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Abstract

With ongoing efforts to synthesize super-stable Blatter’s diradicals having strong
ferromagnetic exchange interactions, all the ten possible isomers of di-Blatter diradical
coupled through the fused benzene rings are investigated. A variety of electronic struc-
ture theory such as broken-symmetry methods in density functional theory (DFT),
spin-constraint DFT (CDFT), and wave function-based multi-configurational methods
e.g. CASSCF/NEVPT2 are applied to compute the magnetic exchange interactions.
Surprisingly, anti-ferromagnetic interactions are revealed for all the stable isomers of
di-Blatter diradicals. Indeed it commensurates with the experimental observations for
the only available synthesized isomer. However, the other nine isomeric diradicals in
the series are yet to synthesize. Despite a good match between theory and experiment,
the anti-ferromagnetic exchange interactions could not be explained based on the spin
alternation rule due to unique spin-distributions in the triazinyl ring. Thus, we propose
the zonal spin-alternation rule which explains the observed ground spin-state for the
conjugated di-Blatter diradicals quite accurately. Further, the fractional spin-moment
localization on the N-atoms activates multiple exchange pathways and the dominating
exchange interactions render anti-ferromagnetic interactions in the conjugated isomers.
The study further reveals that due to strong steric hindrance in certain coupled iso-
mers, the exchange interaction switches from anti-ferromagnetic to weak ferromagnetic
interactions with the cost of stabilization energy of the radicals. Thus it questions the

possibility of synthesizing ferromagnetic di-Blatter diradicals.

1 Introduction

An emerging interest for organic molecular magnets (OMMSs) in the fabrication of spintronic
devices has eventually thrusts into investigation of thermally stable organic radicals.!? Being
a fundamental source of spin, organic diradicals have attracted substantial attention of the
researchers for potential applications in the field of spintronics as memory storage and logic

devices.?* One of the major challenge faced by the community is obtaining the room temper-



ature stable organic radicals that exhibit strong ferromagnetic exchange interactions. Over
the past few decades, a number of stable organic radicals including nitronyl nitroxide(NN),
oxoverdazyl (OVER), dithiadiazolyl (DTDA) have been successfully developed.®® One of
the other thermally robust monoradical is 1,2,3-benzotriazinyl (Blatter’s) radical (shown in
Fig. 1), which was first reported by Blatter and co-workers in 1968.'° The radical has gained
considerable attention after Koutentis et al. established easy synthetic strategies for super
stable Blatter’s radical. 1112 Afterwards, focusing on electronic and magnetic properties, var-
ious magneto-structural correlations were also established by them in the m-stacked radicals
of Blatter’s radical.'® Along with this, the radical has witnessed a growing interest with ap-
plications in spintronic devices. Ciccullo et al. demonstrated the excellent ability of using a
Blatter’s radical to create stable thin films, thus, opening the way for the radical to be used
in devices.* Several recent studies have also examined the stability of Blatter’s radicals when
interfaced with metallic substrates and conducting electrodes.®'6 The radical has also found
extensive applications in transition metal-radical complexes,'” optical properties including
photocyclization!® and in context of controlled polymerization.'® With a biggest challenge
to synthesize room temperature stable organic diradicals, Rajca et al. successfully coupled
the stable nitronyl nitroxide (NN) as well as imino nitroxide (IN) radical with the Blatter’s
radical to obtain hybrid diradicals that exhibit reasonably strong ferromagnetic exchange
interactions.?%2! Based on ab initio calculations we recently proposed diradicals with strong
ferromagnetic interactions by coupling the Blatter’s radical with the known stable radicals
via the phenyl ring directly connected to N-atom of the triazinyl ring.?? Recently, Zheng et
al. reported the synthesis of diradical obtained by coupling the monomeric unit of Blatter’s
radical itself.?3:24

For a diradical, the magnetic exchange interaction between the two unpaired spins resid-
ing in the two singly occupied molecular orbitals (SOMOs) leads to either ferromagnetic (par-
allel) or anti-ferromagnetic (antiparallel) alignment of unpaired spins in the ground state.?

