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Abstract: Mesoionics are neutral compounds that cannot be represented by a fully covalent or
purely ionic structure. Among the possible mesomeric structures of these compounds are the
diradical electronic configurations. Theoretical and experimental studies indicate that some mesoionic
rings are unstable, which may be related to a significant diradical character, that until then is not
quantified. In this work, we investigated the diradical character of four heterocycles: 1,3-oxazol-5-one,
1,3-oxazol-5-thione, 1,3-thiazole-5-one, and 1,3-thiazole-5-thione. The oxazoles are known to be
significatively less stable than thiazoles. DFT and ab initio single (B3LYP, MP2, CCSD, and QCISD)
and ab initio multi-reference (MR-CISD) methods with three basis sets (6-311+G(d), aug-cc-pVDZ,
and aug-cc-pVTZ) were employed to assess the diradical character of the investigated systems, in gas
phase and DMSO solvent, from three criteria: (i) HOMO-LUMO energy gap, (ii) determination of
energy difference between singlet and triplet wave functions, and (iii) quantification of the most
significant diradical character (y0, determined in the unrestricted formalism). All of the results
showed that the diradical character of the investigated systems is very small. However, the calculated
electronic structures made it possible to identify the possible origin of the oxazoles instability,
which can help the design of mesoionic systems with the desired properties.
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1. Introduction

Heterocyclic compounds correspond to organic structures that have one or more different carbon
atoms in the ring, with oxygen, nitrogen, and sulfur being the most common [1–5]. Normally the rings
contain from three to six members, which makes it possible to obtain a huge variety of compounds,
since a carbocyclic, regardless of its structure and functionality, can in principle be converted into
analogous heterocyclic structures by replacing one or more endocyclic carbon atoms [6].

Among a large number of heterocycles are mesoionic compounds [7,8], a class of molecules
composed of five or six-membered rings, usually soluble in common organic solvents (such as
chloroform and DMSO) [1,9] that can only be represented as mesomeric structures and that have a high
charge separation. The mesoionics formed by five-membered rings are classified into two types (A and
B), according to the contribution of each atom (or group) to the π electron system (Figure 1) [10,11].
Type A compounds are more stable (with a possible cleavage of the a-e bond) and have biological
activity [12,13], while type B compounds undergo isomerization between their cyclic and acyclic forms
(due to cleavage of the b-c bond) [14].
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Figure 1. Type A and B of mesoionic structures. The numbers indicate the contribution of each atom 
to the π electron system. 

In mesoionic compounds the pz orbitals of the endocyclic atoms contribute a total of seven 
electrons and the pz orbital of the exocyclic atom contributes one. Thus, a sextet of π electrons can be 
obtained if one of the seven electrons of the ring pairing the single electron of the exocyclic atom, so 
that the mesoionic ring can, in principle, follow Hückel’s rule (4n + 2 electrons) and have an aromatic 
character, with a positive charge on the ring balanced by a negative charge located on the exocyclic 
atom. Although Simas et al. considered that mesoionic compounds are not aromatics [15–17], other 
investigations suggested that some types of mesoionic may have significant aromaticity [18–20]. 
Although the aromatic character contributes to stability, the lower aromaticity, or even the non-
aromaticity, of heterocycles is not, by itself, the cause of the instability of some mesoionic systems, 
which may be related to a diradical character [21,22], derived from two electronic states with different 
multiplicities [23]. 

Five-membered nitrogenous heterocycles containing additional oxygen or sulfur heteroatoms, 
such as betaines, belong to a class of organic compounds called azole (Figure 2) [24]. These 
heterocycles are mesomeric structures that, in principle, discard the possibility of ring breakage. 
However, with advances in characterization techniques, it has been revealed that one of the 
mesoionic intra ring bond has a longer length, so that, by a thermal or photochemical effect, this bond, 
usually the C-O bond, may break, forming acyclic structures [25]. This instability of oxazoles was 
predicted by dos Anjos [17] and Champagne [26] through mono-reference calculations (DFT) and 
may be related to an until then unquantified diradical character. Similar theoretical calculations on 
5-membered rings containing endocyclic sulfur are predicted to be stable systems [14,27]. 

In this work, we combined three criteria with DFT and ab initio single (B3LYP, MP2, CCSD, 
QCISD) and ab initio multi-reference (MR-CISD) methods with three basis sets (6-311 + G(d), aug-cc-
pVDZ, and aug-cc-pVTZ) in gas phase and DMSO solvent to assess the diradical character of four 
mesoionic heterocycles: 1,3-oxazol-5-one (P1), 1,3-oxazol-5-thione (P2), 1,3-thiazole-5-one (P3), and 
1,3-thiazole-5-thione (P4) (Figure 2). The goal of the computational calculation was to verify the 
possible relationship of the diradical character to the known instability of oxazole class. The 
investigated model systems, due to their small size, allow the use of MR-CISD method (reference 
method of the present work, with higher computational cost), making it possible, from a comparative 
study, to identify which mono-reference methods (of significantly lower computational cost) could 
be used with larger systems. 

