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The structural stability and the electronic properties of C2Xs exohedrally functionalized fullerenes where X = H, F,
Cl, Br, NH,, OH and CN are probed at the B3LYP level of theory. Vibrational frequency calculations show that all
systems are true minima. The calculated binding energies of exohedrally functionalized fullerenes show Co(CN)s
followed by CxoFs as the most stable exohedrally functionalized fullerenes by the binding energies of 6.628 and 5.484
eV, respectively. All exohedral derivatives decrease the conductivity of fullerene through increasing their HOMO-
LUMO gap and therefore enhance their stability against electronic excitations. High charge transfer on the surfaces of
our stable exohedrally functionalized fullerenes, especially Cx0(OH)s provokes further investigations on their possible

application for hydrogen storage.
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INTRODUCTION

The discovery of Ceo [1,2] was followed by the
synthesis of other members of the fullerene family
including the smallest possible fullerene cage, i.e.
Cx [3]. The thermodynamic stability of Cy is
different from that of Ceo because of its extreme
curvature and reactivity as it is composed of 12
pentagons and no hexagons. The angle between two
adjacent bonds is 108°, much smaller than the
optimal sp? angle of carbon, which is 120°
Therefore, it is a very strained structure. However,
the fullerenes suffering from adjacent pentagons
can be stabilized by forming endohedral (where the
dopant is inside the cage) or exohedral (where the
dopant is outside or between fullerene cages)
derivatives with other groups [4]. Endohedral
doping proved to be applicable in successful
synthesis of Sc@Ces [5], Sc.C.@Ces [6], and
ScsN@Ces [7]. In the case of small cages, Moran et
al. studied the equilibrium geometries and
frequencies of endohedral complexes X@CzoHzo
where X = H, He, Ne, Ar, Li, Li*, Be, Be*, Be?,
Na, Na*, Mg, Mg* and Mg?** [8]. Shakib et al. [9]
found that minima fullerenes Li*@CxH2 and
Mg*@CzH20 are more stable than their isolated
components. Recently, we carried out a similar
study on X@C1,Sis complexes where X = Li*, Na*,
K*, Be?*, Mg?, Ca?", AI**, and Ga*". The calculated
binding energies showed the stabilization of C1,Sis

* To whom all correspondence should be sent:
E-mail: fnaderi2@yahoo.com
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through the inclusion of Be?*, Mg?*, AI**, and Ga3*.
On the other hand, the structures and electronic
properties of exohedral complexes have been also
of interest. C54C|g [10], C55C|3, C55C|1o [11], Cse
C|1o [12], CssX1s (X = H, F and C|) [13], hept—062X2
[14], CesXa [15], and CesXs (X = H, F, Cl, or Br)
[16] were explored using the density functional
theory. The first exohedral fullerene CsoClio [17]
was synthesized in 2004 by Xie et al., followed by
the synthesis of CesHs [18] and CesCls [19]. Now,
what about small fullerenes? How does exohedral
doping affect the stability of the smallest fullerene
cage Cx? In this manner, we focused our
calculations on CxXs exohedrally functionalized
fullerenes where X = H, F, Cl, Br, NH,, OH and
CN to probe the applicability of exohedral doping
in stabilization of Cx. The substituents are attached
to eight symmetric positions of the cage in a case
that none of them are adjacent to each other.

COMPUTATIONAL METHODS

Full geometry optimizations are accomplished
by means of hybrid functional B3LYP [20-22] and
the 6-31+G* basis set, as implemented in Gaussian
03 [23]. The applied basis set is comprised of
Pople’s well known 6-31G* basis set [24,25] and
an extra plus due to the importance of diffuse
functions [26,27].  Vibrational frequency
computations confirm that the fully optimized
structures are indeed minima (NIMAG = 0). To
obtain more accurate energetic data, single point
calculations are performed at B3LYP/6-311++G**
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level. As a stability criterion of different
configurations, binding energy per atom is
calculated according to the following expression
[28]:

Ep, = (20Ec + 8Ex— E)/n

where E is the total energy of the Cz0Xs exohedrally
functionalized fullerenes and Ex for NH,, OH and
CN groups is equal to the sum of energy of their
elements. Systems with larger binding energies are
more stable. The electronic conductivity of the
exohedrally functionalized fullerenes which is
related to the HOMO-LUMO energy gaps were
calculated at B3LYP/6-311++G**,

The nucleophilicity index, N, which was
introduced by Domingo et al. [29], is calculated as
N = Enomonwy - Ewnomorrree)y, Where tetrakis
tetrafluoroethylene (TTFE) is chosen as the
reference. The global electrophilicity, o [30], is
also calculated following the expression, ® =
(u2/2n), where p is the chemical potential (u =
(EHOMO + ELUMO)/2) and n is the chemical
hardness (n = ELUMO - EHOMO) [31]. NBO
population analysis on optimized structures is also
accomplished at the same level [32].

