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Abstract

:

Optically driving liquid crystal displays (ODLCDs) are widely applied in display and optical devices due to their long axis of liquid crystal (LC) molecules that can be tuned by a photo-alignment layer under exposure polarized light. However, their use remains challenging due to their long rewriting time and response time. In this work, the rewriting time and the response time of an ODLCD depending on mesoporous silica nanoparticles (MSNs) doped in azo-dye (SD1) and LC 5CB were studied. Among the different concentration ratios of SD1-MSNs (1-0 to 1-0.1), a ratio of 1-0.07 was optimal, decreasing the rewriting time by 40 s (from 69.1 to 29.6 s). Meanwhile, the response time was improved 10 times with MSNs doped into 5CB.
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1. Introduction


Liquid crystal (LC) is a mesophase between crystalline solids and isotropic liquids. It is a functional material with the fluidity of ordinary liquids and anisotropy of crystalline solids [1,2]. Liquid crystal display (LCD) technology has developed enormously over the past 50 years. It is already dominating many display markets such as phone products, notebook computer displays, and desktop monitors. Furthermore, LC also found a place in digital data storage, holography, color thermometers, smart windows, optical and biological sensors, and GHz and THz devices [3,4,5,6,7,8,9,10].



The alignment of LC molecules is an important factor in determining the electro-optic properties of LCDs. The conventional alignment method of LCD is the universally rubbing method due to its low cost, simplicity, mature technology, and large-area fabrication [11,12]. However, rubbing technology may cause electrostatic charges and impurities as well as mechanical damage to the surface [13]. In recent years, new non-contact technologies, for example, photo-alignment have been developed to break through the limitation of the rubbing method and fulfill production requirements [14,15]. Photo-alignment technology is known for its alignment characteristics with high anchoring energy and flexibility, which has been widely used for LCDs and LC polymers (LCPs) [16,17]. Compared to the rubbing method, photo-alignment technology provides better tunability and precise control at the micro-domain.



Optically driving liquid crystal displays (ODLCDs) have attracted the interest of many researchers because of their advantages of rewriting and ultra-low consumption [18,19,20,21]. There are two different types of ODLCD alignment layers, a rubbing alignment layer (optical passive, OP) and a photo-alignment layer (optical active, OA). The OA layer (azo-dye, SD1) is sensitive to linearly polarized incident light at a wavelength of 450 nm, and the easy axis of LC molecules are tuned under different polarization directions of blue light. An ideal ODLCD is one that has a high rewriting speed. L. Wang et al. demonstrated that the rewriting speed is increased about four times (from 25 s to 7 s) using an electric field [22]. Jiatong Sun et al. experimentally showed that the rewriting time could be decreased to 6 s with good repeatability by filling LC in atmospheric conditions. Increasing the speed of spin-coating, the rewriting time could also be reduced [23]. Vladimir Chigrinov et al. found that by increasing the operating temperature of the ODLCD to around the LC clearing point, the rewriting time of LC N4 can be increased around 26 times [24].



Meanwhile, a lower response time plays an important role in LCD. The dispersion of nanomaterials as an active-matrix component to optimize the response time of LCD is regarded as an economical and quick method, e.g., nanorods [25,26], quantum dots (QDs) [27], and nanoparticles [28]. Mesoporous silica nanoparticles (MSNs) have been demonstrated for a variety of applications because of their biocompatibility [29], facile synthesis protocols [30], possibilities for modifications of particle and pore sizes and morphologies [31], and high surface area and thermal stability [32]. Thus, functional MSNs dispersed in LCs might enhance the electro-optic performance of LCD devices.



In this work, we demonstrate a novel technology for optimizing the rewriting speed and response time of ODLCD via doping MSNs into the photo-alignment layer (SD1) and LC 5CB. By doping MSNs into the SD1 layer, the rewriting speed can be increased around 2.3 times. Meanwhile, the response time can be gradually decreased to 3.73 ms from 37.46 ms with MSNs doped into 5CB. The MSNs doped photo-alignment layer and 5CB are significantly beneficial to the ODLCD.




2. Materials and Methods


2.1. Materials


Dimethylformamide (DMF) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Cetyltrimethylammonium bromide (CTAB) was obtained from Tokyo Chemical Industry Co., Ltd. (TCI, Shanghai, China). Photosensitive SD1 was obtained from Dainippon Ink and Chemicals Co., Ltd. (DIC Corp., Tokyo, Japan). Tetraethyl orthosilicate (TEOS), n-hexane, concentrated ammonia-water (28 wt%), hydrochloric acid (HCl), and ethanol were obtained from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Polyimide (PI, DL-2193) was purchased from Yesheng Co., Ltd. (Hebei, China). LC 5CB was obtained from Merck Co., Ltd. (Kenilworth, NJ, USA). Deionized water was used for all experiments.




