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In this work, we report a novel double N,S-hetero[5]helicene composed of two benzolb]lphenothiazines (2)
that exhibits long-lived circularly polarized room-temperature phosphorescence (RTP). Compared with the
previously reported N,O-analogue composed of two benzolb]phenoxazines (1), 2 emitted more intense
phosphorescence with a longer lifetime than 1 in a frozen solution at near liquid nitrogen temperature and
even at room temperature when doped in a B-estradiol matrix. The intense and long-lived phosphorescence
of 2 was fully explained by theoretical calculations. The optical resolution of 2 was successfully achieved, and

Received 10th March 2023, the chiroptical properties of 2 were investigated. We found that 2 doped in a matrix exhibits strong dual

Accepted 20th March 2023 circularly polarized luminescence originating from fluorescence (lgep| = 17 x 1072 and long-lived
DOI: 10.1039/d3tc00871a phosphorescence (|lgcp| = 5 x 1073, lifetime of 0.16 s, and @, of 30%) at room temperature. 2 is a very
rare example of a purely-organic helicene that exhibits long-lived circularly polarized RTP from a non-

rsc.li/materials-c aggregated state.

heterohelicenes by tandem oxidative coupling of heteroacenes
with an NH group.>® Heterohelicenes have attracted recent
interest as potential materials with unique optical and electronic
properties derived from chirality, such as chiroptical properties

Introduction

In the development of functional m-conjugated materials, the
introduction of heteroatoms into the molecular skeleton is a
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useful strategy for controlling physical properties. In this context,
heteroacenes, in which some carbon atoms of acenes are replaced
by heteroatoms, are one of the key components of functional
n-conjugated materials." Heteroacenes bearing amino nitro-
gen atoms in the molecular skeleton, such as phenoxazine,
phenothiazine,” and hydroazaacenes,>* are useful compounds
that exhibit multiple functions, such as electron-donating ability,
photophysical properties, and charge transport properties. In
2015, we established a simple method for the synthesis of double
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represented by circular dichroism (CD) and circularly polarized
luminescence (CPL).°*® We have recently succeeded in synthesiz-
ing a double N,O-hetero[5]helicene 1 (Fig. 1) composed of
two benzo[b]phenoxazines (BPO),” and we comprehensively com-
pared 1 and a double N,0-hetero[5|helicene composed of dibenzo
[b,{]phenoxazines® to clarify how the presence or absence of
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Fig. 1 Structures of double heterohelicenes 1, 2 and their monomer units.
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additional benzo moieties affects their structures and properties.
In the work, we found an unexpected result that the additional
benzo moieties invert the CPL signs of the double helicenes of the
same helicity. The previous work demonstrated that the small
structural changes in this class of helicenes could result in
significant differences in electronic properties. Following the
work, we herein focus on the effects of replacing the heteroatoms
of 1. We synthesized a novel double N,S-hetero[5]helicene 2
(Fig. 1) composed of two benzo[b]phenothiazines (BPT), which
is a sulfur analogue of 1. By comparing 1 and 2, we found that
replacing oxygen with sulfur significantly changes the emission
properties of this type of double helicenes. Interestingly, enantio-
pure 2 doped in a matrix emits dual CPL at room temperature
originating from fluorescence and long-lived room-temperature
phosphorescence (RTP).'”2¢

Results and discussion

The double N,S-hetero[5]helicene 2 was synthesized by the tan-
dem oxidative coupling of BPT (Scheme S1, ESIt). BPT was easily
prepared by solvent-free condensation of o-aminothiophenol and
2,3-dihydroxynaphthalene on a multigram scale. The oxidation of
BPT with 0.5 equiv. of DDQ gave a cruciform dimer (3) in 60%
yield. Further oxidation of the dimer 3 with DDQ in the presence
of Sc(OTf); resulted in intramolecular C-N bond formation and
gave 2 in a 60% yield. 2 was also obtained by one-pot tandem
oxidation of BPT without isolating 3 in 34% yield.

