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Abstract: Conjugated singlet ground state diradicals have received remarkable attention owing to
their potential applications in optoelectronic devices. A distinctive character of these systems is
the location of the double-exciton state, a low lying excited state dominated by the doubly excited
HOMO,HOMO—LUMO,LUMO configuration, (where HOMO = highest occupied molecular orbital,
LUMO = lowest unoccupied molecular orbital) which may influence optical and other photophysical
properties. In this contribution we investigate this specific excited state, for a series of recently
synthesized conjugated diradicals, employing time dependent density functional theory (TDDFT)
based on the unrestricted parallel spin reference configuration in the spin-flip formulation (SF-TDDFT)
and standard TD calculations based on the unrestricted antiparallel spin reference configuration
(TDUDFT). The quality of computed results is assessed considering diradical and multiradical
descriptors, and the excited state wavefunction composition.

Keywords: conjugated diradicals; DFT; broken symmetry; double-exciton state; TDDFT; spin-flip
TDDFT; diradical character; Ngop descriptor

1. Introduction

Conjugated diradical systems have attracted considerable interest in recent years owing to
their potential electronic applications [1] in organic field effect transistors (OFETs) [2-4], organic
photodetectors (OPDs) [5], and near-infrared (NIR) dyes [6,7], among others. Significant efforts have
been devoted to stabilize the active open-shell molecules, and a large number of stable diradicals
with an open-shell singlet ground state have been synthetized with different conjugated cores and
varying diradical character [8-12]. There has been a tremendous effort also on the rationalization of
the properties from a theoretical point of view, including their linear and non-linear optical properties
and their application in singlet fission processes [13], etc.

Although the quantum-chemical description of the singlet ground state of conjugated diradicals
calls for multireference methods to include static correlation effects, a very common approach is the
use of DFT in its unrestricted formulation (UDFT) which, for the significant diradical character, leads
to broken symmetry (BS) molecular orbitals.

A distinctive signature of singlet ground state conjugated diradical systems is the presence of a
low lying double-exciton state [14], which in analogy to polyenes—that also display diradical character,
especially the longer members [15]—becomes the lowest excited state for large diradical character, as
shown in our previous work [16-18]. The double-exciton state is therefore an electronically excited
state whose wavefunction is dominated by a large contribution of the HOMO,HOMO—LUMO,LUMO
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doubly excited configuration (hereafter indicated as H H—L,L). The energy location of this excited state
can strongly influence the photophysical properties such as linear and non-linear optical properties or
fluorescence lifetime of the diradical system, owing to its generally dipole forbidden character [16].

Inclusion of static and dynamic correlation is mandatory for the description of excited states,
and CASSCF calculations followed by CASPT2 or NEVPT2 calculations have been employed
successfully [8,16,17]. Time dependent (TD) DFT calculations suffer from the lack of inclusion of
multiple excitations, however spin-flip (SF) TDDFT includes the H H—L,L configuration and other
multiple excitations, owing to the reference triplet (or parallel-spin) configuration [19,20]. In addition to
SE-TDDFT, we have recently shown [18] that also TDUDEFT calculations, namely TDDFT calculations
based on an unrestricted BS antiparallel-spin reference configuration, can capture double-exciton states
dominated by the HH—L,L configuration. Based on the above considerations, in a previous work [18] we
have investigated a sample of eight recently synthesized conjugated diradicals displaying experimental
evidence of the double-exciton state and have computed its excitation energy with SE-TDDFT and
TDUDFT. SE-TDB3LYP calculations were found to perform better for small to medium diradical character
while TDUB3LYP was shown to produce satisfactory results only for large diradical character.

Here, we extend the study and consider the four recently synthesized conjugated diradicals displaying
a singlet ground state shown in the top part of Figure 1: Nonazethrene (NZ) [9], superoctazethrene
(SOZ) [10], diindenophenanthrene derivative (DIPh) [12], and peri-tetracene (PT) [11]. This set is added to
the previous set of molecules for the investigation of the double-exciton state. We use the TDUDFT and
SE-TDDFT approaches with the already tested B3LYP functional but for the latter method we also adopt
the BHHLYP functional for the entire set of twelve molecules shown in Figure 1. The computed results are
compared with experimental data and their quality is assessed by analyzing diradical and multiradical
character descriptors along with the wavefunction composition generated by the two approaches.

NC BISPHE

Figure 1. Structural formula of the conjugated diradicals (a) Nonazethrene (NZ), Superoctazethrene
(50Z), Diindenophenanthrene derivative (DIPh), and Peri-tetracene (PT) investigated in this work for
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the first time and (b) Thiophene-Based Heterophenoquinone (2TIO), Quinoidal dithieno-benzo-dithiophene
(QDTBDT), Bis-phenalenyl (BISPHE), Diindeno-fused bischrysene (DFB), Bis-fluoreno-pyrene (FP),
Tri-p-quinodimethane (TPQ), Superheptazethrene (SHZ), and Quarteranthene (QANTHENE), considered
also in a previous study [18], all displaying an open-shell singlet ground state.

