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The results of 1H NMR researches concerning the interaction be-
tween fullerene C60 and N -methyl-2-pyrrolidone (NMP) molecules
in an as-prepared solution are reported. By comparing the spec-
tra for pure NMP and the C60-NMP system, system the formation
of a complex between fullerene and solvent molecules is revealed,
which is responsible for the time-dependent solvatochromic effect
discovered earlier. Different magnitudes of chemical shifts for α-,
β-, γ-, and α′-protons in the NMP molecules allowed a hypothesis
to be put forward that the interaction in the C60-NMP system oc-
curs through the formation of a donor-acceptor bond between the
keto-group of an NMP molecule and a fragment of a C60 molecule.
The results of quantum chemical simulation for the C60 · NMP

complex with a stoichiometric composition of 1:1 testify to a re-
distribution of the electron density over the system of bonds in an
NMP molecule induced by a C60 molecule.

1. Introduction

Fullerene C60 is an allotropic modification of carbon with
sp2-hybridized orbitals. The C60 molecule has a cage
structure, being rather resistant to the influence of exter-
nal factors. In this connection, the interest to the study
of its physico-chemical properties is unusually high [1–
4]. It is especially concerns its solutions in highly polar
media with the dielectric permittivity ε ≥ 10, such as
pyridine and N -methyl-2-pyrrolidone (NMP), in which
the fullerene molecules tend to form clusters (aggregates)
stable in time and various in dimensions (60–500 nm) [5–
7]. The interaction between C60 molecules and solvents
(or their mixtures) gives rise to the solvatochromic effect
[8, 9], the magnitude of which changes in time. The sol-
vatochromic effect manifests itself in optical [10], mass

[11], and Raman [12, 13] spectra, as well as at the pho-
toluminescence.

The origin of this effect may consists in the emer-
gence of donor-acceptor bonds between electron-deficient
C60 molecules [14, 15], on the one hand, and molecules
of nucleophilic solvents [10], on the other hand. The
C60 molecule was shown to be capable of forming com-
plexes with organic molecules, which is accompanied by
the charge transfer [16, 17]. Therefore, this work is a
logic continuation of researches dealing with the associ-
ation of fullerene molecules in the NMP medium with
the dielectric permittivity ε = 32. Taking advantage of
the 1H nuclear magnetic resonance (1H NMR) method,
we carried out high-precision measurements of proton
chemical shifts in an NMP molecule in the course of the
C60 · (NMP)x complex assembling. Quantum chemical
calculations are performed to study the structural char-
acteristics of the C60 · NMP complex and the energy of
its formation.

2. Materials and Methods

For our researches, we used solutions of fullerene C60

(Fullerene Technologies, Russia; the purity degree is
higher than 99.5%) in the NMP solvent (Merck; the
purity degree is higher than 99.5%) with the addition
of deuterized chloroform (R&D enterprise Ukrorgsintez,
Ukraine; the purity degree is higher than 99.8%). The
position of signals in NMR spectra were determined
with respect to the reference signal of tetramethylsilane
(Merck; the purity degree is higher than 99.7%).

The solutions were prepared by dissolving a crystalline
powder of C60 for an hour with the use of a magnetic
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Fig. 1. NMR spectra of the initial NMP solution (a) and the
solution NMP/C60 (b)

mixer. The absence of the solid phase was a visual cri-
terion that fullerene had been dissolved. To exclude the
influence of the C60 aggregation on the 1H NMR param-
eters, we studied only as-prepared solutions of fullerene
C60 in NMP.

To examine the features of complexing in the C60-
NMP system, we studied the 1H NMR spectra of the
following solutions:
1) C60 in CDCl3 (1 mg/6 ml);
2) NMP in CDCl3 (5 ml/1 ml);
3) C60 in CDCl3 (5 mg/30 ml) + 1 ml NMP.
The volume of NMP added to the last solution was so
chosen in order to reduce the excess of NMP molecules,
which do not interact with the surface of a fullerene
molecule.

1H NMR spectra were registered at a frequency of
400.13 MHz, a specimen rotation rate of 20 Hz, and with
the use of a one-pulse sequence (a pulse length of 12 µs
and a delay of 2 s between pulses) in the accumulation
regime.

The equilibrium spatial structures of C60 and NMP
molecules were estimated in the framework of the
semiempirical PM3 approximation. For their structural
parameters and the complex formation energy to be de-
termined more exactly, we used the density functional

T a b l e 1. Lengths of C–C bonds (in nanometer units)
in a C60 molecule

Bond Experiment DFT B3LYP 3–21G ∗∗

C–C (6.6) 0.140 0.139
C–C (6.5) 0.146 0.146

Fig. 2. Equilibrium structure of the C60 · NMP complex

method with the exchange-correlation functional B3LYP
and the basic set 3–21G∗∗. The calculations were car-
ried out with the help of software package PC GAMESS
(version 7.1) [18]. The calculated values for the lengths
of C–C bonds in a C60 molecule are quoted in Table 1.
They correlate well with experimentally determined val-
ues [19], which confirms the adequacy of the method
selected to solve the formulated problem.

