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Abstract

The recent accomplishments in obtaining the strong ferromagnetic exchange in-

teractions in organic diradicals have made the field quite fascinating and even more

promising towards its technological applications. In this context, herein we report a

unique combination of remarkably strong ferromagnetic exchange interactions coupled

with the molecular rigidity utilizing super-stable Blatter’s radical as a spin source.

The planar analogues of the parent Blatter’s radical obtained by annulation with a

chalcogen coupled to nitronyl nitroxide (NN) are investigated using density functional

theory (DFT) along with the wave function based multi-configurational self-consistent

field (MCSCF) methods e.g. CASSCF/NEVPT2. The calculations reveal phenome-

nal modulation in exchange couplings upon annulation such that remarkably strong

ferromagnetic interactions are realized especially for a certain class of the Blatter -

nitronyl nitroxide diradicals. The modulation of spin-spin interactions is rationalised

by variation in spin density distribution and molecular torsional angles. We demon-

strate that annulation in OMMs opens an additional coupling pathway via auxiliary

X-atom acting as atomic relay center which strongly manipulates the magnitude of

exchange couplings.

1 Introduction

A key step in advancing the organic magnetic architecture towards technological viability

is the rational design and synthesis of the exotic molecules with high spin ground states

exhibiting strong ferromagnetic interactions.1 Such high spin molecules possess extensive

applications in high density spin-based memory storage devices and processing units.2,3 Di-

radicals have always remained intrinsically interesting for organic community in which the

parallel and antiparallel alignment of two unpaired spins give rise to atleast two states, i.e.,

a high spin (triplet) and low spin (singlet) respectively.4,5 A plethora of literature is replete

with the applications of triplet ground state diradicals .6,7 However, the room temperature
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stability of triplet ground state diradical, a necessary prerequisite for material processing and

device fabrication, has remained highly rare and uncommon and thus has become a fasci-

nating challenge for researchers. With this ongoing challenge, 1,2,4-benzotriazinyl (Blatter)

radical emerged out as a promising candidate to develop novel high spin organic magnetic

molecules possessing remarkable thermal stability.8–10 The radical was first synthesized by

Blatter and co-workers in 196811 and later several synthetic strategies were introduced by

Koutentis et al. over the last few years for the easy synthesis of the super stable Blatter’s

radical.12,13

With a goal to generate stable triplet molecule, Wudl and coworkers presented the first

synthesis and characterization of Blatter’s based kekule type diradicals. However, contrary

to the expectations, zwitterionic forms and open-shell singlets with intermolecular quintet

state were obtained.14 A milestone was then achieved by Rajca et al. in 2016 with the

demonstration of thermally robust triplet ground state diradical by appending nitronyl ni-

troxide (NN) radical to Blatter’s radical with high singlet-triplet splitting.15 Triggered by

this, we modeled several ferromagnetically coupled hybrid Blatter’s based diradicals in our

previous works. Employing state-of-art multireference (CASSCF-NEVPT2) methods, quite

strong exchange couplings were predicted by attaching several stable radical moieties in-

cluding oxoverdazyl (OVER), dithiadiazolyl (DTDA), imino nitroxide (IN), nitroxy (NO)

and phenoxy (PO) to the stable Blatter’s radical.16 Apart from the hybrid diradicals, we

also considered different possibilities to couple two Blatter’s radical with each other and

realized that contrary to the hybrid diradicals, it is quite challenging to obtain strong ferro-

magnetic exchange interactions in di-Blatter diradicals due to co-existing multiple exchange

interactions between the several localized spin centers.17

Fig. 1a and 1b shows the basic structure and spin density distribution of Blatter’s

radical. Apart from the spin bearing triazinyl ring (marked as A) containing 3 N-atoms, the

radical possess three functional aromatic rings (marked as B, C and D in Fig. 1a). Ring

