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The double exciton state of conjugated chromophores with strong
diradical character: insights from TDDFT calculations

Sofia Canola,®? Juan Casado ¢ and Fabrizia Negri *°

A peculiar characteristic of open-shell singlet diradical molecules is the presence of a double exciton state (H,H—L,L)
among low lying excited states. Recent high-level quantum-chemical investigations including static and dynamic electron
correlation have demonstrated that this state can become the lowest singlet excited state, a diagnostic fingerprint of the
diradical system. Here we investigate the performance of less computationally demanding TDDFT calculations by
employing two approaches: the spin-flip TDDFT scheme and TD calculations based on unrestricted broken symmetry
antiparallel-spin reference configuration (TDUDFT). The calculations are tested on a number of recently synthesized, large
conjugated systems displaying from moderate to large diradical character and showing experimental trace of the double
exciton state. We show that spin-flip (SF) TDB3LYP calculations in the collinear approximation generally underestimate the
excitation energy of the double exciton state. When the molecule displays a strong diradical character, the unrestricted
antiparallel-spin reference configuration of TDUDFT calculations is characterized by strongly localized frontier molecular
orbitals. We show that under these conditions the double exciton state is captured by TDUB3LYP calculations since it is
described by singly excited configurations and its excitation energy can be accurately predicted. Owing to the improved
description of the ground state, also the excitation energy of the single exciton H—L state generally improves at TDUB3LYP
level. As regard the double exciton state, SF TDB3LYP performs slightly better for small to medium diradical character
while a large diradical character, (and strong orbital localization) is a prerequisite for the success of TDUB3LYP calculations

whose quality otherwise deteriorates.

Introduction

Open-shell remarkable

interest

singlet diradicals have attracted
in recent years, due to their unique electronic
properties which include narrow singlet-triplet gap, moderate
to high charge -carrier charge
transport behavior, along with optical and magnetic properties
suitable for applications in nonlinear optics,
spintronics and energy storage devices.[1-5]

A distinctive electronic character of these systems is a small
HOMO-LUMO (H-L) gap which is in turn associated with their
ambipolar  conduction properties,[6] their electronic
absorption toward the NIR and also with their possible
application in singlet fission [7-10].

These unique properties are modulated by their diradical
character, a quantum-chemical index which was originally
defined as twice the weight of the double excitation
configuration in the multiconfiguration self-consistent- field
(MC-SCF) method [11]. It can be computed from spin-
unrestricted approaches [12] but it has also been connected to
experimental observables. [13]

A large number of conjugated chromophores with open shell
singlet ground state have been designed an synthesised
recently,[14,15] displaying from moderate to large diradical

mobilities and ambipolar

molecular
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character, encompassing quinoidal oligo thiophenes [16-18],
tetracyano quinodimethane derivatives of phenylene-
vinylenes [19], diphenalenyl compounds [13,20] several
polycyclic aromatic hydrocarbons [14,21-26], heteroacenes
[27,28], among others. For most of these systems the diradical
character can be rationalized by considering the recovery of
aromaticity (i.e., the gaining of Clar’s sextets) [2].

Owing to the small H-L gap, the electronic structure of open
shell singlet diradicals is significantly influenced by the role of
static correlation and multi-reference models are generally
required. Alternatives to MCSCF have been proposed such as
the restricted active space spin-flip (RAS-SF) approach,
employed to predict the multi-reference nature of organic
polyradicals[29], the singlet-triplet energy difference in
carbazole macrocycles with polyradical characters [30] and the
radical character in linear and cyclic oligoacenes [31]. The
multireference averaged quadratic coupled cluster (MRAQCC)
method has also been employed to predict the multiradical
character of model systems for graphene nanoflakes [32] and
zethrenes. [33]

To describe the singlet ground state of open-shell diradicals

also spin-unrestricted Hartree-Fock (UHF) and density
functional theory (UDFT) methods have been largely
employed.[34] Indeed, the restricted closed shell (CS)

approach generally leads to an instability and a lower energy
open-shell antiparallel-spin solution, characterized by broken
symmetry (BS) of the electronic wavefunction, is found at
unrestricted level of theory.

The simplest quantum-chemical model to describe a diradical
includes two electrons in two orbitals (2e-20) from which four
electronic states can be constructed: three singlets and one



triplet. The spatial wavefunctions of the four electronic states
were derived either by assuming a set of delocalized orbitals or
a set of localized orbitals [8,35-37]. In the delocalized orbital
basis, the lowest singlet state is described by the ground
configuration corrected with the doubly excited (H,H—L,L)
configuration [36,37]. The second singlet state is a singly
excited or single exciton (H—L) state and the third is
dominated by the doubly excited (H,H—L,L) configuration and
is therefore a double exciton state.

