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Molecular orbital calculations of beryllium insertion in C, fullerene cages:
Be@C, (n=20, 60,70, 80) by nuclear recoil after particle capture
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The malecular structue and some properties of Be@C _ fn =20, 60,70, 81) endohedral memllofullerenes were analyzed using the HyperZhem 7.0,
Computational Chemistry Model Building Program, The results were 1nagreement with previous caleulations using the ab initios method based on
an all<lectron ni xed-basis appmach within the Famework of the local<ensity appoximaton, In the case of “Be. the 1on is inside the fullerene

cage and tries to make an electonic conrection with a sis-mem bered ring of the fullewne cage inorder o impmoyve (s atomic orbital distribution in

the valence layer. Due lo the ion mdius value of only 043 A and electmnic caplure decay. "Be appears o emerge as an ideal ool for studying

radiconuelide half-life varation indifferent hosts,

Introduction

The fullerenes are a recently discovered class of
chemical compounds, Originally searched in interstellar
dust, they were synthesized. isolated, and charac terized
in chemical and physical terms during the 19905, Made
of sp? hybridized carbon atoms, they are oy stalline
allotropes of carbon, as are diamond r_.l;p3 hybridization )
and graphite (sp? hybridization), Characteristic of a
fullerene is its delocalized electron cloud shared by all
of the carbon atom constituents, In this case. the four
electrons (25 2p7) of the
redistributed into three hybrid sp? orbitals with trigonal
symmeltry, which give rise too the bonds among the
carbon atoms, and a nonparticipating p-type  orbital
to the hybrid
involved in the electronic cloud thus delocalized and
shared by every atom. Fullerene molecules (Fig. 1)
reach high degrees of
delocalization across all atoms in the molecule.

If a fullerene occurs as a negative ion with various
charge (—1. -2, =3). the additional
distributed almost equally to all carbon atoms, In thess
conditions, charge distribution per carbon atom is =220
for C . =2/60 for Cgpn. =270 for T, 2780 for C g, ele,
Through synthesis from graphite. the four fullerenes

L-valence shell are

(perpendicular orhital plane) that is

maximum

symmeltry, with

electrons are

mentioned above are the most abundantly produced of

all fullerenes. which makes them quite important in
practice.

Trapping is the physico chemical phenomenon by
which a positive ion is encapsulated inside an existing
may e.g be alkali or
radius than thal of the

which
shorter

fullerene. The ion,
beryllium, has a
pentagonal and hexagonal rings of the fullerene cage
structure, It enters the molecule through a six-atom ring,
the area of which is larger than that of the pentagonal
arrangement, and remains inside at a certain distance
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from the center of the molecule, not far from the ring
through which it has gone in.

Cgpy is the most repre sentative of the fullerenes which
accounts for its widespread theorstical and practical use
in the making of TEE‘@CH] and other related compounds
based on alkali metals.!—=

It is made of 12 rings of five and 20 rings of six
carbon atoms, as shown in Fig. |, The T,y fullerene
consists only of rings of five carbon atoms.

Related to the ion part. "Be is the first radionuclide
in the periodic system of the elements lo possess excess
protons in its nucleus. This makes it liable 1o capture
electroms from its own shells, a process which gives riss
to u stable nuclide and the release of a neutrino:

7 S oo
_I_BE'+E'—"‘3L|+"rt

There is an 80.6%
capture should result directly in the nucleus of ?3Li and
a 104% probability that it should first lead © a
metastable level from which the nucleus is de-excited 1o
".Li through the release of a 0.477MeV gamma-
quantum, The above reaction takes place either way.?

In the case of a beryllium atom Kil1s2), Li2s3, 2pY),
the capture may involve an electron on the K shell is-
type orhitals) or L shell {s-type orbitals. since the p-type

probability that the electron

orhitals are vacant).