D exhibits negligible spin density and is thus, spin isolated. Hence, it cannot affect the
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magnetic properties significantly. Ring C possesses small delocalization tails of the unpaired

electron essentially localized on the triazinyl ring (ring A) whereas ring B contains the major

proportion of the unpaired electron. This extensive unpaired spin delocalization over the

molecular frame increases the possibility of tuning the magnetic coupling through numerous

pathways mediated via ring B and ring C. The diradical proposed by Rajca et al. in 2016 by

coupling Blatter’s radical with NN radical and exploiting ring C as a coupler yields magnetic

exchange coupling of 174.80 cm−1.15 Later in 2019, instead of ring C, ring B was used as a

coupler for spin spin interactions and extremely strong exchange coupling constant of 608

cm−1 was realized by them.18 Further, in our previous work, we utilized ring C as a coupler for

modelling hybrid Blatter’s diradicals and demonstrated that exchange interactions mediated

by ring C can be further tuned by delocalizing the spin density on ring B by attaching

additional fused benzene rings.16

Figure 1: (a) 1,2,4-benzotriazinyl (Blatter’s) radical with triazinyl ring containing 3 N-
atoms (marked as A) and three aromatic rings marked as B, C and D, φAC is the dihedral
angle between ring A and ring C. (b) Spin density distribution where blue and orange color
represents α and β spin respectively with an isovalue of 0.002 (c) Planar analogue of Blatter’s
radical obtained by annulation at C8 and C10 position with X (X = O, S and Se). (d) Spin
density distribution for X = O case.
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With this understanding, here in this work we envision a tantalizing prospect to reach

even higher values of 2J with simultaneous rigidification of molecular structure by employing

planarized analogue of prototypical Blatter’s radical shown in Fig. 1c. The planar counter-

parts are attained by peri-annulation accomplished with the connection of C(8) and C(10)

positions with a chalcogen (X= O, S and Se) called here as X-annulation. We demonstrate

that the co-planar X-annulation opens a new coupling pathway which act as magnetic relay

between the spin centers and manipulates the direction of exchange-dominated spin waves

in such a way that it promotes remarkably large ferromagnetic interactions. The modula-

tion of exchange coupling upon planarization of Blatter’s radical has been explored using

both ring B (called here as Class B diradicals) and ring C (called here as Class C dirad-

icals) as a coupler which mediates the exchange interactions between spin centers. The

computations of intramolecular magnetic exchange coupling is indeed a challenging task and

strides of sophisticated theoretical techniques have been proposed so far.19,20 In the current

work, apart from the traditional DFT based broken symmetry methods, we have adopted

spin-constraint DFT (CBS-DFT) to compute the exchange couplings. Further, a mandatory

course to multireference methods is performed using symmetry adopted methods such as

CASSCF and CASSCF-NEVPT2 to achieve an appropriate quantitative description of the

exchange couplings.

2 Computational Methodology

The magnetic exchange interactions (2J) between the two magnetic sites A and B is expressed

by phenomenological Heisenberg-Dirac-van Vleck (HDvV) spin Hamiltonian as ĤHDvV =

−2JŜAŜB, where ŜA (ŜB) are the local spin operators acting on the sites A (B) and 2J

is the effective exchange coupling constant between the radical sites which is equivalent to

singlet-triplet energy splitting for a diradical written as
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ES − ET = 2J (1)

where ES (ET) are the energies of singlet (triplet) spin states. A positive value of 2J is repre-

sentative of ferromagnetic interactions with a triplet ground state whereas a negative value fa-

vors anti-ferromagnetic alignment of spins. Computationally, the multi-determinantal nature

of the low-spin state wavefunction renders the conventional single-reference (UDFT/UHF)

methods unsuitable for modeling the low spin state and thus, multireference techniques

(MCSCF/CAS-CI) are often required. An alternative way to evaluate 2J is the broken sym-

metry (BS) approach within the DFT framework wherein the 2J values are extracted using

Noodleman’s21 spin-projected broken symmetry expression,

2J = 2(EBS − ET )/S2
max, (2)

where EBS is the energy of broken-symmetry state. While owing to its computational vi-

ability, BS-DFT has always been at the forefront and is routinely employed for predicting

the exchange couplings, however it is plagued with several deficiencies.22–24 The varying

degrees of self-interaction errors associated with the traditional DFT functionals results in

the spurious delocalization of the magnetic orbitals and hence over predicted 2J values.25,26

To mitigate these prevailing shortcomings, spin-constraint DFT (CBS-DFT) appears as a

promising approach in which molecule is subjected to spin density constraints within the

specified spatial zones.27,28 The total energies EBS and EHS required for evaluating 2J (us-

ing eq. 2) are then computed by applying spin density constraints independently on BS

and HS determinants.29 The detailed criteria employed for zone selection is discussed in

SI. All the BS-DFT and wave-function based calculations are performed in ORCA,30 while

NWChem31 was employed for CBS-DFT calculations.