The nature of the exchange interactions for organic diradicals could be predicted based on



(a)

(d)

Figure 1: (a) Parent 1,2,3-benzotriazinyl (Blatter’s) radical, (b) Lowdin spin density dis-
tribution where pink and green colors represents o and 3 spin with isovalue 1 x 1072 g/ A’
and (c) Singly occupied molecular orbital (SOMO) of Blatter’s monoradical with isovalue
2 x 1072 a.u. (d) Major contributing resonating structures of Blatter’s monoradical indicat-
ing the delocalization of unpaired electron on all the three N-atoms.

the spin alternation rule which states that even number of conjugated bonds between two
spin centres provide ferromagnetic exchange, while antiferromagnetic interactions arise for
odd number of bonds.?® This simple rule works perfectly well in predicting the nature of
magnetic exchange interactions for almost all the conjugated diradicals except few special
cases where the electronic conjugation of the m-orbitals is broken due to the orthogonal
arrangement of the p,-orbitals of a pair of adjacent C-atoms in the exchange pathway.2" 2

For Blatter’s monoradical, Lowdin spin density distribution, shown in Fig. 1b, reveals
that the unpaired electron is not only confined to three N-atoms, but delocalizes across both
the triazinyl and fused benzene ring. This unique spin density distribution of the radical
makes this super stable spin source an appealing candidate for stable OMMSs, further im-
posing the question, can we couple such mono-radicals to obtain Blatter’s diradical with
strong ferromagnetic exchange interactions? To find an answer priori to synthesis, in this

work, we have computationally investigated the 10 possible isomers of di-Blatter diradical by

coupling the monomeric unit of Blatter’s radical via its fused benzene ring. Adopting various



density based methods along with the multi-reference CASSCF/NEVPT?2 calculations, mag-
netic exchange interactions are computed and are compared with the available experimental
observations. As a peculiarity of Blatter’s radical, the fractional spin-moment localization
on all the three N-atoms yields multiple micro-magnetic centres. The pairwise exchange
between the specific micro-magnetic centres is addressed with appropriate computational
recipe.

Further, the Lowdin spin density distribution, shown in Fig. 1b, also reveals that all
the N-atoms possess a-spin (positive spin density). Approximate 0.23 pp spin-moment was
found on each of the three N-atoms. Even N3-atom also exhibits a-spin due to resonance
contributing structures, shown in Fig 1d, which is in contrast to the empirical spin alternation
and the similar Ouchinnikov’s rule where alternate signs of spin density are expected at the
adjacent sites.?® This a-spin cloud over the triazinyl ring itself gives a first signature that
simplest spin alternation rule cannot be applied to such radicals. Thus, as an alternative
way, in this work, we also proposed a modified version of spin alternation rule called here as
zonal spin alternation rule, which can be applied correctly to predict the nature of magnetic

exchange interactions in such systems.

2  Theoretical Methods and Computational Details

The magnetic exchange interactions (2.J) between the two magnetic centres could be repre-

sented by Heisenberg-Dirac-Van Vleck spin Hamiltonian

Hupyy = —2J5,5, (1)

where ) and S, are the spin angular momentum operators on two spin centres. For a
diradical, 2./ could be expressed as the energy difference between the singlet (Es) and triplet
(E'r) spin state i.e.

Es — Ep=2J (2)



In the single-determinant formalism (e.g. HF, KS), the singlet state of a diradical cannot be
represented due to multi-determinantal nature of the low spin-state wave function. However,
an alternative route to evaluate 2./ is the broken-symmetry (BS) approach within DFT

framework as proposed by Noodleman.?' In this approach the 2J can be extracted using

2J= Q(EBS - ET)/S'?nax? (3)

where Epg is the energy of broken-symmetry state. Generally, DFT functionals tend to
strongly delocalize the magnetic orbitals which might result in over-prediction of 2.J values.
An alternative approach to this problem is spin-constraint DFT (CBS-DFT) that allow total
energy calculations by constraining the spin-magnetic moments on the specified zones.32:33
The exchange coupling could then be extracted using Eq. 3 with CBS-DFT total energies.*