Rac-2 crystallized in tetragonal space group I4,/a, and all the
molecules in the crystal are crystallographically equivalent. The
structure of (M,M)-enantiomer of 2 is shown in Fig. 2a. 2 possesses
a C, symmetric structure due to the existence of a 2-fold axis
penetrating the central 6-membered ring. The benzene moieties
stand up steeply by bending the N,S-containing 6-membered rings
along the N-S axis. Consequently, 2 is highly asymmetric for the
C, axis; the upper face is a convex side with the two benzene rings
projecting upward, and the other face is an almost planar concave
side. The torsion angle around the helicene moieties of 2 (60.7°)
was much larger than that of 1 (48.3°),” indicating that the
replacement of oxygen with sulfur atoms increased the torsion
angle. The sum of the angles around the nitrogen atoms of 2
decreased to 350.6° compared to that of 1 (avg. 357.6°), reflecting
the decrease in planarity around the nitrogen atoms. The packing
structure of 2 was significantly different from 1. In the crystal of
rac-1, each enantiomer was aligned in columnar stacks. On the
other hand, in the crystal of rac-2, opposite enantiomers are
stacked alternately by facing the same faces (concave-concave
and convex-convex) (Fig. 2b).

The DFT structural optimization of 2 converged to the C,
symmetric structure in accord with the crystal structure. The
shapes of the frontier Kohn-Sham MOs of 1 and 2 are basically
the same (Fig. 3). The MO coefficients on the chalcogen atoms are
scarce for HOMO and LUMO but more significant for HOMO—1
and HOMO-2 in both 1 of 2. The HOMO of 2 (—5.04 €V) is lower
than that of 1 (—4.80 eV) by 0.24 eV, reflecting the low-lying
HOMO level of BPT (—5.30 eV) compared with that of BPO

This journal is © The Royal Society of Chemistry 2023
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(a)
. side view
top view
(b)
Fig. 2 (a) ORTEP drawing of (M,M)-2 in the racemic crystal and (b) crystal

packing structure of rac-2. Thermal ellipsoids are set at 50% probability.
Hydrogen atoms were omitted for clarity. White and yellow in (b) represent
the (P,P)- and (M,M)-isomers, respectively.

(—5.07 eV) (Fig. S21, ESI). Electrochemical measurements con-
firmed that the first oxidation potential of 2 (0.25 V vs. ferrocene/
ferrocenium) was higher than that of 1 by 0.20 V (Fig. S5 and
Table S2, ESIT). The LUMO level of 2 (—1.63 eV) is almost the
same as that of 1 (—1.62 eV). The oscillator strength (f) of the
HOMO-LUMO transition is predicted to be very small ( f=0.0014),
similar to that of 1 ( f= 0.0002) (Fig. S22, ESIt). This is because the
HOMO and LUMO of 1 and 2 belong to the same irreducible
representation (@). In 1 and 2, n-conjugation is mainly elongated in
the direction perpendicular to the C, axis, but the electronic
transitions perpendicular to the C, axis are symmetry forbidden
for the HOMO-LUMO transition in this case.

The electronic absorption spectra of 1 and 2 in dichloro-
methane are shown in Fig. 4a. Both 1 and 2 showed broad and
intense absorption bands in the range of 250-400 nm and weak
HOMO — LUMO transition bands around 450 nm. The
HOMO — LUMO transition band of 2 was slightly blue-
shifted compared to that of 1, which is in accordance with the
TD-DFT calculations. Fig. 4b shows the emission spectra of 1 and
2 in dichloromethane at room temperature. The emission peak of
2 was observed at 547 nm, which was blue-shifted by 1246 cm ™"
compared to that of 1 (587 nm). The emission quantum yields
of 1 and 2 under the measurement conditions were 3.3% and
0.3%, respectively, showing a drastic decrease in the fluorescence
quantum yield by replacing oxygen with sulfur.

