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Abstract

In the quest of obtaining organic molecular magnets based on stable diradicals,
we have tuned the inherent zwitterionic ground state of tetraphenylhexaazaanthracene
(TPHA), the molecule embraced with two Blatter’s moieties, by adopting two different
strategies. In the first strategy, we have increased the length of the coupler between
the two radical moieties and observed a transition from zwitterionic ground state to
diradicalized state. With larger coupler, remarkably strong ferromagnetic interactions
are realized based on DFT and WFT based CASSCF/NEVPT2 methods. An analysis
based on extent of spin contamination, CASSCF orbitals occupation numbers, HOMO-
LUMO and SOMOs energy gap is demonstrated that marks the transition of ground
state in these systems. In another approach, we systematically explore the effect of
push-pull substitution on the way to obtain molecules based on TPHA skeleton with

diradicaloid state and in some cases, even triplet ground state.



1 Introduction

Stable organic radicals have become the appealing candidates due to their peculiar electronic
and magnetic properties.! Owing to their fascinating applications in organic spintronics,??
energy storage devices,? organic field effect tramsistors etc,®® delocalized diradicals have
gained utmost importance. Hence, it becomes the necessity to understand spin-spin interac-
tions and the nature of chemical bond between them.”® They can be classified into Kekulé
and non-Kekulé molecules. ' In Kekulé structures, there exist a "resonance hybrid" between
open shell and closed shell configurations.!! In the open shell diradical configuration, the
aromatic six-membered rings are formed, which can vanquish the energy for the breaking of
a carbon-carbon m-bond. Kekulé molecules (diradicaloids) have been substantially explored
as they exhibit low band gap energy and convertible spin state.!*!3 However, in non-Kekulé
structures, some electrons are unpaired due to the topology of the m-electron arrangement. '

The singlet diradicaloids, that is, the molecules with partial singlet diradical nature in
their ground state are expected to have unique structure with interesting electronic, optical
and magnetic properties. But the major challenging part is their structural instability and
synthetic difficulties. However, after the pioneering reports of carbon-centered diradicaloids,
namely Thiele’s hydrocarbons in 1904 and Tschitschibabin’s hydrocarbon in 1907,1¢ the
research on this class of compounds has been unrolled widely. A series of diradicaloids which

1718 " quinodimethanes!?, diiendenoacenes®’, indenofluorenes?!, zen-

includes bisphenalyenyls
threnes?? and anthenes?? etc. have been synthesized. Following this, a number of diradi-
cals based on stable known radicals like nitronyl nitroxide, imino nitroxide, verdazyl, ox-
overdazyl etc. have been synthesized enormously.?*33 Another super-stable monoradical is
1,3-diphenyl-1,2,4-benzotriazinyl (Blatter’s) radical reported by Blatter and co-workers in
1968.3* However, the radical gained popularity only after the pioneering efforts by Koutentis

and his group for its easy synthetic strategies.3° 37 Several studies on the synthesis, applica-

tions and magnetic properties of the Blatter’s radicals have been done so far.3¥** Rajca et



al. synthesized the stable diradicals by coupling the Blatter’s radical with nitronyl nitrox-
ide and imino nitroxide with superior magnetic properties.454% Subsequently, we proposed
several hybrid diradicals by coupling Blatter’s radical with other stable radical moieties in-
cluding nitronyl nitroxide, imino nitroxide, oxoverdazyl, dithiadiazolyl, phenoxy and nitroxy
as spin sources and observed strong ferromagnetic exchange interactions employing state-of-
art multireference (CASSCF-NEVPT2) methods.*” Later on, we witnessed an appreciable
enhancement in ferromagnetic exchange couplings by utilizing oxygen-functionalized planar
analogues of Blatter’s radical.*® The superior air and moisture stability and thermally robust
properties of Blatter’s radical also led Wudl and group to synthesize stable benzotriazinyl
diradicals.*?*® Thereafter, Zheng et al. proposed the synthesis of Blatter’s diradicals by cou-
pling the two monomers of Blatter’s radical.®>%? Prompted by this, we investigated different
possibilities of coupling the two Blatter’s radical via its fused benzene ring and realized
that it is quite challenging to obtain di-Blatter diradicals with ferromagnetic interactions
due to several micro-magnetic exchange interactions existing between the localized radical
centers.?® A stable star-shaped triradical implementing Blatter’s radical has been recently
synthesized by Zissimou et al.?*

