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Multi-spin excited states of chromophore radical-linked n-conjugated spin systems are investigated by
molecular orbital calculations based on density functional theory (DFT). The investigated systems consist
of an anthracene photosensitive unit leading to a triplet-excited-state (S = 1), nm-conjugated linker to
propagate spin exchange-coupling, and stable organic radical with a doublet-ground-state (S = 1/2). The
intramolecular exchange coupling (Jpg), g value, and fine-structure interaction of their excited states
depended on the m-conjugation network (n-topology), type of radical, and molecular structure of the
n-linker (length and dihedral angle). The exchange interaction was dependent on the n-topology and the
type of radical species. A decrease in the dihedral angle between the anthracene moiety and phenyl linker
in the photo-excited state led to larger exchange coupling. With an increase in the n-linker length (r), the
magnitude of the exchange coupling gradually decreased in the photoexcited states according to Jpq =
JE*exp(—pr), similar to the ground-state exchange. The g values of the quartet (Q) state depended only on
the radical type (independent of the linker). Conversely, the fine-structure interaction of the Q state was
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Introduction

Multi-spin excited states of photoexcited chromophore-radical
linked systems are of current interest in chemistry and materi-
als science.’” Strong exchange coupling between the excited-
triplet-state (S = 1) of the chromophore and doublet-state (S = 1/2)
of the radical substituent achieves a robust spin alignment, acting
as an optical switch in the molecular spin state." On the other
hand, the weak exchange interaction between them leads to
electron spin hyperpolarisation by a variety of mechanisms*”
such as radical-triplet pair mechanisms (RTPMs), electron spin
polarization transfer (ESPT) or reverse quartet mechanisms
(RQM). These polarization transfer mechanisms involve not only
exchange interactions but also magnetic parameters such as fine-
structure interactions and g values.®* The exchange interaction
also causes enhancement/acceleration of the intersystem crossing
(EISC) of the chromophore. EISC is suggested by three possible
mechanisms:" electron spin exchange (strictly speaking, exchange
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independent of the radical type and depended on both the linker length and the dihedral angle.

integral) between a SOMO on the radical and the HOMO or LUMO
on the singlet excited chromophore (this mechanism is usual
EISC),"** spin-orbit interaction borrowing the radical moiety,"®
and ISC via higher-energy state.'®"” Several applications of EISC
have been reported, such as preventing the decomposition of
light-unstable materials’®*2° and upconversion by triplet-triplet
annihilation®" and information transfer.”>>® Understanding the
dependence of molecular structure (e.g., type of radical substitu-
ent, n-topology and linker length) on the exchange interaction and
magnetic parameters is important to exploit the photoexcited
chromophore-radical linked systems in molecular-based future
technology such as molecular spintronics devices or information
science applications.

We have reported high-spin photoexcited states of anthra-
cene radical-linked m-conjugated spin systems and demon-
strated the control of the spin states utilizing their -
topology.'>**®” The energy relaxation process with spin con-
version in the multi-spin excited states and the schematic
picture of electron configuration in each state are shown in
Fig. 1. The energy gap between the lowest quartet photo-excited
state (Q) and the lowest doublet photo-excited state (D) depends
on the magnitude of the exchange coupling constant (Jpq)
between the triplet-state (S = 1) of the excited chromophere
and the doublet-state (S = 1/2) of the radical substituent, and
the order of the energy level changes according to the sign of
Jpq- Several studies to clarify the magnitude and sign of Jpq
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Fig. 1 Excited-state processes and schematic picture of the electron
configuration of anthracene-radical linked system.

have been reported,'>*®?° but in experiments, the magnitude
of Jpq that can be measured is limited. In addition, although
the estimation of Jpq between the triplet excited state and
radical spin has been carried out using the broken symmetry
density functional theory (DFT) or complete active space self-
consistent field (CASSCF) methods,*** there are still limited
comprehensive investigations for the molecular structure of the
coupling moiety (n-linker) together with structural evaluation of
exchange interactions, fine-structure interaction and g values.
In this paper, we report the DFT calculations of electron
spin interactions in the photo-excited anthracene-radical
n-conjugated systems to understand how the magnetic para-
meters depend on them.

