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Abstract: A study of the electrochemical behavior of cyclooctatetraene (COT) and nitrobenzene with Density
Functional Theory and the conductor like solvation model (COSMO) is reported. The two-electron reduction
of the tub-shaped COT molecule is accompanied by a structural change to a planar structure of D4h symmetry
in the first electron addition step, and to a fully aromatic structure of D8h symmetry in the second electron
addition step. Theoretical models are examined that are aimed at understanding the electrolyte- and solvent-
dependent redox behavior of COT, in which a single 2e- redox wave is observed with KI electrolyte in
liquid ammonia solution (∆∆E(disp) ) [E(-2) - E(-1)] - [E(-1) - E(0)] < 0, inverted potential), while two
1e- redox waves are observed (∆∆E(disp) > 0) with NR4

+X- (R ) butyl, propyl; X- ) perchlorate) electrolyte
in dimethylformamide solution. In all cases, the computed reaction energy profiles are in fair agreement
with the experimental reduction potentials. A chemically intuitive theoretical square scheme method of
energy partitioning is introduced to analyze in detail the effects of structural changes and ion-pair formation
on the relative energies of the redox species. The structural relaxation energy for conversion of tub-COT
to planar-COT is mainly apportioned to the first reduction step, and is therefore a positive contribution to
∆∆E(disp). The effect of the structural change on the disproportionation energy for COT is counteracted
by the substantially more positive reduction potential for planar-(COT)-1 in comparison to tub-(COT)-1. Ion
pairing of alkali metal counterions with the anionic reduction products gives rise to a negative contribution
to ∆∆E(disp) because the second ion-pairing step is more exothermic than the first, and the reduction of
[KA] (A ) COT, NB) is more exothermic than the reduction of A-1. For COT, this negative energy differential
term as a result of ion pairing predicts the experimentally observed inversion in the two 1e- potentials
(∆∆E(disp) < 0). Nitrobenzene is treated with the same computational protocol to provide a system for
comparison that is not complicated by the major structural change that influences the COT energy profile.

Introduction

The electronic structure and chemical behavior of cyclo-
octatetraene (COT) has attracted experimental and theoretical
attention since it was proposed as an example of a hydrocarbon
ring displaying Hu¨ckel antiaromaticity with 8π-electrons.1 A
few aspects of COT that have been studied include the
interchange of single and double bonds,2 ring inversion,3 the
use of COT as a ligand for transition metal complexes,4 and
the reductive electrochemistry of COT,5,6 which is the main
focus of this work. In agreement with the predictions of Hu¨ckel

theory, doubly reduced (COT)-2 is an aromatic system, and the
reduction is accompanied by a structural change of the tub-
shaped neutral molecule to a planar ring ofD8h symmetry.

Cyclooctatetraene, under select environmental conditions, is
a member of a class of molecules that display a so-called
“inverted” order of potentials characterized by a second reduc-
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tion potential that is thermodynamically more favorable than
the first.7 The reduction of COT (eq 1) has been studied by

using electrochemical methods, including cyclic voltammetry
(CV)5e and ac/dc polarography (AC-P/DC-P).5a,g A planar
structure of the monoanion has been established by spectroscopic
methods,5b indicating that the main structural rearrangement is
connected to the first reduction step. The electrochemical
behavior of COT has caused some discussion in the literature7

mainly due to its electrolyte dependence. If the electrolyte used
in the experiment contains noncoordinating cations such as NR4

+

(R ) butyl, propyl), two distinct reduction waves are observed,5a,d

whereas in the presence of coordinating cations such as K+, a
single 2e- reduction wave results.5eA single 2e- reduction arises
because the 1e- reduced intermediate is unstable with respect
to disproportionation (eq 2). Allendoerfer and Rieger,5a Katz,5b

Smith and Bard,5e Smentowski and Stevenson,6a-f and others5,6

have provided convincing experimental evidence that the right
side of the equilibrium (eq 2) is favored if the countercation
B+ is a potassium cation, which forms mono- and dipotassium
ion pairs with (COT)-1 and (COT)-2 anions, respectively. The
free solvated (COT)-1 is thermodynamically stable with respect
to disproportionation.

A few theoretical studies have been reported on COT,
including investigations directed at understanding its electro-
chemical behavior. Dewar used semiempirical calculations in
the gas phase,8a and others have applied more sophisticated
methods8b-d to compute the relative energies of the redox
species. A very poor agreement with experiment was uniformly
found, demonstrating the limited value of these gas-phase
models for the investigation of the electrochemical behavior in
solution. Recently, Evans and Hu employed a combination of
AM1 calculations and estimates of the solvation energy based

on the Born model to predict disproportionation constants for a
variety of organic systems, including COT, with good success.7e

Considerable theoretical efforts8e-o have also been inspired by
the single bond-double bond interchange and ring inversion,
leading to a thorough theoretical characterization of COT. The
electrolyte-dependent electrochemical behavior of COT has not
been addressed theoretically.

In this paper, we present a complete theoretical model for
the disproportionation reaction of COT as solvated ions and
solvated ion pairs based on Density Functional Theory (DFT)9

calculations coupled self-consistently to a continuum solvation
model.10 Our model predicts that the disproportionation is
energetically downhill for the ion pairs and uphill for the
solvated anions. The calculated energy differences are compared
to experimental redox potentials. Furthermore, a new energy-
partitioning scheme is presented that allows deconvolution of
the relative energies for the different redox products into
chemically intuitive partial energies. To contrast the behavior
of COT, we have carried out calculations that examine the
electrochemical behavior of nitrobenzene, which displays two
well-separated 1e- waves under all environmental conditions
in dipolar aprotic solvents.11

Computational Details

DMol. The nonlocal functionals suggested by Becke12a (exchange)
and Lee-Yang-Parr12b (correlation) [BLYP] were employed self-
consistently for the full geometry optimization using the DMol313a

program package. A set of “double numerical plus” (DNP) basis
functions with a FINE mesh was used throughout the study and all
electrons were included (no frozen core).
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ADF. In ADF13c,dcalculations, a triple-ú STO basis set was utilized,
with one set of polarization functions as provided in the package (basis
set IV, comparable to 6-311G*), together with the BLYP functional.12

All electrons were included in the calculation (no frozen core)
employing the unrestricted spin formalism for all calculations.

COSMO. Solvation effects have been included by using the
conductor-likescreeningmodel (COSMO) suggested by Klamt and
Schüürmann14a and implemented in DMol by Andzelm and Klamt14b

and in ADF by Pye and Ziegler.14c The crucial part of the solvation
calculation is the choice of radii that defines the cavity representing
the solute. In DMol calculations, the Klamt surface is used, whereas
in ADF calculations, the solvent-excluding surface was chosen. The
standard radii provided with the package were used in DMol calcula-
tions (C, 1.53 Å; H, 1.08 Å; K, 2.39 Å; N, 1.83 Å; O, 1.72 Å). Due to
its recent implementation, standard COSMO radii for ADF are not
routinely available. The radii suggested by Pye and Ziegler14c were
used with an estimated value for potassium (C, 2.30 Å; H, 1.16 Å; K,
2.95 Å; N, 1.4 Å; O, 1.4 Å). A direct comparison of the calculated
absolute solvation energies is problematic if different surfaces and radii
are used in addition to different charge distribution schemes. For
charged species, the dominant term is the monopole term inside the
surface and the sphere sizes are less important. Only a moderate
agreement of the solvation energies between the two DFT packages is
expected. In accordance with the experiments we have used the
dielectric constant of dimethylformamide5a,11d(DMF, ε ) 36.7) for the
solvated ion model and that of liquid ammonia5e,11a(ε ) 25.0) for the
solvated ion-pair model.