 
Figure 2. Structures of the investigated systems: Oxazoles (P1 and P2) and thiazoles (P3 and P4). 

2. Models and Methods 

2.1. Theoretical Model 

The diradical character (y) is formally defined as twice the weight of the double excitation 
configuration in a multiconfigurational calculation (y = 2|cD|2, where cD is the coefficient of the double 
excitation configuration from HOMO to LUMO) [28–31]. In cases where the diradical character is 

Figure 1. Type A and B of mesoionic structures. The numbers indicate the contribution of each atom to
the π electron system.

In mesoionic compounds the pz orbitals of the endocyclic atoms contribute a total of seven electrons
and the pz orbital of the exocyclic atom contributes one. Thus, a sextet ofπ electrons can be obtained if one
of the seven electrons of the ring pairing the single electron of the exocyclic atom, so that the mesoionic
ring can, in principle, follow Hückel’s rule (4n + 2 electrons) and have an aromatic character, with a
positive charge on the ring balanced by a negative charge located on the exocyclic atom. Although Simas
et al. considered that mesoionic compounds are not aromatics [15–17], other investigations suggested
that some types of mesoionic may have significant aromaticity [18–20]. Although the aromatic
character contributes to stability, the lower aromaticity, or even the non-aromaticity, of heterocycles
is not, by itself, the cause of the instability of some mesoionic systems, which may be related to a
diradical character [21,22], derived from two electronic states with different multiplicities [23].

Five-membered nitrogenous heterocycles containing additional oxygen or sulfur heteroatoms,
such as betaines, belong to a class of organic compounds called azole (Figure 2) [24]. These heterocycles
are mesomeric structures that, in principle, discard the possibility of ring breakage. However,
with advances in characterization techniques, it has been revealed that one of the mesoionic intra ring
bond has a longer length, so that, by a thermal or photochemical effect, this bond, usually the C-O
bond, may break, forming acyclic structures [25]. This instability of oxazoles was predicted by dos
Anjos [17] and Champagne [26] through mono-reference calculations (DFT) and may be related to
an until then unquantified diradical character. Similar theoretical calculations on 5-membered rings
containing endocyclic sulfur are predicted to be stable systems [14,27].
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Figure 1. Type A and B of mesoionic structures. The numbers indicate the contribution of each atom 
to the π electron system. 

In mesoionic compounds the pz orbitals of the endocyclic atoms contribute a total of seven 
electrons and the pz orbital of the exocyclic atom contributes one. Thus, a sextet of π electrons can be 
obtained if one of the seven electrons of the ring pairing the single electron of the exocyclic atom, so 
that the mesoionic ring can, in principle, follow Hückel’s rule (4n + 2 electrons) and have an aromatic 
character, with a positive charge on the ring balanced by a negative charge located on the exocyclic 
atom. Although Simas et al. considered that mesoionic compounds are not aromatics [15–17], other 
investigations suggested that some types of mesoionic may have significant aromaticity [18–20]. 
Although the aromatic character contributes to stability, the lower aromaticity, or even the non-
aromaticity, of heterocycles is not, by itself, the cause of the instability of some mesoionic systems, 
which may be related to a diradical character [21,22], derived from two electronic states with different 
multiplicities [23]. 

Five-membered nitrogenous heterocycles containing additional oxygen or sulfur heteroatoms, 
such as betaines, belong to a class of organic compounds called azole (Figure 2) [24]. These 
heterocycles are mesomeric structures that, in principle, discard the possibility of ring breakage. 
However, with advances in characterization techniques, it has been revealed that one of the 
mesoionic intra ring bond has a longer length, so that, by a thermal or photochemical effect, this bond, 
usually the C-O bond, may break, forming acyclic structures [25]. This instability of oxazoles was 
predicted by dos Anjos [17] and Champagne [26] through mono-reference calculations (DFT) and 
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In this work, we combined three criteria with DFT and ab initio single (B3LYP, MP2, CCSD, 
QCISD) and ab initio multi-reference (MR-CISD) methods with three basis sets (6-311 + G(d), aug-cc-
pVDZ, and aug-cc-pVTZ) in gas phase and DMSO solvent to assess the diradical character of four 
mesoionic heterocycles: 1,3-oxazol-5-one (P1), 1,3-oxazol-5-thione (P2), 1,3-thiazole-5-one (P3), and 
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Figure 2. Structures of the investigated systems: Oxazoles (P1 and P2) and thiazoles (P3 and P4).

In this work, we combined three criteria with DFT and ab initio single (B3LYP, MP2, CCSD,
QCISD) and ab initio multi-reference (MR-CISD) methods with three basis sets (6-311 + G(d),
aug-cc-pVDZ, and aug-cc-pVTZ) in gas phase and DMSO solvent to assess the diradical character
of four mesoionic heterocycles: 1,3-oxazol-5-one (P1), 1,3-oxazol-5-thione (P2), 1,3-thiazole-5-one
(P3), and 1,3-thiazole-5-thione (P4) (Figure 2). The goal of the computational calculation was to
verify the possible relationship of the diradical character to the known instability of oxazole class.
The investigated model systems, due to their small size, allow the use of MR-CISD method (reference
method of the present work, with higher computational cost), making it possible, from a comparative
study, to identify which mono-reference methods (of significantly lower computational cost) could be
used with larger systems.