According to the 2e-2o0 model, the double exciton state is
found at higher energy than the single exciton state. [8, 36]
However, some of wus have shown recently, via
CASPT2//CASSCF calculations [38] that for some systems
displaying remarkable diradical character, the double exciton
state becomes the lowest energy excited singlet state, a
peculiarity which is well known for the class of polyenes.[39]
Similarly to the latter, the double exciton state of open-shell
singlet diradicals is generally one-photon forbidden or only
weakly allowed and it appears in the optical spectra as a weak
band or progression on the red side of the main strong
absorption band which is due to the strongly allowed single
exciton state.[38, 40]

In previous studies, CASSCF followed by CASPT2 calculations
were chosen to account for static and dynamic electron
correlation and allowed to find a close agreement with the
experimental excitation energy of the double exciton state of

quinoidal oligothiophenes [38] and, more recently, of
tetracyano quinodimethane derivatives of phenylene-
vinylenes [40]. Similarly, CASSCF followed by NEVPT2

calculations were recently carried out for quarteranthene [21].
These calculations however, can become rapidly unfeasible
with the required accuracy, for very large molecules such as
some recently synthesized open-shell singlet diradicals.

The computationally less demanding time-dependent DFT
(TDDFT) calculations predict, generally with good accuracy, the
excitation energies of low lying excited states [41,42] but they
are limited to the inclusion of single excitations.

Spin flip (SF) TDDFT[43,44] offers the advantage that, among
the single excitations generated starting from the triplet
reference configuration, the double excitation (with respect to
the singlet ground state configuration) is also included. Indeed
this approach has been successfully employed to predict the
excitation energy of the double exciton state of polyenes[45].

QANTHENE

Fig. 1. Structural formula of the molecular systems investigated in this work,
displaying from medium to very large diradical character.

Concerning standard TDDFT calculations, the use of a BS spin
unrestricted reference configuration with antiparallel spins is
also a possible choice. Interestingly the BS solution is
characterized by alpha and beta frontier molecular orbitals
(MOs) localized on two different spatial regions of the
molecule, in analogy with the localized basis set employed as
an alternative to the delocalized basis set, in the formulation
of the 2e-20 model [36]. Here we show that the wavefunction
of the double exciton state is described in terms of singly
excited configurations, when the reference open-shell BS
configuration is formed by strongly localized frontier MOs.
Therefore we propose that, as far as the simple 2e-20
approach holds, and the BS frontier MOs are well localized, a
viable alternative to study the low lying electronic excited
states of large conjugated diradicals and, more precisely, to
identify and locate the double exciton state which
characterizes them, is to perform TDDFT calculations based on
the unrestricted BS antiparallel-spin reference configuration, a
procedure hereafter labelled TDUDFT. We note that also SF
TDDFT calculations are based on an unrestricted (parallel-spin
or triplet) reference configuration but in the following we
choose to label TDUDFT only the approach using as a reference
an unrestricted antiparallel-spin configuration. To explore the
validity of this approach, we considered a number of open-
shell singlet diradicals recently synthesized [13,18,19,
21,23,24,26,27] and whose models are shown in Fig. 1. For six
out of the eight molecules, the electronic spectra show weak
features on the red side of the main strong absorption band
which have been assigned to the double exciton state either
based on high level calculations [21,38,40] or for analogy. In
one case [27] the spectrum shows weak features in the red
side of the main absorption band that have not been assigned
and in another case [13] a dark state has been identified but at
slightly higher energies than the bright state. For these
systems we determined the equilibrium structures employing
both CS DFT and BS UDFT approaches, evaluated their diradical
and multiradical character and carried out a systematic
investigation of excitation energies at TDDFT and TDUDFT



level, paying particular attention to the prediction of the
double exciton state when the open-shell BS antiparallel-spin
reference configuration is employed. We complemented these
investigations with SF TDDFT calculations and compared the
results of the two approaches with available experimental
data.

Configuration BA

A=LUMO B=LUMO
B=HOMO —}— —}— A=HOMO
o electrons [ electrons

Configuration AB
A=LUMO { }— B=lUMO
B=HOMO A=HOMO
aelectrons [ electrons

Configuration AA or A2

A=LUMO —'— B=LUMO
B=HOMO —l— A=HOMO
a electrons [ electrons

Configuration BB or B2
A=LUMO —l— B=LUMO
B=HOMO —}— A=HOMO
a electrons B electrons

Fig. 2. Correspondence between the notation A,B of localized orbitals in the 2e-
20 model and the localized HOMOa,B and LUMOaq,B orbitals from UDFT
calculations on diradical systems with large diradical character.

