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carbonyls, and the lithiation process is favored when the 
carbonyl moieties are adjacent or close in the molecule. 
These results highlight the importance of the diradical 
character on conjugated carbonyls and its effect in molecu-
lar properties such as redox potentials, a characteristic that 
may be exploited both theoretically and experimentally to 
provide with a deeper insight on the application of these 
diradicals as organic cathode materials.
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1  Introduction

The growing interest in organic singlet open-shell diradi-
cals relies on the potential applications they show in 
organic electronics such as light-emitting diodes [1], field 
effect transistors [1, 2] and photovoltaics [3, 4]. Besides, as 
a consequence of small HOMO–LUMO gaps, they exhibit 
relevant physicochemical properties like high-yield singlet 
fission processes [5–7], low-lying excited states [8, 9], non-
linear optics [10] and tailorable low-spin/high-spin gaps 
[11]. Due to their inherent instability, diradical systems are 
frequently related with reaction intermediates; however, 
significant developments in the chemistry of open-shell 
molecules have made it possible to increase the lifetimes 
and prepare long-lived diradicals [12]. For instance, ben-
zoquinodimethane [13] and thiophene [14] derivatives, 
quinoidal bisanthene [15] and indeno[1,2-b]fluorenes [16–
18], among others, have been successfully synthesized. 
Although singlet diradicals have been widely investigated 
both experimental and theoretically [12, 19–30], there is a 
lack of fundamental research focused to unveil the redox 
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behavior of these open-shell systems, a key feature for the 
design of new organic electrode materials. Organic sys-
tems, in general, are considered a very promising type of 
energy storage devices due to their unique properties, such 
as high energy density (product of the capacity and the 
working potential), flexibility, processability, sustainability 
and structural diversity [31].

Every organic molecule that can undergo a reversible 
redox reaction is a possible candidate to be an electrode 
material but, besides this reaction reversibility, the accom-
plishment of some other basic requirements is requested to 
improve the electrochemical performance. Thus, in order 
to design and evaluate new organic cathode materials, we 
should look for structures with both high redox potential 
and theoretical capacity. The former is mainly determined 
by the electroactive moiety and the substituents, while 
the latter can be increased reducing the molecular weight 
of the structural unit. In this manner, conjugated carbonyl 
compounds are encouraging candidates for energy stor-
age materials due to their stability, possibility of shifting 
the formal potential by introducing modifications in the 
molecule, reversibility of their redox chemistry, availabil-
ity from biomass and low CO2 footprint [32–36]. Also, the 
combination of a large number of carbonyl groups with low 
molecular weights results in high-capacity electrodes. For 
practical use in a battery, there must be a voltage gap large 
enough between a cathode with higher redox potential and 
an anode with lower redox potential. Nowadays, the high-
est average potential that can be obtained using carbonyl-
based cells is around 2.8 V [37] (vs. Li+/Li electrode), still 
far from common inorganic cathode materials (3.5–4 V). 
Thus, in the pursuit of higher energy density, understand-
ing carbonyl utilization and predictable engineering of the 
reduction potentials is desired.

In contrast to the case of inorganic electrode materials, 
a relatively low amount of fundamental studies have been 
conducted in order to understand the redox properties of 
conjugated carbonyls [38–44], although some relationships 
between redox voltage and properties such as electrophilic-
ity and LUMO energy levels have already been established 
from theoretical studies [45, 46]. In this manner, Aspuru-
Guzik et  al. [47] employed a high-throughput computa-
tional approach to determine the redox potentials of a large 
number of quinone derivatives with different backbone 
lengths and functionalities. Assary et al. [48] also employed 
theoretical methods of quantum chemistry to investigate the 
first and second redox potentials of anthraquinone and qui-
noxaline [49] derivates. Jang and co-workers have recently 
investigated the fundamental redox characteristics of model 
quinone derivatives to be used as positive electrodes for 
lithium-ion batteries, in order to understand the Li-bind-
ing properties [50]. Nevertheless, we are still far from the 
degree of understanding regarding structure-redox activity 

that may be useful for a theoretically aided selection prior 
to experimental characterization.

Besides, we have observed in preliminary calculations 
that many conjugated carbonyls possess a non-negligible 
diradical character, and the lowest energy state corre-
sponds to the open-shell singlet state. However, this impor-
tant issue has been omitted in almost all of the published 
works so far. Thus, the aim of this work is to analyze the 
diradical nature of conjugated carbonyls and provide with 
a better understanding of how this characteristic may affect 
common properties such as molecular geometry, singlet–
triplet gap, ionization energy or coordination energy of 
the reduced species to metal cations, as well as the elec-
trochemical features, in pursuit of new organic compounds 
with high redox potentials useful as cathode materials. In 
order to do so, a set of ninety cyclic conjugated carbonyls 
has been designed and, using theoretical methods of quan-
tum chemistry, the singlet open-shell diradical character as 
well as its influence on the redox chemistry, among other 
important properties, has been studied.

