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The magic of semi-perfluorinated mixtures:
engineering MR-TADF emission from host–guest
mixtures of liquid crystals

Julius A. Knöller, a Tobias Günther,a Tomas Matulaitis,b Anna Zens, a

Eli Zysman-Colman *b and Sabine Laschat *a

Two liquid crystalline emitter–host mixtures have been developed, where each of the emitter and host

self-assembles into a columnar hexagonal (Colh) mesophase, as does the mixture. The emitter consists

of a modified 7-(tert-butyl)-5-oxa-8b-aza-15b-bora-benzo[a]naphtho[1,2,3-hi]-aceanthrylene B–O–Cz

multi-resonant thermally activated delayed fluorescence (MR-TADF) core containing lateral semiper-

fluorinated side chains, while the host is derived from a modified MR-TADF 5,9-dioxa-13b-boranaphtho[3,2,1-

de]anthracene (DOBNA) core that also contains lateral semiperfluorinated side chains. Unlike the previously

used alkoxy side chains in TADF liquid crystalline materials, the semiperfluorinated side chains only minimally

perturb the optoelectronic properties of the luminescent cores, this despite the strong aggregation within the

ordered columnar hexagonal (Colho) phase. This was achieved by shielding the emitter moieties from each

other within the host mesophase, which mitigates excimer emission from aggregates and by engineering an

efficient Förster resonance energy transfer from the host material to the emitter in the blend.

Introduction

Emissive liquid crystals (LCs) are attractive materials for
various applications such as organic light-emitting diodes
(OLEDs), organic field effect transistors (OFETs), organic photo-
voltaic devices (OPVs),1,2 linear polarized emission,3 and lumi-
nescent concentrators,4 among others.5 In particular, discotic
LCs are promising in that respect. The strong p–p interactions
of their (hetero)aromatic cores and van der Waals interactions
of the flexible side chains promote self-assembly into columnar
mesophases with long-range orientational order,5–10 resulting
in increased charge carrier mobility along the columnar axis.11

Moreover, the electronic properties of the (hetero)aryl core can
be tailored so that either hole or electron-conducting materials
are obtained. Functionalization of the (hetero)aryl core leads to
improved solution processability.11–14 Further advantages are
the self-healing of defects through the local fluidity of the
molecules within the mesophase.5,6,9 An important parameter
for OLEDs is the alignment of the emitter, which is frequently
correlated with the orientation of the transition dipole moment
that controls the light outcoupling. The alignment of the

molecule can be controlled by the type of columnar mesophase
(i.e., hexagonal or rectangular)7 or surface nanopatterning,15

and monitored by 4D scanning tunneling electron microscopy
(STEM).16 This results in controlled alignment of transition
dipoles.14,17 For OLEDs to be efficient, the device must harvest
both singlet and triplet excitons to produce light, typically
managed by the emissive material. One possible solution is
LC emitters that are thermally activated delayed fluorescent
(TADF).18,19 TADF emitters possess a small singlet–triplet
energy gap (DEST), enabling the thermal upconversion of triplet
excitons into singlets by reverse intersystem crossing (RISC),
thus permitting up to 100% of the excitons to be converted into
light in the device.18,19

Several TADF-LCs have been reported (Fig. 1), such as
carbazole-benzonitrile donor–acceptor (D–A)–TADF compounds
1a–c displaying columnar hexagonal (Colh) mesophases.12,13 the
substitution pattern and symmetry have a strong impact on the
photophysical properties. For example, quantum yields F
decreased from 11% (for 1b) to 1.5% (for 1c) despite the small
singlet–triplet gaps DEST of 0.01 and 0.04eV, respectively. In
addition, several TADF emitters that self-assemble into lamellar
phases have been reported11,17 (for details see SI, Fig. S64 and
discussion).

A 1 : 1 mixture of columnar DOBNA derivative 2a (Y = B) and
its N-analogue 2b (Y = N) forms a supramolecular copolymer via
B–N frustrated Lewis pairs.20 The copolymer showed yellow
emission in decaline (lPL = 550 nm; tp = 96 ns, td = 6 ms) and
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circular polarized emission (lPL = 550 nm, gPL = 7 � 10�3).
Very recently, the dual fluorescent dye 4,7-CzPhen consisting
of phenanthroline with two peripheral carbazole units, was
reported, which showed broad Colh mesophases already at
ambient temperature.21 The substitution pattern controlled
the photophysical properties. Within the series of regioisomers,
only 4,7-CzPhen displayed TADF in PS matrix ({1 wt%) (FPL =
25%). Columnar self-assembly of perylene imides ColLC-A,
ColLC-B led to mesophase-assisted aggregation-induced
delayed fluorescence (AIDF) by triplet–triplet annihilation.22

While the large DEST = 0.83, 1.16 eV, respectively, precluded
TADF emission, the close contact of the stacked molecules of
the two different mesogens in the Colh phase promoted delayed
fluorescence by triplet–triplet annihilation (TTA) from imide
aggregates (i.e., ColLC-A), assisted by energy transfer from the
imidoester ColLC-B (FPL = 37%). All blends show similar
emission (lPL = 575 nm, FPL = 16% for 1 : 1 blend) as neat
ColLC-A (FPL = 17%). OLEDs with ColLC-A showed EQEmax =
1.8%.22

However, the strong intermolecular interactions governing
LC self-assembly impair the photophysical properties. For
example, the formation of columnar stacks of emitter mole-
cules often leads to aggregation-caused quenching (ACQ) and
thus the FPL is significantly reduced in the liquid crystalline
bulk phase as compared to in solution.11–14,17,23 To address this
challenge, one strategy involves designing TADF-LC materials
that self-assemble into lower-order structures. Therefore, we
developed DiKTaLC (Fig. 1), a nematic discotic (ND) LC having a
DEST of 0.20 eV.14 Neat thin films showed green emission (lPL =
512 nm, FPL = 52%, tp = 7 ns, td = 70.2 ms). Comparison with the
non-mesogenic counterpart revealed that the mesogenic 4-
cyanobiphenyl units control the emitter orientation, resulting
in homeotropic alignment in thin films and a preferentially
horizontally aligned TDM. Doped blue-green emitting OLEDs
(lPL = 492 nm) with DiKTaLC showed an EQEmax of 13.6%.14

