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Electroluminescent devices such as circularly polarised organic light-emitting diodes (CP-OLEDs) fabricated by conventional

DOI: 10.1039/x0xx00000x

methods do not exhibit adequate circularly polarised electroluminescence (CPEL) with high circular polarisation. Therefore,

new approaches for CPEL and CP-OLED systems are needed. We developed an external-magnetic-field-driven CP-OLED

device that emits red CPEL by integrating an achiral optically inactive phosphorescent platinum(ll) porphyrin luminophore

(PtOEP) in the emission layer (EML). This magnetic CP-OLED system can simultaneously emit circularly polarised light with

opposite rotations from the EML in the N-up and S-up directions of the applied magnetic field. By utilising this mechanism

that allows simultaneous emission upon the application of a magnetic field and the reflection-reversal property of circularly

polarized light, we may suppress the decrease in both the luminosity and circular polarisation of CPEL. The direction of

rotation of CPEL was successfully reversed by switching the Faraday geometry of the applied magnetic field. This approach

can promote the development of novel CP-OLED devices.

Introduction

In recent years, several optically active chiral luminophores
with large anisotropy coefficients (gcp) as well as high
photoluminescence quantum yields (®p,) have been extensively
used in the emitting layers of devices exhibiting circularly
polarised electroluminescence (CPEL).>*

Several phosphorescent Pt(ll) luminophores bearing organic
ligands have been reported in recent years.>10 In particular,
phosphorescent organic Pt(ll) luminophores with bidentate,
tridentate, and tetradentate organic ligands have shown
potential as a constituent of emitting layers (EMLs) in devices
exhibiting electroluminescence (EL).2*17 This is attributed to the
fact that Pt(ll) luminophores emit phosphorescence with a high
quantum vyield (®p) owing to strong spin—orbit interactions.
Furthermore, Pt(ll) luminophores have been reported to emit
circularly polarised luminescence (CPL) when incorporated with
chiral substituents or chiral auxiliaries as ligands although their
structural framework is basically achiral owing to their square
planar coordination geometry.'8-2> Moreover, they possess a
narrow CPL bandwidth in the visible region and high gcp. values,
which will result in high-performance CPEL.26-2°

However, preparing optically isomeric luminophores with
high enantiomeric purity in a short time and at a low cost by
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current methods is difficult. Thus, the exploration of new
approaches for the development of CPEL and circularly
polarised organic light-emitting diode (CP-OLED) systems is
necessitated.

In recent years, external static magnetic fields have garnered
significant attention as a physical bias to induce circularly
polarised signals in the photoexcited states of achiral and
racemic organic, organic—inorganic, or inorganic luminescent
materials.3%45 |n this context, we have succeeded in generating
full-colour red-green-blue-yellow (RGBY) CPEL under a
magnetic field from organic light-emitting diodes (OLEDs)
incorporated with optically inactive phosphorescent iridium(lll)
luminophores in the EML. That is, the application of an external
magnetic field allows us to develop phosphorescent CP-OLEDs
without any chiral phosphors, namely, magnetic CP-OLED (MCP-
OLEDs).“¢ We also reported that OLEDs with varying
concentrations of an  excimer-emissive  heteroleptic
cyclometalated Pt(ll) complex as an emitting dopant exhibit
multi-colour magnetically induced CPEL (MCPEL). At lower
doping levels of the Pt(ll) luminophore in the EML, monomer-
based emission-enriched bluish CPEL was observed from the
devices upon the application of a magnetic field. When the
doping level increased, the excimer-based CPEL was superior to
the monomer-based one, and finally excimer-based orange
CPEL was exclusively observed.*’

In this work, we prepare novel OLEDs that exhibits MCPEL,
which comprises an optically inactive porphyrin-based
platinum(ll)  luminophore, namely, 2,3,7,8,12,13,17,18-
octaethylporphyrinato)platinum(ll) (PtOEP, Figure 1). When
PtOEP is doped into the EML of the OLED, highly efficient red
MCPEL is observed. Furthermore, this MCP-OLED system can
control the rotation direction of red MCPEL on the basis of the
direction of the applied magnetic field. In conventional and
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generic CP-OLED systems, CPL reflected from the cathode
interferes with CPL emitted from the indium tin oxide (ITO)
electrode. In other words, the rotation of the directly extracted
circularly polarised light is cancelled out by the sign-inverted,
reflected CPL. Here, we propose new mechanism of external-
magnetic-field-driven Pt-based OLEDs, where CPEL with high
brightness and at a high anisotropic rate is extracted from the
device under an external magnetic field, with an assist of the
reflection reversal of circularly polarized light.