2. Computational Details

The equilibrium structures of the molecules shown in Figure 1 were determined with DFT
calculations employing the B3LYP functional and the 6-31G* basis set. The geometry optimization was
first carried out with the restricted approach to determine a closed-shell (CS) equilibrium structure.
For all the systems investigated a more stable open-shell BS solution was found at the CS geometry
and therefore the equilibrium structure corresponding to the BS solution was readily determined.
The overall CS-BS stability (AE(CS-BS)) was determined as the energy difference between the energy of
the CS structure computed with restricted DFT and the energy of the BS structure computed with UDFT.

Two descriptors of the diradical/multiradical character were employed. The first is the vy
parameter which, in the spin-unrestricted single-determinant formalism, can be determined in the
spin-projection scheme as [13,21]:

ygllnrestricted —1- 2Ty 1)
2
1+ T3
with T calculated as:
To = NHONO — MLUNO @)

2

and 7 is the occupation number of the frontier natural orbitals.
The second parameter considered is based on finite-temperature DFT (FT-DFT) and is the Nrop

value, which is the integral of the fractional orbital density (FOD) pfP(r), over all space:
Nrop = f prOP (r)dr ®)
The pfOP(r) is defined as [22,23]:
S 2
prOP(r) = Y (51 = 6f)|i(r)| @

1

where 61 and 6, are two constants set such that only fractionally occupied orbitals are taken into account;
@; are molecular spin orbitals, and f; are the fractional orbital occupancies (0 < f; < 1) determined
by the Fermi-Dirac distribution. In other words, the so defined FOD yields, for each point in real
space, only the contribution of ‘hot’ or strongly correlated electrons and is therefore an analysis tool of
static correlation. The yp and Nrop parameters were computed at the BS geometry for the entire set of
diradicals shown in Figure 1. The Nrop parameter was computed with the ORCA 4.0.1.2 package [24]
with the default setting (TPSS/def2-TZVP level with T = 5000 K).

The simplest quantum-chemical model to describe a diradical includes two electrons in two
orbitals (2e-20) [14]. The double-exciton state emerges as one of the two singlet excited states from
a full configuration interaction (CI) within the 2e-20 model. A reliable prediction of its excitation
energy is however challenging because of correlation effects and generally MCSCF + CASPT?2 or
similarly correlated methods are required. However, in a recent work we have shown that, for systems
with well localized BS frontier MOs, TDUDFT calculations can be used to predict the excitation
energy of the double-exciton state, besides that of the single-exciton state, since both excited states
are described in terms of singly excited configurations [18]. Double excitations can be recovered from
TDDFT calculations also with the SF scheme [19,20]. Spin-flipping excitations enable SE-TDDEFT to



Computation 2019, 7, 68 40f 13

treat ground- and excited-state electron correlation on the same footing, while also incorporating
some doubly excited determinants that are important for biradicals [19]. Accordingly, these two
approaches were employed to investigate the excitation energy of the low lying double-exciton state of
the molecules shown in Figure 1.

Geometry optimization and TDUB3LYP calculations were carried out with the Gaussian16 suite
of programs [25] while SE-TDDFT calculations were carried out in the collinear approximation as
implemented in the GAMESS package [26].

3. Results

3.1. Stability of the BS Structures and Descriptors of Di/Multiradical Character

All the systems in Figure 1 display a more stable BS structure (see Table 1 and the supplementary
file accompanying this work (SFAW)) with PT, TPQ, SHZ, SOZ, and QANTHENE showing the larger
energy difference between CS and BS structures. The computed stabilities of the open-shell structures
correlate closely with the values of the diradical character yp, as shown in Figure 2. The molecules
displaying the larger y( are also those displaying the larger BS-CS stabilization energy and, to a
good approximation, a linear correlation is found between the diradical character and computed BS
stabilization for the entire set of twelve diradicals (see Figure 2). The increasing stabilization of the
BS structure is accompanied by an increase in localization of the BS frontier orbitals as documented
by the graphical representations in Figure 3 for PT and SOZ and in SFAW for the other two systems
investigated, and by the computed overlap between BS frontier orbitals pairs Hy, Hg and Ly, Lg
(see SFAW), whose value decreases with increasing localization.
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Figure 2. Correlation between the y( value computed at projected UB3LYP level PUB3LYP (red squares)
and the computed stabilization of the BS structure with respect to the closed-shell (CS) structure
(Energy(CS)-Energy(BS)), both optimized at B3LYP/6-31G* level. Some data are taken from [18].
The coefficient of determination R—squared(Rz) value is 0.93.
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Figure 3. Frontier molecular orbitals of (a) PT and (b) SOZ computed with (top) a CS singlet reference

configuration, (middle) a BS singlet open-shell configuration, and (bottom) a triplet configuration, at
the optimized BS UB3LYP geometry of the singlet ground state (1/o(PUB3LYP) = 0.36 for PT and 0.66 for
SOZ). Each BS orbital is also expressed as a linear combination of the delocalized (CS) orbitals.

Table 1. Computed values of the descriptors Ngop and yo(PUB3LYP) and stability of the BS structure

with respect to the CS structure, computed at BBLYP/6-31G* level.

