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Abstract

The electronic and magnetic properties of polyacenes become quite fascinating as the num-
ber of linearly conjugated benzene rings increases. Higher-order conjugated polyacenes de-
velop radicaloid characters due to the transition of electronic structures from closed-shell to
the open-shell system. Here we have investigated the role of such polyacenes as the mag-
netic coupler when placed between the two spin-sources based on nitroxy radicals. To do so,
the magnetic exchange interactions (2J) are computed employing electronic structure theo-
ries, i.e. broken-symmetry (BS) approach within the density functional theory (DFT) as well
as symmetry-adopted wave function based multi-configurational methods. In the former ap-
proach, various genre of exchange-correlation (XC) functionals such as generalized gradient
approximation (GGA), meta-GGA, hybrid functional, constrained spin density (i.e. CDFT)
and on-site Coulomb correlation corrected GGA+U functionals are adopted. All DFT based
calculations estimate an exponential increase in 2J values with the length of the couplers, es-
pecially for the higher-order acenes. This is indeed an unexpected observation and also there is
no experimental report is available in support of the DFT calculations. The complexity in the

electronic structure enhances with the increasing number of benzene rings due to an increase



in near-degenerate or quasi-degenerate molecular orbitals (MOs) and also the reduction of the
energy gap with the low-lying excited states. Consequently, it invokes a sever challenge in the
computations of the magnetic exchange interactions in DFT. As an alternative approach, the
wave function based multi-reference calculations, e.g. CASSCF/NEVPT2 methods are also
adopted. In the later calculations, it has been realized that the w-orbitals of the couplers play
a crucial role in the exchange interactions. For larger polyacenes (i.e. hexacene to decacene)
such calculations become prohibitively expensive and rigorous as the number of 7-orbitals in-
creases, thus expanding the active space enormously. The limited active spaces calculations
indicate quite strong exchange interactions, thus in principle, it supports the DFT observations
of long-range magnetic exchange interactions, but not the exponential increase of 2J with the
length of the couplers. In the current scenario, it is anticipated that a methodology that could
account for the entire m-electrons in the active space such as CASSCF-DMRG like approach

could resolve the issue.

Introduction

Molecular magnets based on the stable organic radicals have attracted enormous attention due to
their potential applications in spintronics, | magnetic logic devices,? and quantum computers.> The
non-magnetic spacer between the radical centers control the nature and strength of intramolecular
magnetic exchange interactions.* The seamless 7-conjugations between the radical centers and
spacer play a vital role in magnetic couplings.” Strong magnetic exchange interactions are re-
ported mostly for couplers with smaller lengths. ! However, the fascinating long-range couplers
desired 12 for magnetic and spintronic applications are relatively less explored. On the top of it
accomplishment of long range strong magnetic exchange interactions in molecular system is an-
other challenge. The exchange interactions through the larger molecular spacers were investigated
by Matsuda et al. for various 7-conjugated couplers and established a correspondence between
electrical conductance and the magnetic exchange interaction. '3 Both the molecular conductance

and the exchange interactions decay exponentially with an increase in distance between radical



centers. They observed that the increased 7-conjugations slow down the decay process. 41> The
strength of the magnetic exchange coupling constants (2J), mediated through 7-conjugated molec-
ular spacers was found to decay exponentially with the length of the couplers. 1

The m-phenylene coupler unit is the most commonly used monomer fragment to device into sta-
ble ferromagnetic molecular units. Different nitronyl-nitroxide and nitroxide diradicals have been
synthesized with the m-phenylene spacer. The influence of different structural parameters on mag-
netic exchange coupling has also been studied. A small distortion of planarity in the radical units
and m-phenylene coupler changes magnetic coupling constant significantly. In a work by Rajca
and co-workers, the lower limits for exchange couplings were found to be >139 cm™! through
EPR measurements in the solution phase. While, the same diradical systems exhibited different
coupling values of > 208 cm~! and 278-556 cm™! in solid-phase depending on structural confor-
mations. 1617

In the present work, we intended to investigate the long-range magnetic exchange interactions be-
tween the two localized radicals centers coupled through linear polyacene spacers. Polyacenes
are highly conjugated systems with fused benzene rings and possess a rich and intricate electronic
structure. Bendikov et al. discovered that in larger acenes the closed-shell nature of the non-
magnetic acenes switches to open-shell electronic ground state. '8 They also predicted a transition

in electronic structure from discrete molecular orbitals to band picture occurs for octacene on-

wards. '8 Such interconversion in the electronic structure in polyacenes has consequences on its

119 121

ground state molecular properties such as optical |°, magnetic??, vibrational,?! and other spectro-
scopic properties>2. Here such linear polyacenes are adopted as the spacers in coupling the con-
formationally restricted nitroxy-diradicals. The conformationally restricted di-radicals are specif-
ically opted here to minimize the influence of torsional angles on magnetic coupling constant
values. 2372° The nitroxy radicals are connected at m-positions of the polyacene to have a fer-
romagnetic coupling between these radical centers. The spacer length is uniformly increased by

adding a unit of fused benzene ring with 1 corresponding to diradical system with benzene coupler

and 10 corresponding to diradical system with decacene coupler.
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Figure 1: (a) Conformationally constrained nitroxy diradicals coupled through polyacene spacers
varying n from 1 to 10. The corresponding diradicals are aliased as 1 to 10. (b) Diradical 1 with
polyacene spacer benzene bridged between the nitroxy diradicals. (c) Spin moment constraining
zones (in green) constraining a moment of 1.00 up used in CBS-DFT study represented here for
triplet state of diradical S.

