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Abstract. In this work, we use a spherical shell with an attractive po-
tential to simulate the C60 and its effects on, He, Ne, Ar and Kr when 
each atom is in the center of the sphere. Within the Kohn-Sham model, 
two exchange-correlation functionals were used; the main difference 
between  these  two functionals  is  that one  incorporates explicitly  the 
self-interaction correction and the correct asymptotic behavior of the 
exchange-correlation potential, and the other one does not contain such 
corrections. We found  that  the considered atoms are softer  inside of 
the cage than when they are free. By using several chemical reactivity 
predictors as the electrodonating and electroaccepting powers, defined 
by  Professor  Gázquez  et al.  (J. Phys. Chem. A  2007,  111,  1966), 
it  is  proved  that  the  noble  gases  increase  their  chemical  reactivity 
when they are immersed in the C60. Naturally, this conjecture must be 
confirmed by more realistic models, but at first glance this is a very 
interesting conclusion and opens a new possibility to obtain reactions 
with encaged inert gases.
Keywords:  Fullerene,  Confined  Atoms,  DFT  Chemical  Predictors, 
Hardness and Softness.

Resumen. En  este  trabajo,  usamos un  cascarón  esférico  con un po-
tencial  atractivo  para  simular  al  C60  y  sus  efectos  sobre  el  He,  Ne, 
Ar y Kr cuando cada átomo está en el centro de la esfera. Dentro del 
modelo de Kohn-Sham, dos funcionales de intercambio y correlación 
fueron usados;  la principal  diferencia  entre  estos dos  funcionales  es 
que  uno  incorpora  explícitamente  la  corrección  a  la  autointeracción 
y  el  comportamiento  asintótico  correcto,  y  el  otro  no  contiene  tales 
correcciones. Encontramos que los átomos considerados son más blan-
dos dentro de la caja que cuando están libres. Usando varios predic-
tores de  reactividad química, como  las potencias electrodonadoras y 
electroaceptoras,  definidas  por  el  profesor  Gázquez  y  colaboradores 
(J. Phys. Chem. A 2007, 111, 1966), se prueba que los gases nobles 
incrementan sus reactividad química cuando están inmersos en el C60. 
Naturalmente, esta conjetura debe de ser confirmada por modelos más 
realistas, pero a primera vista esta es una conclusión muy interesante 
y abre una nueva posibilidad de obtener reacciones con gases inertes 
encajonados.
Palabras claves: Fulereno, átomos confinados, predictores químicos 
de la TFD, dureza y blandura.

Introduction

Recently,  the  study  of  confined  systems  has  received  atten-
tion of experimental and theoretical groups. Without doubt, the 
confinement exerted on quantum systems has given unexpected 
trends on chemical and physical properties of the matter. The 
confinement imposed by fullerenes or nanotubes is a hot topic 
nowadays  since  it  opens  possible  technological  applications 
[1-10].  One  way  to  study  the  electronic  structure  of  systems 
encaged  by  fullerenes  is  by  solving  the  Kohn-Sham  [11]  or 
Hartree-Fock [12] equations  for  the whole system;  the  fuller-
ene  (host)  plus  the  corresponding  enclosed  guest.  Naturally, 
this strategy is used to study the fullerene effects on quantum 
systems enclosed by these cages. However, sometimes one is 
interested  only  on  the  electronic  structure  of  the  guest  when 
it  is confined, and the host-guest model does not provide this 
information because the host electrons are also presented. Thus, 
several confinement models have been used to study the guest 
response when it is enclosed by a confinement [13]. Recently, 
a model for the C60 has been reported in order to see the effects 
exerted by this system on the hydrogen atom giving interesting 
results [14]. A natural extension of that model is its application 
on many-electron atoms. Accordingly, we present in this study 
a  detailed  discussion  on  the  chemical  reactivity  predictors  of 
noble gases enclosed by the C60 model.

Theoretical framework

Modeling the C60

From  the  study performed by Xu et al.  for  the C60 modeling 
[15],  there  are  many  reports  where  the  cage  imposed  by  the 
fullerene  has  been  useful  to  describe  the  effects  on  confined 
atomic systems [13, 16-23]. Such a model is based mainly on 
the following two assumptions: 1) The fullerene can be mod-
eled by a spherical shell. 2) The spherical shell represents an at-
tractive potential suggested by the experimental photoelectron 
spectroscopy. The first proposal to the C60 model is based on 
a step potential, US, which expression is [17]

  U r
u a r b

S ( )
,

,
0

0 else
.  (1)

