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InP/ZnS quantum dots doped blue 
phase liquid crystal with wide 
temperature range and low driving 
voltage
Jiayue Tang, Fashun Liu, Mengli Lu & Dongyu Zhao*

Blue-phase liquid crystals (BPLCs) are regarded as potential materials for the exploitation of next-
generation optical devices due to the rapid response, wide viewing angle, and simple industrial 
production procedures. However, practical application of traditional BPLCs is limited by their narrow 
temperature range and high driving voltage. Herein, we demonstrated that doping of chiral molecular 
isosorbide hexyloxybenzoate (R811) into BPLCs is able to increase the temperature range. More 
importantly, addition of InP/ZnS quantum dots (QDs) with oleylamine surface groups could also 
effectively broaden the temperature range of the BPLCs further while decreasing the driving voltage, 
which is attributed to the quantum dot trapped by BPLCs lattice defect that reduces its free energy. 
Since the trapped quantum dot subsequently forms a local electric field under electric field, the 
effective electric field of the surrounding liquid crystal molecules is enhanced and the rotation of the 
liquid crystal molecules is accelerated. Specially, the temperature range is widened by 1.4 °C, and the 
driving voltage is reduced by 57%, under the optimal concentration of R811 and lnP/ZnS QDs. The 
accomplishment we proposed in this work is a prospective optimization which makes the practical 
application of blue phase liquid crystals one step closer.

Blue phase liquid crystals (BPLCs) often appear in liquid crystal systems with strong optical  rotation1. In recent 
years, BPLCs have become promising candidate as the next-generation optical displays due to macroscopical 
isotropy that can achieve display without the surface treatment of the substrate, which significantly reduces fab-
rication processes and  costs2–4. At the same time, its advantages such as microsecond response that eliminates 
the need for filters and visual compensation films makes it possible to replace traditional  displays5–9. However, 
disadvantages of the narrow temperature range and the high driving voltage hinder the practical application of 
 BPLCs10.

In order to solve these problems, researchers began to use nanomaterial doping as a  solution1,11–14. It is 
reported that the nanoparticles might fill the disclination region formed by the double twisted arrangement 
of the BPLCs molecules in space, which stabilizes the arrangement of the blue phase space and the blue phase 
liquid crystal  system15. Its macroscopic representation is that the stable temperature range is widened. Recently, 
it has been reported that spherical gold nanoparticles with a radius of about 3.7 nm are introduced into the 
small molecule BPLCs  system14. They found that gold nanoparticles can stabilize the BPLCs and broaden the 
blue phase temperature range. The temperature range of the BPLCs is broadened from 0.5 to 5.0 °C. In 2016, 
Arshdeep team found that silica nanoparticles can widen the blue phase of the EBBA-CN hybrid system from 
2.3 to 6.0 °C16. Although there have been some research advances in the field of nanomaterials and BPLCs, the 
types of nanomaterials are relatively simple and the performance of BPLCs still cannot reach the requirements.

As a special nanomaterial, quantum dots (QDs) have the advantages of nanomaterials and the electro-optical 
properties. Some studies have reported the influence of the size of modified CdSe and CdTe QDs nanoparticles 
on the electro-optical properties of nematic liquid crystals. It is found that the doping of these two QDs reduces 
the distortion elastic constant of liquid crystal. The threshold voltage is lowered. Those studies concluded that 
QDs with a size of 2.5–5.2 nm and a concentration of less than 2.0 wt% can significantly improve the electro-
optic properties of liquid crystals. Increasing alkyl chain can reduce the threshold  voltage17. Cordoyiannis et al. 
reported the effects of CdSe (~ 4.5 nm in diameter) on the stability of the blue phase liquid crystal phase in CE6 
using the characteristics of nanoparticles. The results show that the temperature range of CE6 blue phase III 
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widens with the increase of CdSe content, which can increase to 5–15 times of the original temperature range, 
while the blue phase II gradually disappears and the blue phase I basically does not change. The surface of the 
CdSe nanomaterial is modified with a hydrophobic group (oleamide and trioctylphosphine) or a hydrophilic 
group, and it is found that the hydrophilic group-modified nanomaterial has no effect of stabilizing the blue 
phase liquid  crystal18,19. In 2011, Taushanoff et al. used solvent evaporation to introduce hydrophobic water-
modified silica nanoparticles (~ 7 nm in diameter) into curved liquid crystal molecules. The results show that 
the temperature range of blue phase III widens with the increasing content of  nanomaterials20.

