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In their Comment, Zettergren and Cederquist1 raise concerns

regarding a publication by Stace and Bichoutskaia2 where

single fullerene molecules were treated as dielectric particles.

Zettergren and Cederquist question three separate aspects of

the work: (1) the form of the equation that has been used to

calculate interaction energies between charged particles; (2)

whether fullerenes are better treated as metallic rather than

dielectric particles, and (3) whether over-the-barrier models

provide a good estimate of kinetic energy release in reaction

products. Each of these points will be addressed in turn below.

An analytical solution,3 which we recently developed for

treating electrostatic interactions between charged particles of

dielectric materials, includes static dielectric constants (zero

frequency relative permittivity) for both the interacting particles

and the medium in which the interaction occurs. The formal-

ism3 is clearly best suited for studying soft matter, including

liquids, colloids, polymers, foams, gels, granular materials and

a number of biological materials. As an example, the dielectric

model3 gives excellent quantitative agreement with experi-

mental measurements for the electrostatic force between pairs

of poly-methyl methacrylate particles in non-polar solvents.4

However, we are also intrigued to see that the dielectric model3

can produce reliable quantitative results for molecular inter-

actions. Unlike the image charge method, it captures and

describes correctly the induced surface charge distribution as

a function of distance between particles, which leads to

polarisation of interacting charged particles and provides

evidence of the physical effects of the electrostatic interaction

between them.5

The expression derived for the electrostatic force acting

between two charged dielectric polarisable particles3 is entirely

consistent, and, in the limiting case of the interaction of a

polarisable sphere and a point charge, agrees with the solution

obtained from the theory of static and dynamic electricity.6

The interpretation of electrostatic potential energy is,

however, not so straightforward, and care must be taken to

obtain the energy in a form which shows clearly the factors

that are kept constant and the factors that vary with the

separation between the particles (charges). In our approach3

the electrostatic force can be related to the electrostatic

interaction energy through differentiation with respect to the

separation distance, keeping the multipole moments constant

(constant charge). If a linear response of the media is assumed,

the energy term describing the interaction between a permanent

charge and a polarised surface charge distribution should be

multiplied by a factor of 1/2. In the case of particles with low

dielectric constants, however, the difference is not significant,

but this discrepancy will become more important for the case of

conducting interacting particles.

From our calculations we proposed that fullerenes could be

reliably treated as dielectric particles;2 in contrast, Zettergren

and Cederquist1 claim that, at least for C60, the fullerene is

better described as being metallic. This is a very interesting

question because icosahedral C60 is known from experiment to

have a very large HOMO–LUMO gap of 1.57 � 0.03 eV.7

Since it is impossible to incorporate a fullerene into an electric

circuit directly, other characteristics need to be used to verify

whether it behaves like a conductor or dielectric. The static

and dynamic polarizabilities of C60 have been calculated using

experimental data on the photoabsorption cross-section.8 It

has been shown8 that C60 in a static electric field behaves as a

collection of individual carbon atoms rather than as a

conducting sphere, and its static polarizability significantly

exceeds that of a conducting sphere. However, the theoretical

results of Fowler and Pisanski9 indicate that the large gap seen

in C60 is perhaps unusual amongst fullerenes in general, and

they find, for example, that C20 represents the other extreme

of having a zero HOMO–LUMO gap. In addition, DFT

calculations by Huang et al.10 show that the calculated image

potential for C60 closely resembles that of an isolated metallic

sphere. Clearly, these very different conclusions from both

theory and experiment are more than can be accounted for

with a single parameter (dielectric constant) model.

The final part of the Comment by Zettergren and Cederquist1

is concerned with energy partitioning following the fragmentation

of both charged clusters of fullerenes and individual fullerenes

fragmenting via the loss of either C2
+ or C4

+. How the energy

associated with a Coulomb barrier (or any reverse activation

School of Chemistry, University of Nottingham, University Park,
Nottingham NG7 2RD, UK.
E-mail: elena.bichoutskaia@nottingham.ac.uk,
anthony.stace@nottingham.ac.uk; Fax: +44 (0)115 951 3555;
Tel: +44 (0)115 951 3450

PCCP Dynamic Article Links

www.rsc.org/pccp COMMENT

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

N
ot

tin
gh

am
 o

n 
11

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 0

9 
N

ov
em

be
r 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
P4

34
07

E
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/c2cp43407e
http://dx.doi.org/10.1039/c2cp43407e
http://dx.doi.org/10.1039/c2cp43407e
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP014048


16772 Phys. Chem. Chem. Phys., 2012, 14, 16771–16772 This journal is c the Owner Societies 2012

energy) is distributed following a unimolecular reaction depends

critically on the shape of the potential energy surface and the

structure at the barrier maximum,11 i.e. either reactant-like or

product-like. For examples where the separation of the reaction

products can be treated as two particles, the presence of a

well-defined maximum in the reaction coordinate would identify

the associated structures as being product-like. That being the

case, then a significant fraction of any exothermicity can be

expected to appear as kinetic energy release. Recent experiments

undertaken on a high resolution mass spectrometer12,13 have

provided accurate measurements of the kinetic energy release

associated with charge separation in dication molecular clusters,

and for at least five different molecular systems the application of a

dielectric particle model gives very good agreement with the

experimental results.12,13

With regard to the fullerene results, we have repeated, in

part, the calculations that appeared in Fig. 6 of our original

paper.2 This time we have introduced a factor of 1/2 into the

polarisation term of both the point charge-image charge and

particle–particle equations. Fig. 1 presents the results for these

new calculations for the reaction:

Cn
4þ ! Cn�4

3þ þ C4
þ ð1Þ

The results are compared with the experimental data of

Senn et al.14 and the image charge model. As anticipated,1 the

inclusion of the 1/2 factor reduces the contribution the attractive

termmakes to the height of the energy barrier, and the predicted

energy releases are increased by several meV. Also included in

Fig. 1 is an estimate of how the kinetic energy releases might

vary according to fullerene size (n) if the size of the energy sink

(3n � 6 vibrational degrees of freedom) had an influence on

energy partitioning – clearly, that is not the case.

The theory points to the fact that polarisation of the smaller

C4
+ particle has a strong influence on the height of the barrier

when n is small. However, what might also be concluded from

these calculations is that either e is B5 and, as suggested,1

some of the Coulomb barrier is being partitioned to the

internal degrees of freedom of the fragments, or the dielectric

constant is greater than 5 and there is no energy partitioning.

All of which suggests the need for improvement in both the

quality of the experimental data and the accuracy of the theory

as applied to individual fullerenes.

The authors would like to thank Prof. Patrick Fowler for

bringing relevant references to their attention.
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Fig. 1 Comparison between experimental kinetic energy release

data14 for reaction (1), shown as squares, and new results calculated

from both the dielectric particle model (solid line) and the point

charge–image charge model (dashed line) for two values of the

dielectric constant (e). Also shown as a dotted line is an estimate of

how the kinetic energy might depend if partitioning of excess energy

were influenced by the size of the product energy sink.
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