2 � Computational details

2.1 � Geometry optimization and diradical character

All geometry optimizations have been performed in gas 
phase within density functional theory (DFT) [51, 52] using 
the B3PW91 functional [53–55] in combination with the 
6-31+G(d) basis set [56]. Harmonic vibrational frequencies 
were obtained at the same level of theory to confirm that all 
the structures were minima in the potential energy surfaces 
(no imaginary frequencies were found) and to evaluate the 
zero-point vibrational energy (ZPVE) and the thermal cor-
rections to the Gibbs free energy (T = 298 K, 1 atm) in the 
harmonic oscillator approximation. Single-point calcula-
tions using the aug-cc-pVTZ basis set [57] were carried out 
on the optimized structures to refine the electronic energy. 
This level of theory has been found to be accurate for the 
modelization of open-shell singlet diradicals [58]. Sol-
vent effects, in acetonitrile, have been estimated using the 
polarizable continuum model (PCM) approach [59–62] at 
the B3PW91/6-31G(d) level of theory, using the gas-phase 
geometries. In the case of those molecules whose diradical 
character is small, the high-level G3(MP2)-RAD composite 
procedure [63] has also been employed in the calculation of 
the singlet–triplet gap. However, its use may be limited in 
the calculation of delocalized radicals [64]. All these calcu-
lations have been carried out using the Gaussian 09 pack-
age [65].

The open-shell singlet state energies have been obtained 
by means of the broken-symmetry formulation [66–68], in 
which the wavefunctions are no longer eigenfunctions of 
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the �Ŝ2� = �S(S + 1)� operator. For a triplet state, the value 
of this operator is 2 and for a closed-shell singlet is 0. How-
ever, in the broken-symmetry solution we look for �Ŝ2� = 1 , 
which is not a pure spin state and the wavefunction is an 
approximate mixture of the closed-shell singlet and the tri-
plet wavefunctions, stated in computational chemistry as 
spin contamination. The singlet diradical character is esti-
mated using the diradical index (yPUHF) from the spin-pro-
jected unrestricted Hartree–Fock (PUHF) theory [69–71], 
using the aug-cc-pVTZ basis set, as:

where T is defined as the orbital overlap and is calcu-
lated using the occupation number (n) of the UHF natural 
orbitals:

An index value of 1 states for a perfect diradical, while 
a value of 0 means a closed-shell singlet. For the correct 
description of the single-state energies, the spin contamina-
tion must be corrected and, to do that, the approximation of 
Yamaguchi [72, 73] is particularly useful:

where J is the electron magnetic exchange interaction and 
EBS − ET(BS) is the vertical excitation energy. J is related to 
the singlet–triplet gap as follows:

and, to estimate the adiabatic energy, the following expres-
sion is used:

where ET(BS) is the energy of the triplet state in the broken-
symmetry geometry of the singlet state and ET(T) is the 
energy of the triplet in its optimized geometry.

2.2 � Electron affinities, ionization energies 
and reduction potentials

Electron affinities, ionization energies and reduction 
potentials are calculated at the B3PW91/aug-cc-pVTZ//
B3PW91/6-31+G(d) level of theory. The G3(MP2)-RAD 
composite method has also been employed in those mol-
ecules with mainly closed-shell character, since it has been 
shown to be an accurate method for the calculation of elec-
tron affinities and redox potentials of quinone derivatives 
[38]. The reduction potentials have been calculated using 

yPUHF = 1−
2T

1+ T2

T =
nHOMO − nLUMO

2

J =
EBS − ET(BS)〈

Ŝ2T(BS)

〉
−

〈
Ŝ2
BS

〉

�Evert

ST = ES − ET = 2J

�Eadiab

ST = EBS − ET(T) = 2J + ET(BS) − ET(T)

the thermodynamic cycle shown in Fig. 1, where the Gibbs 
free energy of the reduction half-reaction, ΔGRED

(solv), consists 
of the free energy change in the gas phase and the solvation 
free energies (in acetonitrile) of the oxidized and reduced 
species.

The relation between the Gibbs energy and the electrode 
potential (E) of a half-cell is:

where F is the Faraday constant (96,485 C/mol) and n is the 
number of electrons in the half-reaction, with the substrac-
tion of the reduction potential of the reference electrode. In 
this work, we have used the reference value −1.24 V, which 
represents the difference between the standard hydrogen 
electrode (SHE, −4.28 V) [74] and the Li/Li+ redox couple 
(−3.04 V). We have also used the reference value −4.67 V, 
corresponding to the saturated calomel electrode (SCE), in 
order to compare with the available experimental results.

