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Xuefeng Yang,© Xiugang Wu,? Di Zhou,© Junting Yu,® Guohua Xie,*°
Duncan W. Bruce & *9 and Yafei Wang ®+r

Polarised phosphorescence has a bright future in backlighting for conventional liquid crystal displays due
to its theoretical 100% internal quantum efficiency and low cost. However, there are scarce reports on
polarised phosphorescence from metallomesogens. In this contribution, a platinum-based metallomeso-
gen containing a mesogenic biphenyl (Ptl) was prepared and characterised. To further explore the effect
of the substituent on mesophase and emission properties, a related complex Pt2 containing a tetrapheny-
lethene (TPE) moiety was also synthesised. Both complexes melt at elevated temperatures but thereafter
do not appear to crystallise on cooling. Complex Ptl shows an enantiotropic nematic phase from which a
broad emission can be seen when spread as a film; in solution, an intense, sky-blue emission is observed.
For Pt2, which shows a monotropic SmA phase, the emission in the condensed phase is suppressed and
there is only weak emission in solution. Polarisation-dependent photoluminescence with a polarised ratio
of 5.4 was obtained for the aligned film of a Ptl:polyimide mixture. Using Ptl as an emissive layer, non-
doped, polarised organic light-emitting diodes presented a broad emission spectrum in the range of
450-900 nm with a polarised ratio of 1.33 and the highest external quantum efficiency of 1.1%. This
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DOI: 10.1039/c8dt03017k research has an important significance for achieving broad-based polarised phosphorescence from plati-

rsc.li/dalton num complex-based metallomesogens.

Over the past two decades, considerable work on polarised EL
emission based on fluorescent liquid crystal materials (including

Introduction

Linearly polarised electroluminescent (EL) light is potentially
useful as a backlight in traditional liquid crystal displays
(LCDs) due to its low cost and reduced power consumption.’
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polymers, oligomers and small molecules) has been reported.*®
Although relatively high dichroic ratios were realised for these
fluorescence-based EL devices, the performance was limited by
the intrinsic 25% internal quantum efficiency.

Phosphorescent metallomesogens, that is the metal-con-
taining liquid crystals, are of interest to both chemists and
physicists because of their unique mesomorphic properties
based on the inclusion of the metal atom and the theoretical
100% internal quantum efficiency.”** To date, a considerable
number of phosphorescent metallomesogens have been
designed and prepared"®™"” and the most effective strategy for
the design of such materials has been the modification of
known chromophores in such a way as to introduce the an-
isotropy necessary for liquid crystal phase formation. For
example, phosphorescent metallomesogens based on
lanthanides,"® " platinum,**”** iridium,**° and palladium™°
have been reported. Among these, platinum-based metallo-
mesogens were developed rapidly owing to their efficient emis-
sion and diverse emission states and the fact that the planar
geometry of platinum(u) is well suited to the formation of

This journal is © The Royal Society of Chemistry 2018
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mesomorphic materials. Thus, several research groups have
reported a series of platinum-based metallomesogens via the
modification of phenylpyridine derivatives or by the use of
functionalised ancillary ligands.>*** Intense phosphorescent
emission with a fluorescence quantum yield (@) up to
0.5-0.7 was obtained for platinum-based metallomesogens at
room temperature in solution.”’ Recently, cyclometalated
iridium complexes were successfully used to realise phosphor-
escent metallomesogens, which possess high emission
efficiency both in solution and in the condensed state.**°
Though with the use of the iridium complex with an octa-
hedral geometry it is very difficult to realise the mesophase,
it provides a novel method for achieving phosphorescent
metallomesogens with high emission efficiency.
Unfortunately, few reports on polarised phosphorescence,
especially polarised electroluminescence, have been found
from these luminescent metallomesogens.**** Therefore, the
question of how to balance emission efficiencies and dichroic
ratios is a relatively new aspect of work with phosphorescent
metallomesogens.

Therefore, the design of phosphorescent metallomesogens
with efficient dichroic ratios and high emission efficiency is
targeted via controlling the molecular structure. According to
the previous work,'® metallomesogens can be prepared
through incorporating several flexible chains on the periphery,
yet too many such chains often result in decreased emission
efficiency due to the increased nonradiative transition. Herein,
it is proposed that metallomesogens with a moderately rigid
skeleton and fewer flexible chains could address the balance
between dichroic ratio and emission efficiency. Hence, a plati-
num-based metallomesogen Pt1 was synthesised, in which 2,4-
difluorophenylpyridine was used as the cyclometalating ligand
and an acetylacetone functionalised with mesogenic biphenyl
units was employed as the ancillary ligand to induce liquid
crystallinity. The fluorine atoms in the cyclometalating ligand
and ancillary ligand can affect the emission wavelength via
control of the LUMO energy and be effective in promoting
mesomorphism, respectively. To further investigate the effect
of substituents on the photophysical properties, another plati-
num complex (Pt2) bearing a tetraphenylethene (TPE) unit was
prepared as TPE is known to induce aggregation-induced emis-
sion (AIE). The thermal and photophysical properties of both
platinum complexes were investigated.

