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of Chemistry Molecules with luminescence have been extensively investigated, but the luminescence of a stable

molecule with a triplet ground state has not been observed. Synthesis of boron-containing radicals has
attracted lots of interest because of their unique electronic structures and potential applications in
organic semiconductors. Though some boron-based diradicals have been reported, neutral boron-
containing diradicals with triplet ground states are rare. Herein two borocyclic diradicals with different
substituents (3 and 4) have been isolated. Their electronic structures were investigated by EPR and UV
spectroscopy, and SQUID magnetometry, in conjunction with DFT calculations. Both experiment and
calculation suggest that 3 is an open shell singlet diradical while 4 is a triplet ground state diradical with
a large singlet—triplet gap (0.25 kcal mol™). Both diradicals show multi fluorescence peaks (3: 414, 431,
and 470 nm; 4: 420, 433, and 495 nm). 3 displays multiple redox steps and is a potential material
towards the design of high-density memory devices. 4 represents the first example of a neutral triplet
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Introduction

Molecules with luminescence have drawn much attention
because of their applications in organic electronic devices and
chemical sensors." Luminescent radicals with a doublet or
triplet ground state are able to provide high-efficiency electro-
luminescent devices for avoiding the quenching of the spin-
forbidden transition from the excited triplet to the ground
state in closed-shell molecules.>? However, in contrast to doublet
molecules, luminescent triplet molecules have gained little
attention. The fluorescence from a trimethylenemethane triplet
diradical in frozen solvent glasses was reported in 2007,% but the
luminescence of a stable molecule with a triplet ground state
has not been observed.

Diradicals, species with two unpaired electrons, not only
have a pivotal role in understanding the nature of chemical
bonding and spin-spin interaction, but also show great poten-
tial in the field of organic electronics because of their unique
electronic and magnetic properties.* Synthesis and isolation of
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boron-containing radicals is one of the most important topics
in radical chemistry because of their interesting structure and
physical properties, and they exhibit potential applications as
functional materials in organic semiconductors.> Though
a number of main group element-containing diradicals have
been reported, neutral boron-containing diradicals are scarce.®
Bertrand et al. isolated the first crystalline boron-containing
diradical (A, Fig. 1).° Braunschweig et al. used cyclic (alkyl)
(amino)carbenes (CAACs) as neutral donor units to stabilize
neutral boron-based diradicals (B-F).**¥ Until now, no example
of neutral triplet boron-containing diradicals with a rather
strong ferromagnetic interaction has been reported.”
Bidentate heterocyclic ligands are effective in achieving
neutral boron-containing monoradicals.® Yamashita et al

tBu

i-Pr\g /Big P
i \éé Nipr

t-Bu ER = SBu, SPh, SePh
Cc
\t’é \té Dlp
‘26< Dlp
R = Me, Et
E F

Dip = 2,6-Pr,CgHg
Dur = 2,3,5,6-Me,CgH

Fig. 1 Neutral structurally characterized boron-containing diradicals.
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applied a B-diimine ligand to achieve a B-heterocyclic m-radi-
cal.** Norman's group isolated a borocyclic radical with 4,4-
dipyridyl.®” Fedushkin et al. obtained a diazaborocyclic radical
through a redox-active diimine ligand.*® In the last few years,
Stephan's group has synthesized a series of boron-containing
radicals via frustrated Lewis pair hydrogenation reactions (4
atm, 110 °C).**#"° The first dithioborocyclic radical was re-
ported by Robinson's group in 2018.* Very recently, we achieved
two dioxoborocyclic monoradicals with fluorescence in a high
yield by a direct reduction reaction.** On the other hand,
recently Rajca and our group reported high-spin nitrogen-
centered and sulfur-hydrogen diradical dications through pyr-
ene or pyrene-like bridges.'>'* Encouraged by these results, we
speculate that neutral borocyclic diradicals with a triplet ground
state and fluorescence through a pyrene bridge might be
accessible. Herein, we report the synthesis and characterization
of the borocyclic diradicals 3 and 4 using a direct method under
mild conditions. The latter is the first stable triplet diradical
emitter, and also the first neutral triplet boron-containing dir-
adical with a rather strong ferromagnetic interaction
(0.25 keal mol ™).

