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Abstract
Magnetic shielding constants for an isolated fullerene C60, cucurbituril CB[9], and the host-guest complex C60@CB[9] were
calculated as a function of separation of the monomers. Our results in the gas phase and water indicate a significant variation of
the magnetic properties for all atoms of the monomers in the complex and after liberation of fullerene C60 from the interior of the
CB[9] cavity. The interaction between the two monomers results in a charge transfer that collaborates with a redistribution of
electron density to deshield the monomers.
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Introduction

The study of magnetic shielding constants for organic com-
pounds can be one of the most powerful properties to define
how the electron density distributes in compounds, as well as
their structural characteristics [1–3]. Recent studies show that
the electron delocalization, mainly observed in electron π net-
works, has similarities with the constant behavior of magnetic
shielding in the compound [4, 5]. In this sense, use of the
magnetic spectroscopic property to study the interaction be-
tween compounds in host-guest complexes, which exhibit
charge transitions, can theoretically elucidate specific behav-
iors and characteristics of a certain family of these complexes.

The results obtained with such techniques can provide the
expansion of use of the host-guest system especially in
nanotechnology.

Several important developments involving host-guest com-
plexes, such as cyclodextrins, calixarenes, and, more recently,
cucurbiturils have been reported [6–11]. The potential appli-
cations of host-guest macrocycle chemistry in recent years,
especially for cucurbituril systems, have attracted much atten-
tion [10–15]. Complexes involving cucurbit[n]uril (CB[n];
n = 5, 6, 7, 8, 10) molecular container compounds have been
studied in several conditions by many different techniques in
both experimental and theoretical approaches [10–19].

The investigation of the electronic character of these sys-
tems has received special focus [16–19]. Buschmann and
Zielesny propose a structural, electronic, and magnetic analy-
sis of hemicucurbit[n]urils and its anionic complexes [20].
The authors conclude that hemicucurbit[n]urils with an odd
number of imidazolidin-2-one units can easily be detected by
the characteristic proton NMR absorption [20]. This technique
has been used to analyze individual family of curcubit[n]uril
in the isolated form, for example, Buschmann et al. show a
detailed study of structure, electronic properties, and NMR-
shielding of cucurbit[5]uril, decamethylcucurbit[5]uril,
cucurbit[6]uril, cucurbit[7]uril, and cucurbit[8]uril [21].

Fileti and coauthors, using molecular dynamics (MD) and
quantum chemical calculations (DFTand PM6 semi-empirical
methods), present a structural analysis and complexion of the
not-yet-synthesized cucurbit[9]uril (CB[9]) and fullerene C60

and show their potential for the creation of a new class of hosts
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for fullerene C60 [19]. This indicated a high structural com-
patibility between the two monomers (C60 and CB[9] exhibit
virtually the same van der Waals radius), which is evident
from the potential energy curve for the complexation process
of the C60 into the CB[9] cavity. The potential energy curve
demonstrated by the authors in this work shows twominimum
points at 0.0 nm (full complexation) and about 0.6 nm (see the
reference for more details). For the first time ref. [19] consid-
ered the C60 as an auxiliary guest in the CB[9] synthesis, the
perfect fit of both nanosystems can lead to the formation of an
unusual complex involving a carbon nanoparticle and a
cucurbituril macrocycle. Experimental studies aiming at the
detection of this complex certainly would benefit from com-
plementary results to assist in its characterization. Then the
computational determination of the magnetic signature of both
host and guest molecules can be useful as a guide for exper-
imental characterization of the C60@CB[9] complexation.

In this work we extended the vision of the C60@CB[9]
system showing a detailed analysis of the magnetic shielding
constant behavior for carbon, hydrogen, nitrogen, and oxygen
atoms and the electronic structure of complex C60@CB[9]. It
is important to emphasize the effects due to the mutual inter-
action between the host and guest molecules on its magnetic
signature in nonencapsulated and encapsulated states
highlighting a persistent shielding of the molecules after sep-
aration. These data are important for the process of structural
characterization when its synthesis is reached. We consider
C60 and CB[9] monomers and the C60@CB[9] complexes in
the gas phase and in water solution using polarizable contin-
uum model methodology and density functional theory.

Methods

The complexation involving the CB[9] cucurbituril and C60

fullerene, abbreviated herein as C60@CB[9], consists of 222
atoms with a total of 1134 electrons. The energy-minimized
structures of monomers and their complexes were obtained by
the semi-empirical method, PM6, one of the most recent pa-
rametrizations of semi empirical methodology. Although semi
empirical Hamiltoniansmay not perform perfectly for peculiar
geometries, large excitations, and strongly nonequilibrated
systems, they account for all quantum and many-body effects
and have a relatively low computational cost when applied to
large systems with satisfactory results providing an invaluable
assistance in the preliminary screening of the condensed mat-
ter systems containing a significant number of electrons.

