
Contents lists available at ScienceDirect

Computational and Theoretical Chemistry

journal homepage: www.elsevier.com/locate/comptc

Thermodynamic selectivity of multicenter chemical reactions. A statistical
quantification of a widespread intuitive approach and its application to
reactions of fullerenes

Denis Sh. Sabirova,⁎, Igor S. Shepelevichb, Boris L. Tumanskiic

a Institute of Petrochemistry and Catalysis, Russian Academy of Sciences, 450075 Ufa, Russia
b Bashkir State University, 450076 Ufa, Russia
c A. N. Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences, 119991 Moscow, Russia

A R T I C L E I N F O

Keywords:
Selectivity
Enthalpy change in chemical reaction
Gibbs energy change in chemical reaction
Fullerenes
Radical addition
Carbene addition

A B S T R A C T

Currently, there are many ways to estimate the selectivity of chemical reactions but none of them has the
universal character. Therefore, novel approaches are introduced and developed. In the present study, we
quantify a comparison of thermodynamic parameters of alternative reaction modes and propose the corre-
sponding equation for thermodynamic selectivity describing the set of the one-type parallel reactions. It is de-
fined as the ratio of the average difference in the ΔHr (or ΔGr) values of the alternative reaction modes to the
average ΔHr (or ΔGr) value of the set. The application of this approach to addition reactions of fullerenes de-
monstrates good agreement with the relevant experimental data and general chemical notions.

1. Introduction

Assessing and tuning chemical reactions are one of the basic pro-
blems of chemistry. In this regard, methods for numerical description of
selectivity and reactivity are developed [1–3]. Performing entirely ex-
perimental study, we just need to measure and compare the yields of
the products formed in the parallel reactions. However, such empirical
estimates are strongly influenced by the accuracy of experimental
procedures (synthesis, extraction, separation, purification, and identi-
fication). Therefore, in a perfect case, such estimates must be compared
with the corresponding theoretical predictions. The a priori estimates of
probabilities of chemical reactions are generally based (i) on the
structural and/or physicochemical parameters of reactants (bond
lengths, hardness, electrophilicity indices, polarizability, pyramidality/
curvature, atomic charges, etc.) or (ii) numerical parameters of che-
mical processes (rate constants, activation energies, enthalpies and
Gibbs energies of reactions, etc.) [4]. Parameters from the two groups
above are correlated in most cases.

Specific chemical studies often beg the question about the change in
selectivity of the chemical reaction (or the set of the related reactions)
under varying conditions (in the presence/absence of catalyst, in dif-
ferent solvents, in the case of electronic excitation, etc.). What do we do
if we solve this question by means of computational chemistry? For
example, if we deal with the reaction occurring via two reaction sites,

we are able to compare the difference between the enthalpy changes of
the two reaction modes under the varying conditions. Further, this
difference may be compared with the enthalpy changes themselves to
reveal whether it is small or large relative to the overall exothermicity.
If the number of reaction sites (or, that is the same, the number of
reaction modes) is quite large, a comparison of their pairs becomes less
informative or even uninformative.

Typical examples of the chemical systems with a large number of
reaction sites may be found among fullerenes and their derivatives
[5,6]. Only in the highly symmetric C60 (Ih) molecule all the carbon
atoms are equivalent. In the case of higher fullerenes [5,6] and full-
erene adducts [7–13], the number of reaction sites rapidly grows. This
is clearly evidenced from the distributions of the reaction sites over the
types for the fullerenes nearest to buckminsterfullerene (number of
atom types× number of atoms): C70 (D5h) – 3× 10+2×20; C76-2
(D2) – 19× 4; C78-1 (D3) – 13×6; C84-22 (D2) – 21× 4; and C84-23
(D2d) – 1×4+10×8 [14–16]. The multicenter nature of fullerenes
especially manifests in their radical addition reactions [17–30], poly-
merization processes at their presence [17,31–34], and inhibition of the
oxidation of organic compounds by fullerenes and their derivatives
[35–39]. Thus, numerical estimates of selectivity may provide valuable
information for rationalization of the processes in the fullerene-con-
taining systems.

In the present work, we lay a mathematical base under the approach
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used in computational chemistry to compare alternative reaction modes
in a qualitative form and apply it to the addition reactions of fullerenes.