2.3 � CASSCF/CASPT2 calculations

In order to assess some parameters and to have a deeper 
insight into the electronic structure of particular molecules, 
some single-point calculations have been performed at the 
CASPT2/aug-cc-pVTZ level of theory. The active space 
in the CASSCF calculations [75–77] is defined by the π 
bonding and antibonding molecular orbitals. Using this 
wavefunctions, CASPT2 calculations [78, 79] are carried 
out to include the dynamic correlation effects. The MOL-
CAS 8.0 suite of programs [80] was used in all the wave-
function-based calculations.

2.4 � Aromaticity

The GIAO method [81, 82] has been used, at the B3PW91/6-
311++G(d,p) level of theory, to perform calculations of 
NICS (nuclear independent chemical shift) [83] at 1 Å above 
the center of the ring (NICS(1)), in order to better estimate 

�GRED

(solv) = �GRED

(g) +�G(solv)M
− −�G(solv)M

E = −
�G

nF
− Eref

Fig. 1   Thermodynamic cycle used in the calculation of the first (E1) 
and second (E2) redox potentials
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the effects of the π-electron ring current while the σ-bonding 
contributions are diminished [84, 85]. The NICS data are 
reported as the negative value of the absolute isotropic mag-
netic shielding, following the NMR chemical shift conven-
tions, where negative NICS values (magnetically shielded) 
indicate aromaticity while positive values (magnetically 
deshielded) and values close to zero indicate antiaromaticity. 
Additionally, we have calculated the anisotropy of magnetic 
susceptibility, Δχ, which can be used as an experimental 
measure of aromaticity [86], and is defined as:

where χZZ is the magnetic susceptibility component corre-
sponding to the axis normal to the molecule, while χXX and 
χYY are the in-plane components. Analogously to NICS(1) 
index, negative values of Δχ denote aromatic character.

3 � Results and discussion

A set of 90 carbonyls formed by one, two or three fused 
rings with sizes between three and seven carbons has been 
designed. The full set of molecules is available in Fig.  1 
of the Supporting Information (SI). All molecules contain 
one or two carbonyl groups in order to enable double-bond 

�χ = χZZ −
(χXX + χYY )

2

conjugation in the rings. All compounds are labeled using 
the following nomenclature: n,m-C(x + y + z), where n and 
m refer to the positions of the carbonyl groups, and x, y and 
z the size of each ring, in increasing order. In Fig. 2 are dis-
played some representative molecules of each class.

In the next sections, the results are presented and organ-
ized as follows: firstly, we analyze the diradical character 
and the singlet–triplet gaps (STG) and their connection 
with the geometrical features, relative stability and aro-
maticity. Next, electron affinities (EA), ionization energies 
(IE), as well as first and second redox potentials (E1 and E2) 
are discussed. Finally, the complexation energy with Li+ is 
studied, in an attempt to compare with the redox reactions 
that carbonyl compounds undergo in lithium-ion batteries. 
All these properties are discussed in terms of the diradical 
nature of the ground state as well as the structural varia-
tions among different molecules, such as the size and num-
ber of rings, or the relative arrangement of the carbonyls.

3.1 � Diradical character and singlet–triplet gaps

In Fig. 3, the diradical character (yPUHF) and singlet–triplet 
gaps (STG) for all molecules are displayed. The numeri-
cal values are collected in Tables S1 and S2, respectively, 
in the SI. It is observed that monocycles (1-C3, n,m-
C4, 1-C5, n,m-C6 and 1-C7) are basically closed-shell 

O

O

O

O

C3 1,2 C(3+3) 1,2 C(3+5) 1 C(3+6) 1,2 C(3+7)

1,2 C4 1,2 C(4+4) 1 C(4+5) 1,2 C(4+6) 1 C(4+7)

C5 1,2 1)5+5(C C(5+6) 1,2 C(5+7)

1,2 C6 1,2 2,1)6+6(C C(6+6+6) 1 C(6+7)

2,17C C(7+7)

Fig. 2   Representative molecules of each group of carbonyls studied in this work
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molecules, although an almost negligible diradical charac-
ter is observed in the monocarbonyls 1-C3, 1-C5 and 1-C7. 
Similarly, all bicycles containing a three-membered ring 
are closed-shell species, with a slight diradical character 
observed in 1,3-C(3 + 5) and 1,3-C(3 + 7).