2. Models and Methods

2.1. Theoretical Model

The diradical character (y) is formally defined as twice the weight of the double excitation
configuration in a multiconfigurational calculation (y = 2|cD|2, where cD is the coefficient of the double
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excitation configuration from HOMO to LUMO) [28–31]. In cases where the diradical character is
significant, the frontier molecular orbitals should be nearly degenerate, so there must be more than one
determinant of significant weight in the description of the electronic configuration [32,33]. However,
although multi-reference methods should preferably be employed for treating systems with strongly
correlated electrons [34–36], diradical character has already been evaluated from spin-unrestricted
mono-reference methods [37], such as DFT [38–42]. In the unrestricted formalism of mono-reference
methods the diradical character can be evaluated from (i) the frontier orbital energy gaps [43–45],
(ii) the energy difference between singlet and triplet wave functions [46,47], and (iii) the occupation
numbers of frontier natural orbitals (HONO and LUNO), from which the multiple diradical characters
yi are defined as [28–31,48–53]:

yi = 1−
2Ti

1 + T2
i

, Ti =
1
2
(nHONO−i − nLUNO+i), (1)

where Ti is the orbital overlap between the corresponding natural orbital pairs. According to Equation (1),
the diradical character yi can range from 0 (closed-shell, when nHONO−i = 2 and nLUNO+i = 0) to 1
(pure open-shell, when nHONO−i = 1 and nLUNO+i = 1).

It is important to emphasize that there are other approximate strategies for investigating the
diradical character, from the point of view of the formulation based on mono-reference methods [54],
as well as the multi-reference electronic structure method of lower computational cost (such as the
DFT/MRCI [55], which enables the consideration of other aspects, such as solvent effect and spin-orbit
coupling), allowing the study of larger systems with more extensive basis sets. Although these
strategies have not been used in the present work, they can be employed to test the hypothesis that the
conclusions obtained with the model systems are transferable to larger systems, especially when in the
presence of solvent.

2.2. Computational Methods

All single-reference calculations were performed with Gaussian09 software [56], using standard
frozen core configuration and standard convergence criteria for the B3LYP, MP2, QCISD, and CCSD
electronic structure methods, with the 6-311 + G(d) and aug-cc-pVDZ basis set in gas phase and DMSO
solvent. The solvent effect was taken into account using the C-PCM [57] continuum solvation model
with standard cavitation and topological surface. The stationary points for the structures in the singlet
electronic state were characterized as local minima by vibrational normal modes analysis. From the
singlet state, all local minimum structures identified as cyclic were used to calculate the triplet state
in the unrestricted formalism from single-point calculations with all methods (the triplet structures
obtained from this procedure are identified as “rigid”, and the associated energy differences “vertical”).
The structures were reoptimized in the triplet state, on the unrestricted formalism (UMP2, UQCISD,
and UCCSD), to verify the geometry effect on the electronic properties (the triplet structures obtained
from this procedure are identified as “relaxed”, and the associated energy differences “adiabatic”).
This procedure makes it possible to evaluate the effect of structural changes, necessary for strategies with
lower computational cost to treat larger systems. Two sets of additional calculations were performed
to assess the effect of triple excitations and the basis set on the singlet-triplet energy differences in the
gas-phase: CCSD(T) calculations were performed with 6-311 + G(d) and aug-cc-pVDZ (only for vertical
singlet-triplet energy differences at CCSD geometries), and B3LYP and MP2 calculations were performed
with aug-cc-pVTZ in the gas-phase (for vertical and adiabatic singlet-triplet energy differences).

Multi-reference calculations were performed with Columbus 7.0 program [58], using standard
criteria for the MR-CISD method, with the 6-311+G(d) and aug-cc-pVDZ basis set in gas-phase.
The heterocycles were characterized as minimum stationary points in the singlet wave function, and the
triplet states were determined from single-point calculations. Singlet-triplet energy differences were
calculated by including Davidson correction (MR-CISD+Q level) [59,60].
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Theoretical and experimental studies of azoic systems (sydnones and munchnones) and analogs
show that these structures have Cs symmetry [32,59,61–63]. For this reason, all calculations were
performed imposing the symmetry constraint to minimize the computational cost. In the case of
MR-CISD calculations, even small molecules under symmetry constraints can generate a configuration
space with millions of CSFs, and some constraints on orbitals occupation in the CAS window need to
be imposed. Thus, the inner layer orbitals were kept double occupied (frozen core - FC), the active
molecular orbitals with occupations between zero and two were included in the active subspace (ACT,
which includes ligands and n-type orbitals) and the corresponding anti-ligating orbitals (σ*