Figure 1. Achiral Pt(ll) luminophore PtOEP.

Experimental

Materials

PtOEP was purchased from Sigma-Aldrich, Japan (Tokyo, Japan).
Pre-patterned ITO substrates were prepared by depositing ITO on
alkali-free glass.

Fabrication of magnetic circularly polarised electroluminescence
(MCPEL) devices

ITO-glass substrates (ITO thickness, 50 nm; sheet resistance, 50
Q/sq) were purchased from GEOMATEC Co., Ltd. The ITO-
coated glass substrates were ultrasonically cleaned in a solution
containing ultra-pure water and an alkaline detergent solution.
The surfaces were treated with isopropyl alcohol vapour
followed by ultraviolet-ozone treatment. Subsequently, all
organic thin films and Al (or Mg/Ag) were deposited through
vacuum evaporation. During deposition, the temperature of the
evaporation source was monitored, and the doping
concentration of the EML was adjusted by the precise control of

(a)

magnet
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the deposition rate. The deposition system was connected to a
glove box (concentrations of oxygen and moisture < 10 ppm)
through a load lock chamber. Therein, after the deposition
procedures, the devices were sealed in a glass can to keep them
from air and moisture. Four devices were fabricated on each
substrate.

Measurement of EL, magnetic electroluminescence (MEL), and
MCPEL

The brightness of outcoupled emission from the fabricated
devices was recorded using a BM-9 luminance meter (TOPCON
TECHNOHOUSE CORPORATION, Japan). The OLED performance
of the fabricated device was evaluated at 25 °C using a
Hamamatsu Photonics C-9920-11 organic EL device evaluating
system (Hamamatsu, Japan).

The MCPEL and unpolarised MEL spectra of the MCP-OLEDs
were acquired at 25 °C wusing a JASCO CPL-300
spectrofluoropolarimeter (Hachioji, Tokyo, Japan). A 1.7-T
external magnetic field was applied using a JASCO PM-491
permanent magnet (Hachioji, Tokyo, Japan). The emission
bandwidth was 10 nm.

Results and discussion

Two types of MCP-OLEDs [Al/ITO-Device-l and MgAg/ITO-
Device-Il (or ITO/MgAg-Device-1l)] containing PtOEP as the
emitting dopant were fabricated using a non-transparent,
mirror-like Al or light-transmissive MgAg alloy as the cathode
electrode. The structure of these devices (shown in Figure 2) is
as follows:*¢ [ITO (anode, 50 nm) / 1,4,58,9,11-
hexaazatriphenylenehexacarbonitrile (HATCN, 30 nm) / N,N'-di-
1-naphthyl-N,N'-diphenylbenzidine (NPD, 50 nm) / 4,4'.4"-
tris(carbazol-9-yl)triphenylamine (TCTA, 10 nm) / EML (30 nm)
/ 2-[3'-(dibenzothiophen-4-yl)-1,1'-biphenyl-3-yl]-4,6-diphenyl-
1,3,5-triazine (DBT-TRZ, 10 nm) / 2,9-dinaphthalen-2-yl-4,7-
diphenyl-1,10-phenanthroline:8-hydroxyquinolinolato-lithium
(nBphen : Lig, 40 nm) / Lig (1 nm) / Al (cathode, 150 nm) or
MgAg (9/1 wt/wt) (cathode, 10 nm), where the EML consisted
of 1,3-di(9H-carbazol-9-yl)benzene (mCP) and PtOEP (84/16
wt/wt).

magnet

(b) magnet

Liq (1 nm)
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Figure 2. Magnetic circularly polarised electroluminescence (MCPEL) system with magnetic N and S poles. (a) NS-Al/ITO-Device-l, (b) SN-AI/ITO-Device-l, (c) NS-MgAg/ITO-Device-Il,

(d) SN-MgAg/ITO-Device-ll, (e) NS-ITO/MgAg-Device-Il, and (f) SN-ITO/MgAg-Device-I|

First, using these three types of devices, we examined whether
devices doped with the optically inactive porphyrin-based
platinum(ll) emitter (PtOEP) could operate as high-performance
OLEDs, i.e., whether the surfaces of these three devices can
exhibit EL of sufficient brightness.