For all the isomers of di-Blatter diradical under study, the molecular geometries are first
optimized at UB3LYP/def2-TZVP level. The exchange interactions are then investigated
applying different density as well as wave function-based ab initio multi-configurational meth-
ods. 3?37 All the wave function-based and BS-DFT calculations are performed using ORCA38,
while CBS-DFT calculations are performed in NWChem.?? The static as well as dynamical
electronic correlations are accounted through CASSCF and the N-electron valence state per-
turbation theory (NEVPT2) method respectively wherein the 2/ values are obtained by using
Eq. 2.4%4! The multi-reference (CASSCF/NEVPT?2) calculations of 2.J’s are benchmarked
for a set of active spaces starting from minimal CAS(2,2) to CAS(6,6) for the experimentally
observed c-c isomer (see SI). We observed that using the minimum active space (i.e. ac-
counting two SOMOs in the active space) underestimates the static-correlations and results
in smaller 2J values in the CASSCF method, however, it gets compensated while accounting
the dynamical correlations and produce a very close number as observed in the experiments

as well as in other theoretical methods. Expanding the active space improves static correla-

tions but overall 2J values get overestimated. These scenarios were also observed previously



in the literature. 2?4244 Considering all these facts, further, all the calculations are performed

using CAS(2,2) active space along with the static and dynamic correlations.

3 Results and Discussions

All the possibilities of coupling the Blatter’s radical with itself via fused benzene ring are
investigated. As illustrated in Fig. 1a, fused benzene ring exhibits four distinct unsubstituted
positions (marked as a,b,c and d in Fig. 1a) through which it can be coupled to other Blatter’s
moiety. So, in total 4x4, i.e. 16 constitutional isomers of di-Blatter diradical can be formed,
but 6 of them being repetitive in combination (as a-b and b-a denotes the same isomer) give
rise to 10 possible isomers with distinct atomic connections. Out of these 10 possibilities,
isomers obtained by coupling the radical moieties via connecting sites "a" or "d" are sterically
hindered with distorted geometry and large torsional angles. On the other hand, coupling
via connecting sites "b" or "c¢" results in nearly planar geometry and less torsional angles.
Fig. 2 illustrates the relative energies and the dihedral angle ¢ between two monomeric units
optimized at UB3LYP /def2-TZVP level for all the 10 isomers. Among the 10 possibilities, the
isomers with connecting sites 'b" and "c¢" ji.e., b-b, b-c and c-c are found to be energetically
stable exhibiting a dihedral angle of ~ 35° as compared to those with connecting site "a" and
'd" exhibiting large dihedral angles. Among the stable isomers, the diradical with mirror
connecting cite "c¢', i.e. c-c (shown in inset of Fig. 2) has already been synthesized, however,
the other two isomers i.e. b-b and b-c are also potentially stable candidates and are yet to
be synthesized. The magnetic properties of the former were also studied applying SQUID
magnetometry by Zheng and co-workers wherein an anti-ferromagnetic exchange with a 2.J
value of -444.19 em~! was observed by them.?

The computed 2.J values for all the 10 isomers are summarized in Table 1. The isomers in

which the radical moieties are coupled via one of the less sterically hindered connecting site

"b" or "¢" are observed to be anti-ferromagnetic in nature except the case of c-d isomer. On
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Figure 2: Relative energies (AE) of all the possible isomers of di-Blatter diradical, where
¢ is the dihedral angle between two monomeric units. The most sterically hindered isomers
with large dihedral angle are the least stable. The inset of the graph shows the zoomed view
of the energy difference between the isomers b-b, b-c and c-c at logarithmic scale. The red
and green colored bars corresponds to anti-ferro and ferromagnetic exchange interactions
respectively.

Table 1: Calculated magnetic exchange coupling constant 2J(cm™') for all the
10 possible isomers of di-Blatter diradical.

Possible 2J(em™1)

Isomers BS-DFT CBS-DFT CASSCF* NEVPT2¢
a-a 4.94 4.38 8.77 17.99
a-b -162.70 -127.28 -32.48 -103.15
a-c -168.10 -168.01 -25.02 -92.39
a-d 31.44 32.42 15.80 30.50
b-b -196.36 -165.48 -79.42 -158.02
b-c -262.38 -219.46 -100.73 -240.54
c-c? -599.92 -544.28 -164.16 -511.60
b-d -59.56 -49.16 -16.02 -12.57
c-d 29.30 33.78 11.85 38.84
d-d 10.20 9.48 2.41 7.46