(C-X), π*
(C-C),

and π*
(N-C)) from the ACT subspace were placed in the auxiliary space (AUX) [58–60]. The orbitals

used in this CASSCF(12,9) were: The non-bonding orbitals nx(Y), and ny(Y) (of the exocyclic atom),
ny(X) (of the endocyclic atom), the ligand orbitals σ(C-X), π(C-C), and π(N-C) and the corresponding
antibonding orbitals σ*

(C-X), π*
(C-C), and π*

(N-C) (see Supplementary Materials).
In this work, only the most prominent diradical character y0 was determined. In the case of

mono-reference methods (B3LYP, MP2, QCISD, and CCSD) the y0 value was calculated according to
Equation (1) from the occupation numbers of frontier natural orbitals (HONO and LUNO) obtained
at the stationary point of the corresponding electronic structure method [28–31,48–53]. For the
multi-reference method (MR-CISD) the y0 was determined from the weight of the double excitation
configuration (from HOMO to LUMO) [28–31].

3. Results and Discussion

One of the parameters used to analyze the diradical character of heterocyclics from mono-reference
methods (the HOMO-LUMO gap, EHL) is presented in Table 1 (as shown in Supplementary Materials,
the HOMO is of a” symmetry and the LUMO of a′ symmetry). As pointed out by Baerends et al.,
the gap of Kohn-Sham frontier orbitals has a different meaning from the gap associated with the
Hartree-Fock frontier orbitals, which is why they are not included in Table 1 [64]. The energy gap was
calculated from Hartree-Fock molecular orbitals obtained at the stationary point of the corresponding
electronic structure method (due to this, only small differences are expected between different methods).
The smaller the difference, the greater the diradical character.

Table 1. HOMO-LUMO (EHL) energy gap (in eV) for the investigated systems in gas phase and
DMSO solvent.

Method
P1 P2 P3 P4

BS1 a BS2 b BS1 a BS2 b BS1 a BS2 b BS1 a BS2 b

Gas Phase

MP2 8.89 8.21 7.94 7.35 8.68 8.15 7.82 7.35
QCISD 8.98 8.31 7.95 7.37 8.78 8.26 7.82 7.37
CCSD 8.95 8.28 7.94 7.36 8.77 8.24 7.81 7.37

DMSO Solvent

MP2 9.96 9.09 9.60 8.89 9.63 8.96 9.36 8.82
QCISD 10.06 9.20 9.69 8.99 9.78 9.13 9.50 8.93
CCSD 10.05 9.18 9.69 8.99 9.77 9.11 9.51 8.93

a BS1: Basis Set 6-311 + G(d). b BS2: Basis Set aug-cc-pVDZ.

According to the results of Table 1, the smallest HOMO-LUMO gap occurs for the
1,3-oxazol-5-thione (P2) and 1,3-thiazole-5-thione (P4) in the gas phase (approximately 7.9 and
7.4 eV with 6-311+G(d) and aug-cc-pVDZ basis set, respectively). These values are significantly high,
which indicates (qualitatively) a very small diradical character [65,66]. In all cases, the solvent effect
contributes to increase the HOMO-LUMO gap, this effect being more significant than the associated
with the increase of the basis set (see Supplementary Materials).
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Table 2 shows the values for the singlet-triplet energy difference (EST) obtained from the rigid
(triplet values in the singlet geometries) and relaxed (optimized geometries in the triplet state,
except with the MR-CISD method) geometries. In all cases, the results have a negligible basis set
dependence, with the triplet electronic state having higher energy (positive values for vertical and
adiabatic EST).

Table 2. Singlet-triplet (EST) energy differences (in eV) for the investigated systems in the gas phase
and DMSO solvent.

Method
P1 P2 P3 P4

BS1 a BS2 b BS1 a BS2 b BS1 a BS2 b BS1 a BS2 b

Vertical/Gas Phase
B3LYP —d 2.89 2.37 2.33 2.40 2.36 1.90 1.89
MP2 3.31 3.31 2.93 2.99 3.05 3.07 2.57 2.66

QCISD 2.83 2.80 2.35 2.36 2.30 2.27 1.81 1.83
CCSD 2.77 2.75 2.33 2.36 2.28 2.26 1.81 1.84
MRCIc 3.29 3.34 2.86 2.86 2.73 2.74 2.19 2.24

Vertical/DMSO Solvent
B3LYP —d —d 2.83 2.80 2.55 2.51 2.33 2.30
MP2 3.46 3.44 3.40 3.46 3.17 3.16 2.93 3.00

QCISD 3.04 3.00 2.95 2.97 2.56 2.51 2.38 2.39
CCSD 3.03 2.99 2.96 2.50 2.55 2.42 2.40 2.99

Adiabatic/Gas Phase
B3LYP —d 1.89 1.61 1.64 1.87 1.88 1.53 1.55
MP2 2.30 2.38 2.15 2.30 2.53 2.61 2.12 2.26

QCISD 1.68 1.72 1.46 1.53 1.70 1.72 1.37 1.42
CCSD 1.66 1.70 1.45 1.53 1.68 1.71 1.35 1.42

Adiabatic/DMSO Solvent
B3LYP —d —d 2.10 2.33 2.07 2.12 1.94 1.99
MP2 2.52 2.89 2.60 2.94 2.65 2.82 2.46 2.63

QCISD 2.01 2.34 2.08 2.43 1.96 2.08 1.90 2.03
CCSD 2.00 2.33 2.08 2.44 1.95 2.07 1.91 2.04

a BS1: Basis Set 6-311 + G(d). b BS2: Basis Set aug-cc-pVDZ. c MRCI: MR-CISD+Q. d The structure opens
during optimization.

