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Luminescent radicals, whose emission comes from the doublet
exited state, have potential application in the field of organic
optoelectronics. However, few radicals show luminescence at room
temperature. Herein, a new pure red-emissive biphenyl-type
(N-pyrido[3,4-blindolyl)bis(2,4,6-trichlorophenyl)methyl radical (PylD-
BTM) is designed and synthesized, in which the carbazole moiety of
CzBTM (a previously reported biphenylmethyl radical by our group) is
successfully replaced by p-carboline. Its photophysical properties,
including the ground and excited states, and the radiative and
non-radiative processes are systematically investigated. The photo-
luminescence quantum efficiency (¢ = 19.5%) of PyID-BTM is ten
times higher than that of CzBTM (¢ = 2.0%) in cyclohexane. The
crystal structure, magnetic properties, photostability and electro-
luminescence performance of PylD-BTM are studied. An optimized
OLED device using PylD-BTM as an emissive dopant showed pure
red emission with CIE coordinates of (0.649,0.317) and a maximum
EQE of 2.8%, and the formation ratio of doublet excitons was up to
70%. This study provides a new approach for designing high-
performance luminescence biphenylmethyl radicals for applica-
tions in organic electroluminescence.

Introduction

Owing to their unique chemical and physical properties, open-
shell organic radicals have been extensively studied for versatile
applications in organic spintronics,"™ organic magnetism,>”’
energy storage,® non-linear optics,’ catalysts'® and biological
imaging agents."" Recently, luminescent radicals have attracted
more attention due to their emission from the spin-allowed
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doublet exited state (D;),'* a D; — D, transition. Hence, the
harvesting of triplet excitons is circumvented in radical-based
OLEDs."

To date, there are few radicals that show luminescence at
room temperature. Typical examples of these are the triphenyl-
methyl radicals, such as the perchloro triphenylmethyl (PTM)-
cored radicals obtained by Lambert and co-workers,'*"> the
tris(2,4,6-trichlorophenyl)methyl (TTM) series radicals reported
by Juli4 et al.,">"” and the pyridyl-containing triphenylmethyl
radicals (PyBTM) synthesized by Nishihara and co-workers."®"®

It is an important and challenging task to develop a new stable
room-temperature luminescent radical system for extending the
application of radicals in organic optoelectronics. To our delight,
we have recently reported a novel stable room-temperature lumi-
nescent biphenylmethyl radical, (N-carbazolyl)bis(2,4,6-trichloro-
phenyl}-methyl radical (CzBTM),?° which has provided a new path
for luminous radical systems. However, although CzBTM has high
thermal and photostability, the fluorescence quantum yield in
cyclohexane is only 2.0%. Through calculations, we found that the
non-radiative decay of CzBTM is relatively large, which is probably
due to the strong vibronic coupling between the carbazole and the
central radical. Since carbazole is a medium electron-donating
group, what would happen if the weak electron-donating group
attached to bis(2,4,6-trichlorobennyl)methyl instead of carbazole?
Can this change reduce the vibronic coupling of molecules and
thus improve the photophysical properties of the biphenylmethyl
radicals? As the reaction mechanism for the synthesis of biphenyl-
methyl radicals is rather special, many of the donor moieties we
tried could not react with 2,2’-(bromomethylene)bis(1,3,5-
trichlorobenzene) (HBTM-Br) by this reaction mechanism. We
found that the success of this reaction is closely related to the
activity of the hydrogen at the nitrogen in the substituent group.