Molecule NroD yo(PUB3LYP) AE(BS-CS)/kcal mol~1
2TIO 1.60 0.101 111
QDTBDT 1.55 0.141 1.81
NZ 1.80 0.23 34
BISPHE 1.70 0261 361
DIPh 1.75 0.28 3.7
DFB 2.26 0.301 291
FP 1.90 0.341 3.71
PT 1.87 0.36 45
TPQ 1.75 0421 521
SHZ 2.14 0521 7.71
SOZ 2.58 0.66 10.8
QANTHENE 2.34 0711 881

1 From [18].
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In previous works, the Nrop values have been compared with the yg values for linear acenes [27]
and have been used to demonstrate the poly-radical character of cyclacenes [27] and single-wall carbon
nanotubes [28].

The combination of the two descriptors gives therefore complementing information on the
reliability of the simple 2e-20 approach to describe a diradical system. For the sample of diradicals
investigated here and in previous work [18] it can be seen that the Nrop value (Table 1) remains below
2 in most cases, indicating that the 2e-20 model should be suitable, but in some cases it exceeds 2, such
as for DFB, SHZ, SOZ, and QANTHENE. In these cases it is expected that more than two electrons
should be correlated for a proper description of ground and excited states.

3.2. Excitation Energies of the Double-Exciton State

For the systems in Figure 1, we have carried out two sets of TDDFT calculations to determine the
location of the double-exciton state: (1) TDUDFT calculations using a BS reference configuration at the
BS optimized geometry, (2) SF-TDDEFT calculations carried out with a triplet reference configuration
at the same BS optimized geometry as above. The B3LYP functional was selected for both these
calculations owing to its generally good performance for large conjugated systems [29-31] and its
generally smaller spin contamination compared to hybrid functionals with larger contributions of
HF exchange [32]. However, because the SF calculations are run in the collinear approximation, a
functional including a larger amount of exchange correlation is recommended [19,20] and therefore we
run the SF-TDDFT calculations also with the BHHLYP functional.

The set of new computed excitation energies in Table 2 together with those obtained in previous
work are used in Figure 4 to graphically represent the accuracy of TDUB3LYP and SF-TDBHHLYP
calculations. To easily capture a qualitative trend in the computed results, we also show a linear fitting
of the computed data. SF-TDBHHLYP predicts excitation energies in average good agreement with the
observed values although the fitting line indicates a general underestimate. Notably, larger vy values
are associated with slightly larger underestimates, possibly due to an imperfect description of static
correlation effects for very large diradical character. The accuracy of SF-TDBHHLYP calculations is
also more satisfactory than that of SE-TDB3LYP (see SFAW). The present results confirm, as already
noted [18] that the accuracy of TDUB3LYP is generally acceptable for large yy values although an
increase of the error in predicted excitation energies is documented also for increasingly larger g
values (see the “discussion section” for more details). The method is generally not reliable for y
(PUB3LYP) lower than 0.3.

Table 2. Comparison between time dependent unrestricted density functional theory (TDUDFT) and
spin-flip (SF-TDDFT) computed excitation energies and experimental values (eV) of the lowest energy
double-exciton state for the systems investigated in this work.

TDUB3LYP SF-TDB3LYP SF-TDBHHLYP

Molecule 6-31G* 6-31G* 6-31G* exp-
2TIO 0.981 1.541 1.35 1.68 2
QDTBDT 1.071 1.56 1 1.56 1.573
NZ 1.22 1.60 1.16 1.39 4
BISPHE 1.031 1.271 1.57 1.54°
DIPh 1.21 1.17 1.23 1.18 6
DFB 0911 0.86 1 0.88 0927
FP 1.131 1.051 0.93 1.138

PT 1.13 1.09 1.56 1.23°
TPQ 1161 1.041 1.01 1.13 10
SHZ 1.321 0.981 1.12 1.19 11
SOz 1.41 1.00 0.79 1.07 12
QANTHENE 1.171 0.76 1 0.94 1.08 13

1 From [18], 2 From [16], 3 From [33], * From [9], ® From [34], ® From [12], 7 From [35], ® From [36], ® From [11], 1°
From [37], ! From [38], 2 From [10], ' From [8].
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Figure 4. Difference between computed and observed excitation energy of the double-exciton (H H—L,L)
state versus the computed yy at PUB3LYP level: (Light blue squares) SF-TDBHHLYP at BS B3LYP
geometry; (green diamonds) TDUB3LYP at the same geometry. The lines in the same colours are linear

fittings of the computed data. Vertical bars indicate the compound to which computed data correspond.
Some of the TDUB3LYP results are taken from [18].

4. Discussion

The results of TDUDFT and SF-TDDFT calculations can be critically analyzed by considering
(a) the diradical character and the reliability of the 2e-20 model for the systems investigated; (b) the
derivation of the wavefunction describing the doubly excited state at TDUDFT level when the 2e-20
model holds; (c) the indication provided by Nrpop parameter, and (d) the role of spin-contamination.

