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Abstract

The biradicaloid character of different types of polycyclic aromatic hydrocarbons (PAHs) based
on small band gaps is an important descriptor to assess their opto-electronic properties. In this
work, the unpaired electron densities and numbers of unpaired electrons (Ny values) calculated at
the high-level multireference averaged quadratic coupled-cluster (MR-AQCC) method are used to
develop a test set to assess the capabilities of different biradical descriptors based on density
functional theory. A benchmark collection of 29 different compounds has been selected. The DFT
descriptors contain primarily the fractional occupation number weighted electron density (FOD)
based on finite temperature (FT)-DFT calculations, but the singlet-triplet energy difference and
other descriptors denoted as yo and nLuno have been considered as well. After adjustment of the
literature-recommended FTs, very good, detailed agreement between unpaired density and FOD
analysis is observed which is also manifested in excellent statistical correlations. The other two
descriptors also show good correlations even though the absolute scaling is not satisfactory. These
correlations between the MR-AQCC and especially the temperature-adjusted FT-DFT results
provide the basis for fast and reliable assessment of the biradical character of many classes of

PAHs without the need for performing computationally extended MR calculations.



1. INTRODUCTION

Graphene is a zero-bandgap material with a wide range of applications.! 2 Cutting a
graphene sheet into nanosized fragments produces nanographenes which contain units of
polycyclic aromatic hydrocarbons (PAHs).? In many cases PAHs possess significant open-shell

#10 which leads to remarkable opto-electronic properties due

character in the singlet ground state
to small band gaps of these PAHs. These systems have not played significant roles in the future of
photovoltaic devices in terms of singlet-fission,'! > but have also reported promising results for
organic light emitting device (OLED) materials.'*"!> Advancements in the field of molecule-based

batteries'? 1©

and field-effect transistors'” '* have been investigated owing to the molecular-sized
open-shell graphene fragments.

Quantum chemical calculations have been found useful to provide the required quantitative
characterization of the biradicaloid PAHs. While the computationally efficient density functional
theory (DFT) performs quite reliably for closed shell cases, the choice of the density functional
still remains a nontrivial step and the method may suffer from spin-contamination effects
especially in the important case of broken-symmetry singlet states of biradical molecules.'®?° To
judge the applicability of DFT methods in such cases, it is necessary to have reliable reference
data from accurate methods capable of accounting for the multireference (MR) character of the
electronic wave function which is often associated with radical and open shell systems. It has been
shown that many of such compounds have two or more dominant contributing electronic
configurations with similar weights, as shown by the work of Salem and Roland,?' and Bonacic-
Koutecky, Koutecky, and Michl.?> MR methods have proven to be flexible and practical in
describing such complex systems in a balanced way.?* They are free of the previously mentioned
spin contamination effects and include quasi-degenerate configurations as a basis of characterizing
radical and biradicaloid molecules forming the choice of an appropriate reference space. The MR-
averaged quadratic coupled-cluster (MR-AQCC) method®* has been especially reliable as it
includes size-consistency contributions.”® It has been used extensively in calculations of

25,26 and diindenoacenes.*

biradicaloid cases such as acenes,’ zethrenes,

To date, a popular strategy used to identify biradicaloid PAHs consists in the calculation
of the diradical character index (yy) and its closely related observable property, the singlet/triplet
splitting energy gap. For the y index value, two forms exist. Yamaguchi proposed the calculation

from the occupations of the highest occupied natural orbital (NO) and lowest unoccupied NO



(HONO and LUNO, respectively),?* 2’ while the LUNO occupation®® alone can also be a useful
biradical descriptor with pros and cons in their applications.” 3° These calculations are
predominantly performed at DFT level. As an alternative, the number of effectively unpaired
electrons (Ny) and the corresponding density?® 3! *2 has been used to identify significant
contributions to the biradicaloid character in a series of PAH systems and has shown to correlate
closely with the singlet/triplet energy splitting.* > A more recent descriptor of radical character is
the fractional occupation number weighted electron density (FOD)** and the corresponding
number of “hot” electrons Nrop suggested by Grimme and Hansen. This method is based on DFT
calculations utilizing a finite temperature (FT), in which virtual orbitals are being occupied in the
spirit of a simplified multiconfigurational self-consistent field theory (MCSCF) method. FT-DFT
in combination with FOD has been used to assess the open-shell biradical character of organic
molecules with emphasis on PAHs.** In a related spirit, FT-DFT calculations have been used by

Liu et al.?

for evaluating strong correlation for transition-metal complexes.

This work will present benchmark ab initio multireference calculations characterizing the
radical and biradicaloid character of twenty-nine benchmark PAH structures representing diverse
classes of molecules. The Ny values calculated using the high-accuracy MR-AQCC method are
compared to the Nrop values and the descriptors yo and nruno utilizing a range of density
functionals characterized by different contributions of exact Hartree-Fock exchange. The objective
of this work is to evaluate the performance of the just-listed open-shell descriptors obtained at DFT
level and to provide information about the accuracy of their predictions in comparison to MR-
AQCC. Thereby, ways should be shown for dealing with the difficult question especially of the

singlet open-shell character of molecules in a computationally efficient but still reliable way as

provided by DFT in comparison to MR-AQCC.

2. BENCHMARK COMPOUNDS

Highly interesting building units for organic electronic materials are n-acenes, which
possess small band gaps (small HOMO-LUMO gaps) and high charge-carrier mobilities for larger
chain length.*® The open-shell character study of quasi-one-dimensional n-acenes and of
periacenes has been explored previously’” with MR-AQCC calculations showing the evolution of

strong multiradical character of these n-acenes (n = 2 to 10) Here, we have considered n-acenes



with n = 4, 6, 8 and 10 (structures 1-4, Figure 1) to explore the presence of their multiradical
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character.

Figure 1. Structures of n-acenes for 4-acene (1), 6-acene (2), 8-acene (3) and 10-acene (4).