The emission colour and EL characteristics of the resulting
MCP-OLED devices were evaluated. The voltage was fixed at 13
V, and the emission colour coordinate and EL spectra were
measured for each device.

Photograph of the emitting devices and EL spectra are shown
in Figures S1 and 3(a), respectively. In addition, the EL spectra
measured at various applied voltages are shown in Figure S2.
The maximum EL wavelengths (A;) and observed EL
characteristics of the three device configurations (Al/ITO-Device
1, MgAg/ITO-Device Il, and ITO/MgAg-Device Il) are summarised
in Table 1. Each MCP-OLED device exhibited clear red EL at
approximately 650 nm upon voltage application. The
Commission Internationale de I'Eclairage (CIE) chromaticity
coordinates (CIE (x, y)) of (0.63, 0.29), (0.62, 0.27), and (0.63,

This journal is © The Royal Society of Chemistry 20xx

0.28) were achieved for Al/ITO-Device I, MgAg/ITO-Device II,
and ITO/MgAg-Device II, respectively, at the maximum
luminance (Lmax). In general, the EL spectrum of the OLED device
is almost similar to the PL spectrum of the corresponding
emitting material. This phenomenon was also observed for
Devices | and Il with PtOEP. These colour coordinates are
approximately close to the National Television System
Committee (NTSC) standard of red, CIE (0.67, 0.33). This
indicates that the difference in the cathode electrode does not
have any significant impact on the EL characteristics, such as the
EL wavelength and the CIE chromaticity coordinate. Moreover,
even when the electroluminescence was extracted from the
cathode of Device Il (i.e., ITO/MgAg-Device ll), the EL spectrum
and CIE coordinate of the observed EL were identical to those
of Al/ITO-Device | and MgAg/ITO-Device Il.

Furthermore, the EL characteristics of the MCP-OLED device
were evaluated. The voltage was fixed at 13 V and the current
density was measured. The luminance—voltage—current density,
current efficiency—current density, and external quantum
efficiency (EQE)—current density profiles are shown in Figures 3,

J. Mater. Chem. C 2023, 00, 1-3 | 3
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S3, and S4, respectively. The emission intensity of Device |,
equipped with non-transparent Al as the cathode, was
significantly higher than that of Device I, which used
transparent MgAg as the cathode (Table 1). MCP-OLED Device
I, equipped with non-transparent Al as the cathode, exhibited
much more intense EL than Device 2 having transparent MgAg
as the cathode, affording an L., of 554.8 cd/m? at 13 V. This is
because light from the EML to the cathode is reflected from
mirror-like Al in Device |, resulting in a higher intensity of light
outcoupled from the ITO side (Table 1, Al/ITO-Device ). In
contrast, in MCP-OLED Device I, the light from the EML to the
cathode passes through transmissive MgAg; thus, the intensity
of light outcoupled from ITO and MgAg is low (Table 1,
MgAg/ITO-Device Il and ITO/MgAg-Device Il). Device Il with the
MgAg cathode electrode exhibited a L., of 55.5 cd/m?2 at 13 V
from the ITO electrode side and 63.5 cd/m? from the MgAg
electrode side. As expected, the L., of Device | with the Al
electrode was approximately 10 times higher than that of
Device Il with the Mg/Ag electrode. From the results above, the
present system of PtOEP-containing MCP-OLED devices is useful
to investigate CPEL behaviour outcoupled from both of the
cathode and anode.

In addition, a slight decrease in the maximum current
efficiency nj max Was observed when the cathode electrode was
changed from the Al to MgAg material. In particular, the EQE
was higher for Device | with the Al material. This suggests the
following points: (1) the Al material is more suitable as the
cathode to obtain high device performance, (2) the EL
properties of these devices are primarily derived from PtOEP,
and (3) charge carrier injection to the EML is efficient to induce
intense EL from PtOEP.
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Figure 3. EL spectra (left) at 13 V and luminance—voltage—current density profiles (right)
for (a) Al/ITO-Device |, (b) MgAg/ITO-Device Il, and (c) ITO/MgAg-Device II.

Table 1. EL characteristics of Al/ITO-Device |, MgAg/ITO-Device Il, and ITO/MgAg-Device
1.

