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The Cy (cage), Cyo (bowl), CooH;o (bowl) fullerene structures and their nitrogen doped deriva-
tives such as C,)NH (cage), C,oNH (bowl), CooH 0N (bowl), CooH;(NH (bowl) are fully opti-
mized at the MPW1PW91/6-31G level of theory. The natural atomic charge comparison shows
that in C,oH (N (bowl), the nitrogen atom with about —0.58 has a more negative charge with
respect to other nitrogen doped structures. The nuclear magnetic resonance chemical shielding
is evaluated for nitrogen doped structures and the neighbors connected to nitrogen, Cg, and C;
atoms. The nitrogen atom doped on carbon sites of CyoH (N (bowl) has the largest shielding
isotropic shifts to the upper field (—203.58 ppm). This means that the electron density around
nitrogen in the C0H;oN (bowl) structure is higher. Interestingly, there is a significant correla-
tion between the charges and o, values of nitrogen and carbon atoms (C¢ and C;). Namely, as
the charge becomes more negative, Gjy, shifts to the upper field. It is predicted that nitrogen
doped CyH;oN (bowl) with the maximum electron density adopts this structure for electro-
philic reactions.
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Among different carbon clusters, Cy is known as the smallest possible fullerene. There are penta-
gons with the highest symmetry C,y, which results in the extreme curvature and a high reactivity. Ex-
perimental studies of C,, structures have established the existence of several arrangements. The ex-
perimental evidence of Prinzbach studies provided the existence of three different isomers of Cy:
cage, bowl, and ring [ 1, 2 ]. There are no clear proofs as to which of the isomers is the most stable
one. In 2013, Kharlamov and his coworkers reported the experimental synthesis of small carbon mole-
cules (C5—Cy) [ 3 ]. Sokolova’'s studies on C, by different quantum mechanical methods showed the
different total energies of C,y isomers [ 4 ]. The bowl isomer of C,y has the Cs, symmetry with one
central pentagon surrounded by five hexagons. The cage is formed exclusively by pentagons, but its
symmetry has not yet been determined with certainty [ 5 ]. The C,, Dy, or D3, symmetry for the opti-
mized geometry of the Cyy cage was found by different theoretical methods [ 6 |. Based on DFT/LDA
calculations, the cage isomer of Cyy has a geometry with the lowest energy, while DFT with gradient
corrected exchange correlation functions as well as Hartree—Fock calculations predict the ring ge-
ometry to be the most stable one [ 4, 7 |. According to the MP2/TZV2df calculation, the cage and bowl
isomers of Cyy are almost isoenergetic and more stable than the ring isomer [ 8 ]. For the study of the
geometrical structures of small fullerenes, NMR is a useful probe. The NMR parameters are related to
the electronic structures of single molecules and can identify chemical changes. Many papers have
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reported the difference of fullerene isomers [9, 10 ] and fullerene-based materials [ 11 ] from NMR
calculations. The theoretical calculations of NMR successfully fit the experimental results within a
few ppm. Fowler has shown that the NMR technique is as accurate for fullerenes as for many other
molecules and atomic clusters [ 12, 13 |. Thus, the molecular structure can be estimated from the NMR
peak positions and intensities. The NMR chemical shielding (ojs) is extremely sensitive to the local
chemical environment of an atom [ 14, 15 ]. In this paper, we investigate the natural atomic charge dis-
tributions by the natural bond orbital (NBO) method and the NMR parameters of C,, fullerene isomers
(cage and bowl) and their doped nitrogen derivatives using MPW1PW91/6-31G.

Computational details. In the present study, we doped a nitrogen atom to C,, (cage) fullerene
and C,, (bowl) fullerene with and without a hydrogen atom terminated at different positions to find the
more stable structure; and then the effects of nitrogen doping on the structural properties were investi-
gated. We calculated the isotropic magnetic shielding of the structures. The NMR properties were per-
formed within the gauge-independent atomic orbital (GIAO) approach [ 16 ]. The full geometry op-
timizations and NMR calculations of pristine and N-doped fullerene C,y cage and bowl molecules
were performed using DFT [ 17 ] at the MPW1PWO91 level (Barone's Modified Perdew—Wang 1991
exchange functional and Perdew and Wang's 1991 correlation functional) [ 18 ] with the 6-31G basis
set. MPW1PWO1 is a new hybrid Hartree—Fock density functional (HF-DF) model that produces re-
markable results for both covalent and non-covalent interactions [ 19 ]. The calculations are performed
by the GAUSSIAN 98 program package [ 20 ].

