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molecular-dynamics simulations†
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Shun Sekimotoa and Yoshiyuki Kawazoed

The formation ofmiddle- and/or high-weight atom (Mo, Au)-incorporated fullereneswas investigated using

radionuclides produced by nuclear reactions. From the trace radioactivities of 99Mo/99mTc or 194Au after

high-performance liquid chromatography, it was found that the formation of endohedral and/or

heterofullerene fullerenes in 99Mo/99mTc and 194Au atoms could occur by a recoil process following the

nuclear reactions. Furthermore, the 99mTc (and 194Au) atoms recoiled against b-decay remained present

inside these cages. To confirm the produced materials experimentally, ab initio molecular dynamics (MD)

simulations based on an all-electron mixed-basis approach were performed. The possibility of the

formation of endohedral fullerenes containing Mo/Tc and Au atoms is verified; here, the formation of

heterofullerenes is excluded by MD simulations. These findings suggest that radionuclides stably

encapsulated by fullerenes could potentially play a valuable role in diagnostic nuclear medicine.
Introduction

Foreign-atom-encapsulating fullerenes are interestingmaterials
because of their variety of functional uses. However, their utility
depends strongly on the specic encapsulated elemental
species. Therefore, the chemical affinity between C60 and
different elements is becoming an important eld of research as
new applications are identied.

To date, numerous experimental and theoretical studies of
endohedrally (and references therein)1 or exohedrally doped2–4

fullerenes and heterofullerenes5–8 with foreign atoms have been
performed by utilizing arc-desorption or laser-vaporization
techniques. However, it has also become possible to synthe-
size heterofullerenes in which foreign atoms are incorporated
into the carbon cage.9,10 Heterofullerenes doped with foreign
atoms such as B,11,12 N,13–15 and Si16,17 have been reported. In our
previous studies, we investigated not only the endohedral
doping of 7Be,18 79Kr, and 127Xe,19 but also the substitutional
doping of 11C,20 13N,21 69Ge, and 72As22 using a recoil-
implantation process following nuclear reactions.
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Despite extensive research, the formation process and the
materials produced with respect to the nature of the chemical
interaction between a foreign atom and a fullerene cage have
been only partially claried. This is because the synthesis of
such new foreign-atom-encapsulating fullerene complexes is
a complicated, multi-step process. Therefore, it is important to
investigate their properties to advance the production of these
complexes in several research elds. For example, Li@C60 and
N@C60 are expected to be useful in molecular switch23 and
molecular qubit24 applications, respectively.

In this paper, we present evidence of heavy Mo/Tc and Au
atom-encapsulating fullerenes aer collision between a C60 cage
and a Mo or Au atom. The collision was generated from recoil
processes following nuclear reactions using the produced radio-
nuclides, namely 99Mo/99mTc and 194Au. We performed ab initio
molecular dynamics (AIMD) simulations to determine whether
the Mo/Tc and Au atoms can be encapsulated in fullerenes with
endohedral doping: Mo@C60/Tc@C60 and Au@C60, respectively.
Studies on the chemical properties of these fullerenes encapsu-
lating specic radioisotopes have been conducted,25–27 andwill be
helpful in tailoring such promising materials for nuclear medical
applications. We consider the most frequently used radionu-
clides in diagnostic nuclear medicine,28–30 especially 99mTc, which
is generally obtained by the decay of its parent radionuclide,
99Mo. Another heavy element, Au (e.g., 198Au or 194Au), can be
regarded as a new candidate in related elds.31
Experimental procedure