Modelling the electronic structure of open-shell
singlet diradicals

In the following calculations two main simplifying assumptions
were made. The molecules shown in Fig. 1 did not include the
substituents of the real molecules since these contribute only
marginally to the final structural and electronic properties of
the extended conjugated chromophores. Although solvent
effects may improve the accuracy of predictions, they were
not considered because most experimental data, used for
comparison with calculations, were obtained with the same
solvent and because excitation energies were computed for
models and not for the real molecules. Both simplifications can
introduce systematic errors in the estimated energies but the

focus of this work is rather on the suitability of TDDFT
approaches to describe the double exciton state and their
suitability as a function of the diradical character. With regard
to the structural simplifications assumed for the model
molecules, 2TIO did not include the tert-butyl substituents;
QDTBDT included methyl substituents instead of the branched
alkyl chains; FP did not include the mesityl and O-alkyl
substituents; DFB did not include tert-butyl and mesityl
substituents; BISPHE did not include tert-butyl and phenyl
substituents; TPQ did not include aryl and phenyl substituents;
SHZ did not include aryl, methyl and tert-butyl substituents;
QANTHENE did not include tert-butyl and aryl substituents.

The open-shell singlet ground state

The equilibrium structures of the molecules shown in Fig. 1
were determined with DFT calculations employing the B3LYP
and CAM-B3LYP functionals and the 6-31G* basis set. The
geometry optimization was first carried out with the restricted
approach to determine a 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. In the following we will refer to this structure as
the BS equilibrium structure although it should be clear that
the BS is referred to the electronic wavefunction and not to
CS-BS stability 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. At both CS and BS
geometries the diradical and tetraradical character
determined in the spin-unrestricted single determinant
formalism with the spin-projection scheme.[8,12] The diradical
Vo and tetraradical character y; in the PUHF formalism is
obtained according to the following relation

the atomic structure. The overall

was

PUHF 2T;
Yi =1- (1)
l 1+Tiz
where
n _i—n i
Ti — HONO—i LUNO+i (2)

2

where nyono—iLuno+i are the occupation numbers of the
occupied and unoccupied natural orbitals (NO) determined at
UHF level. The diradical character corresponds to i = 0 while
the tetraradical character is obtained for i = 1. NO occupation
numbers were also determined at UDFT level, employing the
same functional used for the geometry optimization. In
addition, the number of unpaired electrons N, was
determined following the formulation of Head-Gordon[46]

Ny, =31 —abs(1—ny)) (3)

The lowest singlet excited states

The 2e-20 model is a useful starting point for the description
of the electronic structure of diradical molecules although it is



generally an approximation. Diradicals of real interest normally
contain more than two electrons and more than just two MOs
are available for them. As such, the energetic order of closely
spaced states described from this model can be incorrect
owing to the lack of electron correlation. This model has been
described in detail in fundamental contributions [35, 36] and
used to rationalize non-linear optical properties of diradicals
along with their suitability for singlet fission.[8]

P——
= 2w m
0.8 m_/m— | QANTHENE
-_____-___‘_ I.I I :.I ! .
K o JEp TPQ SHz ®
[ | BISPHE '.
L0 [ o | |
= | . | .
|  QDTBDT | I
0.4 2710 |
|
0.2
PUBSLYP @ BS geometry —&—
PUHF @ BS geometry —8—

1 2 3 4 5 6 7 8 9
stability of the BS structure (kcal/mol)
Fig. 3. Correlation between the y%value computed at PUHF (green squares) or

PUB3LYP (red squares) level and the computed stabilization of the BS structure
with respect to the CS structure, both optimized at B3LYP/6-31G* level.

Table 1
optimized geometries.

Energy difference between the BS optimized geometries and the CS

Table 2 Diradical character y, computed at different levels of theory for CS and BS
optimized structures of the systems investigated. The basis set is 6-31G*

yo PUHF
CSCAM- | CSB3LYP | BSUCAM- BS

geometry— B3LYP B3LYP UB3LYP
2TIO 0.46 0.56 0.74 0.67
ODTBDT 053 0.60 0.73 0.68
FP 0.62 0.71 0.81 0.80
DFB 0.65 0.73 0.81 0.80
BISPHE 0.83 0.84 0.86 0.85
TPQ 0.66 0.77 0.88 0.86
SHZ 0.78 0.83 0.87 0.87
QANTHENE 0.85 0.89 0.92 0.92
Yo PUCAM- Yo Yo PUCAM- Yo

B3LYP PUB3LYP B3LYP PUB3LYP
CSCAM- | CSB3LYP | BSUCAM- BS

geometry— B3LYP B3LYP UB3LYP
2TIO 0.08 0.02 0.51 0.10
ODTBDT 0.20 0.06 0.53 0.14
FP 0.19 0.13 0.63 0.34
DFB 0.21 0.12 0.54 0.30
BISPHE 0.49 0.20 0.61 0.26
TPQ 0.32 0.21 0.77 0.42
SHZ 051 0.40 0.71 052
QANTHENE 063 0.57 0.84 0.71

AE(BS-CS) AE(BS-CS)
kcal/mol kcal/mol
B3LYP/6-31G* CAM-B3LYP/6-31G*
2T10 11 7.3
QDTBDT 1.8 105
FP 3.7 115
DFB 29 9.0
BISPHE 3.6 15.7
TPQ 5.2 17.3
SHZ 1.7 20.1
QANTHENE 8.8 215

Within the 2e-20 model a full Cl is carried out, and therefore
the results are independent of the orbital basis sets. Two
limiting cases were considered[36]: a delocalized basis set a, b
and a localized basis set A4, B. Using the same notation as in
ref.[36] we can write, for the two sets of orbitals, the following
configurations with paired spins: a(1)a(2) = a?; b(1)b(2) =
b?%; a(1)b(2) = ab; b(1)a(2) = ba in the delocalized basis
and A(DA(2) = A%; B(1)B(2) = B%, A(1)B(2) = AB;
B(1)A(2) = BA, in the localized basis.