Vibrational Frequencies. The vibrational frequencies of all three
oxidation states in the gas-phase, solvated ions, and solvated ion-pairs
models were calculated for both cyclooctatetraene and nitrobenzene
by double numerical differentiation of the analytical energy gradient,
using the nonlocal density functionals (BLYP) and the finite-difference
method. The unscaled vibrational energies were then used to calculate
the entropy correction terms at 298.15 and 250 K, using the common
approximations (ideal gas, rigid rotor, and harmonic oscillator) for the
partition functions. Thermal corrections for the electronic energy are
neglected. Due to computational demands these calculations were only
carried out with DMol3 and the computed corrections were applied to
both DMol3 and ADF energies. We note that the vibrational entropy
correction terms obtained with gas-phase and COSMO models differ
significantly. The COSMO results are in better agreement with
experimental observations, indicating that it is inappropriate to use the
gas-phase vibrational corrections for the COSMO model.15

Results and Discussion

Structural Parameters for Cyclooctatetraene (COT) Re-
duction. The structure of monoanionic COT has been the subject
of numerous theoretical and experimental studies. Hammons
and co-workers8j have reported high-level ab initio calculations
and have given a firm theoretical foundation for the spectro-
scopically supported16 planar structure ofD4h symmetry for the
monoanion. The frontier orbitals of neutral COT are shown in
Figure 1, and the results of gas-phase calculations are sum-

marized in Table 1. The highest occupied molecular orbital
(HOMO) is an in-phaseπ-interaction between the shorter C-C
bonds and the LUMO is the corresponding out-of-phase
combination. The observed structural change is intuitively
understandable if the lowest unoccupied molecular orbital
(LUMO) of the neutral molecule is considered. This unoccupied
orbital is skewed due to the tub-shape of COT, which results
in poor overlap of the in-phase p-p interactions between the
longer C-C bonds. The occupation of this orbital in the first
reduction step is the main driving force for the observed
structural change. By adopting a planar structure, the in-phase
overlap of the p-orbitals along the longer C-C bond becomes
significantly more favorable. TheD4h structure of the mono-
anion, with two different carbon-carbon bond lengths, is the
result of a first-order Jahn-Teller distortion. The addition of a
second electron leads to an aromatic 10π-electron system, in
which all carbon-carbon distances are equal. Previously
reported gas-phase bond lengths and angles from high-level ab
initio calculations8 are well reproduced in our calculations, and
the gas-phase structures will not be discussed further.

To model the electrochemical experiments for the solvated
ions and ion pairs, calculations including the COSMO solvation
correction were carried out forε ) 36.7 (DMF) for COT,
(COT)-1, and (COT)-2 andε ) 25.0 (NH3) for COT, [K(COT)],
and [K2(COT)]. Starting from the gas-phase geometries, the
structure of the neutral and both ionic species and the ion pairs
were reoptimized with COSMO corrections, and the metric
parameters are presented in Table 2. The solvation geometries
for the COT rings, including those for the ion pairs, only differ
slightly from the gas-phase structures. The Cartesian coordinates
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Figure 1. HOMO and LUMO of cyclooctatetraene.

Table 1. Gas-Phase Energies of (COT)0/-1/-2 and First and
Second Adiabatic Electron Attachment Energies

(a) Gas-Phase Energies of (COT)0/-1/-2

COT (COT)-1 (COT)-2

DMol3
enthalpyH/au -309.562 -309.589 -309.44
ZPE/eV 3.485 3.432 3.316
entropyS/eu 81.82 81.61 82.13
-T∆Sat 298.15 K/eV -1.198 -1.056 -1.207

ADF
binding energy/eV -94.310 -95.140 -91.441

(b) First and Second Adiabatic Electron Attachment Energies

(0) f (−1) (−1) f (−2) ∆∆E(disp)

∆H (eV) - DMol -0.735 3.955 4.690
∆G (eV) - DMol -0.645 (-0.58)a 3.689 4.334
∆H (eV) - ADF -0.830 3.696 4.526
∆G (eV) - ADF -0.741 (-0.58)a 3.430 4.171

a Experimental value taken from ref 17a.
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of all structures are given as Supporting Information. In
[K(COT)] and [K2(COT)], the distances between the potassium
ion and the centroid of the COT ring are 2.52 and 2.39 Å,
respectively.

Energetics of COT Reduction.The energy of the dispro-
portionation reaction will be calculated for the gas-phase,
solvated ion, and ion-pair models. The free energy changes,∆G,
for the redox reactions will be used to construct a realistic model
of the disproportionation reaction, which requires the addition
of the entropic energy terms at a given temperature to the
standard electronic enthalpies. In addition, the zero-point energy
(ZPE), which could change upon reduction and introduce
another differential energy term to the total electron attachment
energy, must also be added.

(a) Gas-Phase Results.The electronic enthalpies of the three
oxidation states in gas phase, ZPE corrections and entropic terms
are given in Table 1. The first electron attachment energy can
be computed as the energy difference between the neutral and
anionic species. If only the electronic enthalpies are considered,
the first electron attachment energy in gas phase is calculated
to be-0.74 eV (DMol3)/-0.83 eV (ADF). Addition of zero-
point energy and entropic terms at 298K shift the calculated
energies to-0.65 eV (DMol3)/-0.74 eV (ADF), which are in
good agreement with the experimental value of-0.58( 0.10
eV.17a

The net change in electronic energy∆∆E(disp) for the
disproportionation is given by

whereE is the energy of the neutral, monoanionic, and dianionic
forms of the complex, respectively.18 A negative∆∆E(disp)
value indicates a net stabilization for the reaction, and occurs

when more energy is released in the second reduction step than
the first. The relative energies of the three species involved in
the disproportionation reaction are compared in Figure 2. In
agreement with previously reported studies by Dewar and
others,8 the gas-phase calculation indicates an energetically
stable monoanion with respect to the disproportionation reaction.
The corresponding energy differences of the two half reactions
of the disproportionation and their sum are given in Table 1b.
A total reaction enthalpy of+4.7 eV (DMol)/+4.5 eV (ADF)
is in fair agreement with Dewar’s MNDO/2 calculation, which
predicted a reaction enthalpy of+3.96 eV.8a

(b) Solvated Ion and Solvated Ion-Pair Models.Introducing
solvation has a small effect on the energy of neutral COT,
whereas the mono- and dianion are stabilized by-54 and-193
kcal/mol, respectively, in DMF solution (Table 2). The first
electron attachment energy in solution is computed as-3.12
eV (DMol)/-2.94 eV (ADF), while the second is computed as
-2.71 eV (DMol)/-2.20 eV (ADF). The energy for the
disproportionation reaction,∆∆E(disp), is therefore+0.41 eV
(DMol)/+0.74 eV (ADF), which is thermodynamically uphill.
If the ZPE and entropic terms are included, the reaction free
energy at room temperature is computed as+0.38 eV (DMol)/
+0.70 eV (ADF).

The relative energies of COT and the ion pairs [K(COT)]
and [K2(COT)] have been used to evaluate the energy of the
disproportionation reaction given in eq 2. The dielectric constant
of liquid ammonia (ε ) 25.0) has been used for the ion pair
model. As the energy profile shown in Figure 2b indicates, the
∆∆E(disp) value for the ion-pair system is negative, indicating
that the disproportionation reaction is energetically downhill.
If only electronic enthalpies are considered, the overall reaction

(17) (a) Denault, J. W.; Chen, G.; Cooks, R. G.J. Am. Soc. Mass Spectrom.
1998, 9, 1141-1145. (b) Wentworth, W. E.; Ristau, W.J. Phys. Chem.
1969, 73, 2126-2133. (c) Stevenson, G. R.; Forch, B. E.J. Phys. Chem.
1981, 85, 378-382.

(18) In ADF the molecular energies are routinely computed as binding energies,
which are defined as the total energy-sum of atomic fragment energies,
where spherically symmetric restricted atom fragments are assumed. Since
we are only interested in energy differences the ADF binding energies can
be used instead of the total energy.

