-symmetric isomers.
For a deeper understanding, Fig. 5(b), (c) and (d) show the

contributions of different carbon types to Cs,-*2°°C
€178,

58
¢ and CsCsg(NC), respectively. As illustrated in the
Fig. 5(b), the weak shoulder that is on the left of the peak A only
stems from the DFP sites, which is special to Cs,-""2°°C5q. The
double wave-packet A and B only originate from the excitation of
pyracylene and corannulene sites. As for the peaks C, D, E, F and
G, they all originate from all four types of carbons. As depicted
in Fig. 5(c), the peak A only arises from the TSFP sites, which is
regarded as the “fingerprints”. The peak B arises from the
excitation of pyracylene and corannulene sites, and all four
types of carbon atoms contribute to the remaining peaks. In
Fig. 5(d), there is a clear peak A which is only contributed by the
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Fig. 4 Calculated 1s ionization potentials (IPs, denoted as bars) of different symmetry-independent carbon atoms in (a) the non-classical
fullerene derivatives Cs-Csg(NC)F1g(A) and Cs-Csg(NC)F15(B) as well as type-specific contributes for the fluorides (b) Cs-Csg(NC)F1g(A) and (c) Cs-
Csg(NC)F1g(B). The XPS spectra are generated from these IPs through a Lorentzian convolution with FWHM = 0.15 eV.
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TSFP sites, and it is the “fingerprint” of the spectrum of the Cs-
Css(NC). The remaining peaks arise from all three types of
carbons.

The comparative total NEXAFS spectra of Cs-Cs5(NC) and its
two fluorinated derivatives Cs-Csg(NC)F15(A) and Cy-Csg(NC)
F15(B) are displayed in Fig. 6(a). There are significant differences
among the non-classical isomer and its fluorinated derivatives.
For example, the two fluorides both have a double peak (both
marked as G and H, respectively) in the high-energy regions of
290-292 eV, which is hardly found in their parent fullerene. In
summary, an obvious blue shift exhibits in the NEXAFS spec-
trum after fluorination. Slight differences between the two
fluorides also can be observed, the double peak (G and H) in Cs
Css(NC)F;4(A) is sharper than that in Cs-Cs5(NC)F;4(B). Based on
the above characteristics, we can easily distinguish the three
species. The contributions from the three types of carbons for
two fluorides are displayed in Fig. 6(b) and (c), respectively. It is
worth mentioning that both the weak peaks A of two fluorides
only originate from the excitation of the TSFP sites, which are
regarded as “fingerprints”. Besides, the peaks B of the two
derivatives both arise from the excitation of the pyracylene and
heptagon sites. All the three different types of carbons
contribute to the remaining peaks of two fluorides, except for

the peak C of Cs-Csg(NC)F;5(A) only stems from the pyracylene
sites. According to a further comparison of the type-specific
contributions for Cy-Cs4(NC) and its two fluorinated deriva-
tives which are displayed in Fig. 5(d), 6(b) and (c), respectively,
the features of TSFP carbon sites in the high-energy regions
have greatly enhanced after the substitution of the fluorine
atoms, resulting in the blue shift of the spectral peaks. All these
differences in the NEXAFS spectra among non-classical isomer
and its two derivatives demonstrate that fluorination has
effectively changed the electronic structure of the Csg backbone.

In conclusion, notable differences have been observed in the
NEXAFS spectra of the three Csg fullerene isomers and two
fluorinated derivatives, which result from and directly reflect
the isomer difference and the effects of fluorination on the
geometrical and electronic structures. The presences of TSFP
and DFP carbon sites are the most distinct feature of Cs,-, C»-
and CsCsg isomers and two fluorinated species. As a conse-
quence, the fingerprints of the NEXAFS spectra of three Csg
isomers may be reasonably deemed as the peak A, while the
fingerprints could be considered as peaks A, G and H for two
fluorinated derivatives. NEXAFS spectra of the fluorides have
the same variation rule as that of chlorides. The similar blue
shift exists in the NEXAFS spectra of fluorides in this work