As shown in Table 2, a significant decrease in EST values is observed with geometry relaxation in
all single-reference methods (in gas phase and DMSO solvent). The MP2 (vertical and adiabatic) and
MR-CISD+Q (vertical) results are systematically higher than those obtained with the other methods
for all structures. The smallest adiabatic singlet-triplet energy differences for investigated structures
were obtained for the 1,3-oxazol-5-thione (P2) and 1,3-thiazole-5-thione (P4) heterocycles, but with
very high values (EST > 1.3 eV) to indicate a diradical character (well above the kBT value) [63,67].
In all cases, the solvent effect contributes to increase the singlet-triplet energy differences, this effect
being more significant than associated with the increase of the basis set (in particular, the adiabatic EST

is increased in all cases; see Supplementary Materials). It is important to note that the effect of triple
excitations is to reduce the vertical singlet-triplet energy differences (in the gas phase), although the
final energies are still very high (EST > 1.5 eV).

The diradical character of heterocycles, quantified by the y0 parameter, determined from Equation
(1) in the case of single-reference methods, and from the weight of the double excitation configuration
for MR-CISD calculation, is summarized in Table 3 (as shown in Supplementary Materials for
multi-reference calculations, the ground state is of 11 A′ symmetry for all structures and the first
excited state is of 21 A′ for P1 and P3 systems, and a mixture of 21 A′ and 11 A” for P2 and P4
structures). Again, the results are almost independent of the basis set (including the aug-cc-pVTZ
basis set; see Supplementary Materials). According to this parameter, the diradical character, from the
single-reference methods (B3LYP, MP2, QCISD, and CCSD), in any case, is less than 1.0% (in gas phase
and DMSO solvent), which indicates (quantitatively) a very small diradical character. This result is
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consistent with that obtained by the MR-CISD method, for which the diradical character does not reach
2.5%. It is important to note that, although the numerical differences between the y0 values can be
attributed to the differences in accuracy between the mono and multi-reference methods employed,
in all cases a negligible diradical character is predicted, and any ordering of the diradical character
between different structures become meaningless.

Table 3. Percentage values of y0 for the investigated heterocycles in gas phase and DMSO solvent.

Method
P1 P2 P3 P4

Rigid Relax. Rigid Relax. Rigid Relax. Rigid Relax.

6-311 + G(d)/Gas Phase

B3LYP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MP2 0.23 0.23 0.24 0.24 0.09 0.35 0.10 0.33

QCISD 0.40 0.40 0.42 0.42 0.20 0.21 0.22 0.54
CCSD 0.32 0.32 0.33 0.33 0.18 0.18 0.20 0.39
MRCIa —b 2.36 —b 1.61 —b 1.87 —b 2.03

aug-cc-pVDZ/Gas Phase

B3LYP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MP2 0.25 0.25 0.26 0.26 0.11 0.37 0.12 0.35

QCISD 0.42 0.42 0.44 0.44 0.22 0.23 0.24 0.56
CCSD 0.34 0.34 0.35 0.35 0.20 0.20 0.22 0.41
MRCIa —b 1.53 —b 1.64 —b 1.67 —b 1.95

6-311 + G(d)/DMSO Solvent

B3LYP —c —c 0.00 0.00 0.00 0.00 0.00 0.00
MP2 0.21 0.21 0.21 0.21 0.12 0.27 0.25 0.25

QCISD 0.35 0.35 0.29 0.34 0.26 0.42 0.38 0.38
CCSD 0.29 0.29 0.29 0.29 0.20 0.34 0.33 0.33

aug-cc-pVDZ/DMSO Solvent

B3LYP —c —c 0.00 0.00 0.00 0.00 0.00 0.00
MP2 0.23 0.23 0.24 0.24 0.13 0.29 0.18 0.27

QCISD 0.37 0.37 0.36 0.36 0.25 0.45 0.23 0.41
CCSD 0.31 0.31 0.31 0.31 0.21 0.36 0.21 0.35

a MRCI: MR-CISD. b Only singlet optimized geometries. c The structure opens during optimization.

All the criteria employed so far have shown that the investigated heterocycles have a negligible
diradical character, and therefore, the instability of oxazoles should be attributed to another structural
property. Aiming to identify the source of instability from the analysis of other electronic properties of
these systems, the dipole moments of heterocyclic compounds were determined (in gas phase and
DMSO solvent) by the five electronic structure methods (Table 4), with the aug-cc-pVDZ basis set.
Dipole moments were determined from restricted singlet (µ1r) and unrestricted triplet (µ3u) wave
functions. For the triplet case, the rigid (to identify the effect of the wave function used) and relaxed
(optimized, except with MR-CISD method) geometries were considered. In all cases, results are
almost independent of the basis set (see Supplementary Materials for results with 6-311 + G(d) and
aug-cc-pVTZ basis sets).

