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sembled liquid crystals enable
temperature-controlled Förster resonance energy
transfer†

Zhen-Qiang Yu, *a Xiaodong Li,a Wei Wan,b Xin-Shun Li,a Kuo Fu,a Yue Wu*a

and Alexander D. Q. Li *b

Balancing the rigidity of a p-conjugated structure for strong emission and the flexibility of liquid crystals for

self-assembly is the key to realizing highly emissive liquid crystals (HELCs). Here we show that (1) integrating

organization-induced emission into dual molecular cooperatively-assembled liquid crystals, (2) amplifying

mesogens, and (3) elongating the spacer linking the emitter and the mesogen create advanced materials

with desired thermal–optical properties. Impressively, assembling the fluorescent acceptor Nile red into

its host donor designed according to the aforementioned strategies results in a temperature-controlled

Förster resonance energy transfer (FRET) system. Indeed, FRET exhibits strong S-curve dependence as

temperature sweeps through the liquid crystal phase transformation. Such thermochromic materials,

suitable for dynamic thermo-optical sensing and modulation, are anticipated to unlock new and smart

approaches for controlling and directing light in stimuli-responsive devices.
Introduction

The unique combination of photophysical and anisotropic uid
properties of highly emissive liquid crystals (HELCs) has
attracted much attention recently.1–9 Their potential applica-
tions have been widely studied in photonics and optoelec-
tronics, such as eld-effect transistors (FETs),10,11 organic light
emitting diodes (OLEDs),12,13 organic light emitting transistors
(OLETs),14,15 and circularly polarized luminescence (CPL)
materials.16–18 Despite the promising prospects of HELCs, the
synthetic challenges remain. Firstly, most luminogens suffer
from aggregation caused quenching (ACQ), thus emitting weak
or no emission in the condensed state. Additionally, liquid
crystallinity can be hardly retained aer introducing a p-
conjugated uorophore into linearly structured liquid crys-
tals.19–22 Therefore, resolving the conicts between the rigid p-
conjugated structure for strong emission and the exible liquid
crystals for assembly represents a dilemma and key scientic
barrier in the further advancement of the eld.

To solve this critical bottleneck, our strategy uses
aggregation-induced emission (AIE) to incorporate an
organization-induced luminogen (OIL)23–29 into the liquid
crystal to replace the ACQ-type luminogen23 and covalently
gineering, Shenzhen University, Shenzhen
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bonds such an AIE unit to mesogens to prevent segregation. By
optimizing the mesogenic structures and spacer length between
the AIE unit and mesogen, we ne tune the delicate balance of
rigidity and exibility in a “step-by-step”manner until a HELC is
obtained (Fig. 1). By virtue of harnessing this strategy, an
elaborate molecule consisting of an AIE group, 12-carbon
linkers, and amplied mesogens, hereaer named TPE-12-4CB,
is synthesized; it emits strongly in the condensed phase and has
superb liquid crystallinity simultaneously.

Avoiding energy loss during emission and reabsorption,
FRET transmits energy directly through space and plays
a signicant role in energy harvesting, such as collecting
panchromatic light in a narrow waveband30 or directing energy
to specic reaction centers in the case of photosynthesis.31 In
consideration of the superb luminescence properties, a FRET-
active luminescent solar concentrator (LSC)32 has been fabri-
cated. Using FRET, ratiometric temperature sensing has been
achieved using semiconducting polymer dots.33 Conversely,
stimuli-responsive liquid crystals34–36 without FRET also
promise interesting interactions among light, mechanical force,
and temperature.

Built upon the previous successes and our realization of
HELCs, a thermochromic FRET system was constructed here by
taking advantage of the temperature-controlled co-assembly of
the luminescent donor TPE-12-4CB and acceptor Nile red to
form liquid-crystal devices. Using stimuli-responsive optical
materials to control and direct light represents a smart
approach to solid-state devices because temperature can now be
used to modulate light output. Sensing temperature-controlled
FRET accurately and dynamically, a synchronous thermo-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular engineering using AIE-genesis and a liquid crystal mesogen illustrates the step-by-step strategy for design and fabrication of
a highly emissive liquid crystal. Step 1 introduces the AIE-core based on TPE for strong luminescence in condensed states; step 2 enhances
emission efficiency by pushing p-electrons to the emissive core while amplifying mesogenic capability; step 3 elongates the mesogenic spacer
for improving liquid crystallinity.