High-energy bremsstrahlung or charged-particle irradiation was
used according to the source nuclide used.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 HPLC elution curves of the soluble portion extracted in the g-
ray irradiated sample of C60 mixed with the enriched 100Mo metal
powder. The horizontal axis indicates the retention time, and the
vertical axis represents the counting rate of the radioactivities of 99Mo
(solid circles)/99mTc (cross symbols) measured with a Ge detector and
the absorbance of a UV chromatogram of C60 (dashed line).
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(1) To produce 99Mo/99mTc-doped fullerenes, approximately
10 mg of C60 fullerene powder was mixed homogeneously with
CS2 and 10 mg of a 97%-enriched 100Mo metal powder; the
mixture was used as the target material. The samples were
irradiated with a bremsstrahlung (high-energy g-rays) of Emax ¼
30 MeV, which originated from the bombardment of a Pt plate
of 2 mm in thickness with an electron beam at an electron
linear accelerator (LINAC), Laboratory of Nuclear Science,
Tohoku University. The radioisotope of 99Mo can be produced
by a photonuclear reaction, namely (g,n), by irradiating the
enriched 100Mo. The irradiation time was set to approximately
8 h, and the average beam current was approximately 120 mA.
The sample was then cooled in a water bath during the irradi-
ation. To conrm 99Mo production, the characteristic g-rays
from nuclear decay at 740 and 181 keV were measured using
a Ge detector. The produced 99Mo decayed to 99mTc with a 66 h
half-life, and sequentially, 99mTc decayed to 99Tc, emitting g-
rays at 140.5 keV. The decay process was conrmed using a Ge
detector.

(2) To produce 194Au-doped fullerenes, approximately 10 mg
of C60 fullerene powder was mixed homogeneously with 10 mg
of a natural Pt metal powder (0.8–1.5 mm) and used as the target
material. Deuteron irradiation with a beam energy of 16 MeV
was performed at the Cyclotron Radio-Isotope Center, Tohoku
University. The radioisotope 194Au can be produced by (d,2n)
reactions induced by irradiation. The deuteron beam current
was typically 3 mA, and the irradiation time was approximately
1 h. The target was cooled with circulated He gas during the
irradiation. Aer irradiation, the samples were le for one day
to allow the decay of short-lived radioactive byproducts. Aer
one day of cooling, the radioactivity of 194Au could be measured
with characteristic g-rays at 328 keV, 294 keV, and so on.

The fullerene samples were dissolved in o-dichlorobenzene
aer ltration to remove insoluble materials through
a membrane lter (pore size ¼ 0.45 mm and/or 0.2 mm). The
soluble fraction was injected into a high-performance liquid
chromatograph (HPLC) equipped with a 5PBB (silica-bonded
with the pentabromobenzyl group) column of 10 mm (inner
diameter) � 250 mm (length), at a ow rate of 2 mL min�1 for
the 99Mo/99mTc and 3 mL min�1 for 194Au samples. The eluted
solution was passed through an ultraviolet (UV) detector, the
wavelength of which was adjusted to 290 nm to measure the
quantity of fullerenes and their derivatives.

The fraction was collected at 30 s intervals, and the g-ray
activities of each fraction were measured with a Ge-detector
coupled to a 4096-channel pulse-height analyzer with a conver-
sion gain of 0.5 keV per channel. Therefore, the existence of
99Mo/99mTc and 194Au radioisotopes could be conrmed by their
characteristic g-rays.32

Results and discussion

Fig. 1 shows three elution curves of the C60 sample irradiated by
a bremsstrahlung of Emax ¼ 30 MeV. The horizontal axis indi-
cates the retention time aer injection into the HPLC system.
The vertical axis indicates the g-counting rate of the 99Mo/99mTc
radioactivity, as measured with a Ge detector (counts per s), as
© 2021 The Author(s). Published by the Royal Society of Chemistry
well as the absorbances monitored continuously by a UV
detector (dashed line, arbitrary unit). The solid circles and cross
symbols represent the radioactivities of 99Mo and 99mTc,
respectively. A strong absorption peak was observed for
a retention time of 12–14 min in the elution curve (dashed line:
saturated), as measured using a UV detector. This peak position
corresponds to the retention time of C60 (ultramarine blue in
HPLC solution), which was conrmed in the calibration run
using the C60 sample before irradiation. Following the rst
peak, two broad peaks at approximately 16–18 min (navy blue)
and 22–26 min (brown) were observed in the UV chromatogram.
The colors were reproduced well in each case.20,36 Although
there is a delay in the elution peaks of the radioactivities with
respect to those of the UV absorption peaks, the elution
behaviors appear similar. As 99mTc is related to its radioactive
equilibrium with 99Mo, the radioactive amount of 99mTc is
almost the same as that of 99Mo.