Considering the effect of the wave function, it is observed that the singlet electronic state (in gas
phase and DMSO solvent) shows the highest dipole moments, which indicates a greater charge
separation, consistent with the elevated mesoionic character [7,8]. In all cases, the solvent contributes
to increase the dipole moment in all electronic states. The lowest dipole moment was identified for
the 1,3-thiazole-5-one (P3) structure (on average 6.5 D in gas phase and 10.4 D in DMSO solvent for
µ1r, within the characteristic range for mesoionic compounds, 5–15 D) [68]. Moreover, the effect of
geometry relaxation in the triplet state is to systematically reduce the dipole moment at different levels
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of theory. In general, the single-reference QCISD and CCSD results (in gas phase), regardless of basis
set, were closer to MR-CISD values.

Table 4. Dipole moments (µ), in Debye (D), for singlet (µ1r) and triplet (µ3u) wave functions
(rigid/relaxed), with aug-cc-pVDZ basis set in gas phase and DMSO solvent.

Method
P1 P2 P3 P4

µ1r µ3u µ1r µ3u µ1r µ3u µ1r µ3u

Gas Phase
B3LYP 6.91 5.22/4.78 8.66 4.82/4.37 6.34 5.16/4.54 8.02 4.91/4.45
MP2 6.99 6.03/5.17 8.69 5.47/4.99 6.24 6.13/5.13 7.93 5.78/5.23

QCISD 7.27 5.22/4.86 9.29 4.14/3.93 6.68 5.13/4.40 8.71 4.34/3.97
CCSD 7.39 5.22/4.85 9.41 4.14/3.86 6.73 5.14/4.52 8.83 4.35/3.96
MRCIa 7.28 5.48 b 9.23 4.82 b 6.57 5.41 b 8.31 4.60 b

DMSO Solvent
B3LYP —c —c/7.25 13.07 6.95/7.50 9.14 7.25/7.10 12.77 7.09/7.39
MP2 11.15 7.16/7.29 14.72 5.85/7.51 10.66 7.06/7.03 14.70 6.17/7.48

QCISD 11.23 7.04/7.26 14.91 5.56/6.84 10.89 6.91/6.94 15.00 5.85/6.74
CCSD 11.23 7.04/7.24 14.92 5.56/6.84 10.86 5.56/6.94 15.00 5.85/6.75

a MRCI: MR-CISD. b Only triplet rigid geometries. c The structure opens during optimization.

Mesoionics are neutral structures with high charge separation, and whose formal charges are
located in two well-defined regions: One, negatively charged (where HOMO is located), is associated
with exocyclic atoms, and another, positively charged (where LUMO is located), associated with
endocyclic atoms (Figure 3) [63,69–71]. The charges on the exo (atoms 1–4) and endocyclic (atoms 5–9)
atomic groups were investigated and the results are summarized in Table 5, referring to Natural Bond
Orbitals (NBO) charge partitioning [72–74] (see Supplementary Materials for the full set of results).

Molecules 2020, 25, x FOR PEER REVIEW 7 of 12 

 

separation, consistent with the elevated mesoionic character [7,8]. In all cases, the solvent contributes 
to increase the dipole moment in all electronic states. The lowest dipole moment was identified for 
the 1,3-thiazole-5-one (P3) structure (on average 6.5 D in gas phase and 10.4 D in DMSO solvent for 
μ1r, within the characteristic range for mesoionic compounds, 5-15 D) [68]. Moreover, the effect of 
geometry relaxation in the triplet state is to systematically reduce the dipole moment at different 
levels of theory. In general, the single-reference QCISD and CCSD results (in gas phase), regardless 
of basis set, were closer to MR-CISD values. 

Mesoionics are neutral structures with high charge separation, and whose formal charges are 
located in two well-defined regions: One, negatively charged (where HOMO is located), is associated 
with exocyclic atoms, and another, positively charged (where LUMO is located), associated with 
endocyclic atoms (Figure 3) [63,69–71]. The charges on the exo (atoms 1-4) and endocyclic (atoms 5-
9) atomic groups were investigated and the results are summarized in Table 5, referring to Natural 
Bond Orbitals (NBO) charge partitioning [72–74] (see Supplementary Materials for the full set of 
results). 

 
Figure 3. Expected charge separation for mesoionic compounds [15]. 

Table 5. NBO charges on exo and endocyclic atom groups on the aug-cc-pVDZ basis set. Values in 
parentheses correspond to the partial charges of exo Y and endo X atoms. 