These configurations result in one triplet state and three
singlet states whose spatial wavefunctions for perfect
homosymmetric diradicals and assuming E(b) < E(a), are
expressed as:[36]

So = 1o = b? —a? = AB + BA
51=ll)1=ab+ba=A2—BZ (4)
32=1l)2=a2+b2=A2+BZ

Note that the S, state is the double exciton state in which the
(H,H—L,L) excitation or a? in the delocalized basis, strongly
contributes to the wavefunction. Within the 2e-2o0 model this
state is predicted to be always above S;, the (H—L) or ab +
ba state in the delocalized basis.

As discussed above, the ground state of open shell singlet
diradical systems, displaying medium to large diradical
character, whose nature is intrinsically multiconfigurational,
can be described in a one determinant approach by the spin-
unrestricted BS solution, usually employing DFT. Owing to the
relaxed constraint, the molecular orbitals of the BS solution
are localized on opposite moieties of the molecule, in contrast
with the delocalized orbitals determined for the CS solution. In
the light of the 2e-20 model described above, we note that CS
and BS solutions obtained from standard DFT calculations
correspond, to a good approximation, to the two limiting cases
of a set of delocalized (the CS solution) or localized (the BS
solution) MOs. When the BS orbitals are strongly localized and
disjoint (which is associated with a large diradical character),
the HOMO orbital holding the a electron is almost identical to
the LUMO orbital computed for the B electrons and vice versa.
Indeed, each spin-orbital holds just one electron of a given
spin and for a pair of strongly localized HOMOa and HOMOB
orbitals there must be another pair identical to them but




holding the complementary spin. In this case there is a clear
correspondence between the computed UDFT frontier MOs
for a and B electrons and the localized A,B pair of the 2e-20
model. The four configurations of the model can be identified
with the four configurations based on UDFT frontier MOs, as
shown in Fig. 2.

Under these circumstances, namely strong diradical character
and strongly localized BS orbitals, we can interpret the
eigenstates of a TDUDFT calculation using, as a guide, the
singlet excited state wavefunctions of eq.(4) from the 2e-20
model.

Comparing the open-shell singlet ground state wavefunction of
eq.(4) with the results of UDFT calculations, we note, as well
known, that the singlet ground state Sp is described with the
configuration BA which is not a spin eigenfunction and
therefore may result in large spin-contamination. The
configuration AB corresponds indeed to a double excited
configuration (see Fig. 2) and it will not be recovered in
TDUDFT calculations. Moving to singlet excited states, we note
that both S; and S, in eq.(4) are described by ionic
configurations A% and B? that correspond to single excitations
from the reference BA configuration (see Fig. 2). Therefore
we can conclude that, for systems with well localized 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 are described in terms of
singly excited configurations. We expect that the quality of
these results will depend on the magnitude of spin-
contamination and on the effective degree of orbital
localization.

In the light of the above considerations, we have selected a
number of open-shell singlet diradicals displaying medium to
large diradical character and have computed their excited
states with standard TDDFT and TDUDFT calculations
employing the Gaussian09 suite of programs.[47]

Double excitations can be recovered in TDDFT calculations also
with the SF approach.[43,45] Therefore, in addition to the
TDUDFT calculations we also carried out SF TDDFT calculations
in the collinear approximation as implemented in the Gamess
package.[48] In this latter case, the excitation energy to the
double exciton state was computed as the energy difference
between the singlet ground state and the singlet excited state,
both eigenvalues resulting from SF calculations.

Results and Discussion
Ground state structures, diradical and multi-radical character.

All the systems in Fig. 1 display a more stable BS structure (see
Table 1) with TPQ, QANTHENE and SHZ showing the larger
energy difference between BS and CS structures. The CS and
BS equilibrium structures, determined at B3LYP/6-31G* and
CAM-B3LYP/6-31G* level, are collected in Figs. S1-S8. It is
interesting to explore the correlation between computed
geometries and diradical character and between the latter
index and the computed BS-CS energy difference.

Se—CS

0.61H+0.79L 0.61H+0.79L

g P

0.78H+062L -0.78H+062L

T

Ha+ g § — L+,
- F &

Fig. 4. Frontier molecular orbitals of SHZ computed with (top) a CS singlet
reference configuration, (middle) a BS spin-paired open-shell configuration and
(bottom) a triplet configuration, at the optimized BS UB3LYP geometry of the
singlet ground state (y,(PUHF) = 0.87). Each localized orbital (BS) is also
expressed as a linear combination of the delocalized (CS) orbitals.