Results and discussion
Synthesis and structure

The synthetic route of both platinum complexes is illustrated
in Scheme 1. A typical Suzuki coupling reaction between 2,5-
dibromopyridine and (2,4-difluorophenyl)boronic acid cata-
lyzed by [Pd(PPh;),] yielded the intermediate Brdfppy. 4,4,5,5-
Tetramethyl-2-(4-(1,2,2-triphenylvinyl)phenyl)-1,3,2-dioxaboro-
lane was then reacted with Brdffpy leading to the cyclometal-
lating ligand TPE-dfppy in good yield. The key precursor of the
acetylacetone derivative (ligand) was reported in previous

This journal is © The Royal Society of Chemistry 2018
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work.*® Finally, the target platinum complexes were prepared
via a cyclometallation reaction between potassium tetrachloro-
platinate(u) and the cyclometallating ligand (dfppy or TPE-
dfppy) in 2-ethoxyethanol, followed by bridge cleavage with the
functionalised acetylacetone derivative. Both platinum com-
plexes were characterised by NMR spectroscopy, TOF-MS and
elemental analysis.

X-ray single crystal structure

Single crystals of complex Pt1 were obtained by slow evapor-
ation from a mixture of CH,Cl,/hexane at room temperature.
The perspective view of Pt1 is shown in Fig. 1 and Fig. S1,}
and selected crystallographic data are listed in Table 1. The
crystal structure of Ptl reveals that the skeleton of the plati-
num core possesses a square-planar geometry. The methylene
spacers in the functionalised acac show an all-trans arrange-
ment and this continues to the ether oxygen in only one of
them. The Pt-Pt distance is 9.546 A, which is too long to form
effective solid-state metal-metal-to-ligand charge transfer,
while the bond lengths of Pt-N (1.987(7) A) and Pt-O (1.991(6)
and 2.094(5) A) are similar to those of common platinum
complexes.

Mesomorphic behaviour

Before exploring the mesomorphic properties of the platinum
complexes, TGA measurement was carried out to evaluate their
thermal stability. Notably, both complexes show good thermal
stability with high decomposition temperatures (5% weight
loss) over 325 °C (Table 2, Fig. S2t). Then the thermotropic
behaviour of both platinum complexes was analysed by DSC
(Fig. S3 and S4f) and polarised optical microscopy; the
thermal data are summarised in Table 2.

On heating, complex Pt1 melted at 118.3 °C to give a phase
that was identified readily as nematic on the basis of its
optical texture (Fig. 2). The phase persisted to 183.3 °C where
it cleared to isotropic, reforming immediately on cooling. DSC
evidence (Fig. S31) shows that on cooling, the complex does
not crystallise and reheating simply leads to the nematic clear-
ing again at 183.3 °C. There is a small thermal event on reheat-
ing at 37.2 °C, but it does show a hysteresis of just over 7 °C
suggesting that it is not a fluid mesophase. Its identity was not
investigated further.

On heating Pt2, the complex was found to melt at 54 °C
forming a SmA phase that persisted effectively until 110 °C at
which point it cleared. Subsequent heat-cool cycles did not
show a crystallisation event, although there is a suggestion of a
possible glass transition close to the melting point. No good
photomicrograph (Fig. S57) is given for the SmA phase as the
very fluid sample tended to agglomerate and was difficult to
spread to create thin sections that persisted to allow digital
optical capture. Nonetheless, on pressing the sample, a small
fan texture along with the classical oily streak texture could be
observed, making characterisation unequivocal. It is interest-
ing to note that the same mesogenic unit - the modified
acac - led to two different phases, nematic and SmaA, in the
two different compounds. Given the nature of Pt1, a nematic

Dalton Trans., 2018, 47, 13368-13377 | 13369
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Scheme 1 Synthetic route of platinum complexes. (a) K,COsz, [Pd(PPhs)4], THF, reflux, overnight; (b) K>[PtCl,], 2-ethoxyethanol, H,O, 80 °C, 24 h;

(c) acac derivative, Na,COs3, 2-ethoxyethanol, 100 °C, overnight.