Fig. 2 (a) DSC traces of TPE-6-CB, TPE-12-CB, TPE-6-4CB, and TPE-
12-4CB indicate disorder to order transitions, in particular, TPE-12-
4CB changes from the amorphous phase to the liquid crystal phase (97
�C) and finally to the crystal phase (30 �C). (b) Image of the liquid crystal
TPE-12-4CB hints at the typical fan-shaped texture of a smectic A
phase, an ordered and layered structure. (c) Photographs of TPE-12-
4CB reveal that luminescence intensifies as the material transitions
from the disorder state to a reasonably ordered liquid crystal phase,
and finally to a highly ordered solid crystal.
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optical sensing (STOS) system was demonstrated, which
simultaneously correlates sample temperature, FRET efficiency,
and the uorescence spectrum in situ.

Results and discussion

The cyanobiphenyl (CB) group is one of the most effective
mesogens for liquid crystals because of its calamitic structure
and molecular polarity; however, it is non-emissive under
photoexcitation. Inspired by the molecular structure of 5-CB
and 8-CB, we integrated an AIE-active tetraphenylethylene (TPE)
unit with a CB group to obtain TPE-6-CB through the Wil-
liamson reaction with an excellent 90% yield (Fig. 1). TPE-6-CB
shows intensive uorescence at 450 nm under UV irradiation
with a quantum yield (QY) of 4% (Fig. S1 in the ESI†). Similarly,
TPE-12-CB also exhibits intensive uorescence at 450 nm
(Fig. S5 in the ESI†) with a QY of 6%. Compared to commercial
LCs with low QY (5-CB: <1%), the introduction of an AIE unit is
an effective strategy to endow LCs with the ability to emit
luminescence, making it feasible for HELCs. Aer the lumi-
nescence properties were validated, the liquid crystallinity was
investigated by differential scanning calorimetry (DSC) and
polarized optical microscopy (POM). Interestingly, no typical
liquid crystallinity was observed from the DSC curves of TPE-6-
CB and TPE-12-CB during cooling (Fig. 2a), only one glass
transition was observed at 39 �C and 19 �C, respectively, and no
LC texture was captured by POM. It is concluded that the exible
assembly of LCs was suppressed by the rigid structure of TPE,
indicating that one mesogenic CB was unable to induce the p-
conjugated TPE to form an LC structure.

To realize HELCs, we next amplied the number of meso-
genic substituents on TPE from one to four to obtain TPE-6-4CB
© 2021 The Author(s). Published by the Royal Society of Chemistry
(Fig. 1). Signicantly, we found the uorescence had an
apparent enhancement with a 4.25-fold increase from 4% to
17% of the QY, demonstrating that the mesogenic substituent is
capable of hindering the intramolecular rotation of TPE. Simi-
larly, DSC and POM were employed to investigate the liquid
crystallinity of TPE-6-4CB. Compared to TPE-6-CB, TPE-6-4CB
has one crystallization peak at 133 �C during cooling (Fig. 2a)
and no LC texture was captured by POM. These results
demonstrate that the liquid crystallinity still could not be
Chem. Sci., 2021, 12, 3146–3151 | 3147
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realized via TPE-6-4CB. Again, the relatively short exible spacer
cannot decouple the interaction between TPE and amplied CB
mesogens, and the twisted structure of TPE further frustrates
the LC assembly, which requires exibility.

Finally, to balance the rigidity of the emission core and
exibility of the liquid crystal assembly, we further elongated
the spacer length between TPE and CB from six to twelve
methylene units to obtain TPE-12-4CB (Fig. 1). This decoupling
yields desired characteristics, and TPE-12-4CB exhibits two
exothermic transitions at 97 and 30 �C in the DSC cooling
process, which are assigned to isotropic liquid to LC and LC to
crystal phase transitions, respectively. Typical fan-shaped focal
conic textures were observed at 95 �C as shown in Fig. 2b
indicating a smectic A (SmA) phase of the LC (Fig. S16 in the
ESI†).7 The wide-angle X-ray diffraction curve collected at 90 �C
also identied the SmA phase (Fig. S17 in the ESI†). In this
phase, mesogen CBs packed to form layered structures and TPE
units stacked in the conned space to form a columnar struc-
ture. Taken together, these results precisely proved the liquid
crystallinity of TPE-12-4CB.

To illustrate the luminescence behaviour of TPE-12-4CB in
different states, thermochromic uorescence images of TPE-12-
4CB were recorded during the cooling cycle. In agreement with
the DSC curve, two distinct luminescence behaviour-changes
were found during the 130 / 30 �C cooling process (Fig. 2c).
The rst change occurred at �90 �C, concomitant with the
phase transition from isotropic liquid to the SmA phase of the
LC, and the second change occurred at �35 �C, accompanying
the phase transition from the SmA phase of the LC to the solid
crystal state. Furthermore, the QY of TPE-12-4CB increased to
27%, which was much higher than that of TPE-6-4CB. Thus, the
Fig. 3 Significant molecular self-assemblies and photophysical charact
emission (b). The emission spectra of Nile red (c) and TPE-12-4CB (d) c
opposite directions. (e) Thin-film fluorescence spectra of TPE-12-4CB (d
various molar ratios (fNiR): lex ¼ 330 nm, 90 �C.

