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Liquid-crystalline circularly polarised fluorescent
emitters with a high luminescence dissymmetry
factor†

Xiaoyi Lai,a Qihang Zhong,a Chen Xiao,a Stephen J. Cowling, c Pengfei Duan, *b

Duncan W. Bruce, *c Weiguo Zhu a and Yafei Wang *a

Chiral liquid-crystalline emitters based on 9,9-dimethyl-10-(4-

(phenylsulfonyl)phenyl)-9,10-dihydroacridine and a functionalised

binaphthol show smectic liquid crystal phases and circularly polarised

blue fluorescence with a high luminescence dissymmetry factor |glum|

of 0.13. Solution-processable organic light-emitting diodes (OLEDs)

based on the enantiomers were explored.

Circularly polarised light has considerable potential applications
in 3D displays, chiral phototransistors, quantum information
processing, information encryption and chiral photocatalysis.1–3

Generally, circularly polarised light is generated by passing unpo-
larised light successively through a linear polariser and quarter-
wave plate, which unfortunately leads to at least a 50% loss in
brightness.4 Thus, it is necessary to develop chiral luminescent
systems enabling direct emission of left- or right-handed circularly
polarised light, i.e. which exhibit circularly polarised luminescence
(CPL). The intensity of CPL emission is expressed as the lumines-
cence dissymmetry factor (glum), defined as 2(IL � IR)/(IL + IR),
where IL and IR refer to the intensities of left and right CP-emitted
light, respectively at the emission maximum; it has a maximum
magnitude of 2.5,6

While polymeric materials have attracted a good deal of
attention, small organic molecules with CPL-activity (CPL-
SOMs) have attracted much interest because of their advantages

such as defined molecular weight, good repeatability and high
purity.7 Many years ago, Chen et al. reported glum values ofE�1.8
using a commercial poly(fluorene) luminophore dissolved in a
chiral nematic glass,8 after which Woon et al. adopted a parallel
approach to record glum values of 1.77 for a coumarin dye, also
dissolved in a (different) chiral nematic glass. In these systems,
CPL arises from the inherent chirality of the host matrix9 and there
is non-radiative transfer from the excited state of the host to the
guest emitter.

More recently, attention has turned to the use of chiral emitters
and, for example, Gon et al. reported values for glum = 0.27 for
thick, drop-cast films of chiral [2.2]paracyclophanes,10 while Zinna
et al. employed phenylene bis-thiophenyl-propynones bearing
chiral ancillary chains to produce spin-coated films for which glum
was evaluated to be 0.15.11

To this end, many CPL-SOMs have been developed in recent
years, especially where CPL is combined with thermally acti-
vated delayed fluorescence (TADF).12,13 However, while good
emission efficiencies have been achieved for such CPL emitters,
most values of glum range from 10�5 to 10�3,14 lagging far
behind those of conjugated polymers and some of the self-
organised systems just described.15,16 Therefore, combining
high emission efficiencies and large values of glum represents
a formidable challenge in the design of CPL-SOMs.17

As shown by the work of Chen et al. and Akagi et al.,
introducing liquid crystallinity into chiral luminescent materi-
als has been identified as an effective strategy to realise high-
efficiency CPL, an approach which continues to attract
attention.18–21 For example, Wu et al. reported chiral nematic
distyrylbenzenes with a photoluminescence quantum yield
(PLQY) of E74% and a large glum value of 0.11,22 while others
reported strongly circularly polarised luminescence from films
doped with chiral liquid crystals.23 Similarly, we developed
chiral, phosphorescent platinummetallomesogens which, when
fabricated into OLED devices, showed external quantum effi-
ciencies (EQE) of above 12% and a high glum value of 10�2.13,16,24

However, chiral liquid crystals with glum 4 10�1 remain rare.
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We now report preparation and photoluminescence proper-
ties of the enantiomeric mesogens R/S-3 (Fig. 1), which use
binaphthol as the chiral group, 9,9-dimethyl-10-(4-(phenylsul-
fonyl)phenyl)-9,10-dihydroacridine as the luminophore and
2,3-difluoro-4-(heptyloxy)-40-(4-pentyl-cyclohexyl)-1,10-biphenyl as
the mesogenic fragment. The compounds are prepared as
described in the ESI† and were characterised by NMR spectro-
scopy and TOF mass spectrometry.