Results and discussion
Syntheses of 3 and 4

We first attempted to synthesize borocyclic diradicals 3 and 4
via similar frustrated Lewis pair hydrogenation reactions®#"°
but failed due to the complexity of reaction. 3 and 4 were then
synthesized in one step from corresponding tetraones (1 and 2)
with chlorobis(perfluorophenyl)borane and potassium in THF
(Fig. 2). They were isolated as red crystals in low yields and
characterized by single-crystal X-ray diffraction, EPR and UV-vis
spectroscopy, and SQUID magnetometry, together with theo-
retical calculations. Both compounds are air-sensitive, but can
be stored in a glove box under a N, atmosphere at room
temperature for several months.

Crystal structures

Crystals suitable for X-ray diffraction were obtained from the
saturated toluene solutions of 3 and 4 at room temperature.
Both of them crystallize in the triclinic space group P1. The
molecular structures of 3 and 4 are depicted in Fig. 3 and
selected bond lengths and angles are given in Tables S2 and S3.7
Crystallographic analysis of 3 and 4 reveals that both of them
are centrosymmetric. The two BO2C2 rings are coplanar with
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Fig. 2 Synthesis of diradicals 3 and 4.
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Fig.3 Thermal ellipsoid drawings (at 50% probability) of 3 (A) and 4 (B).
Hydrogen atoms and solvent molecules are omitted for clarity.
Selected bond lengths (A) and angles (°): 3 B1-O1 1.542(3), B1-02
1.540(3), 01-C11.304(2), 02-C2 1.305(3), C1-C2 1.411(3), O1-B1-02
100.81(16); 4 B1-011.542(3), B1-02 1.535(3), O1-C11.300(2), O2-C2
1.302(3), C1-C2 1.399(3), O1-B1-02 100.90(16).

pyrenetetraone backbones. The average B-O distances (3 1.541
A, 41.538 A) and O-B-O angles (3 100.81(16)°, 4 100.90(16)°) of
the two structures are similar, resembling those of the reported
dioxoborocyclic monoradicals.®* The average C-O distances in
3(1.304 A) and 4 (1.301 A) are longer than those in 1'2 (1.214 A)
and 2 **(1.210 A). Correspondingly, the average O-C-C angles (3
112°, 4 112°) become more acute compared to those in 1 (118°)
and 2 (119°). Notably, the C1-C2 bond length in 4 (1.399(3) A) is
slightly shorter than that in 3 (1.411(3) A), but both are
considerably shorter than those in the parent tetraones (1
1.546(1) A, 2 1.537(4) A). The above changes from diradicals to
neutral tetraones, together with other nearly unchanged bond
parameters, indicate that unpaired electrons are mainly delo-
calized over the two BO2C2 rings. No obvious intermolecular
interaction is observed in the crystal structures of 3 and 4,
which can be attributed to the two -B(C¢Fs), steric-crowding
substituent groups.

Magnetic studies

The magnetic properties of 3 and 4 were determined by EPR
spectroscopy and SQUID magnetometry. The forbidden Amg = +2
transitions were observed in the half regions of their EPR spectra
(Fig. 4A and B), indicating that both of them are diradicals. The
zero-field splitting (ZFS) parameters of crystalline 3 were deter-
mined by spectral simulation (D = 120 G, E = 25 G) with an
anisotropic g factor (gx = g, = 2.0042, g, = 2.0011). ZFS of 4 was not
observed in the solid state (Fig. S1t) but observed in dibutyl
phthalate (DBP) solution at 90 K with D = 118 G, E = 40 G and an
anisotropic g factor (gx = g, = 2.0047, g, = 2.0060). The gj, factors

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EPR spectra and temperature-dependent plots of xuT of 3 and
4. (A) The EPR spectrum of the powder sample of 3 at 90 K with the
forbidden transition in the half magnetic field. (B) Frozen-solution EPR
spectrum of 1 x 107™* M 4 in dibutyl phthalate at 90 K with the
forbidden transition in the half magnetic field. (C) xmT versus T curves
(dot) in the SQUID measurements of the powder of 3 and 4, and the
fitting plots (line) obtained with the Bleaney—Bowers equation.**

(2.0032 for 3 and 2.0051 for 4) are comparable to those of dioxo-
borocyclic monoradicals.®* The average spin-spin distances from
D were estimated to be 6.14 A for 3 and 6.18 A for 4, respectively,
which are close to the distances between the two centers of BO2C2
rings in each (6.66 A for 3 and 6.67 A for 4).