RESULTS AND DISCUSSION

Following the successful  synthesis  of
dodecahedrane CyoHxo, a large number of exohedral
derivatives of fullerene Cy have been synthesized
with dodecahedrane as starting point. Among
various exohedral derivatives of C, of particular
interest are the polyunsaturated dodecahedranes
CxoRn (n = 18, 16, 14, 12, 10; R = H or other
substituents) that have one to five highly bent
unsaturated C=C bonds [33]. In this work first full
qeometry optimizations of various exohedral

C20(NH2)s
Fig. 1. Optimized heterofullerenes at B3LYP/6-31+G*.

C20(OH)s

derivatives of Cao (Conlo, Ca0Hi12, CxHisa and
CaoHisb), (their figures are represented in
supporting information) are performed and binding
energy per atom is calculated. The binding energies
are 5.19, 5.09, 5.21 and 5.22 eV/atom, respectively,
while the binding energy of CxHs is 5.44eV/atom.
Then eight symmetrical positions of Cy are
selected for evolution of C2Xs fullerenes where X
=H, F, Cl, Br, NH;, OH and CN (Figure 1).

The smallest fullerene that satisfies Euler’s
theorem is Cy which is highly strained as a result
of the extreme pyramidalization of the double
bonds. Eight symmetrical positions of this fullerene
are selected to have maximum double bond without
any extra strain to have the most relative stabilities
of Cx0Xs.

Geometry optimizations and the resulted binding
energies

The optimized geometries of Cy and its
analogues (Figure 1) in the gas phase are listed in
Table 1. Dodecahedral fullerene Cy does not adopt
the perfect In symmetry due to Jahn-Teller
distortion, whereas its lowest energy form is still in
dispute [34-35]. The work by Chen et al.
demonstrates that all five possible isomers of Cx
(Cz, Coan, Ci, Dsg  and Dz symmetries) are
isoenergetic (within 0.2 kcal/mol at B3LYP/6-
31G*, and within 0.5 kcal/mol at MP2/6-31G*) and
have essentially the same structural parameters at
both B3LYP and MP2 levels [36]. The C=C bond
lengths of C; symmetry Cyo are 1.445 A, which is
close to the sum of covalent radii of two C atoms
(C: 0.76 A). The obtained structure of Cz is in
excellent agreement with that computed by Chen et
al. [37].
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Table 1. Point groups (PG), total energies (Er in a.u.), ranges of C=C and X—C bond lengths (A) and C—C—X angles (°)
for the scrutinized heterofullerenes along with Cy at the B3LYP/6-31+G™* level.

Species PG Etwot (a.U.) Cc-C c=C X-C C-C-X
Cao Ci -761.6019944 1.400-1.536 - -
CaoHs Th -766.7585347 1.540 1.352 1.093 118.81
CaoFs Th -1560.8726881 1.534 1.353 1.373 118.18
C2oClsg Th -4443.7128301 1.531 1.351 1.797 118.60
Ca0Brg Th -21355.0790532 1.525 1.351 1.960 118.36
C20(NH2)s Ct -1209.4094692 1.537-1.555  1.350-1.353 1.449-1.454 116.64-123.86
C20(OH)s Cs -1368.6929686 1.544 1.352 1.404 120.72
C20(CN)s Th -1504.7670055 1.546 1.344 1.160 119.28

Introducing H atoms to Cy upgrades its
symmetry from C; to Tn. This is along with the
uniformity of bond lengths in CxHs. The range of
1.400-1.536 A C=C bonds of Cy is replaced with
single bonds of 1.540 A and double bonds of 1.352
A, pretty close to typical HsC—CH3; and H,C=CH
bonds. The H-C bond length of 1.093 A is also
completely close to a typical H-CH3; bond length of
1.094 A (Table 1).

