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functional when there is no ambient light as LCs are not emit-
ting structures. Therefore, in dark environments, a light source 
is required for N*LC displays. Moreover, a color fi lter and a set of 
polarizers are also necessary, which are hugely energy consuming 
because of their limited transmittance of the incident light. [ 14,15 ]  

 In order to overcome these shortcomings, developing photo-
luminescent N*LCs that combine excellent luminescent prop-
erties with LC supramolecular organization is an attractive 
approach. [ 16–18 ]  Doping fl uorescent dyes into N*LC hosts is an 
effective way to obtain circularly polarized luminescence (CPL), 
which has potential applications in organic light-emitting diodes 
(OLEDs), lasing materials, and as optical amplifi ers. [ 19–24 ]  The 
emission spectra can thus be modulated by tuning the photonic 
stop band. Inside the stop band, propagation of CPL with the 
same handedness as the helix is suppressed, leading to a higher 
degree of CPL opposite to the helix handedness in this region. 
Up until now, organic luminescent dyes have been mostly used 
as the fl uorescent dopant to fulfi ll the demands of CPL studies 
because of their tailored synthetic feasibility, low cost, and high 
processability. [ 22,25–31 ]  Unfortunately, a serious problem associ-
ated with most luminophores is the intrinsic self-quenching. 
This is induced by the high concentration of fl uorescent additives 
due to π–π stacking interactions in the aggregated state, known 
as aggregation-caused quenching (ACQ), [ 32–34 ]  which has signifi -
cantly limited the use of luminogens in optoelectronic devices. 
As an alternative to conventional organic dyes, some inorganic 
quantum dots (QDs) with relatively narrow emission bands and 
high brightness have been introduced to obtain wavelength-
tunable CPL, thus avoiding emission quenching. [ 35–41 ]  Despite 
these advantages, the main problem of embedding QDs into the 
LC medium is that it is hard to attain a high concentration of 
QDs while retaining the optical properties. Another problem is 
that QDs tend to aggregate inside the LCs. Therefore, only a few 
studies have been reported on QD-N*LC-based CPL so far. 

 Recently, a new class of non-planar organic luminogens with 
aggregate-induced emission (AIE) properties has attracted tre-
mendous attention. [ 42–47 ]  As a fantastic photophysical phenom-
enon, AIE is diametrically opposed to the ACQ effect. Usually 
containing a structure with molecular rotors, AIE molecules are 
weakly fl uorescent or non-fl uorescent in the solution state due 
to active intramolecular rotation that consumes energy from 
the excited state, but become brightly fl uorescent induced by 
aggregation or high viscosity. It has been found that AIE mol-
ecules emit more effi ciently in a more viscous solvent, at lower 
temperature, and under higher pressure. Through systematic 
studies, restriction of intramolecular rotation (RIR) and intra-
molecular vibrations (RIV) have been identifi ed as the two 
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  Chiral nematic liquid crystals (N*LCs) are a kind of smart 
material that can be obtained directly from cholesteric LCs or 
from nematic LCs by adding a chiral dopant. As a 1D photonic 
crystal, [ 1 ]  the helical and periodic structure of a N*LC leads to 
unique optical properties, including selective refl ection, cir-
cular dichroism (CD), optical rotation, and so on. [ 2–5 ]  The most 
important property of N*LCs is the selective refl ection of cir-
cularly polarized (CP) light. When N*LCs are sandwiched 
between two substrates with planar anchoring surfaces, CP 
light with the same handedness as the helix will be selectively 
refl ected whereas light with opposite handedness will be trans-
mitted. The maximum or center wavelength  λ  of the selective 
refl ection is generally defi ned as 