Structure a Method Endo Atoms Exo Atoms 
Gas Phase 

P1 

B3LYP +0.008 (−0.541) −0.008 (−0.604) 
MP2 +0.004 (−0.640) −0.005 (−0.757) 

QCISD +0.017 (−0.642) −0.017 (−0.756) 
CCSD +0.019 (−0.637) −0.019 (−0.759) 

P2 

B3LYP +0.061 (−0.480) −0.061 (−0.188) 
MP2 +0.077 (−0.573) −0.077 (−0.300) 

QCISD +0.099 (−0.573) −0.100 (−0.321) 
CCSD +0.101 (−0.570) −0.100 (−0.323) 

P3 

B3LYP +0.245 (+0.248) −0.245 (−0.607) 
MP2 +0.318 (+0.275) −0.317 (−0.761) 

QCISD +0.336 (+0.256) −0.335 (−0.764) 
CCSD +0.335 (+0.259) −0.334 (−0.762) 

P4 

B3LYP +0.437 (+0.441) −0.437 (−0.179) 
MP2 +0.509 (+0.467) −0.509 (−0.302) 

QCISD +0.536 (+0.458) −0.536 (−0.329) 
CCSD +0.538 (+0.463) −0.537 (−0.329) 

DMSO Solvent 

P1 

B3LYP ---b ---b 
MP2 +0.139 (−0.636) −0.139 (−0.871) 

QCISD +0.125 (−0.636) −0.125 (−0.874) 
CCSD +0.126 (−0.634) −0.126 (−0.875) 

P2 

B3LYP +0.200 (−0.479) −0.200 (−0.416) 
MP2 +0.215 (−0.575) −0.215 (−0.513) 

QCISD +0.226 (−0.576) −0.226 (−0.527) 
CCSD +0.227 (−0.575) −0.227 (−0.529) 

P3 

B3LYP +0.380 (+0.280) −0.380 (−0.718) 
MP2 +0.475 (+0.312) −0.475 (−0.872) 

QCISD +0.490 (+0.289) −0.490 (−0.877) 
CCSD +0.492 (+0.294) −0.492 (−0.876) 

P4 
B3LYP +0.630 (+0.490) −0.630 (−0.412) 
MP2 +0.706 (+0.507) −0.706 (−0.526) 

Figure 3. Expected charge separation for mesoionic compounds [15].

According to the results in Table 5, although all investigated systems have the expected behavior
with respect to charge separation [7,8], it is observed that the P1 and P2 systems have lower negative
charges in the exocyclic atomic group. In these systems, part of the negative charge is shifted to
the endocyclic oxygen atom (position 9, Figure 3), which is attributed to its high electronegativity.
This charge shift can be verified from the electrostatic potential map (Figure 4), obtained at the
MP2/aug-cc-pVDZ level (this result has a negligible dependence on the electronic structure method;
see Supplementary Materials for the full set of results). Thus, the high electronegativity of oxygen in
oxazoles results in structures that, although fitting the mesoionic model for global charge separation,
may have their known instability [17,25,26] related to a purely electrostatic effect, so that the partial
charges with the same sign at atoms Y4 and O9 may weaken the bond between atoms C3 and O9.
In systems P3 and P4 the partial charges on atoms Y4 and S9 have different signs, leading to the
opposite effect. It is important to note that the solvent contributes to increase the charge separation,
without changing the signals of the charges on endo and exocyclic atoms observed in the gas phase.



Molecules 2020, 25, 4524 8 of 13

Table 5. NBO charges on exo and endocyclic atom groups on the aug-cc-pVDZ basis set. Values in
parentheses correspond to the partial charges of exo Y and endo X atoms.

Structure a Method Endo Atoms Exo Atoms

Gas Phase

P1

B3LYP +0.008 (−0.541) −0.008 (−0.604)
MP2 +0.004 (−0.640) −0.005 (−0.757)

QCISD +0.017 (−0.642) −0.017 (−0.756)
CCSD +0.019 (−0.637) −0.019 (−0.759)

P2

B3LYP +0.061 (−0.480) −0.061 (−0.188)
MP2 +0.077 (−0.573) −0.077 (−0.300)

QCISD +0.099 (−0.573) −0.100 (−0.321)
CCSD +0.101 (−0.570) −0.100 (−0.323)

P3

B3LYP +0.245 (+0.248) −0.245 (−0.607)
MP2 +0.318 (+0.275) −0.317 (−0.761)

QCISD +0.336 (+0.256) −0.335 (−0.764)
CCSD +0.335 (+0.259) −0.334 (−0.762)

P4

B3LYP +0.437 (+0.441) −0.437 (−0.179)
MP2 +0.509 (+0.467) −0.509 (−0.302)

QCISD +0.536 (+0.458) −0.536 (−0.329)
CCSD +0.538 (+0.463) −0.537 (−0.329)

DMSO Solvent

P1

B3LYP —b —b

MP2 +0.139 (−0.636) −0.139 (−0.871)
QCISD +0.125 (−0.636) −0.125 (−0.874)
CCSD +0.126 (−0.634) −0.126 (−0.875)

P2

B3LYP +0.200 (−0.479) −0.200 (−0.416)
MP2 +0.215 (−0.575) −0.215 (−0.513)

QCISD +0.226 (−0.576) −0.226 (−0.527)
CCSD +0.227 (−0.575) −0.227 (−0.529)