Tetraphenylhexaazaanthracene (TPHA), the earliest compound containing Blatter’s rad-
ical moiety, was synthesized by Hutchison et al. with the possibility of obtaining stable
heteroatomic ferromagnetic diradical with m-phenylene as coupler.®® However, contrary to
the expectations, it was found to exist as exceptionally stable zwitterionic system with a
closed shell ground-state possessing diamagnetic behaviour that undergoes photo-induced
intramolecular electron transfer to form a radical pair (Figure 1). This molecule is known
to exhibit large singlet-triplet energy difference (AEggs_7) of -20.1 keal/mol and overcome
its 167 potential antiaromaticity by sacrificing the aromaticity of the central fused benzene
ring and partitioning itself into 107-anionic and 67-cationic sub-units which are structurally
bridged by o-bonds but are not conjugated electronically. Further, efforts have been made

to reduce this veritable energy barrier (AEcgs_7) but the triplet ground state has not been



achieved so far.?® The two analogous isomers of TPHA possessing closed-shell ground state
have been isolated and identified as minor side products by Constantinides et al.®” Haas
et al. rationalised the existence of these zwitterions due to electron transfer from donor to
acceptor sub-units. The transfer is possible only if the donor has low ionization potential
and the acceptor has high electron affinity.®® Further, another molecule, tetraphenylhexaaza-
acridine (TPH-acridine) was synthesized by Langer et al. which was observed to be weakly
antiaromatic and highly zwitterionic similar to TPHA.?® Braunstein et al. also observed the
partitioning of 127 electrons into two 67 sub-units which are not electronically conjugated

to form zwitterionic benzoquinonemonoimine. %
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Figure 1: Resonating structures of TPHA indicating resonance between the photoexcited
diradical and the zwitterionic ground state forms.

Since, polyacenes are known to show inherent property of increase in the diradical char-
acter with the increase in the number of fused benzene rings i.e. their length, which can

61,62 Taking advantage

facilitate the enhanced spin-spin coupling between the radical centers.
of this peculiar property, the quest arises, can we manipulate the well known zwitterionic
ground state of TPHA by utilizing polyacene as a coupler to accomplish strong ferromagnetic
exchange interactions? Here, we demonstrated an exclusive transition from the zwitterionic
closed shell ground state of TPHA to ferromagnetically coupled Blatter’s diradicals by mod-
ifying the length of the coupler. Several factors including diradical character, extent of spin
contamination, alignment of frontier orbitals etc, have been used as guiding principles to

mark this spin-state transition with the increasing length of coupler. Apart from this, many

experimental and theoretical studies have reported the molecules with zwitterionic ground
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state where the introduction of EDG and EWG can influence the diradical character and

63-65 However, the effect of simultaneous substitution of EDG and

hence, their ground state.
EWG i.e. push-pull substitution has not been studied so far. Therefore, in this work, we
have also explored the effect of push-pull substitution with the replacement of hydrogen

atoms of fused benzene ring of TPHA skeleton. Thus, approaching towards the development

of molecules with diradicaloid ground state.

2 Theoretical Methods and Computational Details

The magnetic exchange interaction (2.J) between the two magnetic sites A and B appears in

the Heisenberg effective spin Hamiltonian as
H=-2J5,.55 (1)

where S, and Sp are the spin angular momentum operators on the interacting sites A and
B respectively and 2.J is the exchange coupling parameter. With positive 2.J, high-spin
triplet state is lower in energy with ferromagnetic coupling between the two spin carrier
sites. A negative 2.J represents the low-spin singlet as ground state with antiferromagnetic
interactions. For a diradical with two unpaired electrons on each magnetic site, 2.J can be

represented as the energy difference between the singlet (Eg) and triplet (Er) spin state i.e.
Es— Br =2J (2)

In the conventional single-reference methods (e.g UKS, UHF), the singlet state of a diradical
cannot be expressed due to multi-determinantal nature of the low spin-state wavefunction.
As an alternative approach, the magnetic exchange coupling constant (2.J) can be extracted

using the broken-symmetry approach within the DFT framework as proposed by Noodleman



1‘66

et al.®® expressed as

2(Eps — Er)
52

max

2] = (3)

where Egg and Er refer to the energies of broken-symmetry and triplet states and S,4.
represents the total spin of high-spin state. This assumes that BS state is an equal mixture
of highest and lowest spin states wavefunction. Further, to study the density of local aro-
maticity in polyacene molecules, the Harmonic Oscillator Model of Aromaticity (HOMA)
index is calculated according to Kygowski et al.b"08 as

HOMA=1— zi(& — Rop)? (4)

i=1

where « is the normalization factor (257.7), n is the number of C-C bonds, R; is the bond
length computed from DFT calculations, R, is the optimal bond length for aromatic com-
pounds with value of 1.388 A for C-C bond. HOMA is defined as the normalized sum of
squared deviations of bond lengths from the optimal value that are assumed for a fully
aromatic system. For a fully aromatic system, HOMA = 1 and for non-aromatic systems,
HOMA = 0.