Table 2. COSMO Structures and Energies

COT
ε ) 37.5

(COT)-1

ε ) 37.5
(COT)-2

ε ) 37.5
COT

ε ) 25.0
[K(COT)]
ε ) 25.0

[K2(COT)]
ε ) 25.0

DMol3
totalEb -309.54 -309.65 -309.75 -309.54 -909.54 -1509.55
LUMOc -2.33 0.53 0.88 -2.33 -0.32 -0.34
HOMOd -5.07 -2.99 -2.11 -5.07 -3.52 -3.12
E(solv.)e -3.82 -51.65 -191.19 -3.81 -18.44 -10.16

ADF
bindingEf -94.401 -97.338 -99.538 -94.404 -96.095 -97.996
LUMOc -2.32 0.13 0.37 -2.37 -1.02 -0.77
HOMOd -5.06 -2.75 -1.70 -5.03 -3.44 -3.01
E(solv.)e -4.78 -54.41 -192.76 -4.77 -15.25 -8.06

a Structural features of the neutral COT in liquid ammonia are given in parentheses.b Total SCF energy in au.c Lowest unoccupied molecular orbital
energy in eV; as a result of the unrestricted formalism the LUMO of the doublet (COT)-1 and [K(COT)] are technically theâ-spin-orbitals of the highest
occupied orbitals. To allow comparison with the LUMO energies of (COT)-2 and [K2(COT)] the energies of the empty orbital with the same spin are given.
d Highest occupied molecular orbital energy in eV.e Electrostatic solvation energy in kcal/mol.f Binding energy in eV: ADF computes binding energies
rather the absolute SCF energies, which are defined as the total molecular energy- the sum of the atomic fragment energies.

∆∆E(disp)) [E(-2) - E(-1)] - [E(-1) - E(0)] (3)
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∆∆E(disp) value for the solvated ion pair system is-0.26 eV
(DMol)/-0.21 eV (ADF), and, including the ZPE and entropy
corrections at 250 K,-0.16 eV (DMol)/-0.11 eV (ADF) (Table
3a).

(c) Comparison to Experimental Redox Potentials.The
electron attachment energies discussed above are absolute
potentials for the reduction. Since experimental data are always
reported relative to a reference, the absolute potential of the

Figure 2. Total binding energies (ADF results) of the three redox states of cyclooctatetraene for gas phase, solvated ion, and solvated ion-pair models.

Table 3. Calculated Reduction Potentials Based on Electronic Enthalpy Only (E°(∆H)) and the Gibbs Free Energy (E°(∆G)) for COTa and
Experimental Reduction Potentials (in V) vs SHE

(a) Calculated Reduction Potentials

(0) f (−1) (−1) f (−2) E°1 − E°2 )∆∆E(disp)

∆E1/E°1 (∆H) ∆E1/E°1 (∆G) ∆E2/E°2 (∆H) ∆E2/E°2 (∆G) ∆H ∆G

DMol3
solv. ion (DMF) -3.12/-1.31 -3.16/-1.27 -2.71/-1.72 -2.78/-1.65 0.41 0.38
solv. ion pair (NH3) -3.65 -3.79 -3.91 -3.95 -0.26 -0.16

ADF
solv. ion (DMF) -2.94/-1.49 -2.97/-1.46 -2.20/-2.23 -2.27/-2.16 0.74 0.70
solv. ion pair (NH3) -1.69 -1.84 -1.90 -1.95 -0.21 -0.11

(b) Experimental Reduction Potentials

experimental E°1: (0) f (−1) E°2: (−1) f (−2) E°1 − E°2

solv. ion (DMF)b -1.38 -1.62 0.24
solv. ion pair (NH3)c -1.41 -1.19 -0.22

a In DMol3, we have added the SCF energy of the solvated K+ ion on the reactant side for the reaction COT0 + K+ + e- f [K(COT)] and [Κ(COT)]
+ K+ + e- f [K2(COT)]. In ADF, this correction is not necessary, since the binding energies are computed and the energies are all normalized to the sum
of the fragment energies. Therefore ADF results are referenced to the reaction COT0 + K0 f [Κ(COT)] and [Κ(COT)] + K0 f [Κ2(COT)]. b Reference 5a.
c Reference 5e.
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reference electrode must be added to relate these absolute
numbers to experimental electrochemical data. An absolute
potential of 4.43 eV has been measured for the standard
hydrogen electrode (SHE),19a which has been used widely to
correlate computed redox potentials to experimentally measured
redox potentials.19b-p With this correction, the first reduction
energy is 1.31 eV (DMol)/1.49 eV (ADF) vs SHE. Using eq 4
(n ) number of electrons involved in the redox process;F )
Faraday constant) the computed first reduction potential is

-1.31 V (DMol)/-1.49 V (ADF). This reduction potential is
in good agreement with the experimental value of-1.38 V20

reported by Allendoerfer and Rieger.5a The addition of the ZPE
and entropy corrections has a very minor effect of 30-40 mV,
and the corrected redox potential is-1.27 V (DMol)/-1.46 V
(ADF). The second reduction potentialE°2 is computed as-1.72
V (DMol)/-2.23 V (ADF), using only the electronic enthalpy
and -1.65 V (DMol)/-2.16 V (ADF) including ZPE and
entropy corrections, where-1.62 V has been reported
experimentally.5a If the ZPE and entropic terms are included,
the reaction free energy for the disproportionation reaction at
room temperature is computed as+0.38 eV (DMol)/+0.70 eV
(ADF). The DMol3 results agree fairly well with the experi-
mental value of 0.24 eV,5a but the deviation of the ADF result
is quite large. The experimental and calculated redox potentials
are summarized in Table 3.

Assuming rapid electron-transfer kinetics, a single 2e-

reduction would be observed at the average of the two 1e-

potentials for a case like the solvated ion pair model, for which
a thermodynamically downhill disproportionation reaction is
predicted. The corrected∆∆E(disp) value for the solvated ion
pair system of-0.16 eV (DMol)/-0.11 eV (ADF) is in good
agreement with the∆E1/2 value21 of -0.22 eV estimated from
a digital voltammogram simulation by Smith and Bard.5e

Although it would be of interest to compare the 1e- potential
for the solvated ion-pair model with the solvated ion model,
the individual potentialsE°1 andE°2 are not meaningful for the
ion-pair model for primarily two reasons. First, to accurately

evaluate the absolute potential for the reaction, [K+]Solv +
e- + [COT]Solv f [K(COT)]Solv, we must accurately account
for the entropy change associated with the process of ion pairing,
for which the simple model used herein is not suited.22 For the
special case of the disproportionation reaction, it is reasonable
to expect the entropy for the two half-reactions [K(COT)]+
e- + K+ f [K2(COT)] and [K(COT)]f COT + e- + K+ to
cancel, assuming the entropy changes of the first and second
ion-pairing processes are similar. Second, computing the sol-
vation energy of the K+ ion with a continuum model is not
appropriate since a large reorganization energy of the highly
solvated K+ ion to form the contact pair is expected.

(d) Summary. The DFT/COSMO model reproduces the
experimentally established energy profiles of the 2e- redox
processes correctly and suggests that the single 2e- behavior is
favored only for the solvated ion pair model. The electrochemi-
cal behavior is primarily determined by electronic enthalpies,
and the addition of the zero-point vibrational energy and entropy
corrections does not change the relative energy differences
significantly. For simplicity, the energy analysis presented
below, which examines the features giving rise to the different
energy profiles, will primarily use the uncorrected values.