In equation (1), u0, a and b represent a constant potential, 
the  radius  of  the  inner  sphere  and  the  radius  of  the  external 
sphere  of  the  shell,  respectively.  With  this  simple  model  it 
is  possible  to  gain  insight  about  the  effects  induced  by  the 
C60 on atomic systems, many of them are related with optical 
properties. Recently, Nascimento et al. [14] have published an 
alternative potential to simulate the C60, in this model the step 
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potential is substituted by a gaussian function with the follow-
ing mathematical expression

  U r u eS
r rc( ) [ ( ) / ]

0
2 2 .  (2)

In this equation rc represents the position where the gauss-
ian function is centered, σ its width and u0 has the same mean-
ing than in equation (1). Evidently, the application of this model 
on many-electrons atoms is a natural step. The main concern of 
this work is related to the chemical reactivity of atoms, noble 
gases  in  particular,  when  these  systems  are  within  the  shell 
defined by equation (2).

Chemical reactivity predictors

The  concepts  provided  by  the  density  functional  theory  have 
been used to rationalize the initial stages of chemical reactions 
[24-26]. Many of  them are based on derivatives with  respect 
to  the number of electrons, as  the electronegativity, χ, which 
is obtained from the chemical potential, µ, trough the equation 
[27]

  E
N v

,  (3)

or the hardness, η [28],

 
2E

vN 2
.  (4)

In  these  equations  the  total  energy  is  represented  by  E, 
the number of electrons by N and the external potential by u. 
From  these  predictors,  the  electrophilicity, ω,  is  obtained  by 
the expression [29]

 
2

2
.  (5)

By  the  nature  of  the  electronic  structure  in  atoms  and 
molecules  it  is  important  the directionality on  the derivatives 
evaluation with respect to the number of electrons [30]. Thus, 
the chemical potential must be evaluated as

  E
N v

,  (6)

where ± indicates if the system will gain (+) or lose (-) elec-
trons. For neutral systems the hardness adopts the form [31]

  η = µ+ - µ-.  (7)

By  applying  the  directionality  concept,  the  professor 
Gázquez and coworkers defined the electrodonating and elec-
troaccepting powers as [32]

 
( ) 2

2
.  (8)

These definitions are  important  to elucidate  the chemical 
behavior on systems involved in charge transfer processes. It is 

worth noting that the hardness used by the professor Gázquez 
was obtained by assuming  that η = η+ = η- with η given by 
equation (7), which is the same position assumed in this work. 
Evidently, we are  just mentioning  the necessary elements  for 
our discussion; if the reader wants to know more details about 
the chemical predictors provided by the DFT, the reference [33] 
is quite recommendable due to it was published recently in this 
journal by the professor Gázquez.

Computational details

According to equation (8) to evaluate ω+ and ω-, we can fol-
low  the  following  steps:  a)  Compute  the  energy  derivatives 
with  respect  to  the  number  of  electrons,  taking  into  account 
the directionality in order to obtain µ+ and µ-. b) Compute the 
hardness for  the neutral systems according to equation (7). c) 
Compute  the  electroaccepting  and  electrodonating  powers  by 
using equation (8). For this study we have used fractional oc-
cupancy, it means, we have computed the total energy for the 
neutral  system  and  8  additional  points,  four  to  the  right  and 
four  to  the  left  with  increments  of  0.01  electrons.  By  using 
the  Lagrange  interpolating  polynomial  we  estimated  the  de-
rivative from the right side (+) with five points, and the same 
procedure was applied for the left side (-), all derivatives were 
evaluated  on  the  neutral  system.  Thus,  in  this  work  we  have 
performed 9 calculations for each atom. These steps were ap-
plied on He, Ne, Ar and Kr atoms when they are confined by 
the C60 and when they are free. The exchange contribution was 
that  reported  by  Dirac  (D)  [34]  and  the  correlation  contribu-
tion  was  that  reported  by  Perdew  and  Wang  (PW92)  [35].  It 
is well known  that many exchange-correlation  functionals do 
not  cancel  correctly  the  self-interaction  energy[36],  thus  we 
applied a self-interaction correction (SIC) proposed by Perdew 
and Zunger [37]. Additionally, since the shell is not close to the 
nucleus it is important to apply a correction to the asymptotic 
behavior by using the optimized effective potential (OEP) [38, 
39]  in  the  context  of  the  Krieger-Lee-Iafrate  approximation 
[40,  41].  Details  about  this  implementation  can  be  found  in 
references  [42-44].  Thus,  we  report  the  results  obtained  with 
the DPW92 exchange-correlation functional and its correction 
DPW92-SIC-OEP, in this way we have performed 144 calcu-
lations for the four considered atoms with a modified version 
of the Herman-Skillman numerical code[45], thus the basis set 
functions effects are not present.

