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Stable organic luminescent radicals have attracted much attention,
but their stability under light irradiation is not yet satisfactory. New
luminescent radicals (TTMs) based on terminal benzene ring
modified carbazole donors were synthesized and evaluated. Their
photostability (half-life under continuous laser irradiation) has
improved by 1 order of magnitude compared to simple carbazole
donors. This is a new molecular design strategy to improve the
photostability of luminescent radicals without reducing other
photophysical properties.

Stable organic luminescent radicals have attracted much
attention due to their optical and magneto-optical properties.t: %
3456, 7 TTM (tris-2,4,6-trichlorophenylmethyl)® and PTM?
(perchloro triphenylmethyl) radicals are typical stable
luminescent radical species due to the steric protection by bulky
chlorine atoms and spin delocalization over the aromatic rings
(Fig. 1). Their stability in dark ambient conditions is high enough
to handle, but the stability under photoexcitation conditions is
known to be poor.2 The introduction of a donor molecule® or
replacing the benzene ring with pyridine'?121314 has been
reported to improve photostability dramatically. The carbazole
(Cz) donor is frequently used to stabilize the excited state and
boost the photoluminescence quantum vyield (PLQY) due to the
excited state charge transfer character.’® Several Cz moieties
have been attached to TTM radicals with different substitution
patterns,'®17 but the structure-stability relationship and strategy
to improve the photostability are not sufficiently established.!®

Carbazole is a classic heterocyclic compound that is widely
studied as photonic and electronic material largely owing to the
donor character.® 20.21.22.23Dye to the intrinsic hole-transporting
property and luminescent properties, Cz is a promising building
block for organic light-emitting diode (OLED) materials.?* Most
simple Cz attached to luminescent TTM radical [4-(N-carbazolyl)-
2,6-dichlorophenyl]bis(2,4,6-trichlorophenyl) methyl; Cz-TTM)
has been first reported in 20061° and applied as emitting material
in OLEDs in 2015.%° Cz-TTM has a doublet character both in the
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ground state and excited state, which theoretically allows 100%
exciton utilization efficiency in OLED devices.?® This is in contrast
with usual ground state singlet molecules because the excitons
formed in OLED devices will be singlet and triplet excited states,
and a spin-flipping process is required to achieve 100% exciton
utilization efficiency. When the 6-5-6 fused ring structure such as
Cz is attached to TTM, the symmetry will be broken, which can
boost the PLQY of TTM radical. ®* Donor substitution also
improves photostability, but the photostability and stability
under device operating conditions are still insufficient.

Enhancing the photostability of TTM and establishing the
molecular design strategy are critical tasks for organic radicals.
Although the photostability changes with the chemical structure
and electronic structure, 18 no studies focus on modifying the Cz
donor itself. Cz cation radicals are unstable and well known to
undergo dimerization at the 3,6,9- position, 27 28 2% and blocking
this position is effective in improving the stability. Here we report
the photophysical influence of modifying the terminal of Cz unit
of Cz-TTM. The new Cz stabilization strategy is simple but
effective in improving the photostability of luminescent radicals
(Fig. 1).

BCz-TTM

DbCz-TTM
Fig.1 Structure of terminal modified carbazole-TTM radicals.

The Cz-substituted TTM radicals were synthesized using a similar
procedure as previously reported, i.e., the nucleophilic aromatic
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substitution reaction between TTM radical and carbazoles to
obtain the radical precursor (HTTM) and following the
radicalization process.'® TTM radical, Cs,CO3, and Cz derivatives
were heated under a nitrogen atmosphere with DMF as solvent
at 160°C for 12h. Radical precursors were purified using
preparative scale gel permeation chromatography (GPC). The
yields were PhCz-HTTM (30%), Ph2Cz-HTTM (28%), BCz-HTTM
(34%) and DbCz-HTTM (30%), respectively. The radical precursors
were dissolved in THF, t-BuOK was added, and stirred in the dark
for 5 h to form an anion. p-Chloranil was added and stirred for 3
h at room temperature to form radical through a one-electron
oxidation process. The final products were purified by flash silica
gel column chromatography (eluent: toluene: hexane=1: 9). The
yield was PhCz-TTM (58%), Ph2Cz-TTM (42%), BCz-TTM (55%) and
DbCz-TTM (50%), respectively. All precursors were characterized
with Mass spectrometry (FAB-MS), 'H NMR, 3C NMR, and
elemental analysis, and the radicals were characterized with Mass
spectrometry (FAB-MS), elemental analysis, and Electron Spin
Resonance (ESR) (Fig. S1-9, Scheme S1 ESIT).