MgAg/ITO- ITO/MgAg-
Device Al/ITO-Device | ghe/ /Mehe
Device ll Device ll
AEL
649 650 650
(nm)
Von[a]
35 5.0 45
(V)
LmaX[b]
554.8 55.5 63.5
cd m™) [13.0] (13.0] [13.0]
[@V] ’ ' '
’7' max[b]
b 1.35 0.69 1.13
(cd A7) (3.5] [5.0] [4.5]
[@V] ' ' '
CIE (0.63, (0.62, (0.63,
(x, y)l 0.29) 0.27) 0.28)
EQE 2.75 [4.5] 1.74[5.0] 2.25 [5.5]

[l Tyurn-on voltages at which luminance of >1 cd/m?2 was achieved. [b]
Maximum values of luminance (L) and current efficiency (nj). The
voltages in parentheses are those at which they were obtained. [
Commission Internationale de I'Eclairage chromaticity coordinates.

The MCPEL properties of these MCP-OLED devices were
studied at 25 °C under a 1.7-T magnetic field. For the MCPEL and
MEL analysis, the applied voltage was fixed at 13 V for all
devices. The MCPEL and MEL spectra of the obtained devices
are shown in Figure 4, and the MCPEL properties are
summarised in Table 2. Red MCPEL was detected from all three
directions: from the ITO side of Device | (Figures 2a and 2b) and
from the ITO (Figures 2c and 2d) and MgAg (Figure 2e and 2f)
sides of Device Il. As expected, for each device, the sign of the
MCPEL spectrum could be completely controlled by changing
the arrangement of the N and S magnets. In other words,
mirror-symmetric MCPEL spectra were obtained by alternating

the arrangement of the N-up and S-up Faraday geometries.

In all the fabricated MCP-OLED devices, the MCPEL spectra in

the N-up geometry were negatively signed (red line spectra in

Figures 4a—c) and those in the S-up geometry were positively

signed (blue line spectra in Figures 4a-c), regardless of

emission from the ITO or MgAg side. The MCPEL and MEL
spectra of these devices were similar to the magnetically
induced CPL (MCPL) and magnetically induced PL spectra of

PtOEP that was doped on polymethyl methacrylate (PMMA)
films.?° The trend of the chiroptical signature for MCPEL of the

as-prepared devices is the same as that observed for MCPL of
PtOEP for the same Faraday configuration
dichloromethane (CH,Cl,) solution and PMMA film.

in a

This journal is © The Royal Society of Chemistry 2023
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Table 2. MCPEL characteristics of (a) NS-Al/ITO-Device I, (b) SN-AI/ITO-Device |, (c) NS-
MgAg/ITO-Device Il, (d) SN-MgAg/ITO-Device II, () NS-ITO/MgAg-Device Il, and (f) SN-

(a)
100 ITO/MgAg-Device Il under a 1.7-T magnetic field.
= e
I
: ]L
3 o0 AvicpeL | gmcpec | .
. r MCPEL
< \[F Device (nm) / x10° (T-) S8n
- L NS-Al/ITO-
o. = 653 7.9 -
W -100 r Device-| )
o E1
~ SN-AI/ITO-
= /L T / 653 83 +)
= Device-I
e o s T T w00 o NS-MgAg/ITO
550 600 650 700 750 800 -MgAg/ITO- 3
Wavelength (nm) '-: Device-Il 653 73 )
rd
= N-MgAg/ITO-
(b) SN-MgAg/ITO 653 8.2 +)
100 Device-ll
= 1 Sup NS-ITO/MeAe- 652 7.9 )
L L Device-ll ’
n
] =< SN-ITO/MgAg-
30 ' 4 /Merg 652 7.8 +)
< Device-l|
=
i -100 F 3
o r
3] F1 o
= /\\ s
200 . . - . 0o N Furthermore, the performance of the MCP-OLED devices was
550 600 650 700 750 800 guantitatively evaluated using the dissymmetry factor (gmcpeL =
Wavelength (nm) E:, (I.- Ir)/[1/2(I.+ Ir)], where I, and I are the amplitude intensities
of the left- and right-handed MCPEL, respectively). The MCPEL
(c) 100 efficiency, |gmcee|, of Device | was 7.9 x 1073 for N-up and 8.3
= 7 g:s x 1073 for S-up. These results indicate that red MCPEL can be
L L efficiently emitted under an external magnetic field of 1.7 T by
% 0 using an EL device containing optically inactive Pt(ll)
é V’v luminophore. Conversely, the |gmcpe| of MCP-OLED Device |l
: < was 7.3 x 1073 for N-up and 8.2 x 1073 for S-up from ITO. The
W -100 P | gmcpec| of MCP-OLED Device Il is 7.9 x 1073 for N-up and 7.8 x
‘E’ 1 = 1073 for S-up from MgAg. These |gmcpeL| values were on the
200 JL - o same order (7-8 x 1073), showing negligible differences.