Cis- and trans-diindenoacenes (structures 5-14, Figure 2) are a class of compounds
designed to regulate the biradicaloid character of acenes.’” They are known for unique chemical
properties and high reactivity.*® These compounds have been previously studied computationally
by utilizing advanced ab initio methods describing the characteristic biradicaloid properties of
these compounds.* 3°#! The cis isomer (Figure 2b) shows a greater biradical character as a result
of meta (cis) and para (¢rans) quinodimethane moieties, affecting the number of Clar’s sextets in
the covalent and biradical valence bond structure.** As demonstrated in Figure 2, two Clar’s sextet
appear in the Kekul¢ structure of the trans-isomer (Figure 2a) and only one appears in that of the
cis-isomer (Figure 2b), while three Clar’s sextet appear for the biradical form of both the isomers.
Therefore, in the cis-isomer, the relative weight of the biradical form is greater than that of the
trans-isomer due to the difference in quinoid valence bond structures.**** The strongly enhanced
biradical character of the cis-isomers has been shown also by Fukuda et al.** and by MR-AQCC

calculations.*
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Figure 2. Structures of a) trans-diindenoacenes (5-9) and b) cis-diindenoacenes (10-14) showing
quinoid Kekulé (left) and biradical (right) resonance structures. The circles indicate Clar’s
aromatic sextet rings.

Zethrenes (Figure 3, structures 15-19) are z-shaped hydrocarbons with quinoidal and
diradical resonance forms.?> The fusion of two benzenoid rings on the heptazethrene core form
1,2:9,10-dibenzozethrene (structure 15, Figure 3, Figure 4a) and shows three Clar’s sextets in the
open-shell biradical resonance valence bond structures in Figure 4b,c. The theoretical study of
different zethrenes by variation of the connectivity of the phenylalanyl moieties (a compound
which will further discussed below) lead to planar 15-17 and non-planar 18-19 cethrenes (Figure
3) and are of interest from the viewpoint of better understanding the open shell character of these
systems. In 18, the presence of a sp’ hybridized carbon leads to non-planarity as the two
neighboring hydrogens are above and below the plane, respectively.*® In 19, the structure is

twisted.



Figure 3. Structures of planar (15-17) and nonplanar cethrenes (18-19).
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Figure 4: VB structures of 1-2;9,10-Dibenzoheptazethrene (15) showing quinoid Kekulé and
biradical resonance forms. The circles represent Clar’s aromatic sextet rings.

Phenalenyl>#7 (20) is a rigid n-conjugated neutral radical constructed by triangular fusion
of three benzene rings, making phenalenyl the smallest open-shell graphene fragment (see Figure
5 for this and the structures of the following compounds discussed in this paragraph). The circular
extension of phenalenyl with benzene rings leads to several n-conjugated phenalenyl derivatives
like biradical triangulene®®° (21). Further substitution of triangulene with heteroatoms like
oxygen (22) and phenyl groups (23) are shown in Figure 5. Doubly benzylic radicals like fluorenyl
(24) are m radicals where the radical character can delocalize into neighboring aromatic rings.
Fluoranthene (25) with a five membered central ring connecting a naphthalene and a benzene unit

is a structural isomer of pyrene. The extended fluroanthene structure incorporating another fused
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naphthalene substructure, acenaphtho[1,2-k]fluoranthene 26, is an aromatic PAH.>" 2> A PAH
formed by substituting phenyl rings by CH; (27) in the Chichibabin’s hydrocarbon® has an open
shell radical character. Another example of a molecule with radical character is the
quinodimethane derivative 2,6-anthraquinodimethane, 28. The quinoid Kekulé and biradical
resonance structures are shown in Figure 6. Bis-periazulene, 29, an isomer of pyrene also shows

some interesting electronic features>* such as a peripherally delocalized 14- 1t system.>

Figure 5. Structures of phenalenyl (PLY) (20), triangulene (6 TRI) (21), O-substituted triangulene
(R3-6TRI) (22), phenyl-substituted phenalenyl (3P-PLY) (23), fluorenyl (24), fluoroanthene (25),
acenaphthylene (26), CHz-terminated Chichibabin’s hydrocarbon (27), 2,6-anthraquinodimethane
(28), bis-periazulene (29).
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Figure 6. Structure of 2,6-anthraquinodimethane (28) showing quinoid Kekulé¢ and biradical
resonance forms. The circle represent Clar’s aromatic sextet ring.



3. COMPUTATIONAL DETAILS

The polyradical character of the compounds 1-29 were investigated using the MR-AQCC?*
as standard approach and MR-configuration interaction with singles and doubles (CISD)*
methods in special cases. Size-extensivity corrections are added to the MR-CISD energy (indicated
by the symbol +Q) using the Pople correction.”***>" The choice of these reference spaces has
been made based on the weight of the reference configurations in the wavefunction expansion
(non-reference configurations should have a weight <2%), on NO occupations, and experience
obtained with previous calculations on the typical biradical compound heptazethrene.’® The
orbitals for MR-CISD+Q and MR-AQCC calculations were computed at the CASSCF level
averaging over two states (SA2), the lowest singlet and triplet states or doublet and quartet states
depending on the case. These calculations were carried out utilizing CAS(8,8) reference spaces to
calculate the lowest singlet/triplet states of molecules with even numbers of electrons. Intruder
states (configurations with >2% weight not belonging to the reference space) were corrected at the
MR-AQCC level for structures 1-3, 5, 12, 14, 17-18, and 29 by including the respective electron
configurations into the reference space for both multiplicities. MR-CISD+Q calculations were
performed utilizing a CAS(8,8) reference space to calculate the lowest singlet/triplet states of 16
and 26. The reason for using MR-CISD+Q instead of the standard MR-AQCC was the occurrence
of persistent intruder states in the MR-AQCC calculations for the triplet states of 16 and 26.
Respective results are labeled accordingly in the discussion of results below. It has also been shown
that for the calculation of energy differences between same or different spin multiplicities for
phenalenyl, freezing of all ¢ orbitals influenced the results by ~0.1 eV only.?* Reducing the basis
set size to 6-31G**° had a minor effect on the energy splitting as well. Thus, for all planar
structures, the o orbitals (both occupied and virtual) were kept frozen in all CASSCF, MR-CISD
and MR-AQCC calculations at the initial SCF level while all & orbitals were included. The 6-
311G* basis set®® ®! was used for MR-AQCC and MR-CISD calculations for all the compounds
except 18-19 (non-planar cethrenes). To reduce the strongly increased computer times in these
non-planar structures, the calculations were performed with the 6-31G basis set and using localized
molecular orbitals (MOs) for reference doubly occupied orbitals in the framework of the weak
pairs approximation as described in Refs. 62 and 58. The localized valence ¢ orbitals were frozen

at the MR-AQCC level. In these calculations, the default value of 1.0 was chosen for the radius



multiplier, a choice which left the singlet/triplet energies for zethrenes practically unchanged
relative to the full calculation as reported in in Ref. 58.