Energy-Partitioning Scheme.As discussed above, an en-
ergetically favorable disproportionation reaction requires that
the second reduction step (A-1/A-2) is more favorable than the
first step (A0/A-1). If only vertical electron attachment energies
in the gas phase are considered, the addition of the electron to
a negatively charged particle should be more difficult than that
to its neutral form, and the reaction enthalpy of a dispropor-
tionation reaction for bound systems in the gas phase will always
be positive.23 Solvation energy, which increases approximately
as the square of the charge on the molecule,10 has a major impact
on the energy profile for the redox reaction. In the Born model,
the solvation energy of a dianion is approximately four times
that of a monoanion. Therefore, stabilization due to solvation
for a system where the most oxidized form is neutral favors
the disproportionation reaction by increasing the energy differ-
ence of A-1/A-2 more than that of the A0/A-1 pair. Although
placing a molecule in solution dampens the impact of the added
charge, the potential for the second reduction is typically more
negative than the first, which can be characterized as classical
redox behavior. When a nonclassical potential ordering is
observed, a structural change associated with one of the two
redox steps has been often cited as one of the main factors
dictating multielectron redox behavior.7

Ion pairing introduces complications into this simple analysis,
and several factors contribute to the energy changes on forming
the ion pair. The cation is an electrophile, to which electron
density is transferred from the anion, the nucleophile, and there

(19) (a) Reiss, H.; Heller, A.J. Phys. Chem.1985, 89, 4207-4213. (b) Wheeler,
R. A. J. Am. Chem. Soc.1994, 116, 11048-11051. (c) Boesch, S. E.;
Grafton, A. K.; Wheeler, R. A.J. Phys. Chem.1996, 100, 10083-10087.
(d) Moock, K. H.; Macgregor, S. A.; Heath, G. A.; Derrick, S.; Boere, R.
T. J. Chem. Soc., Dalton Trans.1996, 2067-2076. (e) Macgregor, S. A.;
Moock, K. H. Inorg. Chem.1998, 37, 3284-3292. (f) DiLabio, G. A.;
Pratt, D. A.; LoFaro, A. D.; Wright, J. S.J. Phys. Chem. A1999, 103,
1653-1661. (g) Li, J.; Fisher, C. L.; Chen, J. L.; Bashford, D.; Noodleman,
L. Inorg. Chem.1996, 35, 4694-4702. (h) Konecny, R.; Li, J.; Fisher, C.
L.; Dillet, B.; Bashford, D.; Noodleman, L.Inorg. Chem.1999, 38, 940-
950. (i) Li, J.; Nelson, M. R.; Peng, C. Y.; Bashford, D.; Noodleman, L.
J. Phys. Chem. A1998, 102, 6311-6324. (j) Li, J.; Fisher, C. L.; Konecny,
R.; Bashford, D.; Noodleman, L.Inorg. Chem.1999, 38, 929-939. (k)
Mouesca, J.-M.; Chen, J. L.; Noodleman, L.; Bashford, D.; Case, D. A.J.
Am. Chem. Soc.1994, 116, 11898-11914. (l) Winget, P.; Weber, E. J.;
Cramer, C. J.; Truhlar, D. G.Phys. Chem. Chem. Phys.2000, 2, 1231-
1239. (m) Kettle, L. J.; Bates, S. P.; Mount, A. R.Phys. Chem. Chem.
Phys.2000, 2, 195-201. (n) Reynolds, C. A.Int. J. Quantum Chem.1995,
56, 677-687. (o) Raymond, K. S.; Grafton, A. K.; Wheeler, R. A.J. Phys.
Chem. B1997, 101, 623-631. (p) Baik, M.-H.; Ziegler, T.; Schauer, C.
K. J. Am. Chem. Soc.2000, 122, 9143-9154.

(20) The reports on electrochemical measurements commonly use SCE or Ag/
AgCl as the reference electrodes. We have converted these values to SHE
referenced potentials by adding 0.2412 V (SCE) or adding 0.197 V (Ag/
AgCl) according to ref 23.

(21) Note that the two terms∆∆E(disp) and∆E° (or ∆E1/2 if the experimental
half-wave potentials are compared) both refer to the potential difference.
The former is more natural from the computational standpoint, where the
potentialE° is computed as the energy difference of the redox pair, and
the later is the more familiar term from the experimental viewpoint.

(22) This is the same dilemma one encounters, e.g., in pKa calculations where
the explicit solvent reorganization energy of the solvated proton has to be
accounted for in a continuum solvation calculation. For typical approaches
to deal with this problem, see for example: (a) Orlov, V. M.; Smirnov, A.
N.; Varshavsky, Y. M.Tetrahedron Lett.1976, 48, 4377-4378. (b) Lyne,
P. D.; Karplus, M.J. Am. Chem. Soc.2000, 122, 166-167. (c) Richardson,
W. H.; Peng, C.; Bashford, D.; Noodleman, L.; Case, D. A.Int. J. Quantum
Chem.1997, 61, 207-217. (d) Li, J.; Fisher, C. L.; Konecny, R.; Bashford,
D.; Noodleman, L.Inorg. Chem.1999, 38, 929-939. (e) Chen, J. L.;
Noodleman, L.; Case, D. A.; Bashford, D.J. Phys. Chem.1994, 98, 11059-
11068. (f) Baik, M.-H.; Silverman, J. S.; Yang, I. V.; Ropp, P. A.; Szalai,
V. A.; Yang, W.; Thorp, H. H.J. Phys. Chem. B2001, 105, 6437-6444.

(23) This phenomenon is known as theconVexity principle, for which no formal
proof exists. However, there is no known example of a system where this
principle is violated for purely and intrinsically electronic reasons. See ref
9a, p 72.

E° ) -∆G°/nF (4)
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is an attractive Coulombic interaction between the ions of
opposite charge. The formation of an overall neutral system from
two separated charged systems results in loss of solvation energy
due to the loss of solute/solvent contact surface, as well as to
the charge transfer between the ions, which leads to partial
charge neutralization. To attain a better understanding of the
redox behavior in these systems, it is desirable to partition the
energy change upon reduction in a meaningful way to address
which factors dictate the observed electrochemical behavior of
a particular system.

Several energy-partitioning schemes have been proposed in
the literature, of which two schemes, one developed by Ziegler
and Rauk24aand the other by Morokuma,24b are most commonly
used. Any energy-partitioning analysis is governed by the formal
definition of the energy terms, which is not unambiguous, so
the choice of the scheme should be guided by the chemical
purpose of the analysis. This study focuses on changes in
structure and charge distribution as a function of redox state.
These two main features subject to electronically driven changes
are of course coupled and a simple deconvolution is difficult.
In electrochemical reaction schemes, the electrochemical and
chemical reactions (e.g. EC or CE mechanism25) are formally
deconvoluted by square schemes that separate the chemical and
electrochemical steps. This same principle has been applied to
our theoretical results andtheoretical square schemeshave been
constructed to decompose the reduction reaction into a “semi-
adiabatic electron attachment energy” and a “structural relax-
ation energy”. The term semi-adiabatic refers to the fact that
upon electron addition (or removal), electronic relaxation is
allowed in a field of frozen nuclei. This is only a formal energy
partitioning and does not reflect the real electron-transfer
process.

An energy decomposition diagram for the gas-phase model
is shown in Figure 3a. Construction of the upper left quadrant
will be described. A single-point calculation is carried out using
the optimized geometry of the neutral tub-COT with a total
charge of-1, and the energy difference between tub-COT and
tub-(COT)-1 is represented on the line connecting these two
structures (Step Ia). Likewise, the energy of the lower left corner
is arrived at by carrying out a single-point calculation on the
planar optimized geometry of (COT)-1, but with neutral charge;
the energy difference between planar-COT and planar-(COT)-1

is represented by Step Id. The vertical steps Ic and Ib represent
the structural relaxation energy for conversion of tub-COT to
planar-COT, and tub-(COT)-1 to planar-(COT)-1, respectively.
The analogous procedure is repeated for completion of the
remainder of the diagram. Energy partitioning diagrams have
also been constructed for the solvated ions (Figure 3b) and the
solvated ion pairs (Figure 3c). To keep all three diagrams
analogous, for the ion-pair case, the addition of an electron and
a potassium cation have not been divided in two steps, but this
will be done separately.26 On the basis of this analysis, the
energy change upon reduction can be formally partitioned into

four parts: (i) the semi-adiabatic electron attachment energy;
(ii) structural relaxation, which occurs to relax the electronic
tension introduced by the additional charge; (iii) the Coulombic
solvation energy; and (iv) ion-pair formation. These four factors
are discussed below. The energies for the theoretical square
schemes from both program packages, DMol and ADF, are in
excellent agreement and lead to the same conclusions. The
numerical results presented below are primarily DMol results
and are not ZPE/entropy corrected.

