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Modifying the electron capture decay rate of 7Be by using small fullerenes
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Electron capture (EC) decay of a 7Be atom, the rate of which is affected by the electron density at the 7Be
nucleus, forms a 7Li atom and emits a neutrino. Herein, we studied the EC decay rate of 7Be@C2n (2n = 24,
28, 32, 36, 50), in which those fullerenes have enhanced stability relative to their near neighbors, by using
ab initio calculations. The stable and metastable 7Be atom sites and electron density at the 7Be nucleus in
7Be@C2n were calculated. Unlike 7Be@C60, the 7Be nucleus sites in 7Be@C2n (2n = 24, 28, 32, 36, 50) are
always off center and close to the fullerene cage. Due to the bonding interaction between 7Be and the fullerene
cage, the electron density at the 7Be nucleus in 7Be@C2n is smaller than those of a single 7Be atom and of 7Be
in 7Be@C60, leading to the result that the half-life of 7Be in 7Be@C2n increases. Based on equilibrium statistical
thermodynamic calculations, the temperature effect on the half-life of 7Be has been analyzed. In contrast to
7Be@C60, the temperature only slightly influences the half-life of 7Be in 7Be@C2n suggesting that the EC decay
rate of 7Be could be precisely modified by using small fullerene cages.
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I. INTRODUCTION

Electron capture (EC) decay is a radioactive process by
which a proton in the nucleus acquires an electron from
atomic or molecular shell, thereby forming a neutron and
emitting a neutrino [1],

p + e− = n + νe, (1)

where p, e−, n, and ν represent proton, electron, neutron, and
electron neutrino. 7Be has a simple electron structure (1s22s2),
a short half-life (53.22 days) [2], a low measurement error,
and 100% of the decay process is EC decay, thus it is a very
suitable nuclide to study EC decay. Segrè [3] and Daudel [4]
independently proposed in 1947 that the EC decay rate of
radioactive matter is proportional to electron density near the
nucleus, indicating that the EC decay rate of a light element
like Be could be moderately altered by putting it in different
chemical compounds. Since then, many experimental mea-
surements of 7Be EC decay in different chemical forms and
media have been reported.

The strategies to control the EC decay rate of 7Be could
be simply divided into physical and chemical ways. For the
chemical ways, the half-lives of 7Be in those compounds
were altered via chemical bonding between 7Be and neighbor
atoms. 7Be was inserted into different metals or compounds
such as Cu, Al [5], Pd, W [6], and BeO [7]. In the case
of physical ways, electric field, air pressure, as well as
temperature have been utilized on those 7Be-containing
compounds to modify the electron density near the nucleus
and resulting EC decay rate [8,9]. For instance, Gholamian
et al. revealed that the half-life of 7Be in Be metal was altered
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approximately 0.02% by using an electric field strength of
5.14 V/Å [10]. The half-life of 7Be in crystalline Be(OH)2
could be reduced by 1% at 400 kbar compared to that at one
standard atmosphere pressure [11].

By employing a recoil process of the nuclear reactions,
one 7Be atom was penetrated into the C60 cage and endo-
hedral fullerene 7Be@C60 was generated (M@C2n indicates
that M atom is embedded in the C2n cage) [12]. The 7Be
EC decay rate in 7Be@C60 was enhanced by 1.1% compared
to 7Be metal, resulting in 52.65 and 53.25 days half-life for
7Be@C60 and 7Be metal, respectively. The modification of
7Be half-life in C60 comes from the increasing electron density
at the 7Be nucleus sites in 7Be@C60 due to the attractive
effective potential well generated by C60 [13]. Meanwhile,
the 7Be decay rates in exohedral and endohedral C60 fullerene
have been measured, and have different half-lives [14]. The
half-life of cooled 7Be@C60 at 5 K is found to be 52.47 days,
0.34% faster than that at T = 293 K [12,15]. The reason why
temperature could affect the EC decay rate comes from the
fact that there are five stable Be nucleus sites in C60 with
different electron densities, and temperature could influence
the Boltzmann distribution of those five Be nucleus sites [16].
Other investigations found that the half-life decay time of the
7Be nucleus in 7Be@C36 is longer than that of 7Be@C60 at
0 K [17,18]; however, the EC decay rate of the 7Be nucleus
in 7Be@C70 is similar to that in 7Be@C60 at 0 K [19]. A
series of 7Be compounds including several 7Be-encapsulated
fullerenes have been studied at 0 K by Yoshida and co-workers
[20]. Very recently, Ohtsuki, Kuwahara, and Ohno experimen-
tally measured the half-lives of 7Be in endohedral fullerene
7Be@C70 at room temperature (T = 293 K) and at liquid
helium temperature (T = 5 K), which are 52.49 ± 0.04 and
52.42 ± 0.04 d, respectively [21].
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In the present study, we studied the possible Be nucleus
sites, energies, stabilities, and electron structures of small en-
dohedral fullerenes 7Be@C2n (2n = 24, 28, 32, 36, 50) as well
as 7Be@C60 by employing ab initio calculations, because,
according to the empirical rules proposed by Kroto, those
fullerenes C2n (2n = 24, 28, 32, 36, 50, 60) exhibit enhanced
stability relative to their near neighbors [22]. The 7Be EC
decay rate is estimated by using electron densities at the 7Be
nucleus from wave-function calculations. Compared to that of
7Be@C60, the half-lives of 7Be in those 7Be@C2n are higher,
above 53.6 days. More importantly, the temperature effect
on the EC decay rates of 7Be in those 7Be@C2n has been
studied via calculating the possible distribution of different
Be nucleus sites in a given fullerene cage.