J. Mater. Chem. C, 2023, 11, 4846-4854 | 4847
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Fig. 3 Frontier Kohn-Sham molecular orbitals of (a) 1 and (b) 2 calculated

at the B3LYP-GD3BJ/6-311G(2d,p) level.

We measured the emission spectra of 1 and 2 upon lowering
the temperature in 2-methyltetrahydrofuran (2-MeTHF, melting
point (T,) = 137 K, glass transition temperature (7,) = 91 K).
Fig. 5a shows the changes in the emission spectra of 1 from
293 K to 78 K. Upon cooling from 293 K to 133 K, the emission
band around 600 nm gradually increased without a significant
peak shift. Upon further cooling, the emission peak slightly
shifted to the higher-energy region and reached 570 nm at 93 K.
The observed hypsochromic shift below Ty, (137 K) is due to
the increase in the solvent relaxation time of supercooled liquid
2-MeTHF.?”*® At near liquid-nitrogen temperature, new emis-
sion peaks appeared at 621 nm and 682 nm. The decay curves
of the emission intensity at 621 nm and 682 nm contained a
long-lived component with a lifetime of 0.17 s (Fig. S8 and S9,
ESIY), indicating these emissions are phosphorescence. Due to
the long-lived phosphorescence, the solution of 1 in liquid
nitrogen showed a red afterglow (Fig. 5a and Movie S1, ESIT).
The emission quantum yield of 1 in liquid nitrogen was 14%.
The 2-MeTHF solution of 2 emitted very weak emission around
500-550 nm from 293 K to 98 K (Fig. 5b and Fig. S10, ESI¥).
However, upon cooling below 93 K, an emission band with
shoulder peaks rose sharply in the wavelength range longer
than 550 nm. The emission intensity at 78 K was more than
100 times larger than that at 293 K. The emission quantum
yield of 2 in liquid nitrogen reached as high as 30%. The
2-MeTHF solution of 2 emitted an orange color at liquid-
nitrogen temperature under irradiation with UV light, and an
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Fig. 4 (a) Absorption and (b) emission spectra (Aex = 365 nm) of 1 and 2 in
dichloromethane at room temperature.

orange afterglow was observed after the UV was turned off
(Fig. 5b and Movie S1, ESIf). The emission lifetime of 2
(594 nm) at 78 K was 0.22 s (Fig. S12, ESIt). Therefore, the
emission observed at low temperature was attributed to
phosphorescence.

The powder samples of 1 and 2 did not exhibit phosphor-
escence under air or vacuum, even at liquid nitrogen tempera-
ture, suggesting that aggregation leads to quenching of
phosphorescence (Fig. S13 and S14, ESIt). Then, we dispersed
1 and 2 in a host material to prevent intermolecular interac-
tions and tested their emission behaviors. The films of 1 and 2
doped in PMMA (1@PMMA and 2@PMMA) did not show RTP
under air. On the other hand, 1 and 2 doped into B-estradiol,
which has been reported to be a good host material for RTP by
Hirata et al., exhibited RTP under air.'”2*° Under the irradia-
tion of 365 nm light, the doped films of 1 and 2 in B-estradiol
(1@pB-estradiol and 2@p-estradiol) exhibited yellow and orange
luminescence, respectively. After the irradiation was turned
off, the doped films emitted red and orange afterglows detect-
able with the naked eye at room temperature, respectively
(Movies S2 and S3, ESIt). The results indicate that the high
rigidity and oxygen barrier property of B-estradiol can suffi-
ciently suppress the quenching of the excited triplet states of 1
and 2. Fig. 6a and b show the emission spectra of 1@p-estradiol
and 2@p-estradiol or PMMA measured at room temperature.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Temperature dependence of the emission spectra (fex = 365 nm) of (a) 1 and (b) 2 in 2-MeTHF (1 x 10~> M) and photographs of the solutions at