(a) Semi-Adiabatic Electron Attachment Energies, Sol-
vation, and Structural Relaxation. For the COT molecule, in
the absence of structural relaxation, the qualitative expectation
that sequential electron additions are less energetically favored
is demonstrated in the gas-phase model and the solvated ion
models. The semi-adiabatic electron attachment energies, along
each row in the square scheme diagrams (Figure 3a,b), are
successively more positive for each structure. In the gas phase,
the two-electron attachment energies are 0.3 eV/5.8 eV,-1.2
eV/4.1 eV, and-1.2 eV/3.8 eV for the tub-shapedD4h, and
D8h structures, respectively. The addition of the second electron
is therefore a highly unfavorable process in the gas phase, and
the second electron is unbound regardless of the final geometry
considered. If solvation is included, all electron-attachment
processes are downhill, and the relative magnitude of the two
reduction potentials becomes much more reasonable. The three
possible structures give electron-attachment energies of-2.1
eV/-1.0 eV,-3.6 eV/-2.6 eV, and-3.6 eV/-2.8 eV for the
tub-shapedD4h and D8h structures, respectively, displaying
classical behavior in all cases.

The major structural change that takes place from reduction
of tub-COT to planar-(COT)-1 has a substantial influence on
the reduction potential of (COT)-1, and the semi-adiabatic
electron attachment energy for planar (COT)-1 (Figure 3b, Step
IVa: -60 kcal/mol) is 12 kcal/mol more negative than that for
COT (Figure 3b, Step IIIa:-48 kcal/mol), despite the fact that
planar-(COT)-1 bears a negative charge. The impact of the
structural change on the redox potential is the most important
factor in dictating the overall energy profile of the dispropor-
tionation reaction. As described above, COT displays a large
structural distortion to a planar structure in the first step, and
our analysis scheme assigns a structural relaxation energy of
-24 kcal/mol for the first reduction step (Figure 3a, Step Ib).
By comparison, the energy associated with transformation of
the D4h structure to theD8h structure of-3 kcal/mol in the
second step (Step IIb) is insignificant. Notably, the energies
assigned to the structural relaxation are essentially identical in
the gas-phase, solvated ion, and solvated ion-pair models (Steps
Ib/IIIb/Vb and IIb/IVb/VIb). Step IIIc gives the ring-flattening
energy of the neutral COT molecule in solution, and this quantity
is experimentally accessible through spectroscopic methods.
Strauss et al.6g have estimated this energy to be 13.7 kcal/mol
at 10°C, which is in good agreement with the computed energy
of 10 kcal/mol assigned for this process.

(b) Impact of Ion Pairing on the Energy Profile. The first
step in understanding the features leading to the distortion of
the energy profile if ion-pair formation is allowed is to identify
the relative magnitude of the energy changes that the ion-pairing
process has on the first- and second-electron additions. Table 4
compares the energy balances of the two half reactions
COT f (COT)-1 and (COT)-1 f (COT)-2 with and without

(24) (a) Ziegler, T.; Rauk, A.Theor. Chim. Acta1977, 46, 1-10. (b) Kitaura,
K.; Morokuma, K.Int. J. Quantum Chem.1976, 10, 325-340.

(25) For an overview of these basic classes of coupled reactions, see for
example: Bard, A. J.; Faulkner, L. R.Electrochemical Methods-
Fundamentals and Applications; John Wiley & Sons: New York, 1980.

(26) The K-COT distances involving nonstandard COT geometries at a given
charge, that is, e.g. tub-shaped COT with a charge of-1, have been fully
optimized with a constrained COT geometry.
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ion-pair formation. In the square scheme, this corresponds to
taking the difference between energies for steps V and III and

steps VI and IV, for the first and second ion reduction steps,
respectively. The ion-pair formation gives an additional stabi-
lization of -13 kcal/mol for the addition of the first electron,
whereas the formation of the ion-pair [K2(COT)] from
[K(COT)]-1 and a free K+ ion including the reduction process
gives a stabilization energy of-30 kcal/mol, which is large
enough to shift the disproportionation equilibrium (eq 2) to the
right side. The disproportionation enthalpy changes by-15 kcal/

Figure 3. Energy partition scheme of the two-electron reduction of cyclooctatetraene (DMol results). Energies are given in eV and the corresponding molar
energies in kcal mol-1 are given in parentheses.

Table 4. Energy Balance for the Half Reaction of the COT
Reduction (in kcal/mol) in Ammonia Solvent (DMol energies)

solv. ion solv. ion pair difference

(0) f (-1) -71.0 -84.2 -13.3
(-1) f (-2) -59.8 -90.1 -30.3
∆∆E(disp) 11.2 -5.9
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mol from +9 kcal/mol for the solvated ion model to-6 kcal/
mol (Figure 3), and becomes a thermodynamically downhill
process.

As discussed above, the energy change arising from the
structural relaxation (Step IIIb/Vb and Step IVb/VIb) stays
nearly constant for the solvated ion and ion-pair systems,
therefore the important changes in the energy profile as a result
of ion pairing lie in a comparison of Steps IIIa/Va and Steps
IVa/VIa. For the ion-pair systems, Steps Va and VIa can be
further partitioned into the semi-adiabatic electron-attachment
energy and ion-pair formation components as shown in Figure
4. The first semi-adiabatic electron-attachment energy in the
ion-pair system (Figure 4, Step Vaa) is equal to that of the
solvated ion model in ammonia solvent. The second semi-
adiabatic electron-attachment energy in the solvated ion model
can be compared to that of the ion-pair model by comparing
Steps IVa and VIaa in the same solvent. Step IVa gives an
energy difference of-57 kcal/mol in ammonia, whereas an
energy difference of-67 kcal/mol is calculated for the
analogous process for the neutral [K(COT)] ion pair (Step VIaa).
As expected, the semi-adiabatic electron-attachment energy for
the [K(COT)] ion pair is favored over that of the (COT)-1 ion
(by -10 kcal/mol). The partial delocalization of the added
charge onto the potassium ion reduces the repulsive interaction
for the second electron.

The LUMO of [K(COT)] shown in Figure 5 is closely related
to the LUMO of (COT)-1. Since the LUMO is the electron-
accepting orbital, a correlation of the LUMO energy with semi-
adiabatic electron-attachment energy is expected. Table 5
compares the LUMO-based estimates of the electron-attachment
energy with those presented in Figure 4. The LUMO-based
estimates are-2.33 eV (COT) and-3.46 eV ([K(COT)]) for
the first and second reductions, respectively, demonstrating that
[K(COT)] is a better electrophile than (COT)-1. The semi-

adiabatic reduction potential, computed as the total energy
differences of the unrelaxed geometries, gives values of-2.05
and-2.90 eV for Step Vaa and Step VIaa, respectively (Figure
4). The differences in the values calculated by these two different
methods are significant, 0.28 and 0.56 eV respectively for the
first- and second-reduction steps. However, for both methods,
the second reduction is energetically more downhill than the
first, correctly predicting a 2e- redox behavior.