To characterize the components, the fraction corresponding
to the second peak in Fig. 1 was collected and examined using
matrix-assisted laser desorption ionization time-of-ight
(MALDI TOF) mass spectrometry. The mass spectrum of the
fraction exhibited a series of peaks atm/z¼ 1440� 24n (n¼ 1–4)
corresponding to the molecular ion peak of C120�nC2, in addi-
tion to the peak for C60 as a base peak.36 This indicates that the
second and smaller third peaks can be assigned to C60 dimers
and C60 trimers, respectively. These materials can be produced
by the interaction between C60 molecules in coalescence reac-
tions aer ionization by incident g-rays or charged particles.20

The elution curves shown by the curve without symbols and
by the curve with circles in Fig. 2 indicate the absorbance
RSC Adv., 2021, 11, 19666–19672 | 19667



Fig. 2 Similar to Fig. 1, except that the counting rate is for radioac-
tivities of 194Au (solid circle).
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monitored continuously by a UV detector and the g-counting
rate of 194Au measured by a Ge-detector, respectively. The
horizontal and vertical axes are the same as those shown in
Fig. 1. Four populations of 194Au appear at retention times of
9 min, 10–11 min, approximately 13 min, and 17–19 min in
Fig. 2. The ultramarine blue of C60 in the second fraction, the
third fraction (navy blue), and the fourth fraction (brown) in the
Fig. 3 Time snapshots of the Mo + C60 /Mo@C60 simulation when the
initial Ekinetic of 40 eV.

19668 | RSC Adv., 2021, 11, 19666–19672
UV chromatogram can be attributed to C60 monomers, dimers,
and trimers, respectively, as indicated by the elution behavior of
99Mo/99mTc. The rst peak (transparent) is due to the unknown
byproducts of irradiation or UV spectrometry, despite the
appearance of g counts of 194Au. Therefore, this result indicates
that radioactive fullerene monomers and their polymers
(dimers and trimers) labeled with 194Au may exist in the nal
fractions. In our previous study, a similar trend was observed in
the elution curves of the Kr, Xe, Ge, and As cases.19,22 The
quantity of the Mo/Tc-incorporated radioactive fullerenes
produced here is estimated to be approximately 1010–1012

molecules.
Here, it should be noted that no evidence of exohedral

molecules was observed by extraction in the soluble portion.
Exohedral molecules can be removed during solvation. There-
fore, two possible molecular types should be considered in the
present results: (1) endohedrally Mo/Tc atom-doped fullerenes,
99Mo@C60/

99mTc@C60 and 194Au@C60,18,19 and (2) substitu-
tional atom-doped heterofullerenes as a part of the cage,
99MoC59/

99mTcC59 and
194AuC59, as a result of As*C-59, As*C-69

(As* ¼ As-71, As-72, As-74), (GeC59)–Ge-69, and their
polymers.22

To investigate the possibility of the formation of endohedral
fullerenes and/or heterofullerenes in 99Mo/99mTc and 194Au
atoms, we performed AIMD simulations to achieve greater
clarity and distinction. The simulation conguration consisted
of one C60 molecule and one Mo or Au atom. We assigned Mo
(Au) with an initial Ekinetic of 40 eV (80 eV) at a distance of 5 �A
from the C60 center along the z-direction impinging at the
center of the topmost six-membered ring (x, y) ¼ (0, 0), where x
Mo atom vertically collides at the center of a six-member ring with an

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and y are the directions toward the center of a double bond and
toward a carbon atom, respectively.