Methods

All calculations were carried out using an ORCA 5.0.3 program
package.** Molecular structure visualisation and spin density
mapping were performed using Avogadro.”®> The D state
(pseudo-doublet excited state) used for the estimation of Jpq
was calculated for the optimized geometry of the Q state by the
broken-symmetry DFT. The Jpq between the triplet excited state
of the anthracene moiety (*An*) and doublet radical moiety (*R)
was expressed using the Heisenberg-Dirac-van Vleck (HDvV)
spin Hamiltonian,

er{HDvV = _ZJDQST'SR [1)

where St and Sy are the spin operators of the triplet excited state
of the anthracene moiety (chromophore) and the doublet state of
the radical substituent, respectively. In this notation, a negative J
value corresponds to an antiferromagnetic interaction, whereas
a positive one is related to a ferromagnetic interaction. Since the
D state obtained by the broken-symmetry DFT calculation has
spin contamination from higher-energy spin states, the calcu-
lated energy is overestimated. For the Hamiltonian (1), /pq can
be related to the energy difference (AEpq) between D and Q as
Jpg = 3AEpq when the spin contamination is negligible. In the
DFT calculations, an approximate spin projection is used to
remove the effect of spin contamination. Thus, Jpq can be
estimated by Yamaguchi equation (eqn (2)),*

Egs — Ens
Jpg = TS __ 2
T (D)5 — (S7)ps @)
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Fig. 2 Molecular structure of anthracene m-conjugated stable radical
used in this work.

where (S%)1;s and (S*)gs are the expected values of > for the high
spin (HS) and broken symmetry (BS) states obtained in the DFT
calculations, respectively.

In this work, we have treated a series of anthracene coupled
to stable radicals with n-conjugated linker (n-linker) shown in
Fig. 2. Here, two types of m-topology are connected to the
anthracene excited chromophore at meta (m) or para (p) posi-
tion of the phenyl group in the linker by the radical moiety. Five
kinds of radical substituents (IN: imino nitroxide, OV: 1,5-
dimethyl-6-oxoverdazyl, NO: tert-butyl nitroxide, NN: nitronyl
nitroxide, and TZ: 1,2,3,5-dithiadiazolyl) and a series of oligo-
phenylene ethynylene linkers with different lengths (7 means
the number of phenyl-ethynyl repeating units) are investigated.
We denote their molecules as p(m)Rna(b), where p(m), R, n and
a(b) mean the type of m-topology, kind of radical species,
number of phenyl-ethynyl repeating units in the n-linkers,
and type of m-linker, respectively.

Geometry optimizations of doublet ground state (D,) and Q
state were performed by DFT using unrestricted-B3LYP/6-
31G(d,p) basis sets. The fine-structure interaction and g tensors
of Q state and D state using broken symmetry DFT were
calculated for the optimized geometry. The spin-spin term
(Dss) of the fine-structure tensor was estimated using the
unrestricted natural orbital (UNO). A full table of the results
of the calculations is shown in the ESIL.{

