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Abstract The density functional theory (DFT) was used to
investigate the chemical behavior of Cg hosting neutral guest
molecules (NGM). The deformed atoms in molecules (DAM)
allowed identifying the regions of electron density depletion
and accumulation. The studied NGM are CH4, NH3, H,O, and
HF. Based on dipole moment and polarizabilities analyses it is
predicted that the NGM@Cg, should be more soluble in polar
solvents than Cgy. The deformations on the surface electron
density of the fullerenes explain this finding, which might be
relevant for further applications of these systems. It was found
that the intrinsic reactivity of studied NGM@Csg is only
moderately higher than that of Cg,. This trend is supported
by the global reactivity indexes and the frontier orbitals anal-
yses. The free radical scavenging activity of the studied sys-
tems, via single electron transfer, was found to be strongly
dependent on the chemical nature of the reacting free radical.
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The presence of the studied NGM inside the Cg influences
only to some extent the reactivity of Cgo toward free radicals.
The distortion of the electron density on the Cg, cage, caused
by the NGM, is directly related to the electron withdrawing
capacity of the later.
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Introduction

Since the discovery of Cgp, modified fullerenes have become
the subject of many experimental and theoretical investiga-
tions due to their potential on tuning the chemical and physical
properties of this molecule. One of these modifications con-
sists of incorporating atoms, ions, small molecules, or clusters
inside the carbon cage [1-10], i.e., yielding endohedral fuller-
enes. Most of the methods used for synthesizing these nano-
systems involve harsh conditions [11, 12], which makes them
unsuitable for producing fullerenes hosting neutral guest mol-
ecules (NGM). However, this can be achieved using a recently
developed synthetic strategy known as molecular surgery [11,
13—15]. The synthesis of H,O@Cgy is a successful example of
such a procedure [11].

This particular molecular system has attracted great atten-
tion due to its amazing features. For example, it presents a
hydrophobic cavity containing a single polar molecule [12].
This causes that while Cg itself does not have a dipole
moment, HyO@Csq is a polar molecule [11]. The encapsulat-
ed water molecule cannot undergo conventional H bonding
[16], which may be very important for understanding the
properties of H,O when it is not connected this way with its
neighbors [12]. Accordingly, several studies, both

@ Springer


http://dx.doi.org/10.1007/s00894-014-2412-4

2412, Page 2 of 12

J Mol Model (2014) 20:2412

experimental [17-19] and theoretical [12, 20-24], have been
devoted to study fullerenes containing water molecules.

To our best knowledge H,O@Cg is the only endohedral
fullerene containing a NGM that has been synthesized so far.
However, theoretical studies have been performed on other
NGM@C, systems and some of their properties have been
predicted. Rehaman et al. reported the structure and infrared
(IR) spectra of CH4@Cgs and CH4@Cg [25]. Ren et al.
proposed the structure, formation energy, energy gap between
the highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO), electron affinity
(EA), ionization potential (/P), IR active modes, and harmonic
vibrational frequencies of C4H4@Cgo [26] and C4H4@CH
[27]. Wang et al. calculated the '"H NMR chemical shifts of
fullerene compounds hosting H,, H,O, and NHj3 [28]. Peng
et al. estimated the structure, stability, and electronic proper-
ties of GeHy@Cg [29]. Medrek et al. modeled the structures
and energies of the inclusion complexes of Cqy with H,O,
NH;, H,, 2H,, 3H,, 4H,, O,, and O3 [30]. Accordingly it can
be stated that theoretical studies are contributing to an antic-
ipated knowledge of this particular kind of endohedral fuller-
enes. Due to the spectacular growth of computational power in
the last decades, currently it is possible to obtain reliable data
from calculations at a reasonable computational cost for these
systems. Moreover, taking advantage of computational studies
to address the investigation of NGM@C,, systems seems to be
a very appealing option.

In addition, since the door to the synthesis of fullerenes
hosting NGM was opened only a few years ago, these nano-
objects have been considerably less studied than some of their
relatives such as endohedral metallofullerenes. An important
issue that naturally arises when any molecular system is
structurally modified is the role of such modification on the
chemical properties. Therefore, studies allowing comparisons
between the endohedral fullerenes and the isolated host and
guest molecules are very important to quantify the influence
of'the encapsulation on the properties of the combined system.
For example the importance of works investigating the extent
of the effects of the internal H,O molecule on the reactivity of
H,O0@Cgp has been recently pointed out [16].

Accordingly it is the main goal of the present work to
investigate some properties of Cgo hosting H,O and other
isoelectronic NMG (CHy4, NH3, and HF), most of them related
to chemical reactivity. With that goal in mind we report here
binding energies per C atom, dipole moments, polarizabilities,
electron densities, HOMO and LUMO energies, HOMO-
LUMO gaps, and reactivity indexes. In addition, several studies
on the ability of fullerenes to easily react with free radicals have
also been reported [31-35]. This is a very desirable property
due to the damaging effects of free radicals, with both environ-
mental and health implications. Accordingly the role of the
guest molecule on the potential free radical scavenging activity
of the studied NGM@Cs, systems has also been investigated.