The ground states of all structures utilized for MR-AQCC and MR-CISD calculations were
optimized at DFT level using the TPSS density functional®® and the def2-TZVP®: % basis set. In
case of the DFT calculations, the low-spin ground state electron configuration was determined by
wave function instability analysis®® of the Kohn-Sham determinants.®” The compounds 3-4, 8-17,
and 19 were found to have triplet instabilities present in their wave functions at restricted DFT
(RDFT) level, which were reoptimized using an unrestricted DFT (UDFT) approach. The
harmonic vibrational frequencies for all structures were calculated using the same functionals and
basis sets as for the respective geometry optimizations and found to be positive in all cases,
exceptions for the 1 A state of compounds 15 which shows an out-of-plane imaginary frequency
in Con symmetry as discussed in previous work.?> Compound 27 also showed a minor degree of
out-of-plane character. For the sake of computational efficiency, these smaller violations of
planarity were ignored, and the higher symmetry was kept in these two cases.

The singlet/triplet splitting energy (AEs.7) is calculated by subtracting Es from Et, such
that positive values mean that the low spin state is the ground state. The total number of unpaired

32,68

electrons (Nu) and the unpaired electron density were calculated using Eqn. (1) by means of

the non-linear formula developed by Head-Gordon?! where the sum is taken over all NOs:
NUzz:nf(2—nl.)2 (1)
i=1

where 7; is the occupation of the ith NO. For structures with doublet or triplet ground states, values
of 1 and 2, respectively are subtracted from the Ny value to give the reduced Ny red.. Nuwm-L) values
are computed by restricting the sum in Eq. (1) to the HONO-LUNO pair.

The FOD analysis has been performed by means of a finite temperature (FT)-DFT
approach to obtain the static electron correlation (SEC) based on a pre-defined electronic

temperature. The FOD is derived from Eqn. (2) as described in Ref. **:
N
P (r)=2(6-6.1)lo/(r)F @)
i=1
where the f; values are the fractional occupation (FO) numbers (0< f; <1) and the sum is taken
over all molecular spin orbitals. In Eqn. (2) the constants §; and §, are chosen to be unity if the

energy level is lower than the Fermi energy (Er) while they are zero and -1, respectively, for an
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energy higher than Er. The integration of the FOD over all space yields the Nrop value which can
be used to quantify the SEC. The FO numbers are obtained from the Fermi-Dirac distribution (Eqn.
(3)) depending on the difference of the orbital energy (¢;) and EF.

fi= m 3)
For open shell cases, the f; values of a given orbital are summed over the alpha and beta shell
contributions. For the cases of doublet or triplet state structures with FT-UDFT, values of 1 or 2
are subtracted from the Nrop resulting in a reduced value, Nroped.. The recommended choice of
the electronic temperature (7,) is established by the empirical formula:

T, = 20000K x a, + 000K 4)

where a. is the amount of non-local Fock exchange admixture in the chosen (hybrid) density
functional.®>> 7° These literature-recommended FTs will be distinguished from those that provide
improved Nrop values in the present data by adjustment of the FTs. They will be referred to as
“improved-present” FT values.

Both FT-RDFT and FT-UDFT calculations are performed and fi and FOD values are
compared. In case a triplet instability was found, an FT-UDFT calculation was performed. For the
FOD analysis, the functionals TPSS (ax = 0), B3LYP”"7? (a, = 0.2) and M05-2X (ax = 0.56)”* have
been used together with the def2-TZVP basis set and including the dispersion correction D3747
for the functionals TPSS and B3LYP. The a. values show a wide range of Fock exchange ranging
from zero to 56 %. Initially, the following FTs recommended in Ref. 33 (Eqn. (4)) were used for
each density functional amounting to the values of 5000 (TPSS), 9000 (B3LYP), and 16200 (MO05-
2X) K, respectively.

The spin-projected unrestricted Hartree-Fock (UHF) theory was used for analyzing the
diradical character y; (/ = 0 or 1) of all structures; the y-values are given by:*°
4(Mono—s — Muuwoss )

5
4+ (”Hozvoq “Nruno+i )2 )

where nyoyo—; and n;yyo+; are the occupation numbers of the ith highest occupied NO (HONO)

yizl—

and the ith lowest occupied NO (LUNO) computed from UHF NOs. A pure closed-shell system
has y, = 0, while a perfect diradical system has y, = 1 and y; = 0. In comparison of yo with Ny

values, the former will be multiplied by a factor of two to achieve consistent counting of electrons.
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When calculating the AEs.t for the singlet ground state structures, UDFT results will be
utilized for those cases with triplet instabilities, but RDFT will be used for those cases that are
triplet stable. When presenting the Nrop and f; results in the main text, FT-RDFT results will be
given for all structures with singlet ground electronic states even when triplet unstable. The
remaining FT-UDFT results will be presented in the Supplementary Information (SI) and
discussed in the main text in the appropriate context. It is often the case that the FT-UDFT results
will be the same as the FT-RDFT results despite beginning from a triplet unstable calculation.
Regardless, both sets of data are presented.

The geometry optimizations, stability analysis, and frequency calculations were carried out
using the Gaussian program package.”” All CASSCF, MR-CISD and MR-AQCC calculations were
performed using the COLUMBUS 7.2 program suite.”® 7 The unpaired electron population
analysis and Ny values were calculated using the TheoDORE 3.0 program.®*-#> The FT-DFT and
AEg 1 calculations were carried out with the Turbomole 7.5 program.®*> The FOD analysis for FT-

DFT calculation was done using the foden/Turbomole program.>?