For the cyclobutadiene-based molecules, since cyclob-
utadiene is not aromatic, the relative position of the double 
bonds gives rise to energetically and structurally different 
isomers with different diradical character: (a) with a dou-
ble bond linking the shared carbons of the two rings and 
(b) with each shared carbon having a double bond. The 
only exception is 3,4-C(4  +  6), where (a) and (b) iso-
mers are equal when broken symmetry is used (see Figure 
S2 in the SI). In general, bicycles including cyclobutadi-
ene show remarkable diradical character: 3(a)-C(4  +  5), 
3(a,b)-C(4 + 7), 5(a,b)-C(4 + 7), 1,2(b)-C(4 + 4), 3,4(a,b)-
C(4 + 6) and 3,6(b)-C(4 + 6), with yPUHF ≥ 0.40, mostly 
those fused to six- and seven-membered rings. Molecules 
containing five-membered rings show small diradi-
cal character, with yPUHF ≤  0.20, except 1-C(5 +  6) with 
yPUHF  =  0.42. Up to three molecules with two benzene 
rings [naphthoquinones: 1,5-, 1,7- and 2,3-C(6 +  6)] and 
up to six molecules with three benzene rings [anthraqui-
nones: 1,5-, 1,7-, 1,10-, 2,3-, 2,6- and 2,9-C(6 +  6 +  6)] 

show remarkable diradical character. Finally, bicycles with 
two seven-membered rings show small diradical character.

It has been previously observed that the number of fused 
benzene rings in oligoacenes increases the diradical char-
acter [87, 88]. However, this behavior becomes evident 
from pentacene and, therefore, in our study is not possible 
to observe it, that is, comparing yPUHF values for 1,2-C6, 
1,2-C(6 + 6) and 1,2-C(6 + 6 + 6), for example. Likewise, 
the size of the ring does not seem to be a key parameter; the 
diradical character of 1-C3 is yPUHF = 0 while for 1-C7 is 
yPUHF = 0.06. Thus, it seems that one of the main reasons 
to show diradical character is the relative position of the 
carbonyl moieties (in dicarbonyls) although is not possible 
to devise a clear trend.

The singlet–triplet energy gap (STG) is a relevant param-
eter to study in these systems since it provides information 
about the interaction between the two radical orbitals and 
is essential for understanding the diradical character. The 
magnitude of the STG is related to the electron exchange 
interaction (J), which is proportional to the overlap integral 
of the two molecular orbitals. When this overlap is small, 
the Hund’s rule, which favors the triplet ground-state spin 
multiplicity, may not apply to diradicals. This feature can 
be observed in Fig. 3, where molecules with large diradical 
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character show small negative STGs, that is, singlet ground 
states. For instance, 2,3-C(6 +  6 +  6) (−0.20  eV), 5(a)-
C(4 +  7) (−0.26  eV), 2-C(5 +  6) (−0.30  eV), 3,4(a,b)-
C(4 +  6) (−0.34  eV), 1,5-C(6 +  6 +  6) (−0.47  eV) or 
2,3-C(6  +  6) (−0.48  eV). Groups like n,m-C(5  +  7) 
or n,m-C(7 +  7) also display rather small STGs, yet an 
almost negligible diradical character. Comparing with the 
scarce available experimental data [89–91], a non-negli-
gible uncertainty is observed in the B3PW91 calculations 
(MAE =  0.38  eV, see Table S2 and Figure S3 in the SI) 
and, as a consequence, some molecules can be wrongly 
represented with a triplet ground state. For this reason, the 
G3(MP2)-RAD composite method was also employed, 
yielding to more accurate results (MAE = 0.18 eV); how-
ever, its use may be limited in molecules with a strong 
diradical character and the results have to be handled with 
care.

The nature of the diradical can be studied by means of 
the variation of the density from the closed-shell to the 
open-shell structures (Fig. 4) and in the alpha and beta spin 

densities (Figure S4 in the SI). The main shift of the spin 
density takes place in the carbon rings, among the adja-
cent double bonds, especially on four-membered rings. 
Six-membered rings also show noticeable electronic distor-
tions, mainly on those cases where are combined with four-
membered rings. This behavior is less pronounced as the 
number of six-membered rings increases (naphthoquinones 
and anthraquinones).

3.2 � Molecular geometries, stability and aromaticity

Since the geometry optimization is performed using 
the broken-symmetry approximation, every molecule is 
allowed to distort its closed-shell structure to an open-shell 
one, lowering the energy. Nevertheless, these changes on 
the structures are small and only noticeable on few struc-
tures with 

〈
S2
〉
�= 0, see Figure S5 in the Supporting Infor-

mation. It is observed that the C=O bond is likely to be 
elongated in the open-shell state. However, this variation 
is very small (<0.01  Å), highlighting that the unpaired 

Fig. 4   Variation of the electron density (isovalue = 0.00015) from the closed-shell to the open-shell electronic structures. Purple color indicates 
regions that gain density, while brown color denotes loss
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electrons are mainly delocalized along the carbon back-
bone. As it was mentioned in the previous section, the 
cyclobutadiene-based molecules show two energetically 
different isomers, (a) and (b), regarding the relative position 
of the double bonds. In order to confirm this results, the 
energy differences between these isomers have also been 
calculated at the CASPT2 level of theory (see Table 1), and 
a better agreement is observed with the broken-symmetry 
DFT calculations.