Theoretical and Computational Methodology

The complete series of diradicals i.e. 1-10 were optimized in triplet state within the density func-
tional theory (DFT) framework adopting Becke’s three-parameter and Lee-Yang-Parr’s exchange-
correlation hybrid functional (B3LYP). 27 The atom centred polarized triple-zeta (def2-TZVP) 28,29
basis set was used for all the atoms as employed in quantum chemistry code ORCA 3 with the
convergence criteria of 10~8 Eh for each electronic steps. To speed up the calculations, resolution
of the identity (RI) approximation along with the auxiliary basis set def2/J has been used with chain
of spheres (COSX) numerical integration.3! Since triplet was the ground state for all the diradi-
cals, these B3LYP optimized geometries were used to compute the exchange coupling constants
by performing single point calculations with different functionals.

The magnetic exchange interaction between the two magnetic sites A and B could be expressed

by the Heisenberg-Dirac-Van Vleck (HDVV) spin Hamiltonian:
Hupyy = —2J84.85 (D

where 2J is the orbital-averaged effective exchange integral between the spin sites A and B, S4 and



Sp being the respective spin operators of these sites. The positive sign of 2J indicates ferromag-
netic and the negative sign indicates antiferromagnetic interactions. In diradicals, the exchange

interactions could be extracted from the energy of the pure spin-states as
Eg—o—Es=1 =2J (2)

where Eg—; and Eg—( correspond to the energies of the triplet and singlet states respectively. In
principle, the magnetic exchange interactions could be obtained applying Eq.2 for wave func-
tion based multi-reference ab initio calculations of spin multiplet energetics. However, in the
spin-unrestricted Kohn-Sham (UKS) approach, it is not possible to obtain the pure singlet state
because of the broken natural spin symmetry for open-shell singlets. This results in a poor descrip-
tion of the spin states energies as well as spin-contaminated states.>>3* Ginsberg and Noodleman
proposed a strategy to extract the exchange-interactions by mapping the eigen states of the Heisen-
berg spin Hamiltonian with the high spin-states and broken-symmetry states as obtained from the
UKS solutions. > This is popularly known as the broken-symmetry (BS) method or more precisely
standard broken-symmetry DFT method. The BS solution is not an eigenfunction of the Hamil-
tonian, but is an admixture of the singlet and triplet states. In principle, the singlet-state requires
multi-determinant representation of the wave function which cannot not be obtained accurately in
a single-determinant approach. However, standard broken-symmetry DFT is found to be a suc-
cessful method in extracting the exchange interactions (2J) for the organic diradicals.?®3” The
following expression,

Egps—E
2]:2( BS HS)

SZ

max

3)

is generally used to extract the 2J values in the broken-symmetry calculations and popularly known
as Ginsberg-Noodleman-Davidson>> approach. It produces accurate exchange interactions for the
systems in which the Heisenberg exchange including the ligand-to-metal spin polarization and
direct exchange interactions contribute predominantly in the magnetic exchange interactions. The

overlap integral between the magnetic orbitals was neglected in this formulation. In the current



work, within DFT regime Eq. 3 were used for the evaluation of the exchange interactions whereas

Eq. 2 was used to evaluate 2J from multi-reference based methods.

Density functional theory based calculations

The standard broken-symmetry DFT calculations were carried out adopting the proposition of

1.3840 that was also advocated by several groups.*!** The quantum

Ginsberg and Noodleman et a
chemistry code ORCA was used for all the standard broken-symmetry DFT calculations.**The
computed 2J values for the different magnetic molecules strongly depend on the applied exchange-
correlation functional within the DFT framework. Thus to obtain an in-depth understanding of
the exchange interactions obtained from DFT calculations, a number of functionals from Jacob’s
ladder are selected. These include GGA (BLYP and PBE), meta-GGA (TPSS and M06-L) and
hybrid ( BALYP (20% HF exchange), PBEO (25% HF exchange) and M06 (27% HF exchange))
functionals. In addition to the aforementioned functionals, two other popular functionals (CDFT

and GGA+U) but relatively less used by the community for organic diradicals are applied and

described in the following sections.

