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The DFT�based reactivity indices were used to describe protonation reactions of radical
anions (RA) and dianions (DA) of aromatic compounds. A correlation between the experimen�
tal rate constants for protonation and the global reactivity indices was found. The indices were
expressed through the electron affinities and ionization energies computed at the B3LYP level
of theory. The protonation reactions of RA and DA of aromatic compounds are correctly
described by the reactivity indices calculated as the inverse of the difference between the formal
formation potential of RA (or DA) and the formal reduction potential of the proton donor.
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The protonation reactions of radical anions (RA) and
dianions (DA) play an important role in chemical and
biochemical processes:1—3

A•– + BH    AH• + B–, (1)

A2– + BH    AH– + B–. (2)

Their theoretical description is therefore topical.
The most promising approach to evaluate the rates and

regioselectivities of the reactions involving RA and DA is
the method of quantum chemical reactivity indices that
are calculated using parameters of the electronic structure
of the reactants.3

Interest in this type of indices has grown considerably
in the last decades,4 as their use has received reliable theo�
retical (DFT) support.5 This first of all concerns such
global indices as, e.g., the electronegativity (χ) and
the chemical potential (μ),6 the hardness (η) and the soft�
ness (S),7 the electrophilicity (ω),8 and the nucleophilici�
ty (ω–),9 as well as some local indices corresponding to
a specific point, e.g., the softness (s)10 and the Fukui func�
tion (f ).11

As a reactivity index, one can also use the interaction
energy between the reactants early along the reaction co�
ordinate, where the changes in their nuclear configura�
tions can be ignored. Approaches to evaluate the intermo�
lecular interaction energies within DFT formalism were
proposed.12 An alternative approach implies that initially,
when the reaction proceeds with a small orbital overlap,

intermolecular interactions can be described using the per�
turbative approach.13 The indices thus determined cor�
rectly describe the reactivity of RA belonging to diverse
classes of organic compounds.3

Attempts to establish correlations between the elec�
tronic structures of RA and their behavior in the protona�
tion reaction were reported.14—18 However, the systems
under study usually included aromatic hydrocarbons, and
the protonation of dianions was not considered at all.

In this work we examine the possibility of describing the
reactions (1) and (2) using the global reactivity indices19

as well as the indices characterizing the interaction energy
between the reactants early along the reaction coordinate.3

Experimental

Quantum chemical calculations of aromatic molecules were
performed within the framework of the density functional theory
using the B3LYP exchange�correlation functional.20—22 As
shown earlier,23 extension of the basis set changes the calculated
electron affinity values for various donor molecules without
π�bonds insignificantly (by 0.05 eV at most on going from the
6�31+G(d,p) to the 6�311++G(d,p) basis set).

However, the electron affinities of the molecules with
π�bonds are highly sensitive to the presence of diffuse functions
on the hydrogen atoms in the basis set and may change by up to
1.0 eV on going to the 6�311++G(d,p) basis set. Therefore,
all calculations in this work were carried out with the
6�311++G(d,p) basis set.

The solvent effect was included by using the self�consistent
reaction field and polarized continuum methods (PCM)24—26
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with the parameters for DMSO similar to those of DMF (used in
the experiment). All calculations were carried out with the Gaus�
sian�03 program package.27

Results and Discussion

Tables 1—3 present the rate constants (k) for protona�
tion of RAs and DAs of nitro derivatives of benzene,28—30

naphthalene,3 and anthracene3 determined by cyclic
voltammetry and chronoamperometry, as well as the DFT
calculated vertical and adiabatic electron affinity (EA) and
ionization energy (IE) values. These data were used to
derive such reactivity indices as the chemical potential
(μ), the global hardness (η) and softness (S), as well as the
energy change due to charge transfer from the base to
a proton donor (ΔEct).