The B-carboline moiety is composed of a conjugated pyridine
and indole unit and has better electron transporting properties
than carbazole due to the electron deficiency of the pyridine unit.
The good electron deficiency of B-carboline could balance the
holes and electrons, and could improve the quantum efficiency of

This journal is © The Royal Society of Chemistry 2018
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OLEDs.”' In this work, we successfully reacted B-carboline with
HBTM-Br and obtained a pure red-emissive biphenyl-type radical
(N-pyrido[3,4-blindolyl)bis(2,4,6-trichlorophenyl)methyl (PyID-BTM).
To our knowledge, PyID-BITM is the first example of a biphenyl-
methyl radical that successfully links a weak electron-donating
group, and the second reported biphenylmethyl-type radical.
Comparative photophysical studies on PyID-BTM and CzBTM
reveal that PyID-BTM shows a ten times higher photolumines-
cence quantum efficiency (¢ = 19.5%) than that of CzBTM
(¢ = 2.0%) in cyclohexane. We also studied the magnetic
properties and photostability of PyID-BTM. It is worth noting
that the OLED based on PyID-BTM (used as an emissive dopant)
exhibits a pure red color index of (0.667,0.330) and a maximum
EQE of 2.8%.

Results and discussion
Synthesis and characterization

Scheme 1 shows the synthesis route of the intermediates
and target radical PyID-BTM. The synthetic details of the
compounds are provided in the ESLY{ 1,2,3,4-tetrahydro-p-
carboline (M1) was obtained by the Pictet-Spengler cyclization
of tryptamine with formaldehyde. Then (M1) was oxidized to
B-carboline (PyID) by refluxing with Pd-C in xylenes. HBTM-Br
was attained by a two step reaction with high yield according to
our previous report.>® Then, PyID-BTM was synthesized via the
same reaction mechanism with CzBTM and was characterized
by MALDI-TOF mass spectrometry, elemental analysis, and
Fourier transform infrared spectroscopy (FTIR) (see the ESIY).
The molecular structure of the radical was determined by single
crystal X-ray diffraction (Fig. 1a and Table S1, ESIf). The
existence of spin S = 1/2 was confirmed by electron paramagnetic
resonance (EPR) spectroscopy at room temperature (Fig. 1b). In
addition, magnetic susceptibility measurements for PyID-BTM
powder were carried out with a superconducting quantum inter-
ference device (SQUID) magnetometer over the range 2-300 K
using a 1000 Oe field strength. Fig. 2 shows the plot of the y,~-T
curve of PyID-BTM. The susceptibility reasonably follows the
Curie-Weiss law, with the best fit giving a Weiss constant
6 = —4.8 K, and a Curie constant C = 0.385 emu mol™". These
results indicate that the radical PyID-BTM is paramagnetic with
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Scheme 1 Synthesis route of the biphenylmethyl radical PylID-BTM.
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Fig. 1 (a) Molecular structure of crystalline PylD-BTM with thermal ellipsoids
set at 50% probability. (b) EPR spectrum of PylD-BTM in cyclohexane solution
at 298 K. (c) The weak interactions in the crystal.
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Fig. 2 Observed (circle) and fitted (line) y,—T curve of PylD-BTM.

weak spin-spin interactions. The measured value of the Curie
constant C = 0.385 is in good agreement with the expected value
of 0.375 emu mol ' for a S = 1/2 organic radical.

X-ray crystallographic analysis

A single crystal of PyID-BTM was obtained by slow evaporation
from the chloroform/ethanol solution at room temperature.
Single crystal X-ray diffraction shows that the central methyl
carbon atoms are sp” hybridized and are shielded sterically by
four halogen atoms (Fig. 1a), and C7 and its three neighboring
atoms N1, C6 and C8 lie in the same plane. The three aromatic
rings are held in a propeller-like conformation due to steric
hindrance from the chlorine atoms. The bond angles and
dihedral angles are similar to those of CzZBTM (Table S2, ESIT).
The crystal is constructed by multiple CH---n, CH---N and
CH- - -Cl interactions, which are summarized in Fig. 1c.
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Thermal and electrochemical properties

The thermal properties of PyID-BTM were investigated with
thermogravimetric analysis (TGA) under a nitrogen atmosphere
(see Fig. S3 in the ESIt). The decomposition temperature
(Td corresponding to 5% weight loss) for PyID-BTM is 241 °C,
which is higher than that of CZBTM (230 °C). The good thermal
stability of PyID-BTM could be caused by the rigid molecular
structure and strong intermolecular interaction imparted by
nitrogen atoms at the pyridine unit.

