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A R T I C L E  I N F O                              

INTRODUCTION 
 

In modern organic solar cells the photons absorbed by the donor, 
usually a polymer create hot-carriers (electrons/holes) which move 
into the acceptor material, usually a fullerene derivative
electron acceptors, commonly employing phenyl
methyl ester (PCBM), are widely used in organic solar cells (see [1] 
and references therein). Associated with the important role played by 
fullerenes in organic solar cells [2, 3], among their vast applications 
[4], is understanding of the stability and degradation mechanism of 
organic solar cells before commercialization can be realized. In [5] 
the rate of irreversible polymer photobleaching in blend films 
(polymer:fullerene) was found to consistently and dramatically 
increase with decreasing electron affinity (EA) of the fullerene 
derivative. As part of the solution, the authors [5] recommended 
designing polymers and fullerenes with larger EAs.
 

Hot (non-equilibrium) carrier thermalization
identified as one of the major sources of efficiency loss in 
organic solar cells[6]. The authors proposed an innovative 
solution, viz. harvesting the hot carriers before they 
thermalize. This promises to potentially overcome the 
Shockley-Queisser limit for solar cell efficiency. 
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                             A B S T R A C T  
 

 

The first low-energy electron elastic scattering total cross sections (TCSs) for C
C120 and C136 fullerenes are reported. From the TCSs, calculated using our robust Regge 
pole methodology which fully embeds the crucial electron
vital core-polarization interaction, we extract the binding energies (BEs) of the resultant 
anions formed during the collisions. Characterized by correlation and polarization induced
dramatically sharp resonances manifesting long-lived metastable anionic formation, the 
TCSs demonstrate that when subjected to varying gentle electron impact energy the 
investigated fullerenes respond through rich resonance structures, representing doorway 
states to stable ground state anionic formation. These results significantly widen the 
selection scope of tunable fullerenes for multiple functionalization through their anions in 
inter alia nanocatalysis, organic solar cells and sensor technology.  In particular the series 
of resonances could provide a mechanism for dumping out the hot
eliminating/minimizing their liability in the efficient operation of robust organic solar cells.  
The HOMO-LUMO energy gaps for the fullerenes are estimated to assess their stability.

 

 
 
 
 
 

In modern organic solar cells the photons absorbed by the donor, 
carriers (electrons/holes) which move 

into the acceptor material, usually a fullerene derivative.  Fullerene 
electron acceptors, commonly employing phenyl-C61-butyric acid 
methyl ester (PCBM), are widely used in organic solar cells (see [1] 
and references therein). Associated with the important role played by 

heir vast applications 
[4], is understanding of the stability and degradation mechanism of 
organic solar cells before commercialization can be realized. In [5] 
the rate of irreversible polymer photobleaching in blend films 

consistently and dramatically 
increase with decreasing electron affinity (EA) of the fullerene 
derivative. As part of the solution, the authors [5] recommended 
designing polymers and fullerenes with larger EAs. 

equilibrium) carrier thermalization has been 
identified as one of the major sources of efficiency loss in 
organic solar cells[6]. The authors proposed an innovative 
solution, viz. harvesting the hot carriers before they 
thermalize. This promises to potentially overcome the 

limit for solar cell efficiency.  

The importance of the fullerene EAs in 
solar cell materials has been investigated and confirmed [5]. 
The [C60] fullerene hybrids, where the C
metal atoms, have demonstrated catalytic efficiency in 

fundamental hydrogenation [7].

the electronic ground and the first excited states of the neutral 
fullerene/cluster, viz. HOMO
important parameter, determining the stability of a cluster 
against further chemical reaction [8, 9]. It is used to id

candidates for new cluster materials. A large 

hard to extract electrons from the low
electrons to the high-lying LUMO. The C
determined to be large [8, 9], with that for C
allowing the authors [8, 9] to conclude that C
stable fullerene. Importantly, the calculated HOMO
energy gaps for C60 and C70 [10] differ significantly, by at least 
a factor of two from those measured in [11, 12].This is a 
demonstration of the difficulty experienced by existing 
theoretical methods in obtaining reliable data for fullerenes in 
general and, specifically the challenging electron affinities.
 