Fig. 1 Molecular structure of complex Ptl.

phase is not surprising (difluoroterphenyl units), but that a
SmA phase is seen in Pt2 is likely related to the fact that the
TPE moiety promotes AIE causing local self-assembly that sup-
ports the formation of a lamellar phase.

Photophysical properties

The UV-vis absorption and photoluminescence (PL) spectra of
both platinum complexes recorded in degassed CH,Cl, solu-
tion (107> M) are shown in Fig. 3, and the relevant data are

13370 | Dalton Trans., 2018, 47, 13368-13377

listed in Table 3. Two clear absorption bands are observed for
both platinum complexes. The absorption bands between 250
and 350 nm are assigned to the ligand-centered (LC) 'n-m*
transitions while the absorption bands in the range of
350-450 nm are attributed to the mixture of LC *n-n* and
metal-to-ligand charge transfer (MLCT) transitions. The
increased absorption intensity at 327 nm for complex Pt2 orig-
inates from the additional TPE unit 'm-m* transition.*>*®
Compared to complex Pt1, complex Pt2 possesses a red-shift

This journal is © The Royal Society of Chemistry 2018
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Table 1 Crystallographic data for Pt1

Empirical formula C,4Hg;FsNO,Pt
Formula weight 1359.50
Temperature/K 173.0

Crystal system Triclinic

Space group P1

alA 9.4799(15)

b/A 11.2272(17)

c/A 32.541(5)

al° 95.086(5)

B 97.666(3)

v/° 108.351(3)
Volume/A® 3226.3(9)

zZ 2

Peate/g cm™? 1.399

w/mm™* 2.242

F(000) 1396.0

Crystal size/mm?® 0.19 x 0.15 x 0.11
Radiation MoK (4 =0.71073)

2.55 to 52.856
—11<h<11,-12<k <13,

20 range for data collection/°
Index ranges

-40<1<40
Reflections collected 26261
Independent reflections 12931 [Rin = 0.0846, Rgjgma = 0.1398]
Data/restraints/parameters 12931/783/777

Goodness-of-fit on F* 1.002

Final R indexes [ > = 26(I)] R, = 0.0739, WR, = 0.1821
Final R indexes [all data] Ry =0.1239, WR, = 0.2138
Largest diff. peak/hole/e A~ 1.77/-1.43

Table 2 Phase-transition temperatures of platinum complexes

Compound Phase sequence® T/°C” AH/K] mol™ Tq/°C

Pt1 Cr-N 118.3 54.0 340
N-Iso 183.3 3.1

Pt2 Cr-SmA 54.0 34.6 325
SmaA-Iso 109.9 2.2

“Cr = crystal, SmA = smectic A phase, N = nematic phase, and Iso = iso-
tropic phase. ? DSC data are onset temperatures.

Fig. 2 Polarised optical micrograph of Ptl recorded on cooling from
the isotropic state at 185 °C.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 UV-vis absorption (a) and emission spectra (b) of platinum com-
plexes in degassed solution at room temperature (RT) and 77 K. Black
line: Ptl at RT, red line: Pt2 at RT, green line: Ptl at 77 K, and blue line:
Pt2 at 77 K.

absorption spectrum owing to its extended conjugation
coursed by the conjugated TPE unit.

With an excitation wavelength of 395 nm, complex Ptl
showed strong sky-blue emission with the maximum peak at
469 nm (Pyym, = 28.2%), while complex Pt2 presented a weak
emission in the yellow-greenish region (&, = 3.8%) in
degassed solution at room temperature. As shown in Fig. 3b,
the structured PL profiles with the vibronic splitting at ca.
1380 cm™" in the emission bands, a typical aromatic stretching
of the ligand, imply that the emission is mainly from a local
excited (LC) state in both platinum complexes at room temp-
erature. Meanwhile, the relatively long radiative decay lifetime
(ca. 0.3 ps, Fig. S61) of the complex Pt1 suggests the involve-
ment of the LC *(n-n*) excited state in the emission. Due to
the weak emission, the lifetime of complex Pt2 was not detect-
able in solution at room temperature.