For all the molecules under study, the geometries were optimized employing the Becke’s
three-parameter hybrid functional (B3LYP) %" and atom centred polarized triple-zeta (def2-
TZVP) basis set ! in three distinct electronic states, i.e., broken-symmetry open-shell singlet
(OSS) state, open-shell triplet (T) state and closed-shell singlet (CSS) state. OSS and T
states are optimized within spin-unrestricted formalism, whereas spin-restricted wavefunc-
tion is used for CSS state. Resolution of the identity (RI) approximation in conjunction
with auxiliary basis set def2/J and chain of spheres (COSX) numerical integration was used
to speed up the calculations.™ The exchange interactions were computed applying BS-DFT
method employing Eq. 3.7 Apart from DFT based methods, the magnetic exchange
interactions were also calculated employing wave-function based complete active space self

consistent field (CASSCF) wherein the 2J values are obtained using Eq. 2.7%7" Further,



the dynamical correlations were included using N-electron valence state perturbation theory
(NEVPT2) method.™ To quantify the diradical character, the CASSCF(10,10)/def2-TZVP
was used to calculate the orbital occupation number of the molecules. All the calculations

are performed in ORCA (version 4.0.1.2) quantum chemical code.™

3 Results and Discussion

3.1 Increasing the length of coupler

The two Blatter’s radical are coupled to each other through its fused benzene ring, wherein
n=1 corresponds to TPHA. Afterwards, one benzene unit is consecutively added in the spacer

between the two radical centers upto hexaacene (n=6) as shown in Figure 2. All the molecules
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Figure 2: Two Blatter radicals coupled through benzene ring. Here, n = 1 to 6, corresponds
to number of benzene rings used to couple two radical moieties. The corresponding molecules
are aliased as 1 to 6 depending on the number of benzene rings i.e. 1 corresponds to molecule
containing 1 benzene ring.

are optimized in the three electronic states, i.e., closed-shell singlet (CSS), broken-symmetry
open-shell singlet (OSS) and open-shell triplet (T) states. The DFT optimized energies in all
the states are given in Table S1. The relative energies i.e. AEx_cgs (where X = CSS, OSS,
T) estimated from the relative energy difference between the DFT optimized energies are
shown in Figure 3 and are collected in Table S2. It is observed that the molecule 1 preferred

the closed-shell singlet as ground state as reported earlier.? It is also observed that although



the calculation was performed in spin-unrestricted (UKS) case, it was found to reduce to
spin-restricted (RKS) solution and almost identical energies with a minute difference of 0.8
meV between the OSS and CSS states were obtained. Molecule 2 also exhibits closed shell
ground-state with OSS state lying 11.8 meV above the CSS state. However, for molecule
3 and 4, larger AEpss_css is observed indicating the instability of the CSS structure i.e.
these molecules favour the OSS as the ground state. Further, with larger number of benzene
rings i.e. for molecule 5 and 6, there is substantial increase in AE;_cgs representing the

preference of triplet as the ground state.
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Figure 3: Relative energies (meV) of the CSS, OSS and T states (referred to the CSS) of
molecule 1 to 6.

The spin-squared value i.e. <S%> has been used to estimate the extent of diradical
character in a molecule. The spin contaminations can be determined from the calculated
values of <S?>. The <S%> value should be 2.0 for the triplet-state diradical and 1.0 for
the pure singlet-state using the BS method. Any deviation from the ideal <S?> values
indicates the spin contamination. From the <S%> values in HS state (Figure 4 and Table
1), it is observed that the spin contamination for molecules 1 to 4 are low and the deviations
from the expected value of 2.0 is atmost 0.08. However, for molecules 5 and 6, the spin

contamination is observed to be 0.36. The reason for the increased spin contamination in HS



state for larger polyacene couplers is the enhanced degenerate nature of molecular orbitals

as n increases (Figure S1) which is also observed in one of the author’s previous work.®

Table 1: Computed spin-squared value (<S? >) in HS and BS state for all the molecules
and calculated magnetic exchange coupling constants for the diradicals 3-6.

Molecule < S? >pg < S? >pg 2J (cm™)
BS-DFT BS-DFT CAS(10,10) CAS(10,10)/NEVPT?2

1¢ 2.03 0.23 - - -

2¢ 2.03 0.56 - - -

3 2.04 0.77 -2774.64 -333.08 -1551.44

4 2.08 0.89 -1240.04 -58.30 -447.03

5 2.21 0.97 328.84 22.38 37.10

6 2.36 1.03 1797.40 823.03 950.10

“These molecules possess zwitterionic ground state that behave as diamagnetic species with
closed-shell singlet(CSS) ground state with large AEgz (>5000 cm™1).