Spin-Constrained density functional theory (CDFT)

In high-symmetric and planner magnetic molecules, the singly-occupied molecular orbitals (SO-
MOs) obtained in the DFT calculations are generally over delocalized due to self-interactions error
(SIE) in DFT. Hence the spin moments aslo get delocalized from their localized radical centers.
Such unphysical delocalization leads to the spurious description of the chemical bondings as well
as associated molecular properties, especially for open-shell magnetic molecules. Recently, it has
been observed that the spin-constrained DFT (CDFT) could rectify this to a certain extent.** In

EKS

CDFT, the 1 state is obtained directly by minimizing the KS energy subject to the constraint

that the spin of A [i.e., the difference between the number of 1 (N§) and | (N/ﬁ3 ) electrons on A]



should be S,4, while the spin of B should be Sp:
Ng—NP =35, Ng — NP =sp )

For the 1 state, Sy4 is positive while Sp is negative and then Lowdin population is used to define
NX - To perform the constrained minimization, two Lagrange multipliers were introduced (}/A, }/B)

and a new functional of electron density (p) is optimized:
W [0 s as ¥8) = EXS [P, pp] + 1 (NS — NP —54) + 13 (N§ — Nb — S) (5)

where density is a sum of orbital densities,

Poc (l‘) = Z |0i.6 (l’) ‘2 (6)

In the CDFT approach, this new functional W was optimized with respect to the Lagrange
multipliers in addition to the spin-densities. CDFT single-point calculations were performed by
localizing the spin-densities within the nitroxyl radical using B3LYP/6-31G(d) method as imple-
mented in NWChem quantum chemistry code.***® One has to be careful while performing the
CDFT calculations, as the outcome depends strongly on the constrained spin-moments. Thus, to
succeed in CDFT calculations, one has to identify the exact amount of localized spin-moments
within certain spatial regions in the molecule. This is indeed a cumbersome task, but a systematic
procedure was reported in our previous work.**® In this work we have constrained 1.0up spin

moments within the -NO' regions for all the diradicals (1 to 10).

Hubbard-U corrected GGA+U functional

The GGA+U approach has been introduced as a method to treat excessive delocalization of d and
f electrons of transition metal and rare earth element as predicted by standard GGA exchange-

correlation potentials. The ”U” treats the strong on-site Coulomb interaction of localized electrons



with an additional Hubbard-like term. The GGA+U functional may be formulated as follows:

Egea+ulp(r)] = Egealp (v)] + Eu[nm,] @)

where p(r) is the electronic density, EgGa[p(r)] is the standard GGA energy functional, n'®
are generalized atomic occupations (i.e. density matrix elements) with spin o associated to the /
atom, and n/ is the sum of the occupations corresponding to all m and m’ orbitals and Ey [nf?fm,]
represents the correct and accurate value for the on-site correlation energy between electrons in
the m and m’ orbitals which belong to a given atomic shell (s, p, d, f, ...) centered at the same
I atom. However, Eggalp(r)] already contains an approximate estimate of electron correlation
effects, including the on-site correlation energy between electrons in these m and m’ orbitals, hence
a term accounting for the GGA estimate of this electron-electron interaction, Epc [nl"], must be
subtracted to avoid double counting when using a Hubbard scheme to represent this correction as

in the following equation:

Egeatulp(r)] = Egoalp (r)] + Equs[nig,] — Epc[n'] (8)

Here, the U.ry = U — J has been used to impose Hubbard’s parameter on the radicals as proposed
by Dudrarev et al.*® where U is the on-site Coulomb term while J is the site exchange term (not the
same as magnetic exchange coupling constant). Most often, the U, sy parameter in these approaches
has been considered as an empirical parameter introduced to correct the deficiencies of the GGA
exchange-correlation potentials in describing the charge (and spin) distributions of atoms involving
d or f electrons. This on-site Coulomb correction can be applied to 2p electrons as well.

Herein, to take into account the delocalization of spin from radical centers PBE+U %2 was
used to calculate the exchange coupling constant by adding on-site Hubbard’s U parameter on the -
NO- radical centers. The pseudopotentials with projector augmented-wave (PAW)>> methods were

used with a kinetic energy cutoff of 400 eV. The Hubbard-U parameter was empirically varied in

the range of 2 to 5 eV for all the diradicals. The exchange interactions was obtained applying the



broken-symmetry methods.>*>> The GGA+U calculations were performed in VASP>® by placing
the diradical in a periodic large rectangular cuboid box (for e.g. 17.00 x 17.00 x 12.00 A3 for 1 to
27.00 x 27.00 x 15.00 A> for 10) to avoid spurious interaction between the periodic images. The
cell size chosen for all the diradicals was such that the images were at least 10A apart in all the
directions. The exam same amount of on-site Hubbard-U was applied to the 2p-orbitals of both
N and O-atoms, that primarily host the unpair electron and behave as spin-centers. The 2J values

discussed in the main text are with U, sy =2 €V, the rest are provided in SI (Table S13).