Some suggested techniques to increase fullerene acceptor 
resistance to degradation by the photo
include several options. Namely, 1) the reduction of the 
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energy electron elastic scattering total cross sections (TCSs) for C94, C96, C98, 
fullerenes are reported. From the TCSs, calculated using our robust Regge 

electron-electron correlations and the 
polarization interaction, we extract the binding energies (BEs) of the resultant 

anions formed during the collisions. Characterized by correlation and polarization induced 
lived metastable anionic formation, the 

TCSs demonstrate that when subjected to varying gentle electron impact energy the 
investigated fullerenes respond through rich resonance structures, representing doorway 

onic formation. These results significantly widen the 
selection scope of tunable fullerenes for multiple functionalization through their anions in 

nanocatalysis, organic solar cells and sensor technology.  In particular the series 
could provide a mechanism for dumping out the hot-carriers thereby 

eliminating/minimizing their liability in the efficient operation of robust organic solar cells.  
LUMO energy gaps for the fullerenes are estimated to assess their stability. 

The importance of the fullerene EAs in catalysis of organic 
solar cell materials has been investigated and confirmed [5]. 

] fullerene hybrids, where the C60 is endowed with 
metal atoms, have demonstrated catalytic efficiency in 

fundamental hydrogenation [7]. The energy gap gapE between 

the electronic ground and the first excited states of the neutral 
fullerene/cluster, viz. HOMO-LUMO energy gap, is an 
important parameter, determining the stability of a cluster 
against further chemical reaction [8, 9]. It is used to identify 

candidates for new cluster materials. A large gapE  makes it 

hard to extract electrons from the low-lying HOMO or add 
lying LUMO. The C60 and C70 gaps were 

determined to be large [8, 9], with that for C60 being 1.61 eV, 
allowing the authors [8, 9] to conclude that C60 is the most 
stable fullerene. Importantly, the calculated HOMO-LUMO 

[10] differ significantly, by at least 
a factor of two from those measured in [11, 12].This is a clear 
demonstration of the difficulty experienced by existing 
theoretical methods in obtaining reliable data for fullerenes in 
general and, specifically the challenging electron affinities. 

Some suggested techniques to increase fullerene acceptor 
resistance to degradation by the photo-oxidation mechanism 
include several options. Namely, 1) the reduction of the 
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fullerene’s LUMO level of the acceptor [1], 2) the employment 
of fullerenes with high EAs [5], and 3) the use of the highest 
EA rather than the usual lowest total energy as a predictor of 
anionic cluster structures because the experimentally detected 
isomers correspond to the metastable states [13]. These points 
will become much clearer when we present the results. Indeed, 
the investigated fullerenes meet all the required characteristics. 
 

Both extensive and intensive investigations are continuing of 
the role of atomic particles and nanoparticles in catalysis from 
both fundamental and industrial perspectives. Recently, the 
novel atomic negative ions have been introduced to the study 
of atomic and nanoscale catalysis. The interplay between 
Regge resonances and Ramsauer-Townsend (R-T) minima 
calculated through complex angular momentum (CAM) 
analysis has been identified as the fundamental atomic 
mechanism underlying nanoscale catalysis. Anionic catalysis 
involves the weakening or breaking up of molecular bonds in 
the transition state [14]. 
 

Also, low-energy electron scattering resonances have been 
linked directly with chemical reaction dynamics, thereby 
allowing us to probe sensitively electron attachment in 
complex atomic systems and fullerenes resulting in short- and 
long-lived negative ion formation[15, 16]. At the R-T 
minimum, the electrons traverse through as though the 
molecules were transparent.  Thus, the R-T minimum provides 
an excellent environment and mechanism for breaking up 
molecular bonds in new molecules creation as well as in 
anionic catalysis [14]. The R-T effect has also been exploited 
to understand sympathetic cooling and to produce cold 
molecules employing natural fermions [17]. 
 

The experiments of Hutchings and collaborators involving the 
production of hydrogen peroxide (H2O2) from H2O catalyzed 
by the Au and Pd nanoparticles [18, 19] were explained 
through the fundamental mechanism of negative ion 
catalysis[14]. Namely, the Auˉ and Pdˉanions formed during 
the collision process break up or weaken the H-O bonds and in 
the presence of oxygen, the H2O2 formation results[14]. 
Recently, the same group [20] has developed a method of 
producing H2O2 catalyzed through a Pd-Sn catalyst involving a 
simple one-step process; note the replacement of Au by the 
less expensive Sn.  This promises to make the production of 
H2O2 readily available to the developing world where it could 
be used for water purification as well [20]. 
 