Evidently, the presence of the eight sp® carbon
atoms extinguishes the electron delocalization on
the surface of the cage. The same structural features
are observed for all other species. However,
C20(NH2)s does not show a fixed length for each of
the single and double bonds but a narrow range.
This is because it obeys Ci symmetry instead of Th.
Although the cage of Cx(OH)s is itself Ty, the
overall structure obeys C; symmetry due to the
different spatial orientations of hydroxyl groups.
While all species show C=C bond lengths of 1.350-
1.353 A, those of C20(CN)s are noticeably shorter
(1.344 A) due to both inductive and mesomeric
electron withdrawing of cyano groups (Table 1).

As stated by Hoffmann, Schleyer, and Schaefer,
talking about the stability of a species necessitates
that not only the obligatory vibrational analysis
demonstrating all frequencies real, but also the
computed smallest vibrational frequency (Vmin)
should be reasonably large, i.e. more than 100 cm™
[38]. Interestingly, vmin increases from 32 cm™ in
C to 474 cm™ in CyHs. This is because eight
strained sp? carbon atoms are replaced with the
strain-free sp® atoms. Halogenated fullerenes show
lower frequencies but those of CyFs and CyCls are
still larger than 100 cm™. The vmin 0f C20Brs is 61
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cm? showing the weakness of C-Br bonds. While
the vmin Of Coo(NH2)s and Cx(OH)s bearing =-
electron donor groups are satisfactorily large, the
vmin Of C20(CN)s with m-electron acceptor group is
lower than 100 cm™ (Table 2).

Table 2. Binding energies per atom (B.E./atom) at
B3LYP/6-311++G**  and smallest  vibrational
frequencies (vmin) for the scrutinized heterofullerenes
along with C20 at B3LYP/6-31+G*,

Species B.E./atom (eV) Vmin (cm™)
Caxo 6.063 32
CooHs 5.437 474
CaoFs 5.484 192
C20Clg 5.085 108
C20Brs 4.944 61
C20(NH)s 5.252 157
C20(OH)s 5.148 182
C20(CN)s 6.628 85

The IR vibrational frequencies are computed to
further provide the distinctive spectroscopic
fingerprints of these probably accessible fullerenes.
The simulated IR vibrational spectra of the
fullerenes are illustrated in Fig.2, suggesting the
prominent peaks.

These IR signatures provide useful information
for their future experimental detections. It should
be stressed at the outset that theoretical frequencies
are almost universally overestimated compared to
experimental results, even for more accurate
methods, such as MP2, CCSD. It is not our
intention in this study to predict absolute values of
frequencies, but rather to seek for patterns in the
data which might help to identify different forms of
Ca0Xs fullerenes.
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Fig. 2. Calculated IR spectra of CxXs heterofullerenes at B3LYP/6-31+G*.

The binding energy of CyHs is 5.437 eV which
is less than that of Cy (6.063 eV) due to the
absence of C=C bonds. From CxFs to C2Brs one
finds a decreasing trend in binding energy due to
the weakness of C-Br bonds compared to C-Cl
ones and C—CI compared to C-F. This is along with
the decreasing trend of vmin among halogenated
fullerene derivatives. The interesting point is the
enormous stability of the fullerene bearing =-
electron withdrawing group i.e. CN. The binding
energy of Cx(CN)gis 6.628 which the highest value
of all studied fullerene derivatives, consistent with
the structural features (Table 2). In order to further
provide distinctive spectroscopic fingerprints of
probably accessible CzXs fullerene derivatives,
their calculated IR spectra are depicted in Figure 2.

C20Xs exohedrally functionalized fullerenes through
NBO atomic charges

It was shown that point charges on the
material’s surface can improve the hydrogen
storage capacity since they increase the binding
energy of hydrogen [39-42]. The NBO population
analysis on optimized structures is accomplished at
the B3LYP/6-311++G**//B3LYP/6-31+G*.