The thecretical ratio of the decay constant for the L-
shell electron capture 1o the constant for K -shell electron
caplure is [i.l_.-'lKJm=iJ.I35.5 Similar ratios for the other
nuclides (**C1, 3Ar, 3'Cr, ¥Mn. PFe, YCo, %o,
8370, 71Ge, T¥Kr) that are liable to undergo electron
capture were experimentally determined and found to be
very close to 0,125, actwally ranging from 0,10320,003
for 3747 10 0.1 1940007 for %o, Unlike the bervllium
atom, these nuclides are located in the periodic system
in such way that their K and L shells are inner shells and
have nothing to do with the outer valence shells that
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engage in chemical interactions with other surrounding
atoms.

In these conditions. the "Be isolope provides the
opportunity for a firsthand study of electron capture
from the L shell which is also a valence shell. Moreover,
the bervllium ion Be™. in which the L shell is vacant
(152, 287 2p"), makes it possible to study the behavior
under of K-shell electrons capture, Muclear emission in
this case is limited to the electronic neulrino, which is
hard 1o track or moniter, and 0.477 MeV gamma-
quantum. which has been experimentally detected in the
study of "Be decay. Meither characteristic X-rays nor
Auger electrons occur in this process, since they would
occur as a resull of electron vacancies occupied by
higher shell electrons that are nol present in thiscase,

As a characteristic of such transitions, the radioactive
decay constant depends slightly on external conditions,
namely on the nature of the chemical bond which has a
decisive influence on electron cloud density. In our case,
the radioactive decay constant is influenced by the
nature of the chemical bond . that is lo say, by the type of
chemical compound in which beryllivm enters. This
makes ‘He atoms and especially their two-charge
positive ions guite interesting 1o study. The decay
constant change is physically reflected in a half-life
increase or decrease, an effect that was predicted as
early as 1947%7 and was experimentally studied during
the following years® 1% As far as "Be was concemed,
experiments showed that its decay constant in beryllium
fluoride (BeF,) and beryvllium oxide was lower by
0.070% and 0.010%, respectively, than in metallic
beryllium. In an attempl to detect an increase in this
effect. subsequent studies” determined "Be half-life in
various other chemical combinations. The highest effect.
higher by one order of magnitude than all other effects
observed,. was found in the compound Be-fullerene C;:
Ab=—0.835% (Ah, % = [100x( 0o 0und P ae-
h-:r:.'lliL||11]J"r:"B-:-I':rj.lliu|11]' This 15 due o the chemical
nature of fullerenes and the tvpe of bonds they can
establish with other chemical elements. which have a
positive influence on the decay-related properties of
7Be,

The next nuclide afier 7Be that can undergo
radicactive decay. though without the benefit of a
special structure such as bervllium. is 51 With a
radius of 1.80 A, it will be impossible for the chlorine
ion to penetrate into the fullerene even through the
broader six carbon-atom ring. This seems to single out
7Be?* as the one opportunity for studying half-life
variation by fullerene trapping.

Withoul a positive ion allernative for modifying half-
lives, one can still try by modelling to vary Ak by using
a different fullerene as trapper.
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Methods

Chemical elements were first inseried into fullerenes
as argon atoms were trapped inside the Cg, fullerene by
neutron irradiation in a 1995 experiment.!® Endohedral
radiofullerenes were subsequently obtained through
nuclear recoil i1'n]:u|u.'_'|:~:i-.1n."f“'El For example, TEE@CEU
was formed by using nuclear recoil to introduce 7Be
with two positive charges into a fullerens ion-molecule.
The nuclear reactions used to this end were "Lif(p.n )’ Be
and '2C{y.cm)7Be. In the former, a homogeneous blend
of  purified  fullerene  and  lithium carbonate  was
bombarded with 12 MeV prolons for 2 hours at a current
of 2 pA. In the second reaction, a purified fullerene
sample was wrapped in aluminum feoil and exposed ©
direct irradiation in a quartz tube, In this geometry. the
sample was subjected to bremsstrahlung radiation with
E,pe=30MeV from a Pt sample that was itself under
bombardment for 12 hours by a 300 MeV electron flux
at 120 pALt2