The energy levels of the frontier orbitals (¢-SOMOs and
B-SUMOs) of PyID-BTM were examined by cyclic voltammetry
(CV) in CH,Cl, with 0.1 M TBAPF; as a supporting electrolyte.
The results of the CV measurements are shown in Fig. S4 (ESI).
The energy level of the a-SOMO of PyID-BTM is obtained to be
—4.83 eV from the oxidation potential, which is lower than the
a-SOMO level of CzBTM (—4.71 eV). From the reduction
potential of the CV curves, the B-SUMO levels of PyID-BTM
and CzBTM were obtained to be —3.76 eV and —3.71 eV,
respectively. These data indicate that the replacement of
B-carboline leads to a lowering of the frontier energy levels of
the radical PyID-BTM. These results were further confirmed by
DFT calculations which are shown in the next section. We also
performed 20 cycles of a CV scan on PyID-BTM and there were no
changes found in the redox peaks (also see Fig. S5 in the ESIT).

Density functional theory simulation

Frontier molecular orbitals (MOs) were calculated using DFT
methods (UB3LYP/6-31G(d,p)). The spin density distributions
of PyID-BTM are similar to those of CzZBTM (see Fig. S6 in the
ESIt). The calculated MO results show (Fig. 3) that the a-SOMO
and B-SUMO (136a and 136f) of PyID-BTM and CzBTM are
mainly delocalized on the central carbon atom and extended to
the aromatic rings. The energy level of the a-SOMO of PyID-
BTM (—5.15 eV) is lower than that of CzBTM (—4.99 eV) and the
B-SUMO of PYID-BTM (—3.13 eV) is also lower than that of
CzBTM (—3.01 eV). In PyID-BTM, the o and B-lowest unoccupied
molecular orbitals (LUMO; 137a and 137f) are mainly delocalized
over the two benzene rings which are similar to those of CzZBTM.
However, the o and B-highest occupied molecular orbitals (HOMO;
1350 and 135p) are delocalized over the two benzene rings and
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Fig. 3 Frontier orbitals of PyID-BTM and CzBTM using DFT methods
(UB3LYP/6-31G(d,p)).

11250 | J. Mater. Chem. C, 2018, 6, 11248-11254

View Article Online

Communication

carboline moieties, which is different from CzBTM where the
HOMOs are mainly delocalized over the carbazole moiety.
The DFT results of the decreasing energy levels after the replace-
ment of B-carboline are in agreement with the electrochemical
results. We expect that these could improve the photophysical
properties of the radical.

Photophysical properties

Fig. 4a shows the UV/vis absorption and emission spectra of
PyID-BTM in cyclohexane. For comparison, the photophysical
properties of CzBTM were also measured. The summarized
photophysical data of PyID-BTM and CzBTM are listed in
Table 1. PyID-BTM exhibits three main absorption bands: a
strong absorption band at 260 nm, caused by f-carboline,
which has a 30 times higher molar extinction coefficient (&)
than that of the band at 284 nm caused by carbazole in CzBTM,
and also has a blue shift of 24 nm; a medium absorption band
at 383 nm which has a blue shift of 4 nm and has a 2.3 times
higher ¢ compared with that of CzBTM; a weak and broad
absorption band with two peaks at 510 nm and 550 nm, which
are blue-shifted by 4 nm compared to the two peaks of CZBTM
at 514 nm and 554 nm, and their ¢ values are also 2.3 and 2.1
times higher, respectively. Time-dependent DFT calculation
(TD-DFT) results shows that the medium (383 nm) and weak
(510 and 554 nm) absorption bands could be attributed to the
transition from 1330 to 136f, 134 to 136 and 135f to 136p,
respectively. PyID-BTM in cyclohexane displayed one emission
band (664 nm) upon excitation at 550 nm, which is blue-shifted
by 33 nm compared with that of CzZBTM (697 nm). The absolute
photoluminescence quantum yield (¢) of PyID-BTM in cyclo-
hexane solution is 19.5%, which is ten times higher than that of
CzBTM (¢ = 2.0%). We also performed transient PL decay
measurements of PyID-BTM in cyclohexane solution (Fig. 4b).
The measurement results revealed that PyID-BTM showed a
single exponential decay with a lifetime (t) of 12.8 ns, which
was three times longer than that of CzZBTM (4.0 ns), which led
to an improved photoluminescence quantum yield.*® Accord-
ing to the results of ¢ and 7, the radiative rate constants (k,) and
non-radiative rate constants (k) of PyID-BTM and CzBTM were
calculated using basic photophysical equations (1) and (2)
(Table 1).