@ The calculations are performed using CAS(2,2) active space.
b Synthesized and reported 2.J value is -444.19 ¢m~".2324



contrary, small ferromagnetic exchange is obtained for the distorted isomers in which both
the connections are made with the sterically hindered connecting sites "a" and 'd" i.e. a-a,
a-d and d-d. This variation of the nature of the magnetic exchange interactions with the
connecting sites can also be seen from Fig. 2 where red and green bars denotes anti-ferro and
ferromagnetic exchange respectively. The nature of exchange coupling is further verified by
using various density and wave function-based multi-configurational methods and is found to
be concordant. For the experimentally synthesized c-c isomer, a good match is obtained by
using traditional BS-DFT, which further improves by constraining the appropriate amount
of magnetic moment on the spatially confined zones in CBS-DFT. The detailed criteria
for zone selection in CBS-DFT calculations is discussed in SI. CASSCF calculations with
minimal active space, i.e. CAS(2,2) provides underestimated exchange coupling as compared
to the experimental value of -444.19 ¢m~! which improves significantly by the inclusion of
dynamical correlation with NEVPT2 method.

In the following subsections, we will discuss the proposed zonal spin alternation rule.
Followed by a comprehensive discussion, the origin of dominant anti-ferromagnetic exchange
in the experimentally synthesized isomer c-c is provided. The ferromagnetic nature of the
distorted diradicals originating from large torsional angles is addressed in the subsequent

subsection.

3.1 Zonal spin alternation rule

The nature of magnetic exchange interactions and consequently the ground spin state can
be visually predicted from the empirical spin alternation rule. This rule works perfectly well
for the conjugated diradicals wherein the exchange takes place through bond.*® However,
the deviation from the spin alternation rule has been reported for sterically hindered cases
where the large dihedral angle between the radical moieties breaks the electronic conjugation
between m-orbitals and facilitates the direct exchange between the radical centres.?"4¢ Such

cases usually favors the parallel orientation of electrons residing in the p,-orbitals of radical



centres following the Hund’s Rule.*” Thereby, apparently breaking the spin alternation rule
and yielding ferromagnetic interactions.

Out of 10 possibilities of di-Blatter diradicals, the nature of magnetic exchange is in
agreement with the spin alternation rule for six of the isomers. However, the ground spin
state of the remaining four isomers, i.e., a-a, a-b, b-c and d-d is not supported by the spin
alternation rule. The deviation from spin alternation rule is quite obvious for the rotated
isomers a-a and d-d exhibiting large dihedral angles of 71.9° and 53.1° respectively. The
observed ferromagnetic exchange in these rotated isomers is in accord to the Hund’s rule.
But, along with this, the dominant anti-ferromagnetic exchange interactions prevailing in the
stable conjugated isomers is also found to be in contrast to the prediction of spin alternation
rule for a-b and b-c isomers exhibiting small dihedral angles of 45.0° and 33.9° respectively.
Thus, clearly indicating that the di-Blatter diradicals do not strictly follow the emperical spin
alternation rule. The inadequacy of spin alternation rule for the di-Blatter diradicals could
be foreseen from the spin density distribution of Blatter’s monoradical, shown in Fig. 1b,
which reveals an « spin density over the two consecutive N2 and N3 atoms. This is in
complete contrast to the assumption of spin alternation rule where alternate signs of spin
density are expected at the consecutive atoms. Thus, clearly revealing that the di-Blatter
diradical exhibiting multiple spin centres forbids the simplest spin alternation rule.

As an alternative solution, we propose a modified version of spin alternation rule, called
here as zonal spin alternation rule to correctly predict the nature of exchange interactions in
such diradicals. The proposal of zonal spin alternation rule is based on the consideration of
spatial zones exhibiting similar spin density on the constituent atoms. The contribution of
individual atomic centres bearing alternate spin density in accord to spin alternation rule has
been replaced by zones in zonal spin alternation rule. In Blatter’s radical, all the atoms of
the triazinyl and fused benzene ring exhibits a-spin density, thus triazinyl and fused benzene
ring is taken as one complete entity (zone) bearing a-spin density and afterwards standard

spin alternation rule is applied on individual atomic centres. The demonstration of zonal
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Figure 3: Three most stable and conjugated isomers of di-Blatter diradical, b-b, b-c and c-
c. The pink and green circles over triazinyl and fused benzene ring denotes it as one complete
zone bearing o and [-spin density respectively and the star-nonstar over the atomic centres
depicts the notation of Ovchinnikov's rule