Since the experiments [18, 19], it has been our fervent desire 
to discover a single multifunctional anionic catalyst to replace 
the nanocatalysts in the experiments [18-20]. With the current 
investigations we believe that we have found an excellent 
catalyst in the fullerenes as well as the attendant fundamental 
mechanism of catalysis. For the catalyst to work, we require 
that its negative ion form at the second R-T minimum of the 
electron elastic scattering total cross section (TCS) and that the 
binding energy (BE) of such an anion (or equivalently the EA) 
be relatively large and approximately equal to the vertical 
detachment energy (VDE), in this case water. The figures 
under the results section demonstrate the potential for 
achieving this and catalyzing many more reactions, including 
the catalysis of methanol from CH4 without CO2 emission 
[21]. 
 

Electron-electron correlations and core-polarization interaction 
are the major physical effects responsible for electron 
attachment in low-energy electron scattering from heavy 

complex atomic systems and fullerenes, leading to stable 
negative ion formation as resonances. In the Regge-pole 
methodology the electron-electron correlation effects are fully 
embedded through the Mullholland formula while the 
polarization interaction is accounted for by the robust 
Avdonina-Belov-Felfli (ABF) potential[16]. The first 
application of the Regge pole methodology to low-energy 
electron scattering from fullerenes obtained the unprecedented 
theoretical binding energies (BEs) for the negative ions 
Cnˉ(n=60, 70, 74, 76, 78, 80, 82, 84, 86, 90, 92) that matched 
excellently the measured EAs [22-31]; this theoretical feat has 
never been accomplished before.This is the reason why the 
ground state anionic BE and the EA are interchangeable in this 
paper. Accurate atomic and molecular EAs are crucial to the 
understanding of chemical reactions involving anions [32]. 
The importance and utility of atomic and molecular negative 
ions in terrestrial and stellar atmospheres as well as in device 
fabrication have already been reported[4, 33-37] 
 

Low-energy electron scattering cross sections for complex and 
heavy atoms including fullerenes are characterized generally 
by R-T minima, shape resonances (SRs) and dramatically 
sharp resonances manifesting stable negative ion formation 
[14-16]. In this paper the Regge pole methodology has been 
used to explore low-energy electron scattering from the 
fullerenes Cn(n=94, 96, 98, 120, 136) in the electron impact 
energy range 0.0 ≤ E ≤ 10.0 eV to identify and delineate the 
resonances in the electron elastic TCSs and extract the BEs of 
the resultant anions formed during the collisions.  The main 
objective is to discover the variation of the resonance 
structures as the fullerene size varies from Cn(n=94 through 
136); viz. determine the size effect on the TCSs (tenability of 
the resonances through size).  We also extract from the TCSs 
the R-T minima, SRs and the BEs of the resultant negative 
ions formed during the collisions as resonances.  These results 
are also intended to guide the selection of suitable fullerenes 
for organic solar cells and other applications.  The important 
HOMO-LUMO energy gaps for the fullerenes are also 
estimated to guide measurements. 
 

Method of Calculation 
 

For the near-threshold electron-neutral fullerene collisions 
resulting in negative ion formation as resonances, we 
calculate TCSs using the Mulholland formula [38].  In the 
form below, the TCS fully embeds the electron-electron 
correlation effects [39] (atomic units are used throughout): 
 

)(Im8

)](1Re[4)(

)2exp(1
22

0

2

EIk

dSkE

ni
nn

n

tot





















                   (1) 
 

In Eq. (1) S is the S-matrix, 2k mE , with m being the 

mass and E the impact energy, n is the residue of the S-matrix 
at the nth pole, n and I(E) contains the contributions from the 
integrals along the imaginary -axis; its contribution has been 
demonstrated to be negligible [40]. 
 

As in [41] here we consider the incident electron to interact 
with the fullerene without consideration of the complicated 
details of the electronic structure of the fullerene itself. 
Therefore, within the Thomas-Fermi theory, Felfli et al [42] 
generated the robust potential 
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Where Z is the nuclear charge, α and β are variation 
parameters. Notably, our choice of the potential, Eq. (2), is 
adequate as long as we limit our investigation to the near-
threshold energy regime, where the elastic cross section is less 
sensitive to short-range interactions and is determined mostly 
by the polarization tail. Note also that the potential (2) has the 

appropriate asymptotic behavior, viz.
4( ) ~ 1/ ( )U r r  

and accounts properly for the crucial polarization interaction at 
low energies.  The advantage of the well-investigated [43-45] 
potential (2) is that it is a good analytic function that can be 
continued into the complex plane. The effective potential 

2( ) ( ) ( 1) / 2V r U r r     is considered here as a 

continuous function of the variables r and complex λ. 
 