@ Springer

Computational details

All the electronic calculations have been carried out with the
package of programs Gaussian 09 [36]. Full geometry opti-
mizations and frequency calculations were carried out using
the density functional BPW91 and the valence double-zeta
D95V [37] basis set. This functional combines the Becke’s
1988 exchange functional [38], which includes the Slater
exchange along with corrections involving the gradient of
the density, with Perdew and Wang’s 1991 gradient-
corrected correlation functional [39-42]. The BPW91 func-
tional was chosen after testing the quality of the results ob-
tained with different methods vs. some available experimental
data (for details see the subsection Choosing the calculation
method, in the Results and discussion section). The energies
were improved by single point calculations at the BPW91/6-
311+G(d) level of theory, which includes a larger (triple zeta)
basis set with polarization and diffuse functions. This dual
level strategy is commonly employed for large systems, and
implies assuming that geometries are close enough at both
levels of theory. This is usually the case, since geometries are
not particularly sensitive to changes in basis sets, provided
that the low level basis set is not too small. The located
stationary points were confirmed to correspond to local min-
ima by the absence of imaginary frequencies. Thermodynamic
corrections at 298 K were included in the calculation of
relative energies.

For the calculations related to the free radical scavenging
activity of the studied systems, solvent effects were included,
a posteriori, using the SMD continuum model [43] with
benzene and water as solvents to mimic polar and non-polar
environments. The electron densities on the different molecu-
lar structures were obtained from the deformed atoms in
molecules (DAM) approach, using the DAMQT package of
programs [44]. The DAM allows mapping the molecular
regions of electron density depletion and accumulation, and
this information has been used to rationalize the trends in
properties found for the systems of interest.

Results and discussion
Choosing the calculation method

The performance of different calculation methods was tested
by comparisons with available experimental data. The data set
includes the vertical ionization energy (/E), the vertical elec-
tron affinity (EA4) and the HOMO-LUMO gap (HLg) of Cg.
The tested methods are: BPW91, B3LYP, cam-B3LYP, PBE,
TPSS, TPSSh, M05-2X, B97D, and BHandHLYP. In addition
calculations performed using MP2 at the BHandHLYP geom-
etries were also included. All of them were used in conjunc-
tion with the D95V basis set.
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It was found that the smallest mean unsigned errors (MUE)
for IE and EA correspond to the calculations performed with
the BPW91 and the B3LYP functional (Table 1). The MUE in
these two cases were lower than 0.1 eV. For the HLg, on the
other hand the calculations that produce the values closest to
the experimental one are those performed with the BPWOI,
TPSS, and B97D (Table 2). For all of them the deviation from
the experimental value is lower than 0.2 eV. For the polariz-
ability of Ceo, the smallest deviations (lower than 1 A%) were
found for BPW91, PBE, TPSS, and TPSSh.

Accordingly, BPW91 is the only method, among the tested
functionals, best reproducing all the experimental data (ioni-
zation energies, HOMO-LUMO gap, and polarizability).
Based on these results this functional was chosen to calculate
these and all the other properties presented here for Cgg and its
studied NGM@Cg derivatives.

Binding energies per C atom (eV)

Changes in the binding energy per C atom (BE/c 410m) are
important for possible modifications on the C network of
fullerenes. It is dominated by strong localized covalent
bonding through sp” carbon orbitals and by delocalized 7t
orbitals. Accordingly, we have investigated whether the
inclusion of the studied NGM inside the Cgo cage can
influence its BE caiom-

The binding energy per C atom has been calculated with
respect to dissociation into elements, as:

BE/Catom:T (1)

Table 1 Vertical ionization energies (/E, eV), vertical electron affinities
(EA, eV), signed errors (SE, eV) with respect to the experimental values,
and mean unsigned error (MUE, eV), arising from different methods of
calculation

IE SE EA SE MUE
BPW91 7.46 -0.14 276 0.04 0.09
B3LYP 7.63 003 2.64 -0.08  0.06
cam-B3LYP 8.01 041 242 -030 036
PBE 745 -0.15 281 009 0.12
TPSS 7.36 024 2.69 -0.03 013
TPSSh 749 ~0.11 264 -0.08  0.10
M05-2X 8.22 062 264 -0.08 035
B97D 732 028  2.69 -0.03  0.16
BHandHLYP 7.80 020 227 —045 032
MP2/BHandHLYP ~ 7.42 ~0.18  2.89 0.17 0.8
Exp. 7.6 [45] 2.72 [46]

Table 2 HOMO-LUMO gaps (HLg, eV), polarizabilities (e, A*), and
signed errors (SE, eV) with respect to the experimental values, from
different methods of calculation

HLg" SE N SE
BPWI1 1.63 -0.17 77.26 0.86
B3LYP 2.69 0.89 75.03 -1.37
cam-B3LYP 4.84 3.04 72.10 —4.30
PBE 1.62 —0.18 77.10 0.70
TPSS 1.68 —0.12 76.70 0.30
TPSSh 2.21 0.41 75.48 —0.92
MO05-2X 4.56 2.76 72.74 -3.66
B97D 1.63 -0.17 77.40 1.00
BHandHLYP 4.36 2.56 71.86 —4.54
MP2/BHandHLYP 7.09 5.29
Exp. 1.8 [47] 76.4 [48]
aHLg =Erumo-Eromo
BE jcam = Encuaceo —60Ec—Encu 2)

60

where E. represents the energy of each C atom.