After irradiation, both  fullerene samples were
dissolved in carbon disulfide and filtered through a
Millipore filter to remove insoluble by-pmoducts and
lithium compounds. Onee the solvenl had evaporated,
the  soluble again - in,
toluene: hexane (7:3). and injected into an HFLC
column, The collected fractions were checked for the
radicisotope TBe by measuring the gamma-spectra with
a germanium detector coupled to a  multichannel
analyzer. The detector had 1.5 ke resolulion energy in
FWHM for the 477 keV  beryllium
photopeak, The calculated half-lives for ?EE@CEU and
bervllium inserted inte a metallic beryllium matrix were
52682005 days and 53.12+0.005 davs, respectively,
According to these values, the endohedral compound’s
time was shorter by (.835%. The result reflected the

fraction was dissolved

characteristic

difference in wave functions between the beryllium ion
inside the compound and the beryllium atom inside the
metallic beryllium matrix.>

The reaction was first studied by computational
chemistry using an ab initio method for dynamic
simulation,! This helped to predict the structure and
characleristics of the resulting compound as well as the
reaction mechanism and optimum
bervllium particle. It was calculated that if a beryllium
ion TBe* with 5 eV kinetic energy hit perpendicularly
at the center of a sixcarbon-atom ring of Cgy™™, it would
have easily penetrated the fullerene molecule and
become trapped at ~1.0 A depth from the fullerene cage
center. right behind the ring by which it entered. The
penetration was due lo be so smooth becauss the
beryllium ion radius is much shorter than that of the
carbon atom ring (the ratio is 0.45/1.23=0.365), The
study ulso indicated that a beryllium ion of similar
kinetic energy hitting a C—C bond would have warped
the molecule, while an ion of higher kinetic energy

velocity of  the

would have destroved the molecule no matter where it
would have hit, The experiments confirmed these
resulls. as the fullerene molecule was to a greal extent
destroyed until the berylliuvm ions lost part of their
kinetic energy through recoil and came close to ~5eV.
an energy al which collisions with the fullerene

molecules led o trapping instead of their
|

the ir
destruction.

The lapanese authors underscored the need for a
more detailed theoretical study of the structure and
properties of ?EE@Cm. Their ab initic calculation is
based on all-electron mixed-basis approach  within
Framework of the local-density approximation.! The
method of simulation employed is the same as a
previous work concerning the stability and reactivity of
Cgp and the Li insertion into Cgp.'® The authors put one
Cgy molecule and one Be atom in a supercell with zero
and 3 eV initial velocities for Ty, and Be, respectively,
They performed six Steepest-Descent iteralions between
two adjacent updates of atomic positions in order to
converge the electronic states, and choss Ar=4au.
~0.1 s as the basic time step. For rescaling velocity and
assuming a Fermi-Dirac distribution of electronic states,
the simulation temperature of the whole system was st
to be T= 1000 K,

In this order it could help to show in detail the way
in which the electronic density of beryllium changes
depending on the type of fullerene C, (m=20_ 60, 70,
80} that does the trapping. Ultimately, such a study
could show whether there can be any other fullerene that
would even more sharply modify the half-life of the "Be
nuclide, Conversely, it could help determine whether
another nuclide capable of electronic capture would be
able 1o substitute for beryllium in the endohedral
compounds and increase the gap between that nuclide’s
decay constant inside the fullerene and its commonly
acceplted decay value,

We  simulated the computational
chemistry and studied their properties. laking into
account the values we obtained by optimizing towards a
geometry of minimum potential energy. Some new
aspects of the properties on which we focused included:

molecules by

distances between the nuclide and certain atoms in the
molecular comples (fullerenz ) initial partial charge of
particles in  the molecular system  (endohedral
compound ); final partial charge (electrostatic potential)
of the nuclide particle following optimization; post-
optimization electronic density in the valence shell of
the divalent "Be ion, and the energy binding atoms in the
molecular system,