Results and discussion

The functional and basis-set dependencies were checked for
pOVoa. In pOVo0a, the sign and magnitude of Jpq (broken-
symmetry method), g value, and zero-field splitting parameters
(D and E) were almost independent of each functional, such as
B3LYP, CAM-B3LYP, B3PW91 and O3LYP, and basis sets such
as 6-31G(d,p), 6-311G(2d,2p), def2-SVP and def2-TZVP (Table
S1, ESIf). The calculated Jpq values by the CASSCF method
became smaller than those by the broken-symmetry method
according to the increase in the active space and by adding
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perturbations. However, the magnitudes were still in the same
order. It is reported that the calculated Jpq values of minimal
CASSCF with multi-reference perturbation theory methods
underestimate the exchange interactions by 60-80%.>* For
organic diradicals in the ground state, the exchange interaction
(/) is known to be overestimated by DFT methods that include
large amounts of Hartree-Fock exact exchange, such as the
B3LYP method, but agrees to some extent with experimental
values by the application of appropriate scaling factors.’” When
the writing of this paper was completed, a preliminarily experi-
mental result for pOV1a was obtained, which suggested prob-
ably a fairly smaller J value than that of CASSCF.*® This may be
a problem peculiar to multi-spin systems. However, there are
still many unanswered issues, such as the cause of the issue,
generality, solvent matrix effects and so forth. Therefore, in this
work, the calculation and discussions will proceed using the
traditional and widely used calculation methods. Although the
absolute value of the exchange interaction may be inaccurate,
the discussion focuses on the trend for the n-linker structure,
which is more reliable. The broken-symmetry method using
B3LYP/6-31G(d,p) is a popular method with low computational
cost. Therefore, in this work, we chose this method to clarify
the trend of Jpq in terms of molecular structure in further
discussions.

It is well established both experimentally and theoretically
that the spin polarization effect plays an important role in the
spin alignment in the ground state and the photo-excited state
of n-conjugated spin systems."*">*° Fig. 3a shows that the spin
alignment is qualitatively understood by taking the spin polar-
ization effect depicted by the arrows into account (the arrow
direction indicates the sign of the spin density and the alter-
nating sign of the spin density between the adjacent carbon
atoms is expected from the spin polarization effect). The lowest
excited states were detected by the time-resolved ESR
measurements,*® but it was difficult experimentally to detect
higher energy spin states with different spin multiplicities,
except when they were in energy proximity.*'™** Theoretical
calculations can approach the electronic states that are not
accessible experimentally, and therefore, making it possible to
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estimate the intra-molecular exchange interaction in the
n-conjugated multi-spin photoexcited systems.

Fig. 3b and c show the calculated total energy and spin
densities of pINOa and mINOa, respectively. The lowest excited
states of pINOa and mINOa were Q and D states, respectively,
which agreed with the results of the TRESR experiments.™ In
the lowest excited states of pINOa and mINOa, the spin density
distribution in the phenyl group jointing the triplet anthracene to
the radical moiety is consistent with the qualitative picture in
Fig. 3a. The Jpq of pOVoOa calculated from eqn (2) was close to the
experimental result® and the previous theoretical calculation.**?*
The dihedral angles (¢) between the anthracene moiety and the
adjacent phenyl group were 73.1° and 58.6° in the ground and
excited states of pINOa, respectively. These values were also close
to those of the previous theoretical studies.>**!

Radical species and n-topology dependencies of exchange
interactions and dihedral angles

Since the rate of intersystem crossing (ISC) depends on the
potential energy surfaces between the initial and final states,
the molecular structure in the excited state is an important
factor related to the rate.***> Here, we selected the subtraction
of the dihedral angle between the ground and excited states
(A¢) as the index of the spin (unpaired electron) delocalization
in the photo-excited states, which are characteristics in the
photo-excited states with singly occupied “HOMO” and
“LUMO”. We compared the exchange interaction between the
radical moiety and the chromophore to their A¢ in the excited
state. Fig. 4 shows the radical species dependencies of the Jpq
value and A¢ of p(m)R0a. The dihedral angle (¢) between the
anthracene and phenyl moieties depicted in Fig. 5a is indicated
on the right axis of Fig. 4. The p(m)INOa, p(m)OV0a, p(m)NNOa,
and p(m)TZ0a gave ferromagnetic interactions in the para-joint
type (p) and antiferromagnetic interactions in the meta-joint
type (m). Only p(m)NOOa showed the opposite trend: antiferro-
magnetic in the para-joint type (p) and ferromagnetic in the
meta-joint type (m). This result is due to the direct bonding of
the NO group with large spin density to the n-linker.”” On the
other hand, the radical species dependence in the magnitude of
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Fig. 3 Spin alignment and photo-excited states of pINOa and mINOa. (a) Schematic picture of the spin alignment in the lowest photo-excited state of
pINOa and mINOa. (b) Total energy and spin density mapping of pINOa. (c) Total energy and spin density mapping of mINOa.
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Fig. 4 Jpq vs. A¢ plot. Closed circles and closed squares are Jpq values
and A¢ values, respectively (red: para joint, blue: meta joint).
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Fig. 5 (a) Molecular structure of pINOa (pink), pOVOa (green), pINOb
(orange) and pOVOb (violet). (b) Dihedral angles (¢) in a series of pINna
(pink), pOVna (green), pINnb (orange) and pOVnb (violet) with the different
length oligophenylene ethynylene linkers; ground state (open circle) and
excited state (closed circle).