All the binding energies were found to be negative
(Table 3), supporting the stability of the studied NGM@Cs
derivatives. The influence of the guest on the BE 0, 0f Ceo
was found to be negligible, smaller than 0.03 kcal mol™, in all
the studied cases. This suggests that the mechanical properties
of Cg should not be affected by the inclusion of the studied
NGM inside the cage.

Dipole moments and polarizabilities

Dipole moments (11) play an important role in the solubility of
molecular systems, as well as on their possible interactions
with neighbor species, for which polarizabilities («) are also
important. Therefore, both properties have been estimated for
the systems under study.

Our results show that the inclusion of the studied guest
molecules inside the non-polar Cgo carbon cage, causes the
complex systems to have a permanent dipole moment. It is

Table 3 Binding ener-
gies per C atom in kcal
mol™, calculated at the

AE? AH AG

BPWOI1/6-311+G(d)// Ceo —7.03 —7.08 —6.65
BPWO1/D95V level of CH,@Ceo -7.02 -7.07 —6.63
theory NH;@Cep  -7.02 -7.08 —6.64

H.0@Cq  —7.03 708  —6.65
“Including zero point HF@Cep 703 —708  —6.65

energy (ZPE) corrections
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interesting that this is the case even when CHy is the guest
molecule, despite the fact that both Cgq and CH4 have p' =0
when they are isolated. Of course for this particular case the
resulting dipole moment in the complex system is very small.
On the other hand the presence of the studied polar NGM
(NH3;, H,0, and HF) lead to rather significant dipole moments
for the NGM@Cy, systems. As intuitively expected, those
with the largest p are the ones with the most polar guest
molecule (H,O and HF). It should be noted, however, that
taking into account that the calculated dipole moments of H,O
and HF are overestimated by about 0.6 and 0.4 D, respective-
ly, the values reported here for the NGM@Cyo systems can be
taken as upper limits.

In all the studied cases that involve Cg, hosting polar
NGM, the dipole moment of the complex system was found
to be lower than that of the corresponding isolated NGM
(Table 4). This is in agreement with previous calculations for
H,0@Cqp [20, 21].

The finding that the NGM@Cg, systems with NMG=NHs,
H,0, and HF have a permanent dipole moment, indicates that
the solubility of such systems in polar solvents should be
higher than that of the empty Cgo. In addition, their interac-
tions with polar molecules in their surrounding should be
stronger, also compared to Cgg. The NGM@Cg systems are
predicted to be more polarizable than the empty cage
(Table 4). The system with the highest polarizability was
found to be CH4@Cgo. This increased polarizability might
also contribute to a higher solubility in polar solvents.

To provide further insights on the above described behav-
ior, we have analyzed the DAM of the studied molecules
(Fig. 1). The trend found for dipole moments can be rational-
ized based on the regions of density concentration and deple-
tion on the carbon cages (view 1, Fig. 1). The depletion zones
were found to be aligned with the H atoms in the NGM. Thus,
the largest dipole moment corresponds to HF@Cg, which
presents the most localized depletion (blue in Fig. 1), essen-
tially placed in one single region on the cage surface. In the
series HF@C60, HzO@Cso, NH3@C60, CH4@C60, C60: the
largest depletion regions increase in number, and are distrib-
uted in a more homogeneous way. Therefore, going from
HF@Cgp to CH4@Cgp the dipole moment decreases. It

Table 4 Dipole moments (1), and mean polarizabilities («v), calculated
at the BPW91/6-311+G(d)//BPW91/D95V level of theory

w' (D)* o (A% p' (D) )
Ceo 0.000 77.26
CH,@Ceo 0.002 77.80 CH, 0.000 1.77
NH;@Ceo 0271 77.57 NH; 1.246 1.36
H,0@Cyo 0.405 77.44 H,0 2.450 0.23
HF@Cso 0.436 77.36 HF 2.236 0.11

#The 1’ symbol is used to differentiate from the chemical potential (1)

@ Springer

becomes zero for Cg due to the perfect symmetric distribution
of density depletion and concentration regions on the surface
of the empty fullerene. The CH4@Cg, molecule is an inter-
esting case that comprises a non-polar guest molecule inside a
non-polar cage, however leading to a system with a small
dipole moment. This can be explained by the finding that the
depletion zones do not accurately cancel out, because their
sizes and shapes are not precisely the same and their position
are not exactly opposed.