First, we consider how the localization of BS orbitals impacts the diradical character yy. Within the
2e-20 model, the BS HOMO and LUMO orbitals of the unrestricted wavefunction can be described as
linear combinations of the delocalized Hcs and Lcs orbitals obtained from the CS solution. Following

previous work [13,21], we can write:

H, = (pIOfIOMO = cos OHcg + sin OL g ®)
Hﬁ = ¢€IOMO = COS QHCS —sin GLCS (6)
Lo = ¢ 0 = sin OHes — cos OLcs @)
Lp = (P!ZUMO = sinOHcg + cos OLcs ®)

where 0 is the angle of rotation with respect to the CS set of orbitals. By substituting the expressions
(5-8) in the Slater determinant corresponding to the unrestricted ground state wavefunction:

17bllnresifricted —

p _1 p
(P?IOMOQHOMO> - @[@?—IIOMO(D@HOMO(Z)

- (PQOMO(l)(PEOMo (2)] )

the wavefunction describing the singlet open-shell ground state can be expressed as:

ylUnrestricted (COSZ 3)| Hcsﬁcs> - (sin2 6))Lcszcs>

—sin 0 cos 6( |Hcszcs>—'LCSHCS>)

(10)
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or, in terms of combination coefficients Cgg, Cp, Cr:
. _ _ 1 _ —
¢unrestrlct€d — CGRlHCSHCS> + CD|LCSLCS> + CT$(|HC5LC5>—|LC5HC5>) (11)

where |HCSECS> is the CS ground state determinant,

LCSEC5> is the doubly excited determinant and
%5 (IHCSZCS) - ILCSHCS)) is the combination of singly excited determinants corresponding to a triplet
spin multiplicity, which accounts for spin contamination.

The yo parameter can be expressed in terms of the doubly excited configuration and triplet state
contributions (see Equation (11)) as [13]:

yo =2(Cp)*/(1-(Cr)?) (12)

from which the following dependence on the CS to BS orbital rotation angle 6 can be deduced, recalling
Equation (10):
yo = 2(sin* 0) /(1 - 2(sin? 6)(cos? 0)). (13)

The linear combination of the BS frontier orbitals of each molecule in Figure 1 is determined
by projecting each BS frontier orbital over the set of CS orbitals. The corresponding combination
coefficients, from which the 6 values (see also SFAW) can be determined, are collected in Figure 3
for PT and SOZ, in SFAW for the other molecules investigated here, and in [18] for those previously
investigated. For the entire set of molecules investigated, the 0 values determined either from the
expression of the BS HOMO in terms of CS orbitals or from the expression of the BS LUMO in terms of
the CS orbitals, are depicted as green crosses and blue crosses, respectively, in Figure 5, where Equation
(13) is also plotted (red curve).

1 T T
rotation of HOMO % |
09 rotation of LUMO X | ]

0.7 | QANTHENE AN
S0z —/%-%

0.5 .

Yo

PT

03 DFB

BISPHE .
0.2 3 .

QDTBDT ~- X ;
01 R T X———2TI0 : .

0 I 1 i
20 25 30 35 40 45

6/ degrees

Figure 5. Dependence of the diradical character yo(PUB3LYP) as a function of BS orbital rotation angle
6. Analytic expression from Equation (13) (red curve); 0 determined for the HOMO BS orbitals (green
crosses); 6 determined for the LUMO BS orbitals (blue crosses).

There is a general good agreement between the orbital rotation angle determined from the BS
and CS orbitals of each molecule and the theoretical red curve, which suggests that orbital rotation,
especially for the BS LUMO orbital, can be taken as an additional descriptor of the diradical character.
Clearly, an orbital rotation of 45° implies the formation of fully localized BS orbitals and corresponds to
the maximum diradical character iy = 1. When the rotation angle is smaller, yy decreases and becomes
zero when CS and BS orbitals coincide. The largest discrepancies observed for the green crosses
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(rotation angle deduced from the expression of the BS HOMO orbital) mainly arise from additional
contributions to the BS orbital from other CS occupied orbitals (HOMO-1 and lower). Such extra
contributions suggest that in these cases the 2e-20 model may not fully apply.

We now consider a derivation of the wavefunction describing the double-exciton state for the
TDUDFT approach. The double-exciton state is identified by the positive combination of the two single
excitations [Hy — Lo| + [Hﬁ — Lﬁ] as discussed in detail in [18] or, in terms of the corresponding Slater
determinants, as:

lPDouble exciton state  _ % { >}
_1 B
=2 [gDLUMO ‘PHOMO( ) = Promo (DPLumo (2 ] (14)
_1
= 21PHomo (D Pruno (2) = Prumo (D Promo (2 ]
substituting the expressions (5-8) into (14) one gets:
yyPouble exciton state \%{2 sin 0 cos 9|HCSITIC5> +25sin @ cos 9|LC5ZCS>
. - _ (15)
+(C052 0 - Sll’l2 9)( 'Hcchs>—'Lcchs>)}
or .
l]l)Double exciton state __ DGR|HCSHCS> + DD|LCSLCS> + DT%(’HCSLCS>_‘LCSHCS>) (16)