Jpq is regardless of their n-topology; that is, |/pg| is larger in the
para-joint type than in the meta-joint type. The magnitude of the
effective exchange interaction in the ground state of the
n-conjugated multi-spin systems is proportional to the spin
densities (p* and p;) between the connecting sites i and j, when
the two moieties (A and B) are weakly interacting (corresponding
to the disjoint case in the category of Borden and Davidson®®),
that is, /" = J,pfpP/as”sP.3%474% Thus, if the phenyl group is
regarded as a spin-coupler, the meta position has a small spin
density, resulting in a small exchange interaction. A similar
trend was observed in the Jpq values of the excited states.

All pROa series has a twisted conformation of the phenyl
linker about ¢ ~ 75° for the anthracene chromophore in the
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ground state due to the steric hindrance between the anthra-
cene moiety and the attached phenyl group, which is indepen-
dent of radical substituents and m-topology. In the previous
theoretical studies for pOV0a and pINOa, the ¢ in the Q state is
reported to be ~56°>° which is much flatter than that of the
ground state and also smaller than 67° of the T, state of phenyl-
anthracene (the details as shown Fig. S1, ESIT). In the present
calculations, the structural optimization of the Q state in the
para-joint type, except for the tert-butyl nitroxide radical (NO)
species, gave almost the same tendency as in the previous
report.’>*" Thus, attachment of the radical substituents leads
to a decrease of ¢ in the Q states compared to the T, state of
phenyl-anthracene. The ¢ in the Q states of pNNoOa and pTZ0a
was much flatter than that of the D, state. The decrease in ¢
leads to more propagation through n-conjugation, in which the
magnetic interaction becomes larger. Thus, a decreasing ¢ in
the excited state leads to increasing |Jnq|. Therefore, the pNNOa
with the largest exchange interaction in the para joint type also
has the largest change in dihedral angle, that is, the largest A¢.
In contrast, the optimized structures of the Q state in the meta-
joint type, except the tert-butyl nitroxide radical (NO) species,
gave almost the same dihedral angle as that of the T, state of
the phenyl-anthracene, which indicates a small amount of
electronic and magnetic stabilization between the anthracene
and phenyl moiety. For NOOa with a large spin density directly
bonded to the n-linker, the signs of Jpq and A¢ in the Q state
are opposite to those of other radical species. These calcula-
tions show that in all molecules calculated here, the subtrac-
tion of the dihedral angle (A¢) between the ground and excited
states correlates well with the Jpq values. These findings mean
that in the a type molecules, A¢ works as an excellent index of
the excess spin (unpaired electron) delocalization characteris-
tics in the photo-excited states.