The following steps were necessary in  the
computations: “building™ of Be@C, (n=20, 60, 70, 80)
structure by insertion of the 7Be ion in the plane of the
six (five for C_?DJ membered ring of the fullerene; use
option  for
bervilium ion and the same six (five }-membered ring

“Restraints” the distance between the
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toward the coge center: geomelry optmization using
MM+ PFolak-Ribigre optimizer. RMS (Gradient) of
keal/mol'A;  single point  calculations,  geometry
optimization using semiempirical AMI method: Polak-
Ribiére optimizer. RMS (Gradient) of 0.1 kealfmol &
(then 0.01 keal/mol-A). accelerated convergence. singlet
state. RHE. total charge zero. spin multiplicity of one:
single point calculations; calculating  vibrations and
performing o vibrational analysis (all normal modes of
vibration must have only positive values for a molecule
reaching minima on EES).

Results and discussion

Given the unique chemical structure of the Cg
maolecule the electronic density inside it considerably
affects the density of contact electrons surrounding the
7Be nucleus. Studying the chemical behavior of the
beryllium-fullerene  compound by
chemistry therefore appears to open some interesting
prospects on reducing half-livesof the radion uclides,

Firstly we calculated the electron densities in the
valence shell orhitals of 7Be® [I1sZ 25" 2p" Initial
electron density in valence shell D, =0e7] and of the
fullerene?= carbon atoms that carry out the trapping. The
fullerene Cy [1s%, 2sp?(3e™) 2p(le™) and 220 e~ of
shared electron cloud: Initial electron density in valence
shell D, =4.100 e7] is seen to have the highest electron
density in carbon atom valence shell compared to Cgy
[1s2. 2spi(3e™) 2pile™) and —2/60 e~ of shared electron
cloud, Initial electron density in  wvalence  shell
D;,=4.033 e7]. Cqp [15% 25p7(3e7) 2p(le™) and —2/70 e~
of shared electron cloud. Initial electron density in
valence shell D =4029e7] or Cgy [1s2, 2sp2(3e)
2pile”) and =2/80 e~ of shared electron cloud. Initial
electron density in valence shell D, =4.025 7], but the
trapping area for the beryllium ion is small (radius of
ring circumscribed to 5-atom ring is 0.97 Ay compared
with the six-carbon-atom areas of 1.23 A in fullerenes
Caie Cape o1 Ty

computational

Tl ey o= oo i posilicn 10 side e
mcieal e, wAe the Zabon o5 1< ng up
pratnesteems el

The beryllium ion has a radius as short as 0.45 AL but
has to overcome the molecular forces in the Cgpy
structure. Therefore. the larger the carbon ring area. the
better odds it has to trap the ion, "Be@Cy, is a stable
chemical compound that was experimentally ohtained
through the trapping of positively (+2) charged ions of
the "Be radionuclide by negative (=2} jons of the
fullerene Cgp '~ The physico chemical properties of the
newly developed substance, ?Be@cﬁn. reflected the
special properties of the original components as shown
in Fig. 2,

Tao this end. we used molecular mechanics (MM *)
and semi-empirical (AM 1) calculations in order to
estimate the mechanical properties of molecules such as
"Be®@C . "Be®C, . "Be®C_ and "Be®@C, (column
Iy, and then optimized thess structures to predict some
of their molecular properties, as we s=en in Table |. The
objective in these calculations was to optimize the
structures of the endohedral compounds every 0.5 A as
the "Be ion traveled inside the Ffullerene cage after
trapping (“restraint™ condition ),

In our initial system. the beryllivm ion charge was
+2.000 and the charge of the fullerene molecule was —
2fn (where p=20. 60,70, 80), The final partial charge of
the 7Be ion. as calculated by our program. is given in
column 4. while column 5 shows the resulling electron
density in the valence shell orbitals, as calculated by
subtraction,

In column 2 we entered the real final distances (close
o the multiples of 005 for which we did out calculation s)
al which the molecular system reached minimuwm energy
on the potential energy map., Values shown in bold
characters are those of endohedral compounds in which
the trapped "Be ion assumed central position inside the
fullerene molecule, and the other values correspond to
the global minimum binding energy of the systemns
icolumn 3), Underscored values refer to the situation in
which maximum electron density was reached in the
vitlence shell orbital s of the trapped metallic ion.