The diradical character in these molecules may be 
related to their stability. Comparing the relative energies 

among isomers in every group of molecules, see Fig. 5, it 
is observed that a greater diradical character implies a more 
energetical isomer.

This trend is in agreement with previously published 
theoretical data [92–96], and it is also reflected in the aro-
maticity, which provides us with a deeper insight into the 
ring-size effect. In order to analyze this, we have used the 
anisotropy of the magnetic susceptibility (Δχ), which can 
be used as an experimental measure of aromaticity [86], 
and also the NICS criterion, since it is a useful indicator of 
aromaticity [97]. In Fig. 6, the calculated Δχ together with 
the diradical character is represented (the numerical values 
of the whole set are collected in Table S3, in the SI). Thus, 
although it is not straightforward to devise a clear tendency, 
a general decrease in the aromaticity (shift to positive val-
ues) is observed with the increase in the diradical character.

This behavior may be explained as a combination of 
two factors: Firstly, as it was stated in the previous sec-
tion, the diradical character implies a delocalization of 
the spin density into the carbon backbone, diminish-
ing their aromaticity, and, secondly, the disposition of 
the carbonyl moieties in the rings, which may lead to a 
less conjugated molecule and, therefore, decreasing the 
aromaticity. For instance, within the n,m-C(6  +  6  +  6) 
group, 2,3-C(6  +  6  +  6) shows the largest diradical 

Table 1   Energy differences between (a) and (b) isomers of the 
cyclobutadiene derivatives, in eV, calculated at the CASPT2/aug-
cc-pVTZ//B3PW91/6-31+G(d) and both restricted and unrestricted 
B3PW91/aug-cc-pVTZ//B3PW91/6-31+G(d) levels of theory

CASPT2 UB3PW91 RB3PW91

1,2-C(4 + 4) −1.28 −1.18 −1.43

3-C(4 + 5) 0.42 0.72 0.80

3,4-C(4 + 6) 0.00 0.00 0.17

3,6-C(4 + 6) −0.02 −0.05 −0.05

3-C(4 + 7) −0.59 −0.58 −0.75

5-C(4 + 7) −0.23 −0.37 −0.41
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Fig. 5   Relative energies (ΔE), in eV, with respect to the lowest energy isomer, within each group of molecules
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character, but is more aromatic (Δχ = −127.4  cgs-ppm) 
than 1,10-C(6  +  6  +  6) (Δχ  =  −109.4  cgs-ppm) and 
2,9-C(6  +  6  +  6) (Δχ  =  −120.4  cgs-ppm), due to the 
disposition of the carbonyls in the rings. The same can be 
observed in the n-C(4 + 7) group, where the molecule with 
the largest diradical character, 5(a)-C(4 + 7), is more aro-
matic than, for example, 1-C(4 +  7) (Δχ values of −14 
and 15.8 cgs-ppm, respectively), which shows a very small 
diradical character. However, inspecting the n-C(5  +  6) 
group, both 2-C(5 + 6) and 5-C(5 + 6) possess the same 
degree of conjugation, but the former, which has a larger 
diradical character, is less aromatic (Δχ  =  −2.1  cgs-
ppm) than the latter (Δχ = −35.8 cgs-ppm). In this case, 
the main factor affecting the aromaticity is the diradi-
cal character. Likewise, molecules such as 3(a)-C(4 +  5) 
(Δχ = −23.3 cgs-ppm), 1,2(b)-C(4 + 4) (Δχ = −2.3 cgs-
ppm) or 2,3-C(6 +  6) (Δχ = −48.4  cgs-ppm) show the 
most positive values of Δχ and the largest diradical charac-
ter within their groups.

A similar analysis may be performed using the NICS(1) 
values (Table S4 in the SI); nevertheless, since it is a local 
aromaticity index, their interpretation is less straight-
forward in molecules with more than one ring. Follow-
ing Hückel’s rule [98] for aromaticity in planar rings, 

1-C3 and 1-C7 molecules are aromatic [NICS(1) values 
of −9.48 and −2.36, respectively], while 1-C5 is antiaro-
matic [NICS(1) = 4.03]. However, the Δχ value for 1-C5 
(−26.3  cgs-ppm) indicates more aromaticity than 1-C3 
(Δχ  =  −20.2  cgs-ppm), although both values are very 
close. In the monocycles with two carbonyl groups, 1,2-C4 
is aromatic [NICS(1) = −3.64], while n,m-C6 is antiaro-
matic [NICS(1) values of 0.94 and 1.63 for n,m = 1.2 and 
1.4, respectively], in contrast to the case of cyclobutadiene 
and benzene.