A second common approach to reduce excimer formation
utilizes doping of the TADF-LC emitter (1–20 wt%) into a low
molecular weight or polymeric host material,11–14,17,23 a strat-
egy that is also employed for non-LC emitters.24,25 For example,
BON-LC12 self-assembles into a broad Colh phases (Fig. 1),
which is stable even at sub-ambient temperatures. However, the
strong interactions in the neat Colh mesophase suppressed
TADF emission.23 In contrast, when BON-LC12 was diluted into
a polystyrene host matrix (1 wt% BON-LC12), TADF emission is
observed (lPL = 467 nm, FPL = 90%, tp = 9.85 ns, td = 107.9 ms).23

Despite the improved photophysical properties, in most
cases, such host–guest mixtures no longer show any LC beha-
vior, which effectively defeats the purpose of incorporating the
mesogenic units.11 Recently, we disclosed host–emitter mix-
tures consisting of a columnar DOBNA host LCn26 and a non-
mesogenic ‘‘disk-like’’ MR-TADF emitter BCzBN,27 where the
columnar mesophase of the host was maintained in the mix-
ture, enabling efficient Förster resonance energy transfer
(FRET) from the LC host to the emitter, and thus, narrowband
MR-TADF emission (e.g. LC8/BCzBN: lPL = 476 nm, FPL = 41%,
tp = 8.19 ns, td = 108.5 ms), was observed, even in the tightly

Fig. 1 Overview of literature-known TADF-LCs; (b) our previous work on
MR-TADF LCs (DiKTaLC, BON-LC, LCn); (c) our new strategy towards
liquid crystalline emitter host mixtures features MR-TADF emission at
room temperature.
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packed mesophases at room temperature.26 The XRD data of
the LC8/BCzBN mixtures in the Colh mesophase suggest pre-
ferential localization of BCzBN in the aliphatic chain network.26

While this arrangement is beneficial for photophysics alone
(narrowband emission spectrum), it is not so helpful for con-
trolling exciton dynamics.19 Thus, the formation of mixed
columnar stacks would be much more interesting. Unfortu-
nately, mixing of LCn (as host) and BON-LC (as emitter) was not
photophysically compatible due to the too low T1 energy level of
LCn (resulting from partial long-range charge transfer, LRCT,
character of the emissive excited state due to the presence of
the electron-rich alkoxy side groups). Thus, we wanted to
implement alkyl-linked side chains on the central core to
increase the T1 energy of the host.

To minimize the electronic influence of the side chain on
the emissive cores of both host and emitter, and to simulta-
neously enhance nanosegregation and thus promote liquid
crystalline phase stability, we considered the use of semi-
perfluorinated side chains instead of alkoxy chains as meso-
genic groups attached to the MR-TADF core of the host and/or
emitter, making use of the so-called fluorophobic effect.28 The
high polarity and low polarizability of C–F bonds lead to helical
conformations of perfluorinated chains, and together with the
larger size of F as compared to H, the lipophilicity and
rigidity of the chains are increased.28 It was shown for naphtha-
lenetetracarboxylic diimide-derived organic transistors that the
use of semi-perfluorinated side chains resulted in high mobi-
lity, and environmental and bias stress stability.29 Improved
transistor performance by fluorophobic self-organization
was also reported for polymers with semi-perfluorinated side
chains.30,31 Moreover, the fluorophobic effect has been success-
fully exploited to induce and stabilize LC self-assembly.32,33

Such an approach has yet to be used in TADF LC materials
design.

Thus, here we designed columnar host–emitter LC mixtures
showing MR-TADF emission in the columnar mesophase. We
anticipated that the attachment of semiperfluorinated side
chains on both host and emitter should facilitate LC self-
assembly by fluorophobic interactions, while maintaining the
singlet and triplet energy levels of the parent unsubstituted
system. As the semi-perfluorinated side chains require more
volume than alkoxy chains, only 6 instead of 9 side chains were
attached in both hosts, LC3-F, LC7-F, and emitter BON-LC3-F,
to avoid steric clashing that would perturb the self-assembly
process. Our results demonstrate that this two-pronged
approach indeed results in all columnar host–guest mixtures
and enables FRET from the host to the emitter, resulting in
narrowband MR-TADF emission.

Results and discussion
Theoretical studies

To understand the influence of the semi-perfluorinated alkyl
chains on the hosts LC3-F and LC7-F, and the emitter BON-LC3-
F, time-dependent density functional (TD-DFT) calculations at

the PBE0/6-31G(d,p) level in the gas phase were carried out.
Both hosts, LC3-F and LC7-F, have similar localizations of the
HOMO and LUMO on the aromatic core (Fig. S1 and S2). The
HOMO and LUMO are localized on alternating atoms, which is
illustrative of a short-range charge transfer (SRCT) S0–S1 transi-
tion (HOMO–LUMO) that is typical of MR-TADF emitters.34–36

As expected, the semi-perfluoroalkyl chains have very little
influence on the HOMO and LUMO coefficients and energies.
The HOMO (�5.75 eV) and LUMO (�1.64 eV) of the host LC3-F
are slightly destabilized as compared to the HOMO (�5.81 eV)
and LUMO (�1.70 eV) of the homologue LC7-F that has longer
side chains, while the energy gap (Eg = 4.11 eV) remains
identical. The energy values are slightly stabilized as compared
to those of DOBNA derivatives containing alkoxy side chains,
like LC8 (HOMO�5.65 eV, LUMO�1.60 eV, Eg = 4.05 eV),
reflecting the modest impact that the electronics of the meso-
genic groups have on the energies of the frontier molecular
orbitals.26 Thus, we assumed that the MR-TADF character of
the parent DOBNA system would be conserved in the deriva-
tives containing semi-perfluorinated chains. Similarly, emitter
BON-LC3-F possesses HOMO (�5.37 eV) and LUMO (�1.67 eV)
levels that show the same alternating pattern of their electron
density, and has an Eg = 3.70 eV, again in line with the SRCT
character of the MR-TADF emitter B-O-Cz (Fig. S2). Comparison
of BON-LC3-F with the known dodecyloxy-substituted derivative
BON-LC1223 revealed that the former has more stabilized orbitals
than the latter (HOMO =�5.21 eV; LUMO =�1.67 eV; Eg = 3.54 eV
for BON-LC12).