Regarding the polarizabilities, a direct relationship was
found with the electron density concentration on the surface
of the fullerene cages (view 2, Fig. 1). Probably the most
unexpected behavior corresponds to Cg, which presents the
lowest polarizability within the studied set of systems. This
can be explained by the fact that this particular structure

View 1

View 2

C60

CH4@C6O

NH3@C60

H?_O@C60

HF@Clo

Fig. 1 Deformed atoms in molecules (DAM) for the studied fullerenes.
Regions of electron density depletion and concentration are presented in
blue and red, respectively. View 1 shows the complete perspective and
view 2 corresponds to the cross-sections. Contour values: £0.001
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presents the largest electron density concentration within the
cavity, causing a reduced density on the surface, compared to
the other systems. For the rest of the series the order in
polarizability is in line with that of the isolated NGM. This
can also be explained by the DAM which shows that as the
regions of density depletion on the C cage surface increases
the polarizability lowers.

HOMO and LUMO energies

It is currently well known that the frontier molecular orbitals
(HOMO and LUMO) play an important role in chemical
reactivity [49, 50]. The HOMO-LUMO gap has been used
as a measure of the kinetic stability for 7t conjugated systems
in general, and for fullerenes in particular [51-53]. The ener-
gies of these orbitals have been associated with the chemical
reactivity of fullerenes [51] since adding electrons to a low
lying LUMO, or removing electrons from a high lying
HOMO, are energetically favorable processes. Accordingly,
we have analyzed the HOMO and LUMO energies, as well as
the energy gap between them for the studied NGM@Cgo
systems.

Our results (Table 5) indicate that the HOMO-LUMO
gap is reduced when Cg is hosting the isoelectronic NGM
studied in this work, CH4, NH;, H,O, and HF. This
reduction was found to be larger for NH;, H,O, and HF
than for CH4, which suggests that the reactivity of the
NGM@Csg system increased with the polarity of the
guest. In addition the inclusion of the NMGs in the cavity
of Cgo increases the HOMO energy, indicating that the
ability of endofullerenes to donate electrons should be
higher than that of the empty Cgo. For the opposite pro-
cess, the systems with Cgo hosting NMG are not expected
to be as good as the empty cage for accepting electrons
since the lowest energy of the LUMO corresponds to Cgy.
It should be noted that the differences for HOMO and
LUMO energies, as well as for the HLg, between Cgy and
the studied NGM@Cy systems are very small; thus these

Table 5 Energies of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), and HOMO-LUMO
energy gap (HLg); calculated at the BPW91/6-311+G(d)//BPW91/D95V
level of theory

Enowmo (eV) Erumo (V) HLg" (eV)
Ceo —5.908 —4.279 1.629
CH4@Cgo —5.893 —4.273 1.620
NH;@Cgo —5.878 —4.276 1.602
H,0@Cgo —5.867 —4.266 1.601
HF@Cgo —5.882 —4.281 1.601

* HLg=Erumo-Enomo

criteria suggest only slight changes in reactivity due to the
presence of the NGM.

Global reactivity indexes

Chemical reactivity descriptors (also known as reactivity
indexes) naturally arise from the DFT formalism and
provide valuable information on the intrinsic reactivity
of molecular systems. Those analyzed in this work are
hardness (7), chemical potential (1), electronegativity (),
electrophilicity (w), electroaccepting power (z '), and
electrodonating power (w ).

Vertical ionization energies (/E) and vertical electron affin-
ities (EA) used to estimate the above described reactivity
indexes were calculated as:

IE = En-1(gy)—En(gn) (3)

EA = En(gy)~En+1(gn) 4)

where Ex(gy) is the energy of the N-electron system calculated
at the geometry gy and En-—(gy) and Ey.1(gy) are the energies
ofthe (NV—1) and (N+1) electron systems, calculated also at the
gy geometry.

First /IE and EA themselves can also be used as global
reactivity indexes that allow quantifying the tendency of a
system to donate or accept, respectively, one electron. The
values reported in Table 6 indicate that, compared to Cg, the
energy required for the first ionization of the NGM@Cy is
lower when NGM=CH, and H,O (with the lowest value
corresponding to CH4@Cg); the same when NGM=HF;
and higher when NGM=NHj;. This means that one possible
strategy for improving the ability of Cg( to donate one electron
might be including one molecule of H;O or CH, inside the
cage, and that the latter would be a better choice. For the £4,
on the other hand, the encapsulation of all the studied NGM
within the carbon cage is predicted to increase the ability of
Ceo to accept one extra electron. However, the largest effect
arises when NHj is the guest molecule. These findings seem
to be relevant for possible electron transfer reactions from and
toward fullerenes. The implications for the potential free
radical scavenging activity of these nano-systems will be
discussed in the following section.