where the combination coefficients can also be recast as Dcg = Dp = sin(20)/ V2 and D1 = cos(26).
Equation (16) shows that the wavefunction of the double-exciton state, as in the case of the ground
state, is composed by the combination of singlet and triplet spin contributions which implies that
spin contamination can be a relevant issue. In Figure 6a, we see that for angles increasing from 0 to
45° the square of the coefficient of the triplet spin multiplicity component (Dr)? decreases from 1 to
0, while the sum of the two singlet spin multiplicity components, (DGR)2 + (DD)Z, increases from
0 to 1. This implies that the double-exciton state wavefunction is a pure singlet state only for fully
localized BS orbitals, while decreasing the 0 rotation angle, the triplet component becomes more
and more important and for 6 = 0 the state becomes a pure triplet state. Since we have just shown
how 0 is related to the diradical character, the above results demonstrate that for very small rotation
angles (and diradical character) the triplet contribution dominates and the predicted TDUDFT result
is unreliable because of the mixed spin nature of the state which implies a large spin contamination.
As shown in Figure 6b, all the molecules investigated display a 0 larger than 20° but in some cases
the contribution from the triplet component (the blue crosses in Figure 6b) is larger than 20%, which
results in a non-negligible spin-contamination of the predicted excited state.
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Figure 6. Contributions of the singlet and triplet components to the double-exciton state described
at TDUDFT level according to Equation (15) and (16) as a function of BS orbital rotation angle 0.
(a) Contributions over the entire range of 6 values; (b) enlargement over the range of 0 values computed
for the twelve diradicals investigated.

Based on the above analysis it is clear that the TDUDFT approach can be used to describe the
double-exciton state when (a) the 2e-20 model is valid to a good extent and (b) when the diradical
character is large, otherwise mixing with the triplet component and spin contamination that invalidate
the results. This explains the general inaccuracy of the method for molecules displaying 1(PUB3LYD)
smaller than ca. 0.3 in Figure 4. There is, however, an additional limit emerging from Equation (15),
namely the identical contribution of ground |HC5HC5> and doubly excited |LC5LC5> configurations
to the singlet state component provided by the TDUDFT description. This restriction may not be
optimal and may lead to inconsistencies also for systems displaying marked diradical character. Finally,
additional inaccuracies may be originated by the presence of a multiradical character which can be
monitored by considering the Nrop descriptor. As noted above, the Nrgp indicates that more than
two electrons need to be correlated in some cases (see Table 1). The last two observations explain some
larger deviations of TDUB3LYP results from the experiment, documented in Figure 4 also for yy above
0.6, for SHZ, SOZ, and QANTHENE. In summary, the TDUB3LYP may provide a good estimate of
the energy location of the double-exciton state only when several conditions hold at the same time as
discussed above.

Concerning the SF method, the results shown in Figure 4 are generally of similar quality for all
Yo values because the SF wavefunction does not suffer from the contamination with the awkward
triplet component of the TDUDFT approach shown in Equation (15). Despite the favorable features of
SF-TDDFT, only those excitations within the open-shell space are able to generate spin-pure solutions,
whereas all other configurations are missing their “spin complements”, leading to spin-contaminated
solutions [19]. Therefore, spin contamination may affect the quality of the results owing to the spin
incomplete expansion of the wavefunction beyond the 2e-20 orbital space. In this regard the SF
wavefunction is suitable to describe systems displaying also some degree of multiradical character
because double excitations are not limited to the 2e-20 space, although some double excitations outside
this space are missing.

In light of the above discussion, the origin for the scattered results predicted for some of the
systems investigated, can be attributed, for TDUDFT calculations, to (a) small diradical character, (b)
deviation from the 2e-20 model as documented by the large Nrop value, (c) and excited state requiring
a wavefunction in which the contribution of ground and doubly excited configurations should not be
forced to be identical. For SE-TDDFT calculations, the few scattered results are mainly attributed to a)
spin contamination and b) lack of some relevant double excitations in the SF wavefunction. We can
conclude that SF-TDDFT is suitable to describe the double-exciton state for a more extended range of
diradical systems compared to TDUDFT.
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5. Conclusions

A distinctive signature of singlet ground state conjugated diradical systems is the presence of a
low lying double-exciton state. We have investigated this excited state employing TDDFT based on the
unrestricted parallel spin reference configuration in the spin-flip formulation (SF-TDDFT) and standard
TD calculations based on the unrestricted antiparallel spin reference configuration (TDUDEFT).

For all the systems investigated we have determined the rotation angle 0 between the BS and CS
frontier orbitals and shown that the computed diradical character y, follows the expected dependence
on 0.

Based on the analysis of the wavefunction describing the double-exciton state at the TDUDFT
level, we have shown that only for large diradical character the triplet state contribution is minor.
However, the contribution of the ground state and doubly excited configurations remains identical
for every value of y9. When these restrictions hold, and the 2e-20 model represents the system well,
a good estimate of the energy location of the double-exciton state can be obtained from the method.
When the above constraints are not satisfied the method is not suitable for the description of the
double-exciton state.

In contrast, the SE-TDDFT approach offers a generally more flexible wavefunction description
compared to TDUDFT and a reasonable description of the double-exciton state for the entire
range of diradical characters, with the only inconvenience of missing some additional doubly
excited configuration along with some spin complements in the wavefunction expansion, leading
to spin-contaminated solutions. The SF-TDDFT method is therefore suitable to describe the double-
exciton state for a more extended range of diradical systems compared to TDUDFT.

Supplementary Materials: The Supplementary Information are available online at http://www.mdpi.com/2079-
3197/7/4/68/s1.

Author Contributions: EN. conceived the research and wrote the manuscript; S.C. and Y.D. produced the data,
contributed to the analysis of the results, and the writing and revision of the article.