However, as illustrated in Figure 4 and Table 1, the computed <S?> values in BS state
are found to be significantly less than 1.0. Thus, indicating the pronounced contribution
of closed shell singlet electronic configuration in the singlet diradicals. A large deviation of
<S5?> values in BS state from the expected value of 1.0 is observed for molecule 1 (0.23),
clearly indicating the existence of the molecule in the CSS ground state which agrees well
with the predicted state of this molecule. However, as the number of benzene rings i.e.
n increases between the two spin centered Blatter’s radicals, the value starts approaching
towards 1.0 indicating the preferential existence of molecule in the diradical configurations.
For molecules 3 and 4, the <S?> value is 0.77 and 0.89 which means that they are indeed
diradicalized and their ground state is open shell singlet, however, their degree of diradical
character is not as ideal as for pure singlet-state (BS). However, for 5 and 6, <S%> is ~1.0,
indicating the attainment of ideal diradical state in these molecules. These observations are

in line with those observed with the relative energies discussed above.
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Figure 4: Computed <S%> values in HS and BS state for the molecules 1 to 6 obtained at
UB3LYP/def2-TZVP level.

Another index for the evaluation of diradical character in a molecule is the occupation
number of lowest unoccupied natural orbital (npyno) obtained from the CASSCF calcula-
tions. The percentage of diradical character can be directly estimated from nyyyo by simply
multiplying it with 100. Therefore, we calculated the occupation number of highest occupied
natural orbital (HONO) and lowest unoccupied natural orbital (LUNO) and the percentage
of diradical character using the CASSCF(10,10)/def2-TZVP method. For molecule 1, the
LUNO occupation number, nyiyo, is observed to be 0.30 indicating that it has only 30%
diradical character which further confirms the zwitterionic character of the molecule. As we
proceed towards molecule with increasing number of benzene rings, the occupation number
of LUNO goes on increasing. It is observed to be 0.58, 0.80, 0.89, 0.94 and 0.95 for molecule
2, 3, 4, 5 and 6 respectively inferring 58%, 80%, 89%, 94% and 95% diradical character in
these molecules (Table S3). The significant increase in diradical character from 30% for 1
to 95% for 6 unambiguously confirms the evolution of a diradical state with the increasing
length of coupler. The diradical indexes derived employing two different calculation methods
are found to be in agreement with each other confirming the extent of diradical character in

these molecules.
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Further to find out the relationship between the ground-state and the magnetic spin
couplings, correlation diagram is plotted between the magnetic exchange coupling constant,
2J (ecm™!) and the energy gap between the closed-shell singlet and triplet i.e. AEcgg 7
(kcal/mol) as shown in Figure 5a. The degree of correlation is quantified on the basis
of correlation coefficient i.e. R? which describes the strength of relationship between the
two variables. A value of 1.0 and -1.0 indicates strong positive and negative correlations
and a value of 0 means there is no correlation between the two variables. A highly linear
correlation with correlation coefficient (R?) of 0.99 is found between 2J and AEggs_7. The
large negative energy gap and high negative magnetic exchange coupling constant(2.J) are
in line with the zwitterionic character of molecules 1 and 2. As the energy gap decreases
and comes in the range of -5 to 5 kcal/mol i.e. for 3 and 4, open shell singlet emerges as the
ground state with antiferromagnetic exchange interactions between the two radical centers.
However, with energy gap >5 kcal/mol i.e. for molecule 5 and 6, ferromagnetic interactions
are favoured. The diradical character emerges from the interaction between the singlet and
the triplet states.®! It is observed that if the energy gap between the closed-shell singlet and
triplet is high, the configuration interaction between them is negligible and the molecule
has preferential closed-shell ground state. However, if the singlet-triplet energy gap is small,
they have strong interactions between them and hence, the molecule prefers the open-shell

singlet or triplet as ground state.
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Figure 5: Linear correlation diagram (a) between the magnetic exchange coupling constant,
2J (cm™1) and the energy gap between the closed-shell singlet and triplet states i.e. AEcgs_7
(kcal/mol) (b) between HOMO-LUMO gap i.e. AEg; (eV) in the closed-shell state and
AEcss_r (keal/mol) for molecules 1 to 6 with correlation coefficient i.e. R? of 0.99.