The diradical character computed at PUHF level (see Table 2) is
remarkably dependent on the chosen geometry. The CS CAM-
B3LYP geometries correspond (for all the systems investigated)
to the smallest diradical character, followed by the CS B3LYP
structures. The diradical character increases, as expected,
when moving to BS geometries and very similar values are
obtained for BS B3LYP or CAM-B3LYP equilibrium structures,
with the diradical character of the latter being only slightly
larger than that of the former. Thus, although the PUHF
diradical character of equilibrium structures determined at CS
level, with different functionals, can be quite different (as it
happens for instance for 2TIO, FP, TPQ), all functionals lead to
BS structures that converge to a similar y, value, weakly
dependent on the functional (compare for instance the PUHF
Yo values computed for CAM-B3LYP and B3LYP BS structures of
FP, DFB, BISPHE, TPQ, SHZ, QANTHENE).



Sy—-CS

So—BS

0.65H+0.75L 0.65H+075L

h _T_ % % +H°
0.74H+066L 074H+0.661L
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Fig. 5. Frontier molecular orbitals of QANTHENE computed with (top) a CS singlet
reference configuration, (middle) a BS spin-paired open-shell configuration and
(bottom) a triplet configuration, at the optimized BS UB3LYP geometry of the
singlet ground state (y,(PUHF) = 0.92). Each localized orbital (BS) is also
expressed as a linear combination of the delocalized (CS) orbitals.

Table 3 Comparison of computed TDB3LYP and TDUUB3LYP excitation energies of the
strongly one-photon active excited state (single exciton state or (H—»L)) and the

available experimental data for the systems investigated.

Excited state (H-L) (H-L) (H-L) (H-L)
character —
ot | TOSLPS [TORRE D e
calculation — 31G*
CS B3LYP? BS B3LYP? BS B3LYP
Geometry — a
2TI0 1.98 1.86 1.81 1.88°
QDTBDT 1.89 1.75 1.81 1.85°
FP 147 1.32 1.51 1.48¢
DFB 1.13 1.01 1.13 1.25°
BISPHE 1.38 1.35 1.47 1.43f
TPQ 1.59 1.44 1.48 1.46°
SHZ 111 1.01 1.49 1.50"
QANTHENE 0.87 0.77 1.28 1.35'

a Geometry optimized at B3LYP/6-31G* (CS) or UB3LYP/6-31G* (BS) levels of
theory; In n-hexane from ref. [38]; “Measured in CHCls from ref. [27]; dIn CH.Cl,,
from ref. [26]; eIn CH,Cl, from ref. [23]; fin CHCl3, from ref [13] eMeasured in
CHCl from ref. [19]; "n CH,Cl, from ref. [24]; In CH2Cl; from ref. [21].

1.8

1.6

1.4
QDTBDT
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BISPHE

0.8

Computed excitation en ergy of theH sl state/ eV

DFB TDB3LYP @ CS geometry
0.6 TDB3LYP @ BS geometry
: experimental

rmam

1.2 1.3 1.4 1.5 1.6 1.7 18 19
Experimental excitation energy of the H—L state [ eV

QDTBODT

BISPHE

0.8 | DFB

Cormputed excitation energy of theH L state f eV

0.6 TOUB3LYP @ BS geometry — =
' experimental —=

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

Experimental excitation energy of the H—L state [ eV

Fig. 6. Computed excitation energy of the one-photon active (H—L) state versus
experimental excitation energy: a) TDB3LYP calculations: (blue squares) TDB3LYP at CS
geometry; (red squares) TDB3LYP at BS geometry; (black crosses) experimental values;
b) (green diamonds) TDUB3LYP at BS geometry; (black crosses) experimental values.
The lines in the same colours are linear fittings of the computed data. The black line is
the bisector of the graph. Vertical bars indicate the compound to which computed and
experimental data correspond.

As expected, the molecules displaying the larger y,
(QANTHENE, TPQ, SHZ) are also those displaying the larger BS-
CS stabilization energy and generally an approximately linear
correlation between the diradical character and computed BS
stabilization is found (see Fig. 3 and S9).

Fig. 3 shows also that the computed y, values, for a given
molecule and a selected equilibrium structure, are strongly
dependent on the chosen model (PUHF or PUDFT). The y,
values computed with the PUB3LYP method are always much
smaller than those computed at PUCAM-B3LYP level, in turn
smaller that the PUHF values (see Table 2). Nevertheless, for
the set of molecules investigated, the trend is very similar at all
levels of theory considered: 2TIO and QDTBDT show invariably
the lowest y, values while QANTHENE shows the largest y,
value at PUHF, PUB3LYP or PUCAM-B3LYP levels. For other
molecules in the set, however, the relative position is not the



same at all levels of theory. Notable in this regard is BISPHE
whose BS equilibrium structure displays the third lowest y,
value (PUB3LYP and PUCAM-B3LYP) while it is located among
the higher yg, values at PUHF level. In conclusion the absolute
magnitude of 1y, is strongly dependent on geometrical
parameters and strongly dependent on the level of theory
employed to evaluate the index. It is therefore important to
refer precisely to the method and geometry employed to
calculate the diradical character. Nevertheless, except for few
cases such as BISPHE, the relative y, values are consistent for
different levels of theory. In the following discussion, we
generally take as reference the PUHF value unless specified.
For the systems investigated we also evaluated the tetraradical
character and the number of unpaired electrons (see Table S2
and S3) both of which are far less dependent on geometry
compared to Yy, although still strongly dependent on the level
of theory (PUHF, PUDFT) and functional used.