Funding: This research received no external funding.

Acknowledgments: Support from “Valutazione della Ricerca di Ateneo” (VRA)—University of Bologna is
acknowledged. Y.D. acknowledges Ministero dell'Istruzione, dell’Universita e della Ricerca (MIUR) for her
Ph.D. fellowship.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hu, X,; Wang, W,; Wang, D.; Zheng, Y. The electronic applications of stable diradicaloids: Present and future.
J. Mater. Chem. C 2018, 6, 11232-11242. [CrossRef]

2. Rudebusch, G.E.; Zafra, ].L.; Jorner, K.; Fukuda, K.; Marshall, J.L.; Arrechea-Marcos, I.; Espejo, G.L.; Ponce
Ortiz, R.; Gémez-Garcia, C.J.; Zakharov, L.N.; et al. Diindeno-fusion of an anthracene as a design strategy for
stable organic biradicals. Nat. Chem. 2016, 8, 753-759. [CrossRef] [PubMed]

3.  Koike, H.; Chikamatsu, M.; Azumi, R.; Tsutsumi, J.Y.; Ogawa, K.; Yamane, W.; Nishiuchi, T.; Kubo, T,;
Hasegawa, T.; Kanai, K. Stable Delocalized Singlet Biradical Hydrocarbon for Organic Field-Effect Transistors.
Adv. Funct. Mater. 2016, 26, 277-283. [CrossRef]

4. Zhang, Y.; Zheng, Y.; Zhou, H.; Miao, M.-S.; Wudl, F.; Nguyen, T.-Q. Temperature Tunable Self-Doping in
Stable Diradicaloid Thin-Film Devices. Adv. Mater. 2015, 27, 7412-7419. [CrossRef] [PubMed]

5. Zheng, Y.; Miao, M.-S.; Dantelle, G.; Eisenmenger, N.D.; Wu, G.; Yavuz, I.; Chabinyc, M.L.; Houk, K.N.;
Wud], F. A Solid-State Effect Responsible for an Organic Quintet State at Room Temperature and Ambient
Pressure. Adv. Mater. 2015, 27, 1718-1723. [CrossRef] [PubMed]

6. Sun,Z;Ye, Q.; Chi, C.; Wu, ]. Low band gap polycyclic hydrocarbons: From closed-shell near infrared dyes
and semiconductors to open-shell radicals. Chem. Soc. Rev. 2012, 41, 7857-7889. [CrossRef]

7. Ni, Y,; Wu, J. Diradical approach toward organic near infrared dyes. Tetrahedron Lett. 2016, 57, 5426-5434.
[CrossRef]


http://www.mdpi.com/2079-3197/7/4/68/s1
http://www.mdpi.com/2079-3197/7/4/68/s1
http://dx.doi.org/10.1039/C8TC04484H
http://dx.doi.org/10.1038/nchem.2518
http://www.ncbi.nlm.nih.gov/pubmed/27442280
http://dx.doi.org/10.1002/adfm.201503650
http://dx.doi.org/10.1002/adma.201502404
http://www.ncbi.nlm.nih.gov/pubmed/26485538
http://dx.doi.org/10.1002/adma.201405093
http://www.ncbi.nlm.nih.gov/pubmed/25619560
http://dx.doi.org/10.1039/c2cs35211g
http://dx.doi.org/10.1016/j.tetlet.2016.10.100

Computation 2019, 7, 68 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Konishi, A.; Hirao, Y.; Matsumoto, K.; Kurata, H.; Kishi, R.; Shigeta, Y.; Nakano, M.; Tokunaga, K.; Kamada, K;
Kubo, T. Synthesis and Characterization of Quarteranthene: Elucidating the Characteristics of the Edge State
of Graphene Nanoribbons at the Molecular Level. J. Am. Chem. Soc. 2013, 135, 1430-1437. [CrossRef]
Huang, R.; Phan, H.; Herng, T.S.; Hu, P.; Zeng, W.; Dong, 5.-Q.; Das, S.; Shen, Y.; Ding, J.; Casanova, D.; et al.
Higher Order -Conjugated Polycyclic Hydrocarbons with Open-Shell Singlet Ground State: Nonazethrene
versus Nonacene. J. Am. Chem. Soc. 2016, 138, 10323-10330. [CrossRef]

Zeng, W.; Gopalakrishna, T.Y.; Phan, H.; Tanaka, T.; Herng, T.S; Ding, J.; Osuka, A.; Wu, ]. Superoctazethrene:
An Open-Shell Graphene-like Molecule Possessing Large Diradical Character but Still with Reasonable
Stability. J. Am. Chem. Soc. 2018, 140, 14054-14058. [CrossRef]

Ni, Y.; Gopalakrishna, T.Y.; Phan, H.; Herng, T.S.; Wu, S.; Han, Y.; Ding, J.; Wu, J. A Peri-tetracene Diradicaloid:
Synthesis and Properties. Angew. Chem. Int. Ed. 2018, 57, 9697-9701. [CrossRef] [PubMed]

Majewski, M. A.; Chmielewski, PJ.; Chien, A.; Hong, Y.; Lis, T.; Witwicki, M.; Kim, D.; Zimmerman, PM.;
Stepieri, M. 5,10-Dimesityldiindeno[1,2-a:2’,1’-i][phenanthrene: A stable biradicaloid derived from
Chichibabin’s hydrocarbon. Chem. Sci. 2019, 10, 3413-3420. [CrossRef] [PubMed]