II. CALCULATION METHOD

Geometric optimizations of 7Be@C2n (2n = 24, 28, 32,
36, 50) were performed in the GAUSSIAN09 package [23]
by using density functional calculations. Several function-
als with the Grimme’s D3 [24,25] dispersion corrections,
including BP86-D3 [26,27], B3LYP-D3 [28,29], PBE-D3
[30], PBE0-D3 [31], M06-2X-D3 [32], and ωB97XD [33],
were employed with the basis set def2-TZVP. The PBE0-
D3 function was found to be able to reproduce the
experimental adiabatic ionization energy and electron affin-
ity of C60 well. Thus, all the calculations of geometric
optimizations were performed by using PBE0-D3(BJ)/def2-
TZVP [34], and subsequent calculations are based on these
structures.

The program package ADF2019 [35] describes the elec-
tron wave functions by Slater-type orbitals (STOs), which is
better for describing the wave functions at the nucleus than
Gaussian-type orbitals (GTOs), so ADF is used for single-
point energy calculation of the electron density at the 7Be
nuclear point. The calculations were performed with PBE0-
D3(BJ)/QZ4P, which is the largest and most accurate basis
set. The electron density value is the average result of a
spherical space with a distance of 2.98 fm from the 7Be
nucleus.

Given the small size of the nucleus, the nuclear wave
functions are not affected by the chemical environment, so the
variation of EC decay rate, dλEC, can be represented as [36]

dλEC =
(

ρe

ρre f
− 1

)
λre f , (2)

where λ is decay rate and ρ is electron density. Equation (2)
shows that the variation in the EC decay rate is proportional
to the change in the electron density at the nucleus [ρ(0)]. The
electron density as a function of the distance from the atomic
radius of 7Be is calculated by MULTIWFN [37].

The radial distribution function is obtained as

RDF (r) =
∫

f (r,�)r2d�, (3)

where r is the distance from selected center, and � represents
the angular coordinate in the sphere layer.

As shown by Ohtsuki et al. [15,16], the half-life of 7Be in
C60 is affected by the temperature, because temperature could
influence the Boltzmann distribution of those possible Be

TABLE I. Possible structures of 7Be@C2n (2n = 24, 28, 32, 36,
50) with the spin states of singlet (S) and triplet (T). �E is the energy
difference between the most stable structure and metastable struc-
tures. Eb is the binding energy with respect to the pristine fullerenes
and 7Be. The energy unit is eV. The Sym. represents new symmetry
of the whole 7Be@C2n.

�E Eb Sym.

7Be@C24 S-Iso1 0.00 1.67 S2
7Be@C28 S-Iso1 0.29 2.67 C3v
7Be@C28 T-Iso2 0.00 2.96 C3v