For all the radical species under study, geometry optimizations are performed using

UB3LYP/def2-TZVP method.32 Apart from the aforementioned density based approaches,
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the energy eigenvalues of the singlet and triplet states are computed applying multi-configurational

wave-function based complete active space self-consistent field (CASSCF) method wherein

the 2J values are obtained using Eq. 1.33,34 The corresponding CASSCF wavefunction is

used as a reference unperturbed wavefunction for subsequent N-electron valence state per-

turbation theory (NEVPT2) calculations for the treatment of dynamical correlation.35 As a

general rule of thumb, a natural choice of the CAS space for diradicals is the minimal and

the most tractable CAS(2,2) space, which is obtained by distributing one electron in each

singly occupied molecular orbital (SOMO).36 For all the diradicals under study, the sign of

exchange coupling is well reproduced even at the minimal CAS level, but expectedly the ef-

fect of dynamical correlation is not negligible at all.37,38 CAS(2,2) results in underestimated

exchange couplings, while considering CAS(2,2) as a reference wave-function, NEVPT2 in-

creases the absolute 2J value by a factor of ∼ 1.5, thus reproducing the exchange couplings

in close agreement to the experimental ones. The minimal CAS(2,2) space along with the

inclusion of dynamic correlation by NEVPT2 has also shown to be a reasonable choice for

Blatter’s based diradicals at an acceptable computational cost in our previous works.16,17

Here, the CASSCF calculations are further benchmarked for X-annulated counterparts by

extending the CAS space upto CAS(10,10) with the inclusion of π orbitals of coupler ring

and radical centers. The calculated 2J values and the character of the included active or-

bitals are schematically shown in SI. Although expanding the CAS space improves the static

correlations for most of the cases, however, CAS(10,10) results in an uncertain perturba-

tive estimation for X=S and X=Se case. While for X=O case, CAS(2,2)+NEVPT2 and

CAS(10,10)+NEVPT2 produces 2J values with only a marginable difference. Thus, mak-

ing evident the use of computationally economical minimal CAS(2,2) space for the reliable

estimation of exchange couplings.
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3 Results and Discussions

3.1 X-annulation in Blatter’s monoradical

As a general feature of parent Blatter’s radical (shown in Fig. 1a), the steric interactions

between C8-H and C10-H result in a large dihedral angle between ring A and ring C with

φAC= 54.02° (tabulated in Table 1). This high torsional angle between the π rings inhibits

the delocalization of spin density from the spin bearing triazinyl ring to the aromatic ring

C (spin density plot shown in Fig. 1b). One of the possible remedy to this inhibition could

be a coplanar π substituent at N1 which can promote maximum spin delocalization at ring

C and thus can significantly affect the magnetic properties. In this light, Kaszynski et al.

demonstrated the concept of planar Blatter’s radical with the synthesis of several function-

alized derivatives of planar Blatter’s radical by connecting C(8) and C(10) positions with

oxygen and sulphur annulation.39–41 As tabulated in last column of Table 1, O-annulation

results in a much smaller dihedral angle of φAC= 3.04°, thus approaching the completely

planar geometry. However, owing to the bulkiness, X=S and Se results in moderate dihedral

angles of 20.54° and 29.96° respectively. The DFT based löwdin spin populations computed

at B3LYP/def2-TZVP level and summed up over the individual aromatic rings of the Blat-

ter’s radical listed in Table 1 unambiguously confirms the modification in the spin density

distribution brought about by X-annulation. The decrease in spin density on ring A and

ring B for X-Bl as compared to parent Blatter (Bl) reveals that upon X-annulation, the

spin density is drained from ring A and B towards ring C in such a way that it results in a

transfer of total 10.5% of spin density from benzotriazinyl core (ring A + ring B) to ring C

upon O-annulation. Similarly for S-Bl and Se-Bl, ring annulation results in a net transfer

of 8.6% and 6.6% respectively from benzotriazinyl core to ring C. This consequently leads

to an increase in the spin density on the ring C from 0.058 in Bl to 0.132 (plus ρO = 0.029)

in O-Bl. Followed by this, S-Bl and Se-Bl also yields enhanced spin delocalization over ring
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C with a spin density of 0.111 (plus ρS = 0.030) and 0.100 (plus ρSe = 0.021) respectively.