2.2. Synthesis of MSNs


MSNs were synthesized by a similar Stöber process in an alkali ethanol/water solution [33]. Briefly, CTAB (1.0 g) was added to deionized water (160 mL) under stirring. After that, concentrated ammonia-water (3.0 mL, 28 wt.%) was added and stirred for 10 min. Then, a mixture of TEOS (5 mL) and n-hexane (20 mL) was dropped into the solution and stirred continuously for 30 min. A homogeneous milky colloidal solution was gradually formed under continuous stirring (200 rpm, 35 °C). The product was collected by centrifugation (9000 rpm, 4 min) after stirring for 12 h, and the product was washed with deionized water and ethanol. The collected solid sample was then solvent extracted to remove the CTAB templates by dispersing it in a mixture of HCl (0.7 mL, 37%) and ethanol (100 mL) at 65 °C for 8 h. The solvent extraction was repeated 6 times, and the sample was collected by centrifugation, washed with ethanol 6 times, and finally dried overnight under vacuum. MSNs were thus obtained.




2.3. Preparation of ODLCD


The cell of ODLCD consisted of two glass substrates, a photo-alignment layer, and a polyimide (PI) rubbing layer. The UV light-sensitive material SD1 was added to DMF with a concentration of 0.5 wt.%. A drop of solution (pure SD1 and different concentration SD1-MSNs) was spin-coated on a glass substrate at 3000 rpm for 30 s and then heated for 30 min to remove the excess solvent. The SD1 layer was irradiated under a polarized blue laser with a wavelength of 450 nm. A PI (2 wt.%) solution was dropped onto the substrate, and then the substrate was spin-coated at a speed of 3000 rpm for 100 s. The PI-coated substrate was then heated on a hotplate at 230 °C for 60 min, then naturally cooled to room temperature. Next, the PI substrate was rubbed with a velvet cloth. The cell gap of the LC cells was fixed by spacers of 10 μm. The commercial nematic LC 5CB and different concentrations of 5CB-MSNs were used in the experiment. Then, the desired part of the ODLCD sample was blocked with a photo mask and exposed under the same 450 nm blue LED light; its polarization plane was orthogonal to the prearranged polarization direction to display the desired pattern.




2.4. Characterization


The surface morphologies of MSNs and SD1-MSNs films were characterized by scanning electron microscopy (SEM, S-4800; Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM, Talos F200S; Thermo Fisher Scientific, Waltham, MA, USA). The rewriting time was recorded by optical devices. The absorption spectra of the SD1 layer after linearly polarized UV light (450 nm) irradiation was measured using UV-visible-near-infrared spectrophotometry (UV-3600; Shimadzu, Kyoto, Japan). The response time of ODLCD was measured by an LC device parameter tester (ALCTE-EO1S, ALCT- 4.60.151123P, Instec, Boulder, CO, USA).





3. Results and Discussion


The MSNs were prepared using a similar Stöber process. The detailed fabrication process is described in the Materials and Methods, and the schematic diagrams are shown in Figure 1a. The silica nanoparticles were grown in a composite solution via a few steps, and then the silica nanoparticles were removed from CTAB templates by redispersing them in a mixture of HCl and ethanol. Finally, the MSNs were fabricated. Figure 1b show a typical SEM image of MSNs, from which it can be observed that the MSNs are spherosome and have a uniform size. A TEM image of a single MSN is inserted in Figure 1b, indicating the nanoparticle is about 120 nm in diameter. An enlarged SEM image reveals that the nanoparticle diameters of MSNs are mainly in the range of 40–160 nm, as shown in Figure 1c. A histogram of the MSN’s diameter is inserted in Figure 1c, and the average diameter is about 98 nm. MSNs have a rough surface and uniform mesopores, favorable for open pores loaded and released with a molecular level drug or dye.



The molecular chemical structure of SD1 in the experiment is shown in Figure 2a. The long axis of rod-like SD1 molecules can be aligned or changed by irradiation with a linearly polarized UV incident light (450 nm). Figure 2b show the polarized absorption spectra of the SD1 layer after linearly polarized UV light irradiation. The absorption of light with a polarization direction parallel to the direction of the activated light (D||) decreases (red line) while the one with the perpendicular direction (D⊥) increases (black line). The SD1 molecules that have their transition dipole moments parallel to the direction of the polarized light will most probably obtain excess energy, which results in their reorientation from the initial position. For rod-like SD1 molecules, the schematic diagram is shown in Figure 2c. With cylindrical symmetry, the only coordinate will be a polar angle θ, the angle between the molecular absorption oscillator and the direction of the polarization of the activating light. The potential energy is [34,35,36,37]


U = ΦkT



(1)






  Φ =  A 2    cos  2  θ ,   A =   I α  V M  τ   k T   .  