To realize the relationship between singlet-triplet energy gap i.e. AEcgs_7 and HOMO-
LUMO energy gap i.e. AEgr, we plotted the correlation diagram between the two. The
singlet-triplet energy gap is observed to be in close alliance with the HOMO-LUMO gap that
is observed from the linear correlation diagram with high correlation coefficient (R?) of 0.99
as shown in Figure 5b. Thus, to realize the extent of diradical character in these systems and
hence, their ground spin state, it becomes essential to further investigate the HOMO-LUMO
gap. The computed HOMO-LUMO gap i.e. AEgy, (in eV) is observed to decrease smoothly
with increasing the length of the coupler. It is found to be much smaller in the diradicals
3(1.25), 4(0.94), 5(0.64) and 6(0.39) as compared to the zwitterions 1(2.40) and 2(1.74)
(Figure 6 and Table S4). The large energy difference between the two orbitals makes the
molecule to prefer the closed-shell configuration. However, small energy gap between the
two orbitals makes them energetically degenerate and hence, open shell configuration can
be easily achieved by promoting an electron from HOMO into the LUMO, leading to the

preference of open-shell configuration in the molecule. SOMOs play a significant role in the
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magnetic interaction owing to itinerant exchange. It is already reported that low SOMO-
SOMO gap or nearly degenerate SOMOs foster strong magnetic exchange interactions. 648283
From Figure 6b, it has been observed that the energy difference between the two SOMOs
i.,e. AEgg is smaller for diradicals 3, 4, 5 and 6 in comparison with the larger value for

the zwitterion 1 and 2. Consequently, the nearly degenerate SOMOs prefer open shell

configurations in comparison to the closed-shell state for non-degenerate SOMOs.
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Figure 6: Energy difference (eV) between (a) HOMO and LUMO in the closed shell singlet
state. (b) SOMO1 and SOMO?2 in the triplet state. The blue and red lines represent HOMO
and LUMO respectively and pink and green lines represent SOMO1 and SOMO2 respectively.

The computed magnetic exchange interactions for the diradicals 3, 4, 5 and 6 from
different methods i.e. BS-DFT and wavefunction based CASSCF and CASSCF-NEVPT?2
are collected in Figure 7 and Table 1, S5 and S6. The traditional BS-DFT employing the
hybrid B3LYP functional results in intramolecular antiferromagnetic exchange interactions
for diradicals 3 and 4 whereas diradicals 5 and 6 are characterized by ferromagnetic spin-

spin coupling characteristics. A switching from open-shell singlet to triplet configuration is
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observed while moving from molecule 4 to 5. Since, DFT functionals tend to produce overes-
timated magnitude of couplings due to exceeding spin-delocalization in the highly conjugated

systems, 3485

it becomes mandatory to employ symmetry-adapted wave function theory based
multiconfigurational methods i.e. CASSCF and CASSCF-NEVPT2 to compute the exchange
interactions in these diradicals. We have selected CASSCF(10,10) active space, incorporating
10 active electrons in 10 active orbitals, for the estimation of the exchange interactions and
the dynamical correlations are incorporated employing NEVPT2. It is observed that for all
the diradicals, CASSCF(10,10) and CASSCF(10,10)-NEVPT2 results in similar characteris-
tics of exchange interactions i.e. antiferromagnetic for diradical 3 and 4 and ferromagnetic
coupling for 5 and 6. Although the sign of exchange interactions is consistently reproduced
by the wave-function based methods, the expected lowering in the magnitude of antiferro-
magnetic and ferromagnetic exchange coupling is observed from WFT based methods than
that obtained from BS-DFT for all the diradicals. The CASSCF/NEVPT?2 incorporating
static as well as dynamical correlations provides huge antiferromagnetic exchange coupling
constant with value of -1551.44 cm™! for diradical 3 and a moderate value of -447.03 and
37.10 ecm™? for diradical 4 and 5 respectively with antiferromagnetic and ferromagnetic ex-
change. A giant intramolecular ferromagnetic exchange interactions with 2.J of 950.10 cm™!

is calculated for diradical 6 making it the best possible candidate for organic molecular

magnets.
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Figure 7: Computed magnetic exchange interactions obtained with DF'T and wavefunction
based CASSCF and CASSCF/NEVPT2 methods for the molecules 3, 4, 5 and 6. Molecules
3 and 4 are stablized in open-shell singlet ground state with antiferromagnetic interactions
and 5 and 6 exhibits ferromagnetic exchange with triplet ground state.