Linker dependence of exchange interactions and dihedral
angles

Since the dihedral angle increases by the steric hindrance
between the anthracene moiety and the attached phenyl group,
the insertion of an ethynyl group between them decreases the
steric hindrance significantly, as shown in Fig. 5a. Thus, the b
type molecules have smaller dihedral angle than the a type
molecules. The changes in the structure and the magnetic
parameters were calculated for both types when the number
of phenyl-ethynyl repeating units, that is, the linker length, was
varied in the n-linker. The dihedral angles (¢) between the
anthracene moiety and the phenyl group vs. linker length plot
is shown in Fig. 5b. Here, the linker length (r) was defined as
the distance between the carbon atoms at the 9-position of
anthracene and the carbon atoms of OV or IN at the joint
position to the m-linker. Similar to the previous section, the ¢s
in the excited state and ground state for the pINna and pOVna
series (n: the number of phenyl-ethynyl repeating units) were
around 57° and 73°, respectively, independent of the linker
length. In contrast, the ¢s for the pINnb and pOVnb series were
close to zero in both the excited and ground states, leading to

Phys. Chem. Chem. Phys., 2024, 26, 8106-8114 | 8109
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A¢ ~ 0. This trend was also observed for other radical species
and meta-joint molecules.

There is no systematic study of the exchange interaction in the
n-conjugated multi-spin organic systems in the photo-excited state.
Therefore, although the exchange interactions between excited
triplet-state chromophores and stable radicals may have similar
characteristics to those of the ground state spin systems, it is worth
examining the behaviour. In the ground-state biradical systems, the
exchange interaction through n-conjugation between radical sub-
stituents was studied experimentally and computationally.**>* In
this ground-state biradical system, the exchange interaction is
reported to decay exponentially as follows:*’

J =Joexp(—fr) 3)

where f# and r were the decay constant and the linker length,
respectively. The exchange interaction can be determined
experimentally by analysing the shape of the ESR spectra when
the magnitude of the exchange interaction is comparable to the
hyperfine coupling constant.’®*! It was also estimated by the
broken symmetry DFT calculations. In these results, the decay
constant due to m-bonding was independent of the type of
radical substituent and varied significantly with the structure
of the linker.>”™® In addition, the conductance of a single
molecular n-conjugated wire decreased exponentially with
increasing number of the repeating units of the n-linker.”®™®
The linker species dependence of the decay constant f of the
conductance was in good agreement with that of the exchange
interaction in the case of the neutral radicals. The exchange
interaction between charge-separated radical pairs via oligo-
phenylene groups was also investigated using magnetic field
effects on triplet yields of photoinduced electron transfer
reactions.’® The distance dependence of the rate constant in
the charge separation and the recombination processes was
also exponential decay, and their decay constants () were
consistent with those of the exchange interaction between
photoinduced radical pairs.®®®* In this work, we investigated
the decay of the exchange interaction in the multi-spin photo-
excited systems for the repetition number of the phenyl-ethynyl
group in the mn-linker, which connects the anthracene triplet-
state chromophore to the radical substituents. A plot of In|/nq|
vs. the linker length is shown in Fig. 6. Since in some molecules
of the INmb series, the broken symmetry DFT calculation
converged to the D, state, not the D state, they are not shown
in Fig. 6. The slope in the plot of In|/pq| to the linker length
corresponds to the decay constant, . The f values of pOVna,
pOVnb, and pINnb series were determined to be 0.239, 0.241
and 0.239 A™", respectively. The f values in the equation, Joq =
Jo¥exp(—pr), determined in this study, showed similar charac-
teristics to the ground-state bi-radicals, that is, independent of
the type of the radical species and the n-topology (see Fig S2-S6
and Table S4, ESIt). Here, J&* corresponds to J, values on the
multi-spin photoexcited states. These f values in the photo-
excited states were close to the reported ones of exchange
interactions between neutral bi-radicals ( = 0.24 A™*) and the
single molecular conductance (ff = 0.27 A™*) of the oligophenyl-
ethynyl linker. This result indicates that the f value through the
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Fig. 6 Linker length dependence on Jpq; pINnb (orange), pOVna (green)
and pOVnb (violet) series. The red lines are linear fittings using eqn (3).

0 5

n-linker is independent of whether the excited state or ground
state and their spin quantum numbers.