spin alternation is illustrated in Fig. 3 for the three most stable and conjugated isomers, b-b,
b-c and c-c, wherein the triazinyl and fused benzene ring of Blatter’s radical is considered as
one complete entity with positive/negative spin-density denoted by pink/green circles. The
star-nonstar convention over the atomic centres depicts the notation of the spin alternation
and the similar Ouvchinnikov’s rules. This zonal spin alternation rule works perfectly well
for the conjugated isomers of di-Blatter diradical as well as for reported Blatter’s based

diradicals. 2022

3.2 Multiple Pair-wise Exchange Interactions

To elucidate the origin of dominant anti-ferromagnetic exchange in stable isomers of di-
Blatter diradical, we calculated the individual pair-wise exchange interactions between spe-
cific N-atoms. The spin density distribution of c-c isomer, illustrated in Fig. 4, reveals
the existence of multiple spin centres in both singlet and triplet state. This scenario is in
complete contrast with the much cultivated systems with only two magnetic centres and
with only one magnetic exchange pathway. However, in di-Blatter diradical, due to strongly
localized fractional magnetic moments that behave as independent micro-magnetic centres,
there are total nine different possible pair-wise exchange interactions (i.e. 2Jy1-n4, 2J81-N5

, 2JIN1-N6, 2dN2-N4, 2IN2- N5, 2dN2-Ne6s 2IN3-Na, 2IN3-N5, 2JN3-ne as shown in Fig. 53)-
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Figure 4: Spin-density distribution for diradical ¢ — ¢ in high-spin (HS) and broken-
symmetry (BS) state. The o and § spins are shown in pink and yellow colours respectively
with isovalue of 1 x 1072 ug/A3. All the six N-atoms exhibits approximate 0.23 g spin
moment in both HS and BS state with the sign reversal in BS state.

(a)

Figure 5: (a)Different possible interactions in isomer c-c (2J/y,—ny (x=1,2,3 and y=4,5,6)).
The interaction of N1, N2, N3 with N4-N6 is denoted by red, green and blue color respec-
tively, (b) Diradical ccq to compute the individual exchange interaction between N1 and N4

(2‘]’N17N4>'

12



In order to have a proper description of exchange coupling in di-Blatter diradical with
multiple magnetic centres, the exchange coupling constants between specific N-pairs are es-
timated while keeping all other paramagnetic N-atoms magnetically inactive by replacing
N-atoms with isoelectronic CH-units in the triazinyl rings. For example, to determine ex-
change interactions between N1 and N4 i.e. 2J/N71_N4 in c-c isomer, all the other N-atoms
except N1 and N4 are replaced by CH-units as shown in Fig. 5b (denoted as ccy) and the ob-
tained coupling constant is denoted by 2.Jx;_ng4 - As expected, the replacement of N-atoms
by CH-units increases the spin density on more electronegative N1 and N4 atoms of diradical
ccy which results in overestimated exchange , i.e. 2./ _ng4- Thus, in a refined treatment, the
exact exchange between N1 and N4, 2.Jn1_N4, is obtained by augmentation of the obtained
2Jn1 na With the ratio of spin densities deduced from diradical c-c and ccy respectively.
The values of 2Jn1-n4 and 2Jy; N4 are approximated with BS-DFT calculations.

Similarly, the exchange coupling for all the possible 9 magnetic interactions i.e. 2Jn,_ny
(x=1,2,3 and y=4,5,6) shown in Fig. 5a are evaluated (can be found in SI). The total 2.J
is obtained as the weighted summation of all the calculated 2.J’s between different magnetic
sites. This methodology of calculating individual pairwise magnetic exchange interactions
again provides anti-ferromagnetic exchange which is concordant with predicted nature of
exchange interactions using all the DFT and wave function-based methods. Although, among
all 9 possibilities, both ferromagnetic and anti-ferromagnetic individual pairwise interactions
strictly following the spin alternation rule prevailed between two N-atoms, but the magnitude
of anti-ferromagnetic interactions was found to be dominating over the ferromagnetic. Thus
giving resultant anti-ferromagnetic exchange for isomer c-c. Similarly, all the 9 possible
exchange interactions are calculated for isomer b-b and b-c and are provided in SI. An

anti-ferromagnetic exchange is found to be dominating in both the isomers as well.
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3.3 Switching of Magnetic Exchange Interactions