For the in depth understanding of the nature of exchange interactions in these molecules,
the prerequisite is to understand the nature of coupler between the two spin centers. A
conventional example of coupler that manifests ferromagnetic interactions is the m-phenylene
coupler that is suitable for both carbon-centered as well as nitrogen-centered radicals such
as nitroxyl and nitronyl nitroxide (NN) radicals.?"® Although in some cases, it is observed
as an antiferromagnetic coupler. In that case, it depends on the conformation of the spin
sources with respect to the coupler.®8”88 It has been observed that when the dihedral angle
between the spin sources and coupler is large enough, it forbids the conjugation between
the radical and coupler. Hence, the well known nature of ferromagnetic coupling of coupler
is overturned. Tetraphenylhexaazaanthracene (TPHA), i.e. molecule 1 also contains the
m-phenylene coupler and is expected to be a ferromagnetic diradical. However, to overcome
its potential antiaromaticity, it exists in the zwitterionic configuration with two electrons
occupying the same orbital and is observed to be diamagnetic in nature with large HOMO-

LUMO gap. However, as the number of benzene rings between the two radical centersi.e. the
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distance between the two radical centers increases, energy gap between HOMO and LUMO
decreases. It leads to the starting of the phenomenon of bond dissociation and as a result, the
bond distance between the two electrons starts increasing making the two electrons to exist
in the isolated environment. Consequently, it results in the preference of open-shell singlet
configurations for molecule 3 and 4. With further increasing the number of benzene rings,
bond dissociation limit is achieved which instigates the intrinsic behavior of m-phenylene
coupler to give ferromagnetic interactions between the two radical centers. Hence, for 5
and 6, ferromagnetic coupling is observed with very small energy gap between HOMO and
LUMO. This transformation from closed shell to open shell configuration is well correlated
to the dissociation of bond in a simple homodinuclear molecule by Nakano.® The strategy
of enhancing the diradical character by increasing the spacing between the radical centers
has been successfully applied by Rottschafer et al. They have observed a decrease in the

singlet-triplet energy gap with increasing the spacer between the radical centers.“

3.2 Substituent effect

In order to investigate the simultaneous effect of different electron withdrawing (EWG) and
electron donating groups (EDG) i.e. push-pull substitution on the ground-spin state of
TPHA, we investigated a series of model systems (shown in Figure 8) sharing a common
skeleton of TPHA with the substitution of hydrogens of the central benzene ring with differ-
ent EWG and EDG. With the aim of designing molecules with larger diradical character and
hence diradicaloid or triplet ground state, a large variety of substituents with wide range of
inductive and resonating effects are employed. The designing strategy is to simultaneously
push the electrons by substituting EDG (in place of H) in the already electron rich nega-
tive part and to pull the electrons by substituting EWG from the already electron deficient

positive part of the molecule (Figure 8).
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Figure 8: Modeled diradicals designed with the simultaneous substitution of electron donat-
ing group (EDG) and electron withdrawing group (EWG) on the parent TPHA i.e. molecule
1 and are aliased as 1a to 1i.

The electron-donating substituents employed are NMey;, NHy; and OH and electron-
withdrawing substituents are CF3, CN and NO,. The substituents NMe,, NHy and OH
have positive resonating effect (+R) implying electron-donating nature whereas CN and
NO, possess negative resonating effect (-R) leading to electron-withdrawing nature and CF3
owing to negative inductive effect (-I) also shows electron-withdrawing character. Further,
the strength of donation or removal of electron density of different substituents is provided
by Hammett constant (0,4.4)%" which signifies the net influence of resonating and inductive
effects. The negative and positive sign of o0, signifies electron-donating and electron-
withdrawing nature of substituent respectively and its magnitude represents the strength of
donation or removal of electron density. From the Hammett constants provided in Table S7,
it is observed that NMey, NH; and OH have negative 0,4, implying electron-donating char-
acter with the strength in the order NMey (-0.83) > NH, (-0.66) > OH (-0.37) whereas NO,,
CN and CF3 possess positive value indicating electron-withdrawing nature of substituents
with NOy (0.78) being strongest followed by CN (0.66) and CF3 (0.54).

Further, based on attached EDG, the 9 modeled molecules (shown in Figure 8) are
classified into three distinct series A, B and C containing NMes, NHy and OH respectively
as EDG. EWGs are varied from CF3, CN and NO, in each series respectively. Accordingly,

molecules 1a, 1b and 1c belongs to series A, series B contains 1d, 1e and 1f, and series C
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comprises of 1g, 1h and 1i.