Cyclic voltammetry‡ of R-3 in CH3CN showed a single,
irreversible oxidation (Fig. S11, ESI†) at 0.75 V, from which
EHOMO was calculated to be �5.10 eV and ELUMO �1.84 eV, using
EHOMO = �(EOx + 4.8 � EFc/Fc+) and ELUMO = EHOMO + Eoptg .23

Calculation of the geometry and frontier orbitals of R-3 (Gaus-
sian 09, B3LYP, def2SVP basis set) provided further information
concerning these new materials (Fig. 1b). The molecule has a
distorted molecular geometry, with the acridine and diphenyl-
sulfone fragments being close to perpendicular. The HOMO
(�5.22 eV) is localised on the acridine moiety, while the LUMO
(�1.87 eV) is mainly distributed over the diphenylsulfone and
naphthalene units; calculated energies match well with the
electrochemical measurements. The location of the LUMO
means that the chiral unit is involved in the luminescence,
leading to the potential for relatively high values of glum.
However, while there is good spatial separation between the
HOMO and LUMO orbitals in this molecule, the relatively large
single-triplet energy difference (DEST = 0.44 eV) suggests a
difficult reverse intersystem crossing process.25

Using a combination of polarised optical microscopy, differ-
ential scanning calorimetry (DSC) and small-angle X-ray scat-
tering (SAXS) (Fig. 2), it was possible to characterise the liquid
crystalline behaviour of the materials. Cooling the compound
from its isotropic phase led to the formation at 162 1C of a
SmA* phase (designated SmA* on account of the chiral nature
of the compound, although this has no real impact on the
phase itself), which then gave way to a more ordered phase at
134.5 1C, albeit with a rather imperceptible change in texture
(Fig. S13, ESI†). SAXS revealed two orders of lamellar reflection
were observed in the SmA* phase, with a lamellar spacing of
44.0 Å calculated from the d(001) reflection at 2y = 2.01. A weak
(002) reflection is observed at 2y = 3.981. Cooling below 134.5 1C
leads to a significant change in observed layer spacing and
much greater correlation between layers with the observation of
four orders of lamellar reflection – d(001) to d(004), with d(001)
observed at 2y = 0.861 corresponding to a spacing of 102.9 Å.

The intensity of the d(002) reflection is greater than that of the
d(001), implying a bilayer spacing (d(004) is also more intense
than d(003)) and so the lower-temperature phase is assigned as a
bilayer smectic A phase – SmA2*. Thermogravimetric analysis
(Fig. S12, ESI†) shows good thermal stability for R-3 with a
decomposition temperature (at 5% weight loss) of 387 1C.

Electronic absorption spectra (toluene, 10�5 M) showed
absorptions at 283 and 350 nm (Fig. 3a), the former originating
from the p–p* transitions of the aryl ring moiety, while the
latter can be attributed to the intramolecular charge-transfer
(ICT) transition localised on the emission core.26 Upon photo-
excitation at 350 nm, R-3 shows blue emission at 466 nm, with a
14 nm red shift compared to that of the parent emissive
acridine-based core.27 This implies that the binaphthalene
moiety has only a small effect on the excited state properties
and the broad, structureless emission spectrum suggests that it

Fig. 1 (a) Structure of the chiral liquid-crystalline emitters and (b) the

DFT-calculated HOMO and LUMO distributions.

Fig. 2 (a) Optical texture of R-3 in the SmA* phase at 161 1C; (b) DSC

curve for R-3; SAXS diffraction patterns for R-3 (c) in the SmA* phase at

155 1C and (d) in the SmA2* phase at 125 1C.

Fig. 3 Photophysical properties of R-3. (a) Normalised UV absorption

(dashed line) and PL spectra in toluene solution (10�5 M) and doped in

PMMA film (lex = 350 nm); (b) PL spectra in different solvents at room

temperature; (c) low temperature fluorescence and phosphorescence

(delayed 2 ms) spectra in toluene solution; (d) time-resolved emission of

R-3 in toluene solution (10�5 M) (lex = 350 nm).
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originates from a charge-transfer (CT) excited state.28 Large,
positive solvatochromism was observed for the solvent-dependent
emission spectra (Fig. 3b), further indicative of the strong charge-
transfer nature of the excited state. As depicted in Fig. 3a, the PL
spectra of R-3 doped in a PMMA film exhibits a small blue shift of
12 nm to 454 nm when compared to that of in solution, probably
due to the changed polarity of PMMA and intermolecular inter-
action in the solid state.

Low-temperature (77 K) fluorescence (Fl) and phosphores-
cence (Ph) spectra allowed evaluation of the energies of the
singlet (S1) and triplet (T1) states, giving a calculated separation
of 0.47 eV (Fig. 3c), consistent with the value (0.44 eV) from
calculation and emphasising the difficult RISC process. Excited-
state lifetimes of R-3 in toluene solution by time-resolved emis-
sion (lex = 350 nm; Fig. 3d) showed single exponential kinetics
with an excited state lifetime of 13.6 ns, similar to that in doped
PMMA films (17.5 ns, Fig. S15, ESI†). In conjunction with the
large DEST, the materials are evidently fluorescent. PLQY was
evaluated at 33.7% for R-3 doped in PMMA film. Data for S-3 are
found in Fig. S16 (ESI†).