SQUID measurements on powder samples of 3 and 4 were
carried out to determine their ground states. xyT of 3 (Fig. 4C)
maintains 0.75 em® kmol ' from 310 to 25 K and shows
a decreasing susceptibility below 25 K, suggesting that 3 has

06 -04 -02 00 02 04 0.6
E (V)

Fig. 5 Cyclic voltammograms of 3 and 4.
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a singlet open-shell ground state. In contrast, the increase of the
susceptibility of 4 (Fig. 4C) from 310 (0.85 cm® kmol ") to 5 K
(1.0 em® kmol ') indicates that 4 has a triplet ground state. The
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Fig. 6 (A) UV/vis absorption spectra of 3 and 4 in THF at room
temperature. (B) Fluorescence spectra upon excitation at 370 nm of 3
and 375 nm of 4 in THF at room temperature. (C) Fluorescence decay
of 3 and 4 following excitation at 375 nm. (D) Photo-stability analysis of
3 and 4 under irradiation (365 nm) for different times. A/Ao represents
the ratio of absorbance before and after irradiation for the corre-
sponding time.
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experimental data were fitted with the Bleaney-Bowers equa-
tion** with Hamiltonian H = —2JS;S, (S, = S, = 1/2), giving the
singlet-triplet energy gaps AEos_r = 2] = —1.24 cal mol ™" for 3
and 251.6 cal mol " for 4, respectively. The different ground
states of 3 and 4 are associated with the electronic effect of the
substituent groups at the 2 and 7 positions of the pyrenete-
traone backbone.

Electrochemical properties

The cyclic voltammogram of 3 in THF (Fig. 5) shows two
reversible reduction waves at —0.19 and —0.36 V and two
reversible oxidation waves at 0.12 and 0.35 V vs. Ag/AgNO;,
while that of 4 (Fig. 5) only shows one reversible reduction wave
at —0.09 V and one irreversible oxidation wave at 0.08 V, indi-
cating remarkable substituent dependence. The cyclic voltam-
mogram of 3 suggests that it can be reversibly reduced and
oxidized to the corresponding radical anion, dianion, radical
cation and dication under the CV conditions. Diradical 3 with
multiple redox steps is a potential material for the design of
high-density memory devices compared with the reported per-
chlorotriphenylmethyl (PTM) radical (one reversible reduction
wave at —0.3 V).%"3

Optical properties

The UV-vis spectrum of 3 (Fig. 6A) in dilute THF shows two
strong absorptions at 347 and 461 nm and two weak absorp-
tions at 618 and 649 nm. Similarly, the UV-vis spectrum of 4
(Fig. 6A) shows two strong absorptions at 359 and 454 nm and
two weak absorptions at 612 and 663 nm. The fluorescence
spectrum of 3 (Fig. 6B) in THF upon excitation at Aex. = 370 nm
shows a maximum emission at 414 nm with two weak bands at
431 and 470 nm. The fluorescence spectra of 4 (Fig. 6B) show
a maximum emission at 420 nm with two bands at 433 and
495 nm. The diradicals 3 and 4 do not obey Kasha's rule, as
found previously for borocyclic monoradical emitters.®* The
fluorescence emissions of 3 and 4 arise from the return from

Fig. 7 Spin densities of 3 (A) and 4 (B) calculated at the UB3LYP/6-
31G(d) level.