On the other hand, j&* depended on the radical species,
n-topology and linker structure. The dependence is already
explained in the previous section. The J5* values of oxo-verdazyl
radical series, pOVna, pOVnb, mOVna, and mOVnb were 329, 1737,
—144 and —593 cm™ ', respectively. Although pOVOb and mOVOb
have a m-linker longer than those of pOvV0a and mOV0a, they show
larger Jpq values. In the case of the direct orbital-conjugation, the
propagation of the exchange interaction via the n-linker is expected
to be related to the overlap integral of the two molecular-atomic
orbitals (probably natural orbitals) at the joint position between the
linker and triplet chromophore. Therefore, intramolecular exchange
interaction depends on the dihedral angle (¢), as follows:**

JoX oc cos®p (4)

As shown in Fig. 7, the overlap integral of the phenyl anthra-
cene unit is expected to be smaller than that of the phenylethy-
nyl anthracene unit because of the larger dihedral angle.
p(m)OVna shows cos® ¢ = 0.28 because of the large dihedral
angle (¢ = 57.9°) of the Q state. In contrast, in p(m)OVnb, shows
cos®>¢ ~ 1 because of the small dihedral angle (¢ = 0.1°).
Matsuda et al. reported almost the same B as ours, and the
linker length dependence was also a similar exponential decay
(eqn (3)). When J, was calculated backward according to eqn (3)
using their data, J, ~ —370 cm™ "> This magnitude is of the
same order as J5« of pOVna. Since the unpaired electron in the
SOMO of the radical moiety interacts with both the unpaired
electrons in the HOMO and the LUMO of the chromophore in

Small overlap integral

Large overlap integral

Fig. 7 Schematic view of n-orbital overlap in phenyl anthracene (left) and
phenylethynyl anthracene (right).
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the excited state, Jo~ is expected to become larger than J, of the
ground-state biradical systems, but the smaller value for pOVna
is probably due to the larger dihedral angle.

ESR parameters of Q state on the anthracene n-conjugated
stable radical systems

When the molecule has a spin quantum number of S > 1, the
ESR spectrum shows zero-field splitting due to the magnetic
interactions between unpaired electrons. They are character-
ized by the effective spin Hamiltonian given by

H=yB-gS+SDS (5)

where ug, g, and D are Bohr magneton, the electron g tensor,
and fine-structure tensor, respectively. Although the higher
order term in § is a group theoretically allowed in the fine-
structure term, they are negligible in the molecules constructed
from only light atoms. The g and D are important factors that
determine not only the shape of the ESR spectrum but also the
behaviour of the polarization transfer and the magnetic
field effects in the excited states. In the anthracene - radical
n-conjugated spin systems, the anisotropy of the g tensor is
sufficiently small compared to the zero-field splitting. Here, we
treated the systems as an isotropic g value, which is the averaged
value, (gr + 8y + 822)/3. The fine structure tensor can be
characterized in terms of the zero-field splitting parameters
(D and E). The spin sublevels of the spin systems with § > 1
are, therefore, resolved by the fine-structure term even without
the external magnetic field, known as zero-field splitting.
When the quartet state is constructed from the radical-
triplet pair, the g tensor is given by the following equation:®®

£(0) = 2%(7) + 3¢(R) )

A comparison of the g values obtained by the DFT calculation
and by eqn (6) is shown in Fig. 8. The g values for the triplet-
state of anthracene and each radical are summarized in Table
S7 (ESIY). The results of the g value calculations using DFT and
eqn (6) were in good agreement with the experimental results.

2.0055¢
2.0050-
2.0045¢

2.0040r

g value

2.0035¢

2.0030r-

2.0025— ' :
pINOa pOVOa mNOOa pNNOa pTZOa

Fig. 8 Calculated g values of the Q states of the anthracene-radical
n-conjugated spin systems; DFT method (closed circle), eqn (6) (open
circle) and experimental (closed cube).
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However, the estimations using eqn (6) were slightly better than
the g values calculated directly using the DFT calculation of the
whole molecule. In this DFT calculation, the following multiple
terms contribute to the g tensor.