Clear mirror-image electronic circular dichroism (ECD) sig-
nals were detected for R-3 in neat films (Fig. S17, ESI†), while
strong mirror-image CPL spectra were observed in neat films at
room temperature, demonstrating that integration of the chiral
moiety into the chromophore can lead to CPL emission (Fig. 4a
and c). Values of the luminescence dissymmetry factor (|glum|)
for R/S-3 were calculated to be 3.0 � 10�2, as determined at the
maximum emission wavelength.

To determine the effect of liquid-crystallinity on CPL, pristine
films of enantiomeric forms of R-3 were annealed, giving remark-
ably enhanced CPL signals for the resulting films at room
temperature. The values of |glum| are amplified to 0.131 for R-3,
almost an order of magnitude greater than those obtained for the
pristine film. This amplification most likely has its origin in the
larger domain sizes that result from annealing.29 To further verify
the chiroptical properties, the rotation-angle-dependent CPL
spectra were measured for pristine films (Fig. S18, ESI†) and
show only minor change with rotation angle, suggesting strongly

that the chiroptical property is intrinsic. As such, the combi-
nation of liquid crystallinity with circularly polarised emission
evidently represents a very promising route for the development
of effective CPL emitters.

The electroluminescent (EL) properties of the chiral emitters
were investigated by fabricating solution-processed OLEDs with
the configuration of ITO/PEDOT: PSS (40 nm)/mCPCN: x wt%R-

3/S-3 (5, 10, 15 wt%, 45 nm)/TmPyPB (45 nm)/LiF (0.5 nm)/Al
(120 nm). The device configuration and the chemical structures
of the materials in the device are shown in Fig. 5 (Fig. S19 for S-
3, ESI†), and the EL data are collected in Table S2 (ESI†).

As shown in Fig. 5c inset, the R-3-based devices show blue
emission at 455 nm, analogous with the molecular PL profile
and implying that the emission in the device originates from
the intrinsic emitter. Correspondingly, the CIE (Commission
Internationale de L’Eclairage) coordinates are (0.16, 0.15), with
the current density–voltage-luminance ( J–V–L) curves of the
devices showing a relatively large turn-on voltage (Vturn-on: at
1 cd m�2) of 5.5 V. Crucially, there is a negligible effect on the
EL spectra when the dopant concentration is increased, prob-
ably due to suppressed intermolecular interactions on account
of the twisted molecular geometry. As only singlet excitons are
harvested, reasonable performance with a maximum EQE of
2.5%, a current efficiency (CE) of 2.74 cd A�1 and a luminance
(L) of 105.8 cd m�2 was achieved for the R-3-based devices.
Unfortunately, it did not prove possible to observe CPEL from
these devices, which we attribute primarily to the absence of a
mesophase as the dopant concentration is too low.

In conclusion, luminescent, enantiomeric liquid-crystalline
materials R/S-3 were prepared by attaching a suitable chromo-
phore and mesogenic units to the periphery of a chiral
binaphthol. The distribution of the frontier orbitals of the
molecule demonstrate that the chiral unit is involved the fluores-
cence, leading to the observation of luminescence dissymmetry
and the compounds were found to emit in the blue part of the

Fig. 4 (a) CPL spectra and (b) glum values of CPL versuswavelength of R-3

in neat films; (c) CPL spectra and (d) glum values of CPL versus wavelength

of S-3 in neat films (the annealing temperature was 160 1C).

Fig. 5 Device data for R-3: (a) the device configuration; (b) chemical

structure of the host (mCPCN) and electron-transporting material

(TmPyPB); (c) curves of external quantum efficiency (EQE) value versus

luminance; (d) curves of current density–voltage–luminance (J–V–L).
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spectrum. The materials showed a stronger fluorescence, leading
to the observation of luminescence dissymmetry and the com-
pounds were found to emit in the blue part of the spectrum. The
materials showed a higher-temperature SmA* phase, below
which was a bilayer SmA2*phase that persisted down to room
temperature owing to supercooling. Symmetric circular dichro-
ism and circularly polarised luminescence signals were observed
for R/S-3 in the solid state, with annealed films showing a much-
amplified glum value of up to 0.13 compared to the pristine film.
This is interpreted as arising from the formation of larger
domains which will act to reduce scattering. However, while the
modest efficiency of the molecular photoluminescence led to
equally modest external quantum efficiency for the OLED device
of 2.5%, it was observed that the rather three-dimensional nature
of the mesogenic chromophore meant that there was no obser-
vable concentration quenching as a function of emitter concen-
tration. This is in contrast what is observed commonly where it is
expected that efficiency will fall off with increasing emitter
concentration as a result of self-quenching. This therefore sug-
gests that the use of emissive materials that are less prone to self-
assembly is an attractive design strategy for new chromophoric
systems. In particular, liquid crystals with twisted geometries are
a potentially fertile area for future development of materials with
high luminescence dissymmetry.
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