Multi-configurational calculations

The multi-configurational calculations are essential for computing the magnetic exchange inter-
actions (2J) in the wave-function based methods mainly to account the electron-correlation en-
ergies, especially for the highly-correlated magnetic systems. The presence of low-lying excited
states, quasi-degenerate or degenerate molecular orbitals (MOs) and the multi-determinant nature
of the open-shell singlet (anti-ferromagnetic) states are the other reasons to consider the multi-
configurational methods. Thus, in addition to the DFT calculations, we also computed the mag-
netic exchange interactions employing the complete active space self-consistent field (CASSCF)
method that accounts the static electronic correlations for the chosen active space.>’° The static
correlations are mainly long-range in nature while the dynamical correlations are short-ranged
type. The effect of dynamical electronic correlations on the magnetic exchange interactions is
accounted through the n-electron valence state perturbation theory (NEVPT2).%%-6! The NEVPT2
methods incorporate the dynamical correlations through the second-order perturbative treatment
of the CASSCF optimized wave-functions in the selected CAS spaces. All the CASSCF and
CASSCF/NEVPT?2 calculations with different active spaces were performed in ORCA software

package.



Results and Discussions

The computed exchange interactions for all 1-10 diradicals employing different functionals are
tabulated in Table 1. The conformationally restricted nitroxy diradical with m-phenylene cou-
pler similar to diradical 1, was reported by Rajca and co-workers. Employing ESR spectroscopy,
the authors could observe the lower limit of the magnetic coupling constants of >202 ¢m~!.16
However, the 2J’s obtained with different DFT functionals for 1 are substantially varied between
174 —1356 cm™! for different functionals. The lowest value for coupling constant is observed
with CBS-DFT, but all other functionals produce 2J between 580 to 1356 cm~! for diradical
1. Whereas CBS-DFT(B3LYP) produces 174 cm~!, which is much closer (but slightly under-
estimated) to the experimentally observed value of (>202 cm~!) by Rajca et al. compared to
BS-DFT(B3LYP) that produces 1127.94 cm~!. This indicates that CDFT produces much better
coupling constant compared to the standard DFT calculations. A modelled nitroxy-diradical cou-
pled through the substituted m-phenylene coupler similar to diradical 1 was previously investigated
by Ali et al. applying standard broken-symmetry DFT and CAS-CI methods.%> It was observed
that the standard BS-DFT consistently overestimate the exchange interactions, and this is a general
trend in DFT based calculations, specially for the radicals in which the spin-centers are coplanar
with the conjugated molecular spacers.®3-%> The computed 2J values using the DFT functionals
as tabulated in Table 1 for all the diradicals 1-10 follow a general trend such as 2J(CBS/CDFT)
< 2J(GGA)< 2J(GGA+U) < 2J(meta-GGA) < 2J(hybrid-GGA).

The other interesting observation in Table 1 is the <S82> that increases (for both the spin-
states) with the increase in number of benzene rings. The deviations of <S> from its expected
values indicate the spin-contamination that generally occurs due to the mixing of low-lying states.
To extract the 2J values from the strongly mixed states, Yamaguchi’s proposition of spin-projection
method is also applied*!. (Table S2, SI)

The comparisons of <S?> values between the BS-DFT and CBS-DFT indicates the resulting
spin-sates are closer to pure spin-state for CDFT (till 5) compared to hybrid functionals in the

standard DFT formalism. In this context, we would like to draw the attention of the readers to
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surprisingly better performance for the GGA and meta-GGA functionals compared to the hybrid-
functionals which is also reflected in their <S?> values as well. The better performance for GGA
and meta-GGA functionals in terms of 2J and <S?> values are incidental due to less mixing with

the excited states and also due to more spin — spilling that will be discussed in the later sections.

Magnetic exchange interactions vs length of the couplers

1.66 1.67

In previous reports Ali et al.”® and Bhattacharya et al.”’ investigated the role of linear acene cou-
plers in magnetic exchange interaction, that indicated the increase in coupling constant with in-
crease in the lengths of the couplers, though the investigations in both of these studies were limited
up to the pentacene couplers only. In this study, the density based methods (irrespective of their
genre of exchange-correlations functionals) we observed that the magnetic exchange interactions
increases exponentially for the higher-order of polyacene couplers. (See Table 1 and Fig. 2) This
observation is indeed very unusual and also goes against the general understanding of exchange
interactions that usually decay either slowly or strongly depending on the nature of the couplers. A
similar observation of increase of 2J values with the length of cumulene couplers was reported by
Sarbadhikary et al. using broken-symmetry DFT calculations.®® However, to best of our knowl-
edge, till date there is no experimental confirmation/indication is available in favor of such theo-
retical observations. On the other hand Nishizawa and co-workers have reported the exponential
decay of the magnetic interaction along the length of the couplers.!# Thus, the DFT observations
of exponential increase in 2J values with the lengths of the couplers seems to be paradoxical, that
needs an in depth investigations unravelling the electronic structures of the higher-order polyacene
couplers.