Based on the advantages of QDs doping, in this paper, we doped InP/ZnS QDs (Fig. S1) into BPLCs, and 
studied the effects of the QDs on BPLC temperature range and driving voltage. According to our findings, this 
is the first time to use lnP/ZnS QDs to optimize the temperature range and driving voltage of BPLC. With the 
doping of QDs, the temperature domain of BPLCs is expanded by 1.4 °C, while the driving voltage is reduced by 
57%. Compared with previous studies, the driving voltage is greatly reduced and the temperature range is also 
widened, which is advanced. This makes the practical application of BPLC a step closer.

Results and discussion
Due to its narrow temperature range, BPLC limits its wide application, and its temperature domain is affected 
by the proportion of chiral substances in the preparation of BPLC. Therefore, in this study, we adjusted the con-
centration of chiral substances in order to find out the best temperature domain of BPLC first. The temperature 
range was obtained by observing the change in BPLC texture in Fig. S2 with a polarizing microscope, showing 
a typical blue phase liquid crystal texture.

The effect of different concentrations of chiral material R811 on the temperature range of BPLC is shown in 
Fig. 1. When the concentration of R811 was increased from 30 to 33 wt%, the temperature range was increased 
from 9.8 to 13.8 °C. The phase transition temperature of BPLC is shown in Scheme 1. However, when the con-
centration of R811 continued from 33 wt%, the temperature range of BPLC began to decrease, after 44 wt%, blue 
phase liquid crystals no longer appeared, which may be caused by an excess of R811.

In order to investigate the influence of InP/ZnS quantum dots with different concentrations on the tempera-
ture range and driving voltage of BPLC (RLC7011/R811 = 35/65), InP/ZnS QDs with different concentrations 
were dispersed into the matrix to prepare samples. The transmission electron microscope of the quantum dot is 
shown in Fig. S4–S6 in the Electronic Supplementary Material (ESM) We found that when the QDs concentra-
tion increases from 0 to 0.18 wt%, the temperature range gradually increases. As shown in Fig. 2, the maximum 
temperature is 13 °C at 0.18 wt%, which is 1.9 °C higher than that of pure BPLC. The typical BPLC texture is 
obtained as Fig. S3 with a polarizing microscope, showing a typical blue phase liquid crystal texture.

The phase transition temperature of BPLC is shown in Scheme 2. When the content of QDs reaches 0.18 wt%, 
the concentration of QDs will continue to increase, and the temperature range will decrease rapidly. The mecha-
nism of InP/ZnS QD broadening the temperature range of blue phase liquid crystal may be that the quantum dots 
in free motion can be trapped by defects in BPLC, and then the quantum dots self-assembly occupies the defects 
in the blue phase lattice, which makes the volume around the defects compressed and the free energy reduced. 
The macroscopic performance is that the temperature range of blue phase liquid crystal becomes  wider21.

The driving voltage is related to the energy consumption and cost of the liquid crystal product, as well as 
its own practicability and safety. It is an important indicator for selecting a liquid crystal device. Reducing the 
driving voltage can significantly improve the electro-optic performance of the liquid crystal device, reduce the 
power consumption of the display, and improve safety. Thereafter, in order to study the influence of the quantum 

Figure 1.  Variation of the temperature range of BPLCs with different concentrations R811.

Scheme 1.  Phase transition temperatures of the LC material.
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dots on the BPLC driving voltage, a voltage was applied to the above BPLC, and the texture was observed by a 
polarizing microscope. Figure 3 shows the change in texture of a voltage applied to a BPLC without quantum dots.

When the voltage reaches about 25 V, the transmittance of blue phase liquid crystal gradually decreases 
under the action of an electric field This may be caused by its conversion from the blue phase to the cholesteric 
phase (as shown in Figs. 3c–e and 4a,b). Continue to increase the electric field strength, the helical structure of 

Figure 2.  Variation of the temperature range of BPLCs with different doping concentrations of InP/ZnS QD.

Scheme 2.  Phase transition temperatures of BPLC/QDs mixture.

Figure 3.  POM images of the pure BPLC under electric field. (a) 0 V. (b) 19 V. (c) 23 V. (d) 25 V. (e) 28 V. (f) 
49 V.