Nakano, M. Open-Shell-Character-Based Molecular Design Principles: Applications to Nonlinear Optics and
Singlet Fission. Chem. Rec. 2017, 17, 27-62. [CrossRef] [PubMed]

Bonacié-Koutecky, V.; Koutecky, J.; Michl, J. Neutral and Charged Biradicals, Zwitterions, Funnels in S1, and
Proton Translocation: Their Role in Photochemistry, Photophysics, and Vision. Angew. Chem. Int. Ed. Engl.
1987, 26, 170-189. [CrossRef]

Gu, J.; Wu, W,; Danovich, D.; Hoffmann, R.; Tsuji, Y.; Shaik, S. Valence Bond Theory Reveals Hidden
Delocalized Diradical Character of Polyenes. J. Am. Chem. Soc. 2017, 139, 9302-9316. [CrossRef]

Di Motta, S.; Negri, F; Fazzi, D.; Castiglioni, C.; Canesi, E.V. Biradicaloid and Polyenic Character of Quinoidal
Oligothiophenes Revealed by the Presence of a Low-Lying Double-Exciton State. |. Phys. Chem. Lett. 2010, 1,
3334-3339. [CrossRef]

Gonzélez-Cano, R.C.; Di Motta, S.; Zhu, X.; Navarrete, ].T.L.; Tsuji, H.; Nakamura, E.; Negri, F.; Casado, J.
Carbon-Bridged Phenylene-Vinylenes: On the Common Diradicaloid Origin of Their Photonic and Chemical
Properties. J. Phys. Chem. C 2017, 121, 23141-23148. [CrossRef]

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]
Shao, Y.; Head-Gordon, M.; Krylov, A.I. The spin-flip approach within time-dependent density functional
theory: Theory and applications to diradicals. J. Chem. Phys. 2003, 118, 4807-4818. [CrossRef]

Rinkevicius, Z.; Vahtras, O.; Agren, H. Spin-flip time dependent density functional theory applied to excited
states with single, double, or mixed electron excitation character. J. Chem. Phys. 2010, 133, 114104. [CrossRef]
Yamaguchi, K. The Electronic Structures of Biradicals in the Unrestricted Hartree-Fock Approximation. Cher.
Phys. Lett. 1975, 33, 330-335. [CrossRef]

Grimme, S.; Hansen, A. A Practicable Real-Space Measure And Visualization Of Static Electron-Correlation
Effects. Angew. Chem. Int. Ed. 2015, 54, 12308-12313. [CrossRef] [PubMed]

Bauer, C.A.; Hansen, A.; Grimme, S. The Fractional Occupation Number Weighted Density as a Versatile
Analysis Tool for Molecules with a Complicated Electronic Structure. Chem. Eur. J. 2017, 23, 6150-6164.
[CrossRef] [PubMed]

Neese, F. The ORCA Program System. WIREs Comput. Mol. Sci. 2012, 2, 73-78. [CrossRef]

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.;
Petersson, G.A.; Nakatsuji, H.; et al. Gaussian 16, Revision C.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.
Schmidt, M.W.; Baldridge, K.K.; Boatz, ].A.; Elbert, S.T.; Gordon, M.S.; Jensen, ].H.; Koseki, S.; Matsunaga, N.;
Nguyen, K.A.; Su, S.J.; et al. General atomic and molecular electronic structure system. J. Comput. Chem.
1993, 14, 1347-1363. [CrossRef]

Pérez-Guardiola, A., Sandoval-Salinas, M.E.; Casanova, D.; San-Fabian, E.; Pérez-Jiménez, AlJ.;
Sancho-Garcia, J.C. The Role of Topology in Organic Molecules: Origin and Comparison of the Radical
Character in Linear and Cyclic Oligoacenes and Related Oligomers. Phys. Chem. Chem. Phys. 2018, 20,
7112-7124. [CrossRef]


http://dx.doi.org/10.1021/ja309599m
http://dx.doi.org/10.1021/jacs.6b06188
http://dx.doi.org/10.1021/jacs.8b09075
http://dx.doi.org/10.1002/anie.201804276
http://www.ncbi.nlm.nih.gov/pubmed/29944208
http://dx.doi.org/10.1039/C9SC00170K
http://www.ncbi.nlm.nih.gov/pubmed/30996930
http://dx.doi.org/10.1002/tcr.201600094
http://www.ncbi.nlm.nih.gov/pubmed/27492662
http://dx.doi.org/10.1002/anie.198701701
http://dx.doi.org/10.1021/jacs.7b04410
http://dx.doi.org/10.1021/jz101400d
http://dx.doi.org/10.1021/acs.jpcc.7b08011
http://dx.doi.org/10.1039/C8CP04008G
http://dx.doi.org/10.1063/1.1545679
http://dx.doi.org/10.1063/1.3479401
http://dx.doi.org/10.1016/0009-2614(75)80169-2
http://dx.doi.org/10.1002/anie.201501887
http://www.ncbi.nlm.nih.gov/pubmed/25882895
http://dx.doi.org/10.1002/chem.201604682
http://www.ncbi.nlm.nih.gov/pubmed/27906486
http://dx.doi.org/10.1002/wcms.81
http://dx.doi.org/10.1002/jcc.540141112
http://dx.doi.org/10.1039/C8CP00135A