The global hardnessn, defined by Parr and Pearson [54] as
the second derivative of the electronic energy of the system
with respect to the number of electrons at a constant external
potential:

1 (0%E
"=y (W) i 5)

has been calculated in a finite-difference approximation, with
the assumption that the energy varies quadratically with the

@ Springer
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Table 6 Vertical ionization energies (/E), electron affinities (£4), hard-
ness (1), electronegativities (), electrophilicities (w), electrodonating
powers (), and electroaccepting powers ('), all in eV; calculated at
the BPW91/6-311+G(d)//BPW91/D95V level of theory

IE EA n X w w o
Ceo 7457 2762 2347 5109 5561 8409 3.300
CHs@Cqp 7425 2781 2322 5103 5.608 8449 3.346
NH;@Cqp 7460 2799 2331 5129 5.644 8500 3.371
H0@Cqy 7446 2789 2329 5118 5.623 8473 3.356
HF@Cq 7457 2772 2343 5114 5582 8432 3318

number of electrons, as:

IE-EA
= 6

where /E and EA stand for vertical ionization energy and
vertical electron affinity, respectively.

While the non-chemical meaning of the word “hardness” is
resistance to deformation or change, the chemical hardness
measures resistance to change in electron number or in the
shape of the electron cloud. Therefore, the chemical hardness
generally measures the energy required for a chemical system
to store charge. The hardness of all the studied NGM@Cg,
systems (Table 6) was found to be lower than that of empty
Cso, indicating that the ability for charge storage is increased
when this fullerene is hosting NGM. These results might have
implications for the potential use of these systems as electron-
ic devices.

The chemical potential (1) is defined, within the frame of
the density-functional theory as the partial derivative of the
system’s energy (F) with respect to the number of electrons
(N) at a fixed external potential 1/(r):

a <2_]€> v(r) 7

It measures the escaping tendency from an electronic
cloud. It is constant, through all the space, for the ground state
of atoms, molecules or solids. The chemical potential is the
negative of the electronegativity () concept of Pauling and
Mulliken [55], which according to Mulliken’s formula [56]
can be calculated as:

IE+EA

3 1 (8)

X

Differences in ) drive electron transfer. Electrons tend to
flow from a region of low electronegativity to a region of high
electronegativity and the number of electrons that flow is
linearly proportional to the x differences, while the concurrent
energy stabilization is proportional to its square.
Electronegativities equalize in polyatomic systems, all becom-
ing equal to the electronegativity of the final molecule

@ Springer

(Sanderson’s principle). As the results reported in Table 6
show, the inclusion of NH3, H,O, and HF inside Cg increases,
while the inclusion of CHy slightly decreases, the electroneg-
ativity of the system, compared to that of the empty cage.
Accordingly it can be stated that the presence of a polar NGM
inside the cage would promote the electron flow toward the
fullerene.

Electrophilicity is another important descriptor since its
value would determine the chemical behavior of the reacting
species, i.e., in a chemical reaction involving two molecules
the one with the higher electrophilicity will act as the electro-
phile, while the other (with lower electrophilicity) will behave
as a nucleophile [57]. In this work w has been calculated as:

(IE + EA)?

¥ T 8(IE—EA) ®)

as proposed by Parr et al. [58] for the ground-state parabola
model. It was found (Table 6) that the electrophilicity of Cgy is
increased when hosting all the studied NGM. This indicates
that the electrophilic character of the NGM@Cg systems is
higher than that of the empty fullerene.

The electrodonating power (zw ) and the electroaccepting
power (w ) indexes have been recently proposed by Gazquez
et al. [59]. They are ideal for describing the propensity of a
given chemical species to donate or accept fractional amounts
of charge. They are expected to show a similar behavior to that
of the first ionization potential and the electron affinity, re-
spectively. However, while /E and EA4 measure the capability
of a chemical system to donate or accept one electron, zo ~ and
w measure the capability of a chemical system to donate or to
accept a small fractional amount of charge [60]. These indexes
are calculated according to:

. (E+3EA)
~ 16(IE-EA) (10)
and
_ (BIE+EA)
“ T I6(IE-EA) (1)

It was found that for the electroaccepting power (') the
trends are the same as those already discussed for EA4
(Table 6), i.e., the ability of accepting (fractional) charge for
all the studied NGM@Cg, systems is higher than that of Cg,
with the largest increase corresponding to NGM=NHj3. On the
contrary, the trends in electrodonating powers (v ) and in /E
are quite different. The oo values of the NGM@Cg systems
are all higher than that of Cgo, which indicates that their
feasibility for donating fractional amounts of charge is lower
than that of the empty cage.

It should be noted that for all the studied reactivity indexes
the values corresponding to the studied NGM@Csq are only



J Mol Model (2014) 20:2412

Page 7 of 12, 2412

moderately different than those of the empty cage.
Therefore, changes in reactivity due to the presence of these
guest molecules inside the carbon cage are expected to be
only minor.

Free radical scavenging activity

Free radicals are very reactive chemical species that can be
very damaging in both the environment and within living
systems. Accordingly, finding viable chemical strategies to
deactivate free radicals and, in consequence, avoiding their
deleterious effects is currently an active field of investigation.
Based on the fullerenes structure two different mechanisms of
reaction can be envisaged for their potential free radical scav-
enging activity. They are: radical adduct formation (RAF) and
single electron transfer (SET). In addition, the latter might take
place in two different directions from the fullerene to the free
radical, or from the free radical to the fullerene. The chemical
nature of the reacting free radical will have an important role
on determining which of the two directions would prevail.