(a) (b)

C.-C(NC)F ,(B)
gH

Intensity(arb.units)

C,-C,(NC)F ,(A)

C.-C,(NC)

(c)

Heptagon Heptagon
Pyracylene W
TSFP TSFP|

GH

Total spectrum Total spectrum

T T T T
288 292 286 288

Energy(eV)

296 282 284

Energy(eV)

T T T T T T T
290 292 294 296 282 288 290 292 294

Energy(eV)

T T
284 286 296

Fig. 6 Calculated (a) total NEXAFS spectra of C-Csg(NC) and two corresponding fluorinated derivatives as well as type-specific contributions for
the fluorides (b) Cs-Csg(NC)F1g(A) and (c) Cs-Csg(NC)F15(B). Each total spectrum is obtained by weighted (according to their relative abundance)

summation of all type-specific spectra.
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compared with that after chlorination in the previous studies of
Cs4,%° Ceo,>* C72,% C74,%” and C;5.*® Hence, the NEXAFS spectra
can provide effective identification information for different
isomers.

3.4 XES

The calculated XES spectra of the non-IPR isomers Cs,-""2°Cjsg

and C,-***78Cs,, as well as the non-classical isomer Cy-Cs5(NC)
are presented in Fig. 7. XES spectra aim to provide the emitted
energy and intensity during the relaxation process of electron in
the inner layer of a specific element after being excited to obtain
more useful information. It is sensitive to different elements,
thus, the general spectral shapes of C 1s emission spectra of
three fullerene isomers are quite similar. The XES spectra of the
three isomers are all characterized by two main peaks at the
range of 265-270 eV and a lower double peak at around 272-
273 eV. Although the general spectra are similar, some slightly
differences still could be observed among them. For instance,
the non-IPR isomer C,,-"*2°°C54 has a broad left shoulder and
a slim strong peak in the range of 265-267 eV, while a double
peak appears in the spectra of C,-"'°®Csg and CysCss(NC),
respectively. Besides, a broader peak at around 272 eV exists in
the spectrum of the non-IPR isomer C,-**°"3C54 compared with
another two Csg isomers. It could be speculated that different
types of carbon atoms change the electronic structure of the
carbon cage, resulting in the differences among the spectra of
the three isomers. In summary, the C 1s emission spectra can
also provide effective evidences for distinguishing isomers.

4 Conclusions

The electronic structures, XPS, NEXAFS and XES spectra of the
non-IPR isomers C,-"12°°C5g and C,-1°78Csg, as well as the non-
classical isomer Cs-Csg(NC) with its two non-classical fluori-
nated derivatives Cs-Csg(NC)F;5(A) and Cy-Csg(NC)F45(B) have
been investigated at the DFP level. Both the XPS and NEXAFS
spectra show strong isomer dependence and the distinct effect
of the fluorination process on the carbon cages have been
demonstrated. In particular, the carbon atoms at the fusions of
the pentagon-pentagon rings (DFP or TSFP) demonstrate
special signals which are particular in the non-IPR isomers

© 2021 The Author(s). Published by the Royal Society of Chemistry

C,3,-"12%5C 54 and C,-"°78C54, as well as the non-classical isomer
C4-Csg(NC) with its two fluorides, respectively. The fingerprints
originated from the DFP and TSFP sites in the XPS and NEXAFS
spectra of the two non-IPR isomers and the non-classical isomer
appear in the lower-energy regions, while that in higher energy
regions in spectra of the two fluorides. In other words, there is
a large blue shift in the XPS and NEXAFS spectra after fluori-
nation. The different spectral features in X-ray spectra of the
non-IPR isomers Cs,-"12%°C5g and C,-"178C5g, as well as the non-
classical isomer Cs-Csg(NC) can provide effective evidence for
distinguishing the non-IPR and non-classical isomers. In
conclusion, these results indicate X-ray spectra can provide
a valuable method for further experimental and theoretical
researches in fullerene science.
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