Computation 2019, 7, 68 13 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pérez-Guardiola, A.; Ortiz-Cano, R.; Sandoval-Salinas, M.E.; Fernandez-Rossier, J.; Casanova, D.;
Pérez-Jiménez, A.J.; Sancho-Garcia, ].C. From cyclic nanorings to single-walled carbon nanotubes: Disclosing
the evolution of their electronic structure with the help of theoretical methods. Phys. Chem. Chem. Phys.
2019, 21, 2547-2557. [CrossRef]

Qian, H.; Negri, F.; Wang, C.; Wang, Z. Fully Conjugated Tri(perylene bisimides): An Approach to the
Construction of n-Type Graphene Nanoribbons. J. Am. Chem. Soc. 2008, 130, 17970-17976. [CrossRef]

Li, Y,; Gao, ].; Di Motta, S.; Negri, E; Wang, Z. Tri-N-annulated Hexarylene: An Approach to Well-Defined
Graphene Nanoribbons with Large Dipoles. J. Am. Chem. Soc. 2010, 132, 4208-4213. [CrossRef]

Yue, W.; Lv, A,; Gao, ].; Jiang, W.; Hao, L.; Li, C.; Li, Y;; Polander, L.E.; Barlow, S.; Hu, W,; et al. Hybrid
Rylene Arrays via Combination of Stille Coupling and C-H Transformation as High-Performance Electron
Transport Materials. J. Am. Chem. Soc. 2012, 134, 5770-5773. [CrossRef]

Menon, A.S.; Radom, L. Consequences of Spin Contamination in Unrestricted Calculations on Open-Shell
Species: Effect of Hartree-Fock and Meller-Plesset Contributions in Hybrid and Double-Hybrid Density
Functional Theory Approaches. . Phys. Chem. A 2008, 112, 13225-13230. [CrossRef] [PubMed]

Li, J.; Qiao, X,; Xiong, Y,; Li, H.; Zhu, D. Five-Ring Fused Tetracyanothienoquinoids as High-Performance
and Solution-Processable n-Channel Organic Semiconductors: Effect of the Branching Position of Alkyl
Chains. Chem. Mater. 2014, 26, 5782-5788. [CrossRef]

Kamada, K.; Ohta, K.; Shimizu, A.; Kubo, T.; Kishi, R.; Takahashi, H.; Botek, E.; Champagne, B.; Nakano, M.
Singlet Diradical Character from Experiment. |. Phys. Chem. Lett. 2010, 1, 937-940. [CrossRef]

Ma, J.; Liu, J.; Baumgarten, M.; Fu, Y;; Tan, Y.-Z.; Schellhammer, K.S.; Ortmann, F.; Cuniberti, G.; Komber, H.;
Berger, R.; et al. A Stable Saddle-Shaped Polycyclic Hydrocarbon with an Open-Shell Singlet Ground State.
Angew. Chem. Int. Ed. 2017, 56, 3280-3284. [CrossRef] [PubMed]

Hu, P; Lee, S.; Herng, T.S.; Aratani, N.; Gongalves, T.P.; Qi, Q.; Shi, X.; Yamada, H.; Huang, K.-W.; Ding, J.;
et al. Toward Tetraradicaloid: The Effect of Fusion Mode on Radical Character and Chemical Reactivity. J.
Am. Chem. Soc. 2016, 138, 1065-1077. [CrossRef] [PubMed]

Zhu, X.; Tsuji, H.; Nakabayashi, K.; Ohkoshi, S.-I; Nakamura, E. Air- and Heat-Stable Planar
Tri-p-quinodimethane with Distinct Biradical Characteristics. . Am. Chem. Soc. 2011, 133, 16342-16345.
[CrossRef]

Zeng, W.; Sun, Z.; Herng, T.S.; Gongalves, T.P; Gopalakrishna, T.Y.; Huang, K.-W.; Ding, J.; Wu, J.
Super-heptazethrene. Angew. Chem. Int. Ed. 2016, 55, 8615-8619. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/C8CP06615A
http://dx.doi.org/10.1021/ja807803j
http://dx.doi.org/10.1021/ja100276x
http://dx.doi.org/10.1021/ja301184r
http://dx.doi.org/10.1021/jp803064k
http://www.ncbi.nlm.nih.gov/pubmed/18759419
http://dx.doi.org/10.1021/cm502952u
http://dx.doi.org/10.1021/jz100155s
http://dx.doi.org/10.1002/anie.201611689
http://www.ncbi.nlm.nih.gov/pubmed/28198127
http://dx.doi.org/10.1021/jacs.5b12532
http://www.ncbi.nlm.nih.gov/pubmed/26717263
http://dx.doi.org/10.1021/ja206060n
http://dx.doi.org/10.1002/anie.201602997
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Computational Details 
	Results 
	Stability of the BS Structures and Descriptors of Di/Multiradical Character 
	Excitation Energies of the Double-Exciton State 

	Discussion 
	Conclusions 
	References