The radical (TTM) and precursor (HTTM) are difficult to separate,
and the purity of the radical cannot be determined by elemental
analysis or mass spectroscopy due to the difference of only 1
proton. In previous reports, the purity of the radical was not
determined accurately, and for example, the molar excitation
coefficient of Cz-TTM is reported to be in the range of 2940 to
3780 M1cm™.30.15 The *H NMR measurement of the synthesized
radicals revealed that some precursors remain. The actual radical
purity was determined by quantifying the content of radical
precursors using qNMR. Radical purities were determined to be
83% (Cz-TTM), 99% (PhCz-TTM), 99% (Ph2Cz-TTM), 99% (BCz-
TTM) and 99% (DbCz-TTM), respectively by assuming the impurity
is only the precursor (HTTMs) (Fig. S10-S14, TableS1). The radical
purity was considered in the following discussion to correct the
photophysical data.

The UV-vis absorption spectra of radicals were measured in
cyclohexane, toluene, and chloroform (Figs. 2, S2, S3, Table S1).
UV-vis spectra showed an absorption band attributed to charge
transfer (CT) from Cz to TTM at 603 nm (Cz-TTM), 616 nm (PhCz-
TTM), 628 nm (Ph2Cz-TTM), 607 nm (BCz-TTM), and 599 nm
(DbCz-TTM) in cyclohexane, respectively. Molar absorption
coefficients were measured in chloroform and calibrated with the
purity of the radicals. The molar absorption coefficients (g) was
Cz-TTM 597 nm (g = 3.7 X 103 Mt cm™), PhCz-TTM 608 nm (g =
2.9 X103 M1tcm1), Ph2Cz-TTM 618 nm (3.1 X 103 M1 cm1), BCz-
TTM 596 nm (e =3.2 X 10® M1 cm), and DbCz-TTM 584 nm (g =
2.8 X 103 M1 cm?), respectively (Fig. $15-S18, Table 1, S2-S3). No
significant change in the molar absorption coefficient was
observed for all radicals. This absorption band showed solvent
polarity dependence, confirming the CT character of the excited
state (Fig. 2, Table S2). The charge transfer from the carbazole
unit to TTM radical could also be observed by visualizing the
molecular orbitals by DFT calculations (Figs. S19-523). On the
other hand, the absorption peak at 374 nm attributed to the local
absorption of the TTM moiety was intact to the solvent and
structure of Cz moiety (Fig. S15, S16). 1> The absorption of the CT
transition had shifted to a longer wavelength when Ph rings were
substituted to the 3,6-position because of the extension of 7-
conjugation of Cz. In the case of Ph ring fusion, the absorption of
CT transition was almost intact, or even a slight blue shift was
observed in DbCz-TTM compared to Cz-TTM. The DFT calculations
show that the HOMO level of Cz increases upon the ring fusion,
and this behavior cannot be explained (Figs. S19-S23). The
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unexpected behavior may be explained by considering the
electronic repulsion energy that is characteristic of radical
species.3132 The UV-vis absorption revealed that the Cz
modification does not influence the electronic state of the TTM,
but perturbates the CT transition.