After the electron-addition steps, the ion-pairing events take
place (Figure 4, Steps Vab and VIab) to form [K(COT)] and
[K2(COT)], giving rise to stabilizations of-12 and-20 kcal/
mol, respectively. For the first ion-pair formation step,
(COT)-1 + K+ f [K(COT)], the partial charge at carbon based
on a Hirshfeld charge analysis scheme (Table 6) changes from
-0.13 in the (COT)-1 ion by +0.03 upon ion-pair formation to
-0.10 in [K(COT)]. For the second step, [K(COT)]-1 + K+ f
[K2(COT)], the partial charge of-0.18 in [K(COT)]-1 changes
by +0.03 to-0.15 in [K2(COT)]. The charge of the potassium
ions remain approximately constant at+0.6 (+0.64 in [K(COT)],
and +0.59 in [K2(COT)]). The higher ion-pairing energy for
the addition of the second potassium ion can be rationalized to
be a consequence of the higher negative charge at the COT
fragment, which gives rise to a larger Coulombic interaction.

Both rationalizations of the energy shifts to the electron-
attachment energies given above are intuitive. Adding a coun-
terion to an anion will always result in a more negative electron-
attachment energy in comparison to the parent anion, and the
addition of a second electron to a monopotassium ion pair will
increase the partial charge on the anionic fragment, giving rise
to a larger electrostatic interaction with the second cation. Thus,
the question arises naturally whether or not these straightforward
energy decomposition results are sufficient to explain the
unusual redox behavior of COT. To contrast the specific features
of the COT energy profiles described above, we have applied
the same theoretical protocol to nitrobenzene (NB), a molecule
that displays two well-separated 1e- redox potentials in both
DMF/NMe4Br and ammonia/KI.11

Figure 4. Energy decomposition of the ion pairing steps for cycloocta-
tetraene (DMol results).

Figure 5. LUMO of [K(COT)].

Table 5. Electron Attachment Energies of COT and [K(COT)] (in
eV) Computed with the LUMO Energy (ELUMO) and the Total
Energy Difference of the Nonrelaxed Structures (E∆TotE)

COT [K(COT)] difference

ELUMO -2.33a -3.46b -1.13
E∆TotE -2.05c -2.90d -0.85

a LUMO energy of COT0 in ammonia (see Table 2).b â-LUMO energy
of [K(COT)]. Note that [K(COT)] is an open-shell system, thus the true
LUMO is the â-spin-orbital corresponding to theR-HOMO. In Table 1
only the R-spin-orbitals are given. Theâ-LUMO energy is-3.462 eV,
which is 0.06 eV higher than theR-HOMO in our unrestricted spin
calculation.c Step Vaa in Figure 4.d Step VIaa in Figure 4.
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Structural Parameters and Energy Profiles for Nitroben-
zene (NB) Reduction.NB undergoes a much simpler structural
change upon reduction. Table 7 shows the relevant nuclear
distances of the different optimized redox states of the molecule.
The LUMO of the neutral species is mainly localized at the
NO2 fragment and is aπ-type orbital that is N-O antibonding
and N-C bonding (Figure 6a). The occupation of this orbital
is therefore expected to elongate the N-O bonds and shorten
the N-C bond. In gas phase the N-O distances increase by
0.05 Å for each addition of an electron, whereas the N-C
distance decreases by 0.09 and 0.06 Å, respectively.

For the structure of the ion pair, we have explored a series
of possible geometries. Most likely, the K+ ion will be attracted
to the NO2 fragment, butπ-interactions with the arene ring were
also considered. The most stable structures for the mono- and
dipotassium ion pairs are shown in Figure 6, parts b and c,
respectively. Table 8 gives the relevant bond distances of the
optimized structures and Table 9 summarizes the energies of
the solvated ion and solvated ion-pair models. In [K(NB)], the
K+ ion is centered between the oxygen atoms and is coplanar
with the ring (K-O ) 2.694 Å). In [K2(NB)] two K+ ions are
both coordinated to the nitro group, where one K+ ion lies above
and the other lies below the molecular plane; the K-O distance
decreases slightly to 2.664 Å. Since the K+ ion occupies a

different coordination site in these two structures, a direct
comparison of the K-O distance is not appropriate.

The energy profiles of the electron-addition process for the
gas phase, solvated ion, and solvated ion-pair models for

Table 6. Hirshfeld Charges of COT as a Function of Oxidation State, Geometry, and Ion Pairing

C H K

equilibrium geometries
tub-(COT) -0.046 +0.046
planar-(COT)-1 -0.128 +0.003
planar-(COT)-2 -0.209 -0.041
planar-[K(COT)] -0.100 +0.020 +0.640
planar-[K(COT)]-1 -0.176 -0.024 +0.602
planar-[K2(COT)] -0.146 +0.002 +0.591

nonequilibrium geometries
tub-(COT)-1 -0.125 0.000
tub-[K(COT)] -0.105/-0.104 +0.011/+0.019 +0.717

charge differences
planar-(COT)-1 - tub-(COT) -0.082 -0.036
planar-(COT)-2 - planar-(COT)-1 -0.081 -0.044
planar-[K(COT)]- planar-(COT)-1 + K+ +0.028 +0.017 -0.360
planar-[K2(COT)] - planar-[K(COT)]-1 + K+ +0.030 +0.026 -0.420

Table 7. Gas-Phase and COSMO Structures of Nitrobenzene with
Selected Bond Lengths (in Å)

NB (NB)-1 − NB (NB)-1 (NB)-2 − (NB)-1 (NB)-2

gas phase
N2-O13/N2-O14 1.246 0.058 1.304 0.051 1.355
C1-N2 1.493 -0.086 1.407 -0.056 1.351
C1-C3/C1-C11 1.400 0.029 1.429 0.041 1.470
C3-C5/C9-C11 1.398 -0.004 1.394 -0.006 1.388
C5-C7/C7-C9 1.403 0.012 1.415 0.024 1.439

COSMO
N2-O13/N2-O14 1.262 0.066 1.328 0.056 1.384
C1-N2 1.468 -0.065 1.403 -0.059 1.344
C1-C3/C1-C11 1.405 0.020 1.425 0.035 1.460
C3-C5/C9-C11 1.400 -0.001 1.399 -0.006 1.393
C5-C7/C7-C9 1.407 0.006 1.413 0.012 1.425

Figure 6. (a) HOMO of (NB)-1. (b) Optimized structure of [K(NB)]. (c)
Optimized structure of [K2(NB)].

Table 8. Selected Bond Lengths (in Å) of the NB Ion Paira

[K(NB)] [K2(NB)]

N2-O13/N2-O14 1.335 1.405
C1-N2 1.404 1.351
C1-C3/C1-C11 1.422 1.447
C3-C5/C9-C11 1.400 1.397
C5-C7/C7-C9 1.411 1.418
O13-K 2.694 2.664

a Labels are assigned in Figure 6.
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nitrobenzene reduction are shown in Figure 7. Table 10
summarizes the computed and experimental redox potentials,
and the total reaction energy balance of the disproportionation
reactions,∆∆E(disp). Unlike the COT molecule, nitrobenzene
displays energy profiles in which the disproportionation reaction
is uphill for all three models. The total energy balance,
∆∆E(disp), is +1.28 eV (DMol)/+1.15 eV (ADF) if only
solvation is considered. Ion pairing gives rise to a shift of the
total energy difference by 0.34 eV (DMol)/0.15 eV (ADF) to a

∆∆E(disp) value of+0.94 eV (DMol)/+1.00 eV (ADF). The
negative shift of∆∆E(disp) by 0.34 eV as a result of ion pairing
for NB is smaller than the energy difference that accompanied
the ion-pairing event in COT of 0.7 eV (Table 3).

The electrochemistry of nitrobenzene has been examined in
DMF/Me4N+Br- solvent and in liquid ammonia/KI.11a,dIn DMF
with the noncoordinating electrolyte Me4N+Br- (using CV), two
reduction waves are observed at-0.85 and-1.91 V vs SHE.11d

These potentials are in reasonable agreement with the calculated
potentials for the solvated ion model of-0.90 and-2.16 V vs
SHE in DMF solvent, respectively. Our solvated ion model
calculation overestimates the potential separation by 200 mV
(∆E°(calc)) 1.26 V vs∆E°(exp)) 1.06 V). In ammonia/KI,
two reversible reductions are observed separated by 0.82 V11a

at -0.22 and-1.04 V vs SHE. This∆∆E(disp) value26 is in
fair agreement with the calculated value of 1.14 eV (DMol)
including ZPE/entropy corrections for the solvated ion-pair
model (Table S10, Supporting Information).