3.3 � Electron affinities and ionization energies

In Fig.  7, the electron affinities (EA) and the yPUHF val-
ues are represented. The only available experimental data 
[89, 99] correspond to molecules that have a closed-shell 
ground state (yPUHF =  0). DFT calculations overestimate 
the experimental values around 0.3 eV, an uncertainty that 
may be due partly to the self-interaction error [100], which 
is the spurious interaction of an electron with itself, arising 
from the use of approximate exchange functionals. More 
accurate EAs have been obtained with the G3(MP2)-RAD 
composite method (with an average error of only 0.04 eV, 
see Fig. S6 in the SI), but due to its limited application in 
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molecules with strong diradical character, and also due to 
convergence problems encountered in several molecules, 
we will only discuss the results obtained with the B3PW91 
functional.

A trend in the electron affinities may be devised in sev-
eral groups of molecules such as n-C(4 + 5), n-C(4 + 7), 
n-C(5  +  6), n-C(6  +  7), n,m-C(4  +  4), n,m-C(4  +  6), 
n,m-C(5 + 5), n,m-C(6 + 6) or n,m-C(6 + 6 + 6), where 
larger yPUHF values correspond to larger EAs. However, this 
trend is not clear in groups where molecules are closed-
shell singlets or in others with moderate (or small) diradi-
cal character, such as n,m-C(5 +  7) and n,m-C(7 +  7), a 
feature that can be ascribed to distortions in the molecular 
geometry of the anion with respect to the neutral molecule. 
Monocarbonyl compounds show EAs between −0.09 and 
2.47 eV, while dicarbonyl EAs range from 1.03 to 3.28 eV 
(see the numerical values of the whole set in Table S5 of 
the SI). The highest value among all the molecules con-
sidered corresponds to 1,2(b)-C(4  +  4), with an EA of 
3.28 eV, a molecule that shows a remarkable diradical char-
acter (yPUHF = 0.48). Large affinities are also calculated for 
groups such as n,m-C(6 +  6) or n,m-C(6 +  6 +  6). The 
observed trend in the EAs may be explained in terms of the 
HOMO–LUMO gap (see Table S6 and Figure S7 in the SI), 

which is small in molecules with a remarkable diradical 
character [9, 101–103], mainly due to low-energy LUMO 
levels and, therefore, more likely to accept an electron. In 
this manner, the smallest HOMO–LUMO gaps are calcu-
lated for molecules such as 2,3-C(6 +  6 +  6) (2.22  eV), 
1,5-C(6  +  6  +  6) (2.28  eV), 2,3-C(6  +  6) (2.36  eV), 
3(b)-C(4 +  7) (2.35  eV) or 2-C(5 +  6) (2.42  eV), with 
pronounced diradical characters. Similarly, large gaps are 
found for closed-shell molecules, such as 1,3-C4 (5.53 eV), 
1-C(3  +  6) (4.79  eV), 1,3-C(4  +  4) (4.63  eV) or 9,10-
C(6 + 6 + 6) (4.13 eV).

Analogously, we have calculated the ionization energies 
(IE), which are gathered in Fig. 8 together with the yPUHF 
values. All the calculated and the available experimen-
tal data [104–108] are listed in Table S7 in the SI. In this 
case, both DFT and G3(MP2)-RAD calculate the IEs with 
similar accuracy (see Figure S8 in the SI). Monocarbonyl 
IEs range from 6.98 to 9.35 eV, while dicarbonyl IEs range 
from 6.60 to 10.88  eV, much higher than the EA values. 
While for the electron affinities a certain correlation with 
the diradical character is found within particular groups, the 
case of the ionization energies is less clear. Still, it is pos-
sible to observe that higher diradical characters correspond 
to lower IEs in groups such as n-C(4 +  5), n-C(5 +  6), 
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n,m-C(4 + 6), n,m-C(6 + 6) or n,m-C(6 + 6 + 6). Besides, 
in Fig. 8 and Table S7, some correlation is found between 
the number of fused rings and the IEs, which decrease as 
the number of fused rings increases. For example, the IEs 
of 1,2-C6, 1,2-C(6 +  6) and 1,2-C(6 +  6 +  6) are 8.93, 
8.51 and 8.22 eV, respectively. Nevertheless, we have only 
considered molecules with up to three fused rings, and 
therefore, this is probably not enough to extrapolate the 
results to larger molecules. A similar trend is found regard-
ing the size of the ring: Bigger rings show smaller IEs (e.g., 
comparing monocarbonyl 1-C3, 1-C5 and 1-C7 or dicarbo-
nyl n,m-C4 and n,m-C6). Finally, the behavior of the IEs 
is similar to that of the HOMO–LUMO gaps, as expected, 
and smaller values are found for those carbonyls with larger 
diradical character.