At 77 K in frozen toluene, both platinum complexes display
well-dissolved vibronic structures with a hypsochromic shift
compared to the PL profiles at room temperature (Fig. 3b),
which is explained by the rigidochromic effect in low-tempera-
ture glasses. According to the previous report,”” the magnitude
of the thermally induced Stokes shift (AEs; = Ey(77 K) —
Ex(300 K)) can be used to explain the nature of the lowest
lying excited state in the platinum complex. Therefore, com-
plexes Pt1 and Pt2 possess the AE; of 279 and 114 cm™,
respectively, implying LC emission. The decay lifetimes at 77 K
(Pt1: 7.3 ps and Pt2: 13.4 ps, Fig. S71) are clearly longer than
those at room temperature (Table 1), caused by an increased
nonradiative decay rate.

It is common for platinum complexes to form an excimer
emission due to intermolecular Pt---Pt interactions and, to this
end, the concentration-dependent luminescence was studied
to investigate the possibility of intermolecular interaction. For
complex Ptl, the intensity of the high-energy emission first
increases after which it decreases sharply with the increasing
concentration (107°-107> M) due to aggregation-induced

Dalton Trans., 2018, 47, 13368-13377 | 13371
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Table 3 Photophysical data of both platinum complexes
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Hh He
Jabs” (nm) (10° M~ em™) Jem (nM) Jem® (nm) 7 (us) Dpy, (%)8 (em*>Vv~'s™)
Pt1 257 (1.46), 309 (0.20), 321 (0.22), 363 (0.13) 467, 498, 535° 461, 495, 526 0.3¢ 28.2 1.74 x 107° 1.93 x 1074
466, 500, 606° 7.3t
Pt2 257 (0.16), 327 (0.11), 402 (0.01) 512, 549, 593° 511, 549 — 3.8 1.91 x 107° 5.31x107"
— 13.4f

a, b, e, and g: in CH,CI, solution, 10~ M; ¢: in neat film; d and f: at 77 K in toluene.

QO

7x10°
6x10°
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4x10°

3x10°

PL Intensity (a.u.)
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Fig. 4 Concentration-dependent emission spectra of Ptl in degassed CH,Cl, (a: non-normalised; b: normalised), inset: the CIE coordinates for the

concentration-dependent PL profiles.

quenching (Fig. 4a). Additionally, a long-wavelength emission
at about 610 nm is observed whose emission intensity
increases with increasing concentration (Fig. 4b), i.e. a typical
excimer  emission from the platinum  complex.
Correspondingly, the Commission Internationale de
L’Eclairage (CIE) coordinates of the concentration-dependent
PL profiles have a variation in the vicinity of the white emis-
sion region. In contrast, no excimer emission was found for
complex Pt2 in concentrated solution (Fig. S8f), most likely
due to the steric size of TPE preventing the organisation
necessary for intermolecular Pt---Pt interactions.

The emission in neat films displays a distinct difference
from that in solution. Thus, an intense emission (Fig. S97)
peaking at 606 nm with the shoulders at 466 and 500 nm is
observed for Ptl at room temperature, which suggests that
Pt---Pt interactions are presented in the neat film. Additionally,
the temperature-dependent PL emission demonstrates that
there is a negligible change with temperature (Fig. S9t), imply-
ing that the different phases in the complex Pt1 have little
effect on the luminescence properties. As for complex Pt2, the
cyclometallating ligand (TPE-dfppy) clearly leads to aggrega-
tion-induced emission properties, while its corresponding
cyclometallated complex (Pt2, Fig. S107) does not emit when
in a neat film. This unusual photophysical phenomenon could
be explained by the intramolecular charge transfer between
the TPE unit (donor) and platinum skeleton (acceptor).

Charge transfer mobilities

The hole and electron mobilities of both platinum complexes
were measured using the space charge limited current (SCLC)

13372 | Dalton Trans., 2018, 47, 13368-13377

method. The current density-voltage (/-V) curves are shown in
Fig. 5, and the derived mobility values are listed in Table 3.
The pristine films of the complexes Pt1 and Pt2 exhibit the
hole mobilities of 1.74 x 107> and 1.91 x 10~ em? V' 7%,
respectively, while their electron mobility values are in the
region of 10™* cm? V™' 57 (Pt1: 1.93 x 107%, Pt2: 5.31 x 107%).
Compared with the hole mobilities, the complexes Pt1 and Pt2
have higher electron mobilities. Upon thermal annealing at
150 °C, only the hole mobility of the complex Pt2 was detected
to be 6.62 x 10™* cm? V! 57!, which has a clear enhancement
compared to that of the pristine film.