The investigation of <S5?> values in HS state (Table 2) reveals that the spin-contaminations
of the triplet states are low and are atmost 0.04. However, the <S?> values in BS state
show wide range of spin-contamination with value of <S?> ranging from 0.23 to 0.62. Since,
the <S? >pg values render the extent of diradical character wherein the large <S? >pg val-
ues approaching towards 1.0 (<1.0) signifies the diradicaloid ground state of the molecules.
Appreciably, all the substituted systems are found to possess larger <S? >pg values than
the parent molecule 1. To rationalise the observed increase in diradical character upon sub-
stitution, we propose that the EDG pushes its electrons to the central fused benzene ring
and simultaneously the EWG pulls the electrons from the benzene ring resulting in a push-
pull mechanism leading to a resonating structure Y (Figure 9). We believe that with this
resonating structure, the molecule will no longer be able to partition its 167 electrons into
10m-negative and 6m-positive parts and thus displays a transition from zwitterionic TPHA
to a diradicaloid state. Apart from this, the calculated HOMA value of the central benzene
ring (Table 2) is in the range of 0.47-0.61, indicating lesser m-orbital overlap within the ring.
Although the aromaticity of the central ring is still sacrificed which can be quantified from
the smaller HOMA values, but the loss of aromaticity of the ring is not due to partitioning
into negative and positive components but it is because of existence of resonance in these
molecules as structures X and Y (Figure 9). Due to these resonating structures, the two
unpaired electrons will be localized on the radical centers (triazinyl rings) instead of taking
part in the partitioning into two components. Eventually, the increase in the molecular
diradical character and the diradicaloid ground state will be encountered.

Further, in all the three series, the molecule containing NO; as EWG ie. 1c, 1f and
1i displays larger <S? >pg among their respective series and thus possess larger diradical
character. This is due to the strongest electron-removing tendency of the NOy substituent
among the three EWGs considered as quantified by its Hammett constant. Among these

molecules, 1c comes as an optimum combination that provides the largest value which is
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Figure 9: The resonance in the substituted molecules with the resonating structures X and
Y. Here, resonating structures of molecule 1c is shown.

due to strongest electron-donating ability of NMe, followed by NHy and OH which is in line
to their electron-donation strength. However, molecules 1b, 1e and 1h containing CN as
EWG yields larger value with NHy followed by NMey as EDG which is in contrast to the
electron donating strength of the substituent. The source of this ambiguity is found in the
interplanar angles (¢, and ¢, shown in Figure 8) which the EDG and EWG makes with the
benzene ring (Table S8). It has been observed that in 1e, the EDG is perfectly planar to the
benzene ring yielding interplanar angle ~120° whereas 1b shows a minute deviation of 1.5°
from the plane leading to slightly less overlap of 2p orbitals of N atom of EDG and C atom of
benzene ring as compared to 1le where the perfect planarity yields appropriate overlapping
of the orbitals. It leads to facile donation of lone pair of nitrogen of EDG to the benzene
ring through resonance and hence, makes Y the dominant resonating structure. Thus, the
source of mismatch of the electron-donating nature of substituent can be attributed to the
electronic structure of the molecules. The same argument also applies to explain the result
observed with CF3 as EDG where NHy(1d) shows larger value than NMey(1a) due to ideally

planar angle in 1d than la with slight distortion of ~1.5°.
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Table 2: The <S?> values in HS and BS state for the molecules 1a-1i obtained with
different substituents and the HOMA values of the central benzene ring of all the molecules.

Molecule EDG EWG <S5%>ps <S? >3¢5 HOMA

1 H H 2.03 0.23 0.58
la NMe, CF3 2.04 0.49 0.48
1b NMe, CN 2.04 0.48 0.49
1c NMe, NO, 2.04 0.62 0.47
1d NH, CF3 2.04 0.57 0.61
le NH, CN 2.04 0.58 0.57
1f NH, NO, 2.04 0.58 0.62
1g OH CF; 2.04 0.46 0.56
1h OH CN 2.04 0.39 0.64
1i OH NO, 2.04 0.47 0.57

HOMO LUMO

Figure 10: Molecular orbitals (HOMO and LUMO) of molecule 1 i.e. TPHA in the closed-
shell singlet state at B3LYP /def2-TZVP level at an isovalue of 0.03.