¢ = k(K + k) 1)
T =1/(k; + kny) (2)

The calculation results show that the k., and k,, values of
PyID-BTM are three times higher than and one quarter of those
of CzBTM, respectively. These two factors can explain why
PyID-BTM exhibits a good photoluminescence efficiency. The
increase of k, of PyID-BTM is due to the higher molar extinction
coefficient (oscillator strength) at the excited transition (Fig. 4a,
Table 1 and Fig. S7, S8 in the ESIt). The TD-DFT calculation
results also proved that there is a higher oscillator strength
in PyID-BTM.

The decrease of &, of PyID-BTM can be explained by energy gap
law. Replacing the carbazole moiety with an electron-withdrawing

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Absorption and emission spectra of PylD-BTM and CzBTM in cyclohexane solution (10~® M) (the inset shows the photographs of PylD-BTM
(left) and CzBTM (right) in cyclohexane solution (107°) under irradiation (365 nm) with a UV lamp at room temperature). (b) PL decay of PyID-BTM in
cyclohexane under ambient conditions. (c) Normalized absorption and emission spectra of PylD-BTM in various solvents (10~> M) at room temperature.
(d) Linear correlation of the orientation polarization (Af) of solvent media with the Stokes shift (v, — 14), where a: absorbed light and f: fluorescence, for

PylD-BTM (see Table S3 (ESI{) for the solvents and corresponding data).

Table 1 Photophysical parameters of PyID-BTM and CzBTM in cyclohexane

Molecule Japs’/mm (e/M " em™) JpL” (nm) o 7° (ns) ko (x10°s71) e (x10°s71)
CzBTM 284(1.42 x 10%)/387(8.99 x 10?) 697 0.020 4.0 5.0 245

514(2.24 x 10%)/554(2.47 x 10%)
PyID-BTM 260(4.36 x 10°)/383(2.11 x 10%) 664 0.195 12.8 13.9 64

510(5.17 x 10%)/550(5.29 x 10°%)

@ Measured in cyclohexane at room temperature. ” Relative PLQYs were measured using an integrating spectrophotometer. ¢ The lifetimes
in cyclohexene were measured using an Edinburgh fluorescence spectrometer (FLS980) under laser excitation at 378.8 nm and a pulse width

of 68.9 ps.

unit such as B-carboline leads to an increase in the Dy-D; energy
gap of PyID-BTM, which was confirmed by the DFT calculations
and the absorption and emission spectra. The large energy gap of
PyID-BTM could reduce the Frank-Condon factors, which indicates
a decrease in internal conversion and,** as a result, k,,, decreases.
In order to further support this conclusion, the internal conversion
of the radicals was calculated by the MOMAP (Molecular Materials
Property Prediction Package) program.>*** The calculation results
showed that the internal conversion of PyID-BTM (2.60 x 10" s™)
was two times slower than that of CzBTM (5.16 x 10" s™7).

This journal is © The Royal Society of Chemistry 2018

To investigate the frontier orbital (D, and D, state) proper-
ties of PyID-BTM, UV-vis absorption and photoluminescence
(PL) were measured in various solvents with different polarities.
As displayed in Fig. 4c and Table S3 (ESIt), UV-vis absorption
did not change much upon increasing the solvent polarity, thus
indicating a rather small dipolar change at the ground state in
different polar solvents. However, the PL spectra displays an
obviously bathochromic shift and the emission intensity
decreases as the solvent polarity increases. To further under-
stand the effect of solvent polarity on the excited state of

J. Mater. Chem. C, 2018, 6, 11248-11254 | 11251


http://dx.doi.org/10.1039/c8tc04298e
qpeng
高亮

qpeng
高亮


Published on 26 September 2018. Downloaded by Tsinghua University on 3/1/2019 6:06:00 AM.