The potential (2) has been used successfully with the 
appropriate values of α and β. It has been found that when the 
TCS as a function of β has a resonance [40], corresponding to 
the formation of a stable bound negative ion, this resonance is 
longest lived for a given value of the energy, which 
corresponds to the EA of the system (for ground state 
collisions) or the BE of the excited anion. This was found to be 
the case for all the systems, including fullerenes we have 
investigated thus far. This fixes the optimal value “β” in Eq. 
(2) when the optimum value of α = 0.2. The use in this paper 
of different values of the optimal parameter “β” for the ground 
and excited fullerenes is supported by the study of low-energy 
electron scattering from Cu atoms [46]. There it was 
demonstrated that the ground and excited states are polarized 
differently as expected, namely both the dipole polarizability 
and quadrupole polarizability for the ground and the excited 
atomic Cu were found to be different. 
 

The details of the numerical evaluations of the TCSs have been 
described in [39] and further details of the calculations may be 
found in [47]. In the Regge pole description of low-energy 
electron scattering from complex atomic, molecular and cluster 
systems leading to negative ion formation as resonances, 

Regge trajectories, viz. Im (E) versus Re (E) are the 
crucial calculated quantities; the explicit dependence on E of λ 
is inserted for clarity. The Regge trajectories penetrate the 
atomic/molecular/cluster core and for the methodology to 
work very well, it is required that we stay close to the real axis 

of the complex angular momentum. This implies that Im
(E) should remain small within the electron impact energy of 
interest. 
 

For a better understanding and appreciation of the use of the 
Regge trajectories, here we explain the effective use of the 
pole λ (complex angular momentum) in the Mulholland 

formula, Eq.(1). From the pole λ, where Re (E) is an integer 
and Imλ(E) (=λI) → 0, we can determine from Eq. (1) the 
shape resonances, long-lived metastable anions and ground 
state anionic resonances. The effective use of Imλ(E), λI→ 0 is 
demonstrated in the paper [40]. Although we have previously 
referred to Connor [48] for the physical interpretation of 

Im (E), the original interpretation was given by Regge 
himself [49]. The resonance width in energy is Γ while λI 

represents its width in angular momentum. The conjugate 

variable to energy is time, and the lifetime Δt of the resonance 
satisfies the relation Δt = 1/Γ. Similarly, the conjugate variable 

in angular momentum is angle, and the angle   through 
which the particle orbits during the course of the resonance 
satisfies the relation Δθ = 1/λI. For a long-lived resonance, the 
lifetime λI is small and Δθ is large. For a true bound state, 

Im (E) vanishes and the orbit becomes permanent.  

Obviously, in our calculations Im (E) is not identically 
zero, but small – this can be clearly seen in the figures: the 
long-lived resonances hardly have a width as opposed to shape 
resonances for instance (see also [40] for comparison). This 
means that technically the corresponding state is not a true 
bound state. This is acceptable, since most negative ions do not 
have an infinite lifetime, i.e. they eventually decay. 
 

RESULTS 
 

Here we first describe a general characteristic behavior of all 
the TCSs presented in the Figs. 1-5 using the results of Fig. 1. 
In Fig. 1 there are two prominent groups of the dramatically 
sharp resonances. The first is bounded by the ground state 
resonance located at the deepest R-T minimum representing 
the ground state of the formed negative ion with the BE of 
3.27 eV, which has previously been identified with the 
measured EAs in other fullerenes [16]. The second group 
belongs to the excited states, the brown and the green curves. 
Most important here is that the green curve characterizes the 
atomic behavior consistent with the view that fullerenes 
behave like “big atoms” [50]. This limiting green curve is 
robust and has been traced back through C60 to C44 to C28 and 
eventually to C20, the smallest fullerene thought to exist. 
Indeed, it is the same curve that appears as an excited state in 
the TCS of atomic Au. As demonstrated in [16] the ground 
state curve is similar to that of atomic Au as well. The main 
difference is that the fullerene TCSs are charactetrized 
generally by a SR near threshold while the atomic TCSs begin 
with a decreasing slope. Suffice to state that the fullerene size 
effect introduces through the polarization interaction more 
metastable resonances and excited states resonances - these are 
associated with the green curve in Fig. 1. Contrary to the 
fullerene case, in the atomic case the first R-T minimum of the 
green curve is much lower than the second R-T minimum and 
the sharp resonance is not at the absolute minimum. The long-
lived metastable curves are associated with the anionic ground 
state resonance. Clearly, the ground state and the excited state 
resonances provide rigid confining boundaries for the fullerene 
TCSs and the size impacts the TCSs inbetween. 
 