The concept of reactivity indices implies the following
relation between the rate constant (k) and the reactivity
index (I):

logk = a + bI. (I)

The corresponding correlation coefficients (R2) for the
dependence (I) of the rate constants for reactions (1) and
(2) on various reactivity indices are as follows:

Index R 2 Index R 2

μ 0.530 1/(EAv – IEv) 0.895
η 0.687 1/(EAa – IEa) 0.842
S 0.854 1/ΔE° 0.875
ΔEct 0.837

As can be seen, experimental rate constants for proto�
nation are in a good correlation with S and ΔEct. These
correlations were constructed using only the global in�
dices that are non�specific to a given reaction center. The
correlation coefficient can likely be improved by the use of
some local indices. The latter, however, require the
appropriate Fukui functions for the reaction center to
be computed.33—35 Such computations involve inclusion

of explicit solvent molecules in the solvation shell and are
thus very time�consuming.36

Earlier,3 the reactions of RA were successfully de�
scribed using the perturbation theory formalism and the
frontier orbital concept (HOMO and LUMO).37 As ap�
plied to Reaction (1), this approach allowed one to ac�
count also for the nature of not only RAs, but also proton
donors. In particular, the logarithms of experimental rate
constants for the protonation of alternant hydrocarbons
with water, propan�2�ol, and phenol were shown3 to cor�
relate with the reactivity indices expressed as:

I = cs
2/|εm – εn|, (II)

where cs is the amplitude of the frontier MO wave function
on the reaction center, and εm and εn are the HOMO and
LUMO energies of the base and proton donor, respectively.

Neglecting the variations of cs
2 over the reaction series

allows one to use a simpler index:

I1 = 1/|εm – εn|.

In the context of Koopmans´ theorem, εm and εn can
be replaced by the vertical ionization energy (IEv) of the
base and the vertical electron affinity (EAv) of the proton
donor. This gives the best correlation between theory

Table 1. Vertical (EAv) and adiabatic (EAa) elec�
tron affinities of substrate molecules

Molecule* EAv EAa

eV

NB 3.17 3.59
1,2�DNB 3.60 4.06
1,3�DNB 3.53 3.87
1,4�DNB 3.87 4.21
Naphthalene 1.58 1.88
Anthracene 2.21 2.44
Phenol 0.77 1.18

* Hereafter, NB and DNB denote nitrobenzene and
dinitrobenzene, respectively.

Table 2. Vertical (EAv) and adiabatic (EAa) electron affinities,
vertical (IEv) and adiabatic (IEa) ionization energies, and the
logarithms of the rate constants for protonation of RAs of sub�
strate molecules

Molecule EAv EAa IEv IEa logk

eV

NB 1.89 2.23 3.84 3.59 1.5728

1,2�DNB 2.93 3.31 4.34 4.06 2.031

1,3�DNB 3.08 3.50 4.10 3.87 <–2.332

1,4�DNB 3.14 3.41 4.48 4.21 <–2.332

Naphthalene 1.58 0.96 1.84 1.88 5.13

Anthracene 1.39 1.58 2.41 2.44 3.43

Table 3. Vertical (IEv) and adiabatic (IEa) ionization
energies and the logarithms of the protonation rate
constants for DAs of substrate molecules

Molecule IEv IEa logk

eV

NB 2.44 2.23 —
1,2�DNB 3.68 4.06 2.431

1,3�DNB 3.70 3.87 2.032

1,4�DNB 3.67 4.21 1.132

Naphthalene 0.85 1.88 —
Anthracene 1.56 1.58 —
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and experiment (R2 = 0.895). The more available adia�
batic values do not significantly decrease the correla�
tion coefficient (R2 = 0.842). This enables estimation of
the reactivity indices using the formal reduction po�
tentials, E°, which can be determined with ease in the
experiments.*

As shown earlier,38 the energies of formation of RA
and DA for the compounds under study, E°, correlate
linearly with the theoretical adiabatic electron affinity values.
Consequently, the use of the inverse of the difference
between the formal potentials as a reactivity index in�
creases the correlation coefficient to 0.875 (see above)
rather than decreases it.

In Fig. 1, the logarithms of the rate constants for reac�
tions (1) and (2) are plotted against the inverse of the
formal potential difference for the compounds listed in
Tables 1—3, as well as for RAs of phenanthrene, chrysene,
and 1,2�benzanthracene.39 As can be seen, the extension
of the reaction series does not significantly decrease the
correlation coefficient (R2 = 0.843).

In conclusion, the rate constants for protonation of
RA and DA can be estimated from experimentally deter�
mined formal potentials of formation of RA and DA as
well as the formal reduction potentials of proton donors**.

The work was supported by the Federal Targeted Pro�
gram "Scientific and Scientific�Pedagogical Personnel of
the Innovative Russia in 2009—2013" (government con�
tract 02.740.11.0636).
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