To characterize the complexation process of the C60 in the
CB[9] cavity, a relaxed energy scan was performed. Thus, it
was possible to obtain intermediate configurations by varying
the distance between the center of mass (RCM) of each mono-
mers separated by 0.02 nm from RCM = 0.0 nm (total com-
plexation) to RCM = 0.9 nm; Fig. 1 shows the monomers/

complexes and the relative position between them. With these
relaxed structures we calculate the values of the magnetic
shielding constants for all carbon, hydrogen, nitrogen, and
oxygen atoms using B3LYP hybrid functional (generalized
gradient approximation) [22, 23], cc-pVDZ basis set func-
tions, and gauge invariant atomic orbital approach (GIAO)
[24, 25]. The GIAO-DFTapproach offers a good compromise
between computational cost and accuracy to determine the
constant magnetic shielding [26–28]. The atomic charge was
calculated using an electrostatic potential ChelpG method as-
sociated with B3LYP functional and cc-pVDZ and cc-pVTZ
basis set functions. Solvent effects were included by
employing the polarizable continuum model (PCM) [29,
30]. All quantummechanics calculations were performedwith
the Gaussian 09 program [31].

Results

As demonstrated previously, C60 presents a high affinity for
cucurbituril CB[9] because of the strong noncovalent collec-
tive interactions between the hydrophobic CB[9] internal cav-
ity and the outer C60 surface [19]. This strong interaction is
favored not only from the standpoint of energy but also the
geometrical point of view and induces profound changes in
the electron cloud of the fullerene. Thus, an expressive varia-
tion on the magnetic shielding constant inherently associated
with a large variation in the dipole moment of the complex is
expected. In this section, we will discuss the results for the
nuclear magnetic shielding constant (σ) of the carbon atoms
from C60 and for the carbon, oxygen, hydrogen, and nitrogen
atoms from CB[9] both in isolated and complexed forms. For
the complex forms, we show only results for the RCM = 0.0,
0.2, 0.4, 0.6 and 0.9 nm.

Nuclear magnetic shielding constant

Fullerene C60 – σ(13C)

Figure 2 show the analyses for nuclear shielding constant for
each C60 carbon atom, both isolated (in red) and in
C60@CB[9] complex (in black) as a function of the center of
mass distance of the monomers.

When inserted into a CB[9] cavity, the results for σ(13C)’s
fullerene atoms show considerable variation with a clear de-
pendence of the distance between the center of mass of the
compounds. For RCM = 0.0 nm, we can observe that the
σ(13C) is between 40 and 50 ppm with a larger number of
atoms with spectroscopic signal in the ranges of 44–45 ppm
and 46–47 ppm. This group of atoms with higher σ values is
formed by carbon atoms near the ring of oxygen atoms that
constitute the cavity of the CB[9]. For RCM = 0.2 nm, σ(13C)
practically stays between 40 and 51 ppm, with a larger number
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of atoms having a magnetic shield between 44 and
48 ppm. In this configuration C60 carbon atoms leave the
CB[9] cavity, and therefore are subjected to a direct influ-
ence of the oxygen atoms of CB[9]. The values of σ(13C)
for RCM = 0.4 nm are similar to those obtained at 0.2 nm;
however, their values are presented in the range of 38–
52 ppm with most of the atoms presenting a constant
shielding in the range of 44–48 ppm. From RCM =
0.6 nm we observed a decrease in σ(13C) values, at
RCM = 0.6 nm a spectrum ranging from 39 to 48 ppm,
and at RCM = 0.9 nm the σ(13C) values are between 43
and 47 ppm. We note that with RCM about 0.6 nm the
C60 can be considered out of the cucurbituril monomer,
and the intense influence of their oxygen atoms is no

longer observed. From RCM > 0.6 nm we can observe a
slight reduction at the values fluctuation as can be seen
in Fig. 2. This difference in the shielding constant behav-
ior at 0.6 nm may be related to the interaction local min-
imum between the monomers as shown previously [19].
Overall we can see that at the complex all fullerene atoms
are not shielded in comparison with the isolated corre-
sponding. This is a consequence of the interaction of the
C60 with the macrocycle that as shown earlier dramatically
distorts its electron cloud [19]. We see that for all posi-
tions of RCM high variation in magnetic shielding is found
for all atoms, and even at a distance of 0.9 nm the C60

atoms remains unshielded. This residual not shielded after
complex separation may be related to a charge transfer

Fig. 2 Magnetic shielding constant σ(13C) for the fullerene atoms calculated at the B3LYP/cm3-pVDZ level. Isolated C60 values are shown in red and
C60@CB[9] complex in black, for RCM = 0.0, 0.2, 0.4, 0.6, and 0.9 nm

Fig. 1 C60 and CB[9] monomers/complexes center of mass (CM) and RCM distance. In this work we use RCM = 0.0, 0.2, 0.4, 0.6, and 0.9 nm
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between the CB[9] and C60 and a discussion on this topic
will be presented at the end of the text.