The enhanced spin delocalization over ring C in X-Bl as compared to parent Bl can also be

evidently observed from the spin density plot of Bl and O-Bl shown in Fig. 1c and Fig. 1d

respectively.

Table 1: Löwdin spin-density on the individual aromatic rings (A, B, C and
D) and dihedral angle between ring A and ring C (φAC) of Blatter's radical
and X-annulated counterparts with X= O, S and Se using B3LYP/def2-TZVP
method.

Radical
∑
µ(Ring)

φACRing A Ring B Ring C Ring D
Bl 0.791 0.250 0.058 -0.015 54.02

O-Bl 0.750 0.203 0.132 -0.010 3.04
S-Bl 0.752 0.214 0.111 -0.012 20.54
Se-Bl 0.758 0.223 0.100 -0.014 29.96

3.2 Magnetic Exchange Interactions in X-annulated Blatter’s Di-

radicals

After gaining insights into the redistribution of spin density within Blatter’s radical upon

X-annulation, an intriguing quest arises for how the redistribution of spin density coupled

with the rigid architecture provided by the X-annulation can affect the existing ferromagnetic

interactions in Blatter’s based diradicals. The novel Blatter-NN diradical (referred here as

Bl-NN) experimentally reported by Rajca et al.15,18 and theoretically investigated in our

previous work16 provides an ideal testing ground for X-annulated architecture. Thus, the

model X-annulated systems are conceptualized based on nitronyl nitroxide (NN) as a spin

center attached to Blatter’s radical with X-annulation. Further, depending upon the coupler

ring, diradicals in this work have been divided into two distinct classes, the one in which ring

C of Blatter’s radical is used as a coupler to connect NN (shown in Fig. 2a) are described

as "Class C" and the other which are coupled via ring B (shown in Fig. 2d) are described as

"Class B".

9



Figure 2: X-annulated Blatter’s radical coupled to nitronyl nitroxide (NN) (a) Class C
coupled via ring C, X-Bl-NN(C). (b-c) Spin density distribution for Bl-NN(C) and O-
Bl-NN(C) where blue and orange color represents α and β spin respectively with an isovalue
of 0.003. (d) Class B, X-Bl-NN(B) coupled via ring B. (e-f) Spin density distribution for
Bl-NN(B) and O-Bl-NN(B).

The computed exchange interactions for Bl-NN diradicals and the X-annulated coun-

terparts are collected in Table 2. Among the Class C diradicals (listed in the top panel of

Table 2), the complete method standardization for determining the strength of exchange cou-

pling constant was performed for Bl-NN(C) in our previous work.16 Within the traditional

broken symmetry approach, even the hybrid B3LYP functional provides an overestimated

exchange coupling of 397.80 cm−1. Although this overestimation of exchange coupling by

BS-DFT is well known, even though it is the most widely used and arguably the most effec-

tive computational tool currently available for the qualitative understanding of the exchange

interactions among the spin carriers.42,43 Further, in the light of above stated deficiencies

of BS-DFT, we adopted an alternative constrained DFT (CBS-DFT) method which dra-

matically improves the agreement with experiment by providing 2J value of 219.47 cm−1.

Apart from this, a more physical treatment of low-spin state requires multi-reference treat-

ment based on CASSCF. We found that the minimal CAS(2,2) space, taking into account
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two unpaired electrons in two SOMOs, provides a 2J value of 96.56 cm−1, a factor of 1.85

smaller than the experimentally reported value. However, adding post SCF correlation by

NEVPT2 significantly improves the value to 177.77 cm−1, which is in close agreement to the

experimental value of 174.80 cm−1 obtained using SQUID magnetometry.15

Later in 2019, Rajca et al. reported another Bl-NN derivative by utilizing the co-planar

ring B as a coupler between the triazinyl ring and NN radical (called here as Bl-NN(B)),

with significantly strong exchange coupling of 608.50 cm−1. Surprisingly, for Bl-NN(B),

along with BS-DFT, the more reliable CASSCF(2,2)+NEVPT2 also results in slightly over-

estimated exchange coupling by producing the 2J value of 919.48 cm−1 as compared to the