Results and discussion

We  are  reporting  in  Table  1  the  total  energies  obtained  for 
the  noble  gases,  free  and  encaged,  by  using  the  DPW92  and 
DPW92-SIC-OEP exchange-correlation functionals, for several 
charge values. With this table we want to stress the difference 
between  the  total  energy  obtained  when  the  SIC-OEP  is  ap-
plied or when the atom is confined by the fullerene, or by both 
effects. Clearly, the SIC-OEP approximation gives lower total 
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energies  than  when  this  approximation  is  not  applied,  which 
has  been  discussed  elsewhere  [42,  44].  Thus,  our  discussion 
will be centered on the DPW92-SIC-OEP exchange-correlation 
functional since it gives the lowest energies and it was designed 
to obtain the correct asymptotic behavior on the corresponding 
potential.  The  first  important  trend  observed  from  Table  1  is 
related  with  the  small  changes  obtained  on  the  total  energy 
when  the noble gases are  free and  they  try  to bind additional 
electrons. This  trend is connected with the small electronega-
tivity values observed on these systems. However, this trend is 
reverted when the atoms are confined by the shell of attractive 
potential, which represents the fullerene.

In order  to  see  the  total  energy changes  as  a  function of 
the number of electrons, in Figure 1 these changes are plotted 
for  the  four atoms considered  in  this work.  In  these plots we 
used the neutral atom as a reference, for this reason the energy 
of this system is zero. One important characteristic observed in 
all plots is the straight line obtained when the number of elec-
trons is changed, which corresponds to the expected behavior 
for atoms where a new shell  is opening and when the correct 
asymptotic  behavior  of  the  exchange-correlation  potential  is 
applied, as that associated to the DPW92-SIC-OEP approach. 
By analyzing these plots we can conclude that the slope related 
with the electron accepting process is increased when the noble 
gases are confined by the fullerene. Contrary to this behavior, 
the  free  or  confined  atom  gives  a  similar  behavior  to  each 
other when the atom tries to give electrons. Consequently, the 
chemical potentials µ+ will change since it represents the slope 
of the straight line when the considered atoms accept electrons. 
In Table 2 we are reporting the chemical potentials for the four 

atoms,  when  they  are  confined  or  free,  and  for  the  two  ex-
change-correlation approximations. The value obtained for µ+ 
is the first important result obtained when numerical derivatives 
are computed on free noble gases atoms since this quantity is 
close to zero, which corresponds to the expected behavior for 
these systems. Then, according to our procedure, the µ+ predicts 
that  the  free noble gases will  not  accept  additional  electrons. 
This behavior is clearly changed when these atoms are inside 
of  the  C60  because  all  of  them  increase  in  an  important  way 
this quantity. In conclusion, noble gases increase their chemical 
potential, to bind electrons, when they are encaged by the C60. It 
is important to note the positive values predicted by the DPW92 
exchange-correlation functional for He and Kr. This incorrect 
result could be a consequence of the numerical derivative or by 
an intrinsic problem of the exchange-correlation functional, we 
think this last possibility is the responsible of such a behavior 
since it is corrected by the SIC-OEP approximation.

It is interesting the behavior observed for µ-, with regard to 
µ+, since whereas µ+ goes up µ- goes down, in absolute value, 
for the encaged atom. Such a result is observed just when the 
SIC-OEP  approach  is  applied.  In  fact, µ-  is  almost  the  same 
for the free or the confined atom when this correction is used. 
Thus, the potential imposed by the gaussian function acts just 
for atoms accepting additional electrons.

In the same table we are reporting in parenthesis the hard-
ness, and it is observed another interesting trend; the hardness 
for  noble  gases  is  reduced  with  regard  to  the  free  system,  in 
other words, the noble gases are softer within the fullerene than 
when  they  are  free.  Naturally,  this  result  must  be  connected 
with the changes produced in the electron density. In Figure 2, 
we are presenting  the difference between the orbital densities 
obtained for free and enclosed atoms, ρconfined-ρfree. In particu-
lar,  we  are  reporting  the  behavior  exhibited  by  some  of  the 
orbital densities for the Kr atom. Clearly, the most affected or-
bitals are those belonging to the valence shell in a region close 

Table 1.  Total  energies  for  He,  Ne,  Ar  and  Kr  atoms,  free  and  en-
caged, by using the DPW92 and DPW92-SIC-OEP exchange-correla-
tion functional for several charge values.