15154 | Chem. Sci, 2021, 12, 15151-15156

View Article Online

Edge Article

higher excited states to the ground state. The photo-
luminescence quantum yields (PLQY) of 3 and 4 were measured
to be 0.15%, 0.30%, and the lifetimes of 3 and 4 were 15.9 and
0.11 ns, respectively. The photostabilities (Fig. 6D) of 3 (125
min) and 4 (219 min), which were represented by half-life (¢,/,),
were obtained from the fitting plot of A/A,-t

Theoretical calculations

To have a better understanding of the electronic structures of
diradicals 3 and 4, DFT calculations were performed using the
Gaussian16 program at the (U)B3LYP/6-31G(d) level of theory.*®
3 is stable as a singlet in the ground state (AEos_t =
0.022 kcal mol ") while 4 has a triplet ground state (AEgs_1 =
—0.718 kecal mol™'), consistent with the experimental result.
The spin densities in 3 and 4 indicate that the substituents
affect the extent of diradical delocalization to control the
ground states. Two ¢tBu groups in 3 show an electron donating
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Fig. 8 (A) Ground state frontier (and adjacent) molecular orbitals of

diradical 3 from the unrestricted Kohn—Sham (UKS) DFT calculation
(UB3LYP, 6-31g(d), in a vacuum). (B) Ground state frontier (and adja-
cent) molecular orbitals of diradical 4 from the unrestricted Kohn—
Sham (UKS) DFT calculation (UB3LYP, 6-31g(d), in a vacuum).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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inductive effect (+I) and the spin densities in 3 are mainly
distributed among the two BO2CO rings (Fig. 7A). In sharp
contrast, the spins in 4 are distributed throughout the whole
pyrenetetraone backbones (Fig. 7B), which is attributed to the
electron withdrawing inductive effect (—I) of the two Br
groups."” Substituents with different polarities lead to a change
in the charge recombination free energy (AG) while the solvent
reorganization energy (1) remains constant. Those will affect the
sign of the electron exchange interaction () value. Meanwhile,
the J value is defined by the energy separation between singlet
and triplet radical pairs (2] = Egs — Et). Therefore, substituents
with different inductive effect (+I or —I) effect on singlet-triplet
energy ordering to determine which the ground state is by
influencing the J value.*®

Likewise, the molecular photophysical properties of diradicals
3 and 4 can be explored by unrestricted Kohn-Sham DFT (UKS-
DFT)" and time dependent DFT (TDDFT)* calculations with the
(U)B3LYP functional and 6-31g(d) basis set. The strong absorp-
tion peaks appearing in the experiment have a good agreement
with theoretical calculations for both 3 and 4 (Tables S6 and S7,t
sample in a vacuum). Thus, the orbital transition nature of the
excited states corresponding to the absorption peak is revealed
(Fig. 8A and B). The two strong absorption peaks in 3 are both
attributed to alpha (spin-up) and beta (spin-down) electron
transitions from their respective (HOMO—n) to LUMO orbitals
(Table S6%). The (HOMO—3) — (LUMO+1) transition contributes
to a strong absorption peak on the left side (experimental,
359 nm; theoretical, 378 nm) in 4, while that on the right side
(experimental, 454 nm; theoretical, 474 nm) is also ascribed to
the (HOMO—n) — LUMO orbital transition (Table S77).

Conclusions

We have synthesized two borocyclic diradicals 3 and 4 in one
step under mild conditions, and they were characterized by
single crystal X-ray diffraction, EPR and UV-vis spectroscopy,
and SQUID magnetometry. Both experiment and calculation
suggest that 3 is an open shell singlet diradical while 4 is
a triplet ground state diradical. The experimental and theoret-
ical studies of 3 and 4 reveal that the ground states of diradicals
could be adjusted by the inductive effect of substituent groups.
4 also represents a rare example of neutral triplet boron-
containing diradicals with strong ferromagnetic coupling and
the first stable triplet diradical emitter. Diradicals with multiple
redox are scarce and 3 is a potential material towards the design
of high-density memory devices compared with the PTM radi-
cals.”' In addition, such borocyclic diradicals are easier to
modify with other substituents and show multi functionaliza-
tion. Further work about the photoluminescence mechanism of
diradicals and other functional investigations on these newly
formed diradicals is continuous in our laboratory.

Data availability

Crystallographic data for 3 and 4 have been deposited in the
Cambridge Crystallographic Data Center under CCDC no.
2079823 and 2079824.
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