Semi-Adiabatic Electron Attachment Energies, Solvation,
and Structural Relaxation. In the following we will discuss
the energy shifts of the NB system and compare them to COT
using the energy-partitioning diagram shown in Figure 8. Both
neutral and monoanionic nitrobenzene species have larger semi-
adiabatic electron attachment energies than the neutral and
monoanionic cyclooctatetraene, respectively, as indicated by the
energy differences of the respective species. Whereas the semi-
adiabatic electron-attachment energy for the neutral COT
molecule is energetically uphill in gas phase (Figure 3a, Step

Table 9. Energies of Optimized Nitrobenzene Structures in
Solution with and without Ion Pairing

NB (NB)-1 (NB)-2 [K(NB)] [K2(NB)]

DMol3
totalEa -436.805 -436.932 -437.011 -1036.824 -1636.810
LUMOb -3.77 -0.87 0.02 -1.05 -0.41
HOMOc -6.71 -2.83 -1.63 -3.29 -2.44
E(solv)d -8.29 -62.68 -206.76 -24.39 -39.55

ADF
bindingEe -86.95 -90.48 -92.87 -89.13 -90.29
LUMOb -3.78 -1.10 -0.33 -1.11 -1.18
HOMOc -6.89 -3.62 -2.34 -3.42 -2.57
E(solv)d -9.21 -76.24 -240.71 -18.96 -32.48

a Total SCF energy in au.b Lowest Unoccupied molecular orbital energy
in eV; as a result of the unrestricted formalism the LUMO of the doublet
(NB)-1 and [K(NB)] are technically theâ-spin-orbitals of the highest
occupied orbitals. To allow comparison with the LUMO energies of (NB)2-

and [K2(NB)] the energies of the empty orbital with the same spin are given.
c Highest Occupied molecular orbital energy in eV.d Electrostatic solvation
energy in kcal/mol.e Binding energy in eV: ADF computes binding energies
rather the absolute SCF energies, which are defined as the total molecular
energy- the sum of the atomic fragment energies.

Figure 7. Total binding energies (ADF results) of the three redox states of nitrobenzene for gas phase, solvated ion, and solvated ion-pair models.
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Ia) and becomes a downhill process due to structural relaxation,
NB displays an energetically favorable electron addition in gas
phase without including the structural relaxation energy (Figure
8a,- Step Ia). The semi-adiabatic reduction potential of NB is
-17 kcal/mol, which increases to-73 kcal/mol if solvation
energies are included. The addition of the structural relaxation
term yields a total energy difference of-80 kcal/mol (Figure
8b, Step III) for the first addition of the electron in the solvated
ion model. The second adiabatic electron-attachment energy
(Figure 8b, Step IV) is-50 kcal/mol, so the total energy balance
for the disproportionation reaction is roughly 30 kcal/mol in
the solvated ion model.

As discussed above, for COT the second semi-adiabatic
electron attachment energy (Figure 3, Step IVa) releases more
energy than the first (Figure 3b, Step IIIa) in the solvated ion
model. NB displays classical behavior, and the first step releases
-73 kcal/mol (Figure 8b, Step IIIa), while the second releases
-45 kcal/mol (Figure 8b, Step IVa). The minor structural
relaxation of the (NB)-1 ion (see below) clearly does not have
a great impact on the reduction potential of the relaxed species.

The asymmetric structural change that caused a significantly
larger stabilization of the (COT)-1 molecule in comparison to
(COT)-2 is not observed for NB. Overall the structural relaxation
energies for NB are relatively small and of the same magnitude
(5-6 kcal/mol) for each step in the overall 2e- reduction
process. It is noteworthy that the energy to adopt the equilibrium
geometry for the electron-addition product prior to electron
addition (Steps Ic, IIc, IIIc, and IVc) is nearly equal in
magnitude and opposite in sign to the structural relaxation
energy after electron addition (Steps Ib, IIb, Vb, and VIb). The
first electron-addition step for COT has very different values
for the two structural distortion energies, presumably because
of the resonance stabilization possible in the planar structure.

Ion Pairing. The energy balances of the half reactions for
the solvated ion and solvated ion-pair models (Figure 8, Step
V-Step III and Step VI-Step IV) for NB are summarized in
Table 11. The ion pairing of K+ with (NB)-1 gives an additional
stabilization of-18 kcal/mol for the first reduction step, while
the addition of the second K+ ion to [K(NB)]-1 results in an
additional stabilization of-27 kcal/mol for the second reduction

step. For COT these energies were-13 and-30 kcal/mol,
respectively (Table 4). The negative shift of∆∆E(disp) upon
ion-pair formation is 7 kcal/mol larger for COT than for NB.

As for COT, the energies of Steps Va and VIa are further
partitioned into the semi-adiabatic electron-attachment energy
and ion-pair formation components as shown in Figure 9. By
comparing the energies for Steps VIaa and IVa, it can be
assessed that coordination of the K+ ion to the (NB)1- ion gives
rise to a shift in the semi-adiabatic electron-attachment energy
of -5 kcal/mol (from-45 kcal/mol to-50 kcal/mol).

The semi-adiabatic electron attachment energies are compared
in Table 12 with the estimates based on the LUMO energies of
NB and [K(NB)]. As for COT, the LUMO energy is consistently
shifted by 0.5 eV from the respective semi-adiabatic electron-
attachment energy. The semi-adiabatic electron-attachment
energy decreases by 1.02 eV for [K(NB)] in comparison to NB,
and the corresponding value calculated based on the LUMO
energies is 1.17 eV. For NB as well, the qualitative frontier
orbital tool correctly predicts the relative values of the two 1e-

reduction potentials.
The ion-pairing events that take place after the electron-

addition steps (Steps Vab and VIab) to form [K(NB)] and
[K2(NB)], respectively, give rise to stabilizations of-17 and
-19 kcal/mol, respectively, to be compared to the corresponding
values of-12 and-20 kcal/mol for COT. A majority of the
greater shift observed for the first reduction potential as a result
of ion pairing for NB in comparison to COT can be attributed
to the greater ion-pairing energy in Step Vab for NB.

The distribution of the added charge clearly plays a role in
determining the ion-pairing energies. Hirshfeld charges for
different nitrobenzene anions and ion pairs are given in Table
13. In nitrobenzene, the first addition of an electron to form
(NB)-1 changes the charge of the nitro group by-0.55 and
-0.45 of the excess charge is dissipated on the phenyl group.
The charge on the oxygen atoms in the nitro group changes
from -0.21 to-0.42 upon reduction. The phenyl group plays
a slightly larger role in the dissipation of the second electron,
and -0.58 of the second charge is apportioned to the phenyl
group, with the remainder of-0.42 to the NO2 group. In
(NB)-2, the charge on the oxygen atoms of the nitro group is
-0.58. In the first ion-pair formation step, K+ + (NB)-1 f

Table 10. Calculated Reduction Potentials Based on Electronic Enthalpy Only (E °(∆H)) and the Gibbs Free Energy (E °(∆G)) for NBa and
Experimental Reduction Potentials (in V) vs SHE

(a) Calculated Reduction Potentials

(0) f (−1) (−1) f (−2) E°1 − E°2 ) ∆∆E(disp)

∆E1/E°1 (∆H) ∆E1/E°1 (∆G) ∆E2/E°2 (∆H) ∆E2/E°2 (∆G) ∆H ∆G

DMol3
solv. ion (DMF) -3.45/-0.98 -3.53/-0.90 -2.17/-2.26 -2.27/-2.16 1.28 1.26
solv. ion pair (NH3) -4.18 -4.43 -3.24 -3.29 0.94 1.14