The carbon atoms of sole fullerene bear varying
charges from —0.050 to +0.050. In contrast, the
structural uniformity of CyHs is along with the
electronic uniformity as all sp® carbons carry a

negative charge of -0.283 while the more
electronegative sp? carbons carry a positive charge
of +0.034. Electronegative fluoro substituent
induces an overall electron density transfer and
remains positively charged sp? and sp® carbons. On
the other hand, electron donating characteristics of
Cl and Br results in the negatively charged sp?
carbons, i.e. this time the electron density transfer is
from the exohedral substituents to the fullerene
cage. Generally, since electronegativity decreases
down a group of the periodic table, in CxFs, C2Cls
and CyBrs, a considerable charge transfer occurs
from them to the remaining carbon atoms of the
cage. According to the calculated NBO atomic
charges, the negative charges on F atoms are —
0.354 while the charges on C atoms range from
+0.033 to +0.304. The positive charges on Cl and
Br atoms of CyCls and CxBrs are +0.025 and
+0.094 while the charges on C atoms range from —
0.131 to +0.058 and —0.194 to +0.075, respectively.
Considering both stability and charge distribution
on the surfaces of CyoFs, C20Clg and CoBrs, it seems
that CxFs is possibly the best candidate for
hydrogen storage.

Hydrogen and carbon atoms in CxHs and
C20(CN)s carry a positive charge, i.e. +0.232 for H
and +0.276 for C (Table 3).
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Table 3. Ranges of NBO atomic charges of carbon (C) and exohedral derivatives (X) for CXs heterofullerenes along
with Cy at B3LYP/6-311++G**//B3LYP/6-31+G*.

Species Csps Cep2 S YP
C2 - (-0.050) - (+0.050) - -

CaoHs -0.283 +0.034 +0.232 -

CaoFs +0.304 +0.034 -0.354 -

CaCls (-0.111)- (-0.131)  (+0.053) - (+0.080) +0.026 -

Ca0Bre (-0.176) - (-0.198)  (+0.049) - (+0.076)  (+0.094) - (+0.095) -
C20(NH2)s (-0.073) - (+0.046) (-0.016) - (+0.064) (-0.816) - (-0.869) (+0.349) - (+0.362)
C20(OH)s (+0.188) - (+0.197) (+0.007) - (+0.075) (-0.703) - (-0.718) (+0.467) - (+0.470)
°C20(CN)g 0.221 +0.112 +0.276 0.224

20 in C20(OH)s, C in C20(CN) and N in C20(NH2)s
H in C20(OH)s and Cz0(NH2)s, and N in C20(CN)s

¢ All cyano groups bear the same charges except one, the carbon and nitrogen of which bear the relative charges of +0.294 and

+0.232, respectively.

The differences between their positive charges
correlate with the differences between their
electronegativities. However, the difference of ~
0.350 between the electronegativities of H and C,
cannot simply explain the considerable difference
between their positive charges. Eventually,
Cx0(OH)s with —-0.711 charged O and +0.197
charged C shows the highest charge separation on
its surface leading to one of the highest binding
energies and hence a possible candidate for
hydrogen storage.

HOMO-LUMO gaps, nucleophilicity and
electrophilicity of exohedrally functionalized
fullerenes

The electrons donated by a molecule in a
reaction should be from its HOMO, while the
electrons captured by the molecule should locate on
its LUMO. Furthermore, the atom on which the
HOMO mainly distributes should have the ability
for detaching electrons, whereas the atom with the
occupation of the LUMO should gain electrons
[26]. On this basis, the HOMO-LUMO gap is
traditionally associated with chemical stability

against electronic excitation, with larger gap
corresponding to greater stability. Note that
pyramidalization of a unsaturated C=C bond
remarkably reduces its energy gap between the w
(bonding) and & * (antibonding) molecular orbitals,
leading to “diradical” character and, of course,
much higher reactivity. The HOMO-LUMO gap of
exohedrally  functionalized  fullerenes  varies
depending on the type of exohedral derivative
atoms. All exohedral derivatives increase the gap
leading to the enhanced stability against electronic
excitations. Specifically, CxoHs, and C2(OH)s show
significant stabilities with gaps of 5.670 and 5.604
eV, respectively. Interestingly, based on N and w
indices, Cy is both the most nucleophilic and
electrophilic species among all studied fullerenes
and has a very small HOMO-LUMO gap (1.899
eV) (Table 4).