experimentally reported value of 608.50 cm−1.18 However, the source of this ambiguity was

predicted as mainly due to different dihedral angle φAC obtained from the crystal geometry,

which is known to have a non-negligible effect on the exchange coupling.44,45 The crystal

structure yields smaller φAC= 39.07° as compared to B3LYP/def2-TZVP geometry exhibit-

ing φAC= 51.40°. As already discussed for Blatter’s radical, the smaller φAC promotes spin

delocalization over ring C by draining the spin density from benzotriazinyl core (ring A +

ring B) to ring C. The reduced spin density on the ring B decreases the strength of spin spin

interactions mediated by ring B used as a coupler. This fact is reflected in all the DFT and

wave-function based calculations which produces smaller 2J values on crystal structure as

compared to DFT optimized geometry (Data for calculation on crystal structure is given in

SI). For the further authenticity of B3LYP/def2-TZVP optimized geometry, frequency cal-

culations were also performed at the same level of theory to confirm whether the optimized

geometry is true minima of potential energy surface, wherein no any imaginary frequencies

were obtained. As an another veracity test, geometry optimization of Bl-NN(B) was also per-

formed with another hybrid M06 functional which also yields a dihedral angle φAC = 49.40 °

resembling closely to B3LYP optimized geometry. Thus, the source of this geometrical mis-

match can be attributed to intrinsic nature of the crystal and environmental effects for which

the CASSCF(2,2)+NEVPT2 calculations on the crystal geometry yields a better 2J value
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of 784.05 cm−1. Apart from the geometrical difference, extended CAS calculations on both

the crystal and optimized geometry (given in SI) reveals further sequential improvement in

dynamical correlation with increasing CAS space. The closest agreement with the reference

value of 608.50 cm−1 is obtained with NEVPT2 based on extended CAS(10,10) producing

2J value of 659.81 cm−1 at crystal geometry. The apparent low performance of CAS(2,2)

space to deal with Bl-NN(B) is attributed to the SOMOs having node on the bridging C(sp2)

atom of O-N-C-N-O fragment of NN moeity and thus does not taking into account the spin

polarization effects on the bridging atoms which are more prominent in Class B due to more

spin dense connecting site C7 in Class B as compared to C12 in Class C diradicals. The role

of bridging C-atom of O-N-C-N-O fragment of NN radical in the reference CAS space was

also demonstrated in an early report by Calzado et al.37

Table 2: Calculated magnetic exchange coupling constants for Class B and Class
C Bl-NN diradicals with X-annulation using BS-DFT, CBS-DFT, CASSCF(2,2)
and CASSCF(2,2)-NEVPT2.

Diradicals 2J(cm−1)
BS-DFT CBS-DFT CASSCF(2,2) CASSCF(2,2)+NEVPT2 Exp.

Bl-NN(C) 397.80 219.47 96.56 177.77 174.80
O-Bl-NN(C) 1132.54 615.03 324.50 595.32 -
S-Bl-NN(C) 893.98 489.92 241.11 454.52 -
Se-Bl-NN(C) 824.76 453.85 217.35 416.02 -
Bl-NN(B) 1216.78 644.45 521.97 919.48 608.50

O-Bl-NN(B) 280.60 151.89 152.55 217.30 -
S-Bl-NN(B) 632.88 350.32 327.05 528.55 -
Se-Bl-NN(B) 716.54 393.56 351.85 617.67 -

a For Bl-NN(B), calculations on crystal geometry yields 2J value of 784.05 cm−1 using
CASSCF(2,2)+NEVPT2.

Following the same recipe for both Class C and Class B X-annulated diradicals, we ob-

served that X-annulation significantly effects the degree of exchange coupling. Interestingly,

for Class C diradicals, X-annulation resulted in remarkably strong ferromagnetic exchange

coupling with an appreciable increase in 2J values by a factor of 2 to 3 as compared to Bl-

NN(C). Among the three chalcogens, O-congener produced the strongest exchange coupling

for which the 2J value increases upon O-annulation by a factor of 2.85 with BS-DFT and the

12



most promising CASSCF(2,2)+NEVPT2 also reveals a significant enhancement in 2J value

from 177.77 cm−1 for Bl-NN(C) to 595.32 cm−1 for O-Bl-NN(C). An analogous increase is

also observed for S and Se analogs in the series with increased 2J values of 454.52 cm−1 and