7Be@D3(6)−C32 S-Iso1 0.00 1.10 C2
7Be@D3(6)−C32 S-Iso2 0.05 1.05 C3
7Be@D2d (14)−C36 S-Iso1 0.00 1.51 Cs
7Be@D2d (14)−C36 S-Iso2 0.24 1.27 C2
7Be@D2d (14)−C36 T-Iso3 0.12 1.39 C1
7Be@D3(270)−C50 S-Iso1 0.00 0.94 C1
7Be@D3(270)−C50 T-Iso2 0.19 0.75 C2
7Be@D3(270)−C50 T-Iso3 0.29 0.65 C1
7Be@D5h(271)−C50 S-Iso1 0.00 2.22 C2v

nucleus sites. Since there are several possible Be nucleus sites
in 7Be@C2n (2n = 24, 28, 32, 36, 50) for a given fullerene, the
temperature could also affect the possible Boltzmann distri-
bution of those isomers and consequently the 7Be half-life. To
study the relative concentrations of those isomers, the relative
populations of m isomers in their equilibrium mixture can
be expressed as their mole fractions, wi, using the isomeric
partition functions qi. In the terms of qi and the ground-state
energy changes �Ho

0,i, the mole fractions are given by a com-
pact formula [38]:

wi = qiexp
[−�Ho

0,i/(RT )
]

∑m
j=1 q jexp

[−�Ho
0, j/(RT )

] , (4)

where R stands for the gas constant and T for the abso-
lute temperature. The partition functions are to be practically
constructed within the rigid-rotor and harmonic-oscillator ap-
proximation. By using this partition functions, all the entropy
contributions are evaluated and the standard temperature-
dependent Gibbs energies of the isomers are derived further
by involving the enthalpy terms that come from the above
potential energy calculations, on the basis of the principle
of equilibrium statistical thermodynamics. This method has
been developed and successfully employed to predict the rel-
ative concentrations of pristine fullerene [39] and endohedral
fullerene isomers [40–42].

III. RESULTS AND DISCUSSION

A. Geometries and relative energies of Be@C2n at 0 K

Six fullerene cages including C24, C28, D3(6) − C32,
D2d (14) − C36, D5h(271) − C50 and D3(270) − C50 were
chosen, because D5h(271) − C50 and D3(270) − C50 have
almost similar stability [39,43]. To confirm the spin state of
7Be@C2n, both the singlet and triplet states were examined.
Table I presents the possible stable structures with relative
energy lower than 0.3 eV. The binding energies Eb are higher
than 0.65 eV, suggesting that 7Be prefers to stay inside the
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FIG. 1. Optimized structures of 7Be@C2n (2n = 24, 28, 32, 36, 50).

fullerenes. Except for 7Be@C28, all the ground states are
singlet.

The most stable structures of 7Be@C2n are shown in Fig. 1,
with the metastable structures of 7Be@C2n exhibited in the
Supplemental Material [44]. Unlike the results of 7Be@C60,
7Be in the most stable structures of 7Be@C2n is not located
at the center of the fullerene cage, so the original symmetry
of the fullerene cage is broken. For 7Be @D3(270) − C50 and
7Be @D5h(271) − C50, there are local minima with 7Be is at
the center of the fullerene cage; however, these structures are
significantly at least 0.81 eV higher in energy than the most
stable structure. The bond lengths between 7Be and carbon
atoms fall in a narrow range from 1.699 Å for 7Be@C28 to
1.753 Å for 7Be@C24.

B. Electron density and half-life of the 7Be atom in 7Be@C2n

According to the above Eq. (2), the half-life of the 7Be
atom depends on the electron density at the 7Be nucleus [ρ(0)]
in 7Be@C2n. Thus, the electron densities ρ(0) of the 7Be
atom in all the most stable 7Be@C2n (2n = 24, 28, 32, 36,
50, 60) were calculated, as shown in Table II. The result for
a 7Be atom is also calculated for comparison. The electron
density ρ(0) in 7Be@C60 is higher than that of a single 7Be
atom, and the difference between the electron density ρ(0)
of the 7Be atom and 7Be@C60 is 0.17%, consistent with
the previously calculated value [15]. The half-life of the 7Be
atom in 7Be@C60 is as short as 52.470 days, suggesting that
C60 speeds up the EC decay rate. However, other 7Be@C2n

(2n = 24, 28, 32, 36, 50) have lower electron density ρ(0)
than one single 7Be atom. Based on the electron density ρ(0)
and the half-life of 7Be in 7Be@C60 at 5K, the half-lives of
7Be in 7Be@C2n (2n = 24, 28, 32, 36, 50) were calculated
and the results are shown in Table II and Fig. 2. All those

half-lives are higher than 53.6 days, 2.11% to 2.16% longer
than that of a 7Be atom, revealing that the EC decay rates
of the 7Be atom in 7Be@C2n (2n = 24, 28, 32, 36, 50) have
been slowed down by those small fullerenes. The above results
show that EC decay rate could be modified by using different
fullerene cages.