The PL spectra of radicals were measured in cyclohexane and
toluene (Fig. 2, S24 Tables 1, S2). The PL spectra was broad and
appeared at a longer wavelength in toluene compared to
cyclohexane. This behavior is consistent with UV-vis spectra and
indicates that the emission is from a CT excited state. The
emission maxima in cyclohexane were Cz-TTM (628 nm, 1.97 eV),
BCz-TTM (637 nm, 1.95 eV), PhCz-TTM (648 nm, 1.91 eV), and
Ph2Cz-TTM (661 nm, 1.88 eV), DbCz-TTM (751 nm, 1.65 eV)
respectively. The emission of Ph2Cz-TTM was red-shifted by
about 30 nm (0.09 eV) compared to unsubstituted Cz-TTM, and
the trend was similar to the UV-vis absorption spectra. DbCz-TTM
showed exceptional emission spectra, i.e., a second emission
band at a longer wavelength appeared. The spectra shape did not
change in a concentration range of 100 uM to 0.1 uM, implying
that the intermolecular excimer formation was denied. The
emission lifetime was the same for both emission peaks. At this
point, the origin is unclear, but it can be attributed to the vibronic
structure or the helicene-like structure of DbCz moiety that may
form an intramolecular excimer-like structure. Time-resolved PL
and/or transient absorption spectroscopy may give a hint to
reveal the origin of the peculiar PL spectra of DbCz-TTM.
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_ 08 ——PhCz-TTM
= [ _
5 06 Ph2Cz-TTM
g 0.4 —BCz-TTM
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0.0
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Fig. 2 (top) UV-vis and (down) PL spectra of terminal modified
carbazole-TTM radicals in cyclohexane.

PL lifetime and PLQY of TTM derivatives were measured, and the
rate constants were determined in cyclohexane and toluene (Figs.
S$25-S31, Tables 1, S2). The PL lifetimes in cyclohexane were 41.7
ns (Cz-TTM), 34.5 ns (PhCz-TTM), 32.3 ns (Ph2Cz-TTM), 37 ns (BCz-
TTM), and 25 ns (DbCz-TTM), respectively. PLQY in cyclohexane

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Photophysical properties of radicals in cyclohexane
Compounds  Apps(nm)2 Ao (nm)2  A,-Ap (cm™)  t35(103s)P  PLQY (%)P T (ns)® k¢ (10°s7) Kk, (10°s7)  €(103M1em?)c
Cz-TTM 603 628 660 2.40 78 41.7 19 5.4 3.7
PhCz-TTM 616 648 802 25.5 62 34.5 18 11 2.9
Ph2Cz-TTM 628 661 795 47.2 69 32.3 22 9.5 3.1
BCz-TTM 607 637 776 11.9 61 37.0 17 10 3.2
DbCz-TTM 599 650/751 1310 60.8 3 25.0 1.2 39 2.8

a) Absorption (Aaps), PL (Ap) were measured in cyclohexane solutions (ca. 105 M), b) t;/,, T and PLQY were measured absorbance of 0.5[-] at 355 nm in cyclohexane and calibrated

for radical purity, c) The molar absorption coefficient was measured in chloroform according to Lambert-Beer's law and calibrated by the purity of the radicals (Fig. S4).

was 78% (Cz-TTM), 62% (PhCz-TTM), 69% (Ph2Cz-TTM), 61% (BCz-
TTM), and 3% (DbCz-TTM), respectively. From the PLQY and PL
lifetime, the rate constants for radiative (kf) and non-radiative
deactivation (k,) were determined. The rate constants of all
compounds are similar except DbCz-TTM (Table 1). DbCz-TTM has
a smaller k; and larger k,, compared to other compounds. The
reason for the increase of k,, is unclear, but the helicene-like
structure may cause the flipping motion, and the intramolecular
excimer-like structure may cause a larger thermal deactivation
path. Actually, this is constant with literature that reports DbCz
modified CT molecule had low PLQY compared to other
substituents.3? It was shown that neither the attachment of a Ph
ring to Cz nor the fusion of a Ph ring had a significant effect on
PLQY in compounds except for DbCz-TTM.

The unrestricted Kohn-Sham density functional theory (UKS-
DFT) calculations using Gaussian 16 with UB3LYP functional and
6-31G** basis sets were performed in a vacuum to understand
the electronic structure.3* The HOMO-SOMO energies were
obtained to give an orbital description of the lowest energy
absorption band. The energy difference between HOMO and
SOMO as 2.35eV (Cz-TTM, 172b-171b), 2.20 eV (PhCz-TTM, 192b-
191b) and 2.12 eV (Ph2Cz-TTM, 212b-211b), 2.11 eV (BCz-TTM,
212b-211b), and 1.87 eV (DbCz-TTM, 198b-197b), respectively
(Figs. S19-S23). Calculations show that the lowest absorption
band is likely the CT absorption from the Cz derivative to TTM. As
mentioned in the UV-vis absorption section, calculations show
that the HOMO level of Cz increases upon the ring fusion, and the
trend of the bandgap was consistent with Ph substituted
compounds. However, the behavior of ring fusion could not be
explained probably because the electronic repulsion energy is not
considered in the calculation.3! The energy levels of DbCz-TTM
showed an inversion of HOMO-SOMO, which is called a non-
Aufbau electronic structure. 18 35 However, note that this result
can depend on the calculation level.