416.02 cm−1 respectively. While in complete contrast to Class C, Class B diradicals (listed

in bottom panel of Table 2) displays a drastic decrease in 2J values upon X-annulation,

with the least 2J value being observed for X=O. For O-Bl-NN(B), both BS-DFT as well

as CASSCF(2,2)+NEVPT2 results in a drop of 2J value by a factor of ∼ 4 from 919.48

cm−1 for Bl-NN(B) to 217.30 cm−1 for O-Bl-NN(B). The similar decrease in 2J values also

manifests in S-Bl-NN(B) and Se-Bl-NN(B), but with slightly larger exchange couplings as

compared to O-Bl-NN(B). The substantial variation in 2J values brought upon X-annulation

is also shown in Fig. 3 for both Class B and Class C.

Figure 3: Variation in magnetic exchange coupling (2J) for X-annulated Class C (left)
and Class B (right) Bl-NN diradicals. Blue, red, green and yellow bars indicate the
calculated exchange coupling constants using BS-DFT, CBS-DFT, CASSCF(2,2) and
CASSCF(2,2)+NEVPT2 respectively. The black dotted line over Bl-NN(C) and Bl-NN(B)
represents the experimental 2J value. For Class C, 2J values increases upon X-annulation
and vice-versa for Class B.
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3.3 Modification in Spin Density Distribution and Torsional An-

gles

As already discussed for monoradicals, the salient electronic feature of X-annulated coun-

terparts is the nearly planar geometry and enhanced spin delocalization over the ring C.

Gratifyingly, this characteristic feature promotes the spin spin interactions for Class C and

vice-versa the case for Class B which is reflected in the form of enhanced exchange cou-

plings for Class C and reduced ones for Class B. The spin density distribution for Class C

and Class B Bl-NN diradicals and O-annulated counterparts shown in Fig. 2 and tabulated

in Table 3 reveals the anticipated modification in the spin distribution upon X-annulation.

For Class C diradicals, X-annulation results in the reduction of spin density on the benzo-

triazinyl core wherein for ring A, it decreases from 0.765 for Bl-NN(C) to 0.709, 0.720 and

0.726 and ring B yields a decrease from 0.245 to 0.192, 0.202 and 0.212 for X=O, S and

Se respectively. This overall displacement of the spin density from the benzo-triazinyl core

to the ring C accumulates an additional spin density of 0.06, 0.04 and 0.03 over the ring C

for X=O, S and Se respectively as compared to 0.008 in case of Bl-NN(C). The enhanced

spin delocalization over ring C promotes the unidirectional magnetic coupling between spin

centers via ring C which is reflected in the form of increased 2J values. Apart from the mod-

ification in spin density, an increased 2J value is also associated with the reduced dihedral

angle between the coupler C and spin carriers, i.e., φAC and φC−NN . For O-Bl-NN(C), φAC

reduces to nearly zero (4.17°) from a twisted angle of 52.88° in Bl-NN(C). This coplanar

coupler-radical center plane further promotes effective spin propagation and vividly support

strong exchange interactions. Although, various other approaches in the literature have also

used these generalizations based on spin density and dihedral angle for the design of new

spin centers, couplers and OMMs,46,47 but to our knowledge this is the first report with

such a large exchange coupling in Blatter’s diradicals coupled with molecular rigidity and

nearly planar geometry. Thus, balancing both the stability and the strength of exchange
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interactions, thereby, advancing a step closer towards the practical applications of OMMs.

Table 3: Löwdin spin-density on the individual aromatic rings of Blatter and
NN spin sites and dihedral angles computed at B3LYP/def2-TZVP level for
both Class C and Class B Bl-NN diradicals and the X-annulated counterparts.