The spin density of broken symmetry states as obtained from standard BS-DFT (B3LYP) for-
malism is compared with those obtained from CBS-DFT(B3LYP). (see Table 2) Visually quite
similar spin-densities are observed for diradicals 1 to 8 and deviations are noted from diradical 9

onwards. For diradical 10, an abrupt failure of BS-DFT is observed in producing opposite spin-

densities localized at both the -NO magnetic centers in the antiferromagnetic states. In this respect,
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Table 1: Computed magnetic exchange coupling (2J) values and corresponding <S>> values of
triplet (HS) and broken-symmetry (BS) states for all the diradicals (1-10) with various DFT based

methods.
2J(ecm™")
<SZ>HS (<S2>BS)
Diradical BLYP“ TPSS* B3LYP“ MO06“ CBS-DFT? PBE+U¢

1 580 917 1128 1356 174 719
2.01(0.97) 2.02(0.98) 2.03(1.00) 2.04(1.00) 2.01(1.01)

5 455 699 869 1037 173 559
2.01 (0.98) 2.02(0.99) 2.05(1.01) 2.06(1.01) 2.02(1.01)

3 502 766 907 1064 208 601
2.02(0.99) 2.04(0.99) 2.08(1.02) 2.09(1.02) 2.03(1.01)

4 630 893 1115 1298 294 709
2.03(1.00) 207 (1.01) 2.14(1.03) 2.17(1.04) 2.06 (1.02)

5 831 1173 1536 1764 530 956
2.06 (1.01) 2.11(1.02) 227(1.06) 2.32(1.07) 2.16(1.02)

6 1229 1618 2262 2570 1212 1353
2.10(1.00) 2.20(1.04) 247 (1.10) 2.52(1.12) 2.43(1.04)

- 1554 2248 3288 3653 2484 1891
217 (1.03) 2.33(1.07) 2.70(1.17) 2.77 (1.20) 2.47 (1.07)

3 2075 2857 4425 4807 4034 2487
226 (1.05) 247 (1.27) 2.93(1.31) 3.01(1.37) 2.99(1.15)

9 1653 2609 5446 5822 1563 3288
2.35(1.23) 2.62(142) 3.14(1.53) 3.22(1.61) 3.19(2.15)

10 1563 2610 5490 6538 6361 —d
245(1.29) 2.76 (1.50) 3.32(1.95) 3.422.01) 3.37(1.78)

hasis set used for these calculations is def2-TZVP, method used is B3LYP/6-31G*, U, rf=2¢eV, dthe calculations

did not converge to proper spin state
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Figure 2: Comparison of the exchange interactions as computed in the density based methods.
CDFT produced better 2J values compared to standard broken-symmetry DFT. However, both the
methods produced unphysical high exchange interactions for the diradicals with larger polyacene
couplers.

CDFT(CBS-DFT) turned out to be a successful and convenient method even for 10 especially to
obtained a desired magnetic state. Moreover, spin density plots also reveal that for the larger
acenes (6/7 onwards) the central parts of the spacer slowly gained spin-polarization with the in-
creased number of benzene rings. This is a direct consequence of the increasing open-shell nature
of the couplers and development of radicaloid characters in the spacers. Therefore, a considerable
amount of spin-density is found to be in the central region of the spacer in 10. In the previous
section, it was established that the GGA and meta-GGA seemed to perform better than hybrid
functionals, however, these functionals in the BS-DFT approach even failed to achieve the desired
BS state for diradical 9 also. (Table S10) Whereas CDFT overcomes such issues and the desired
BS states are achieved for all the diradicals.

The <S%> values of the converged BS and high-spin (HS) states for diradicals 1 to 4 indicate
the smooth convergence of the wave functions with expected values of ~2.00 for triplet HS state
and ~1.00 for BS state. The deviation in <S>> generally occurs due to spin contaminations. As

the ground spin-state of all the studied diradicals is triplet, we will restrict our discussion only for
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Table 2: Spin density distributions of the broken symmetry state extracted from BS-DFT and CBS-
DFT for diradicals 1-10

BS-DFT CBS-DFT
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triplet state. As the benzene rings in the coupler increases, the molecular wave functions start to
deviate from its pure spin state i.e. S = 1 for triplet state. This is reflected in the computed <S5%>

values as given in Table 1. One of the reasons for such high contamination is the enhanced de-
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Figure 3: Molecular orbitals of spin-up electrons of all the diradicals in the energy range of -7.5
eV to 0.5 eV. The doubly occupied, singly occupied and unoccupied orbitals are represented by
red, cyan and blue colors respectively.