298 K and 77 K (in liquid N,) under irradiation with UV light at 365 nm.

Whereas 1@PMMA showed an emission band at 566 nm attri-
butable to fluorescence, the 1@p-estradiol showed an emission
band at 566 nm and a shoulder peak at 621 nm attributable to
phosphorescence, as in the frozen solution of 2-MeTHF. The
lifetime of the emission intensity at 621 nm of 1@f-estradiol
was 0.13 s at room temperature (Fig. S15, ESIt). On the other
hand, the lifetime of the emission at the shorter wavelength
region (500 nm) was 38 ns, indicating that the shorter-
wavelength band is fluorescence (Fig. S16, ESIt). The emission
quantum yield of 1@p-estradiol was 16%, which increased
from that measured in dichloromethane at room temperature
(3.3%). 2@PMMA showed a weak emission at 534 nm, attribu-
table to fluorescence at room temperature. On the other hand,
2@p-estradiol showed a weak band around 540 nm and an
intense band at 594 nm at room temperature (Fig. 6b). The
lifetimes at 480 nm and 594 nm were 1.5 ns and 0.16 s,
respectively, indicating that the weaker band is fluorescence
and the intense band is phosphorescence (Fig. S17 and S18,
ESIT). The total emission quantum yield of 2@p-estradiol was
34%, which was more than a hundredfold than that measured
in dichloromethane at room temperature (0.3%). The emission

This journal is © The Royal Society of Chemistry 2023

spectrum of 2@p-estradiol was well fitted with four Gaussian
functions: one attributed to fluorescence and the other to
phosphorescence (Fig. S19, ESIf). The fitting indicated that
phosphorescence accounts for 87% of the total emission inten-
sity, and the phosphorescence quantum yield (®,) was esti-
mated to be 30%. Although 1@PMMA and 2@PMMA did not
show RTP under air, 2@PMMA started to show RTP by remov-
ing air around the film (Fig. S20, ESIt). This result indicates the
superior oxygen barrier property of B-estradiol than PMMA.

A long lifetime and high quantum efficiency are desirable
properties for phosphorescence-emitting materials, but it is
generally difficult to achieve both in principle.>® Interestingly, 2
showed more intense phosphorescence and a longer phosphor-
escence lifetime than 1. Therefore, we may derive hints for
design guidelines for high-performance phosphorescence emit-
ters by investigating why 2 combines a higher quantum yield
and a longer lifetime than 1. We examined the difference in the
deexcitation processes between 1 and 2 by theoretical calcula-
tions. Fig. 7 shows the energy diagrams of the lower singlet and
triplet excited states of 1 and 2. The S; states of 1 and 2 at the
equilibrium geometries of the S; states (S;@8S;) are 2.212 eV

J. Mater. Chem. C, 2023, 11, 4846-4854 | 4849
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(a) and (b) Emission spectra (lex = 365 nm) of (a) 1 and (b) 2 doped in B-estradiol and PMMA measured at room temperature. (c) and (d)

Photographs of the films of 1 and 2 doped in B-estradiol taken under irradiation with UV light at 365 nm and just after turning it off at room temperature.

and 2.429 eV above the S, states at the equilibrium geometries
of the S, states (So@S,). The T, states of 1 and 2 at the
equilibrium geometries of the S; states (T;@$,) are lower than
those of the S;@$; states by 0.451 eV and 0.457 eV, respectively.
Therefore, the S; — T; intersystem crossing (ISC) rates will be
small due to the large energy gaps. For 1, the T,@S; state is
0.176 eV above the S;@S,; state, and the S; — T, ISC is
energetically uphill. However, for 2, the T,@S, state is only

(a)

1.24 cm™
S,@S;—— — T,@S,; 2.388¢eV
2.212eV
0.35cm * —=T:@S, 1.761 eV
T,@T, 1.749 eV
0.41 cm™
—S,@T, 0.297 eV
S,@S,
0.000 eV