To reveal why the electron density at the Be nucleus, ρ(0),
changes in 7Be@C2n (2n = 24, 28, 32, 36, 50), the contribu-
tions of molecular orbitals (MOs) to the electron density at the
7Be nucleus point were analyzed, as shown in Table III. For
all the 7Be@C2n and for the single 7Be atom, the contribution
of the 7Be -1s orbital to electron density ρ(0) is important.
However, the contribution from the Be-2s orbital is different.
For the 7Be atom and 7Be@C60, it is the second most impor-
tant contributing orbital at about 3.7%, whereas it is the third
most important contributing orbital for other 7Be@C2n with

TABLE II. The electron density at Be nucleus ρ(0) (e−/α3
B) and

half-life (days) of single 7Be atom and 7Be in 7Be@C2n (2n = 24,
28, 32, 36, 50, 60).

Electron density at Be
nucleus (e−/α3

B) Half-life (days)

7Be@C24 S-Iso1 35.104 53.628
7Be@C28 T-Iso2 35.089 53.652
7Be@D3(6)−C32 S-Iso1 35.084 53.658
7Be@D2d (14)−C36 S-Iso1 35.067 53.654
7Be@D3(270)−C50 S-Iso1 35.104 53.628
7Be@D5h(271)−C50 S-Iso1 35.095 53.643
7Be atom 35.844 52.522
7Be@C60 35.879 52.470a

aExperimentally measured half-life of 7Be in 7Be@C60 at 5 K [15],
which is taken as the reference to calculate other half-lives.
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FIG. 2. The half-life of 7Be in all the most stable 7Be@C2n (2n =
24, 28, 32, 36, 50). The black dotted line is the experimental value
for 7Be in Be metal crystal. The experimentally observed half-life
(52.470 days) of 7Be@C60 is taken as the reference to calculate half-
life of 7Be in 7Be@C2n (2n = 24, 28, 32, 36, 50).

only about 0.3 − 0.4%, thereby further affecting the electron
density ρ(0).

Figure 3 shows the third most important contributing
molecular orbitals to the ρ(0) of 7Be@C2n (2n = 24, 28, 32,
36, 50) and the second most important contributing molecular
orbitals to the ρ(0) of 7Be@C60. Those molecular orbitals are
hybridized orbitals from 7Be -2s and the p orbitals of carbon
atoms in 7Be@C2n (2n = 24, 28, 32, 36, 50). In contrast,
the 7Be -2s in 7Be@C60 maintains its atomic character. These
results indicate that the 7Be -2s in 7Be@C2n (2n = 24, 28, 32,

TABLE III. The contributions of the molecular orbitals which is
mainly from Be − 1s and Be − 2s atomic orbitals to the electron
density at the 7Be nucleus point in the most stable structures of
7Be@C2n.

7Be@C24
7Be@C28

MO Contribution MO Contribution
HOMO-49 98.25% HOMO-58 98.27%
HOMO-48 0.43% HOMO-57 0.40%

7Be @D3(6) − C32
7Be @D2d (14) − C36

MO Contribution MO Contribution
HOMO-65 98.45% HOMO-73 98.63%
HOMO-64 0.32% HOMO-72 0.36%

7Be @D3(270) − C50
7Be @D5h(271) − C50

MO Contribution MO Contribution
HOMO-101 98.46% HOMO-101 98.41%
HOMO-100 0.37% HOMO-100 0.40%

7Be@C60
7Be atom

MO Contribution MO Contribution
HOMO-121 96.17% HOMO-1 96.31%

HOMO 3.76% HOMO 3.69%

36, 50) contribute less to the electron density at the nuclear
point than in 7Be@C60.

Furthermore, the electron density as a function of the dis-
tance from the atomic radius of 7Be was also be investigated.
The radial electron density is calculated by integrating the
radial wave function to obtain the value of electrons, and
dividing the value by the corresponding volume. Therefore,
the integration accuracy will affect the results, especially
the results near the nuclear point. For this reason, the elec-
tron density of 7Be atoms with 0.0028 Å � r � 0.3000 Å
is shown in Fig. 4. As in most cases, the electron density
decays rapidly as the distance increases. The maximum elec-
tron density for 7Be@C2n is different, but the change trend is
very similar. Taking 7Be@C24 as an example, electron density
rapidly decays to half of the maximum value at 0.0683 Å,
while for a single 7Be atom half of the maximum value of
the electron density appears at the distance of 0.0688 Å.