Excited states from TDDFT calculations

As pointed out in a previous section, the molecules in Fig. 1 are
simplified models, owning the same conjugated core of the
real molecules that were characterized by absorption
spectroscopy [13,18,19,21,23,24,26,27]. In the following we
will refer to the real molecules with the same label used for
the model molecule in Fig. 1. Weak features on the red side of
the main strong absorption band were assigned to the double
exciton state for 2TIO, TPQ, QANTHENE, SHZ, DFB and FP.
Similarly, the electronic absorption spectrum of QDTBDT
shows few weak features on the red side (1.57 eV) of the
strong absorption at 1.85 eV.[27] Based on the following
calculations we propose that these features are due, also in
this case, to the double exciton state. In contrast, the
electronic absorption spectrum of BISPHE does not show
features on the red side of the strong absorption observed at
1.43 eV, but a two photon active state has been observed at
1.54 eV and assigned to the double exciton state.[13]

For the systems in Fig. 1 we have carried out three sets of
TDDFT calculations: 1) using a CS reference configuration, at
the CS optimized geometry and at the BS optimized geometry;
2) TDUDFT calculations using a BS reference configuration at
the BS optimized geometry and, 3) SF TDDFT calculations
carried out with a triplet reference configuration at the same
BS optimized geometry as above. The B3LYP functional was
selected for these calculations owing to its generally good
performance for large conjugated systems [49-51] in
conjunction with its generally smaller spin contamination
compared to hybrid functionals with larger contributions of HF
exchange. [52]

Molecular orbitals from RDFT and UDFT calculations. In Figs.
4,5 and S10-S15, we collect the frontier MOs obtained from 1)
CS B3LYP/6-31G* calculations, 2) spin-paired (singlet) open-
shell BS UB3LYP/6-31G* calculations and 3) spin-parallel
(triplet) UB3LYP/6-31G* calculations, for each system
investigated. These sets constitute the MOs used to build the
reference configurations in the three sets of TDDFT
calculations outlined above. Generally the triplet UDFT MOs

are delocalized and similar to the CS MOs. In contrast, BS MOs
from unrestricted spin-paired calculations are localized and in
each figure we include, for each localized orbital, the linear
of CS delocalized orbitals to which it
corresponds. The degree of localization between pairs of
HOMOo/HOMOB LUMOa/LUMOB orbitals and the degree of
similarity between HOMOa and LUMOB (or HOMOB and
LUMOa) is established by evaluating their overlap (Table S4).

combinations
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Fig. 7. Difference between computed and observed excitation energy of the one-
photon active (H—L) state versus computed diradical character at PUB3LYP level: (red
squares) TDB3LYP 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.

Table 4 Computed TDUDFT and SF TDDFT excitation energies of the one-photon
forbidden excited state (double exciton state or (H,H—»L,L)) for the systems
investigated.

Excited state (HH-LL) (HH—-LL) (HH-LL)
character —»
Type of TDUB3LYP/ SF TDB3LYP/ exp
calculation — 6-31G* 6-31G*
Geometry —> BS CAAQ- BS CAMa-
B3LYP B3LYP
2TI0 0.98 1.54 1.68°
QDTBDT 1.07 1.56 1.57¢
FP 1.13 1.05 1.13¢
DFB 0.91 0.86 0.92¢
BISPHE 1.03 1.27 1.54°
TPQ 1.16 1.04 1.13¢
SHzZ 1.32 0.98 1.19"
QANTHENE 1.17 0.76 1.08

aGeometry optimized at UB3LYP/6-31G* (BS) levels of theory °In n-hexane from
ref. [38]; ‘Measured in CHCl3 from ref. [27]; dIn CHxCly, from ref. [26]; eIn CH.Cl»
from ref. [23]; fin CHCls, from ref [13] 8Measured in CHxCl> from ref. [19]; In
CH,Cl; from ref. [24]; In CH,Cl, from ref. [21].

We note that 2TIO and QDTBDT are the systems with the
smaller diradical character in the series. The smaller yqis
reflected in a modest localization of the BS MOs (see Figs. S10-
S15) compared to those of the systems displaying the larger
diradical character, as SHZ and QANTHENE, (see Figs. 4 and 5)



which are strongly localized, thereby implying that, in these
cases, we are close to the ideal conditions of the 2e-20 model.
Predictions for the single exciton state. From TDB3LYP
calculations we expect a good quality prediction of the lowest
strongly dipole allowed excited state dominated by the (H—L)
excitation. Indeed, the data collected in Table 3 (for B3LYP
geometries) and Table S5 (for CAM-B3LYP geometries) show
generally a good agreement with the experimental results.