Moreover, they were nearly identical to the absolute values for
the dissymmetry factor of MCPL (gmcp.) of PtOEP in toluene (6.1
x 1073 at 646 nm) and in the PMMA film (8.9 x 1073 at 648 nm).

550 600 650 700 750 800
Wavelength (nm)

Fr+ezn

Figure 4. MCPEL (upper panel) and MEL (lower panel) spectra for (a) NS- and SN-Al/ITO- 50

Device |, (b) NS- and SN-MgAg/ITO-Device Il, and (c) NS- and SN-ITO/MgAg-Device I In the case of CP-OLED devices employing chiral Iuminophores,
der 1.7 T N- d i d S-up (blue li tic fields. . . . .

unaer up (red lines) and S-up (blue lines) magnetic fields deterioration of dissymmetry factor (g-factor) of CPEL is often

reduced unfavourably, due to several potential causes including
interference of circular polarisation at multiple interfaces of the
multilayer device and the rotational direction of reflection
reversal of light by the non-transparent metal cathode.50-52
Interestingly, the |gmcpe| values of MCPEL from Device | are
similar to the |gucpL| values of PtOEP, showing no remarkable
decrease. This confirms that MCP-OLED devices are less
affected by the unfavourable factors to reduce gycpeL. In Device
I, CPEL with opposite rotational directions is emitted from the
EML containing PtOEP in both the N-up and S-up directions, as
shown in Figure 5.

This journal is © The Royal Society of Chemistry 20xx J. Mater. Chem. C 2023, 00, 1-3 | 5
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Figure 5. MCPEL system with magnetic N and S poles. LH and RH
MCPEL indicate left- and right-handed MCPEL, respectively.

Thus, CPEL in the S-up direction is reflected and reversed at the
mirror-like Al electrode. This sign-inverted CPEL is in the same
direction of rotation as that of directly outcoupled CPEL in the
N-up direction. Thus, there is no decrease in the g-factor of CPEL
from the device. This is confirmed from the fact that the signs
of the CPEL spectra in configurations (a) and (f) in Figure 2 (or

configurations (b) and (e) in Figure 2) are opposite to each other.

In other words, the CPEL spectrum in the S-up direction in
configuration (a) in Figure 2 is equivalent to that in the S-up
direction in configuration (f) in Figure 2. Similarly, the CPEL
spectrum in the N-up direction in configuration (b) in Figure 2
represents that in the N-up direction in configuration (e) in
Figure 2. That is, we demonstrated the difference in CPEL
outcoupling between CP-OLED and MCP-OLED devices: the
MCP-OLED device allowed the extraction of CPEL with
enhanced efficiency in relation to the CP-OLED device.

These results confirm that the application of an external
magnetic field can not only switch the rotational direction of
generated CPEL but also improve both the g-factor and
luminosity of CPL. We believe that this study is a breakthrough
in the development of magnetic-field-based, highly functional
CPEL systems.

Conclusions
We developed external-magnetic-field-driven  CP-OLEDs
containing an achiral phosphorescent Pt(ll) porphyrin

luminophore in the EML, which emit red CPEL. In all the
fabricated devices, the chiroptical signature for MCPEL was
controlled according to the Faraday geometry of the magnetic
field. Interestingly, when the EL properties were compared
between the single-sided and double-sided transmissive
devices, the EL intensity (i.e., Lmax) of the single-sided
transmissive device was approximately 10 times larger than

6 | J. Mater. Chem. C, 2023, 00, 1-3

that of the double-sided transmissive device. Moreover, the
single-sided transmissive device showed a g-factor of MCPEL
that is comparable to that of the double-sided transmissive
device. This indicates that CP-OLED devices can amplify both the
degree of light rotation and luminance under an external
magnetic field, by capitalising on the light reflection reversal.
These findings will promote the exploration of new approaches
toward the development of CPL materials and CP-OLED devices.
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