Results and discussion. The structures of Cyo (cage) (Fig. 1, a), Cy (bowl) (Fig. 1, b), CyHy
(bowl) (Fig. 1,c¢), and their nitrogen doped derivatives C,NH (cage) (Fig. 1, d), C,)NH (bowl)
(Fig. 1, e), CyHoN (bowl) (Fig. 1,f), and C,yH;(NH (bowl) (Fig.1,g) were optimized at the
MPWI1PWOII level with the 6-31G(d) basis set. The total energies and natural atomic charge distribu-
tions (obtained by the NBO analysis) of the optimized structures in the nitrogen doped derivatives and
the neighboring Cs and C; atoms bonded to the nitrogen atom are listed in Table 1. The energies of
three possible configurations of nitrogen doped bowl structures such as C,0H;oN (bowl), C,0H;(NH
(bowl) and C,)NH (bowl) are found. It is clear that, the comparison of energies of all structures is not
logical because of a difference in the number of atoms. However, the structures of C, (cage) and Cy
(bowl) and also Cy)NH (cage) and C,(NH (bowl) can be compared.

The mPW1PW91/6-31G(d,p) optimized total energies (Table 1) suggest that C,y (bowl) is more
stable than C,, (cage) by 23.87 kcal/mol, and C,)NH (cage) is more stable than CyNH (bowl) by
37.65 kcal/mol (1 a.u. is 627.25 kcal/mol).

The natural atomic charges presented in Table 1 show that the charges on Cgs and C; carbon atoms
significantly deviate from the initial values for the corresponding carbon atoms in undoped fullerene.
For example, the charges on Cs and C; sites range from —0.001 in Cy (cage) to +0.102 in Cy)NH
(cage), whereas those carbon atoms have negative charges in the all bowl fullerenes. In C,H;o (bowl),
the charges of Cg and C; are about —0.074 and a distinct change is not observed for C,yH;(NH (bowl),
while those of CyH;oN (bowl) are most negative, about —0.134. The nitrogen doping effect on the
charges of Cs and C; ranging from —0.07 in Cyy (bowl) to —0.03 in C,)NH (bowl), is not significant
either. Also, the comparison of charges on the nitrogen atom shows that in C,,H;(N (bowl) the nitro-
gen atom with about —0.58 has a more negative charge with respect to other nitrogen doped structures.

Table 1

Total energies of the structures (E, a.u.) and natural atomic charges of N, Cg, and C;
at the mPW1PW91/6-311G(d, p) level

Structure Coocage | C20Hiovowl | Ca0bowl CyoNH cage | CooH1oN powt | CaoH1oNH powt | CooNH powi

Eiot —761.069 | —767.810 | —761.107 | —816.430 —822.407 —823.0627 | —816.376
Qn — — — —0.57374 —0.58437 —0.51834 -0.50127
Qcs —0.00122 | —0.07442 | —0.07442 | 0.10285 —0.13413 —-0.07251 —0.03583
Qc7 —0.00093 | —0.07429 | —0.14380 | 0.102846 | —0.13334 —0.07251 —0.03616
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8 CyoH oNHpgy

Flg 1. Fullerene structures: Czo cage (a), C20 bowl (b), Con]() bowl (C), Cz()NHcage (d)9 CZONHbowl (e)a C20H10Nbowl (f)a
and C20H10NHbowl (g)

Therefore, one can now conclude that the charge distribution around the nitrogen atom in C,0H;(N
(bowl) is greater than the others. The calculated chemical shielding tensors are converted to measu-
rable NMR parameters, isotropic chemical shielding (ci,), using the following equation [ 21, 22 ]:

(o1 +0§z +533)’ 1)
where o;'s are the eigenvalues of the symmetrized NMR shielding matrix, ordered according to
011 < 03 < 033. The following section describes our results in terms of the NMR chemical shielding
that has a contribution of the chemical environment of the atom [23]. In NMR spectroscopy, the
standard system is chosen as the reference, thus, the chemical shielding is taken as the shielding
difference between the atom of interest and the corresponding atom in the reference system [ 24 ]. In
the theoretical calculations, the magnetic shielding must then be subtracted from the shielding in the

csiso (ppm) =
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Table 2

Isotropic chemical shielding (s, ppm) of Cg, C;, and nitrogen atoms for pristine
and nitrogen doped Cy cage and Cogvowi at the mPW1PW91/6-311G(d, p) level

Structure | Capcage | C20Hivow | Caobowt | C20NHcage | Cao0HioNpowt | C20H1o0NH powt | CooNH powt
Gon | — - — | 15304 | 203584 | 195122 | 165.94
Guoce | 4483 | 6689 | 5050 | 3531 42.473 67365 | 59.548
cuer | 4515 | 66.89 | 5050 | -35.39 42473 67.365 59.548

reference system. Thus, the chemical shielding is simply referred as the comparison between the
shielding of the carbon atom in CyN (cage or bowl) and the shielding of the carbon atom in C,, (cage
or bowl).