    nPλ =   (1) 
 where  P  is the helical pitch length of the structure and  n  is the 
average refractive index of the LC material. The stop band is 
another representation of the selective refl ection band of a N*LC, 
and the band width (Δ λ ) is equal to Δ nP , where Δ n  is the optical 
anisotropy. If the refl ective wavelength  λ  is in the visible light 
range, colored light will be selectively refl ected. The applications 
of the unique optical properties of the N*LC helical structure 
have been explored in diverse techniques, [ 6 ]  such as polarizer-
free refl ective displays, [ 7,8 ]  polarizers, [ 9 ]  refl ectors, [ 10 ]  and optical 
sensors. [ 11 ]  Conventional refl ective LCDs fabricated with N*LCs 
usually employ an external light source to provide outdoor images 
with vivid colors. [ 6,7,12,13 ]  However, these refl ective LCDs are not 
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main causes for the AIE effect. Suppression of the molecular 
motions activates the radiative decay channel, making AIE mol-
ecules highly emissive in the aggregated state. The discovery 
of the intriguing AIE phenomenon furnishes the possibility 
to conquer the quenching problem and shows real potential 
applications in organic light-emitting materials, [ 44 ]  OLEDs, [ 45 ]  
bioprobes, [ 46 ]  and fl uorescent nanocapsules, [ 47 ]  etc. 

 Recently, we synthesized an AIE-LC compound, namely tet-
raphenylethylene-propylphenylethyne (TPE-PPE) [ 48 ]  as shown in 
 Scheme    1  . In this work, we doped TPE-PPE into chiral nematic 
LCs and studied the CPL performance of the LC composites. It 
was revealed that introducing TPE-PPE into the N*LC medium 
had no infl uence on the CPL degree of the LC composites but 
played a key role in determining the emission intensity due to 
the AIE effect in the system. Moreover, a refl ective-luminescent 
N*LC display device based on the selective refl ection and CPL 
behavior was constructed. This device could work in different 
lighting conditions, from direct sunlight to total darkness. 
This refl ective-luminescent N*LC display simplifi ed the device 
design and reduced the energy consumption by saving not only 
on the backlight source but also the color fi lter, providing a 
promising prospect for future energy-saving displays that can 
be used under different lighting conditions.   

  First, the infl uence of TPE-PPE on the selective refl ection 
of the N*LCs was investigated. A series of N*LC samples in 
the visible light range were prepared by mixing a nematic LC 

and the right-handed chiral dopant CB15 in different concen-
trations. Photoluminescent (PL)-N*LC samples were then 
obtained by doping 0.5 wt% TPE-PPE into the N*-LC hosts. 
The solid and dashed curves in  Figure    1  a indicate the refl ection 
spectra of the planar aligned N*LC and PL-N*LC cells, respec-
tively. The similar refl ection wavelength of the N*-LC and PL-
N*-LC cells indicates that doping with 0.5 wt% of TPE-PPE did 
not change the stop band signifi cantly. Figure  1 b shows the 
photos of N*LC and PL-N*LC cells, which exhibit the similar 
colors under daylight. In addition, the TPE-PPE concentration 
was also varied to study if it changed the selective refl ection. As 
reported in Figure S1 (Supporting Information), there was no 
change in the refl ection spectra, suggesting that the concentra-
tion of TPE-PPE had no infl uence on the refl ection. After that, 
the N*LC and PL-N*LC cells were investigated with CD spec-
troscopy, which measures the differential absorption of left-
handed (L) CP and right-handed (R) CP light. In this case, the 
difference in absorption is due to the difference in refl ection 
of the bandgap region. As shown in Figure  1 c, the N*LC cells 
showed a distinct Cotton effect with a negative signal (solid 
curves) at their stop band regions, demonstrating that right-
circularly polarized (RCP) light was selectively refl ected by the 
right-handed N*LC structure. For the PL-N*LC cells (dashed 
curves), a similar line shape was observed and the peaks 
appeared in the same regions as those of the N*LC samples, 
matching their stop bands. The CD spectra results indicate that 
the N*-LC and PL-N*-LC cells have the same helical sense of 
chirality and the observed colors in both cases arose from the 
selective refl ection of the circularly polarized light. Moreover, 
to further demonstrate the handedness of the N*-LC and PL-
N*-LC samples, images of the N*LC and PL-N*LC cells under 
a polarizer are provided in Figure S2 (Supporting Information). 
The polarizer used here had two windows for either left- or 
right-handed polarized light, which was prepared by stacking 
multi-layer polyvinyl alcohol (PVA) fi lms on a triacetyl cellu-
lose (TAC) substrate, followed by drying and a uniaxial tension 
process. It can be seen that both N*LC-3 and PL-N*LC-3 cells 
exhibited a transmitted image through the left-handed polarizer 
window (Figure S2a) and a refl ected color image from the right-
handed polarizer window (Figure S2b), indicating clearly that 
the N*LC-3 and PL-N*LC-3 cells have the same right-handed 
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 Scheme 1.    The chemical structure of TPE-PPE.