Polarised properties

The alignment film of complex Pt1:PI (polyimide) was pre-
pared via the rubbing and annealing procedures as described
in the Experimental section. The polarised images also prove
that the annealed Pt1:PI mixture film is effectively aligned
(Fig. 6b and c). Then the absorption and emission spectra of
the aligned Pt1:PI mixture film were recorded with polarisation
parallel (||) and perpendicular to (L) the rubbing direction at
room temperature. It is noted that there is a difference for
both the absorption and emission profiles between pure
complex Pt1 and the aligned film, which could be explained by
the molecular arrangement and the concentration of the plati-
num complex. The absorption intensity of the light polarised
perpendicular (4,) to the rubbing direction is clearly higher
than that of the parallel orientation (4) (Fig. S11t). As shown
in Fig. 6a, the PL spectra exhibit distinct polarised-dependent
broad emission in the range of 450-650 nm, implying that the
polarised emission results from both the monomer and aggre-

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 J-V plots for platinum complex-based hole-only/electron-only devices. (a) (Ptl) and (c) (Pt2) are hole-only devices; (b) (Ptl) and (d) (Pt2) are

electron-only devices.

a 7004 —Vetical
— Parallel

400

450 500 550 600 650
Wavelength (nm)

Fig. 6 (a) PL spectra of the annealed Ptl:Pl mixture film measured with the polarisation parallel and perpendicular to the rubbing direction.
Alignment images under POM: (b) parallel with the rubbing direction; (c) perpendicular to the rubbing direction.

gation emissions (see above). At 485 nm, the emission inten-
sity of the polarised film parallel to the rubbing direction is
much stronger than that with the perpendicular orientation.
The PL polarised ratio (R) is calculated from the relation of
Rpr, = I and I, to be 5.4, where I and I, are the maximum
intensities of the film parallel and perpendicular to the
rubbing direction, respectively. The optical order parameter (S)

was estimated to be 0.56, using the equation of
I -1
ZI "L 45 This is indicative of a good alignment of the

platinum complex upon the polyimide surface. However, the
polarisation-dependent emission is reversed in the long-wave-
length region (510-650 nm), i.e. I; is weaker than I,. This
phenomenon implies that the monomolecular emission is
roughly aligned with the rubbing direction while the aggrega-

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 External quantum efficiency (EQE) curves of the devices A and
B. Inset: EL spectra of the devices A and B at 10 V.

Dalton Trans., 2018, 47, 1336813377 | 13373


http://dx.doi.org/10.1039/c8dt03017k

Published on 30 August 2018. Downloaded by University of York on 10/2/2018 1:01:27 PM.

Paper
2 3000} —— Vertical
Horizontal
= 2500 |-
&
> 2000 |
‘@
1500 -
2
£
5 1000
w
500 -

0 s " L L " s
450 500 550 600 650 700 750 800
Wavelength (nm)

View Article Online

Dalton Transactions

o

5000 - Vertical
Horizontal
-
5_“; 4000 -
>
% 3000 -
c
2
£ 2000}
o
w
1000 +

0 1 1 1
450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 8 Polarised EL spectra of the complex Ptl in the devices A (a) and B (b).

tion emission is perpendicular to the rubbing direction. The R
and S values of the aggregation emission are also weaker than
those of the monomer emission.*?

Polarised electroluminescence

To further investigate the polarised electroluminescence (EL)
of the complex Ptl, non-doped devices with different pro-
cedures were fabricated with the same configuration of ITO/
PEDOT:PSS (70 nm)/PVK (10 nm)/Pt1 (30 nm)/TmPyPB
(60 nm)/Liq (1 nm)/Al (100 nm). The detailed procedures are
listed in the Experimental section.

As shown in Fig. 7, both devices showed analogous EL
spectra in the range of 380-900 nm, which is similar to the PL
spectra in the neat film. The emission bands between 450 nm
and 500 nm are assigned to the intrinsic emission while the
long wavelength emission is attributed to the excimer emis-
sion. The CIE coordinates of both devices A and B were calcu-
lated to be (0.47, 0.45) and (0.40, 0.45), respectively.

Clearly, very broad EL spectra with the polarised electrolu-
minescence were observed in the device B rather than A, for
which the EL polarised ratio of 1.33 (at 469 nm, Fig. 8) was cal-
culated. This result demonstrated that a direct rubbing pro-
cedure for the emitter plays a key role in the polarised emis-
sion. The polarised profiles are similar to the PL emissions in
the neat film, which means that the polarised emission is
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Fig. 9 Current density—voltage—luminance (J-V-L) curves of the
complex Ptl in the devices A and B.
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from the platinum complex. The tolerable device performances
with the highest external quantum efficiencies (EQEs) of 1.8%
and 1.1%, luminances of 227 and 230 cd m™2 and current
efficiencies of 2.8 and 1.7 cd A~ were achieved for the non-
doped devices A and B, respectively (Fig. 7, 9 and S127).