Charge DPW92 DPW92-SIC-OEP
Free Confined Free Confined

He
0.04 -2,8111 -2,8112 -2,8958 -2,8959
0.00 -2,8345 -2,8345 -2,9198 -2,9198
-0.04 -2,8347 -2,8394 -2,9199 -2,9244

Ne
0.04 -128,2064 -128,2065 -129,2660 -129,2660
0.00 -128,2299 -128,2300 -129,2859 -129,2859
-0.04 -128,2303 -128,2351 -129,2861 -129,2907

Ar
0.04 -525,9133 -525,9153 -528,4039 -528,4055
0.00 -525,9289 -525,9311 -528,4198 -528,4215
-0.04 -525,9295 -525,9365 -528,4203 -528,4267

Kr
0.04 -2750,0687 -2750,0737 -2756,8609 -2756,8653
0.00 -2750,0829 -2750,0881 -2756,8752 -2756,8800
-0.04 -2750,0835 -2750,0939 -2756,8758 -2756,8854

Fig. 1. Energy, in eV, as a function of the number of electrons. Trian-
gles  correspond  to  free  atoms  and  circles  to  confined  atoms.  These 
results were obtained by the DPW92-SIC-OEP method.
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to the gaussian potential. Furthermore, in this region ρconfined > 
ρfree, suggesting that the polarizability will be increased, which 
must be confirmed in a future work.

Finally,  electrodonating  and  electroaccepting  powers  are 
reported  in  Table  3.  Clearly,  the  electroaccepting  power  is 
zero  when  these  atoms  are  free,  however  when  these  atoms 
are encaged by the fullerene their response  is completely dif-
ferent, even for the confined He atom this quantity is not zero. 
Naturally,  the Kr atom is  the system that presents  the biggest 
response. At this point one question arises: are the values found 
for  the chemical predictors, big or small? We have evaluated 
the  same  chemical  reactivity  predictors  in  the  free  Mg  atom, 
with the DPW92-SIC-OEP method. For this system we found 
that µ+ = -0.050, µ- = -0.175, η = 0.126 , ω+ = 0.010 and ω- = 
0.122, (all of them in atomic units). Comparing these numbers 
with  those reported  in Tables 2 and 3, clearly Ne, Ar and Kr 
encaged by the C60 show a bigger electrodonating power than 
the free Mg atom. From here, we are confident of say that the 
noble  gases  increase  their  chemical  reactivity  when  they  are 

encaged by the C60. We used as reference the Mg atom, such 
a decision is totally arbitrary although this atom sometimes is 
considered  to  be  studied  inside  of  fullerenes.  Naturally,  it  is 
necessary for a study of the whole periodic table under a con-
finement similar to that considered in this work. Evidently, we 
are currently performing such a study in our laboratory.

Conclusions

By  using  a  simple  model  for  the  C60,  some  global  chemical 
reactivity predictors as the chemical potentials, hardness, elec-
trodonating and electroaccepting powers were evaluated for He, 
Ne, Ar and Kr atoms. As important results found in this study, 
we can mention the reduction on the hardness, the increasing on 
µ+ and on ω+ when these atoms are confined by the fullerene 
compared with the free atoms. These results suggest an incre-
ment on the chemical reactivity of these systems; evidently, this 
prediction must be confirmed by more realistic models, where 

Table 2. Chemical potentials and hardness (in parenthesis) for He, Ne, Ar and Kr. All quantities are in hartrees.
DPW92 DPW92-SIC-OEP

Free Confined Free Confined
µ+ µ- µ+ µ- µ+ µ- µ+ µ-

He
0,027 -0,575 -0,084 -0,575 0,000 -0,590 -0,098 -0,590

(0,601) (0,491) (0,590) (0,492)
Ne

-0,006 -0,190 -0,118 -0,180 -0,002 -0,427 -0,109 -0,427
(0,184) (0,061) (0,425) (0,318)

Ar
-0,007 -0,378 -0,129 -0,383 -0,004 -0,386 -0,119 -0,389

(0,371) (0,254) (0,382) (0,270)
Kr

0,008 -0,347 -0,145 -0,373 -0,001 -0,405 -0,148 -0,342
(0,354) (0,228) (0,404) (0,194)

Fig. 2. Orbital density differences for the Kr atom. Orbitals: 4p (solid 
line), 4s (dotted line) and 3d (dashed line ).

Table 3. Electrodonating and electroaccepting powers for He, Ne, Ar 
and Kr. All quantities are in hartrees.

DPW92 DPW92-SIC-OEP
Free Confined Free Confined

ω+ ω- ω+ ω- ω+ ω- ω+ ω-

He
0,001 0,275 0,007 0,336 0,000 0,295 0,010 0,353

Ne
0,000 0,098 0,114 0,262 0,000 0,215 0,019 0,287

Ar
0,000 0,193 0,033 0,288 0,000 0,195 0,026 0,281

Kr
0,000 0,170 0,046 0,305 0,000 0,203 0,057 0,302
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even the van der Waals interactions could be incorporated [46]. 
Currently, this topic is being developed in our group.
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