0.004 eV below the S;@85; state, and the energy matching of the
S; and T, states is thought to facilitate the S; — T, ISC. We
also calculated the spin-orbit coupling constants (SOCCs)
(Sm |HSOC|T,,> for each ISC process within the effective nuclear
charge approximation®® by using our in-house code. Each SOCC
value in Fig. 7 indicates the root sum square of SOCCs between
Sm and T, ; (i = +1, 0, —1). The SOCC value for the S; — T, ISC
of 2 is calculated to be 2.83 cm ™, which is more than twice that

(b)

2.83cm™
gh%gsé\/_i T,@S,2.425 eV
0.18 Cm—1 — T1@S1 1.972 eV
T1@T1 1.950 eV
0.26 cm™'
—— 5,@T, 0.294 eV
So@S,
0.000 eV

Fig. 7 Energy levels of the ground and excited states and the spin-orbit coupling constants among them for (a) 1 and (b) 2 calculated at the

B3LYP-GD3BJ/6-311G(2d,p) level.
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of 1 (1.24 cm ™). Both the proximity of the S; and T, states and
the larger SOCC for the S; — T, ISC explain the efficient
phosphorescence of 2. Interestingly, 1 has the larger SOCCs
than 2, except for the S; — T, process. The SOCCs for T; — Sy,
which are relevant to the phosphorescence lifetime, are
0.41 cm™ ' for 1 and 0.26 cm™' for 2, and this result is
consistent with the longer phosphorescence lifetime of 2 than
1. This result can be understood from the electronic configura-
tions of each excited state. The electronic configurations of the
S; and T; states predominantly correspond to the one-electron
excitation from HOMO to LUMO in both 1 and 2 (Table S3 and
S4, ESIt). Because HOMO and LUMO of 2 have little MO
coefficients on the sulfur atoms, the heavy atom effect of the
sulfur substitution could be negligibly small for the S; — T,
and T, — Sy ISC processes. On the other hand, the T, state
contains certain contributions of excitations from HOMO-1
(21.2%) and HOMO—2 (7.1%), which have significant MO
coefficients on sulfur atoms, presumably resulting in the larger
SOCC value for the S; — T, ISC of 2.

The enantiomers of 2 were successfully separated using
HPLC with a chiral silica gel column (Fig. S26, ESIt). The CD
spectra of the separated fractions of 2 were mirror images, and
the faster-eluting enantiomer showed the first negative Cotton
effect, similar to the case of 1 (Fig. 8a). The TD-DFT calculations
reproduced the observed CD spectra well, indicating that the
faster-eluting enantiomer is (P,P)-2 (Fig. 8b). The experimental
gep value of (P,P)-2 (at 440 nm) was —2.0 x 10~ 2. No racemiza-
tion of the enantiomers of 2 was detected after heating in
toluene at 100 °C for 13 hours. The racemization barrier of 2 was
calculated to be 211.8 k] mol * by DFT calculations, which was
much higher than the calculated value of 1 (147.8 kJ mol ),
indicating the extremely high resistance to racemization of 2
(Fig. S23, EST%).

Encouraged by the success of the optical resolution and the
phosphorescence properties of 2, we measured CPL of 2 in a
B-estradiol matrix at room temperature. The films of (P,P)- and
(M,M)-2 doped in B-estradiol showed clear CPL spectra of
mirror images (Fig. 9a). (P,P)-2 showed the negative sign of
CPL, which is in accordance with the first negative Cotton effect
in CD measured in dichloromethane and in [-estradiol

@,
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Fig. 9 (a) CPL spectra and (b) gcp. of 2 doped in B-estradiol measured at
room temperature (Lex = 365 nm).