Diradicals ∑
µ Dihedral Angles

Ring A Ring B Ring C Ring D NN φAC φC−NN/φB−NN

Bl-NN(C) 0.765 0.245 0.008 -0.015 1.05 52.88 22.38
O-Bl-NN(C) 0.709 0.192 0.068 -0.011 1.08 4.17 16.30
S-Bl-NN(C) 0.720 0.202 0.049 -0.012 1.075 20.99 20.25
Se-Bl-NN(C) 0.726 0.212 0.030 -0.013 1.074 28.71 16.45
Bl-NN(B) 0.709 0.188 0.062 -0.012 1.091 51.41 20.40

O-Bl-NN(B) 0.725 0.162 0.132 -0.009 1.032 0.30 51.14
S-Bl-NN(B) 0.703 0.167 0.110 -0.012 1.059 19.75 42.27
Se-Bl-NN(B) 0.706 0.170 0.102 -0.012 1.06 25.86 42.87

Similarly, for Class B diradicals, X-annulation impedes the spin delocalization to the

ring C from 0.062 for Bl-NN(B) to 0.132 for O-Bl-NN(B) but with a simultaneous decrease

in spin density on ring B which acts as a spin coupling unit for Class B diradicals from

0.188 to 0.162 for Bl-NN(B) and O-Bl-NN(B) respectively. Further, the dihedrals φAC and

φB−NN that describes the extent of planarity and the conjugation between coupler units

and two radical centers also reveals an anomalous trend. Similar to Class C, X-annulation

results in reduced dihedral angle φAC , from 51.41° for Bl-NN(B) to 0.30° for O-Bl-NN(B),

thus approaching the planar geometry. However, this is also accompanied by an increase in

dihedral angle φB−NN from 20.40 ° for Bl-NN(B) to 51.41° for O-Bl-NN(B) due to repulsive

interactions between NN spin center and X-atom attached at the consecutive C7 and C8

positions respectively. Thus, the decreased spin delocalizaion over the coupler B and the

increased molecular twist φB−NN inhibits the spin-spin interactions and results in decreased

2J values for Class B diradicals. Further, to elucidate the origin behind the drastic decrease

in 2J value from 1216 cm−1 to 280 cm−1 upon O-annulation in Bl-NN(B) and to investigate

the sole effect of O-annulation, we constrained both the dihedral angles φAC and φB−NN of

Bl-NN(B) to 0 and 50° (equivalent to dihedral angles of O-Bl-NN(B)) respectively. The 2J

values extracted from BS-DFT calculations on the constrained geometry yields a decreased
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2J value of 718.52 cm−1 as compared to 1216 cm−1 extracted from the optimized geometry,

but significantly higher than 2J value of 280 cm−1 in O-Bl-NN. The spin density analysis over

the individual rings of the Blatter’s radical in constrained geometry reveals a spin density

of 0.279 on the coupler B which reduces to 0.162 upon O-annulation in case of 0-Bl-NN(B)

(tabulated in Table 3). This clearly indicates that apart from the molecular torsional, the

secondary channel induced by X-annulation provides additional relay center between spin

centers which plays a dominant role in controlling the exchange interactions. Apart from the

remarkable modification in exchange couplings brought by X-annulation in Class B and Class

C diradicals, we also calculated exchange couplings for Blatter’s radical coupled to NN via

spin isolated ring D at meta position, i.e., Bl-NN(D) (shown in SI). Although ferromagnetic

but quite weak exchange couplings were realized with a negligible effect upon O-annulation

(Data in SI).

3.4 Modeled O-annulated Diradicals

Furthermore, prompted by an appreciable increase in 2J values for Class C diradicals coupled

with molecular rigidity upon O-annulation, here we designed O-annulated counterparts of

the modeled Class C diradicals proposed in our previous work16 by connecting stable radicals

such as OVER, DTDA and IN to Blatter’s radical called here as Bl-OVER(C), Bl-DTDA(C)

and Bl-IN(C) respectively. The O-annulated analogs of the modeled diradicals labeled as

O-Bl-OVER(C), O-Bl-DTDA(C), and O-Bl-IN(C) are shown in Fig. 4 and the respective 2J

values are tabulated in Table 4.
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Figure 4: Class C modelled diradicals with O-annulation by coupling Blatter’s radical
with OVER, DTDA and IN labeled as O-Bl-OVER(C), O-Bl-DTDA(C) and O-Bl-IN(C)
respectively.