4. RESULTS AND DISCUSSION

4.1. Properties of Benchmark Compounds
4.1.1. n-Acenes

The polyradicaloid character of quasi one-dimensional n-acenes have been investigated
extensively before at MR-AQCC level.” A selection of them (n = 4, 6,8 and 10, 1-4, Figure 1) is
being used here for benchmarking the DFT functionals selected in this work. To start with, Table
1 lists the vertical singlet/triplet splitting energy, AEs-t, calculated with the MR-AQCC and the
different DFT methods. For all methods, the AEs.t decreases as the length of the chain increases
indicating an increasing multiradical character. AEs.t shows a steep decrease from 1 to 2 as the
energy decreases from 41.1 kcal/mol to 25.7 kcal/mol (MR-AQCC), then follows a more gradual
decrease from 2 to 3 as given in Table 1. The AEs.t for 4 decreases to 7.9 kcal/mol. These results
agree well with previous MR-AQCC calculations using a CAS(8,8) reference and the smaller 6-
31G basis.®* The trends in the corresponding DFT results compare quite well to MR-AQCC data.
The absolute values of singlet/triplet splitting agree also well for structure 1 (tetracene) among all
methods. For the larger acenes, the decrease of the AEs.t values differs somewhat for the different

methods. TPSS-D3 gives the smallest splitting for structure 4 (tetracene).
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Table 1. Vertical singlet/triplet splitting energy (AEs-t, E(1°B1) — E(1'A,)) in kcal/mol calculated
at the MR-AQCC level and using different DFT functionals for the n-acenes (1-4).%

Structure MR-AQCC MO05-2X TPSS-D3 B3LYP-D3

1 41.0 36.2 30.4 325
2 25.7 16.8 12.3 14.0
3 18.0 11.2 4.1 7.1
4 7.9 10.0 24 52

? The following structures are triplet stable at the RDFT level: M05-2X: 1, TPSS-D3: 1-2, and
B3LYP-D3: 1. The remaining structures are triplet unstable and derived from UDFT calculations.

NO occupations and Ny values for MR-AQCC calculations for the singlet ground state of
1-4 are given in Table 2. The Ny values increase as the chain length increases from 1 to 4. The
near closed shell character of 1 is seen from a lower Ny value and HONO/LUNO occupation
numbers not deviating much from the limiting values of zero/two. As the chain length increases,
the open shell character increases showing larger deviations from the closed-shell reference values
of zero/two. 4 has the highest Ny value (3.66 e) in this series. The Nrop values obtained from M05-
2X FT-DFT calculations follow the same trend as the Ny values (Table 2). FT-RDFT results are
the same as FT-UDFT results (Table S1 of the Supplementary Information (SI)) in all cases
showing how the finite temperature calculation counteracts the breaking of the spin symmetry. As
discussed further below, by comparison to the AQCC NO occupations and Ny values, systematic
improvements can be made to the FT-DFT results (Nrop and f; values) by adjusting the originally
recommended FTs. Further justification for this improvement in temperature will be discussed
later, and only a description of the relevant results will be presented here. When using the
improved-present FTs, the Nrop values agree much better with Ny values as can be seen for M0S5-
2X in Table 2, italicized values), and for TPSS-D3 and B3LYP-D3 in Tables S1 and S2, italicized
values.

Utilizing the default temperature for the M05-2X calculations overestimates the Nrop
values considerably compared to the AQCC Ny values (Table 2). For TPSS-D3 (Table S2, default
temperatures), except for 1 and 4, the FT-RDFT Nrop values are larger than their respective Ny
values. Where applicable, FT-UDFT Nrop values (Table S1) are the same as the FT-RDFT results.
With B3LYP-D3, (Table S2, default temperatures), the differences between Ny and Nrop values

are similar compared to the other two functionals and are reduced by the improved-present
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temperature. The trend in the FT orbital occupations f; (Table 2 and Table S2) reflect the increasing

open shell character of the acenes in the same way as the NO occupations.

Table 2. HONO-LUNO occupations and Ny values (MR-AQCC), HOMO-LUMO f; and Nrop
values (M05-2X with FT-RDFT approach) for the n-acenes (1-4). FT-DFT calculations performed
with the literature-recommended temperature (16200 K) and improved-present temperature
(12200 K, values in italics). All values are given in units of e.

Str MR-AQCC FT-RDFT/FOD
NO Occ. Nu fivalues Nrop
L o 061 g g 181080
S T R
L A N
R e R e

A plot of f; values versus MR-AQCC NO occupations for 1-4 is shown in Figure 7 for the
improved-present FT of 12200 K for M05-2X showing similar trends in both cases for increasing
acene chain length. Somewhat stronger deviations from the MR-AQCC NOs occupations are

observed for the literature-recommended FT (Figure S1, 16200 K).
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Figure 7. Comparison between FT-RDFT/M05-2X f; occupation and MR-AQCC NO occupation
for the n-acenes (1-4). FT-RDFT calculations performed at the improved-present FT of 12200 K.
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Plots of total unpaired electron density from MR-AQCC and FOD (TPSS-D3 density
functional) are compared in Figure 8 for 3 (8-acene).The electron density is concentrated on carbon
atoms situated on the edges of the chain for both MR-AQCC (Figure 8a) and FOD (Figure 8b).
The unpaired density and FOD plots of the remaining structures 1, 2, and 4 are presented in Figure

S2.

Figure 8. Plots of 8-acene (3) showing a) for MR-AQCC unpaired density and b) the corresponding
FT-DFT FOD (TPSS-D3 density functional, literature-recommended temperature, 5000 K). The
isovalue is 0.004 e/bohr?

4.1.2. Diindenoacene Isomers
Vertical singlet/triplet splitting energies, AEs-1, calculated at the MR-AQCC level, are

given in Table 3 for trans-diindenoacenes (5-9) and cis-diindenoacenes (10-14). The AEs-1 values
decrease as the number of benzene rings » of the internal acene chain increases. Initially, the AEs-t
value decreases steeply in comparison to the subsequent reductions. In comparison to trans-
diindenoacenes, the cis-isomers 10-14 show significantly enhanced open shell character*** which
can be seen from the much smaller AEs-t values. A more extended analysis of these structures can
be found in previous work.* The negative AEs r for 12, 13, and 14 shows the triplet state slightly
more stable than the singlet state. In general, the DFT calculations (Table 3) give similar AEs-t
values compared to MR-AQCC. It should be noted that TPSS-D3 gives positive AEs-t values

meaning that the singlet state is the lower one.