We employed the all-electron mixed-basis code
TOMBO,19,33,34 in which both plane waves (PWs) and numerical
atomic orbitals (AOs) are used as basis functions. Local density
approximation was used for the Mo + C60 simulation, and the
local spin-density approximation was used for the Au + C60

simulation. The Perdew–Zunger form of the exchange–correla-
tion potential35 was used for both. A simple cubic unit cell with
a 14�A edge length was used. The cutoff energy for the PWs was 7
Ry, and the 1s, 2s, and 2p AOs were used for the C atoms,
although the 2s and 2p AOs were conned inside the non-
overlapping atomic sphere (NOAS) by subtracting a simple
polynomial satisfying the matching condition at the surface of
the NOAS. The subtracted smooth part that continues the
original AO outside the NOAS can be simply expressed by
a linear combination of PWs. The 1s, 2s, 2p, 3s, 3p, 3d, 5s, and
5p AOs were used for Mo, and the 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p,
4d, 4f, 5s, and 5p AOs were used for Au. This treatment ensures
that two- or three-center integrals are not required between
adjacent AOs and completely avoids the so-called basis-set
superposition error. Moreover, the problem of over-
completeness was signicantly reduced using this procedure.35

Fig. 3 shows the time snapshots of the simulation, where the
Mo atom attacks the C60 molecule with a kinetic energy (Ekinetic)
of 40 eV. It hits the center of the six-membered ring at t ¼ 21 fs
(Fig. 3(b)) and then slightly penetrates the C60 cage at t ¼ 60 fs
(Fig. 3(c)), where the six-membered ring expands to accommo-
date the incoming Mo atom while maintaining three C–C
bonds. Aer a while (t ¼ 118–190 fs), the cage structure is
Fig. 4 Time snapshots of the Mo + C60/Mo + C60 (broken) simulation
with an initial Ekinetic of 80 eV.

© 2021 The Author(s). Published by the Royal Society of Chemistry
gradually recovered (Fig. 3(d)–(f)), and the Mo atom is fully
encapsulated.

However, if Ekinetic is increased to 80 eV, the Mo atom is not
encapsulated, as shown in Fig. 4. The situation is similar to that
of the 40 eV case (Fig. 3) up to 21 fs, where the cage structure
opens up. Beyond 21 fs, owing to the high Ekinetic of the atom,
the cage structure is gradually destroyed (Fig. 4(c)–(f)), eventu-
ally leading to no encapsulation of the atom.

In contrast, when we impose the same Ekinetic of 80 eV on the
Au atom toward the center of the six-membered ring, the
structure of the cage is preserved with Au encapsulation.

Fig. 5 shows the time snapshots of this simulation for Au +
C60 / Au@C60. It hits the center of the six-membered ring at t
¼ 27 fs (Fig. 5(b)), and then slightly goes inside at t ¼ 60 fs
(Fig. 6(c)), when the six-membered ring expands while keeping
three C–C bonds, similar to the case of Mo encapsulation at
40 eV (Fig. 5(c)). The cage structure is recovered at t¼ 130–170 fs
(Fig. 5(d) and (e)), and the Au atom penetrates deep inside the
cage at t ¼ 249 fs (Fig. 5(f)).

To verify whether the Mo/Au atom continued to remain
encapsulated or destroyed the cage, we performed MD simula-
tions for much longer durations. We found that the atoms
moved around in the cage owing to their Ekinetic values, but
remained encapsulated. Therefore, it is reasonable to expect
that at timescales longer than the picosecond regime, there
would be no change in the encapsulation scenario. This fact
supports the identication of the experimentally observed
incorporated fullerenes as endohedral fullerenes of 99Mo/99mTc
and 194Au atoms.

For a more comprehensive understanding, a schematic view
of the reaction process in the target material is shown in Fig. 6.
when the Mo atom vertically collides at the center of a six-member ring

RSC Adv., 2021, 11, 19666–19672 | 19669



Fig. 5 Time snapshots of the Au + C60 / Au@C60 simulation when an Au atom vertically collides at the center of a six-member ring with an
initial Ekinetic of 80 eV.
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The experimental results presented here support the following
scenario (here, for example, in the case of 100Mo (g,n)99Mo /

b� / 99mTc). Several radioactive nuclides are produced by (g,n)
(and (d,2n) for 194Au) reactions. The Ekinetic values of the
radionuclides are of similar orders of magnitude, even in
different nuclear reactions. The form of the emitted neutron
spectrum is expected to be approximately Maxwellian in
distribution and the average neutron Ekinetic seems to be
approximately 2–3 MeV, while the initial Ekinetic of the recoiled
Fig. 6 Schematic image in the Mo + C60 for the recoil process by p
bremsstrahlung photons (high-energy photons: g).