In an NMR experiment, the most accessible property is the
chemical shift, which is obtained as the difference between the
magnetic shielding of an isotope in different chemical envi-
ronments, one of these being the standard reference environ-
ment [2, 32]. Here is the chemical shift as the difference

δ Cð Þ ¼ σ Cð ÞCB 9½ �
isol −σ Cð ÞC60@CB 9½ �

RCM
. Figure 3 presents the chem-

ical shift, δ(13C), for two representative RCM distances, 0.0
and 0.9 nm. The results show that δ(13C) is between 1 and
9 ppm with an average of about 5 ppm at RCM = 0.0 nm. At
RCM = 0.9 nm, the chemical shift ranges from 3.3 ppm to
4.2 ppm with an average of 4 ppm. Such values are expressive
and clearly differ the isolated fullerene from its host com-
plexed form. Also, it is interesting to note that even after the
complex separation (at 0.9 nm) the shielding constants for
some C60 atoms remain different from the corresponding iso-
lated atoms C60. In general, these differences favor shielding
an experimental characterization of this compound by NMR
techniques.

In aqueous solution, the σ(13C) results for the isolated ful-
lerene differ in only 0.20 ppm of the results obtained in the gas
phase. This is expected due to their hydrophobicity and low
polarization. However, in the complex form the results obtain-
ed in water solution show a unique contribution of the solvent
medium. This contribution is between −1.7 ppm and 1.2 ppm
for RCM = 0.0 nm and between −1.5 and 1.0 ppm for RCM =
0.9 nm. These results do not change the conclusions obtained
in the previous case, in the gas phase.

Cucurbituril CB[9] – σ(13C)

The σ(13C) results for the isolated CB[9] compound were
grouped into three levels of values near 47, 121, and
139 ppm (see Fig. 4), each level with 18 carbon atoms. As
expected the magnetic shielding is related, among other fac-
tors, with the character of hybridization of the carbon. The first

group consists of the sp3 carbon atoms bonded to two nitrogen
and two hydrogen atoms at the opening of the CB[9]
macrocycle as shown in Fig. 5. Atoms in this neighborhood
have a high magnetic shielding. The second group corre-
sponds to equatorial carbon atoms at CB[9], having a neigh-
borhood consisting of two nitrogen atoms, a hydrogen atom,
and a carbon atom of the same group. This group features a
magnetic shielding about 12% less than the former group.
Finally, the third group comprises sp2 carbon atoms bonded
directly to the oxygen and nitrogen atoms. These groups are
highly exposed to pairs of free electrons of other atoms and
thus have a very low magnetic shielding.

The insertion of the C60 on CB[9] leads to a reduction of
the shielding constant of all CB[9] carbon atoms. For the
C60@CB[9] at RCM = 0.0 nm, we observe that the three char-
acteristic groups of atoms show chemical shifts of about 5, 7,
and 8 ppm, respectively, with σ(13C) values close of 42, 114,
and 131 ppm. Nevertheless, the values relating to these reduc-
tions shows that, in percentage terms, the atoms of the first
group are more magnetically sensitive than the other two
groups (because of the way they are exposed), namely 11, 6,
and 6%, respectively.We observed that the difference between
the shielding constants does not show a strong dependence on
the RCM distance, i.e., its keeps approximately the same aver-
age value for any of the examined distances, as shown in
Fig. 6.

Additionally, we can compare Figs. 3 and 6 to carbon
atoms and ascertain that while the dispersion of the values
for the chemical shift is greater for C60 in RCM = 0.0 nm and
lower in RCM = 0.9 nm, the opposite occurs for the CB[9] for
which a greater dispersion of values is observed in RCM =
0.9 nm. This is due to the greater structural distortion suffered
by C60 inside the macrocycle. As expected, the influence of
the solvent effects for the constant magnetic shielding for the
CB[9] carbon atoms is small. Once isolated, the solution re-
sults differ between −0.8 ppm and 2.5 ppm of the results
obtained in the gas phase. This variation is virtually main-
tained even in the presence of the C60. For RCM = 0.0 nm

Fig. 3 Analysis of the variation range of the chemical shift of fullerene C60 carbon atoms for RCM = 0.0 nm (left) and 0.9 nm (right). The horizontal red
line represents the average
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[RCM = 0.9 nm] we observed a solvent effect between −0.6 to
2.9 ppm [−0.8 to 3.4 ppm] for constant magnetic shielding.