ADF
solv. ion (DMF) -3.53/-0.90 -3.61/-0.82 -2.39/-2.04 -2.48/-1.95 1.15 1.13
solv. ion pair (NH3) -2.15 -2.41 -1.16 -1.21 1.00 1.19

(b) Experimental Reduction Potentials

experimental E°1: (0) f (−1) E°2: (−1) f (2) E°1 − E°2

solv. ion (DMF)b -0.85 -1.91 1.06
solv. ion pair (NH3)c -0.22 -1.04 0.82

a In DMol3, we have added the SCF energy of the solvated K(+) ion on the reactant side for the reaction NB0 + K+ + e- f [Κ(ΝΒ)] and [Κ(ΝΒ)] +
K+ + e- f [Κ2ΝΒ]. In ADF, this correction is not necessary, since the binding energies are computed and the energies are all normalized to the sum of
the fragment energies. Therefore ADF results are referenced to the reaction NB0 + K0 f [Κ(ΝΒ)] and [Κ(ΝΒ)] + K0 f [Κ2(ΝΒ)]. b Reference 11d.
c Reference 11a.
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[K(NB)], a charge of-0.28 is transferred from the (NB)-1

fragment to the initially free K+ ion upon ion pair formation,
leaving a charge of+0.72; 72% of the transferred charge (0.20)
comes from the NO2 group, and the resulting charge on the
oxygen atoms increases by+0.09 in [K(NB)] to -0.33.

Analogously, in the second ion pair formation step, K+ +
[K(NB)] -1 f [K2(NB)], a charge of-0.34 is removed from
the [K(NB)]-1 fragment, leaving a formal charge of+0.66 on
the potassium ions in [K2(NB)]. In this case, only 34% of the
transferred charge (0.12) comes from the NO2 group, and the

Figure 8. Energy partition scheme of the two-electron reduction of nitrobenzene (DMol results). Energies are given in eV and the corresponding molar
energies in kcal mol-1 are given in parentheses.
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charge on the oxygen atoms increased by+0.06 in [K2(NB)]
from -0.46 to-0.40.

The Hirshfeld charge analyses (Tables 6 and 13) combined
with the geometries of the ion pairs (Table 2 and Figure 6b)
reveal that the ion-pair geometry of [K(COT)] allows full contact
of the negative charge, which is delocalized over the carbon

atoms, with the potassium ion. In [K(NB)], however, only that
portion of the negative charge residing at the NO2 fragment is
close enough to potassium to interact strongly. The phenyl group
in NB reduces the electrostatic interaction by partial removal
of the excess charge from the center of direct interaction, where
in COT there is no remote functional group to reduce the charge
at the dianion.

The reaction enthalpy of the ion-pairing reaction can be
calculated directly by combining fully relaxed anions with the
cation to give a fully relaxed ion pair. The results of such a
calculation for COT and NB are given in Table 14. In all cases,
formation of the ion pair is thermodynamically downhill. The
first ion-pair formation reaction for (COT)-1 yields -13 kcal/
mol and the second for [K(COT)]-1 yields -23 kcal/mol. For
NB the corresponding energies are-17 and-24 kcal/mol,
respectively. By this equilibrium method, the separate factoring
of the structural relaxation component to the ion pairing
accessible in the square scheme analysis is not possible.

Summary and Implications

We have investigated the disproportionation energy profiles
for cyclooctatetraene and nitrobenzene. The former displays a
single 2e- reduction process if ion pairing in solution is allowed,
whereas nitrobenzene shows two distinct redox potentials
regardless of the environmental conditions. Our theoretical
model, which considers the relative stabilities of the reduction
products, correctly distinguishes the nonclassical single 2e-

systems from molecules that exhibit two well-separated 1e-

potentials, and gives an intuitive explanation for the experi-
mentally observed redox behavior.

The nonclassical redox behavior of COT is dictated by the
structural change from the tub-shaped antiaromatic system to a
planar pseudo-aromatic system in the first electron-addition step.
The relationship between structure and redox potentials for COT
is displayed graphically in Figure 10. Both the planar- and tub-
COT structures display classical redox behavior, in which the

Table 11. Energy Balance for the Half Reactions of the NB
Reduction (in kcal/mol)

solv. ion (in DMF) solv. ion pair (in NH3) difference

(0) f (-1) -79.56 -96.3 -17.8
(-1) f (-2) -50.13 -74.7 -27.4
∆∆E(disp) 29.42 21.6

Figure 9. Energy decomposition of the ion pairing steps for nitrobenzene
(DMol results).

Table 12. Electron Attachment Energies of NB and [K(NB)] (in
eV) Computed Using the LUMO Energy (ELUMO) and the Total
Energy Difference of the Nonrelaxed Structures (E∆TotE)

NB [K(NB)] difference

ELUMO -3.77 -2.60 1.17
E∆TotE -3.19 -2.17 1.02

Table 13. Hirshfeld Charges for Different Species of Nitrobenzene

C6H5 N O K

NB +0.232 +0.194 -0.213
(NB)-1 -0.218 +0.056 -0.419
(NB)-2 -0.796 -0.039 -0.582
[K(NB)] -0.145 +0.089 -0.332 +0.721
[K(NB)] -1 -0.754 +0.001 -0.456 +0.667
[K2(NB)] -0.529 +0.010 -0.403 +0.663
(NB)-1 - NB -0.449 -0.138 -0.207
(NB)-2 - (NB)-1 -0.579 -0.096 -0.163
[K(NB)] - (NB)-1 + K+ +0.077 +0.032 +0.085 -0.279
[K2(NB)] - [K(NB)] -1 + K+ +0.225 +0.009 +0.053 -0.341

Table 14. Total Energies and Ion Pairing Enthalpies (in hartrees;
kcal/mol in parentheses) in Ammonia Solution

A ) COT A ) NB

K+ -599.8669 -599.8669
A- -309.6556 -436.9295
[KA] -909.5447 -1036.8241
[KA] 1- -909.6502 -1036.9040
[K2A] -1509.5541 -1636.8095
K+ + A- f [KA] -0.0212 (-13.3) -0.0278 (-17.4)
K+ + [KA] 1- f [K2A] -0.0370 (-23.2) -0.0386 (-24.3)

Figure 10. A graph of the relative redox potentials for COT as a function
of structure and redox state.
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second semi-adiabatic reduction potential is more negative than
the first. For a molecule where a major structural change
accompanies the first reduction step like COT, the relative
positioning of the redox potentials for the original structure T
()tub-COT) and the rearranged structure P ()planar-COT) is
a key factor. The overall voltammetric behavior is dictated by
the ordering of the T/P-1 and the P-1/P-2 potentials. The
structural relaxation energy in the first step determines how far
positive the T/P-1 potential is shifted with respect to the T/T-1

potential, and therefore its positioning with respect to the P-1/
P-2 potential. The case of a molecule in which the major
structural rearrangement accompanies the second reduction step
is a much simpler case to analyze. In that case, the sole factor
that dictates the observed voltammetric response is the relative
magnitude of the structural relaxation energy with respect to
the difference between the two semi-adiabatic reduction poten-
tials.

In both classical and inverted potential systems, ion pairing
of the reduction products with alkali metal counterions decreases
the potential difference between the first and second electron-
addition reactions. This effect occurs because coordination of
the cations to the mononanion, [KA], increases the electron
affinity in comparison to A-, and the second ion-pairing energy

(K+ + [KA] -1 f [K2A]) to the more electron rich [KA]-1 is
more favorable than the first.

To fully understand the voltammetric behavior of multielec-
tron redox systems the relative changes of the total energy as a
function of solvation, structural relaxation, and ion pairing must
be combined. The theoretical square scheme analysis method
presented herein should have general utility in deconvolving
the relationship between structure and redox potential of
molecules as expressed in their voltammetric behavior.
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