Nitrogen is more electronegative than carbon, therefore the C¢ and C; sites directly bonded to to
N show completely different behaviors, therefore we focus on the doped nitrogen atom and the
neighbors bonded to nitrogen, Cs, and C; atoms indicated in Fig. 1.

Our calculated chemical shielding for the carbon atoms (Cs, C;7) in Cy (cage) corresponding to
the nitrogen doped positions are 44.83 ppm and 45.15 ppm, respectively. The Cs and C; atoms on the
pentagonal ring in C,Hjo (bowl) and C,, (bowl) are equivalent. The chemical shielding of Cs and C,
are 66.89 ppm and 50.50 ppm in CyH;o (bowl) and C,o (bowl), respectively. These reference values
are used to evaluate the chemical shielding of C¢ and C; in the other structures.

As can be seen in Table 2, Cs and C; (bonded to nitrogen) of C,oNH (cage) (Fig. 1, d) give o, of
—35.3 ppm, thus showing that more shielded atoms in C,)NH (cage) are shifted upfield with respect to
these atoms in Cy (cage).

The comparison of Gjs, parameters of two C,oH;, (bowl) and C,0H;(NH (bowl) structures (Fig. 1,
b, ), which are given in Table 2, show that the chemical shielding of Cs and C; is approximately
equivalent, (about 67 ppm) in the downfield region. Our results show that the values of o, parameter
for C¢ and C; of all bowl Cy structures (CyoH; o (bowl), Cyg (bowl), CooH oN (bowl), Coo0H(NH (bowl),
C0NH (bowl)) are positive, which indicates the smaller shielding on Cs and C.

The o, values of a nitrogen atom doped to the carbon sites (C¢ and C;) of Cy0H oN (bowl) with
the largest isotropic shielding are shifted upfield (—203.58 ppm). This means that the electron density
around the nitrogen atom in this structure is higher, which indicates that a shielding effect on this atom
is high, whereas the chemical shielding of the nitrogen atom shifts downfield for the other structures
as a result of the decreased shielding in this region. Interestingly, there is a significant correlation be-
tween the charges and oj, values of nitrogen and carbon (Cqs and C) atoms, namely, as the charge be-
comes more negative, Gis, shift to the upper field. We can see that when the atom has a more negative
charge, it is more shielded, so that the Cq, C7, and nitrogen atoms in CyH;o(N (bowl), which have the
most negative charges (Table 1), are the most shielded atoms in comparison with the corresponding
reference (Table 2).

Conclusions. The seven different structures of Cy (cage), Cyo (bowl) and their nitrogen doped de-
rivatives were optimized at the MPWI1PWO91 level with the 6-31G(d) basis set. The comparison of
natural atomic charges on the nitrogen atom shows that in C,0H;oN (bowl), the nitrogen atom with
about —0.58, has a more negative charge with respect to other nitrogen doped structures. Our results
show that the values of the ojy, parameter for C4 and C; of all bowl Cy structures (CooH;o (bowl),
Cyo (bowl), Cy0H;oN (bowl), CyoH;oNH (bowl), C,0NH (bowl)) are positive, which indicates the smal-
ler shielding on C¢ and Cs.

The nitrogen atom doped to carbon sites (Cq and C;) of CyoH 0N (bowl) with the largest isotropic
shielding shifts upfield (—203.58 ppm). This means that the electron density around the nitrogen atom
in this structure is higher, which indicates that the shielding effect on this atom is high, whereas the
chemical shielding on the nitrogen atom shifts downfield for other structures as a result of the de-
creased shielding in this region. There is a significant correlation between the charges and o;, values
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of nitrogen and carbon atoms. It is predicted that the nitrogen atom doped to CyoH;oN (bowl) with the
maximum electron density adopts this structure for electrophilic reactions.
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