(2)







Thus, the potential energy U can be written as


  U =  1 2  I α  V M  τ   cos  2  θ  



(3)




where T is the absolute temperature, k is the Boltzmann’s constant, Φ is the relative potential energy, I is the light power (W/cm2), α is the absorption coefficient (cm−1), VM is the molecular volume, and τ is the relaxation time. Therefore, the energy from the polarized blue light can be absorbed by SD1 molecules, and it is proportional to cos2θ.



The micro-images with different LC alignment modes can be realized by photomasks and multi-step irradiation. The schematic diagram of ODLCD is shown in Figure 2d. The multi-step irradiation area is, therefore, a region of the twisted nematic (TN) model, where the first irradiation area remains a region of planar alignment (PA) and can be distinguished by the analyzer and polarizer. The images with a “DHU” pattern were developed for the ODLCD by the pixels dividing method between the analyzer and polarizer, as shown in Figure 2e. The black (above) and white regions (below) represent the TN domain, and the rest of the regions represent the PA domain.



The surface morphology of different SD1-MSN composites on glass substrates was characterized using SEM, as shown in Figure 3, and it was found to closely relate to MSN concentrations. In Figure 3a, it could be seen that the 1-0.01 MSNs nanoparticles with small size were homogeneously distributed on the substrate. However, as the concentration was increased from 1-0.03 to 1-0.06 to 1-0.09, more and larger MSNs nanoparticles appeared (Figure 3b–d), indicating that some particles are stacked together.



The rewriting time of the ODLCD with an MSN-doped SD1 layer was tested and is shown in Figure 4. The testing schematic is shown in Figure 4a: the SD1 layer was irradiated for the first time by 450 nm polarization light, and the LC cell was developed using the PA model. A blue laser with a wavelength of 450 nm was applied for writing, erasing, and rewriting the LC alignment model for the ODLCD samples. The intensity of the green laser (532 nm) through the LC cell and polarizer was detected by a detector. When the blue laser irradiates the SD1 layer (polarization direction parallel to the long axis of SD1 molecule), the SD1 molecules will be changed by 90 degrees. The irradiation region will also change from a PA to TN domain, and the polarization axis of the green laser will be changed. The varying intensity of the green laser through the polarizer can be recorded by a detector. Figure 4b show the curves of normalized transmittance dependence irradiation time for different concentrations of SD1-MSN. The curves tended to increase with increasing MSN concentrations. The rewriting time is the time taken from the transmission reaching from 90% to 10% under a blue polarization light. The rewriting time of all samples is shown in Figure 4c. When the MSN concentration increased from 1-0 to 1-0.07, the rewriting time decreased to 29.6 s from 69.1 s gradually. When the MSN concentration exceeded 1-0.07, the rewriting time increased slightly due to the aggregation of MSNs. The aggregation of MSNs damaged the reorientation of SD1 and disturbed the nearby LC alignment, which caused the longer rewriting time. The rewriting time of 1-0.1 was still less than that of pure SD1. Compared to pure SD1, 2.3 times decrease in rewriting time was obtained by the MSN/SD1 composite. A comparison of the rewriting times of the MSNs doped SD1 layer and several reported methods are presented in Table 1. The decreasing rewriting time is mainly due to the trapping and neutralizing of mobile ions by MSN nanoparticles in the SD1-MSNs composite that enhanced electron transport, leading to faster reconversion of the SD1 molecule.