Table 3: Vertical singlet/triplet splitting energy (AEs.t, E(1°Bu) - E(1'Ay) for trans-diindenoacenes
5-9 and AEs.t, E(1°B)) - E(1'A+)) (kcal/mol) for cis-diindenoacenes 10-14 calculated using MR-
AQCC/6-311G* and different DFT functionals.?
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Structure MR-AQCC MO05-2X TPSS-D3 B3LYP-D3

5 30.8 242 25.0 24.5
6 17.1 12.1 15.1 13.0
7 10.8 7.5 9.9 7.9
8 6.7 5.1 6.3 5.1
9 6.6 4.5 4.7 3.9
10 4.9 2.5 54 3.8
11 1.9 1.3 4.1 2.5
12 -0.1 0.0 2.5 1.1
13 -1.0 -1.0 1.2 0.0
14 -2.7 -2.1 0.1 -0.9

 The following structures are triplet stable at the RDFT level: M05-2X: §, TPSS-D3: 5-7, and
B3LYP-D3: 5. The remaining structures are triplet unstable and derived from UDFT
calculations.

Ny values calculated with MR-AQCC and Nrop calculated with restricted FT-RDFT using
the M05-2X functional are compared in Table 4 with the literature-recommended FT (non-
italicized values). Trans-diindenobenzene (5) shows quite a low open shell character (Ny =0.71 e)
as compared to trans-diindenopentacene (9) (Nu =2.58 e). The same pattern is seen for cis-isomers,
but the Ny values are significantly larger than those for respective frans-diindenoacenes, owing to
the enhanced open shell character of cis-diindenoacenes. Nrop values computed with M05-2X
compare well when utilizing the improved-present FT of 12200 K; those obtained with the
literature recommended FT are significantly too large. Likewise, the difference in NO occupations
and f; values are smaller with the improved-present temperature as well. The agreement to
HONO/LUNO values is consistently improved by using the improved (smaller) present
temperatures. The FT-UDFT results for the M05-2X functional can be found in Table S3. The nice
agreement of the trend in NO occupations with FT-RDFT/MO05-2X f; occupation is shown in Figure
9. It is noted that the FT-DFT approach results in equal values for FT-RDFT and FT-UDFT
calculations for structures 6-9 and 12-14 even though the respective calculations without FT give
different energies. The comparison of Ny and f; values calculated at the literature-recommended

FT is found in Figure S3.

Table 4. HONO-LUNO occupations and Ny values (MR-AQCC/6-311G* method), HOMO-
LUMO f; and Nrop values (M05-2X method with FT-RDFT approach) for trans-diindenoacenes
(5-9) and cis-diindenoacenes (10-14). FT-DFT calculations performed with the literature-
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recommended (non-italicized values, 16200 K) and present improved-present temperatures (12200
K, values in italics). All values are given in units of e.

Str MR-AQCC FT-RDFT/FOD
NO Occ. Nu fivalues Nrop
TEm e @ am w
- R T
ST PR A
S STt O PP
L s 28 a7y 450 271
N
AT ST - R
N N R
SN - ST o - AT
I R R

The FT-DFT results utilizing the TPSS-D3 and B3LYP-D3 functionals are collected in
Table S3 (FT-UDFT) and Table S4 (FT-RDFT) for comparison. When utilizing the improved-
present FT with TPSS-D3 (6200 K), the largest difference is the Nrop value for structure 5 (+0.41
e compared to Ny); the other Nrop values are within +0.30 e of their respective Ny values. For
B3LYP-D3 and using the improved-present FT, the differences in Nrop and Ny are the largest
again for 5 and 6 (+0.37 e), and the remaining structures have Nrop values within £0.27 e or smaller
of their respective Ny values.

For TPSS-D3 and the literature-recommended FT, the fi and Nrop values (FT-RDFT)
compare qualitatively with the AQCC NO occupations and Ny values, though the former values
are smaller in most cases. The differences are largest for Ny and Nrop, while the HONO-LUNO
occupations (AQCC) and HOMO-LUMO f values (FT-RDFT) compare quite well. This suggests
that the contributions of orbitals other than HOMO-LUMO are larger with FT-DFT than with MR-
AQCC. FT-RDFT and FT-UDFT agree well for TPSS-D3.
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Figure 9. Comparison between FT-RDFT/M05-2X f; occupation and MR-AQCC NO occupation
for all cis-diindenoacenes (10-14). FT-RDFT calculations performed at the improved-present FT
of 12200 K.

The total unpaired electron density plot computed with MR-AQCC is compared to the
respective FOD plot using the TPSS-D3 functional for the singlet state of cis-diindenoanthracene
(12) in Figure 10. For both methods the electron density is concentrated on the apical carbon atoms
of the five-membered rings, in agreement with the biradical VB structure shown in Figure 2.
Further unpaired density is distributed in an alternant way primarily into the anthracene segment
of the cis-diindenoanthracene. Both plots are very similar, differing only in scale due to the larger
Ny value of 2.1 e as compared to the smaller FOD number of 1.7 e. The unpaired density and FOD
plots for the remaining structures 5-9 (frans-isomers) and 10, 11, 13, and 14 (cis-isomers) are

presented in Figures S4 and S5, respectively.
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Figure 10. Plots for 12, cis-diindenoanthracene of the a) MR-AQCC unpaired density and b) FT-

DFT FOD (TPSS-D3 density functional, literature-recommended temperature, 5000 K). The
isovalue = 0.004 e/bohr?.

4.1.3. Zethrenes

The MR-AQCC vertical singlet/triplet splitting, AEs—t, for 15, 17-19, and MRCISD+Q
splittings for 16, and DFT results are collected in Table 5. Structures 15, 16 and 18 have singlet
ground states whereas 17 and 19 possess triplet ground states. The singlet/triplet splitting energies
are relatively small for 15 and 16 (14.0 and 16.5 kcal/mol, respectively). More information on the
singlet/triplet splitting energies for planar zethrenes with several multireference schemes and basis
sets can be found in previous calculations.? Structure 19 is a biradical while 18 possesses a closed
shell structure Therefore, the latter has a large singlet-triplet splitting gap of 52.6 kcal/mol. The
different DFT singlet-triplet splittings agree quite well with the MR-AQCC results.