The detailed analysis of individual pairwise interactions provides clear signatures of a strong
anti-ferromagnetic exchange in planar isomers with connecting sites "b" and "c¢". However,
small ferromagnetic exchange is observed for non-planar sterically hindered isomers with
connecting sites 'a" and 'd" i.e., a-a, a-d, c-d and d-d. The effect of dihedral angle in
controlling the magnetic exchange interactions is well documented in literature.*® 3% Shil
et al. also postulated that in the crowded forms with large dihedral angles, the itinerant
exchange between two magnetic sites through 7 network is forbidden due to non-planarity. 46
In such diradicals, the radical sites being closer in space participate in direct exchange, which

usually favors the ferromagnetic coupling following the Hund’s rule.*7
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Figure 6: Relative energies (AE) and variation of exchange coupling constant (2.J) with
dihedral angle between two radical monomers for c-c isomer. The green bars represents
relative energies calculated at B3LYP/def2-TZVP level. The ferro and anti-ferro exchange
is denoted by red triangles and blue diamonds respectively over pink curve.

To validate whether the weak ferromagnetic exchange interaction in the sterically hin-
dered isomers is indeed a direct effect of dihedral angle, we computed the exchange inter-

actions for c-c isomer by constraining the dihedral angle (¢) between two monomeric units
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and further varying ¢ from 0 to 90°. The variation of 2J with dihedral angle, illustrated
in Fig. 6 by a pink curve, clearly reveals that the planar geometry with small dihedral an-
gles (including the optimized one at 36.5°) favors anti-ferromagnetic exchange. However, on
approaching the orthogonal orientation at ~80°, the nature of the exchange between two
radical monomers switches to ferromagnetic (also illustrated in the inset of Fig. 6). Along
with this, the relative energies, represented by green bars in Fig. 6, reveals that sterically
hindered geometries with large dihedral angles are least stable. Similar behavior is observed
for sterically hindered isomer a-a yielding ferromagnetic exchange at optimized dihedral
71.89° while switching to anti-ferromagnetic exchange on constraining the dihedral to 50°
(data is provided in SI).

Thus, as revealed from multiple pair-wise exchange interactions, due to co-existing mul-
tiple micro-magnetic centres, anti-ferromagnetic interactions are much dominating in di-
Blatter diradicals. However, switching to weak ferromagnetic exchange in strained isomers
as well as in rotated configurations indicates that one can obtain ferromagnetic exchange in

the super-stable diradicals by tuning the dihedral angle.

4 Conclusions

The magnetic exchange interactions are investigated for all the possible isomers of di-Blatter
diradical adopting various density as well as wave function-based multi-configurational meth-
ods. It reveals coupling the two Blatter’s radicals via fused benzene ring yield an anti-
ferromagnetic exchange in their stable conjugated configurations. A close agreement with
the experimental observations are obtained using traditional DFT based broken symmetry
methods, which further improves by employing CBS-DFT. It has been realized that the min-
imal CAS space accounting two unpaired electrons in two magnetic orbitals, when considered
along with dynamical correlations, i.e., CASSCF(2,2)-NEVPT2, provides a reasonable choice

to compute exchange interaction in di-Blatter diradicals.
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Further, due to a-spin density on all the three N-atoms of Blatter’s radical, it forbids the
simplest spin alternation rule. However, the nature of magnetic exchange interactions in all
the Blatter’s based conjugated diradicals can be explained accurately by the proposed zonal
spin alternation rule. Due to the existence of multiple spin centres, di-Blatter diradicals
exhibits numerous exchange pathways. In the conjugated stable isomers, the dominating
micro-magnetic exchange interactions dictate the magnetic properties of the diradical i.e.
anti-ferromagnetic interactions. However, in certain strained isomers as well as in rotated
configurations the exchange interactions switch from anti-ferro to weak ferromagnetic inter-
actions. Thus, in-principle switching occurs in a trade-off with molecular stability, hence,
synthesizing a ferromagnetically coupled di-Blatter diradical remains as a possibility but a

challenging task.
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