3.4 � Redox potentials and coordination to Li+

In Fig. 9, the first reduction potentials (E1) and the yPUHF 
values are collected. In the Supporting Info, in Table  S8, 
are gathered the calculated values of all molecules together 
with the available experimental data [109, 110]. Oppo-
site to what was observed for the electron affinities, the 
first redox potentials are calculated more accurately 

with DFT (MAE  =  0.05  V) than with G3(MP2)-RAD 
(MAE =  0.22 V), see Fig. S9 in the SI, which suggests 
that the inclusion of the solvation effects in the composite 
method may be problematic. The E1 values for monocar-
bonyls range from 1.05 to 3.32  V, while for dicarbonyls 
range from 2.02 to 4.22 V. The highest value calculated in 
this work, 4.22 V, corresponds to 1,2(b)-C(4 +  4), which 
also shows the highest electron affinity (3.28  eV) and a 
notable diradical character (yPUHF  =  0.48). This redox 
potential is considerably higher than the usual values for 
carbonyl-based materials (less or around 3 V) and compa-
rable (or even greater) to common inorganic cathode mate-
rials. There are 35 molecules that show redox potentials 
greater than 3 V.

Inspecting Fig.  9, we find the following general trend: 
Molecules with higher diradical character, within a par-
ticular group, possess higher reduction potentials, the 
same correlation observed in the EAs, as expected. How-
ever, in some groups, molecules with absence or low 
diradical character may show large reduction potentials 
as well, such as 1,2- and 1,4-C6, for example, with 3.19 
and 3.04 V, respectively. This general trend is particularly 
clear in the following groups: n-C(4 + 5), n-C(4 + 7) with 
the exception of 5(a)-C(4 + 7), n-C(6 + 7), n,m-C(4 + 4), 
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Fig. 8   Ionization energies (IE), in eV, and diradical character (yPUHF) calculated at the B3PW91/aug-cc-pVTZ//B3PW91/6-31+G(d) level of 
theory
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n,m-C(4 + 6) except 3,6(a)-C(4 + 6), n,m-C(5 + 5), n,m-
C(6 +  6) and n,m-C(6 +  6 +  6). A somewhat irregular 
behavior is observed in n-C(5 + 6), n-C(5 + 7) and n,m-
C(7 + 7). Thus, in view of these results, the effect of the 
diradical character may be a new, unexplored variable for 
tuning the redox potential in the design of new organic 
cathode materials. Besides the diradical character, the size 
of the ring and the number of fused rings may also affect 
the redox potential. We observe a decrease in E1 comparing 
n,m-C6, n,m-C(6 + 6) and n,m-C(6 + 6 + 6) for both 1,2 
and 1,4 dicarbonyls. The same holds for 1,3-C4 and 1,3-
C(4 +  4); however, the opposite trend is found in 1,2-C4 
and 1,2-C(4 + 4). Regarding the size of the ring, an irreg-
ular behavior is observed in E1, increasing from 1-C3 to 
1-C5 but decreasing in 1-C7. We have also calculated the 
second reduction potential (E2), see Table S9 and Figure 
S10 in the SI. Monocarbonyls range from 0.72 to 2.08 V, 
while dicarbonyls range from 0.74 to 2.67 V. The trends are 
the same as in the E1.

Finally, we have studied the process of lithiation, 
described in Fig. 10, since carbonyl compounds undergo 
redox reactions during the charging and discharging 
processes and interact with Li when they are used as 
electrode materials in lithium-ion batteries. This meth-
odology has been previously used in the literature [111] 

and allows a better characterization of the redox proper-
ties of these molecules. The following three parameters, 
reduction energy (ERED), coordination energy (ECOOR) 
and total energy (ETOT), are defined as:
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Fig. 9   First redox potentials (E1), in V, and diradical character (yPUHF) calculated at the B3PW91/aug-cc-pVTZ//B3PW91/6-31+G(d) level of 
theory