Further, the inspection of the frontier molecular orbitals of TPHA reveals that HOMO of
TPHA exhibits large atomic coefficient at the centre of 107-anionic part and LUMO shows a
node at the centre of 67-cationic part (Figure 10). Similar spatial features of frontier orbitals
were also observed previously for bis(1,2,3-dithiazoles).% From this peculiar distribution of
frontier orbitals, one can infer that the introduction of EDG will donate electrons to the
electron rich position and will raise the energy level of HOMO. Similarly, introduction of
EWG at positive position will remove electrons from the electron deficient position and

will lower the energy level of LUMO. Therefore, the simultaneous substitution of EDG and
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EWG results in the raising of HOMO level and lowering of LUMO level and consequently;,
brings down the gap between HOMO and LUMO (AEy ) leading to preferential diradicaloid
ground state of the molecules. Figure 11 depicts the AEg; of the molecules with different
EDG and EWG and the parent molecule 1. It has been identified that for 1, the AEgy,
is highest with least diradical character and for all other molecules, AEy is smaller than
that for 1. This proposes an inverse relation between the AEy;, and the diradical character.
Among the three series, AEy, is least for the molecules containing NO; as EWG i.e. 1c,
1f and 1i providing the reason for the large diradical character in these molecules. The
smallest AEy;, for molecule 1c also unveils the observation of largest diradical character in
this molecule. In series A, molecules 1a and 1b bear similar AEy; supporting comparable
diradical character. In series B, molecules 1d and le possess equivalent AEg; matching
the corresonding diradical character. Among series C, molecule 1h with smallest diradical

character bears largest AEy;.
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Figure 11: Energy difference (eV) between HOMO and LUMO in the structures optimized
in open-shell singlet state for the molecules with different EDG and EWG.

Furthermore, while exploring the effect of different push-pull substitutions on the di-
radical character, we encountered three molecules (Figure S2) which exhibit pure diradical

ground state. These are designed by positioning O~ as EDG and CF3, CN and NOy as EWG
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and acronymed as O-CFj3, O-CN and O-NO, respectively. For all the three diradicals, the
<S5?>pg values are ~1.0 (Table S9) manifesting ideal diradical character in these molecules.
Moreover, the LUNO occupation number from CASSCF(2,2) i.e. npyyo is ~0.70 (Table
S10) signifying 70% diradical character in all the molecules. The HOMA values calculated
for the central benzene ring of these diradicals is ~0.20 (Table S11) which is much smaller
than those of molecules 1la-1i revealing the loss of aromaticity of the ring is much more
pronounced in these diradicals. This imparts that the resonating structure Y (Figure 9)
is more significant than X which is also observed from the C-O bond length in the three
radicals which acquires double bond character with bond length of 1.23 A. The magnetic
exchange interactions are calculated from BS-DFT as well as WEF'T based CASSCF(2,2) and
CASSCF(2,2)-NEVPT2 (Table S9 and S12). From all the aforementioned methods, strong
ferromagnetic exchange interactions are calculated for all the three diradicals owing to triplet

ground state as illustrated in Figure 12.

1600 -~ BS-DFT
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800 +
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Figure 12: Computed magnetic exchange interactions in three diradicals i.e. O-CF3, O-CN
and O-NOa.

Thus, the increase of diradical character and in consequence, attainment of diradicaloid
or triplet ground state, upon simultaneous substitution of EDG and EWG comes up as
a beneficial implementation for the designing of molecules with diradicalized ground state

advancing a step closer towards superior magnetic materials.
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4 Conclusion

With the aim of instigating diradical character in the well known zwitterionic ground-state
of tetraphenylhexaazaanthracene i.e. TPHA (here, molecule 1), the molecule encompass-
ing two Blatter’s radical moieties, two distinct strategies have been employed. In the first
approach, the length of the coupler between the two radical centers is increased upto hex-
aacene. It has been identified that with increasing the length of the coupler, the diradical
character in a molecule is increased. A transition from closed-shell singlet (molecule 1 and
2) to open-shell singlet (3 and 4) and subsequently to triplet state (5 and 6) is observed
with the enlargement of length of the coupler. For assessment of diradical character, two
different indexes, DF'T based spin squared-value (<S? >pgg) and WEFT based LUNO occu-
pation number (n;yyo), are implemented which complements well with each other. Both of
them reveals increase in diradical character with increase in the number of benzene rings.
Further, strong intramolecular ferromagnetic exchange coupling is reported for molecule 6
proposing it as a potential organic molecular magnet. Moderate ferromagnetic coupling is
also observed for molecule 5. A good correlation is observed between magnetic exchange
coupling constants and the energy gap between the closed-shell singlet and triplet state.
Another alternative approach is the substitution of electron donating group (EDG) and
electron withdrawing group (EWG) simultaneously (push-pull substitution) at the anionic
and cationic fragments of the zwitterionic molecule 1. It has been discovered that this
strategic substitution on molecules with zwitterionic ground-state proposes a plausible way
to alter the diradical character of the molecule leading to the diradicaloid ground-state. Fur-
thermore, three molecules are observed which exhibits strong intramolecular ferromagnetic
exchange interactions owing to triplet ground state. This work provides a new perspective

of designing molecules based on Blatter’s radical with ferromagnetic ground state.
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