generacy of the molecular orbitals as n increases. Figure 3 depicts the orbital energy levels in the
energy window of -7.5 eV to 0.5 eV. This orbital energy diagram plot indicates that the singly oc-
cupied molecular orbitals (SOMOs), the orbitals containing the unpaired electrons responsible for
the magnetic properties of the molecules are almost pinned at same energy for all the diradicals 1 to
10. The major change is observed for doubly occupied and un-occupied orbitals wherein the den-
sity of MO’s increases with n. The other impact with the increased densities of the orbitals is that
with unoccupied energy levels rapidly gets stabilized and come in close proximity to the pinned
SOMOs. Thus HOMO(SOMO)-LUMO energy gaps also decreases along the increase number of
benzene rings from 1 to 10. All these facts indicate the increased degeneracy of the MOs. This is
an issue as the single-determinant methods e.g. HF or DFT face dificulties.®® Employing CDFT,
the <S> values improved slightly, but a remarkable improvement of the exchange interactions

could be observed for the smaller acene couplers 1-5 (see Table 1). We observed that CDFT also
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starts to deviate as the conjugation of the couplers increases i.e. diradical S onwards. This devi-
ation could be attributed to the fact of natural breakdown of the single-determinant based wave
functions as the degeneracy of the molecular orbitals increases as mentioned earlier. Even though
CDFT method did successfully converged to the broken symmetry state for 10, the 2/ value is still

comparable to that obtained from standard broken-symmetry DFT.
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Figure 4: Relative energies of broken symmetry (BS) state (in blue) and quintet (S=2) state (in
green) with respect to energy of triplet (S=1) ground state (in red) for diradicals 6-10. With increase
in coupler length, the energy gap between quintet-triplet and quintet-BS decreases. (Absolute
energy values are given in SI)

The other reason for the spin-contamination is the mixing with the low-lying excited spin state
especially for the longer polyacene couplers. For example, <S?>ps for 10 approximately 2.00
is observed using hybrid functionals, which is almost equivalent to the expected <S%> value for
a triplet state. For a diradical system the genesis of broken-symmetry occurs due to mixing of
pure singlet and triplet multiplets. However, the <S%> values of 10 for the BS/HS states are
~1.95/3.32 indicating that the resulting ground spin state is also not a pure spin state due to mixing
with the low lying excited states. The success of the broken-symmetry methods are evident when

at least the high-spin state is free from any spin-contaminations i.e. pure-spin state. However,
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here we observed that the higher-spin states are not pure spin-sate as it get mixed with the quintet
(S=2) state. Furthermore, the large spin contamination in both, the triplet as well as the broken-
symmetry state is also due to quintet state which can be understood from the plot of quintet state
energies relative to triplet state (which is ground state for all the cases) as shown in Figure 4. All
the considered functionals reveal qualitatively similar trend of lowering of quintet state energy
with respect to the ground state of the molecular systems (Figures S1-S7 and S10-S11, SI). Upon
increasing the coupler length, the corresponding energy gap between the quintet-triplet states and
quintet-BS states decreases respectively. Therefore, with the increase in coupler length, quintet
state also starts to play an important role by being energetically close to the ground and BS state
and thus, mixing with them. Thus far, it can be concluded that the orbital degeneracy of individual
molecule and mixing from higher excited state are crucial factors that can not be directly taken into
account.

The acenes are well known to develop open-shell character upon increase in its length, with
open-shell-singlet (OSS) as its ground state. This increasing radical character of the couplers to
some extent could also contribute in the spin-contamination of BS and triplet states of the diradicals
1-10. Cano et al. have shown the effect of increasing open shell character of acenes escalating the
spin contamination in both the triplet and BS states with dinuclear copper(II) systems.”® Applying
ab initio calculations here we have quantified the radicaloid characters (y-value) of the pristine
polyacene as well as for polyacene in diradicals 1-10 where it acts as a coupler between -NO
radical sites and tabulated in Table 3. This has been calculated following the work of Yamagucghi
et al.”! and details of calculations could be found in SI. As illustrated in Table 3 for pristine
polyacene, the radicaloid nature increases with the increase of the number of benzene rings from
0.004 for benzene to 0.92 for the decacene. However, on placing between the spin centers, i.e.,
polyacene as coupler, the radical character decreases in comparison to pristine polyacene such
that it significantly reduces to y. = 0.73 in 10 from y, = 0.92 in pristine form of decacene. This
decrease in the radicaloid characters of the polyacene in the diradicals clearly reveals the spin

spilling from the spin-center to the polyacene couplers.
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Table 3: Computed diradical character of the polyacene in the pristine form (y,) and as a coupler
(yc) in the diradical systems 1-10.

pristine polyacenes polyacenes as coupler

no. of Benzene rings (v,) (ve)
1 0.004 0.012
2 0.04 0.04
3 0.13 0.12
4 0.26 0.22
5 0.39 0.33
6 0.53 0.44
7 0.69 0.54
8 0.79 0.66
9 0.86 0.68
10 0.92 0.73