In this work we have investigated the potential capacity of
the studied NGM@Csg systems as free radical scavengers,
and it has been compared to that of the empty Cg,. This is an
attempt to investigate if using this kind of fullerene derivatives
might improve this desirable property. In a first stage the RAF
reactions of two free radicals with different intrinsic reactivity
("OOH and "OCHj3;) were investigated in gas phase (vacuum)
and also in polar and non-polar solutions. All the studied RAF
reactions are predicted to be exothermic (Table 7), while only
those involving "OCHj are predicted to be exergonic. This
indicates that the ability of fullerenes to scavenging free
radicals via RAF may be determined by the chemical nature
of the reacting radical. It was found that the inclusion of the
studied NGM inside the Cg, cage does not significantly in-
crease the thermochemical viability of the radical additions to
the C network. The difference, with respect to the empty cage,
is below the quantum accuracy (1 kcal mol™) in all the studied
cases. On the other hand, the presence of a solvent (regardless
its polarity) seems to moderately increase the viability of the
RAF reactions compared to those modeled in vacuum. The
increment in polarity only leads to a very slight increase in the
viability of these reactions.

Since the nature of the reacting free radical has been iden-
tified as an important factor in the scavenging activity of
chemical compounds [61], and according to the results present-
ed in the previous sections the electronic properties of the
fullerenes studied in this work change when Cg is hosting
NGM, we have studied the SET reactions for a much larger set
of free radicals (Table 8). The SET processes were investigated
in both directions, i.e., from fullerenes to free radicals (I) and
from free radicals to fullerenes (II). The first one is the most
common one, since most free radicals are better for accepting
than for donating electrons. However, the second one was also

Table 7 Reaction energies for the RAF reactions (kcal mol'l), at
298.15 K, in gas phase, and in benzene and water solutions; calculated
at the BPW91/6-311+G(d)//BPW91/D95V level of theory

‘OCH; ‘OOH
AH AG AH AG

Gas

Ceo -20.75 —8.60 —7.43 430

CH4@Cgo -19.89 —8.52 -6.37 4.58

NH;@Cgo -19.92 —7.87 -7.16 5.72

H,0@Cyo -21.14 —8.18 —6.99 5.07

HF@Cgg —19.80 —8.34 —6.14 547
Benzene

Ceo —22.32 -10.17 —8.89 2.84

CH4@Cgo —22.40 —11.02 —8.81 2.14

NH;@Cgo —22.09 —10.04 —9.46 341

H,0@Ceo —22.90 -9.94 —8.62 3.44

HF@Cgo —22.42 —10.96 —8.75 2.86
Water

Ceo —23.15 —11.00 —10.06 1.67

CH4@Cso —22.60 -11.22 -9.37 1.59

NH3;@Cso —22.44 —10.40 -9.87 3.01

H,0@Cyo —23.57 —-10.61 -9.62 2.44

HF@Cgg -23.09 -11.63 -9.37 2.24

included because it has been reported that, at least for the
superoxide radical anion (O,™) when reacting with carotenes
[62] it is the relevant SET path. For SET reactions, in direction
11, involving radicals R2 and R4 the products corresponding to
the radicals after donating one electron decompose. In the case
of R2 it expels a H, molecule, while for R4 the product evolves
in such a way that one of the H atoms originally placed in the
CH, group, next to the alkoxyl end, migrates to the O atom.
Accordingly, we are not reporting the data for SET II, when
these radicals are involved.

Contrary to what was found for the RAF mechanism, the
polarity of the environment plays a very important role on the
thermochemical viability of the SET reactions (Tables 1S to
6S). This is an expected result that goes in line with chemical
intuition since polar environments are essential to promote the
necessary solvation of the intermediate ionic species yielded
by this mechanism. In vacuum, all the studied SET reactions
were found to be largely endergonic, with the AG values
larger than 400 kcal mol™', for both SET directions
(Tables 1S and 2S). In benzene solution, the AG values are
reduced, with respect to gas phase, but all the studied reactions
still remain significantly endergonic (Tables 3S and 4S). The
only exception is the SET reaction from O, to fullerenes,
which is exergonic by more than 30 kcal mol™, in all the studied
cases. The same behavior was also found for the SET reactions
in direction II when modeled in aqueous solution (Table 6S).