Fig. 10   Lithiation mechanism in the charge/discharge process in a 
lithium-ion battery
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In Fig. 10, the values of the total binding energy (ETOT) 
together with the diradical character are represented. 
In Table  S10 of the Supporting Information are col-
lected the numerical values for ECOOR, ERED and ETOT. 
Inspecting the monocarbonyl compounds, very similar 
coordination energies (ECOORD) are obtained, ranging 
from −5.88 to −6.49  eV, revealing that the reduction 
energy (ERED) is the main responsible of the observed 
pattern in the binding energies (ETOT). On the other 
hand, this feature is not observed in the dicarbo-
nyl compounds, as expected, since the relative posi-
tion of the carbonyl moieties will affect the interac-
tion with Li+. This dependence of the binding energy 
on the position of the carbonyl groups is recognized 
in Fig.  11, where molecules with neighboring carbon-
yls tend to show higher coordination energies, as the 
lithium cation is located between both oxygen atoms. 
For instance, while for most of the anthraquinones, 
n,m-C(6  +  6  +  6), the coordination energies vary 

ERED = E(M−)+ E(Li+)−(E(M)+ E(Li))

ECOOR = E(LiM)−(E(M−)+ E(Li+))

ETOT = E(LiM)−(E(M)+ E(Li))

from −5.64 to −5.88 eV, this energy for 1,2- and 2,3-
C(6 + 6 + 6) molecules amounts −7.15 and −7.02 eV, 
respectively. If the carbonyl groups are not adjacent but 
spatially close, some extra stabilization is gained favor-
ing the reduced complex. This can be observed compar-
ing 1,2- and 1,9-C(7 + 7), where the carbonyl oxygens 
are separated 2.81 and 4.80  Å, respectively, and the 
coordination energies are −7.13 and −6.35 eV, respec-
tively. The latter is still greater than the energies of the 
rest of the n,m-C(7 + 7) molecules, which amount less 
than −6 eV.

It is not easy to establish a direct relationship between 
binding energy and diradical character. The binding 
energy depends on the reduction energy, which may be 
lowered with greater diradical character (due to larger 
electron affinities), but also on the anion–cation inter-
action, which is independent of the diradical charac-
ter of the neutral species, and probably is the most rel-
evant feature. Thus, we find some groups where larger 
diradical characters yield larger binding energies, such 
as n,m-C(4 + 6), n,m-C(4 + 4), n,m-C(4 + 6) and n,m-
C(6  +  6  +  6) groups. However, in other groups the 
behavior of ETOT is rather irregular.
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4 � Conclusions

In this work, theoretical methods of quantum chemis-
try have been used for the investigation of the diradical 
character and molecular properties of a set of 90 conju-
gated carbonyls based on cyclic hydrocarbons. Molecular 
geometries, relative stability, aromaticity, singlet–triplet 
gaps, ionization energies, electron affinities, redox poten-
tials and binding energies to lithium cation have been 
studied and analyzed in terms of the diradical character 
and structural features. We have found that, excluding 
the monocycles, many of the proposed molecules have 
a non-negligible diradical character and the ground state 
should be described as a singlet open-shell state. Some of 
the calculated parameters such as the spin density, bond 
distances and aromaticity show that the radical electrons 
are mainly delocalized over the carbon backbone. The 
diradical character is related to a larger instability and to 
a decrease in the aromaticity of the molecule.

From the analysis of the electron affinities (EA), the 
following trend may be devised: In those groups where 
several or all molecules show certain diradical charac-
ter, this feature accomplishes larger EAs. Nevertheless, 
those molecules with closed-shell ground states may dis-
play large EAs too. With respect to the ionization ener-
gies (IE), no clear tendency is observed related to the 
diradical nature of the molecules, although in some cases 
large values of yPUHF correspond to small IEs. We have 
also calculated the first (E1) and second (E2) redox poten-
tials. Regarding E1, we find the same trend as in the EAs, 
as expected, and molecules with large values of yPUHF 
within a particular group yield larger redox potentials. 
On the other hand, as it was previously noted for the EAs, 
some closed-shell molecules also display large redox 
potentials. Besides, the number of fused rings decreases 
E1 but, regarding the size of the ring, an irregular behav-
ior is observed. Finally, we have studied the lithiation 
process, since the carbonyls interact with Li during the 
charge and discharge of the lithium-ion batteries. Regard-
ing the monocarbonyls, the most relevant term is the 
reduction energy (ERED), while in dicarbonyls the most 
important feature is the relative position of the carbonyls. 
No clear relationship of the total lithiation energy with 
the diradical character is observed, because the coordina-
tion energy depends on the carbonyl anion.

As a summary, this work highlights the singlet diradi-
cal nature shown by many conjugated cyclic carbonyl 
compounds, and the requirement to be properly described 
as singlet open-shell ground states, in contrast to the 
commonly assumed closed-shell nature. This feature, 
which has been neglected in almost all of the previously 
published works, has a considerable impact on molecular 

properties and suggests that the diradical character may 
be used as a new, unexplored variable, together with mod-
ifications of the backbone, for tuning redox potentials, a 
relevant characteristic in the design of new organic cath-
ode materials.
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