Figure 4.  Schematic diagram of arrangement of blue phase liquid crystal molecules under the action of an 
electric field. (a) blue phase lattice, (b) focal cone arrangement, (c) vertical arrangement.
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the cone texture is gradually released. When reaching 49 V, the blue phase liquid crystal molecules gradually 
reach vertical alignment and exhibit a field-induced nematic phase. At this time, the liquid crystal molecules 
are arranged perpendicular to the glass substrate (as shown in Figs. 3f, 4c, and the transmittance increases. The 
voltage of the blue phase liquid crystal converted into the focal conic state is about 25 V, and the voltage of the 
field-induced nematic phase texture is 49 V. These two threshold voltages are the targets of the experiment. After 
that, we tested the driving voltage of the BPLC after the addition of the quantum dots.

The driving voltage of BPLC with different quantum dots doping concentration was tested by the same 
method. As shown in Fig. 5, it can be seen that the addition of the quantum dots has a significant function of 
reducing the driving voltage. When the quantum dots concentration is 0.15 wt%, the transition is performed. 
The drive voltage for the nematic state is reduced by a maximum of 57%. At this concentration, the temperature 
range can also be widened by 1.4 °C.

In order to further understand the decrease in driving voltage, we observed the POM images of the sample 
under an electric field. Figure 6 shows the texture of liquid crystals at different electric field strengths at a quan-
tum dot concentration of 0.15 wt%. It can be clearly observed that the focal conic state of BPLC does not appear, 
as in other samples with quantum dot concentrations shown in Fig. S4–S6 in the Electronic Supplementary 
Material (ESM).

Based on the above POM images, we draw a schematic diagram of its phase transition. Figure 7 shows typical 
texture changes after the addition of quantum dots. Due to the protection of the oleylamine on the surface of the 
quantum dot, the focal phase of the blue phase liquid crystal converted into the field-induced nematic phase does 
not appear under the action of the electric field, as shown in Figs. 3 and 4b, which is beneficial to the applica-
tion of blue phase liquid crystal in the display field. At the same time, InP/ZnS QD is a semiconductor material, 
therefore a polarized electric field can be formed under the action of an external electric field to enhance the 
effective electric field around it. Meanwhile, the quantum dots can adsorb the charged impurity ions to weaken 
the shielding effect, thereby greatly reducing the driving voltage of blue phase liquid crystal.

Figure 5.  Variation of the driving voltage of BPLCs with different doping concentrations of InP/ZnS QD.

Figure 6.  POM images of the BPLC/QDs under electric field. (a) 0 V, (b) 16 V, (c) 18 V, (d) 23 V, (e) 33 V, (f) 
42 V.
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Conclusion
In summary, we report a BPLC consisting of SLC7011 and R811, which is stabilized by InP/ZnS quantum 
dots. The POM study shows that when the concentration of R811 is 34 wt% and the doping concentration of 
quantum dots is 0.18 wt%, the temperature range of BPLC can be extended by about 1.9 °C; when the doping 
concentration of quantum dots is 0.15 wt%, the temperature range of BPLC can be extended by about 1.4 °C, 
while also reducing the voltage converted to a nematic state by 57%. At the same time, the above changes can 
be repeated after cooling and stopping the voltage and can last for months, which proves that the quantum dots 
to the BPLC is stable. Theoretically, this is usually thermodynamically stable, because quantum dots can fill in 
the line defects which free energy are high. Our research is expected to pave the way for the development of 
BPLC/QDs composites with a wide temperature range, low drive voltage and good stability, making the practical 
application of BPLC a step closer.

Experimental
SLC7011 used in this experiment is from Hebei Shijiazhuang Chengzhi Yonghua liquid crystal material Co., Ltd., 
Δn = 0.15, Δε = 17.7 at 25 °C; chiral compound: R811 is from Tsinghua yawang liquid crystal Co., Ltd. InP/ZnS 
quantum dots (the surface group is oleamine) used in this experiment are from Suzhou xingshuo quantum dot 
company. All reagents used in this experiment were of analytical grade without further purification.

Preparation of blue phase liquid crystal. The chiral compound R811 was separately added to the 
nematic liquid crystal SLC7011 in different proportions, and ultrasonically dissolved to obtain a mixture of 
SLC7011 and R811.