Cucurbituril CB[9] – σ(17O)

The results for the constant magnetic shielding of the CB[9]
oxygen atoms, σ(17O), are shown in Fig. S1. These results
confirm that σ(17O) values are almost constant when ob-
tained for the isolated CB[9], close to 57 ppm, which indi-
cates that oxygen atoms are exposed essentially to the same
chemical environment. For the oxygen at complexed
CB[9], the shielding constant values obey the same tenden-
cy (see Fig. S1). The interaction of the fullerene C60 results
in a strong reduction of the magnetic shielding constant of
the oxygen atoms. This change in magnetic signature of
oxygen atoms is provided by modifying the electron

density of the CB[9] that interacts with the electron density
of the C60 fullerene. In this condition, σ(17O) values are
shown between 30 and 40 ppm, 20 and 40 ppm, 20 and
35 ppm, 25 and 35 ppm, and 20 and 40 ppm, respectively
for RCM = 0.0 nm, 0.2 nm, 0.4 nm, 0.6 nm, and 0.9 nm.
Overall this corresponds to a chemical shift of about
25 ppm for any oxygen atom, as can be seen in Fig. 6,
independent of the distance between the monomers. This
expressive reduction in magnetic signature demonstrates
the strong interaction between the oxygen atoms and the
C60 π electrons. The results show that in both cases —
CB[9] oxygen atoms and C60 carbon atoms — we observe
significant modifications in the σ values possibly due to the
modification of the electronic structure of the two mole-
cules and existing even when the molecules are separated
by almost 1 nm.

Fig. 4 Magnetic shielding constant σ(13C) for the CB[9] carbon atoms calculated in B3LYP/cm3-pVDZ level. Isolated CB[9] values are shown in red
and C60@CB[9] complex in black, for RCM = 0.0, 0.2, 0.4, 0.6, and 0.9 nm

Fig. 5 Identification of carbon
atom groups in the CB[9].
Carbon, hydrogen, nitrogen, and
oxygen are represented in yellow,
blue, purple, and red, respectively
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In general, the magnetic properties of the oxygen atoms
are greatly influenced by the solvent effects. The results for
the magnetic shielding constant of the isolated CB[9] in
aqueous solution is approximately 30 ppm higher than that
obtained in the gas phase, proving to be more shielded.
However, in the complex form C60@CB[9], the CB[9] ox-
ygen atoms are slightly less exposed to the solvent. For
RCM = 0.0 nm [RCM = 0.9 nm], σ(17O) values show a differ-
ence with the complex C60@CB[9] gas phase results be-
tween 24 and 26 ppm [28 and 31 ppm], proving to be more
shielded in water solution. We note that during the removal
of C60 of the complex, the shielding constant of CB[9] ox-
ygen atoms show a similar behavior to that obtained when in
the gas phase.

Cucurbituril CB[9] – σ(15N)

For gas phase isolated CB[9], the results for σ(15N) indicate
an average value over all atoms of around 150 ppm (see Fig.
S2). The insertion of C60 (RCM = 0.0 nm) reduces the σ(15N)
values at approximately 20 ppm. Although intense, these
chemical shifts are less than those observed for the oxygen
atoms. The removal of the fullerene C60 (RCM > 0.0 nm)
results in σ(15N) values ranging from 125 to 135 ppm. For
this case, the δ(15N) values are between 15 and 24 ppm, as
shown in Fig. 6. The solvent effects for the magnetic
shielding constant of nitrogen atoms are relatively small
for this system. For CB[9] isolated, the solvent effects re-
duce the shielding constant at about 2 ppm, when compared
with gas phase results. In the complex C60@CB[9] form the
results for RCM = 0.0 nm [RCM = 0.9 nm] are between 2 and
3 ppm [1 and 3 ppm].

Cucurbituril CB[9] – σ(1H)

In general, the behavior of the σ(1H) values is very similar to
the σ(13C), and three different groups for the values for
σ(1H) were also observed. The first group shows a value

close to 25.5 ppm, the second group around 27.5 ppm, and
the third group around 28.5 ppm (as shown in Fig. S3), with
each group containing 18 hydrogen atoms, and Fig. 7 show
these groups in CB[9]. The presence of fullerene C60 re-
duces these values at approximately between 0.7 to
1.3 ppm, resulting a δ(1H) average of 0.9 ppm as shown in
Fig. 6. This chemical shift, though small, is easily detectable
in NMR experiments. In general, the solvent effects for hy-
drogen magnetic shielding constants of the CB[9] are be-
tween −0.5 to 0.5 ppm independent of the presence of the
fullerene C60.