19670 | RSC Adv., 2021, 11, 19666–19672
nuclides is estimated to be approximately a few hundred kilo-
electron volts, even if the reaction is accompanied by two
neutron emissions. The energetic nuclides should destroy the
fullerene cages because Ekinetic is estimated to be of a different
order of magnitude than the energies (some electron volts) of
molecular bonding. Therefore, the atoms being produced
escape from their own material owing to the Ekinetic of approx-
imately a few hundred kilo-electron volts. Then, Ekinetic is
reduced in the sample to a magnitude appropriate for
hotonuclear reactions (g,n) is shown using the 100Mo irradiated by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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incorporation. Finally, the radionuclides hit the C60 cages, as
shown in Fig. 3, and stop in the cage, thus forming endohedral
fullerenes or heterofullerenes. Furthermore, the shock
produces fullerene polymers by inducing interactions with
neighboring fullerene cages.18–22

Aer encapsulation, recoil destruction may occur inside the
fullerene; specically, the radioactive species 99Mo/99mTc and
194Au can decay via b or g emission to daughter nuclides via the
reactions 99Mo / b� / 99mTc (radioactive equilibrium) and
99mTc/ g/ 99Tc (140.5 keV; ground state), and 194Au/ b+/
194Pt (stable nuclide). If we consider the nuclear recoil by b-
decay and/or g-ray from an energetic perspective, we must
consider the following important issues: (1) the contribution of
the nuclear recoil process to reducing energy inside the C60 and
(2) the reaction pathway for the radionuclide in exiting the C60

and destroying the host cages. The maximum energy of the b-
ray in 99Mo was 1.214 MeV. Therefore, the maximum recoil
energy of the radionuclides (i.e., 99mTc with b-decay and
subsequent g-ray emissions from 99Mo) is estimated to bemuch
lower than a few tens of electron volts,37–40 even in 194Au / b+

/ 194Pt and subsequent g-ray emissions. Here, the recoil
process occurs inversely from within the C60 cage to exit, and
the motion is similar to that during the insertion process from
the outside. The radioactive equilibrium between 99Mo and
99mTc was complete, and the radioactive amounts were
approximately the same (see Fig. 1). This fact may indicate that
the 99mTc atoms (and even those in 194Pt) recoiled against b-
decay (b+-decay), and subsequently, g-rays remained inside
these cages to create 99mTc (194Pt) endohedral C60. Here, elec-
tronegativity may play an important role in the incorporation of
middle- and/or heavy-weight atoms. Finally, it is interesting to
note that if 99Mo/99mTc and 194Au can be successfully carried by
a C60 cage to a certain organ, it may be effectively used for
diagnosis and treatment. Furthermore, radioisotopes used in
nuclear medicine (not only 99Mo/99mTc or 194Au, but also, 47Sc,
64,67Cu, 68Ga, 105Rh, 177Lu, and 188Re)29 are intriguing for
encapsulation applications. These ndings further indicate that
radionuclide-encapsulating fullerenes have high potential for
applicability in radioimmunotherapy; in particular, the physical
and/or chemical properties of the radionuclide-encapsulating
fullerenes could be superior to those of conventional
chelating chemicals for medical use.

Conclusions

The formation of (Mo, Au)-encapsulating fullerenes was inves-
tigated using radionuclides produced by nuclear reactions.
From the trace radioactivities of 99Mo/99mTc or 194Au aer
HPLC, it was observed that endohedral fullerenes and/or het-
erofullerene in 99Mo/99mTc and 194Au atoms can form through
a recoil process following nuclear reactions. To verify the
production of these materials, AIMD simulations based on an
all-electron mixed-basis approach were performed. Our
combined experimental and theoretical results strongly support
the interpretation that endohedral fullerenes encapsulating
Mo/Tc and Au atoms were formed. Furthermore, we found that
the 99mTc (and even 194Au) atoms recoiled against b-decay can
© 2021 The Author(s). Published by the Royal Society of Chemistry
remain inside these cages. Fullerenes could potentially play
a valuable role in diagnostic nuclear medicine by stably
encapsulating radionuclides.
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