Preparation of BPLC/QDs composite materials. A certain amount of BPLCs was weighed out, and 
a certain volume of QDs was taken out from a QDs/n-hexane solution having a concentration of 5  mg/mL 
and added to the BPLC system, and the ultrasonic dispersion was uniform. The above-mentioned QDs/BPLCs 
compound was ultrasonicated for 1 h, and then volatilized to a n-hexane solvent at room temperature to obtain 
quantum dot/blue phase liquid crystal composites in different ratios.

Characterization. The Inp/ZnS was characterized by a jeol-jem-2100f. transmission electron microscope 
(TEM). The sample was subjected to TEM analysis at an acceleration voltage of 200 kV. The sample was obtained 
by evaporating a drop of diluted toluene solution from a nuclear power source to a carbon coated copper TEM 
grid. A typical TEM image of lnp/ZnS is shown in Fig. S1 in the Electronic Supplementary Material (ESM).

The BPLC/(InP/ZnS) composite is a capillary filled box consisting of two parallel indium tin oxide coated 
transparent glass plates. A film having a thickness of 10 μm was prepared on an OLYMPUS BX51 polarizing 
microscope, and the texture and temperature range of BP were measured by a polarizing microscope (POM). All 
microscope pictures are taken in reflection mode in the measurement, all samples are first heated to an isotropic 
phase of 35.0 °C, and cooled to room temperature at a rate of 0.5 °C per minute. When measuring the driving 
voltage, an alternating current with a frequency of 100 Hz was applied to the anti-parallel liquid crystal cell (with 
composite or pure blue phase liquid crystal), the waveform is a square wave, and the change of the texture under 
voltage was observed by a polarizing microscope to measure. Its drive voltage. In the process of testing the driving 
voltage, keep the temperature of the sample above 30° to ensure that all samples are blue phase.

Received: 11 July 2020; Accepted: 5 October 2020

References
 1. Ha, Y. S., Kim, H. J., Park, H. G. & Seo, D. S. Enhancement of electro-optic properties in liquid crystal devices via titanium nano-

particle doping. Opt. Express 20, 6448–6455. https ://doi.org/10.1364/oe.20.00644 8 (2012).
 2. Bhattacharjee, D., Alapati, P. R. & Bhattacharjee, A. Negative birefringence in the higher homologs of the 5O.m series of liquid 

crystals. J. Phys. Chem. B 120, 6747–6753. https ://doi.org/10.1021/acs.jpcb.5b119 63 (2016).
 3. Dierking, I. et al. Stabilising liquid crystalline blue phases. Soft Matter 8, 4355–4362. https ://doi.org/10.1039/c2sm0 7155j  (2012).
 4. Kikuchi, H., Yokota, M., Hisakado, Y., Yang, H. & Kajiyama, T. Polymer-stabilized liquid crystal blue phases. Nat. Mater. 1, 64–68. 

https ://doi.org/10.1038/nmat7 12 (2002).
 5. Grelet, E., Pansu, B., Li, M. H. & Nguyen, H. T. Structural investigations on smectic blue phases. Phys. Rev. Lett. 86, 3791–3794. 

https ://doi.org/10.1103/PhysR evLet t.86.3791 (2001).

Figure 7.  Schematic diagram of alignment of liquid crystal molecules of BPLC/QDs composite under the 
action of electric field: (a), (b) blue phase lattice. (c) vertical arrangement.

https://doi.org/10.1364/oe.20.006448
https://doi.org/10.1021/acs.jpcb.5b11963
https://doi.org/10.1039/c2sm07155j
https://doi.org/10.1038/nmat712
https://doi.org/10.1103/PhysRevLett.86.3791


6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18067  | https://doi.org/10.1038/s41598-020-75046-0

www.nature.com/scientificreports/

 6. Li, M. H. et al. Blue phases and twist grain boundary phases (TGBA and TGBC) in a series of fluoro-substituted chiral tolane 
derivatives. Liq. Cryst. 1, 389–408 (1997).

 7. Fan, C. Y. et al. Influence of polymerization temperature on hysteresis and residual birefringence of polymer stabilized blue phase 
LCs. J. Disp. Technol. 7, 615–618. https ://doi.org/10.1109/jdt.2011.21588 05 (2011).

 8. Liu, H. Y., Wang, C. T., Hsu, C. Y. & Lin, T. H. Pinning effect on the photonic bandgaps of blue-phase liquid crystal. Appl. Opt. 50, 
1606–1609. https ://doi.org/10.1364/ao.50.00160 6 (2011).