@ Springer



2412, Page 8 of 12

J Mol Model (2014) 20:2412

Table 8 Free radicals modeled for the SET reactions, acronyms, and formulas or structures

R1: 'OH R11: 'OOH R21: ‘CHCl,
R2: 'OCH; R12: "'OOCH; R22: "CCl;
R3: ‘OCH,CI R13: "'OOCH,C1 R23: ‘CH,CH=CH,
R4: ‘OCH,CH=CH, |R14: "OOCHCI, R24- @CHZ
. IO '
RS, @O R15: "00CCl; —
) R25:
0 0-0
@—/ R16: ‘'OOCH,CH=CH, —
R6: R26: o
OH .
& R27: "NO,
‘ W
R17: o
R7- OH R28: N3
fOH 0-0 R29: 0,
0 < >
RS: R18: R30:
HO @ ON
: R19: 'CH;
o] i
RO: <\ >* N-N NO,
) o
HO@O R20: "CH,CI
R10: (DPPH)
However, in this case the exergonicity is lower than in benzene. [66, 67] as:
The presence of a polar solvent (water in the present study)
considerably increases the thermochemical viability of the SET " A AGgET :
reactions in direction I (Table 5S). Those reactions involving AGr = 4 (1 T Y ) (13)

radicals R1, R3, and R25 are exergonic with all the studied
fullerenes. In addition the reaction between radical R28 and Cg
was found to be almost isoergonic, with a AG value slightly
negative, while for the other studied fullerenes AG is positive
but very small. The reactions from the studied fullerenes to R15
also present positive but small AG values.

For the SET reactions the rate constants were calculated
using conventional TST [63-65] as:

T (e
k= kBTe*(AG‘)/RT (12)

where kp and % are the Boltzmann and Planck constants, T
is the temperature (K), and AG” is the Gibbs free energy
of activation, which is calculated using the Marcus theory

@ Springer

where the AGgET is the free energy of reaction and A is the
nuclear reorganization energy. The later can be calculated
using a very simple approximation as:

)\:AESET_AGgET (14)

where AEgzris the non-adiabatic energy difference between
reactants and vertical products. This approach is similar to that
previously used by Nelsen and co-workers [68, 69] for a large
set of reactions.

The rate constants (k) for the SET reactions with values
larger than 1 are reported in Tables 9 and 10 for directions I
and II, respectively. The reactions with k<1 are not reported
since they are too slow to have any practical relevance. Some
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exceptions are included, when at least one of the & values for a
particular free radical is>1. The SET reactions from O, to
the studied fullerenes were all found to be within or very near
to the diffusion controlled regime (Table 9). Accordingly, all
the studied fullerenes are proposed to be efficient for scaveng-
ing O, via SET. However some differences can be observed.
These reactions are predicted to be somehow faster in benzene
than in aqueous solution. In addition, our results indicate that
while in benzene the reactions of O,” with the studied fuller-
enes are similarly fast, in aqueous solution a distinctive trend
arises. Under such conditions the order of reactivity for the
studied fullerenes toward O,” was found to be HF@Cgo>
Co0>CH4@Cso>H,0@Cso>NH3@Coo.

For the SET reactions in direction I (Table 10) it was found
that radicals R1, R3, R15, R25, and R28 are those with the
highest rate constants. In fact, they were found to be within, or
near to, the diffusion controlled regime. This suggests that the
studied fullerenes should be particularly efficient for scaveng-
ing these radicals in aqueous solution. In the same environ-
ment, the scavenging ability of the studied fullerenes toward
radicals R14, R26, and R27 is also expected to be very good.
In general, the empty Cgo was found to react faster than the
studied NGM@Cyo. The exceptions correspond to the reac-
tions of NH;@Cgo and H,O@Cgo with R1, R3 and R25,
which are slightly faster for the endohedral derivatives than
for the empty fullerene. In the case of peroxyl radicals the
degree of chlorination seems to increase their reactivity to-
ward fullerenes, through SET I. A similar trend should also be
expected for other halogenated peroxyl radicals, since their
electrophilicity is expected to increase with halogenation.

According to the above discussed results, it is proposed that
the main effect of the presence of the studied NGM inside Cg
on the reactivity of the NGM@Cg, toward free radicals is
related to the increased solubility, rather than to the intrinsic
reactivity. This can be important in biological systems where
solubility plays an important role on the accessibility of free
radical scavengers to different regions. Further increments in
reactivity toward free radicals might be attained by more
drastic structural modifications, such as functionalizing or
doping the C network, which has been proposed to have such
effects for carbon nanotubes [70, 71].

Table 9 Rate constants for the SET reactions (M ™' s™') involving elec-
tron transfers from free radicals to fullerenes, at 298.15 K, in benzene and
aqueous solutions, calculated at the BPW91/6-311+G(d)//BPW91/D95V
level of theory

Ceo CH4y@Cso NH;@Ceo HO0@Csp HF@Cso
Benzene
R29 125E+10 1.25E+10 1.25E+10 1.24E+10 1.25E+10
Water
R29 127E+09 9.23E+08 3.67E+08 4.92E+08 1.51E+09

Table 10 Rate constants for the SET reactions (M71 sﬁl) involving
electron transfers from fullerenes to free radicals, at 298.15 K, in aqueous
solution, calculated at the BPW91/6-311+G(d)/BPW91/D95V level of
theory