g =gel + Agrmc + Agpso + Agpso (7)

where g., Agrmc, Agpso and Agpso are the isolated electron’s g
factor, relativistic mass correction, diamagnetic spin-orbit
term, and paramagnetic spin-orbit term, respectively. In gen-
eral, the largest contribution to the shift from g. (free electron g
value; 2.0023) is the Agpso term. The large g value shift of the TZ
radical can be explained by the sulphur atom, in which the
spin-orbit interaction is larger than that of the other con-
structed elements, resulting in a larger Agpso in the g value.
The linker dependence of the calculated g value of the Q state is
shown in Fig. 9. The g values of the p(m)OVna series are similar
to those of the p(m)OVnb series. The same finding holds
between p(m)INna and p(m)INnb series. Thus, the g values are
independent of the linker structure (length and dihedral angle)
and only dependent on the radical species. This means that the
effect of the spin delocalization on the linker is negligible in the
g value, even in the type b structures. In such cases, the g value
is explained by eqn (6), in which g(Q) depends only on g(R)
because g(T) is dominantly determined by the triplet state of
the anthracene chromophore.

The fine-structure tensor consists of Dgg and Dgg terms that
are due to magnetic dipole-dipole interactions (spin-spin
interactions) and spin-orbit coupling, respectively. The contri-
bution of the Dgg term is small in organic materials composed
only of light elements such as H, C, N and O because the spin-
orbit coupling is proportional to the fourth power of the atomic
number of the constituent elements. The pg matrix-element in
the Dgg tensor term is given by

5/Jq r[kz - 3])[/' q[]'
(8)

X (225 = sixsix = sy ) )

1 "
" = 4n28(5 — 1)

2.0040

e—e—ee
o— ¢

2.0035

g value

2.0030;

2.0025

0 10 20 30 40

7/ nm

Fig. 9 Calculated g values of the Q states of pINna (pink), pOVna (green),
pINnb (orange), and pOVnb (violet)
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When the wavefunction is approximated by a single electron
configuration, it can be obtained from the spin density
matrix.®’

Ho 1 § § < o—f po—f o—f3 oc—/})
D = — = P PP — P P
rq 4 ZS( S 1) yn% KT jis vt

w Kt
X <,u1/ K‘L’>

Here, P* is the spin density matrix obtained by the DFT
calculation. It is known that, in the estimation of the Dgg term,
the wavefunction obtained by the restricted open-shell method
(RODFT) gives better results than the unrestricted method
(UDFT).®® The unrestricted natural local orbital (UNO) calcu-
lated by the diagonalization of the density matrix obtained
from the wave function have been reported to give better
agreement than the DIRECT method in UDFT.®® It is reported
that the calculated Dgs term by the UNO method were close to
that of the RODFT.®® The RODFT method has poor convergence
in SCF calculations; in this work, we chose the UNO method. It
is also known that the Dgg term obtained by the DFT calculation
is underestimated when the unpaired electrons are distributed
in the same = electron framework, such as the n* excited states
of aromatic hydrocarbons.®® When the quartet state is con-
structed from the radical-triplet pair, the D tensor of the Q state
is given by the following:*°

©)
Sparic® — 3P4y
ri

D(Q) = §D(T) + xD(RT) (10)
D(T) and D(RT) are the fine-structure tensors for the triplet
excited state and the magnetic dipolar-dipolar interaction
between the radical and the triplet moieties. We denote that
D(T) and D(RT) correspond to the contributions from D(T) and
D(RT) in the zero-field splitting parameter (D), respectively.
D(RT) is proportional to r* when a point dipole approximation
of the triplet anthracene and the radical is used:

Ddipole(RT) _ % (gﬁ)z

G (1)