C. The temperature effect on the half-life of 7Be in 7Be@C2n

Morisato et al. found that because the temperature would
affect the Boltzmann distribution of the five stable Be nu-
cleus sites in C60, which possesses different electron density
at the 7Be nucleus, the half-life of 7Be in C60 will be in-
fluenced by the temperature [16]. The calculated results for
7Be@C60 revealed that, compared with the half-life at the
0 K, the half-life at room temperature increases by 0.33%,
in good agreement with the experimentally measured result
(0.34%). Here, we also study the temperature effect on the
half-life for 7Be@C2n (2n = 28, 32, 36, 50) by calculating
the Boltzmann distribution of a given 7Be@C2n with different
7Be nucleus sites based on the equilibrium statistical thermo-
dynamic method. Except for 7Be@C24 which has only one
7Be nucleus site, we calculated all the other 7Be@C2n from 0
to 1000 K. The 7Be @D3(6) − C32 result is shown in Fig. 5
with the other results shown in the Supplemental Material
(see [44] for Figs. S2–S4). As the temperature increases, the
concentration of 7Be @D3(6) − C32/S − 1 decreases while
7Be @D3(6) − C32/S − 2 increases. For example, at 1000
K the relative concentration of 7Be @D3(6) − C32/S − 1 is
75.99% while that of 7Be @D3(6) − C32/S − 2 is 24.01%,
leading to the result that the half-life of 7Be @D3(6) − C32

decreases by 0.005%. Although the relative concentration of
different isomers changes evidently for a given 7Be@C2n, the
half-life of the 7Be atom changes slightly, as the temperature
increases. This result is different from that of 7Be@C60, for
which the half-life of the 7Be atom changes about 0.34%. For
7Be@C60, when the 7Be is at the center of the C60 cage, it is
the most stable structure and has higher ρ(0) than the other
four structures where the 7Be atom is attached to the fullerene
cage. As the temperature increases, the relative concentration
of those off-center isomers increases and half-life increases
moderately. For 7Be@C2n (2n = 28, 32, 36, 50), the 7Be is
always off center and attached to the fullerene cage. The
electron densities at the 7Be nucleus of those sites are quite
similar, thus the half-lives of 7Be atoms in 7Be@C2n are quite
stable.

Notably, Ohtsuki et al. proposed recently that the electron-
phonon couplings may play a role in affecting the EC decay
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FIG. 3. The Be − 2s-atomic-orbital-involved molecular orbitals contributed to the electron density at the 7Be nuclear point (isovalue =
0.05).

rate of 7Be in 7Be@C60 and 7Be@C70 and further influ-
ence the correlation between temperature and half-life [21].
Those small endohedral fullerenes 7Be@C2n (2n = 24, 28,
32, 36, 50) probably exhibit larger electron-phonon couplings
than 7Be@C60 and 7Be@C70, [45,46]; however, the electron-
phonon couplings effect on EC decay rate still needs further
experimental and theoretical investigations.

IV. CONCLUSIONS

The most stable and metastable 7Be nucleus sites in C2n

(2n = 24, 28, 32, 36, 50) have been investigated by using

FIG. 4. The electron density as a function of the distance from
the atomic radius of 7Be.

ab initio calculations. The electron density at the 7Be nucleus
of 7Be@C2n have been analyzed, with results suggesting that
the 7Be -2s orbital is affected by the fullerene cage, resulting
in charge transfer from 7Be to C2n. The electron density at
the 7Be nuclear point for 7Be@C2n (2n = 24, 28, 32, 36,
50) is lower than that for 7Be@C60, leading to the result
that the half-life of the 7Be atom in 7Be@C2n is higher than
53.6 days, longer than that of a single 7Be atom and of 7Be
in 7Be@C60. The temperature affects the relative concentra-
tions of 7Be@C2n with different 7Be nucleus sites but does
not change the statistical average of 7Be half-life obviously,

FIG. 5. Relative concentrations Xi (%) of two 7Be @D3(6) − C32

isomers and the total half-life of 7Be in 7Be @D3(6) − C32 as the
temperature increases.
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because the half-lives of 7Be atoms at different sites are simi-
lar. Those results reveal that the EC decay rate of 7Be could be
precisely modified by using those small fullerenes while not
being affected by the temperature.
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