Beryllium wapping by the fullerenes Cy;, Cgn. Coy.
and Cgp, led o energetically stable structures.

I he ba-= Uzl jmzicatzs the capture -
happ cgul tha _hierrnz sl v wrmen., oeyll uim

b bz dul srere Loy, bl war, a- atam o0
hery lin~ ends up =nel=sed i-sid= 1he

Tl erene 5+ ke in 30 RenEnthn Snsic nnowith
respoctto ths Zenter o 1he Hhg 2 whics 1he
ntig ~al tkapsi-gtons pla-e

The czntzr of b-e “ullera-a rolzc_ ke nzide the mckol &,
A bzrella =Fionlee =l d e Lzindisl=nze o e _lie
CTthe 3 Zabon o~ ring t=at ~az tappod | n

Fig. 2. Structure of -"B-:@C',.n
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Table |, Calculated malecular propertics of *Be@C - TBe @y, Be®@C-gand Be By

iy Distance from carbon Binding energy. Beryllium clarge. "Be electon demsity
rIII| ring o 'Be, A kicalfmal Mulliken unit= alter trapping. D,
(21 31 41 {5)
"Be @iy 1L.TO —2336.00 HILUR 1.2
q 2.0 1 B631 .24 2.24
Be@C S T S =k
G 1 .15 021363 =07 .07
"Bet@®Cop with trappi
l|1r:u I1.:l.-;I :ilx 1|I.Ic:|:|1p|!ill11s L TR gkt i
A i 1.8 — 078367 —0.04 2.04
elose ko the shorer asis
e s 109
AE T Tl ER —10754.18 —0.04 2.04
close o the longeraxis
4 | &2 —12415.27 H1 98 1.12
Be@iC
i = ER-1 —-12417.27 —ih2 2.02
L e a13z
; 4 e c d12 _ 2
5 | u 3 : 1’
u - T T ] il
E: 2m25 BE@C ] :_'-L 170 ‘_..‘ BG@C a0
- & L . -
¥ e '- st )
T -2e ) L At '
2 zuas s e £ A ;
= 2% F o e,
-Z240 T T T =420 T T T ]
Tad Tl LD TE LER 1ad TUEG TaE T 10E 1 0a : ] # D Il a5
Dhissirpze o b - g ol e jor, & Crztarce fo-- the irg of insertior &
ACTED . T ITED
E Ly Be@C . i .
= i harter aw i ¢ =
T e | |[shorter ax] T £ f Be@C -
IR bt L. I [ [leanger axis]
L — Lo g *
g IETE | o & Ui L ey
£ s, 7] & E SR
g 4ox = Sofas
SR =i i =
ek R ; b i ;
-15TRs e ! SOOnE o A% 0 FE A 4% A
0 ot B A 4!
; : . . Drislasizez T Lz - g ol ireses v, &
Mrstarce fro-- the irg of insertinn &
R
g =240 . "
5 2405 =L
BT 2404 t
S ¢ ,
£ -dce-
1 L e
::: Eedtl o .. .
£ _-2414: - “
B ocmate-
To-MEs ¥
B A i 1 i
al 1 = o 4 =)
Astanna T tae TN oo aEart wa, -"'.
Fig. 3 Optimized structures as derived from the bindin g energy —distance dependence
For spin multiplicity of ome. the highest energy Figure 3 proves that "Re @, is energetically the
stability in every compound series was found where the mosl stable structure, In the case of "Be@Cyg,. earlier
‘Be ion resided at the center of the fullerene. except of theoretical study as well as the experiments indicated
"Be @C, with trapping through a six-atom ring closs o that the "Be ion was ideally positioned inside the cage al

the shorter axis (Fig. 3.