As shown in Fig. 10a, D(Q) obtained by the DFT calculation for
the pINna series agreed well with the estimated values using
eqn (10), in which D(T) and D(RT) were obtained by the DFT
calculation for the molecules without radical substituents and
by the point dipole approximation, respectively. However, the
calculated Dgg(Q) value (the contribution from Dgg term in the D
value) of pINOa was only about 60% of the experimental one
because the D(T) term was under-estimated by half (Fig. 10b).
Although the CASSCF method using a large active space can
estimate the Dgg tensor more accurately,”® it is too computa-
tionally expensive for the large-size molecules as treated in this
work. Therefore, although the magnitudes are underestimated,
we discuss only a trend in magnetic dipole interactions of
radicals via the m-linker to the triplet-state of the anthracene
chromophore by DFT calculations. Fig. 11 shows the linker
dependence of the Dgss value obtained by the restricted B3LYP
method using 6-31G(d,p) basis sets. Similar length dependence
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Fig. 10 (a) Linker dependence on the D value of pINna series by DFT
(pink), egn (10) (closed circle) and one third of the D value of T, state of
without radical moiety by the DFT (open circle), (b) calculated D value
(open cube) and experimental D value (closed cube) of the Q states.

was observed in Dgg calculations with other basis sets, such as
restricted open BP/EPR-II and unrestricted CAM-B3LYP/def2-
TZVP (Fig. S7, ESIT). The D values of the pOVna(b) series were
similar to those of pINnra(b). This behaviour is the opposite of
the structure dependence of the g value, that is, the D values are
independent of the radical species and only influenced by the
linker structure (length and dihedral angle). For example, the
Dgs value of pOV5a was larger than that of pOvV4b despite the
fact that it has a longer linker length. Thus, Dss depends not
only on the linker length r, but also on the dihedral angle ¢. In
the pOVnb and pINmb series, the unpaired electrons in the

0.014+ °
0.013F .\\
T N e
5 0012 \
A \
f \
0.011r \
\
LS
0.010F S~—
0 10 20 30 40
7/ nm

Fig. 11 Calculated D value of the Q states of INna (pink), OVna (green),
INnb (orange), and OVnb (violet) series.
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triplet-state of the anthracene chromophore are expected to
delocalize to the linker due to the small dihedral angle ¢
between the anthracene and phenyl groups. The D(T) in
eqn (10) of the type b linker series is smaller in magnitude
than that of the type a linker sers because the molecular orbital
of the triplet chromophore is delocalized, and consequently,
the D(Q) of the type b linker series becomes smaller.

Conclusion

The exchange interactions, g values, and fine-structure interac-
tions in the quartet (Q) excited states of the anthracene-radical
n-conjugated systems were systematically investigated by DFT
calculations. Based on the results of structure optimizations for
the ground and excited states and Jpq calculations by the broken
symmetry DFT for the excited states, the smaller A¢ leads to the
larger exchange interaction between the triplet anthracene and
the radical. The steric hindrance was removed by inserting the
ethynyl group between the anthracene and phenyl groups, and
the ¢ of the ground and excited states were close to zero,
resulting in a large Jpq. The decay constant f8. of the exchange
interaction via the n-linker between anthracene and the stable
radical was almost identical to the ground state. The g values of
the Q state depended only on the radical type, which was
independent of the linker structure. Conversely, the fine-
structure tensor of the Q state was independent of the radical
type and depended on the linker length and dihedral angle.

We reported that, in the triplet chromophore-radical linked
systems, the enhanced intersystem crossing led to significant
photo-chemical stabilization for pure organic materials decom-
posed by visible light.'*° Recently, it has been reported that the
enhanced intersystem crossing rate and efficiency depend on their
n-topology and linker length.*>”* The spin polarization generated
by tuning the exchange interaction and zero-field splitting in the
excited states of the triplet chromophore-radical linked system has
been applied to quantum technology as optical qubit
initialization.”>”* In addition, in the triplet-radical pair systems, a
generation of the giant magnetization to nuclear spins in the solid
matrix using the photo-induced polarization transfer has been
proposed by tuning the exchange interaction and zero-field split-
ting of the triplet excited states of the chromophore.”* The present
study will also give useful knowledge for the structural optimization
of the chromophore-radical n-conjugated systems toward applica-
tions, such as photo-DNP solid-state magic angle spinning NMR,
information science, and so forth.
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