Coo CHy@Csp NH;@Cqo H0@Cqp HF@Ceo
R1 9.19E+09 9.08E+09 9.30E+09 945E+09 9.10E+09
R2 3.06E+01  1.62E-03 1.35E-08  8.73E-06  6.57E-04
R3 8.23E+09 8.16E+09 8.29E+09 8.40E+09 8.17E+09
R4 1.84E+02 6.10E-02  6.07E-06 1.13E-03  2.51E-02
R6  226E+04 1.75E+02 7.26E-01 2.02E+01 7.83E+01
R13  932E+02 2.03E+00 2.22E-03 1.21E-01 8.70E-01
R14 133E+06 2.96E+04 337E+02 5.61E+03 1.40E+04
RI15 237E+09 5.15E+08 4.44E+07 2.50E+08 2.94E+08
R25 8.07E+09 8.01E+09 8.14E+09 8.22E+09 8.02E+09
R26 5.12E+07 4.93E+06 2.75E+05 1.93E+06 2.61E+06
R27 1.18E+06 1.33E+05 1.06E+04 593E+04 7.21E+04
R28 8.55E+09 8.I9E+09 3.41E+09 791E+09 7.92E+09

Deformed atoms in molecules

To analyze in more detail the changes in the studied systems,
after accepting or donating one electron, we have computed
the DAM of the corresponding species (Fig. 2). The main
finding is that the electron excess, or deficiency, is essentially
assumed by the C cage. Thus the role of the guest molecule is
almost negligible regarding electron transfers. This explains
why the /E and EA values of all the studied fullerenes are very
similar, and also that their reactivity toward free radicals via
SET, in both directions, is also alike.

As was previously mentioned for the neutral fullerenes, in
the ionic species the zones of density depletion are also
aligned with the H atoms of the guest molecule. Thus such
kind of deformation on the surfaces of the cages are caused by
the molecule inside. However in the cationic species the
depletion regions on the cage surfaces increase in size while
the inner density remains almost the same as that in the neutral
species. For the anions, on the other hand, the depletion
regions on the surface decrease in size, then again the size of
the concentration region inside the cage remains almost un-
changed. Therefore it can be stated that the most significant
changes in density distribution, after electron transfers, take
place on the conjugated C network.

In addition, the NGM@Cgo with NGM=HF, H,0, and
NHj; show significant density voids on the superficial density.
On the other hand, when NGM=CHy, the density on the cage
is deformed rather than missing. This can be explained by the
higher electronegativity of HF, H,O, and NH3, compared to
that of CH,4 (Table 6). It seems that if the NGM is electroneg-
ative enough, it draws part of the superficial electron density
into the cage. This is most noticeably when the whole system
has lost one electron (cation, Fig. 2).

@ Springer
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Fig. 2 Cross-sectional views of
the deformed atoms in molecules
(DAM) for the neutral, anionic
and cationic species of the studied
fullerenes. Regions of electron

density depletion and concentra- C 60

tion are presented in blue and red,

respectively. Contour values:

+0.001
CH4@C 60
NH;@Cy,
H.O@Cy,
HF@Co

Conclusions

All the studied NGM@Cg, derivatives (NGM=CH,, NHj;,
H,O0, and HF) are predicted to be stable, with negative binding
energies. The influence of the guest molecule on this property
was found to be negligible.

Based on dipole moment and polarizabilities analyses it is
predicted that the NGM@Cygq systems should be more soluble
in polar solvents than the empty Cgo. This might be relevant
for further applications of these systems. The deformations on
the surface electron density of the fullerenes allow explaining
the polarity and polarizability changes of the NGM@Cso,
compared to those of the empty Cg.

It was found that the inclusion of the studied NGM inside
the Cgp carbon cage slightly increases the energy of the
HOMO. It also lowers (to some extent) the energy of the
LUMO, except for NGM=HF. In addition, the HOMO-

@ Springer

Neutral

LUMO gap was found to be moderately smaller for the
NGM@Cg systems than for the empty cage. All this suggests
that the intrinsic reactivity of studied NGM@Csg is higher
than that of Cg( but only to a modest extent. The calculated
global reactivity indexes support this trend.

The studied fullerenes were found to be able of efficiently
scavenging alkoxyl radicals through the radical adduct forma-
tion mechanism. It was also found that the scavenging ability
of the studied systems through SET strongly depends on the
chemical nature of the reacting free radical. In addition this
activity is increased by the polarity of the environment when it
takes place from fullerenes to free radicals. The presence of
the studied NGM inside the C¢, cage influence only moder-
ately the reactivity of Cgo toward free radicals.

The studied fullerenes are expected to be efficient
deactivating the superoxide radical anion by SET from the
radical to the fullerenes. Accordingly they are expected to
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prevent the formation of reactive oxygen species that are
yielded from O, such as the hydroxyl radical.

When the systems gain or lose one electron, the excess or
deficiency on electron density is essentially located on the C
cage. Thus the role of the guest molecule is almost negligible
regarding electron transfers.

The NGM were found to cause deformations of the cage
electron density. The extension of such deformations is direct-
ly related to the electron withdrawing capacity of the NGM,
while their location depends on the orientation of the H atoms
in the NGM.
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