Table 5. Vertical singlet/triplet splitting energy, AEs.t (kcal/mol) calculated using the MR-AQCC
method (15, 17-19), MR-CISD+Q method (16, indicated with *),* and different DFT functionals

for zethrenes (15-19).° The ground state and excited state is shown for each system.

Str.  MR-AQCC  MO05-2X  TPSS-D3  B3LYP-D3
E(1°By) — E(1'Ay)

15 14.0 10.6 11.0 9.9
16 ECB1)—E(A)

16.5* 7.9 7.5 7.0
- ECB1) - E(A)

11,0 43 23 32
s E(A) — E(I'A)

52.6 61.0 45.0 51.1
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E(1’A) - E(1'A)
-2.0 -3.8 -2.0 -2.8
& MR-CISD+Q calculations were performed in this case because of persistent intruder states
encountered in MR-AQCC calculations for the triplet state of 16.
® The following structures are triplet stable at the RDFT level: M05-2X: 18, TPSS-D3: 15 and 18,
and B3LYP-D3: 18. The remaining structures are triplet unstable and derived from UDFT
calculations.

19

The zethrene NO occupations and Ny values are collected in Table 6 for MR-AQCC
calculations; f; and FOD numbers are given for M05-2X calculations. Structure 15 shows a large
Nu value of 1.64 e in accord with Clar’s rule since there are three aromatic sextets in the biradical
VB structures shown in Figure 4. The Ny values of the triplet ground state structures 17 and 19 are
dominated by the two open shell electrons of the triplet state. The remaining open shell character
(Nujrea.) 1s relatively small. Comparing the MR-AQCC Ny values with FT-DFT with the improved-
present FT of 12200 K for M05-2X (Table 6), generally quite good agreement is found. For
structures 15, 16, and 18, the Nrop values are within only about 0.48, 0.19, and 0.35 e, respectively,
of the Ny values. For 17 and 19, the difference between Nrop and Ny is somewhat larger (+0.51
and 0.57 erespectively). FT-UDFT was utilized for 17 and 19 as they have triplet electronic ground
states. The FT-RDFT values equal those calculated with FT-UDFT for structures 15 and 16.
Comparing the MR-AQCC Ny values with FT-DFT Nrop numbers using the literature-
recommended FT (16200 K) shows larger deviations. The results using the FT-UDFT approach
are found in Table S5.

Table 6. HONO-LUNO occupations and Ny values (MR-AQCC/6-311G* method), HOMO-
LUMO f; and Nrop values using the M05-2X method® for the zethrene structures (15-19). FT-DFT
calculations performed with the literature-recommended (non-italicized values, 16200 K) and
improved-present temperatures (12200 K, values in italics). The Nured. and Nrop,ed. Values are
provided in parentheses for structures with triplet ground states (17 and 19). All values are given
in units of e.

FT-RDFT/FOD: 15, 16, 18

Str MR-AQCC FT-UDFT/FOD: 17, 19
NO Occ.  Nu (Nuged)  fi Values Nrob (NFoD red.)
5 H 16l 121 136
L 039 L6467 056 3.94 2.12
16 H 153 119 1.33
L 047 L64 o7 062 3.18 1.83
17 H 182 272(072) 1.73 186 492(292) 3.23(1.23)
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S1 1.00 0.99 1.01

$2 1.0 0.94 0.96
L 018 0.26 0.14
18 H 184 163 1.80
L 016 070 03 g8 2 1.05
9 H 184 179 1.89
SI 1.0 0.97 0.99
o 100 274074 oo oe  A88(288)  331(131)
L 015 020 0.1

* The FT-UDFT approach was utilized for zethrenes 17 and 19 as they have triplet electronic
ground states, and the FT-RDFT approach was used for 15, 16, and 18.

Using the TPSS-D3 functional and taking the improved-present FT of 6200 K for TPSS-
D3 (Table S6, italicized values) increases the Nrop values in all cases with FT-RDFT. The FOD
values become slightly overestimated compared to the MR-AQCC Ny values in all cases. When
considering the improved-present FT of 8200 K with B3LYP-D3, the associated decrease in Nrop
values improves the agreement with Ny. As found with the other cases described above, the
agreement of the Ny and Nrop at the literature-recommended FT is worse.

Plots of the total unpaired electron density for 16 and 19 with MR-AQCC, respectively,
are shown in Figure 11a,c in comparison with respective FOD plots (TPSS-D3 density
functional) in Figure 11b,d. As in the other cases, FOD provides a good representation of the
unpaired density plots. The unpaired density and FOD plots for the remaining structures 15, 17,
and 18 are presented in Figure S6.

a)n o I, | n N n

Figure 11. Total MR-AQCC unpaired density plots for a) 16 and c) 19, respectively, and the
corresponding FT-DFT FOD (TPSS-D3 density functional, literature-recommended temperature,
5000 K) for b) 16 and d) 19. The isovalue = 0.004 e/bohr?
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4.1.4. Phenalenyl Based Triangular Radicals and Other Compounds

A selection of PAHs (20-29, Figure 5) included in this category are studied in analogy to
compounds described in the above sections. The MR-AQCC singlet/triplet splitting energies for
the structures 25, 27-29 with even number of electrons are collected in Table 7. MR-CISD+Q was
utilized for 26 because of persistent intruder states in the triplet state when using the AQCC
method. The AEs-tis quite large for structures 25 and 26 (60.7 and 67.3 kcal/mol, respectively).
Structures 27 and 28 have smaller AEs-t values of 20.4 and 22.6 kcal/mol, respectively. For
comparison, the AEs-t values computed with the three DFT functionals are also presented in Table

7. They are quite close to the MR values, within about 3-8 kcal/mol in most cases.

Table 7. Vertical singlet/triplet splitting energy, AEs.t for 25, 27-29 calculated using the MR-
AQCC/6-311G* method and the MR-CISD+Q/6-311G* method for 26* (indicated with *)* and
comparison with different DFT results.” The ground state and excited state are shown for each
system.