Synthesis of LC3-F, LC7-F and BON-LC3-F

The synthesis of host and emitter compounds commenced with
the preparation of the semiperfluorinated side chains (Scheme 1).
Williamson etherification of semiperfluorinated alcohols 4 with
propargyl bromide 5 gave the ethers 6a, b. Due to the high
volatility of 6a, it was used without isolation. In contrast, the
corresponding higher homologue 6b was obtained in 88% yield.
Subsequent Sonogashira cross-coupling of ethers 6a, b with
3,4-diiodobromobenzene 7 gave 3,4-bisalkinylbromobenzenes
8a, b in 76 and 85% yield, which were then submitted to a
sequential lithiation, borylation, and final catalytic hydrogenation
of the triple bond to the pinacol borolanes 9a, b carrying

Scheme 1 Synthesis of hosts LC3-F, LC7-F and emitter BON-LC3-F.
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semiperfluorinated alkyl chains in the 3,4-position in 48 and 45%
yield over 3 steps.

Known DOBNABr3
26 was treated with pinacol borolanes 9a,

b under Suzuki–Miyaura cross-coupling conditions to afford
the desired hosts LC3-F, LC7-F in 41 and 57% yield, respec-
tively. The corresponding Suzuki–Miyaura cross-coupling of
known BONBr3

23 gave the short-chain derivative BON-LC3-F
in 25% yield, while the corresponding larger homologue BON-
LC7-F could not be isolated due to severe solubility and
purification issues.

Mesomorphic properties of LC3-F, LC7-F and BON-LC3-F

Upon cooling under the polarized optical microscope (POM),
host LC3-F displayed large homeotropic areas with line
defects (Fig. S42b) as well as fan-shaped textures (Fig. S42a),
which were shearable and are characteristic of a columnar
mesophase.37–39 Similar POM textures were observed for the
host LC7-F, also suggesting a columnar mesophase (Fig. S44).

In the 2nd heating cycle of the DSC of LC3-F, an endother-
mic clearing transition at 175.6 1C was detected (Fig. 2a and
Table S2). Upon the 2nd cooling cycle, the isotropic phase to
the Colho transition was detected at 175.0 1C, and a glass
transition was found at �68.6 1C. Thus, the phase range of
the host LC3-F (DT = 244 K) is significantly broadened as
compared to the DOBNA alkoxy derivative LC8 (DT = 175 K),26

and the Colh phase was stabilized (Fig. 2c). During the 2nd
cooling cycle, LC7-F displayed a higher clearing point (237.1 1C)
and a glass transition at �61.7 1C (Fig. S45a and Table S2),
resulting in an expanded mesophase range (DT = 299 K), which
is much broader compared to that of the alkoxy derivative LC12
(DT = 106 K). These results demonstrate the stabilizing effect of
the semiperfluorinated side chains resulting from the fluoro-
phobic effect.40,41

In the WAXS, LC3-F showed four sharp reflections in the
small-angle section and two diffuse wide-angle reflections,
namely the halo caused by the distance of fluid-like semiper-
fluorinated side chains (dhalo = 5.07 A) and the p–p reflection
caused by the intracolumnar distance (dp–p = 3.47 Å) (Fig. 3a
and Table S3). The higher intensity and broad appearance of
the halo can be explained by the higher electron density and
layer space filling of the semiperfluorinated side chains as
compared to the alkoxy side chains.40,42,43 The sharp reflections
of the SAXS (Fig. 3b) were assigned as (10), (11), (20), and (21)
reflections of a Colho phase (p6mm) due to their characteristic
ratio of 1 : 1/O3 : 1/2 : 1/O7. The small intensity of the (10) peak
as compared to the higher order peaks (11), (20), (21) is
probably caused by the high electron density of the semiper-
fluorinated side chain.40,41,44

The calculated molecular diameter of LC3-F dcalc = 31.6 Å is
very similar to the experimentally observed lattice parameter
a = 32.3 Å, indicating that only little interdigitation of the
semiperfluorinated chains takes place. The longer homologue
LC7-F displayed similar WAXS and SAXS behavior, and thus a
Colho phase (p6mm) with a = 40.5 Å and dp–p = 3.50 Å was
assigned (Fig. S47 and Table S3).