The phenomena of spin spilling can be visually anticipated from spin density plots (Table 2) and
also from the value of net up on the radical centers (Figure 5). Comparing the magnetic moments
on the radical sites, it is observed that the hybrid functionals perform better in localizing the spin
moments. Analyzing the spin density plots in Tables 2, S10 and S14, spin density in coupler can be
seen increasing with maximum spin moment on carbons near the —NO- spin centers. For higher
conjugated systems i.e. 9 and 10, the delocalized spin density in the center of the coupler owns
to the OSS nature of the coupler. CBS-DFT method surpasses the phenomena of spin-spilling
as the magnetic moment value remains constant for all the diradicals. The ease in spin-spilling
is facilitated for studied systems by the fact that the magnetic orbital (p,) are in plane with the
orbitals of the spacer.

To summarize the section, the calculations of 2J adopting the density based methods and map-
ping of the Heisenberg spin Hamiltonian is quite challenging task due to the complicated electronic
structures of the higher order polyacene spacers. Thus one has to be careful to conclude about the
2Js in such cases as obtained from the DFT calculations. To circumvent, the observed issues in
DFT, we also performed the wave function based multi-reference calculations for these systems

but that faces different challenges, which has been described in the following section.
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Figure 5: Magnetic moment on one of the radical sites (i.e. the site on which the magnetic moment
reverses in BS state) with different functionals used. The positive and negative values correspond
to the magnetic moment on -NO in HS (triplet) and BS state respectively. In few cases proper BS
state was not achieved for diradicals 9 and 10 providing same sign for spin density on both the
radical centers in the structure. The magnetic moments as obtained in BS state for those cases is
marked with star by reversing the spin moment sign.

Multi-reference calculations

The multi-configurational CASSCF/NEVPT2 methods are quite successful in calculations of the
2J values. However, the choice of the active space is always a matter of concern for such calcula-
tions. In our previous work ©-72 and from several report in the literature, it has been realized that
the minimal active space i.e. CAS(2,2) are quite successful in computing the magnetic exchange
interactions in various organic diradicals when both SOMOs involves both the radical sites and
coupler as well. In the minimal CAS approach, only the magnetic orbitals i.e. singly-occupied
molecular orbitals (SOMOs) and the two unpaired electrons responsible for the magnetic centers
are considered. The inclusion of static and dynamical correlations within the CAS(2,2) space
remarkably produces the large part of the exchange interactions. Apart from the estimation of 2J
values by CASSCF(2,2)/NEVPT2, we also realized that increasing the active space does not neces-
sarily improves the 2J values remarkably. We trace down the issue as the imbalance accounting of

the correlation energies between the ground state and the low lying excited state with the increases
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of the active space. The imbalance occurs as the ground state becomes more stable compared to

the excited states and as a results it produce large 2J values.

Table 4: Calculated exchange coupling constant, 2J (cm~!) as obtained from CASSCF and
CASSCF-NEVPT?2 calculations for different diradicals with ROHF based active space orbitals.

CAS(2,2) CAS(4,4) CAS(6,6)
Diradical CASSCF NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2
1 130.15 554.39 229.35 854.41 518.39 1353.06
2 48.54 246.68 79.884 330.55 159.39 627.45
3 19.75 118.95 53.55 249.32 61.45 300.42
4 8.55 56.62 71.76 349.62 55.78 262.72
5 3.73 28.79 10.75 84.93 19.35 146.98
6 1.53 14.04 20.19 119.17 11.19° 53.39
7 0.65 6.80 2.63 -0.21 5.85 33.06
8 0.21 3.89 7.46 54.42 28.55¢ 195.96
9 0.11 0.42 0.65 -8.21 1.97 17.76
10 0.02 0.87 3.07 31.16 8.65¢ 64.12

ab.ed tywo set of orbitals satisfied the selection criterion. More details in SL

The computed exchange interactions in the multi-configurational methods such as CASSCF
and CASSCF-NEVPT?2 with different active spaces for all the ten diradicals are given in Table 4.
The minimal active space CAS(2,2) calculations were performed using the magnetic orbitals i.e.
SOMOs localized on the -NO- magnetic subunits. The computed exchange interactions employing
CASSCF/NEVPT2 methods produces 2J values that decrease with the length of the couplers.
This is in complete contrast to the prediction by DFT based calculations, where an exponential
increase in 2J’s with respect to the length of the couplers is observed. As mentioned earlier,
the CASSCF(2,2)-NEVPT2 was observed to be an acceptable method to compute the magnetic
exchange interactions for organic diradicals. However, a close look into the magnetic orbitals
reveals that with the increase of the couplers lengths, the overlap of the magnetic orbitals reduces,
thus the exchange interactions expectedly decreases, as CAS(2,2) space does not take into account
the contribution from other 7-orbitals.Thus the outcome of the CAS(2,2) calculations is artifact of
the limited active space and could not be considered as physical observations, thus the extended