Conclusions

In summary, two platinum complexes were prepared and
characterised and X-ray single-crystal diffraction was per-
formed for one of them. Complex Pt1 displayed an enantiotro-
pic nematic phase between 118 and 183 °C that appeared
rather stable monotropically, only undergoing another tran-
sition at 38 °C on cooling. Complex Pt2, however, showed a
monotropic SmA phase, which also persisted to ambient temp-
erature without crystallisation. Intense emission was observed
both in solution and in the neat film for the complex Pt1 and
polarisation-dependent absorption and emission spectra were
achieved for the aligned Pt1:polyimide mixture film. Using Pt1
as the emitter, the non-doped OLEDs presented broad
polarised EL spectra in the range of 450-900 nm with a
polarised ratio of 1.33, the maximum current efficiency of 1.7
cd A" and the highest EQE of 1.1%. Unexpectedly, the intro-
duction of the steric geometry TPE moiety into metallomeso-
gens Pt1 not only decreased the emission efficiency in solution
and in the solid state but also destroyed the mesophase of
complex Pt2. This research demonstrated that careful design
of metallomesogens can enable metal complexes to have both
high emission efficiency and efficient polarised emission and
have a promising future in the field of polarised OLEDs.

Experimental section
Materials and measurements

2-(2,4-Difluorophenyl)pyridine was synthesised according to
the reported procedure.*’ Other reagents were purchased from
Energy Chemical Company Ltd and Aladdin companies. All
reactions were carried out under a N, atmosphere. '"H NMR
and “C{'H} NMR spectra were acquired using a Bruker Dex-
400 NMR instrument using CDCIl; as a solvent. Mass spectra
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(MS) were recorded on a Bruker Autoflex MALDI-TOF instru-
ment using dithranol as a matrix. A molecular single crystal
was measured by using a Bruker Smart Apex II. UV-vis absorp-
tion and photoluminescence (PL) spectra were recorded with a
Varian Cray 50 and PerkinElmer LS50B luminescence spectro-
meter, respectively. Fluorescence lifetime measurements were
recorded on an Edinburgh Instruments FLS-980 fluorescence
spectrometer using time-correlated single photon counting
(TCSPC). Absolute luminescent quantum yields were measured
via a Quantaurus-QY. Polarised absorption and emission
spectra were recorded by using a PerkinElmer Lambda 750
and PerkinElmer LS 55, respectively. Thermogravimetric ana-
lysis (TGA) was carried out with a NETZSCH STA449 from
25 °C to 600 °C at a heating rate of 20 °C min~" under a N,
atmosphere. Differential scanning calorimetry (DSC) was
carried out at the phase transition temperature with a rate of
20 °C min~" on the first heating cycle and 10 °C min~" in the
first cooling and second heating processes. Polarised optical
microscopy (POM) was carried out using an Olympus BX50
Optical Microscope equipped with a Linkam Scientific
LTS350 heating stage, Linkam LNP2 cooling pump and
Linkam TMS92 controller.

Charge-carrier mobilities

Hole and electron mobilities were evaluated by the space
charge limited current (SCLC) method with the configuration
of ITO/PEDOT:PSS/platinum complex/MoO;/Al for holes and
ITO/ZnO/platinum complex/Ca/Al for electrons. The SCLC
method is described by:

J= 980(3,/20 V2
8L

(1)

where J (A m™) is the current density, L is the film thickness
of the platinum complex, x4, (cm® V™" s7') is the hole or elec-
tron mobility, e, (F m™") is the relative dielectric constant of
the complex, ¢, is the permittivity of free space (8.85 x 107*?
Fm™), and V (Vappr — Vbi) (V) is the internal voltage in the
device, where V) is the applied voltage to the device and Vi,
is the built-in voltage due to the relative work function differ-
ence of the two electrodes.**

Alignment film

Polyimide (PI) solution was firstly added dropwise on a glass
substrate. After being dried, the PI film was uniaxially rubbed
several times with the dustless cloth. When the aligned PI film
was heated to 190 °C, the platinum complex (Pt1) was added
on the surface. The blend film was then annealed slowly after
using another glass substrate with the same orientation
covered on the prepared alignment film.