The TCSs presented in each of the Figs 1-5 appear to be 
complicated. However, these figures are easily understood and 
interpreted if we focus on a single color-coded curve at a time 
determined by an appropriately optimized value of the β 
parameter (polarization interaction). The various color-coded 
curves in each figure represent scattering from different states 
of the same fullerene resulting in negative ion formation; a 
ground state, metastable states and higher excited states. They 
result from the fact that the electron attaches itself to the 
fullerene in different states (ground, metastable and higher 
excited states) and the difference between these curves is 
determined essentially by the polarization potential. The subtle 
differences among the various figures, fullerene specific and 
curves make these fullerenes especially important in many 
chemical reactions applications. 
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Figure 1 contrasts the ground state TCS (red curve) with the 
polarization induced metastable state TCSs (blue and pink 
curves) for the e - C94 scattering; the brown and green curves 
represent the TCSs for excited states. All the TCSs in the 
figure are characterized by R-T minima, SRs and dramatically 
sharp resonances corresponding to the C94ˉ fullerene negative 
ions formation. The BE of the ground state of the C94ˉ anion is 
located at the absolute R-T minimum of the TCS and as was 
found previously for other fullerenes [16, 22-31] determines 
the EA of C94. We now focus on the ground state curve, red 
curve. It is characterized by two SRs (one near the threshold at 
about 0.075 eV and the other is at about 1.20 eV) and two R-T 
minima. The first R-T minimum just before the second SR is 
shallow while the other is deep, within which appears the 
dramatically sharp resonance at 3.27 eV, representing the 
formed stable ground state of the C94ˉ anion. 
 

The physics is as follows. As the electron approaches closer, 
the fullerene becomes polarized, reaching maximum 
polarization manifested by the appearance of the first R-T 
minimum at about 0.90 eV. With the increase in energy, the 
electron becomes trapped by the centrifugal potential, whose 
effect is seen through the appearance of the SR at about 1.2 
eV. As the electron leaves the C94 fullerene, the strong 
polarizability of the C94 shell leads to the creation of the deep 
R-T minimum at whose absolute minimum the long-lived 
ground state C94ˉ anion is formed; its BE is seen to be 3.27 eV. 
At the R-T minimum the C94 is transparent to the incident 
electron and the electron becomes attached to it forming the 
stable C94ˉ anion. The electron spends many angular rotations 
about the C94 as it decays.  The long angular life time is 

determined by 1/ Im  , since Im 0  , see Eq. (1). 
Indeed, the results demonstrate the crucial importance of the 
polarization interaction. They are consistent with the 
conclusion in [51] that the appearance of the R-T minima in 
the electron scattering cross sections manifest that the 
polarization interaction has been accounted for adequately in 
the calculation. 
 

Next, we consider the long-lived polarization induced 
metastable TCSs for C94, represented by the blue and pink 
curves. Each TCS like that of the ground state is also 
characterized by two SRs and two R-T minima.  Importantly, 
the BEs of each of the polarization induced long-lived 
metastable anions are significant, viz. 2.30 eV and 1.36 eV; 
they also appear at their respective absolute R-T minima of the 
TCSs. The BEs of the excited anionic states of the C94 are 
0.408 eV and 0.326 eV. The two metastable TCSs with anionic 
BEs of 2.30 eV and 1.36 eV are of particular importance and 
interest here. Since we are also searching for nanocatalysts 
through their anions, we observe that the BE of 2.30 eV of the 
long-lived metastable resonance is very close to the measured 
EA of Au [52, 53]. Consequently, the C94 could be used to 
replace the Au, Pd and Sn catalysts in the experiments of 
Hutchings and collaborators [18-20].  Also, the results of Fig.1 
provide part of the requirement to increase fullerene acceptor 
resistance to degradation by the photo-oxidation mechanism, 
viz. employment of fullerenes with high EAs and the use of the 
highest EA rather than the usual lowest total energy as a 
predictor of anionic cluster structures [13].  These results could 
also provide a mechanism for dumping the hot carriers through 
the series of resonances of Fig. 1. Indeed, the TCSs in Fig. 1 
also confirm directly the experimental observation that low 
energy (0-15 eV) electron-fullerene interactions are 

