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Transient electronic spectra of mono-hydroxylated fullerene radicals, initially derived from water soluble malonic
acid derivatives (C60[C(COOH)2]n, n = 2–6) reacting with hydroxyl radical at a diffusion-controlled rate, show a
unimolecular growth in absorption on a timescale of 0.1–1 ms. It is suggested that the reason for this slower growth
is migration of the hydroxy group to a more stable position. Semi-empirical molecular orbital (AM1 and PM3)
calculations on the symmetry-distinct C60[C(COOH)2]3OH� anions derived from two most abundant tris(malonate)s
demonstrate a relation between Coulson’s free valence index for radical attack at a particular position and the
stability of the corresponding product. They also suggest that after attack of the hydroxyl radical at the first
encountered double bond, migration subsequently takes place to the position of highest free valence.

Introduction
An important feature of C60 chemistry is the addition of
carbon-centred radicals R� to the fullerene cage. These reac-
tions have been studied by a number of techniques including
EPR, mass spectrometry, laser flash photolysis and pulse
radiolysis.1–5 Also, it has been observed that the hydroxyl rad-
ical, HO�, generated by pulse radiolysis in aqueous solutions,
reacts with water-soluble malonic acid fullerene derivatives
C60[C(COOH)2]n, n = 2–6.6 Mono-hydroxylation of the fuller-
enes is expected since, under these experimental conditions, the
concentration of HO� radicals is an order of magnitude lower
than that of the fullerene. During this reaction, transient
spectra are observed in which the most prominent maximum
shifts from 437 to 330 nm when n goes from 2 to 6. These
spectra are considered to be due to the addition of the HO�

radical to the double bonds of C60, since the reaction takes
place with a diffusion-controlled rate constant of ∼1010 M�1 s�1

which is three orders of magnitude greater than that for the
reaction of HO� radical with the other possible target, malonic
acid itself (∼107 M�1 s�1), which takes place by hydrogen
abstraction.7 It is also consistent with the well documented
reaction of the hydroxyl radical with unsaturated bonds.7 The
absorption profiles of these OH-adduct fullerene radicals 6 are
similar to those resulting from the addition to C60 in toluene of
less reactive carbon-centred free radicals including trichloro-
methyl (�CCl3), trichloromethylperoxyl (CCl3O2

�) in CCl4,
4

benzyl (PhC�H2), tert-butyl ((CH3)3C�), trichloromethyl (�CCl3)
and dichloromethyl (�CHCl2) variously in toluene and tetra-
chloromethane with maxima at 420–440 nm.5

There is evidence that, after all the HO� radicals have reacted
on the microsecond timescale, a further unimolecular growth in
absorption takes place over a period of 0.1–2 milliseconds. This
slow growth is most apparent in the case of the tris-adducts,
trans-3,trans-3,trans-3 and e,e,e (Fig. 1), reaching respectively to
25 and 10% above the absorption attained immediately after the
diffusion-controlled HO� addition (Fig. 2a, 2b), before the final
decay of the radicals occurs. This relatively slow absorbance
modification, with no significant change in spectral profile,
is clearly not due to further rapid HO� addition, and is most
simply interpreted as indicating a structural rearrangement
via an intramolecular migration of the hydroxyl radical, from

the initial site of attack on the first position encountered at
random, towards a site of higher thermodynamic stability.
Rearrangements leading to isomerization are known in other
contexts of three-dimensional fullerene chemistry.8 After this
spectral change, the hydroxyfullerene radicals are observed
to have a lifetime of the order of tens of milliseconds.6 The
purpose of the present work is to discuss this possible intra-
molecular migration of the HO� group using calculation as a
guide to the possible outcomes.