Fig. 2 (a) DSC thermogram (heating/cooling rate: 10 K min�1) of com-
pound LC3-F. G = glassy state, Colho: columnar hexagonally ordered
mesophase, I = isotropic melt; (b) DSC thermogram (heating/cooling rate:
10 K min�1) of LC3-F doped with 1 wt% of BON-LC3-F; (c) phase ranges of
the semi-perfluorinated derivatives LC3-F, LC7-F, BON-LC3-F as well as
mixtures LC3-F : BON-LC3-F, LC7-F : BON-LC3 compared with the known
alkoxy derivatives LC8, LC12 and BON-LC12 respectively, determined
from the second cooling cycle of the DSC measurements. Values of
LC8, LC12, BON-LC12, were taken from ref. 23 and 26 for comparison.
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In contrast to the hosts LC3-F and LC7-F, the emitter BON-
LC3-F showed only uncharacteristic textures under the POM
(Fig. S43), which were shearable and thus indicative of a
mesophase. As we anticipated potential problems with stability,
transition temperatures, and enthalpies were extracted from
the 1st heating and cooling cycle of the DSC. Upon the 1st
cooling, BON-LC3-F displayed a clearing transition at 343.6 1C.
Upon subsequent cooling, the mesophase reappeared at
343.6 1C, and a glass transition at �17.5 1C was detected,
resulting in a large phase width (DT = 364 K, Fig. S45b and
Table S2). In the WAXS, at 116 1C, BON-LC3-F displayed three
distinct small-angle reflections and two diffuse wide-angle
reflections, i.e., the halo (dhalo = 5.30 Å) and the p–p reflection
(dp–p = 3.53 Å) (Fig. S48 and Table S3). As discussed above, the
small-angle reflections were assigned as (10), (11), and (20)
reflections of a Colho phase (p6mm) with a lattice parameter a =
29.0 Å.40,42,43 Interestingly, when temperature-dependent XRD
experiments were carried out (Table S4 and Fig. S48c, d), the

intensity of the (10) reflection decreased with decreasing tem-
perature and disappeared below 69 1C, whereas the (11), (20)
reflections and the two diffuse wide-angle reflections remained.
Such behavior was rather unexpected for Colho. However, it
should be noted that Donnio and co-workers reported that
ionic mesogens having a Colho mesophase had a missing (10)
reflection when large, perfluorinated anions were used.45 Pre-
sumably, the molecular form factor in BON-LC3-F was reduced
and finally disappeared.

Mesomorphic properties of mixtures

We next explored mixtures of materials containing 1 wt% of
emitter BON-LC3-F. Under POM, the mixture LC3-F : BON-LC3-
F (99 : 1, w/w) displayed shearable textures with homeotropic
areas and line defects, which are characteristic for the host LC3-
F (Fig. S49).37–39 The mixture LC7-F : BON-LC3-F (99 : 1, w/w)
containing the larger host LC7-F also showed homeotropic
areas with line defects as well as fan-shaped textures upon

Fig. 3 (a) WAXS diffractogram of LC3-F recorded at 33 1C with the 2D WAXS pattern shown as inset. The red trace represents the fit of the wide-angle
region with two Lorentzian functions (grey dashed traces); (b) SAXS diffractogram recorded at 33 1C with the 2D SAXS pattern shown as inset; (c) WAXS
diffractogram of LC3-F doped with BON-LC3-F (1 wt%) recorded at 33 1C with the 2D WAXS pattern shown as inset. The red trace represents the fit of the
wide-angle region with two Lorentzian functions (grey dashed traces); (d) SAXS diffractogram recorded at 33 1C with the 2D SAXS pattern shown as inset.
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heating (or cooling) (Fig. S50). Both mixtures displayed distinct
phase transitions without phase separation.

Investigation of the mixture LC3-F : BON-LC3-F (99 : 1, w/w)
by DSC revealed that upon 2nd cooling, there were clearing and
glass transitions at 176.1 and�52.9 1C, respectively (Fig. 2b and
Table S2). Both transition temperatures are higher as compared
to those of LC3-F (Fig. 2c). The phase width (DT = 229 K) of the
mixture is slightly smaller than the phase widths of the host
LC3-F. The mixture LC7-F : BON-LC3-F (99 : 1, w/w) possesses a
higher clearing temperature (237.2 1C) and a somewhat lower
glass transition (�60.8 1C) (Fig. S51 and Table S2) resulting in a
phase width (DT = 298 K), which that is identical with the
temperature range of LC7-F yet much larger than for the
mixture LC3-F : BON-LC3-F (99 : 1, w/w).

The 2D WAXS pattern of an oriented fiber showed orthogo-
nal wide- and small-angle reflections for LC3-F doped with
1 wt% BON-LC3-F (Fig. 3c and Table S3). The two broad
reflections in the wide-angle region were fitted by Lorentz
functions, which provided dhalo = 4.51 Å and dp–p = 3.47 Å. In
the SAXS, characteristic (10), (11), (20), and (21) reflections of a
Colho phase (p6mm) with a lattice parameter of a = 32.1 Å were
detected.46–48 Thus, the mixture LC3-F : BON-LC3-F (99 : 1, w/w)
possesses very similar mesophase geometries as compared to the
pure host LC3-F (Fig. S52 and Table S3). The mixture LC7-F : BON-
LC3-F (99 : 1, w/w) also showed a Colho phase (p6mm) (Fig. S53 and
Table S3). Again, the lattice parameter of the mixture and the pure
host LC7-F were identical (a = 40.5 Å). These results indicate that
the mesomorphism of the host remains almost untouched by
the guest.

Photophysical properties of LC3-F and LC7-F

The absorption spectrum of host LC3-F in toluene displays two
intense bands at labs = 327 nm (e = 3.9 � 104 M�1 cm�1) and
391 nm (e = 3.1 � 104 M�1 cm�1) (Fig. 4 and Table S5). The low-
energy band was assigned to the SRCT transition of the sub-
stituted DOBNA core and is situated similarly to those of
DOBNA-Ph (labs = 395 nm)34 and LC8 (labs = 393 nm),26 but
red-shifted as compared to DOBNA (labs = 376 nm).34 The high-
energy band was assigned to a locally excited state of the
mesogenic groups of LC3-F, which was also found in LC8
(labs = 340 nm) and DOBNA-Ph (labs = 320 nm), but is absent
in DOBNA. Upon excitation of LC3-F at 330 nm in degassed
toluene, a deep blue narrowband emission at lPL = 408 nm (full-
width at half maximum, FWHM = 26 nm) was observed. The
Stokes shift is small (18 nm), reflecting the small degree of
structural reorganization in the excited state. The FPL is 56%
(Table 1 and Table S5).49–51 The PL band is nearly identical to
that of LC8 (lPL = 408 nm, FPL = 63%),26 and DOBNA-Ph (lPL =
410 nm, FPL = 60%),34 and is red-shifted compared to that of
DOBNA (lPL = 398 nm, FPL = 72%). Time-resolved PL

Fig. 4 Steady-state absorption (black trace) and emission (blue trace)
spectra of LC3-F in degassed toluene (c = 0.02 mM, lexc = 320 nm).