As illustrated in Table 4, analogous to Bl-NN(C), all the modeled diradicals yields signif-

icant enhancement in the existing ferromagnetic couplings upon O-annulation using all the

aforementioned methods. Followed by O-Bl-NN(C), O-Bl-OVER(C) appears as next best

candidate exhibiting strong ferromagnetic exchange interactions. However, for OVER based

diradicals, the minimal CAS(2,2) space turns out to be inadequate due to the omitting contri-

bution of the SOMOs from the O-atom of OVER radical. The dynamical correlations on the

top of insufficient CAS(2,2) space even bias the results towards anti-ferromagnetic states and

lead to incorrect prediction of anti-ferromagnetic ground state, wherein DFT based methods

predicts strong ferromagnetic exchange. The balanced treatment of spin states is then ob-

tained by the inclusion of orbitals affiliated with O-atom of OVER radical using CAS(4,4)

space. Thus, for all the OVER based diardicals CAS(4,4) space is chosen for determining

2J values. The additional orbitals involved in CAS(4,4) space along with the SOMOs are

presented in SI. Apart from this, the diradical Bl-IN(C) was also synthesized by Rajca et

al.,15 however the authors were not able to quantify the strength of exchange interactions

due to weak spin-spin interactions. Interestingly, with O-annulation, O-Bl-IN(C) also yields

significantly increased 2J value of 177.98 cm−1 using CASSCF(2,2)+NEVPT2 with nearly

planar geometry exhibiting dihedral angles of 0.96° and 9.13° of coupler ring C with spin
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centers Bl and IN respectively.

Table 4: Calculated magnetic exchange coupling constants for modeled
O-annulated Class C diradicals using BS-DFT, CBS-DFT, CASSCF(2,2),
CASSCF(2,2)-NEVPT2.

Diradicals 2J(cm−1)
BS-DFT CBS-DFT CASSCF(2,2) CASSCF(2,2)+NEVPT2

Bl-OVER(C) 312.44 254.51 118.53a 158.04a

O-Bl-OVER(C) 589.76 356.73 254.40a 325.07a

Bl-DTDA(C) 150.38 109.73 37.31 65.84
O-Bl-DTDA(C) 544.24 202.81 166.54 297.66

Bl-IN(C) 130.74 87.78 9.47 39.50
O-Bl-IN(C) 490.92 309.49 43.56 177.98

a 2J values are extracted using CAS(4,4) active space. CASSCF(2,2) results are given in
SI.

Similar to Class C modeled diradicals, we also designed a set of ferromagnetically cou-

pled Class B modeled diradicals utilizing ring B as a coupler. Coupling Blatter’s radical

with OVER, DTDA and IN at C7 position of ring B results in quite strong ferromagnetic

exchange interactions. However, following the rationale of Bl-NN(B), the spin-spin interac-

tions eventually got attenuated upon O-annulation for all the modeled Class B diradicals.

The calculated exchange coupling constants for modeled Class B diradicals are provided in

SI and the variation of 2J values for both Class B and Class C modeled diradicals in shown

in Fig. 5.
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Figure 5: Variation of exchange coupling for modeled Class C (left) and Class B (right)
diradicals using CASSCF(2,2)+NEVPT2. The blue and orange bars denotes non-annulated
and O-annulated counterparts. For OVER based diradicals, CAS(4,4) space is used. The
blue bar for Bl-NN(B) represents the calculated 2J value over crystal geometry.

4 Conclusion

In summary, the foregoing results demonstrate the influential role played by X-annulation

in controlling the magnetic exchange interactions in Blatter’s based diradicals. Two distinct

classes of Bl-NN diradical, i.e. Class C and Class B, used here as an optimum testing bed,

reveals paradoxical scenario of exchange couplings upon X-annulation. Class C diradicals

results in an appreciable increase in 2J values, while a drastic decrease is observed for Class

B diradicals. This remarkable variation in 2J values is rationalised in terms of variation

of spin density distribution and molecular torsional angles. For both Class B and Class C,

X-annulation results in the enhanced spin delocalization over ring C at the cost of ring A

and B, which manifests itself in the form of significantly strong exchange couplings reported

so far for Class C diradicals. However, the decrease of spin density over ring B results in

the attenuation of exchange interactions for Class B diradicals. This demonstrates that the

secondary channel induced by X-annulation assist the existing exchange interactions between

the radical centers via X-atoms acting as relay centers. Thereby providing an example of

the secondary pathway assisting the relay like exchange mechanism with an unprecedented
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combination of molecular rigidity and strong ferromagnetic exchange interactions. We pro-

pose that the systematic modification of spin density via X-annulation will facilitate the

thermally robust and easily synthesizable diradicals with remarkable strong ferromagnetic

exchange interactions.
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