This clearly represents its huge instability
resulting from extreme curvature as said before.
The nucleophilicity and electrophilicity of Cy is
greatly influenced by substitution. After Cy,
expectedly,

Table 4. HOMO and LUMO energies, HOMO-LUMO energy gaps (AEH-L), nucleophilicity (N) and electrophilicity
(o) indices for the scrutinized heterofullerenes along with Cy at B3LYP/6-311++G**//B3LYP/6-31+G*,

Species HOMO (a.u.) LUMO (a.u.) AEn.L (V) N (eV) w (eV)
Cao -0.20339 -0.13361 1.899 4.798 5.536
CaoHs -0.24902 -0.04065 5.670 3.556 1.370
CaoFs -0.31844 -0.13047 5.115 1.667 3.646
C20Cls -0.30309 -0.11703 5.063 2.085 3.227
Ca0Brg -0.29229 -0.11791 4,745 2.379 3.282
Ca0(NH2)s -0.23261 -0.05123 4,936 4.003 1511
C20(OH)s -0.26679 -0.08001 5.082 3.073 2.190
C20(CN)s -0.36080 -0.15484 5.604 0.515 4.391
TTFE -0.37971 -0.14198 6.469 0.000 3.894
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C20(CN)s with N and « values of 0.515 and 4.391
eV, respectively, is the least nucleophilic and the
most electrophilic species (Table 4). Eventually,
based on Pauling electronegativities, NH is more
nucleophilic than OH and CI more than F.

CONCLUSION

The smallest possible fullerene cage, i.e. Cy, is
taken into account of exohedral derivatives through
our previously reported isolation strategy. The
exohedral derivative atoms are replaced at eight
selected symmetric positions of Cz. Probing
exohedrally functionalized fullerenes CxXs Where
X =H, F, ClI, Br, NH2, OH and CN reveals that all
these systems are true minima. Calculated binding
energy of 6.628 eV shows Cy(CN)s as the most
stable  exohedrally  functionalized  fullerene
followed by CxoFs with the binding energy of 5.484
eV. The binding energies of the other exohedrally
functionalized fullerenes ranges from 4.944 to
5.437 eV. Exohedral derivatives lead to a high
charge distribution on the surfaces of all
exohedrally functionalized fullerenes with the
highest distribution on Cg(OH)s with +0.197
charged carbons and —0.711 charged O atoms.
These high point charges upon the exohedrally
functionalized fullerenes surface can improve the
storage capacity and make them worthy of
investigation for hydrogen storage. All exohedral
derivatives increase the HOMO-LUMO gap leading
to enhanced stability against electronic excitations.
Also, all exohedrally functionalized fullerenes have
lower nucleophilicity and electrophilicity than Cy
indicating their stability compared to the
unsubstituted cage.
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YNCJIEHO U3CJIEJIBAHE HA HA-MAJIKUTE EKCOEIPUYHU
OYHKUMOHAJIM3UPAHU ®VJIEPEHU, C20Xs (X = H, F, Cl, Br, NH2, OH 1 CN)
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(Pesrome)

Wznuranu ca CTPYKTypHaTa CTaOMIHOCT W ENEKTPOHHHTE CBOMCTBA Ha EKCOSAPHYHU (YHKIMOHATM3UPAHU
¢bynepenn Cz0Xs, kpaero X = H, F, Cl, Br, NHz, OH u CN ¢ momomira va B3LYP-uuBo Ha Teopusita. M3uncienure
BI/I6paI_[I/IOHHI/I YCCTOTHU MOKa3BaT, Y€ BCUYKU CUCTEMU UMAT UICTUHCKU MUHUMYMU. WN3uucnenure CHEPrun Ha CBBHP3BAHC
3a ekcoeApuuHHUTE (QyHKIHOHANM3upanu (ynepenu mokaszsat, ue Cyo(CN)g u cien nero CyFs ca Haii-crabunnure ¢
€HepruM Ha CBbp3BaHe CBHOTBETHO 6.628 u 5.484 eV. Beuuku ekcoeqpuyuHN NPOM3BOIHHM HAaMalsIBaT MIPOBOANMOCTTA
Ha (Qynepenute upe3 HapactBaHero Ha TexHuTe HOMO-LUMO o6nacTé u 3aToBa MOBHUIIIABAT TAXHATA CTAOMIIHOCT
Cpellly eNeKTPOHHO Bb30ykaaHe. BUCOKMAT nmpeHoc Ha 3apsjia Ha MOBBPXHOCTTA HA HAIIMTE CTAOWIIHM €KCOSAPHYHU

¢byukimonanusupanu  ¢ynepenn, ocobeHo Coo(OH)s
BB3MOXKHOCTH 32 CKJIAIpPaHe Ha BOZOPOL.
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