The excitation energies in Table 3, computed from TDB3LYP
calculations for two sets of geometries (CS and BS determined
with the B3LYP functional), are plotted against the
experimental data in Fig. 6a. To easily capture a trend in the
computed results, we fitted them linearly, keeping in mind
that the computed data may be affected by systematic errors
due to the simplifications of the models compared to the real
systems and the absence of solvent effects. It can be seen that
the linear fittings of the two sets of computed excitation
energies (blue and red squares) are almost parallel, which
indicates a similar average quality of the results, with an
energy shift due to the systematic difference in geometry
between the two sets. The only two data showing a stronger
deviation from the fitting correspond to QANTHENE and SHZ,
the two compounds with the largest diradical character and
consequently those more affected by static correlation which
is missing for a CS single reference as that used in these
TDB3LYP calculations.

In contrast, the green diamonds and the green fitting line in
Fig. 6b (TDUB3LYP predictions, see also Table 3 and S6 for
additional details) show a different slope, almost parallel with
the bisector of the graph (thin black line), thereby indicating
minor average deviations from the experimental data (also
shown as black crosses on the bisector). The good agreement
with the experiment, independent of the diradical character,
can be appreciated in Fig. 7 where the difference between
computed and observed excitation energies are reported as a
function of the PUB3LYP y, value (in this case we used the
PUB3LYP values since these are computed at same level of
theory employed for the TDDFT calculations). The better
quality of TDUB3LYP calculations is evident for systems with
large diradical character such as SHZ and QANTHENE, for
which TDB3LYP calculations provide strongly underestimates.
We attribute the better agreement of TDUB3LYP calculations
to the use of an unrestricted reference configuration which is
able to recover static correlation effects in spite of some
degree of spin contamination (see Table S6).

Predictions for the double exciton state. The double exciton
state has been previously identified and described in terms of
high level quantum chemical calculations. CASPT2//CASSCF
calculations were carried out for 2TIO [38] and TPQ [40] while
CASSCF followed by NEVPT2 calculations were carried out for
QANTHENE. [21] All the previous high level calculations
predicted excitation energies of the double exciton state very
close to the experimentally observed values, thereby
supporting the proposed assignment. As a result we may
confidently compare the results of the TDDFT calculations
presented here with the experimental data. More precisely, in
Table 4 (for B3LYP geometries) and Table S5 (for CAM-B3LYP

geometries) we collect the computed excitation energies of
the double exciton state (H,H—L,L) obtained from TDUB3LYP
calculations and SF TDB3LYP calculations (both carried out at
the BS equilibrium structures) and compare them with
available experimental data. The computed SF TDB3LYP
excitation energies are plotted against experimental values in
Fig. 8 (red squares). Also in this case we fitted them linearly to
easily capture a trend: the red line is almost parallel to that of
the experimental values (black line), indicating an average
similar accuracy for the set of diradicals considered, but a
general underestimate of excitation energies which may be
related to the overestimate of the ground state energy at this
level of theory.
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(green diamonds) TDUB3LYP at BS geometry; (black crosses) experimental values. The
lines in the same colours are linear fittings of the computed data. The TDUB3LYP data
were not fitted due to their different quality for the two groups of systems investigated
(see the text for the discussion). The black line is the bisector of the graph. Vertical bars
indicate the compound to which computed and experimental data correspond.
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data. Vertical bars indicate the compound to which computed data correspond.