 Figure 1.    a) Refl ection spectra of right-handed circularly polarized light of the N*LC (solid lines) and PL-N*LC (dashed lines) cells. In the PL-N*LC 
cells, the concentration of TPE-PPE in the N*LC host was 0.5 wt%. b) Photos of N*LCs cells and PL-N*LCs cells in a planar alignment under daylight 
irradiation. c) CD spectra of the N*LC (solid lines) and PL-N*LC (dashed lines) cells.
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helix structure. This result is in accordance with the above CD 
spectral characteristics. 

  After proving that the TPE-PPE fi lm had no infl uence on 
the selective refl ection, we wondered whether the selective 
refl ection infl uences the luminescence of the light-emitting LC 
mixtures. Firstly, the non-polarized PL spectra were studied. 
 Figure    2  a shows the PL spectra of the PL-N*LC cells. Figure S3 
in the Supporting Information shows the emission spectrum 
of TPE-PPE, whose maximum emission wavelength was at 
around 525 nm (Figure S3a), and the PL spectra of the N*LC 
cells (Figure S3b). It can be seen that all four N*LC sam-
ples had a broad PL spectrum from 350 nm to 550 nm. After 
incorporating the PL spectra of the N*LCs with those of the 
TPE-PPE fi lm, the PL spectra of the PL-N*LCs were found to 
be the superposition of that of the N*LCs and TPE-PPE, as 
shown in Figure S4a–d (Supporting Information). Moreover, 
the emission intensity of the PL-N*LC-2 and PL-N*LC-3 cells 
shown in Figure 2  a were higher than that of the PL-N*LC-1 and 
PL-N*LC-4 cells, resulting from the fact that there was more 
overlap between the emission wavelength of TPE-PPE and the 
photonic stop band (refl ection band) of the N*LC-2 and N*LC-3 
cells. Within the stop band of the N*LCs, the emission of TPE-
PPE will be refl ected, so that the detected PL intensity will be 
stronger. In other words, for the PL-N*LCs, the emission wave-
length depends on both the emission wavelength of the TPE-
PPE and that of the N*LCs whereas the emission intensity 
depends only on the relative positions of the photonic stop band 
of the N*LCs and that of the emission wavelength of TPE-PPE. 

  Figure  2 b shows the PL spectra of the LC samples com-
posed of N*LC-3 and different concentrations of TPE-PPE. 
With increasing concentration of luminescent TPE-PPE, the 
emission intensity also increased. This phenomenon results 
from the AIE effect in our system: instead of being quenched 
the TPE-PPE emits intensely when its molecules tend to aggre-
gate with increasing concentration in the LC host. It should be 
noted that at a wavelength of around 420 nm the PL intensity 
decreased with increasing TPE-PPE concentration, resulting 
from the energy transfer between the N*LC-3 and TPE-PPE in 
the system, as shown in Figure S5a (Supporting Information). 
In addition, in order to undertake extensive research on the AIE 

effect in our system, we utilized a conventional fl uorophore, 
fl uorescein, for comparison. It can be seen from Figure S5b 
that the emission intensity of the LC cell composed of N*LC-3 
and fl uorescein decreased intensively with increasing fl uores-
cein concentration, implying that the emission was quenched 
caused by the aggregation of fl uorescein during this process. 
This further indicates that AIE plays a prominent role in the 
emission of N*LC/TPE-PPE. 