Results and discussion
It is known that UHF calculations on open-shell systems at the
semi-empirical level suffer from spin-contamination and other
problems and cannot be relied upon to give consistent total

Fig. 1 Schlegel diagram and IUPAC numbering for C60 and
derivatives. For the trans-3,trans-3,trans-3 isomer (D3 symmetry), the
malonic acid groups bridge the double bonds defined by carbon atoms
numbered 1,2; 39,40 and 48,49. For the e,e,e isomer (C3 symmetry), the
malonic acid groups lie across the double bonds defined by atoms
numbered 1,2; 22,23 and 18,36.
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Table 1 Site of OH addition, standard heat of formation (AM1, kJ mol�1) relative to most stable isomer and Fr, the free valence index, for the nine
symmetry distinct isomers of the trans-3,trans-3,trans-3 anions and the 18 isomeric e,e,e anions, C60[C(COOH)2]3OH�

Addition to e,e,e isomer Addition to trans-3,trans-3,trans-3 isomer

Position Energy (AM1)/kJ mol�1 Fr index Position Energy (AM1)/kJ mol�1 Fr index

10 17.8 0.1536 21 17.9 0.1490
13 14.4 0.1461 8 28.6 0.1400
7 33.4 0.1192 24 16.5 0.1736
8 26.2 0.1295 25 18.5 0.1676

28 17.7 0.1703 23 17.4 0.1640
26 20.1 0.1734 43 12.9 0.1710
30 10.7 0.1787 42 15.7 0.1585
24 5.1 0.1768 41 5.9 0.1780
29 17.7 0.1707 22 0.0 0.1785
25 25.3 0.1369
27 5.6 0.1788
45 5.8 0.1790
47 7.5 0.1790
12 0.0 0.1739
46 11.1 0.1757
6 9.2 0.1721
9 12.1 0.1693

11 14.2 0.1626

energies for series of molecules.9 Instead, in order to determine
the most thermodynamically stable site of the HO� attack, cal-
culations using the semi-empirical AM1 method 10 have been
carried out on the closed-shell product of the reaction of
hydroxyl radical and the radical anion C60[C(COOH)2]3

��.
The HO� radical was added to each of the symmetry-distinct
vertices of the trans-3,trans-3,trans-3 and e,e,e cage isomers of
the anion, leading to the closed-shell species, C60[C(COOH)2]3-
OH�, the structure of which was then fully geometrically
optimised to obtain its energy (Table 1). This approach of
course assumes that the relative thermodynamic stabilities of

Fig. 2 Transient electronic spectra obtained on reaction of hydroxyl
radical with the water-soluble malonic acid fullerene derivatives, trans-
3,trans-3,trans-3 and e,e,e, showing unimolecular growth in absorption
on the ms timescale.

these closed-shell hydroxide anions parallels the stabilities of
the structurally corresponding hydroxyfullerene radicals. Test
calculations indicate that this is a reasonable assumption: calcu-
lated UHF energies for the radicals, though expected a priori to
be less reliable, were found to show a general correlation with
those of the corresponding closed-shell anion. In order to
interpret the more reliable anion energies, we have also carried
out calculations of free valence indices using Hückel molecular
orbital theory.

The free valence index Fr, defined by Coulson 11 [eqn. (1)],

measures the ease of attack of free radicals at an atom r in a
conjugated π system where Nr is the sum of π bond orders over
all bonds joining atom r to the remainder of the π system. Nmax

is the maximum value of this sum and depends on how many
other sp2 carbons are attached to the atom in question: Nmax is
√3 for an sp2 carbon attached to m others. This index has been
successfully applied 12 in the creation of a simple model for
radical addition to fullerenes. In particular, it was shown that
the final product arising from radical addition could be pre-
dicted by assuming initial attack at the position of highest free
valence. In the present work, these free valence indices are
calculated on bare C60 cages where a double bond and its four
neighbours have been removed from the π system for each site
occupied by a malonic acid addend. Separate calculations are
made for the two isomers trans-3,trans-3,trans-3 and e,e,e.

Fig. 3 displays the correlations for each isomer between the
value of the free valence index and the heat of formation of
the corresponding C60[C(COOH)2]3OH� anion, depending on
the position of the HO� group. The correlation is reasonable
(r2 = 0.70) and both methods give a similar set of preferred sites
for the attack of hydroxyl radical, since high values for the free
valence indices correlate with low heats of formation of the
product. The range of heats of formation (AM1) of these
isomeric anions is 25 kJ mol�1 for the malonic acid derivative
trans-3,trans-3,trans-3 and 35 kJ mol�1 for the e,e,e derivative.
Calculated heats of formation using the PM3 Hamiltonian
correlate well with the AM1 results (r2 = 0.869 (e,e,e), 0.936
(trans-3,trans-3,trans-3)), and lead to the same set of preferred
sites for final attachment.