characterized by very long-lived metastable anions formation 
[54-57]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In Figure 2 we present the e – C96 scattering TCSs. Except for 
the subtle differences in the details of the BEs of the anions, 
important in catalysis, sensor technology and organic solar 
cells, overall the TCSs resemble those of Fig. 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The description and the relevant physics are similar. The 
significant size effect is evident in the 1.36 eV metastable and 
the 0.408 eV excited states resonances of C94. In C96 these 
values have increased to 1.82 eV and 0.534 eV, respectively.  
Essentially, the energy positions of these resonances are 
impacted the most by the size effect and we will follow them 
as the fullerene size evolves from C96 through C136. 
Additionally, sensitive to the change from C94 to C96 is the 

 
Figure 1 Total cross sections (a.u.) for electron elastic scattering from 
C94.  The red, blue and pink curves represent results for the ground and 
metastable (first and second), respectively; the brown and green curves 
represent the TCSs for the first and second excited states, respectively. 

The dramatically sharp resonances correspond to the C94ˉ anionic 
formation during the collisions. 

 
Figure 2 Total cross sections (a.u.) for electron elastic scattering from 
C96. The red, blue and pink curves represent results for the ground and 
metastable (first and second), respectively; the brown and green curves 
represent the TCSs for the first and second excited states, respectively. 

The dramatically sharp resonances correspond to the C96ˉ anionic 
formation during the collisions. 
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metastable TCS (pink curve) manifested through its shape 
resonances. In C94 the near threshold SR with BE of 0.023 eV 
has TCS magnitude of about 11,500. a.u. while the second SR 
has BE of 0.40 eV and TCS magnitude of approximately 
2,700. a.u.  In C96 the same curve has values of 0.034 eV, 
7,300. a.u. and 0.60 eV, 1,700. a.u. respectively.  Clearly, the 
change from C94 to C96 impacts the relevant TCSs and the 
attendant SRs significantly.  
 

Figure 3 presents the TCSs for e – C98 scattering.  These TCSs 
are essentially similar to those of C96.  However, the ground 
state BE of the C98ˉ anion is larger than those of the C94ˉ and 
C96ˉ anions.  In fact, it is among the largest BEs found among 
the five investigated fullerenes in this paper.  Also, the BE of 
the first excited state of the C98ˉ anion is smaller than that of 
the C96ˉ anion.  Indeed, the C98 could be used to catalyze 
through its anions H2O2 from H2O at 2.48 eV and 1.90 eV, 
thereby possibly replace the Au and Pd as well as the Sn 
catalysts in the experiments of Hutchings and collaborators 
[18-20].  Additionally, it could provide the needed fullerene 
for organic solar cells [5] because of its large anionic ground 
state BE (EA). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
  

Figure 4 contrasts the TCSs for e – C120 scattering; they are 
also characterized by SRs, R-T minima and dramatically sharp 
resonances located at their second R-T minima, representing 
C120ˉ anionic formation.  The TCSs behavior is essentially 
similar to that of the C98 fullerene.  However, the change from 
C98 to C120 affects significantly the resonance structures and 
the BEs for the ground state and the two metastable states of 
C98ˉ through the introduction of a ground state anion with BE 
of 3.74 eV, located at the second R-T minimum.   
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is noted that there are three metastable and a ground states 
anions in the TCSs for C120 as well as three excited anionic 
states. This is the largest number found thus far in any 
fullerene investigated. These marching resonances could then 
be used to dump the hot carriers thereby eliminate their 
liability to organic solar cells efficient utilization. The impact 
of the size on the TCSs is evident as the fullerene changes 
from C98 to C120. 
  

Notably, the ground state and the first metastable state BEs of the 
formed anions in the electron scattering TCSs of C120 are the largest 
of the investigated C94, C96 and C98 fullerenes. The BEs of the two 
excited states of C98ˉ, namely 0.350 eV and 0.442 eV are barely 
influenced by the transition from C98 to C120.  Importantly, the 
significant size effect is manifested through the introduction of the 
additional metastable state anion with the BE of 1.58 eV and the 
excited state anion with the BE of 0.576 eV in the TCSs of C120 

compared to those of the C94, C96 and C98. These results are a clear 
demonstration that the response of each fullerene to gentle electron 
impact should be carefully examined. Because of the sensitivity of 
some of the results to the fullerene size effects, these results could be 
useful in sensor technology and catalysis of various processes, 
including methane oxidation without CO2 emission [21]. Since the 
C120ˉ ground state anion has a large BE, it should satisfy one of the 
requirements for fullerene accept or resistance to degradation by the 
photo-oxidation mechanism. From the examination of the behavior of 
the two sets of resonances (those associated with the ground state and 
those with the excited states) in the C120 TCSs it appears that they will 
eventually merge as the fullerene size increases; this warrants further 
investigations. 
 