 After these investigations, CPL measurements were per-
formed; a schematic view of the setup is shown in Figure S6 
and the CPL results of the PL-N*LC cells are given in Figure S7 
in the Supporting Information. The degree of CPL is defi ned by 
the circular dissymmetry factor 

    g I I I I2 /e L R L R( ) ( )= − +   (2) 
 where  I  L  and  I  R  refer to the intensity of the left and right 
CPL, respectively. Figure S7a (Supporting Information) shows 
the  g  e , alternating current (AC) ( I  L − I  R ), and direct current 
(DC) (( I  L + I  R )/2) curves of PL-N*LC-1, whose center refl ection 
wavelength was at around 450 nm. It can be found from the g e  
curve that the PL-N*LC-1 sample emitted L-CPL within the stop 
band, owing to the 1D photonic crystal characteristics. In the 
right-handed N*LC structure, propagation of the R-CPL was 
suppressed within the stop band and the L-CPL was transmitted 
through the cell. The AC result also confi rmed this theory. 
There is a bulge in the AC curve in this region because  I  L  rep-
resents the PL spectrum without photonic effects whereas  I  R  
is suppressed because of the stop band, leading to an increase 
of the AC value. Figure S7b–d (Supporting Information) also 
showed similar results. Moreover, it can be observed that the  g  e  
curve displayed a sharp and precisely signal reversal at the edge 
of the stop band, due to the enhanced density of state (DOS) 
present at the stop band edge of the photonic crystal. [ 25,49 ]  
 Figure    3   shows the CPL results of N*LC-3 doped with 0.1 
wt%, 0.2 wt%, and 0.5 wt% TPE-PPE. It was found that the  g  e  
values. were quite similar, indicating that the degree of CPL is 
not related to the TPE-PPE concentration. On the other hand, 
the DC value at a wavelength of around 530 nm increased rap-
idly with increasing concentration of TPE-PPE, due to the AIE 
effect of TPE-PPE in the LC hosts, similar to the results of the 
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 Figure 2.    a) Non-polarized PL spectra of the PL-N*LC cells at different refl ection wavelengths. The concentration of TPE-PPE was 0.5 wt%. b) PL spectra 
of the PL-N*LC cells composed of N*LC-3 and TPE-PPE with concentrations of 0.1 wt%, 0.2 wt%, and 0.5 wt%.
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non-polarized PL experiments in Figure  2 b. These results indi-
cate that although the TPE-PPE concentration had no effect 
on the degree of CPL, it did, however, determine the emission 
intensity of the N*LC mixture, because of the AIE effect in the 
N*LC medium. 

  Based on the above results, we chose the PL-N*LC-3 
structure, whose selective light refl ection band was between 
570 and 620 nm and contained 0.5 wt% TPE-PPE, to study 
the CPL under application of a DC electric fi eld to the cell. As 
recorded in  Figure    4  a, when the electric fi eld was off, the ori-
entation of the LC mixture was parallel to the substrate surface 
and the LC cell emitted L- and R-CPL simultaneously. When 
the applied electric fi eld reached 60 V, the AC curve changed to 
a straight line and the value of  g  e  became almost zero, as shown 
in Figure  4 b, meaning that the  I  R  value is close to the  I  L  value, 
because of the homeotropic alignment of the LC molecules 
under the high voltage of the electric fi eld. Therefore, the CPL 
disappeared and the LC cell emitted non-polarized light. More-
over, when the electric fi eld was switched on, the PL intensity, 
which can be defi ned by the value of the DC curve, dropped by 
about two thirds compared to that in the electric-fi eld off state. 
When the DC voltage was turned back off, the polarization of 
the fl uorescence was recovered within several minutes. 

  Based on the selective refl ection and CPL properties of the 
PL-N*LCs, an electric-controlled LC cell was fabricated.  Figure    5   

shows a schematic representation of the mechanism, the micros-
copy images of the textures observed by polarized optical micros-
copy (POM), and photos of the PL-N*LC-3 cell with and without 
an electric fi eld. Normal sunlight and UV light were used as 
the light sources for the day- and nighttime scenarios, respec-
tively. A right-handed circular polarizer was used to ensure that 
the R-CPL was transmitted. As shown in Figure  5 a, the N*-LC 
molecules were aligned parallel to the substrate surface in the 
initial state. Under sunlight irradiation, the color due to the 
Bragg refl ection of the right-handed helical structure could be 
seen through the cell and the polarizer; whereas under UV-light 
irradiation, the R-CPL was transmitted through the right-handed 
circular polarizer. Figure  5 c and  5 e show the POM images of 
the cell under sunlight and UV light irradiation, respectively, in 
the initial state (electric fi eld off). The inset of Figure 5  c shows 
a photo of the cell where a yellow color can be seen that is due 
to the selective refl ection of N*LC-3. A photo under UV light 
irradiation is given in the inset of Figure  5 e. When applying a 
direct current (DC) electric fi eld to the cell, the helical twist was 
distorted so strongly that the Bragg refl ection was completely 
eliminated and the alignment of the LC molecules changed to 
a vertical one, as illustrated in Figure  5 b. As a result, no refl ec-
tion light could be observed under sunlight irradiation, as shown 
in Figure  5 d. Whereas under UV light irradiation, the CPL 
switched to a non-polarized state under the electric fi eld and a 
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 Figure 4.    Emission dissymmetry factors ( g  e ), DC, and AC spectra of the PL-N*LC-3 cell with the electric fi eld (60 V DC voltage) in the: a) “off” and 
b) “on” state. The wavelength of the excitation light was 325 nm.