Str MR-AQCCor MO05-2X TPSS-D3 B3LYP-D3

MRCISD+Q*

25 E(1PA) - E(1'A))
60.7 66.2 56.8 59.9

26 E(1°Ba) — E(1'Ag)
67.3% 66.7 48.5 54.8

57 E(1°Biy) — E(1'Ag)
20.4 15.1 17.2 15.8

58 E(1°By) — E(1'Ay)
22.6 15.6 16.6 15.5

29 E(1°By) — E(1'A))
11.5 3.3 6.8 5.5

 MR-CISD+Q calculations were performed in these cases because of persistent intruder states
encountered in MR-AQCC calculations for the triplet state (26).
® The following structures are triplet stable at the RDFT level: M05-2X: 25, 26, 29, TPSS-D3: 25-
29, and B3LYP-D3: 25, 26, 29. The remaining structures are triplet unstable and derived from
UDFT calculations.

The MR-AQCC My values are given in Table 8. The Ny values for singlet state structures
27 and 28 are quite large, showing significant biradical character. When calculating the Nrop
values with the improved-present FT for the M05-2X functional, good agreement is found in most

cases with the Ny values. On the other hand, the literature-recommended FT (12600 K) again

overestimates the Nrop values. Similarly good agreement is found for TPSS-D3 and B3LYP-D3
22



(Table S7) as well when using the improved-present FT (6200 and 8200 K, respectively), and
compare better to Ny than those calculated with the literature-recommended FTs. FT-UDFT values
are given for comparison in Table S8. For structure 27, the FT-UDFT values are the same as those
calculated with FT-RDFT. FT-UDFT was utilized for structures 20-24 as they have either doublet

or triplet electronic ground states.

Table 8. HONO-LUNO occupations and Ny values (MR-AQCC/6-311G* method), HOMO-
LUMO f; and Nrop values using the M05-2X method® for compounds 20-29. FT-DFT calculations
performed with the literature-recommended (non-italicized values, 16200 K) and improved-
present temperatures (12200 K, values italics). The Nured. and Nropred. Values are provided in
parentheses for structures with doublet or triplet ground states (20-24). All values are given in
units of e.

FT-RDFT/FOD: 25-29

Str MR-AQCC FT-UDFT/FOD: 20-24
Nu Nrop
. Val
NO Occ (Nused) fi Values (Nropsed)
20 H 1.87 15 1.89 195 o0 e
S1 1.00 035 0% 098 150 ey
L 0.12 ' 0.11 0.06 : '
21 H 1.87 1.85 1.93
S1 1.00 2.50 0.99 100 421 296
2 1.00 050)  0.99 100 (221) (0.96)
L 0.13 0.14 0.07
2 H 1.88 o 1.87 194 o
S1 1.01 0y 121 112 3%
L 0.13 : 0.25 0.11 : :
3 H 1.86 o 1.79 189 L. .,
S1 1.00 oy 09 09 530 (1
L 0.14 : 0.21 0.11 : :
4 H 1.88 1 1.76 186 i o
S1 1.01 03 Ll 109 %6 06
L 0.12 : 0.15 0.07 : '
5 H 1.86 1.78 7.90
L 0.13 0.36 0.30 016 137 032
% H 1.86 1.72 1.86
L 0.15 0.64 0.40 023 233 09
77 H 1.66 1.42 1.61
L 0.34 0.95 0.53 038 178 09
28 H 1.67 1.43 1.61
L 0.33 0.99 0.54 038 204 107
29 o 1.79 1.33 147
L 0.21 0.75 0.66 0.53 224 137
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2 The FT-UDFT approach for 20-24 as they have doublet or triplet ground electronic states and the
FT-RDFT approach for 25-29.

Unpaired and FOD densities, respectively, are shown in Figure 12 for 28 and 29. Figure
12a,b shows the unpaired density and FOD located on the CH> group of 28 and on the alternant
C atom close to the CH> group. The unpaired density and FOD plots for the remaining structures

20-27 are presented in Figure S7.

Figure 12. Total MR-AQCC unpaired density plots for a) 28 and c) 29 and the corresponding FT-
DFT FOD (TPSS-D3 density functional, literature-recommended temperature, 5000 K) for b) 28
and d) 29. The isovalue = 0.004 e/bohr’.

4.2. Regression Analysis of Biradical Descriptors in Relation to MR-AQCC Ny
Values

In the following analysis, a regression analysis is used to assess the overall agreement
between the MR-AQCC Ny and DFT Nrop values. We are regarding the MR-AQCC Ny values as
reference data because they are based on calculations which explicitly taking the multireference
character of the wavefunction into account. A regression plot of Nrop values calculated from FT-
RDFT/MO05-2X vs. Ny values for all 22 structures with singlet ground states (1-16, 18, 25-29) is
shown in Figure 13a using the literature-recommended FT of 16200 K. In this plot, the correlation
coefficient (R?) between the Ny and Nrop values is 0.95. This indicates that despite the already
above-discussed overestimation of the individual Nrop values at this temperature, a very high
degree of correlation exists between the Ny and Nrop values. Regardless of this large R? values,

however, the effects of the overestimation of the Nrop values are reflected in the relatively large
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slope of 1.8. By reducing the temperature in steps of 1000 K to 12200 K (Figure 13b), the R? value
increases slightly to 0.98. However, the slope is improved significantly to a value of 1.07, which
leads to a still greater numerical similarity between Nu and Nrop values. The same plot for the FT-
UDFT results (including those FT-RDFT structures for which no triplet stability was present: 1, 5,
18, 25, 26, 29) is shown in Figure S8 and a comparable quality of the regression analysis is

obtained.
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Figure 13: Comparison between MR-AQCC Ny values and FT-RDFT Nrop numbers with the
MO05-2X density functional for structures with singlet ground electronic state (1-16, 18, 25-29)
using the a) literature-recommended FT of 16200 K and b) improved-present FT of 12200 K.