In Figure 5 is plotted the TCSs for the e - C136 scattering. Here we 
observe the significant impact of the size effect provided by the C136 
fullerene compared to C94, C96 and C98 as well as to C120.  Although 
the BEs of the anionic ground states of the C120 and C136 fullerenes are 
essentially the same, the BEs of the three metastable states associated 

with the ground states differ significantly, manifesting the strong 
size-dependence of the anionic formation in the two fullerenes.   
 

Particularly interesting in the TCSs for C136 is that all the formed 
metastable negative ionic resonances, namely those at 2.64 eV, 2.19 
eV and 1.67 eV are members of the ground state TCS curve.  On the  

 
Figure 3 Total cross sections (a.u.) for electron elastic scattering from 
C98.  The red, blue and pink curves represent results for the ground and 
metastable (first and second), respectively; the brown and green curves 
represent the TCSs for the first and second excited states, respectively. 

The dramatically sharp resonances correspond to the C98ˉ anionic 
formation during the collisions. 

 
Figure 4 Total cross sections (a.u.) for electron elastic scattering from 

C120. The red, blue, pink and brown curves represent results for the 
ground and metastable (first, second and third), respectively; the light 
blue, orange and green curves represent the TCSs for the first, second 

and third excited states, respectively. The dramatically sharp resonances 
correspond to the C120ˉ anionic formation during the collisions. 
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other hand, in the TCSs for C120 only the anionic resonances with BEs 
of 2.97 eV and 2.04 eV belong to the ground state curve; the anionic 
resonance at 1.58 eV is a member of the second metastable curve.  
These results clearly demonstrate the intricate size-dependence of the 
resonance structures.  Except for the first excited anionic state whose 
BE is 0.488 eV, the set of the excited anionic resonances appear less 
sensitive to the fullerene size.  These results demonstrate that the C136 
fullerene like the C120 can be operated at a wider energy spectrum as a 
chemical sensor and a nanocatalyst through its negative ions; it also 
provides a larger BE through its ground state anion. Indeed, these 
fullerenes C136 and C120 because of their large EAs (ground state 
anionic BEs) compared to the C60 EA of 2.683 eV [24], are capable of 
accepting multiple electrons in the condensed phase.  The large 
ground state anionic BE of 3.75 eV for the C136qualifies it for use in 
organic solar cells [5].  Additionally, the series of resonances could be 
useful in dumping the hot carries, thereby eliminating or minimizing 
their liability in the operation of a robust organic solar cell. It is 
further noted that the three metastable resonances are within the R-T 
minimum of the ground state TCS of C136; therefore, the C136 could be 
used for multiple catalysis as well. The important results of the Figs. 
1-5 are summarized and contrasted in Table 1. Notably, the ground 
state BEs for these fullerenes are consistent with those calculated in 
[16] and the measured EAs in [22-31]. The calculated TCSs and the 
extracted BEs of the formed negative ions during the electron-
fullerene collisions should help in the construction of the popular 
model potential wells for those fullerenes and the corresponding 
endohedral fullerenes through their negative ions BEs [58-62]. 
Importantly, the data in Figs. 1 through 5 and in Table 1 allow us to 
estimate the HOMO-LUMO energy gaps for the fullerenes studied as 
was done in [27]. For the C94, C96, C98, C120 and C136 fullerenes we use 
the BEs in the column MS-2 of Table 1. For all the excited states we 
use the corresponding values in the column EXT-1.  
 