Table 1 Photophysics of hosts, emitter and host–emitter mixtures

Compound Conditions lPL/nm
FWHM/nm
(FWHM/eV) FPL/% tp,avg/ns td/ms

LC8 Toluene 408 24 (0.18) 63 3.65 n.d.a

LC3-F Toluene 408 26 (0.19) 56 4.47 n.d.a

LC7-F Toluene 408 27 (0.20) 59 4.14 n.d.a

BON-LC12 Toluene 466 23 (0.13) 77 6.75 n.d.a

BON-LC3-F Toluene 461 23 (0.13) 76 5.85 n.d.a

LC8 Neat 472 70 (0.40) 19 16.62 n.d.a

LC3-F Neat 460 63 (0.36) 19 15.42 n.d.a

LC7-F Neat 457 59 (0.34) 20 13.29 n.d.a

BON-LC12 Neat 544 77 (0.33) 39 31.96 n.d.a

BON-LC3-F Neat 528 72 (0.31) 30 30.18 35.0
LC8c PS 476 14 (0.08) 41 8.19 n.d.a

BON-LC12d PS 467 45 (0.25) 90 9.85 107.8
BON-LC3-Fe PS 463 65 (0.35) n.d.b 5.37 142.6
BON-LC3-F:LC3-Ff PS 477 41 (0.22) 54 15.20 52.05
BON-LC3-F:LC7-Ff PS 478 43 (0.23) 49 16.99 56.1

a No delayed emission observed. b The quantum yield could not be determined due to the low absorption of the film. c LC8 in doped (1 wt%
BCzBN) polystyrene (PS) films. d BON-LC12 in PS film (1 wt%). e BON-LC3-F in PS film (0.1 wt%). f BON-LC3-F in a PS film in LC3-F (1 wt%)
or LC7-F (1 wt%).
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measurements revealed monoexponential decay kinetics, with
a tp = 4.47 ns (Fig. S54b and Table S5), which is slightly slower
than for LC8 (tp = 3.65 ns) and for DOBNA-Ph (tp = 5.61 ns) and
DOBNA (tp = 1.07 ns). The photophysical properties of LC3-F
are similar to the alkoxy analogue LC8.26

Solvent-dependent steady-state absorption and PL measure-
ments revealed that there is effectively no change in the
absorption spectrum with solvent polarity, reflecting the non-
polar ground state of LC3-F (Fig. S54c and Table S6), while there
is a small bathochromic shift from lPL = 402 nm (MCH) to
410 nm (butyronitrile) that is characteristic of an excited state
of SRCT character (Fig. 5a). In comparison with the PL spec-
trum of LC8 (Fig. 5b), there is no low-lying LRCT state that
becomes stabilized in polar media, and the emissive SRCT
excited state is retained across all of these solvents in LC3-F.

Next, we determined the S1 and T1 levels of LC3-F from the
onsets of the steady-state PL and phosphorescence spectra in

frozen 2-MeTHF glass at 77 K (Fig. S54e). The obtained energies
(S1 = 3.12 eV, T1 = 2.79 eV) result in a DEST of 0.32 eV
(Table S5).49 Compared to LC8, the T1 state of LC3-F is
destabilized by 0.09 eV. Moreover, comparison of the S1 and
T1 levels (determined from the maxima) of LC3-F (S1 = 3.05 eV,
T1 = 2.68 eV) with alkoxy derivative LC8 (T1 = 2.41 eV) and
DOBNA-Ph (T1 = 2.71 eV, EtOH, 77 K) clearly indicated that the
T1 level of LC3-F is only destabilized by 0.03 eV compared to
DOBNA-Ph, whereas LC8 is destabilized by 0.29 eV. The deri-
vative LC7-F has very similar photophysical properties in
degassed toluene solution (lPL = 408 nm, FWHM = 27 nm,
FPL = 59%) and identical S1 and T1 levels to those of LC3-F
(Table 1, Fig. S55, Table S5). Thus, the nature of the chain exerts
no influence on the photophysical properties, in agreement
with the previous observations made for the DOBNA alkoxy
series LCn.26 The solution studies demonstrated that mono-
molecular species of LC3-F and LC7-F maintain the SRCT
character of the S1 state in contrast to derivatives carrying
alkoxy side chains, where the S2 state of LRCT character is
stabilized. Further, LC3-F and LC7-F possess higher T1 levels,
thus increasing their suitability as host materials for blue
emitters.

Next, the photophysical properties of the bulk phase of LC3-
F, LC7-F were examined to determine whether the observed
trends in solutions of LC3-F, LC7-F are also maintained in the
bulk LC phase in the presence of columnar aggregates in thin
films. It should be noted that thin films of LC3-F and LC7-F
were prepared by drop-casting CHCl3 solutions rather than
spin-coating because the latter method did not produce stable
films, presumably due to the fluorophobic effect of the side
chains with the quartz and sapphire substrates. The absorption
spectrum of the thin film of LC3-F showed two bands at labs =
330 and 396 nm, respectively (Table S5, entry 4), which are blue-
shifted by 5 and 4 nm compared to the solution spectrum
(Table S5, entry 1). Despite the strong aggregation in the Colho

phase, very little electronic interaction in the ground state was
found.52,53 Compared to the solution-state PL spectrum, that in
the solid state is bathochromically shifted and broadened (lPL =
460 nm, FWHM = 63 nm, Fig. 6a and Table 1). This implies
excimer emission.20,27,54 Compared to the FPL in solution, the
value of the film is much lower at 19%, presumably due to
significant ACQ.54 The results are in good agreement with those
observed for LC8.26