When considering the TPSS-D3 density functional (Figure S9a), a similar need for
rescaling the FT is found. With the literature-recommended FT of 5000 K, we obtained a very
good R? of 0.98, but the slope of 0.83 is too small. Upon increasing the temperature in steps of
1000 K and refinement with 200 K steps with a final value of 6200 K (Figure S9b), the slope
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increases to 1.02, while the R? value remains practically the same. No correlation diagram with
FT-UDFT/TPSS-D3 results is shown since in most cases RDFT is stable using TPSS-D3. For
B3LYP-D3 (Figure S10), the literature-recommended FT of 9000 K results in an R? value of 0.97
for FT-RDFT, while the slope is a bit too large. When decreasing the FT in steps of 1000 K and
refinement with 200 K steps with a final value of 8200 K (Figure S10c), the slope decreases to
1.03 for FT-RDFT while R? remains practically the same, excellent value. In case of
UDFT/B3LYP-D3 calculations at the original temperature of 9000 K, slope and R? turned out to
be very good. Using the optimized temperature of 8200 K for UDFT, showed a slight improvement
of the regression quality.

Another popular criterion to analyze the biradical character are the y values (Eqn. (5))
calculated with unrestricted Hartree-Fock (UHF). In Figure 14, yo values are compared to Ny
values. A very good correlation is found indicated by an R? value of 0.96. However, the slope of
1.13 is a little too large. A closely related biradical descriptor is the LUNO occupation. Comparison
with Nu has been performed at the UDFT level with the three chosen density functionals for the
same set of structures with a singlet ground state as before. However, cases with stable RDFT
solution had to be excluded because the LUNO occupation would be zero in this case. For UMO05-
2X (Figure 15), the R? value shows an excellent agreement with Ny, however the slope of 0.31 is
quite small. Structure 4 (the largest acene) seems to deviate somewhat more from the trend line
than the other structures. Structures 4 and 14 (the largest linear acene and largest cis-
diindenoacene, respectively) possess the largest UDFT LUNO occupation. With UTPSS-D3
(Figure S11a), the smallest number of structures contribute to the correlation as more of the singlet
ground state structures are stable with respect to UDFT. The R? value of 0.91 is smaller than that
of M05-2X. Remarkably, the slope of 0.19 is very small. For UB3LYP-D3 (Figure S11b), the R?
of 0.97 is larger than that of UTPSS-D3. However, the slope is also very small at 0.25.
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UDFT calculations for molecules with singlet ground states.

The final criterion discussed with respect to description of biradical character is the

singlet/triplet splitting energy of the molecules with singlet ground states (1-16, 18, 25-29). The
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comparison of the MR-AQCC/MR-CISD and M05-2X derived singlet/triplet splitting energies is
found in Figure 16. The R? values and slope are both close to one at 0.96, indicating excellent
agreement between the results obtained with the two methods. When considering the TPSS-D3
and B3LYP-D3 functionals (Figure S12a,b), the R? of the AEs.t with both functionals quite similar

at about 0.96 and 0.97, respectively. The slope is somewhat smaller than one in both cases.
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Figure 16. Comparison between the MR-AQCC/MR-CISD+Q and M05-2X singlet/triplet energy
(AEs-1) for molecules with singlet ground electronic states (MR-AQCC: 1-15, 18, 25, 27-29; MR-
CISD+Q: 16, 26).

Based on the improved-present FTs for the three functionals we determined a new linear
regression relation between the non-local Fock exchange and 7¢; in comparison to Eq. (4). It is
noted that the regression based on only three functionals is crude, but it still is expected to provide
an indication of possible adjustments of the previously suggested relation given in Eq. (4). The

linear fit based on the current data is obtained as

T, =10762K xa_ +6140K (6)

with an R? value of 0.999. This results shows a much smaller slope in comparison to the 20000 K

of Eq. (4), but an increased constant value.
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5. CONCLUSIONS

MR-AQCC and MR-CISD calculations were carried out to characterize the biradical/radical
character of n-acenes, diindenoacene isomers, zethrenes and various other PAHs by means of AEs.
T values, natural orbital occupations, and unpaired densities. In total 29 compounds were
investigated. A detailed comparison with a corresponding FOD analysis based on DFT calculations
using three functionals covering a wide range of exact Hartree-Fock exchange was performed. The
final good overall statistical correlation between overall biradical descriptors was corroborated by
detailed analysis of the evolution of NO occupations (MR-AQCC) with the FT occupation values
fi in series of compounds showing increasing biradical character. Moreover, the FOD plots agreed
well with the unpaired densities showing the same electron density distribution patterns, thus
allowing a detailed analysis of their atomic localization over the molecules. The FT appeared to
be a good and generally well working parameter to achieve a close 1:1 correspondence between
MR-AQCC and FOD results after the adjustment of the literature-recommended FT is
implemented. It can be noted, however, that the comparison between Ny and Nrop for the radical
structures with doublet or triplet ground electronic states 17 and 19-24 is not as good and the Nrop
can be larger by about a factor of two in most of these molecules with non-singlet ground states.

The other descriptors considered here, yo and nruno, showed in part also good correlation with
the MR-AQCC My values albeit with quite small slopes for the niuno descriptor. It appears that
there is no general tool available to correct for this discrepancy. It should also be noted for these
descriptors that even their applicability range depends on the functional used since the DFT triplet
stability will vary with the functional used and with it the availability of LUNO occupations.

In summary, the FOD method appears to be a theoretically better founded and more reliable
method, which can be well recommended based on the assessment with our MR calculations on
PAHs. This finding opens the possibility of large scale and reliable screening of PAH biradical
properties, which is expected to have a significant impact on the PAH research field. A new linear
fit to our improved-present FTs indicates a much smaller slope in the interpolation line between

different non-local Fock exchange percentages, but the fits still show a good linear relationship.

Supplementary Information
Tabulated data of the Nrop and f; values for the TPSS-D3 and B3LYP-D3 density functionals.

Comparisons of the f; values and NO occupations for 1-4 and 5-14. Plots of unpaired densities and
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FOD. Comparison of Ny vs. Nrop for various density functionals. Comparison of Ny vs. nruno for
TPSS-D3 and B3LYP-D3. Comparison of AEst calculated with FT-DFT and MR-AQCC.

Optimized Cartesian coordinates are given.
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