Device fabrication and characterisation

A layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfo-
nate) (PEDOT:PSS) was spin-coated on the ITO glass substrate
after UV-ozone treatment. After baking PEDOT:PSS at 120 °C
for 10 min, another layer of poly(N-vinylcarbazole) (PVK) was
spin-coated directly and then baked at 120 °C for another
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10 min. In order to obtain polarised emission, we treated the
emitting layer via different methods (see below) after spin-
coating of the complexes onto the hole transporting layer PVK.
An electron transporting layer of 1,3,5-tri[(3-pyridyl)-phen-3-y1]
benzene (TmPyPB) was thermally evaporated on the emitting
layer. Liq and Al were used as the cathodes. All the devices
were encapsulated under a nitrogen atmosphere using UV
curable epoxy. The current-voltage-luminance characteristics
were collected with a PR735 Spectrascan spectrometer and a
Keithley 2400 programmable source meter. The (polarised) EL
spectra were recorded by using an Ocean Optics USB2000
spectrometer. The EL intensities parallel and perpendicular to
the rubbing direction (along the ITO stripe) could be distin-
guished by aligning a linear polariser inserted between the
OLEDs and the spectrometer at two mutually perpendicular
directions which were denoted as horizontal and vertical.

The device configurations are the same as the configuration
of ITO/PEDOT:PSS (70 nm)/PVK (10 nm)/Pt1 (30 nm)/TmPyPB
(60 nm)/Liq (1 nm)/Al (100 nm). To further explore the effect of
the alignment on the polarised emission, different alignment
methods were tested for the active layer.

Device A: After spin-coating the complex Pt1 onto PVK, the
emissive layer was baked at 50 °C for 30 min.

Device B: In this method, the complex Pt1 was directly
rubbed with the dustless cloth after it was spin-coated onto
PVK, and then baked at 50 °C for 30 min.

Synthesis

Synthesis of 5-bromo-2-(2,4-difluorophenyl)pyridine (Brdfppy).
A mixture of 2,5-dibromopyridine (7.50 g, 31.7 mmol), (2,4-
difluorophenyl)boronic acid (5.0 g, 31.7 mmol), [Pd(PPh;),]
(730 mg, 0.63 mmol), aqueous K,CO; (2 M, 15 mL) and THF
(45 mL) was refluxed overnight under N,. After cooling to RT,
the reaction mixture was poured into 100 mL of water and
extracted with CH,Cl,. The organic layers were washed with
water and dried over MgSO, and the volatiles were removed
under vacuum. The residue was purified by column chromato-
graphy on silica (petroleum ether/CH,Cl, = 1:1) to obtain
pure Brdfppy as a white solid (5.4 g, 64%). "H NMR (CDCl,,
400 MHz): § (ppm): 8.78 (d, J = 1.8 Hz, 1H), 8.06-8.00 (m, 1H),
7.92-7.89 (m, 1H), 7.71-7.69 (d, J = 1.8 Hz, 1H), 7.29 (s, 1H),
7.06-7.01 (m, 1H), 6.97-6.92 (m, 1H).

Synthesis of 2-(2,4-difluorophenyl)-5-(4-(1,2,2-triphenylvinyl)
phenyl)pyridine (TPE-dfppy). To a solution of 4,4,5,5-tetra-
methyl-2-(4-(1,2,2-triphenylvinyl )phenyl)-1,3,2-dioxaborolane
(1.0 g, 2.2 mmol) and Brdfppy (590 mg, 2.2 mmol) in THF, a 2
M aqueous solution of K,CO; (2 M, 15 mL) and [Pd(PPh;),]
(76 mg) was added. The mixture was refluxed overnight under
N,. After cooling to RT, the reaction mixture was poured into
100 mL of water and extracted with CH,Cl,. The organic layers
were washed with water and dried over MgSO, and the volatiles
were removed under vacuum. The residue was purified by
column chromatography on silica (petroleum ether/CH,Cl, =
2:1) to obtain pure TPE-dfppy as a white solid (940 mg, 82%).
'H NMR (CDCl;, 400 MHz): § (ppm): 8.90 (d, J = 3 Hz, 1H),
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8.08-8.02 (m, 1H), 7.80-7.78 (m, 1H), 7.40-7.38 (d, J = 6 Hz,
2H), 7.16-6.99 (m, 19H), 6.95-6.90 (m, 1H).