 9. Wu, D., Wang, Q. H., Zhou, F., Cui, J. P. & Song, C. Q. Low voltage and high optical efficiency single-cell-gap transflective display 
using a blue-phase liquid crystal. J. Disp. Technol. 7, 459–462. https ://doi.org/10.1109/jdt.2011.21403 51 (2011).

 10. Chen, K. M., Gauza, S., Xianyu, H. Q. & Wu, S. T. Hysteresis effects in blue-phase liquid crystals. J. Disp. Technol. 6, 318–322. https 
://doi.org/10.1109/jdt.2010.20550 39 (2010).

 11. Cho, M. J. et al. Superior fast switching of liquid crystal devices using graphene quantum dots. Liq. Cryst. 41, 761–767. https ://doi.
org/10.1080/02678 292.2014.88923 3 (2014).

 12. Lee, W., Wang, C. Y. & Shih, Y. C. Effects of carbon nanosolids on the electro-optical properties of a twisted nematic liquid-crystal 
host. Appl. Phys. Lett. 85, 513–515. https ://doi.org/10.1063/1.17717 99 (2004).

 13. Reznikov, Y. et al. Ferroelectric nematic suspension. Appl. Phys. Lett. 82, 1917–1919. https ://doi.org/10.1063/1.15608 71 (2003).
 14. Yoshida, H. et al. Nanoparticle-stabilized cholesteric blue phases. Appl. Phys. Exp. 2, 121501 (2009).
 15. Cao, W. Y., Munoz, A., Palffy-Muhoray, P. & Taheri, B. Lasing in a three-dimensional photonic crystal of the liquid crystal blue 

phase II. Nat. Mater. 1, 111–113. https ://doi.org/10.1038/nmat7 27 (2002).
 16. Singh, A., Malik, P. & Jayoti, D. Observation of blue phase in chiral nematic liquid crystal and its stabilization by silica nanoparticles. 

Int. J. Mod. Phys. B 30, 1650011. https ://doi.org/10.1142/S0217 97921 65001 19 (2016).
 17. Mirzaei, J., Reznikov, M. & Hegmann, T. Quantum dots as liquid crystal dopants. J. Mater. Chem. 22, 22350–22365. https ://doi.

org/10.1039/c2jm3 3274d  (2012).
 18. Cordoyiannis, G. et al. Blue phase III widening in CE6-dispersed surface-functionalisde CdSe nanoparticles. Liq. Cryst. 37, 

1419–1426 (2010).
 19. Nounesis, G., Tzitizios, V., & Cordoyiannis, G. Surface treated CdSe nanoparticles dispersed in liquid crystals effects on phases 

and phase transitions. Leuven: European Conference on Liquid Crystals (2011).
 20. Taushanoff, S. Development and Characterization of Blue Phase Made from Bent-Core Liquid Crystals (Waseda University, Tokyo, 

2011).
 21. Ravnik, M., Alexander, G. P., Yeomans, J. M. & Zumer, S. Mesoscopic modelling of colloids in chiral nematics. Faraday Discuss. 

144, 159–169 (2010).

Acknowledgements
This work was supported by the National Key R&D Program of China (2018YFB0703703), the National Natural 
Science Foundation of China (51673008, 51973007), and the Beijing Natural Science Foundation (2192030).

Author contributions
J.T., F.L., M.L. and D.Z. wrote the  manuscript text. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https ://doi.org/10.1038/s4159 8-020-75046 -0.

Correspondence and requests for materials should be addressed to D.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1109/jdt.2011.2158805
https://doi.org/10.1364/ao.50.001606
https://doi.org/10.1109/jdt.2011.2140351
https://doi.org/10.1109/jdt.2010.2055039
https://doi.org/10.1109/jdt.2010.2055039
https://doi.org/10.1080/02678292.2014.889233
https://doi.org/10.1080/02678292.2014.889233
https://doi.org/10.1063/1.1771799
https://doi.org/10.1063/1.1560871
https://doi.org/10.1038/nmat727
https://doi.org/10.1142/S0217979216500119
https://doi.org/10.1039/c2jm33274d
https://doi.org/10.1039/c2jm33274d
https://doi.org/10.1038/s41598-020-75046-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	InPZnS quantum dots doped blue phase liquid crystal with wide temperature range and low driving voltage
	Results and discussion
	Conclusion
	Experimental
	Preparation of blue phase liquid crystal. 
	Preparation of BPLCQDs composite materials. 
	Characterization. 

	References
	Acknowledgements