2. Algorithm for calculating selectivity

Under a qualitative comparison of the alternative reaction modes,
their heat effects or activation energies are usually compared.
Hereinafter, we focus on enthalpy changes in chemical reactions as they
are more facilely computable and in Section 4.4 we show that the ap-
proach is adaptable to the case of Gibbs energy changes. To formalize
the abovementioned comparison and extrapolate it to the multicenter
reactants, we consider the thermodynamic selectivity parameter ϱ that
is defined as the ratio of the average difference in the enthalpies of the
alternative reaction modes 〈ΔΔHr°〉 to the average enthalpy change
〈ΔHr°〉 of the set of parallel reactions:
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We consider such two-substrate reactions, in which one of the reactants
has a number of reaction sites that may react with the second one. In
each of these parallel reactions, the second reactant reacts only with
one reaction site of the multicenter reactant. If the latter has two dif-
ferent reaction sites contesting the same chemical reaction, the ther-
modynamic selectivity of the set of parallel reactions is estimated as:
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Let consider two variants of the reaction occurring via two reaction
sites, say in the first variant the average enthalpy change equals
–50 kJmol–1 whereas it is –500 kJmol–1 in the second one (e.g., if the
molecules react in the excited states). The difference in the enthalpy
changes remains the same (due to Hess’ law) and equals, e.g.,
10 kJmol–1. According to eq. (1), thermodynamic selectivity ϱ is 10
times higher in the first reaction set: ϱ(I) = 0.2 versus ϱ(II) = 0.02. Note
that parameter ϱ is dimensionless and may take values from 0 to +∞.
Its zero value means no selectivity and correspond to the case of
identical reaction sites. Usually, 〈 〉 < 〈 〉

∘ ∘
H HΔΔ | Δ |r r , so we should ex-

pect 0≤ ϱ < 1 with rare exceptions.
In the general case, the molecule has z1 sites of the 1st type, z2 sites

of the 2nd type, … and zn sites of the n-th type (their total number is
Z= Σ zi). The corresponding chemical reactions have enthalpy changes

∘HΔ r1 ,
∘HΔ r2 , …, and ∘HΔ rn . The average enthalpy change for this set and

average difference in the enthalpies of the alternative reaction modes
equal respectively:
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where Q is the total number of differences under summation. It includes
all combinations of the reaction sites (the first term in the expression
below) except of the combinations of the identical sites (the second
term):
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or in more compact views:
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After the substitution of eq. (3) and (4) in general formula (1), we
obtain the final formula for thermodynamic selectivity of the reaction
set:
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In the next sections, we demonstrate the usability of the approach for
the analysis of the fullerene reactions with radicals and carbenes stu-
died in our previous works with the PBE/3ζ density functional theory
method [33,41–43] and other reactions of the C70 fullerene with radi-
cals calculated in the present work.

3. Computational details

The PBE/3ζ density functional theory method (Priroda program
[43,44] was used for calculations as it accurately describes thermo-
dynamic and kinetic parameters of fullerene reactions
[4,29,32,40–42,45,46], spectral and physicochemical parameters of
fullerene compounds [27–30,47].

The structures obtained by the standard DFT-optimizations were
proved to correspond to the minima of the potential energy surfaces via
the vibration modes solving (their hessians contain no imaginary fre-
quencies). Then the enthalpy changes in chemical reactions were cal-
culated as the differences between the total energies Etot of the resulting
fullerene adduct and reactants, taking into account zero-point vibra-
tional energy corrections εZPV and the temperature corrections Hcorr

(T=298 K):

∑= + + − + +∘H E ε H E ε HΔ ( ) ( )r tot ZPV corr
reactants

tot i ZPV i corr i, , ,
(8)

4. Results and discussion

4.1. Reaction of fullerenyl radicals with O2.

Before studying the reactions of the C70 fullerene, we demonstrate
the use of the algorithm on a simpler case of fullerenyl radicals XC60

%,
the intermediates of the radical addition reactions to C60. As is known
[48,49], XC60

% very slowly interact with triplet dioxygen, the ground
state of O2:

XC60%+O2→ XC60OO% (9)

The use of singlet oxygen instead of the triplet was proposed to enhance
this interaction [41] (Table 1). Thus, the selectivity of reaction (9) in
the cases of 3O2 and 1O2 must differ. The unpaired electron in XC60

% is
delocalized on the fullerene cage. The highest spin densities are typical
for the reaction sites of two types (n=2): in positions 2 (one reaction
site, z1= 1) and 4 (two reaction sites, z2= 2) relative to the position of
addend X [4]. We use the previously calculated heat effects of 1,2- and
1,4-addition of O2 to fullerenyl radicals [41]. Note that reactions (9)

Table 1
Thermodynamic selectivity ϱ of radical reactions XC60

% + O2→ XC60OO% esti-
mated with the enthalpy changes in the alternative reaction modes ( ∘HΔ ri )
previously calculated with the PBE/3ζ method [41].

Reactants Enthalpy change
(kJmol–1)

−∘ ∘H H|Δ Δ |r r1 2
(kJ mol–1)

< >∘HΔ r (kJ
mol–1)

ϱ

∘HΔ r1
∘HΔ r2

tBuC60
% + 3O2 29.6 10.0 19.6 +16.5 1.19

tBuOOC60
% + 3O2 0.4 11.7 11.2 +7.9 1.42

Ph(CH3)2CC60
% + 3O2 30.3 8.4 21.9 +15.7 1.40

Ph(CH3)2COOC60
% +

3O2

2.6 10.4 7.8 +7.8 0.99

tBuC60
% + 1O2 –128.1 –147.7 19.6 –141.1 0.14

tBuOOC60
% + 1O2 –157.2 –146.0 11.2 –149.7 0.07

Ph(CH3)2CC60
% + 1O2 –127.3 –149.3 21.9 –141.9 0.15

Ph(CH3)2COOC60
% +

1O2

–155.0 –147.2 7.8 –149.8 0.05
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