3148 | Chem. Sci., 2021, 12, 3146–3151
“step-by-step” strategy solves the major dilemma to reconcile the
rigid p-conjugated structure for strong emission and the ex-
ible assembly for liquid crystallinity. This strategy creates
a highly emissive TPE-12-4CB LC that has a wide LC tempera-
ture range (75–105 �C during heating and 30–97 �C during
cooling).

Taking full advantage of exclusive HELC behaviour of TPE-
12-4CB, we constructed a temperature-controlled lumines-
cence modulator. Because Nile red absorbs from 400 to 600 nm,
whose spectral range matches well with TPE-12-4CB emission
(Fig. S18 in the ESI†), it was selected as an emission acceptor for
the TPE-12-4CB donor for energy transfer. Doping Nile red
(acceptor) into TPE-12-4CB (donor) without disrupting liquid
crystal organization, a temperature-controlled FRET device has
been constructed. As shown in Fig. 3a and c, Nile red emits
strong orange uorescence (lmax ¼ 580 nm) with high quantum
efficiency (QY: 46%) in dilute solutions. However, it suffers from
aggregation-caused quenching (ACQ), which limits its quantum
yield (QY) to only 0.1%, a factor of 460-fold decrease, resulting
in weak or even no emission in the condensed phases.

Inversely, TPE-12-4CB in dilute solution exhibits non-
radiative decay or weak emission (QY: 0.3%) because of intra-
molecular rotation, but it becomes highly emissive in the
condensed state (lmax ¼ 472 nm, QY: 27%), a 90-fold increase
(Fig. 3b and d).23 When AIE-active TPE-12-4CB and Nile red were
assembled cooperatively to form an OIL, or organization-
induced luminogen, the ACQ effect in the condensed state
was remarkably eliminated (Fig. 3e) and the co-assembly
exhibited temperature dependence of dual-colour emission.
Tuning the Nile red to TPE-12-4CB ratio while exciting the
system at 330 nm results in a dramatic strengthening of the Nile
eristics can cause either fluorescence quenching (a) or AIE-enhanced
hange dramatically from solution to the solid state, but in completely
onor) in the absence (solid blue) or presence of the acceptor Nile red at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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red uorescence from 0% fraction of Nile red (fNiR) to 0.3%
(molar ratio). Further increasing fNiR to 0.5% causes Nile red
uorescence to diminish, indicating that co-assembly of the OIL
reached its optimal ratio for FRET at 0.3% Nile red in TPE-12-
4CB. This FRET maximum indicates that Nile red and TPE-12-
4CB form an optimal co-assembled liquid crystal. The puta-
tive reason is that excess Nile red (>0.3%) disrupts this co-
assembly of the OIL or the liquid crystallinity of the system,
and consequently the FRET efficiency attenuates. These results
indicate that the order of the co-assembled liquid crystal is
maximized at 0.3% Nile red.

Placing the FRET pair (acceptor/donor ¼ 0.3%) in an LC
alignment cell at �100 �C results in a LC device aer cooling
down to room temperature (RT). When the temperature was
lower than 70 �C, FRET was switched off and blue emission of
the TPE-12-4CB donor dominated. When the temperature was
higher than 80 �C, Nile red co-assembled into TPE-12-4CB fully,
and FRET efficiency sharply increased; thus the emission colour
changed from blue to orange-red (Fig. 4b). Of particular interest
is that ambient temperature can modulate the FRET effi-
ciency.37,38 In the process of heating to 105 �C, Fig. 4b depicts
vivid thermochromic behaviour when the emission changes
from blue to orange-red uorescence. In particular, near the
Fig. 4 (a) Setup of the original synchronous thermo-optical sensing (STO
detection, a thermal infrared imager, a heating stage and its controller f
Fluorescence photographs of a FRET-active cell demonstrating the colo
(molar ratio). (c) Three-dimensional (3D) plot, which relates fluorescen
reveals that FRET dynamics under 365 nm excitation effectively sen
dramatically from the crystal state (blue line) to the liquid crystal state (r
assembled structures affect FRET intensity. (e) Fluorescence intensity at 4
from Nile red (brown dot), and temperature variation was monitored sync
fluorescence intensity ratio (I608/I469) and FRET efficiency reveal that the
liquid-crystal-order transition at �72 �C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
inection point of the FRET (temperature ranges from 70 to 80
�C), an obvious uorescence colour switching from blue to red
orange was observed, indicating fast-changing of the FRET
efficiency.