Cyclic voltammetry (CV) was measured to determine the redox
potential and effect of Cz moieties (Fig. S32). All radicals showed
a reversible redox reaction similar to TTM. The
reduction/oxidation potentials were -1.14/0.87 V vs FC*/FC (TTM),
-1.09/0.58 V vs FC*/FC (Cz-TTM), -1.10/0.56 V vs FC*/FC (PhCz-
TTM), -1.07/0.53 V vs FC*/FC (Ph2Cz-TTM), -1.11/0.62 V vs FC*/FC
(BCz-TTM), and -1.12/0.69 V vs FC*/FC (DbCz-TTM), respectively.
The first redox is attributed to the reduction of TTM radical
(SOMO), and the potential did not change significantly.36 37 This
result is consistent with the UV-vis spectra, i.e., the electronic
structure of the TTM radical itself does not change when Cz
moieties are substituted. On the other hand, the oxidation peak
shifted to a lower potential when Cz moieties were substituted
with TTM. This can be explained by the quinoid-type resonance
structure of the cation radical species.3® The trend of the gap

This journal is © The Royal Society of Chemistry 20xx

between two redox potentials has well matched the trend of UV-
vis absorption of the CT band (smaller energy upon Ph ring
substitution and larger energy upon Ph ring fusion). The CV
measurement indicates that the SOMO of TTM moiety is not
affected by the Cz moiety, but the HOMO level is affected through
the conjugated electronic communication of the Cz and TTM
moiety.

The photostability of each radical was observed by monitoring
the PL intensity during continuous irradiation with a 355 nm
pulsed laser in cyclohexane, and the half-life values were
calibrated according to the purity and absorption coefficient of
the radicals and precursor at 355 nm (Fig. 3, S33, Table S2-S4).
Note that the absorbance of all compounds was controlled to be
0.5 at 355 nm, and the solutions were stirred during the
measurement without degassing (Fig. S2). Under the same
conditions, the half-life of bare TTM radical was shown to be 4.77
X 10! s. The half-life of Cz attached radicals was much improved
to be 2.40 X 103 s (Cz-TTM), 2.55 X 10%s (PhCz-TTM), 4.72 X 10*
s (Ph2Cz-TTM), 1.19 X 10* s (BCz-TTM), and 6.08 X 10* s (DbCz-
TTM), respectively. Compared to Cz-TTM, the Ph ring substitution
and Ph ring fusion improved the photostability 1 order of
magnitude. The reason for the large increase is unclear, but the
stabilization of the cation radical of carbazole in the excited state
by larger conjugation and blocking the 3,6-position can be a
possible explanation.3” The photostability of Cz TTM can be
enhanced more than 1 order of magnitude by Ph ring substitution
and fusion.

1
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1/2

3
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Fig. 3 Time dependence of the emission intensity (l) for radicals in
cyclohexane under 355 nm pulsed laser radiation (power: 0.7 mW,
beam diameter (1/e? level): ~3 mm, pulse width: 28 ps, repetition
rate:10 Hz). Intensity (I) depends on the detector position and the
absolute value does not reflect the physical property such as PLQY.
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In conclusion, the effect of terminal Ph ring modification of Cz-
TTM luminescent radicals was investigated. Ph substitution
resulted in a shift of absorption and emission towards longer
wavelengths and a minimal decrease in PLQY. Ring fusion of
benzene to Cz did not affect absorption and emission
wavelengths as much as Ph substitution, but the PLQY of DbCz-
TTM was reduced compared to the other compounds. The
photostability of all compounds was 1 orders of magnitude
greater than that of Cz-TTM. This indicates that not only the TTM
structure but also the donor structure has a strong influence on
the stability of the luminescent radicals. This study shows a simple
method for improving the stability of luminescent radicals
without diminishing luminescent property. Research on OLED
devices is underway, and this molecular design is expected to
improve the device performance.
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