Journal of Materials Chemistry C

(a)
4.5
| = TTM
4.0 e CzBTM
- * PylD-BTM
S‘S-ﬂw
Q3.0-----v.vv- 620 40 000aa
e’
=1
S 254
— 1 TTM: t,,=2.4x10" s
- 12
2.0 CzBTM: t,,=4.3x10° s
154 PyID-BTM: t,,=4.0x10° s
1.0 T T T T
0 300 600 900 1200 1500
Time/s
(b)
0 min 1 min 3 min 10 min
Fig. 5 (a) Comparison of the fluorescence decay of TTM, CzBTM and

PylID-BTM in cyclohexane under irradiation with a 355 nm pulse laser
(power density: 366.4 kW cm ™2, pulse width: 8 ns, frequency: 10 Hz). (b)
Photographs of TTM (left cuvette in each image) and PylD-BTM (right
cuvette) in cyclohexane solution (5 x 107> M) under irradiation (365 nm)
with a UV lamp at room temperature under ambient conditions.
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PyID-BTM, we used the Lippert-Mataga model. Fig. 4d shows the
plot of the orientation polarizability (Af) versus the Stokes shift
(v4 — ). The linear fitting results showed that PyID-BTM displays
two sections of linear relationship for the low-polarity solvents
(f < 0.15) and high-polarity solvents (f > 0.15). The dipole
moments were calculated to be 5.3 D and 10.6 D for the low and
high Af regions, respectively. As the small dipole moment and
higher photoluminescence quantum yield appear in the low Af
regions, we believed that the emission of PyID-BTM mainly comes
from the locally excited (LE) state in the low-polarity solvents. The
large dipole moment and low photoluminescence quantum yield
of PyID-BTM in the high Afregions indicates that a charge transfer
(CT) state is dominant in the high-polarity solvents.

Photostability of radicals

Photostability, one of the important properties of luminescent
radicals, was measured by recording the decay of the fluores-
cence intensity in cyclohexane solution with the irradiation of a
pulse laser at 355 nm with a power density of 366.4 kW cm 2.
The results show that (Fig. 5a) PyID-BTM displays excellent
photostability, which is similar to that of CzBTM, and is
160 times more stable than TTM. To the best of our knowledge,
the estimated half-life (¢,,,) of PyID-BTM is the most outstand-
ing value to date for luminescent radicals with a fluorescence
quantum yield up to 20%.%>>°

(b)
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(a) The energy-level diagram and the schematic representation of the OLED architecture. (b) The EL spectra (5 V) of the devices with three

different doping concentrations of PylD-BTM in CBP (the inset shows the photograph of the (CBP:PylD-BTM 5 wt%) device operating at 7 V and the PL
spectra of the PyID-BTM 5 wt% doped film in CBP excited at 333 nm). (c) Current density—voltage—luminance (J-V~-L) characteristics of the devices.

(d) External quantum efficiency versus current density.
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Table 2 Electroluminescence performance of the devices
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Device wt? (%) Dpr? (%) Von© [V] EQE? (%) i CF (cd A7) Linax (cd m™2) PES (Im W) CIE(x, y)

I 2.5 13.7 3.5 2.8 660 1.4 21.2 1.2 (0.649, 0.317)
I 5 9.4 4.0 2.0 666 0.9 31.8 0.6 (0.667, 0.330)
111 7.5 7.3 4.5 1.3 672 0.5 22.5 0.3 (0.671, 0.326)

“ Doping concentration of PyID-BTM in CBP. ? PL quantum yield of the thin film (50 nm) measured using an integrating spectrophotometer.
¢ Turn-on voltage. ¢ The maximum external quantum efficiency. ¢ The maximum EL wavelength. £ Maximum current efficiency. ¢ Maximum power

efficiency.