P3

B3LYP +0.380 (+0.280) −0.380 (−0.718)
MP2 +0.475 (+0.312) −0.475 (−0.872)

QCISD +0.490 (+0.289) −0.490 (−0.877)
CCSD +0.492 (+0.294) −0.492 (−0.876)

P4

B3LYP +0.630 (+0.490) −0.630 (−0.412)
MP2 +0.706 (+0.507) −0.706 (−0.526)

QCISD +0.714 (+0.486) −0.714 (−0.541)
CCSD +0.715 (+0.489) −0.715 (−0.542)

a Optimized geometries. b The structure opens during optimization.
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4. Conclusions

In this work, we investigate the nature of the lower stability of oxazoles compared to thiazoles.
The hypothesis was that the lower stability of oxazoles is due to a significant diradical character,
that until then is not quantified. The diradical character was evaluated using mono (B3LYP, MP2,
CCSD, and QCISD, in gas phase and DMSO solvent) and multi-reference (MR-CISD, in gas phase)
methods, considering three criteria: (i) The frontier orbital energy gaps, (ii) the energy difference
between singlet and triplet wave functions, and (iii) the diradical character y0.

The reduction in the HOMO and LUMO energy gap implies an increase in the diradical character.
Although this criterion is not sufficient to quantify the diradical character, it is interesting to note that
the smallest observed gaps in this work (heterocyclic 1,3-thiazole-5-thione, with 7.4 eV < EHL < 7.8 eV
in gas phase) correspond to very high values, suggesting that these structures do not have a significant
diradical character. This same conclusion is derived, with all mono and multi-reference methods,
from the analysis of the singlet-triplet energy difference (whose smallest adiabatic values are greater
than 1.3 eV in the gas phase, well above the typical values for kBT) and the y0 parameter (whose values
are less than 2.5% for all systems), indicating that investigated heterocyclics have a small diradical
character. These results, combined with similar conclusions from the literature, suggest that methods
with lower computational cost (in particular, mono and multi-reference DFT based methods) can be
used in the study of larger mesoionic systems, with substituent groups, as well as the consideration of
additional aspects, such as the solvent effect.

The values obtained for dipole moments are consistent with those expected for mesoionic structures
(µ > 5 D). However, although charge separation is consistent with that expected for a mesoionic
compound, in oxazoles (P1 and P2) the endo X and exocyclic Y atoms have partial charges of the same
sign, which may be related to the instability of this class of heterocyclics.
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39. Markovič, S.; Durdević, J.; Jeremić, S.; Gutman, I. Diradical character of some fluoranthenes. J. Serb. Chem. Soc.
2010, 75, 1241–1249. [CrossRef]

40. Fukui, H.; Shigeta, Y.; Nakano, M.; Kubo, T.; Kamada, K.; Ohta, K.; Champagne, B.; Botek, E. Enhancement
of second hyperpolarizabilities in open-shell singlet slipped-stack dimers composed of square planar nickel
complexes involving o-semiquinonato type ligands. J. Phys. Chem. A 2011, 115, 1117–1124. [CrossRef]
[PubMed]

41. Xu, X.; Gozem, S.; Olivucci, M.; Truhlar, D.G. Combined Self-Consistent-Field and Spin-Flip Tamm-Dancoff

Density Functional Approach to Potential Energy Surfaces for Photochemistry. J. Phys. Chem. Lett. 2013, 4,
253–258. [CrossRef]

42. Canola, S.; Casado, J.; Negri, F. The double exciton state of conjugated chromophores with strong diradical
character: Insights from TDDFT calculations. Phys. Chem. Chem. Phys. 2018, 20, 24227–24238. [CrossRef]

http://dx.doi.org/10.1021/jp803025v
http://dx.doi.org/10.1021/cr400056a
http://dx.doi.org/10.1186/s13065-019-0531-9
http://dx.doi.org/10.1071/CH13536
http://dx.doi.org/10.1021/acs.joc.7b01928
http://www.ncbi.nlm.nih.gov/pubmed/28876936
http://dx.doi.org/10.1002/qua.10226
http://dx.doi.org/10.1021/acs.jpclett.5b00956
http://dx.doi.org/10.1063/1.2213974
http://dx.doi.org/10.1063/1.1373433
http://dx.doi.org/10.1039/c0cp01878c
http://dx.doi.org/10.1021/acs.jpca.5b12393
http://dx.doi.org/10.1016/S0166-1280(96)04970-6
http://dx.doi.org/10.1103/PhysRevA.53.3946
http://www.ncbi.nlm.nih.gov/pubmed/9913356
http://dx.doi.org/10.2298/JSC100419080M
http://dx.doi.org/10.1021/jp1073895
http://www.ncbi.nlm.nih.gov/pubmed/21247185
http://dx.doi.org/10.1021/jz301935x
http://dx.doi.org/10.1039/C8CP04008G


Molecules 2020, 25, 4524 12 of 13

43. Salem, L.; Rowland, C. The Electronic Properties of Diradicals. Angew. Chem. Int. Ed. 1972, 11, 92–111.
[CrossRef]
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