In order to demonstrate the temperature-controlled FRET
dynamically and accurately, we set up a synchronous thermo-
optical sensing (STOS) system. In this STOS system (Fig. 4a),
the FRET-active LC cell was placed on a heating stage equipped
with programmed temperature control, and an infrared thermal
imager was used to monitor the actual temperature. Fluores-
cence and FRET excited at each individual wavelength are
detected by the sensor tip of an optic ber, and a CCD spec-
trometer was used for real-time data acquisition. Upon irradi-
ation at 365 nm, our FRET cell responded dynamically to
temperature-dependent uorescence intensity from 30 to
105 �C (Fig. 4c). As shown in Fig. 4d, uorescence intensity
declined from the crystal state to the LC state due to the raising
of temperature. The maximum emission originating from the
FRET in the red-orange spectral region showed a �40 nm blue
shi because the degree of interactions between Nile red and
TPE strongly altered their characteristics from the solid crystal
to the liquid crystal phase, whereas the original TPE peak had
no shi in the green spectral region.
S) system in situ comprises a light source and a CCD camera for optical
or the thermal control system, and a central processing computer. (b)
ur change as a function of temperature, Nile red/TPE-12-4CB ¼ 0.3%
ce intensity (Z-axis) to wavelength (X-axis) and temperature (Y-axis),
ses the temperature variations. (d) Fluorescence intensity changes
ed line) because different degrees of order control FRET and the self-
69 nm originated from TPE-12-4CB (blue dot) and at 608 nmoriginated
hronously by STOS. (f) Heating DSC trace of liquid crystal TPE-12-4CB,
dramatic FRET dynamics is strongly correlated with the solid-order-to-

Chem. Sci., 2021, 12, 3146–3151 | 3149
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To further illustrate the temperature-controlled FRET
mechanism, three curves collected by STOS are presented in
Fig. 4e. From 0 to 580 s, the temperature of the FRET-active cell
was programmatically increasing from 30 to 120 �C. Meanwhile,
the uorescence intensity at 469 nm showed an obvious reces-
sion with a tiny deviation, suggesting a rapid response of FRET
to the elevated temperature. Interestingly, there was
a pronounced uctuation from 214 to 321 s in the dynamic
curve of the uorescence intensity at 608 nm. We concluded
that this pronounced uctuation was related to phase trans-
formation into the liquid crystal. Such characteristic behaviour
is different from traditional supramolecular systems, in which
the FRET efficiency depends on the concentration, but here the
FRET efficiency depends on the phase transition of the donor.
This modulated emission (at 608 nm) maximizing during TPE-
12-4CB phase transformation indicates that Nile red interacts
more strongly with TPE-12-4CB in the LC state than in the solid-
state crystal, supporting co-assembly formation in LCs.

Moreover, Fig. 4f depicts the temperature-dependent inten-
sity ratio between uorescence intensities at 608 nm from Nile
red and 469 nm from TPE-12-4CB and it increases sharply from
0.9 to 2.2. Compared to and agreeing with the DSC heating
curve of TPE-12-4CB, the evidence clearly shows that the FRET
efficiency increased in an S-curve manner from 63 �C to 79 �C,
corresponding to the phase transformation from the crystal
state to the LC state. In phase transformation from the LC state
to an isotropic liquid, however, almost no additional FRET
change was detected from 95 to 105 �C, indicating no signicant
change in the structure of the Nile red and TPE-12-4CB co-
assembly. Meanwhile, Fig. 4b shows that the uorescence
changed drastically during rst phase transformation and
weakly during second phase transformation, which corroborate
the above analyses. Finally, as shown in Fig. 4e and f, the STOS
signal is greatly amplied by FRET, revealing both phase
transformation and non-phase transformation like general
dynamic change of emissive LCs.

Conclusions

In summary, we have systematically presented a “step-by-step”
strategy for the realization of a highly emissive liquid crystal by
integrating an AIE unit into a LC, magnifying the mesogenic
effect, and elongating the spacer between the AIE group and
mesogens. This effectively solves the dilemma of organizing the
rigid p-conjugated structure for strong emission and the ex-
ible assembly for liquid crystallinity. Furthermore, based on the
highly emissive liquid crystal, a FRET-active luminescence
switching system was constructed using thermal–optical
modulation. Such a system enables sensitive optical sensing of
temperature and conversely accurate temperature regulates
optical emission colours and dynamic switching between
colours. Thus, a new thermochromic method for controlling
and directing light emerges from the HELC and STOS system.
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