The following conclusion may be drawn from this correl-
ation: the ease of attack of the hydroxyl radical on a particular
position is reflected in a greater calculated stability for the cor-
responding hydroxide anion. For a highly reactive radical such
as HO�, it is likely that the final energy of the product will

Fr = Nmax � Nr (1)
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correlate with the reactivity of the site of attachment. For
closed-shell fullerene derivatives,13–15 calculated thermodynamic
stabilities have already been shown to parallel the predictions of
a model which uses free valence.12 The correlation of Fr and
anion stability found here supports the anion calculations as
good predictors of the relative stabilities of the actual radical
products. Thus whether the positional rearrangement of the
hydroxy group around the cage, from the initial site of attack at
random to the most stable one, is under kinetic or thermo-
dynamic control, our calculations should give an indication of
its final position. Taking a typical Arrhenius A factor for a
unimolecular process to be between 1 × 1011 s�1 and 1 × 1015

s�1, a half-life of 0.1 ms at 300 K suggests an activation energy
in the range 40–60 kJ mol�1. The fact that this is higher than the
energy range of all the hydroxyfullerene anions does not of
course prevent a rearrangement process to the thermodynamic-
ally most stable isomer; it is only required that, if activation
control is in place, then the activation energies should parallel
the product stabilities as suggested by the observed Fr–stability
correlation.

Clearly, with such a small range of energies, the final radical
product for this stage of the reaction may be a mixture of
several of the more stable isomers. The pattern of stability of
these species is that the most reactive positions towards an
attacking radical (and the most stable final products) are the
ones in which a hydroxy group has added to a carbon atom that
is contiguous to a malonic acid group (sites number 3 and 21
for e,e,e; 22 and 41 for trans-3,trans-3,trans-3), or, in the case
of e,e,e isomer, the sites corresponding to a further equatorial
addition of malonate (27 and 45). The former are reminiscent
of the reaction of carbon centred radicals, where contiguous
addition leads to allylic and cyclopentadienyl radical type
structures. It has been stated 16 that the reason for this is not

Fig. 3 Correlation between the free valence indices and the heats of
formation (AM1) of the isomeric anions e,e,e and trans-3,trans-3,trans-
3 C60[C(COOH)2]3OH�. The labels correspond to the position of the
hydroxy group on the C60 cage (see Fig. 1).

steric protection of the unpaired electron, but increased C–C
hyperconjugation due to the steric relationship of the half-filled
p-orbital and the C–C σ bond on the next atom. Hyperconjug-
ation cannot account for the relative stabilities of these hydroxy-
fullerene anions; but hydrogen bonding between the carboxylic
acid groups and the added hydroxy group would be a stabilising
factor. In a model based on free valence, the rôle of the
coordination number in the definition implies that contiguous
addition will tend to be favoured as long as the average π-bond
order exceeds √3 � √2 ≈ 0.32. For the e,e,e isomer, the two
further addition sites which are favoured (27, 45) are related to
the formation of the equatorial tetra-adduct C60[C(COOH)2]4,
which has the fourth malonic acid group across the double
bond defined by them.17 In fact, if an average free valence index
is taken for each formal double bond, all the abundant isomers
on the pathway for sequential addition of malonate groups are
predicted. This is consistent with the fact that electronic con-
siderations have been found 17 to predict the sequence of attack
in a similar series of adducts, in a model using AM1 LUMO
coefficients. The finding that free valence indices parallel more
sophisticated calculations in this case is a further illustration of
the continuing utility of simple graph-theory based methods in
the rationalisation of experimental data. In this case our results
suggest that after attack of the hydroxyl radical at the first
encountered double bond, migration subsequently takes place
to the position of highest free valence.
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