Time-resolved PL measurements of LC3-F by TCSPC
(Fig. S57b and Table S8) showed a triexponential decay of the
PL emission, with an average prompt lifetime tp,avg = 15.42 ns
(Table 1) that is slightly shorter than that of LC8 (tp,avg =
16.62 ns).26 Excited-state levels of LC3-F in the bulk
(S1 = 2.94 eV, T1 = 2.62 eV) are stabilized by 0.18 and 0.17 eV,
respectively, as compared to the energy levels in solution,
reflecting the state energies of the excimer. Unfortunately, the
resulting DEST of 0.32 eV is large and thus no delayed emission
was detected. In comparison to LC8, the T1 level of LC3-F in the
bulk is destabilized by 0.05 eV. The photophysical properties of
the homologous derivative LC7-F (lPL = 457 nm, FWHM =
59 nm, FPL = 20%, Table 1 and Fig. S58) also reflect excimer

Fig. 5 (a) Solvatofluorochromism of LC3-F in different solvents (c =
0.01 mM, lexc = 330 nm); (b) solvatofluorochromism of LC8 in different
solvents (c = 0.02 mM, lexc = 350 nm).
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formation in the Colho phase.20,27,54 The T1 level of LC7-F is
destabilized by 0.11 eV as compared to that of LC8. Thus, the
thin film studies with LC3-F and LC7-F revealed a higher energy
T1 level in the bulk Colho phase (T1 = 2.62 and 2.65 eV,
respectively), indicating that LC3-F and LC7-F are suitable host
materials for the MR-TADF emitter BON-LC3-F (T1 = 2.51 eV) in
contrast to their LCn DOBNA counterparts, which contain
alkoxy chains.

Photophysical properties of BON-LC3-F

In dilute toluene solution, BON-LC3-F exhibits a strong absorp-
tion at labs = 446 nm and a sharp sky-blue PL emission at lPL =
461 nm (FWHM = 23 nm) associated with a FPL of 76% (Table 1,
Fig. S56, Table S5).49–51 Comparison to the parent B-OCz
emitter55 revealed that both the absorption and emission

maxima are red-shifted, by 21 and 20 nm, respectively. Time-
resolved PL measurements in degassed toluene showed a tp,avg

of 5.86 ns (Fig. S56b). Comparison to BON-LC showed that the
emission is slightly blue-shifted (lPL = 466 nm, FWHM = 23 nm,
FPL = 77%),23 but otherwise this compound shows very similar
behavior.

Solvatochromism measurements support the assignment of
the SRCT character to the emissive excited state (Fig. S56c, d
and Table S6). To investigate whether BON-LC3-F is a suitable
MR-TADF emitter, S1 and T1 energies were determined from the
onsets of the steady-state PL and phosphorescence spectra in
frozen 2-MeTHF glass at 77 K (S1 = 2.75 eV, T1 = 2.57 eV)
(Fig. S56e). Thus, the DEST is 0.18 eV (Table S5), which is 0.11 eV
larger than that for BON-LC12 (DEST = 0.07 eV).23,56,57 These
results suggest that BON-LC3-F can act as a suitable dopant

Fig. 6 (a) Absorption (black trace) and steady-state emission (blue trace, lexc = 320 nm) of LC3-F in a neat film, inset shows the film under UV light; (b)
steady-state absorption (black trace) and emission (blue trace) (lexc = 410 nm) spectra of BON-LC3-F in degassed toluene; (c) photoluminescence
spectrum of BON-LC3-F in polystyrene; (d) absorption (black trace) and steady-state emission (blue trace, lexc = 440 nm) of BON-LC3-F in a neat film,
the inset shows the film under UV light.
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with the hosts LC3-F and LC7-F. No delayed fluorescence was
detected for BON-LC3-F in solution, similar to many reported
MR-TADF emitters that do not show delayed emission in
solution, presumably due to competing non-radiative
decay.18,23,26 Therefore, a doped film of BON-LC3-F in polystyr-
ene (PS, 0.1 wt%) was studied. In this matrix, there is an intense
PL signal at lPL = 463 nm that is significantly broadened
(FWHM = 65 nm, Fig. S60a), presumably caused the strong
tendency of the dye molecules to aggregate (Fig. 6c and
Table 1). From the energy levels (S1 = 2.82 eV, T1 = 2.58 eV), a
slightly larger DEST of 0.24 eV was determined, due to the S1

level being destabilized (Fig. S60c and Table S5). Prompt life-
time measurements by TCSPC showed a triexponential decay
with tp,avg = 5.37 ns, while MCS TR PL measurements revealed
delayed emission with a lifetime of td = 142.6 ms, which was
completely quenched by oxygen (Table 1 and Fig. S62b, d).
Temperature-dependent time-resolved PL measurements by
MCS indicated that the magnitude of the delayed emission
increases with increasing temperature, a hallmark of TADF

behavior (Fig. S60e). Thus, BON-LC3-F is an MR-TADF
emitter.58–60

In comparison with BON-LC12, the PL band of BON-LC3-F is
broadened due to the increased tendency of the semiperfluori-
nated derivative towards aggregation. The delayed lifetime of
BON-LC3-F (td = 142.6 ms) is significantly longer than for BON-
LC12 (td = 107.8 ms), reflecting its larger DEST.23 These results
demonstrate that the photophysical properties of the MR-TADF
emitter are maintained in the presence of the semiperfluori-
nated side chains.