about | A depth from the fullerene cage center. right

5
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behind the ring by which it entered.! Roughly, the same
value was found for TBe@Cg, (1.25 &), For larger ring
fullerenes the distances are; 1.62 A for "Be @C_ (with
trapping through a six-atom ring close 1o the shorter
axis), 1.77 A for TBE@CTU (with trapping through a six-
atom ring close to the longer axis), and 2.25A for
TBe@C g,

Onee the bervllium ion had been trapped. the
electron density in the L shell indicated that at least one
electron was gained through optimum positioning in
tlerms of the shared electron
molecule (Fig. 4).

The beryllium ion in TBE@CMI gained the two

electrons it needed

cloud of the fullerene

to become an atom and was even
able to collect more than two electrons in the L shell
through sharing of the delocalized fullerene electrons.

[
B2
5 sl
1 ] % -
Bz il e e YRR X
a] ] o -
& | r. 'BeEC .
§ 1.0 2 HOE
= i z TD:@C 1 wiith brapaing
2 RN g “hreugh a siv-stom ring
= == AL 4 e g - K sleae tothe shoter adis
= L i R T SR TR T S :
3 ¥ Ba@nC <, with trapaing
5 Lhirnanig; 1 2 sim-ialear i1
'E 0.5 close to tha longer axis
o]
+= + 'Ba@@C .
E ] & &L
m CI & L 1 [ o

1 2 3 4 5 7 ¥ 8 8 10 11 12 13 14 15

Distance frare the trapping ring. arbitrary units

Fig. 4. Blectron densi by distribution in” Be ion aller trapping

Fig. 5. 3D molecular orbital isssurface of the -Hr@('m with Be ion near o the sis trapping membered ring
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Fig. 6,30 molecular orbital iscsurface of the "Be@C 4 with "Be ion located at the cente 1 of the Fullerene cage

This arrangement of the structure provides a singular
opportunity for beryllium to egain the two electrons it
lost by ionization and get in contact with the delocalized
shared electron cloud of fullerene Cg. that can increass
its negative charge (the charge per atom changes from
+2 1o —0.240), An increased likelihood of capturing an
glectron from the K shell or L shell iwher they are now
in excess) also increases the probability of the nuclear
phenomenon that is physically expressed on the statistic
level by the halflife of a radioactive compound. which
in our case is "Be@C g,

In graphical terms. this singular position corre sponds
to an optimum probability density of the electron cloud
shared by a ring of sp? hybridized carbon atoms (Fig. 5),

When placed at the center ol the fullerene Cg, cage.
the beryllium ion is isolated from the maximum density
area of the shared electron cloud. Beryllium gets back its
two lost electrons but nothing more than that (Fig. 6).

Conclus ions

The divalent "Be cation proves to be a unigue
example for studying the variation of nuclear half-life of
a radionuclide on inclusion into a fullerene cage.

Trapping of "Be™ inte Ty, Cggr Cogs and Cggy
fullerenes yields stable structures.For spin multi plicity
aof 1, the global
minimum is attained for the central position except for
"Be @C-,. After trapping. the "Be cation occupies a
position  al varving between .25 A for

calculations show  that energetic

distances

"Be@Cgp and 2.25 A for "Be@C g, from the center of
the endohedrally filled cage. This corre sponds to the
maximal electronic density of orbitals after trapping.
Among all studied compounds. ?BE@CM possesses the
most stable structure that can be formed along the axis
that goes from the cage center to the center of the ring
closest o the trapped ion.

The wvalue of the partial electrical charge (—0.24
Mulliken units) for the 7Be ion positioned at 1,23 A
from the cage center proves that there is an excess of
electroms an the L-shell of the cation (ie.. acharge of —
2.24 instead of —2) and this causes un increase of the
probability of electron capture resulling in a decrease of
the halfife of "Be,
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