Atomic charge

We conjecture that the remaining shielding on the C60 car-
bon atoms after complete separation of the complex is due to
a charge transfer between the monomeric species. To inves-
tigate this possibility, we perform population analysis of
ChelpG in B3LYP/cm3-pVDZ theoretical level calcula-
tions. This analysis shows considerable charge transfer be-
tween the monomers C60 and CB[9], indicating that approx-
imately 0.517e is transferred from the C60 to the CB[9]
when encapsulated (configuration for RCM = 0.0 nm).
After the separation process was observed, the amount of
charge on C60 decreases to approximately 0.249e at RCM =
0.9 nm. More sophisticated calculations, using the cc-pVTZ
basis set, confirm the same trends. For configuration RCM =
0.9 nm, we observed a charge transfer with approximately
0.296e (cc-pVTZ). This charge transfer was also observed
for the system in aqueous solution. The B3LYP/cm3-pVDZ
[B3LYP/cm3-pVTZ] results for RCM = 0.0 nm are equal to
0.462e and for RCM = 0.9 nm are equal to 0.293e [0.372e].
Considering the sensitivity of the C60 electronic cloud to
any change in its chemical environment, we believe that
the residual shielding on the carbon atoms over long dis-
tances is due exclusively to this charge transfer between the
two monomers. Figure 8 (left panel) shows the evolution of
the results of ChelpG B3LYP/cm3-pVDZ for q values of
each monomer relative to the distance of the center of mass
of the monomers for gas phase settings. Figure 8 (right pan-
el) shows a comparison between the profile of the magnetic
shielding constant of the carbon atoms and the Mulliken
atomic charge of these atoms for the CB[9] and C60 mono-
mers, RCM = 0.9 nm. We can observe that the σ(13C) profile
has similar separation to the charge distribution profile on
the atoms for CB[9], as already observed in previous works
[05]. For the C60, despite difficult visual separation, we can
see that less shielded atoms have a higher charge value
compared to the more shielded atoms. Similar results were
observed for the other RCM calculations and atoms. The
values for the Mulliken atomic charge were obtained from
the same calculation of the shielding constant, and therefore

�Fig. 6 Analysis of the variation range of the chemical shift of the CB[9]
atoms for RCM = 0.0 nm and 0.9 nm. The horizontal red line represents
the average

Fig. 7 Identification of hydrogen atom groups in the CB[9]. Carbon,
hydrogen, nitrogen, and oxygen are represented in yellow, blue, purple,
and red, respectively
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reflect a real influence of the electronic density on the values
of the magnetic shielding constant.

Conclusions

DFT calculations were performed at the B3LYP/cm3-pVDZ
theoretical level, using the gauge invariant atomic orbital ap-
proach to describe themagnetic shielding constants and chem-
ical shifts for all atoms in the C60@CB[9] host-guest complex.
The chemical shift between atoms in the complex and their
corresponding isolated monomers was calculated for all iso-
topes. For the C60 carbon atoms, we observe that the magnetic
shielding is in the range from 40 to 50 ppm, depending on the
site where the carbon atom is located in the cage. Chemical
shifts due to complexation were found to be 5 ppm at RCM =
0.0 nm and 4 ppm at RCM = 0.9 nm and not to depend signif-
icantly on the separation distance between the centers of mass
of the monomers. Residual shielding observed for C60 after
the separation of the complex can be attributed to the charge
transfer that occurs during the interaction process. Our popu-
lation analysis indicated that a charge of +0.296e and + 0.372e
was transferred to the C60 for gas phase and water solution
systems, respectively.

The results for the atoms of CB[9] also indicate significant
chemical shifts. The chemical shift for the carbon atoms
ranges from 5 to 8 ppm depending on their position in the
macrocycle. For the oxygen atom the chemical shift is higher,
reaching an average value of 33.5 ppm. The nitrogen atom
presented a chemical shift between 18 and 24 ppm, while
for hydrogen deviations it was around 1 ppm. These values
describe the effects of the mutual interaction between

monomers in the complex on the magnetic shielding of their
atoms. This study therefore quantifies the magnitude of the
mutual induced chemical shifts in this host-guest system,
which can be useful for future characterization and evidence
of the encapsulation of the fullerene C60 by the cucurbituril
CB[9] by NMR experiments.
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