Drop-cast thin films of BON-LC3-F showed an absorption
band at labs = 452 nm (Fig. 6d and Table 1), which is slightly
bathochromically shifted and somewhat broadened compared
to that in toluene, which indicates that there are only few
intermolecular interactions in the ground state despite the
strongly aggregated Colho mesophase.52,53 In contrast to the
sky-blue emission in toluene (lPL = 461 nm) or PS (lPL =
463 nm), a green emission (lPL = 528 nm) was observed in
the neat film (Fig. 6d and Table S5). The large Stokes shift

Fig. 7 (a) Comparison of the absorption spectra of the host material LC3-F (dashed line) and the emitter BON-LC3-F (in toluene, c = 0.02 mM, black)
with the emission spectrum of neat LC3-F (lexc = 350 nm, blue); (b) PL-spectrum of a LC3-F : BON-LC3-F (99 : 1, w/w) blend (lexc = 375 nm, light blue)
compared to that of the pure host LC3-F (lexc = 350 nm, blue dashed line), the inset shows the film under UV light; (c) possible Förster resonance energy
transfer (FRET) from the host LC3-F to the emitter BON-LC3-F; (d) temperature-dependent MCS-lifetime measurements.
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(82 nm), the significant PL broadening (FWHM = 72 nm), and
the much reduced FPL of 30% compared to the data acquired in
toluene solution all point to excimer emission. This is similar
behavior to that observed for the neat film photophysics of
other MR-TADF emitters.20,27,54 Time-resolved PL measure-
ments by TSCPC reveal a triexponential decay with a tp,avg =
30.18 ns (Fig. S59b and Table S7). The DEST is reduced to
0.08 eV, and the td is 35 ms (Table S5). Not surprisingly, the PL is
sensitive to O2, the temperature-dependent time-resolved PL
measurements also document TADF behavior (Fig. S59d and
Table S5). Above 300 K, both the intensity of the delayed
lifetime as well as the PL intensity decrease, which reflects
increased temperature-dependent non-radiative decay that may
originate from increased vibrational relaxation in the meso-
phase (Tg = 256 K) of BON-LC3-F.61 In comparison with BON-
LC12 (lPL = 544 nm, FWHM = 77 nm, FPL = 39%), BON-LC3-F
showed similar photophysical properties as a neat film, with a
small observed blue-shift of the PL maximum. Thus, in both

molecules, the photophysical properties of the neat film reflect
excimer formation in the strongly aggregated Colho phase.
Despite these similarities, it should be emphasized that a
neat film of BON-LC12 does not show TADF, while that of
BON-LC3-F does.

Photophysical properties of the host–emitter mixtures

A qualitative comparison of the absorption spectra of the host
LC3-F in the bulk state and the absorption of the emitter BON-
LC3-F in toluene (Table 1) revealed that at the chosen excitation
wavelengths lexc = 379 nm, only the host LC3-F should absorb
and thus a direct excitation of the emitter does not take place
(Fig. 7a).62 Moreover, the PL band of the host LC3-F and the
absorption band of the emitter BON-LC3-F show sufficient
overlap to permit an efficient energy transfer from host to
emitter.63 The film of the mixture LC3-F:BON-LC3-F (contain-
ing 1 wt% of the emitter BON-LC3-F) displays a sky blue
emission (lPL = 477 nm, FWHM = 41 nm, FPL = 54%, Fig. 7b

Fig. 8 Photophysical properties of the BON-LC3-F : LC3-F (99 : 1, w/w) blend (lexc = 375 nm; for TCSPC and MCS measurements: lexc = 379 nm):
(a) time-correlated single photon counting (TCSPC) lifetime measurement (blue curve) with a triple-exponential decay fit (red curve) and instrument
response function (IRF, grey); (b) microsecond-scale time-resolved emission (MCS) lifetime measurement in air (black curve) and under vacuum (blue
curve) with a mono-exponential decay fit (red curve) and IRF (grey); (c) temperature-dependent PL-spectra, the inset shows the integrated intensity of
the BON-LC3-F emission band (integration range: 450–650 nm); (d) steady state emission of BON-LC3-F (1, 2, 5, 10, 20 wt%) doped into LC3-F. Steady-
state emission of neat BON-LC3-F (green dashed trace) and neat LC3-F (blue dashed traces) is given for comparison.
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and Table 1), which was assigned to the emission of
BON-LC3-F. In addition, the emission spectrum of the mixture
shows a small shoulder at lPL = 450 nm, which was assigned to
emission from the host LC3-F. It should be noted that there is no
excimer emission at lPL = 530 nm resulting from aggregation of
the emitter BON-LC3-F. Presumably, the emitter is well integrated
in the liquid crystalline matrix of the host, which effectively
suppresses emitter aggregation. In comparison to the PL spec-
trum of BON-LC3-F in toluene (lPL = 461 nm, FWHM = 23 nm),
the PL band of the mixture is bathochromically shifted by 16 nm
and somewhat broadened, indicating weak interactions between
host and emitter, as well as emitter/emitter interactions, in the
mixture.64,65 Thus, in the mixture, there is almost complete energy
transfer from the host LC3-F to the emitter BON-LC3-F. Based on
the significantly increased FPL of the mixture to 54% as compared
to the host LC3-F (FPL = 19%), the energy transfer occurs almost
certainly via FRET.62,63,66–68

From the PL and phosphorescence spectra of the mixture at
77 K, the energy levels S1 = 2.74 eV and T1 = 2.60 eV were
extracted. The DEST of the mixture of 0.14 eV is similar to the
DEST value of the emitter BON-LC-F3 (DEST = 0.18 eV in toluene)
and significantly different from that of the neat host LC3-F
(DEST = 0.32 eV in the bulk), further supporting the assignment
of the PL bands (for details, see Table S5). Lifetime measure-
ments showed a biexponential decay of the prompt fluores-
cence (tp,avg = 15.20 ns) and a delayed fluorescence with single
exponential decay (td = 52.05 ms), which was quenched by O2

(Fig. 8a and b). Temperature-dependent time-resolved PL

measurements confirm that the mixture exhibits TADF58–60

(Fig. 8c).61,69–71 Upon increasing the emitter concentration in
the host LC3-F (Fig. 8d and Table S8), the PL bands bath-
ochromically shifted and broadened from lPL = 477 nm,
FWHM = 41 nm (1 wt%) to lPL = 501 nm, FWHM = 68 nm
(20 wt%), resulting from the increased intermolecular emitter–
emitter interactions in the columnar mesophase of the mixture
(for further details, see Fig. S62).