General procedures for cyclometalated platinum complexes.
A mixture of cyclometalating ligand (500 mg, 2.6 mmol) and
K,[PtCl,] (436 mg, 1.1 mmol) in a mixture of 2-ethoxyethanol
(15 mL) and water (5 mL) was heated to 80 °C for 24 h. After
cooling down to room temperature, the precipitate of the
chloro-bridged platinum dimer was collected by filtration and
washed with water and hexane. The yellow solid was used in
the next step without any further purification. A mixture of
dimer (1 eq.), ancillary ligand (2.2 eq.), Na,CO; (10 eq.) and
2-ethoxyethanol was stirred at 100 °C overnight. After cooling
down to room temperature, the volatiles are removed under
vacuum and the residue was purified by silica gel chromato-
graphy (petroleum ether/CH,Cl, = 1.5:1) to afford the target
platinum complexes.

Pt1: yellow solid, yield: 58%. 'H NMR (CDCl;, 400 MHz):
§ (ppm): 9.01 (d, J = 3 Hz, 1H), 7.97-7.95 (d, J = 6 Hz, 1H), 7.82
(t,J = 6 Hz, 1H), 7.43-7.41 (d, J = 6 Hz, 4H), 7.28-7.26 (d, ] = 6
Hz, 6H), 7.17-7.04 (m, 4H), 6.78-6.74 (t, J = 6 Hz, 2H),
6.60-6.54 (m, 1H), 5.50 (s, 1H), 4.07-4.03 (m, 4H), 2.53-2.47 (t,
J =18 Hz, 2H), 2.31-2.27 (t, ] = 12 Hz, 4H), 1.94-1.75 (m, 16H),
1.53-1.42 (m, 15H), 1.35-1.20 (m, 18H), 1.11-1.05 (m, 4H). *C
{'H} NMR (100 MHz, CDCl;, TMS), § (ppm): 189.17, 187.66,
147.67, 147.57, 147.45, 147.37, 147.13, 138.71, 132.43, 132.34,
128.60, 127.03, 123.51, 123.47, 121.51, 123.47, 121.16, 121.15,
109.53, 101.96, 99.29, 69.82, 44.37, 41.12, 37.40, 37.34, 34.32,
33.61, 33.24, 29.21, 29.17, 29.12, 29.07, 26.67, 26.41, 26.29,
25.84, 25.67, 22.74, 14.13. °F NMR (282 MHz, CDCl;) § (ppm):
-106.698 (d, J = 9.3 Hz), —112.15 (d, J = 9.6 Hz), —141.98 (q, ] =
20.0 Hz), —158.98 (q, / = 17.2 Hz). TOF-MS: 1365. EA (%):
Calculated for C;,HgoFsNO,4Pt: C 65.09, H 6.57, N 1.03; found:
C 65.33, H 6.61, N 1.01.

Pt2: yellow solid, yield: 52%. '"H NMR (CDCl;, 400 MHz):
5 (ppm): 9.28 (s, 1H), 7.99-7.92 (m, 2H), 7.43-7.36 (m,
6H).7.28-7.26 (d, J = 6 Hz, 5H), 7.17-7.01 (m, 20H), 6.77-6.69
(m, 2H), 6.59-6.54 (m, 1H), 5.48 (s, 1H), 4.06-3.97 (m, 4H),
2.50 (t, ] = 9 Hz, 2H), 2.30-2.26 (m, 3H), 2.02 (s, 2H), 1.94-1.75
(m, 13H), 1.52-1.26 (m, 35H), 1.11-1.02 (m, 4H). "*C{'"H} NMR
(100 MHz, CDCl;, T™MS), 6 (ppm): 188.87, 187.59, 147.67,
147.56, 147.43, 145.11, 144.53, 143.46, 143.39, 141.97, 139.91,
136.19, 133.75, 133.55, 132.43, 131.38, 131.33, 131.28, 128.60,
127.87, 127.82, 127.70, 127.04, 126.73, 126.70, 126.64, 125.73,
125.66, 123.51, 123.47, 122.99, 109.52, 102.00, 99.33, 69.78,
44.37, 40.79, 40.22, 37.41, 37.34, 34.32, 33.61, 32.24, 29.72,
29.29, 29.12, 29.07, 26.68, 26.40, 25.93, 25.81, 25.67, 22.74,
14.14. 'F NMR (282 MHz, CDCl3) § (ppm): —=106.72 (d, J = 9.9
Hz), —112.37 (d, J = 9.3 Hz), —141.95 (q, J = 28.5 Hz), —158.87
(g, J = 19.7 Hz). TOF-MS: 1696. EA (%): Calculated for
Ci00H10,FsNO,Pt: C 70.82, H 6.36, N 0.83; found: C 70.36, H
6.57, N 1.01.
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