 
 
 
 
 
 
 
 
 

The determined HOMO-LUMO energy gaps for C94, C96, C98, C120 

and C136 are 1.05 eV, 1.29 eV, 1.46 eV, 1.46 eV and 1.18 eV, 
respectively. As expected, all these fullerenes have HOMO-LUMO 
energy gaps smaller than those for the stable C60 and C70 fullerenes 
[27]; therefore they are less stable than the C60 and C70fullerenes.  
However, among the investigated fullerenes it can be concluded that 
C120 and C98 are the more stable ones; this requires experimental 
verification and facilitates further experimental exploration of the 
larger fullerenes. It is noted that to our knowledge the TCSs for the 
investigated fullerenes are the first and only.  The attendant anionic 
binding energies, Ramsauer-Townsend minima and shape resonances 
are also the first as well as the electron affinities of these large 
fullerenes.  Since the investigated fullerenes possess large EAs; they 
are capable of accepting multiple electrons in the condensed phase. 
 

CONCLUSION 
 

The rich long-lived metastable resonances that characterize the Regge 
pole calculated fullerenes TCSs presented for the first time in this 
paper support the important conclusion that the experimentally 
detected fullerene isomers correspond to the metastable states [13]. 
And further confirm the need to identify and delineate the resonance 
structures in gentle electron scattering, since the formed anions 
determine the fullerene nanocatalysis mechanism. Also we found 
relatively large ground state BEs for resultant anions, as high as 3.56 
eV for the C98ˉ, 3.74 eV for the C120ˉand 3.75 eV for the C136ˉanions 
(equivalent to the EAs for these fullerenes). These should satisfy part 
of the requirement to increase fullerene acceptor resistance to 
degradation by the photo-oxidation mechanism through the 
employment of fullerenes with high EAs [5] and guide both 
experimental and theoretical exploration of these large fullerenes. 
Importantly, a single large fullerene such as the C136 or even the C96 

could replace the Au, Pd and Sn atoms in the catalysis of H2O2 from 
H2O in the experiments of Hutchings and collaborators [18-20] acting 
as a ultiple functionalized nanocatalyst. This could certainly reduce 
the cost further and provide dynamic H2O2 nanocatalysis for water 
purification in the developing world [20]. It is noted that many more 
reactions could be catalyzed with the appropriate vertical detachment 
energy matching the anionic BEs in the figures. These fullerenes 
could also be combined to form supper multiple catalysts/sensors for 
various chemical reactions as well as used as multiple electron 
acceptors in the condensed phase. 
 

Finally, these results are expected to impact new materials design and 
creation significantly through the fundamental understanding of 
gentle electron processes at the atomic and nano scales. And the 
robust Regge pole methodology, representing an unprecedented 
theoretical breakthrough in low-energy electron-cluster collision will 
certainly continue to be used to identify suitable fullerenes for various 
applications, including in organic solar cells and nanocatalysis. To 
our knowledge the TCSs  for the fullerenes presented in this paper are 
the first and only.  The corresponding anionic BEs, R-T minima, SRs 
are also the first as well as the important EAs of the investigated 
fullerenes C94, C96, C98, C120 and C136. 
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Figure 5 Total cross sections (a.u.) for electron elastic scattering from 
C136. The red, blue, pink and light blue curves represent results for the 

ground and metastable (first, second and third), respectively; the brown, 
orange and green curves represent the TCSs for the first, second and 
third excited states, respectively. The dramatically sharp resonances 

correspond to the C136ˉ anionic formation during the collisions 

Table 1 Negative ion binding energies (BEs), in eV and energy positions of Ramsauer-Townsend (R-T) minima, in eV 
obtained from the TCSs for the fullerenes C94, C96, C98, C120 and C136.  GR-S, MS-n and EXT-n(n= 1, 2, 3) represent 

respectively ground, metastable and excited states. 
 

System 
BEs 
(eV) 

GR-S 

BEs 
(eV) 

MS-1 

BEs 
(eV) 

MS-2 

BEs 
(eV) 

MS-3 

BEs (eV) 
EXT-1 

BEs (eV) 
EXT-2 

BEs (eV) 
EXT-3 

R-T 
(eV) 

GR-S 

R-T 
(eV) 

MS-1 

R-T 
(eV) 

MS-2 

R-T 
(eV) 

MS-3 
C94 3.27 2.30 1.36 - 0.408 0.326 - 3.05 2.17 1.22 - 
C96 3.34 2.44 1.82 - 0.534 0.337 - 3.15 2.30 1.70 - 
C98 3.56 2.48 1.90 - 0.442 0.350 - 3.33 2.36 1.77 - 
C120 3.74 2.97 2.04 1.58 0.576 0.372 0.244 3.57 2.81 1.93 1.60 
C136 3.75 2.64 2.19 1.67 0.488 0.345 0.260 3.51 2.60 2.01 1.53 
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