The analogous mixture LC7-F : BON-LC3-F (99 : 1, w/w)
shows very similar photophysical behavior, with a distinct PL
band from the emitter at lPL = 478 nm (FWHM = 43 nm, FPL =
49%, td = 56.1 ms) (Table 1 and Fig. S62). Thus, the excitation
energy is likewise transferred via FRET from the host LC7-F to
the emitter BON-LC3-F.

Packing model of the mixtures

We surmised that the observed photophysical and meso-
morphic properties may be rationalized by a distinct packing
model of the mesophase. In principle, for binary mixtures of
columnar liquid crystals with similar molecular scaffolds and
lattice parameters, three different packing geometries are pos-
sible (Fig. 9a). The first is one where host and emitter molecules
may undergo a macroscopic phase separation similar to the
arrangement of block copolymers,72,73 if host and emitter are
non-miscible. The second is one where the host and emitter are
partially miscible and intercolumnar phase separation may
occur, i.e., columns of host are mixed with columns of emitter,
resulting in intercolumnar mixed phases.20,72,73 Finally, if host

Fig. 9 (a) Possible arrangements for binary mixtures of two columnar liquid crystals, A and B; (b) proposed packing model of the mixtures BON-LC3-F : LC3-F
(99 : 1, w/w) and BON-LC3-F : LC7-F (99 : 1, w/w) based on X-ray diffraction data and the photophysical properties of the mixtures.
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and emitter are fully miscible, each column contains mixtures
of host and emitter, either in an alternating manner or block-
wise separated.20,74 Because the mixtures contain only 1 wt% of
the emitter BON-LC3-F, the lattice parameters of the mixtures
LC3-F: BON-LC3-F and LC7-F:BON-LC3-F are mostly governed
by the host LC3-F or LC7-F. That there is the absence of any
host excimer emission in the mixture implies that the first two
packing models are highly unlikely and strongly supports a
mixed columns model (Fig. 9b). The relatively broad PL bands
of BON-LC3-F in these mixtures can be rationalized by weak
interactions between emitter BON-LC3-F and hosts LC3-F (or
LC7-F) or weak interactions between two emitter molecules
closely located within a column. It should be noted that the
semiperfluoroalkyl side chains have two distinct functions: (i)
they are ‘‘electronically neutral’’ compared to the strongly
electron-donating alkoxy chains. The electronic isolation is
caused by the alkyl subunit. Thus, the S1 and T1 states are only
slightly affected, and the DEST of both hosts LC3-F, LC7-F and
emitter BON-LC3-F, respectively, remain similar to the parent
non-mesogenic dyes DOBNA and B-O-Cz, respectively, whereas
the DEST values for LC8 and BON-LC12 increased (Table S7). (ii)
The semiperfluoroalkyl chains strengthen nanoseggregation
through the perfluorinated subunit. This results in increased
mesophase stabilities and temperature ranges for both neat
films of these compounds as well as mixtures containing
semiperfluorinated side chains rather than alkoxy chains (see
Fig. 2c).

Conclusion

The first room-temperature columnar MR-TADF host–guest
system is reported. This is based on a columnar DOBNA-
derived host LC3-F (or LC7-F), and a columnar emitter BON-
LC3-F. Semiperfluorinated side chains decorating both host
and emitter improved nanosegregation and stabilized the
columnar mesophases as compared to the corresponding host
and emitter with alkoxy side chains. Temperature ranges of the
columnar mesophase increased by 69 K for LC3-F, 193 K for
LC7-F, and 238 K for BON-LC3-F as compared to the counter-
parts LC8 and BON-LC12 that contain alkoxy side chains. In the
mixtures, no phase separation was observed by POM, and
almost identical XRD data of neat hosts and host emitter
mixtures revealed that the emitter BON-LC3-F blends perfectly
into the host LC3-F (or LC7-F) mesophase.

Moreover, the semiperfluorinated side chains gratifyingly do
not stabilize the excited states of the host, resulting in higher T1

levels and smaller DEST as compared to analogous hosts carry-
ing alkoxy side chains. Whereas the neat host LC3-F (or LC7-F)
showed no TADF and the neat emitter BON-LC3-F showed only
very weak TADF, mixtures LC3-F : BON-LC3-F (99 : 1, w/w) and
LC7-F : BON-LC3-F (99 : 1, w/w) showed MR-TADF, with delayed
lifetimes of td = 52.0 ms and td = 56.1 ms, respectively, due to
energy transfer from host to emitter via FRET. Despite the large
excess of the host material in the mixture (99 wt%), the PL
bands of the mixtures originate from the 1 wt% of emitter.
Consequently, with increasing relative amount of emitter, the

FPL increases from 54% (1 wt%) to 68% (5 wt%). The perfect
integration of the emitter in the host was also deduced from the
fact that no excimer emission of the emitter BON-LC3-F was
detected in these mixtures.

Such ‘‘turn-on’’ TADF by mixing columnar hosts with colum-
nar emitters provides a versatile approach by choosing suitable
combinations of host (determining the LC properties) and
emitter (determining the photophysical properties), while
ACQ of columnar self-assembled dye molecules was overcome
by high dilution of the emitter in the host. Such approach
should be amenable to other compound classes of host and
emitter useful for various optoelectronic applications. Future
work must demonstrate whether the beneficial effect of fluor-
ophobic self-assembly reported for organic transistors is also
true for OLED devices.
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6 T. Wöhrle, I. Wurzbach, J. Kirres, A. Kostidou, N. Kapernaum,

J. Litterscheidt, J. C. Haenle, P. Staffeld, A. Baro and F.
Giesselmann, Chem. Rev., 2016, 116, 1139–1241.

7 S. Laschat, A. Baro, N. Steinke, F. Giesselmann, C. Hägele,
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