The difference between computed and observed excitation
energy, plotted against the PUB3LYP diradical character in Fig.
9 discloses, in addition to the underestimate, a slight accuracy
decrease of SF TDB3LYP results as the diradical character
increases, likely due to the imperfect description of static
correlation for large y,. The green diamonds in Fig. 8
correspond to TDUB3LYP computed excitation energies of the
double exciton state, identified by the dominant in phase
contribution of the singly excited configurations A% and B?,
(see Table S7 for additional details on computed spin
contamination, wavefunction composition and oscillator
strengths) as discussed in the previous section and shown in
Fig. 2. For five, out of the eight systems investigated, the
TDUB3LYP results are in very close agreement with
experimental data, almost overlapping with the bisector line in
Fig. 8, while for 2TIO, QDTBDT and BISPHE the computed
excitation energies are strongly underestimated. 2TIO and
QDTBDT are the systems with the smaller diradical character in
the series, either at PUHF or PUB3LYP level (see Table 2), in
turn reflected in a modest localization of the BS UB3LYP
frontier MOs which implies an imperfect representation of the
2e-20 model in the localized basis set (the overlap between
HOMOa and HOMO amounts to 0.57 and 0.52 respectively,
see Table S4). BISPHE also displays less localized UB3LYP
frontier MOs (the overlap between HOMOa and HOMOf
amounts to 0.41, see Fig. S14 and Table S4) in agreement with
the fact that the PUB3LYP y, value is just above that of 2TIO
and QDTBDT, as noted in a previous section. Inspection of
Table S7 shows that the S2 value of the double exciton state in
these three cases does not exceed 0.7. Although triplet spin
contamination may contribute to the energy underestimate, it
is likely that the identical contribution of ground and doubly
excited configurations leads to the large underestimate of the
excitation energy since the contribution of the doubly excited
configuration should dominate when orbitals tend to be
delocalized.[8] In contrast, the more marked localization of the
frontier MOs of SHZ and QANTHENE (the HOMOo/HOMOB
overlap is only 0.23 and 0.11, respectively) implies that in this
case we are close to the ideal conditions of the 2e-20 model.
The BS reference configuration recovers, via localization, the
static correlation which is missing in the CS reference
configuration and, on the other hand, the appropriate
combination of singly excited configurations between localized
orbitals, A% and B2, (see Table S7) corresponds to the double
exciton state in eq.(4). The S? value of the double exciton state
in these favourable cases (Table S7) remains always around
0.3-0.4 which implies a moderate triplet spin contamination.
We believe that the combination of strong localization of
frontier MOs and inclusion of static correlation effects justifies
the remarkably good predictions of TDUB3LYP compared to SF
TDB3LYP for diradicals with very large y, values (see also Fig. 9
showing that TDUB3LYP is superior to SF TDB3LYP for large
diradical character). On the other hand we note that when the
localization is incomplete, as is the case of 2TIO and QDTBDT,
the description of the double exciton state rapidly deteriorates
due to an increased role of triplet spin contamination and/or
unbalanced contribution of the ground and doubly excited

configurations in the wavefunction. Although inspection of
data in Fig. 9 suggests that for y, values (PUB3LYP level) above
0.3 the predicted excitation energies are very satisfactory, we
believe that the most relevant parameter to be monitored for
a safe prediction is orbital localization. We can therefore
conclude that the TDUDFT approach should not be used to
estimate the excitation energy of the double exciton state
when the diradical character is small and/or orbital localization
is incomplete.

Conclusions

A specific characteristic of open-shell singlet diradical
molecules is the presence of a double exciton state H,H—L,L
among low lying excited states. While the simple 2e — 20
model predicts the double exciton state to lie above the single
exciton H—L state, recent high-level quantum-chemical
investigations including static and dynamic electron correlation
have demonstrated that the double exciton state can become
the lowest singlet excited state for systems with large diradical
character. In this work we have investigated the
computationally demanding TDDFT calculations as an
alternative to characterize the low lying singlet excited states
of recently synthesized large polyconjugated diradicals. TDDFT
based on the restricted CS or unrestricted BS antiparallel-spin
reference configurations have been compared for the
prediction of the excitation energy of the bright H—L state. To
obtain the excitation energy of the double exciton state we
have employed the same TDUDFT calculations used for the
single exciton prediction along with the SF TDDFT approach.
We selected the B3LYP functional because of its limited spin
contamination compared to other functionals. While it is
known that SF TDDFT calculations can predict electronic states
whose wavefunction includes double excitations, we have
shown that the double exciton state characterizing open shell
singlet diradicals can be captured by TDUB3LYP calculations,
when the diradical character is large, since it corresponds to
single excitations from strongly localized frontier MOs.

A systematic investigation encompassing a set of recently
synthesized large conjugated systems displaying from
moderate to large diradical character and an open-shell singlet
ground state, shows that TDUB3LYP predicted excitation
energies of the bright, single exciton state are in average
better agreement with experiment compared to TDB3LYP
results.

Focussing on the dark double exciton state, calculations show
that the SF approach in the collinear approximation provides
an overall good prediction of its excitation energy across the
set of diradicals investigated, although computed data are
underestimated with respect to the experimental results. The
predicted excitation energies are in excellent agreement with
experiment when TDUB3LYP calculations are carried out for
systems whose diradical character is large and whose BS
frontier MOs are strongly localized. In these cases not only the
calculations predict, in agreement with experimental
observation and with higher level calculations, that the double
exciton state lies below the single exciton state, but locate its

less



energy with great accuracy. In contrast, the quality decreases
for moderate diradical character and incomplete localization of
frontier MOs. Therefore TDUB3LYP calculations can be used to
predict the double exciton state provided the diradical
character is large enough to ensure strong orbital localization.
In conclusion, both SF TDB3LYP and TDUB3LYP calculations can
be computationally cheaper
alternatives to characterize the low lying double exciton state
of singlet open shell conjugated diradicals of large dimension.
SF TDB3LYP performs better for small to medium diradical
character than for large diradical character, likely because of
the imperfect description of static correlation for large yq. In
contrast, a large diradical character, (and strong orbital
localization) is a prerequisite for the success of TDUB3LYP
calculations whose quality otherwise deteriorates.
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