3. Results of Researches

We estimated the influence of fullerene on methyl (α′)
and methylene (α, β, γ) protons in NMP molecules (Ta-
ble 2) by analyzing the spectra of C60 and NMP solutions
in CDCl3 (Table 2). Adding of fullerene C60 molecules
into the NMP-CDCl3 system results in a shift of signals
from α-, γ-, and α′-protons toward lower fields, whereas
the signal from β-protons shifts toward the strong field
region.

The magnitudes of 1H chemical shifts in NMP
molecules correlate with the data obtained for the in-
teraction between NMP and the surface of single-walled
nanotubes [20]. An insignificant difference with the lit-
erature data may probably be associated with the differ-
ences between both the specimen temperatures [21] and
the solution concentrations.

We also carried out a quantum chemical simulation of
the spatial structure for the C60 · NMP complex. The
NMP molecule was first arranged at a distance of 3.5 Å
from the C–C (6,6) bond as the most reactive one [19].
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T a b l e 2. Magnitudes of chemical shifts (in ppm units) of protons in an NMP molecule

α Δα β Δβ γ Δγ α′ Δα′

NMP/CDCl3 2.3797 2.0352 3.3877 2.8518
C60/NMP/

CDCl3 2.3886 0.0089 2.0300 –0.0052 3.3940 0.0063 2.8560 0.0042

In the equilibrium structure of the C60 · NMP complex,
the oxygen atom of the NMP molecule is located over the
center of the hexagon fragment in the fullerene molecule
(Fig. 2), which corresponds to the 1H NMR data. The
distance between the oxygen atom in the NMP molecule
and the C60 molecule was equal to 3 Å after the optimiza-
tion, and the formation energy for the C60 · NMP com-
plex was determined to equal approximately to 0.2 eV
(15.7 kJ/mol). An insignificant redistribution of the
electron density (0.033 a.u.) from the N -NMP molecule
onto the fullerene one takes place in the C60 ·NMP com-
plex. The obtained experimental 1H NMR data and the
corresponding theoretical calculations confirm our hy-
pothesis concerning the formation of a donor-acceptor
bond between the NMP keto-group and the surface frag-
ment of a C60 molecule.

The results of our researches correlate with the spec-
trophotometric data for chloroform extracts of C60 ·
(NMP)x complexes; namely, the absorption spectrum
of the C60 · (NMP)x complex keeps the properties of
an intact fullerene C60 molecule, and the formation of
the complex is induced by the non-covalent intermolecu-
lar coupling [10]. The presence of additional absorption
peaks at 435 and 460 nm is inherent to complexes of
C60 with N -methyl-polyvinilpyrrolidone with the charge
transfer and testifies to a change in the electron state of
fullerene C60 molecules at their transition into an N -
methyl-2-pyrrolidone solution [22].

4. Conclusions

Hence, the changes in the chemical shifts of protons in
an NMP molecule induced by the presence of a fullerene
C60 molecule enables us to talk about the formation of
the C60 · (NMP)x complex. The difference in the mag-
nitudes of chemical shifts for the α-, β-, γ-, and α′-
protons in the NMP molecules points to the formation of
a donor-acceptor bond between the keto-group of a sol-
vent molecule (donor) and a fragment of a C60 molecule
(acceptor), which is confirmed by the results of quantum
chemical simulations as well.
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ЯМР-ДОСЛIДЖЕННЯ НЕРIВНОВАЖНОГО СТАНУ
ФУЛЕРЕНУ С60 В N -МЕТИЛ-2-ПIРОЛIДОНI

О.Б. Карпенко, В.В. Трачевський, О.В. Фiлоненко,
В.В. Лобанов, М.В. Авдеєв, Т.В. Тропiн,
О.А. Кизима, С.В. Снегiр

Р е з ю м е

У роботi представлено результати дослiдження взаємодiї мо-
лекул фулерену С60 та N -метил-2-пiролiдону (NMP) у свiжо-
приготовленому розчинi методом ЯМР 1H. На пiдставi по-
рiвняння спектрiв NMP та системи С60-NMP виявлено ком-
плексоутворення молекул розчинника та фулерену, що зумов-
лює виявлений ранiше залежний вiд часу сольватохромний
ефект. Зважаючи на рiзницю величин хiмiчного зсуву для α-,
β-, γ- i α′-протонiв молекул NMP припущено, що взаємодiя в
системi С60-NMP вiдбувається шляхом формування донорно-
акцепторного зв’язку мiж кетогрупою молекули NMP та фра-
гментом молекули С60. Квантово-хiмiчне моделювання моле-
кулярного комплексу С60·NMP стехiометричного складу (1:1)
вказує на iнiцiйований молекулою С60 перерозподiл електрон-
ної густини в системi зв’язкiв молекули NMP.

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 8 863