active space are necessary for such polyacene couplers.
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Therefore, further active space (4,4) and (6,6) are chosen by incorporating the orbitals con-
tributing from the center of the acene couplers. For all the diradicals 2J values for the individual
diradical increases with the increasing active space (except for 4 and 6 with (6,6) active space),
this observation matches with the previous discussion and reports as well. The same holds true
for CASSCF-NEVPT2 method as well. On increasing the size of active space to (4,4) and (6,6),
the complete series show an even-odd effect. For (4,4) space, in odd-acene series it is the central
benzene unit that contributes majorly. While, in even-acene series the central naphthalene unit of
the individual systems play a vital role. Along the individual series with (4,4) active space we ob-
serve a continuous decrease in the exchange coupling constant values. Similar even-odd effect is
observed even when the active space is (6,6), odd-acene series has major role of central anthracene
unit in the individual spacers. Therefore, along odd-series with (6,6) space too we observe a con-
tinuous decrease in the magnetic exchange. The scenario is somewhat different with even-acene
series in (6,6) space. Diradicals 2, 4 and 6 have central naphthalene unit contribution to the active
space while for 8 and 10 this contribution is from central tetracene unit. This revelation is impor-
tant here, as in literature the boundary of the originating open-shell ground state for oligoacene is

roughly established at heptacene 87374

and the delocalized radical also has the similar qualitative
appearance. >’ The exchange coupling constant values in this even-acene series decreases in go-
ing from 2 to 4 to 6 but increases in going from 6 to 8. This sudden rise in the coupling constant
could possibly the effect of the open shell diradical nature of the coupler that might come into play
for such longer polyacene.

The study so far is incomplete to arrive at a conclusion for such highly correlated systems.
Even in the limited CAS space it was difficult to go beyond (6,6) as the larger systems became not
only more resource extensive but also the defining criteria to choose the active space was no longer
simple. This still opens the door towards exciting physics that might be at play and may help in
designing organic molecular systems with intrinsic radical character that might act as boosters to

enhance the communication between the spin centers over long distances. Still, its a long way to

go and other higher-level studies like DMRG along with experimental realization are required to

21



have better understanding for such systems.

Conclusions and outlook

The first principle calculations of magnetic exchange interaction for organic diradicals with higher-
order linear polyacene couplers turned out to be the most challenging task due to the intrigu-
ing electronic structures of the spacers. The radicaloid characters, intrinsic open-shell electronic
structure, presence of quasi-degenerate MOs, and the low-lying excited spin-sates add up to the
complexity in the polyacene couplers. The order of complexity increases in many-folds with the
increase of 7-conjugations as the fused benzene rings increases. We further realized that the con-
formationally restricted planar radical moieties that are conjugated with couplers 7-conjugations of
the spacers facilitate spin-spilling into the spacers, which further invoke the additional challenges in
the density-based calculations. However, CDFT prevents such spin-spilling and produces slightly
smaller (or may be better) 2Js in comparison to other BS-DFT methods. Eventually, CDFT for
higher-order polyacene couplers also converged as of BS-DFT and produces an exponential in-
crease in 2J values with the increase length of the couplers. The exchange interactions seems to
be strongly influenced by radicaloide nature and the spin-spilling into the spacer. This indicates
a much richer physics of exchange interaction mechanism that needs to be understood appropri-
ately with further studies. Additional developments in theoretical methodologies to circumvent the
observed issues in DFT are also foreseen.

The multi-configurational methods including dynamical electronic correlations are also severely
limited especially for the higher-order acenes due to its requirements of prohibitively large and te-
dious active spaces. The minimal active space calculations reproduce opposite trends of 2J values
to DFT calculations, however, it clarifies the importance of the CAS spaces steaming especially
form the central part of the couplers. The extended active space indeed reproduces a much higher
2J values compare to CAS(2,2) calculations. However, the systematic inclusion of different MOs

in the CAS space and their resulting 2J indicates a reasonably larger exchange interaction even with
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the larger decacene coupler. To obtain more reliable or exact numerical values for 2J, the complete
pi-electrons should be accounted in the CAS space. Currently, we are aiming for CASSCF-DMRG
calculations that is capable to handle quite a large active space as the extension of this work.

In a nutshell, despite the pragmatic difficulties in the computational methodologies, substan-
tially strong-ferromagnetic exchange interactions (if not the exponential increase) for the higher-
order acene couplers have been realized. The magnetic couplings through the OSS polyacene
couplers are long-range in nature. Such systems will play a pivotal role in designing the ferromag-
netic material with long-range magnetic orders. The participation of the spilled-spins (electrons)
into the conduction band enhances such long-range exchange interactions between the spin-sites
localized in the distance apart. Thus the synthesis of such organic diradicals with the polyacene
couplers, will not only resolve the discussed dilemma, but it will open up a new avenue for the

long-range magnetic materials.
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