 Figure 3.    Emission dissymmetry factor ( g  e ), AC, and DC curves of the PL-N*LC cells fabricated with N*LC-3 and TPE-PPE with concentrations of: 
a) 0.1 wt%, b) 0.2 wt%, c) 0.5 wt%. AC = I  L − I  R , DC = ( I  L + I  R )/2,  g  e  = AC/DC. Ratio of N*LC-3: SCL1717/CB15 = 0.64/0.36. The wavelength of the excitation 
light was 325 nm.
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non-polarized emission with low intensity could be observed, as 
shown in Figure  5 f. A photo of the cell under UV light and with 
applied electric fi eld is shown in the inset of Figure  5 f. 

  Owing to the selective refl ection and emis-
sive properties of PL-N*LCs, a refl ective-lumi-
nescent LC display device was constructed on 
a patterned ITO glass substrate. To test the 
performance of the device, sunlight and a UV 
lamp were used as the light sources during 
the day and night time, respectively. A right-
handed circular polarizer was used to ensure 
that R-CP light was transmitted through the 
cell. When a DC electric fi eld (60 V) was 
applied to the LC cell, the molecules in the 
region with ITO changed from a planar ori-
entation to a homeotropic alignment. As a 
result, the region without ITO exhibited the 
refl ected color under sunlight whereas the 
same region emitted R-CP light under UV 
irradiation through the right-handed cir-
cular polarizer.  Figure    6   shows a photograph 
of the refl ective-luminescent LC display 
device as perceived by the eye, showing the 
display switching from a daytime to a night 
time environment. It is clear that this device 
works in both daytime under sunlight and at 
night under UV light irradiation. 

  In summary, we have prepared PL-N*LCs 
by mixing a series of N*LCs and an AIE 
luminogen. The selective refl ection and 
CPL properties as well as their interaction 
were studied. The AIE effect is fully imple-
mented in our system, which will facilitate 
the application of AIE luminogens in LC 
displays. Under application of a DC electric 
fi eld, the CPL disappeared and the PL inten-
sity changed due to the electric-fi eld-induced 
homeotropic orientation of the LC mole-
cules. Thanks to this switching mechanism, 
a refl ective-photoluminescent N*LC display 
device that works under both sunlight and 
UV light irradiation was constructed. This 
work therefore provides promising prospects 
for future energy-saving displays that can be 
used under different lighting conditions.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 5.    Schematic representation of the molecular arrangements, POM images, and pho-
tographs of the PL-N*LC cell under sunlight and UV light irradiation using a light-emitting 
N*LC mixture (N*LC-3+0.5 wt% TPE-PPE). a,b) Illustration of molecular arrangements of the 
PL-N*LC cell with the electric fi eld “off” and “on”, respectively. c,d) POM images of the PL-
N*LC cell under sunlight irradiation. Inset: Photos of the cell with the electric fi eld “off” and 
“on”, respectively. e,f) POM images of the PL-N*LC cell under UV light irradiation at 365 nm. 
Inset: Photos of the cell with the electric fi eld “off” and “on”, respectively. The wavelength of 
the excitation light was 365 nm.

 Figure 6.    Photographs of the refl ective-luminescent display device with an applied DC electric fi eld (60 V) under sunlight and under UV-light irradiation 
using the light-emitting N*LC mixture. The LC mixture = N*LC-3+0.5 wt% TPE-PPE. The wavelength of the excitation light was 365 nm.
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