(Fig. S27, ESIf). The shapes of the CPL spectra completely
matched the emission spectra measured simultaneously in
the apparatus (Fig. S28, ESIt). The intense CPL band around
600 nm was assigned to circularly polarized phosphorescence
(CPP), judging from the lifetime of 0.16 s at 594 nm. The |gcpy|
values at 600 nm were 5 x 107°. We could observe weaker
shoulder bands around 500 nm, originating from fluorescence.
The plots of the wavelength dependence of |gcpy| clearly indi-
cate the different origins of the emissions around 500 nm and
600 nm (Fig. 9b). The |gcpy| values at 500 nm were 1.7 x 107>

o

1.2 . n L . L . s L .
240 280 320 360 400 440 480 520 560 600

Wavelength / nm

(a) CD spectra of 2 measured in dichloromethane at room temperature and (b) simulated CD spectra of 2 at the B3LYP-GD3BJ/6-311G(2d,p)
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Next, we measured the CPL spectra of the enantiomers of 2 in
2-MeTHF at 83 K with a cryostat set in the CPL spectrometer.
Similar to the CPL spectra measured in fB-estradiol matrix at
room temperature, intense phosphorescence bands around
600 nm and weaker fluorescence bands around 500 nm were
observed (Fig. S29, ESIt). The |gcpL| values at 500 and 600 nm
were 1.5 x 10 > and 5 x 103, respectively. The similarity of the
spectra measured in B-estradiol and in 2-MeTHF confirmed that
2 is well dispersed in a B-estradiol matrix and the observed CPL
stems from the non-aggregated molecules. The |gcpr| value of
fluorescence of 2 (> 107?) is comparable to that of 1 in solution
and relatively large for small n-conjugated molecules. The larger
|gcp| value of fluorescence is understood from the small oscil-
lator strength for the S;-S, transition and the parallel alignment
of the transition electronic/magnetic dipole moments in 2 with a
C, symmetrical geometry (Table S5 and Fig. S25, ESIT).” Over the
last few years, some organic molecules exhibiting long-lived CPP
at room temperature have been reported.'®*'*® However, small
molecules that emit long-lived CPP from a single-molecule state
are still rare. To the best of our knowledge, this is the first
example of a purely organic (not coordinating to metal ions)
helicene that exhibits long-lived CPP from a non-aggregated
state at room temperature. Considering the long-lived CPP
properties (|gcpr| value of phosphorescence of 5 x 107, lifetime
of 0.16 s, and @, of 30%) and ease of synthesis, 2 and related
analogs appear promising as functional chiroptical materials.

Conclusion

In conclusion, we have synthesized a novel double N,S-hetero
[5]helicene (2) composed of two benzo[b]phenothiazine (BPT)
units and compared its structure and electronic properties with
the N,0-analogue (1). 2 was readily obtained by a tandem
oxidative coupling of BPT. X-ray crystal analysis revealed that
the substitution of O with S significantly increased the helical
pitch of the helicene moieties of 2. As a result, the packing
structure of 2 completely changed from the homochiral colum-
nar stacks observed in 1 to columnar stacks composed of
alternating enantiomers. The substitution of O with S largely
affected the photophysical properties. 2 emitted strong phos-
phorescence in solution at near liquid nitrogen temperature
and even at room temperature by doped in a -estradiol matrix.
Theoretical calculations indicated that the singlet excited state
of 2 undergoes faster intersystem crossing than 1 via the
S; — T, pathway because of the energetic proximity of S; and
T, and the large SOCC for the S; — T, ISC. At the same time, 2
exhibited the longer phosphorescence lifetime than 1 because
of the smaller SOCC for the T; — S, ISC. We have demon-
strated that 2 exhibits dual circularly polarized luminescence
originating from fluorescence (|gcp| >10"%) and room-
temperature phosphorescence (|gcp| =5 x 10°%). We believe
that the simple molecular structure and noteworthy photophy-
sical properties of 2 provide a useful guide for developing
purely organic materials that exhibit long-lived circularly polar-
ized phosphorescence.
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