Electroluminescence properties

To evaluate the potential application of PyID-BTM for light emis-
sion, OLEDs with the following architecture were fabricated: indium
tin oxide (ITO)/MoO; (3 nm)/4,4'-cyclohexylidenebis[N,N-bis-
(p-tolyl)aniline] (TAPC) (70 nm)/4,4’-bis(N-carbazolyl)-1,1'-
biphenyl (CBP):PyID-BTM (x wt%, 40 nm)/2,4,6-tris[3-(diphenyl-
phosphoryl)phenyl]-1,3,5-triazine (PO-T2T) (70 nm)/LiF (0.8 nm)/Al
(100 nm). In these devices, ITO was the anode, Al was the cathode,
TAPC played the role of the hole-transporting layer (HTL), and
PO-T2T served as an electron-transporting layer (ETL). MoO; and
LiF were used to improve the charge injection. PyID-BTM doped
into CBP was used as the emitting layer (EML), where x was equal
to 2.5, 5 and 7.5%. The three different concentrations of the
devices were defined as device I, device II and device III, respec-
tively. The energy-level diagram and the schematic representation
of the OLED architecture are shown in Fig. 6a. Important EL data
and the partial performance curves of the devices are presented in
Fig. S9 (ESIt) and Table 2.

As can be seen from Fig. 6b, the three devices display pure
red emission, and electroluminescence (EL) wavelength peaks
at 660 nm, 666 nm, and 672 nm, respectively, demonstrating
that a little redshift in the EL spectra occurs when the doping
concentration of PyID-BTM is increased in the CBP host. The EL
spectra matched well with the PL spectra of the CBP:PyID-BTM
(5 wt%) thin film (Fig. 6b), indicating that the EL emission from
the device comes from the radiative decay of the doublets of
PyID-BTM. The normalized EL spectra of device II and III were
almost unchanged as the driving voltage increased from 4.5 V to
16 V for the devices. However, a tiny wide emission band arose in
the blue-green region (400-550 nm) (Fig. S10, ESIt), which was
relatively obvious in device I. The blue-green emission could come
from the exciplex emission between CBP and PO-T2T.>**

The Commission Internationale de L’Eclairage (CIE) coordi-
nate value of device I is (0.649,0.317) at 5 V, and those of device
II and III are (0.667,0.330), and (0.671,0.326) at 7 V, respectively.
These are very close to the red standard CIE coordinate
(0.670,0.330) requirements defined by the National Television
System Committee (NTSC). The current density-voltage-luminance
(J-V-L) characteristics are shown in Fig. 6¢. The turn-on voltages of
the three doping concentration devices are 3.5 V, 4 V and 4.5 V,
respectively. The results showed that the turn-on voltage depends
on the doping concentration.

As can be seen from Fig. 6d, the highest EQE value was observed
from device I (2.8%). The maximum EQE values for device IT and III
were 2.0% and 1.3%, respectively. If the out-coupling efficiency is

This journal is © The Royal Society of Chemistry 2018

assumed to be 30%, according to spin statistics, the formation
ratios of doublet excitons of the three devices are estimated to be
68%, 72% and 59%, respectively. Fig. S11 (ESIf) shows the EPR
spectrum of the PyID-BTM powder before and after evaporation.
The EPR results indicate that evaporation does not wreak havoc
with the unpaired electrons of PyID-BTM.

Conclusion

We prepared a new biphenylmethyl-type stable luminescent
radical PyID-BTM. PyID-BTM exhibited a ten times higher
photoluminescence quantum yield than previously reported
CzBTM in cyclohexane solution. The preferable luminescence
properties of PyID-BTM were attributed to the higher molar
extinction coefficient and the slower internal conversion result-
ing from a P-carboline substituent instead of a carbazole
moiety. PyID-BTM exhibited excellent photostability, which
was comparable with CzBTM. The doped OLEDs based on
PyID-BTM showed pure red emission. It is noteworthy that
the device with 2.5% doping concentration of PyID-BTM in the
CBP host achieved a maximum EQE of 2.8% and the formation
ratio of doublet excitons of the device was up to 70%. Our study
provides a new pathway for designing high-performance lumi-
nescence biphenylmethyl radicals for organic electrolumines-
cence applications.
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