Since the synthesized MSNs provided a promising platform to develop novel electro-optic devices, the response time of MSNs doped in 5CB was investigated, as shown in Figure 5. Figure 5a show the schematic diagrams of testing and LC molecules at different voltages. When the voltage increased, the angle between the LC director n and the substrate increased gradually, which influenced the intensity of polarized light. A speculative mechanism was proposed to explain the enhancement of the electro-optic properties of the LCs in the presence of MSNs. The sample of MSNs was measured to have a negative zeta potential because the numerous silanol groups provide a negatively charged surface for the MSNs [38], indicating the charges transformation process from the MSNs to LC molecules. The schematic diagram is shown in Figure 5b. The charge transferred to the LC molecules from the MSNs increases the electron density of the LC molecules, redistributes the electron cloud, significantly increases the molecular dipole moment, and enhances the electro-optic activity. Figure 5c show the response time (rising time, ton) of different concentrations of MSNs under 20 V. Here, ton is the time taken from the transmission reaching from 90% to 10% under a voltage. The MSNs concentration increased from 1-0 to 1-0.16, ton decreased gradually to 3.73 ms from 37.46 ms, and then increased when the concentration exceeded 1-0.16 due to the aggregation of MSNs. The aggregation of MSNs disturb the nearby LC alignment, which causes the longer ton of the LC molecules from parallel to vertical to the substrate, compared to pure LC molecules. The ton variation curves of pure 5CB and MSN-5CB composite as a function of the applied electric field are shown in Figure 5d. The ton of pure 5CB, as well as its MSN-5CB composite, decrease with increasing applied electric field. Similar to a 12 V electric field, the ton of 1-0.12 is the smallest of the other concentration ratios.




4. Conclusions


In summary, we developed a facile strategy to synthesize MSNs with shape-regularity and high uniformity, as well as excellent rewriting time and response time of SD1 and 5CB with MSNs doped for the ODLCD. As a result, the minimum rewriting time was 29.6 s when the SD1-MSNs concentration was 1-0.07. In addition to the excellent rewriting speed, the LC 5CB doped with MSNs of different doping concentrations possessed a lower response time. Our general approach of MSNs with SD1 and LC offers fabrication possibilities for ODLCD devices with improved rewriting speed and switching speed.
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Figure 1. (a) A schematic diagram of the fabrication process for mesoporous silica nanoparticles (MSNs). (b) Scanning electron microscopy (SEM) image of MSNs, with the transmission electron microscopy (TEM) image of a single MSN in the insert. (c) An enlarged SEM image of MSNs. The insets in panel (c) show the statistical diameter distribution profile. 
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Figure 2. (a) Chemical structure of SD1. (b) Absorption spectra of SD1 layer after exposure to linearly polarized UV light in the direction parallel (D||) and perpendicular (D⊥) to the activating light polarization accordingly. (c) Schematic diagram of SD1 molecules under linearly polarized UV light. (d) Schematic of ODLCD in which two alignment domains with planar alignment (PA) and twisted nematic (TN) domains. (e) Digital photographs with a “DHU” pattern between the analyzer and polarizer. 
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Figure 3. SEM images of the different SD1-MSNs composite films on glass substrates. 






Figure 3. SEM images of the different SD1-MSNs composite films on glass substrates.



[image: Crystals 12 01088 g003]







[image: Crystals 12 01088 g004 550] 





Figure 4. (a) Schematic diagram of ODLCD rewriting time measurement. (b) Normalized transmittance of LC cell with different MSN/SD1 ratios as a function of time. (c) The average rewriting time of 11 different SD1-MSN ratios. 
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Figure 5. (a) Schematic diagrams of the electro-optic setup and electrical switching of LCs and MCNs. (b) Schematic diagrams of the charge transformation process between the MSNs and LC molecules. (c) Response time for LC cells doped with different of MSNs concentrations. (d) Response time vs. applied electric field for pure 5CB and MSN/5CB composites. 
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Table 1. Comparison of rewriting time of this work and several reported works.






Table 1. Comparison of rewriting time of this work and several reported works.





	Methods
	Pre-Optimization Rewriting Time (s)
	Optimized Rewriting Time (s)
	Reference





	Applying electric field
	25
	7
	[22]



	Spin-coating time
	11
	8.7
	[23]



	Filling methods
	11
	6.5
	[23]



	Operating temperature
	5.2
	0.2
	[24]



	MSNs doped SD1
	69.1
	29.6
	This work
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(a) (b)
OH
3
COONa &
®
p =
o
wn
e
<
N
v
N " 1 " L M i M 1 .
300 400 500 600 700 800
Wavelength (nm)
NaO3S
l SO3Na
N
/
N
PI layer
NaOOC Glass or plastic

OH





nav.xhtml


  crystals-12-01088


  
    		
      crystals-12-01088
    


  




  





media/file2.png
n-hexane .
6 +TEOS p_—— _ :

Stirring Centrifugation .
ﬁ
12 h, 35°C

G—
6 times






media/file5.jpg
(a) 1-0.01 (b) 1-0.03
"
W
5um & 5pum
(© 1-0.06 (d) 128;9
(5o Ges
" .
v a N x
: v =
& 5pum . 5um






media/file3.jpg
@

on

¢/<oo\v-

SogNa

=,

Nags-

§

on

Glass or plast .
SD1 layer

Glass or plastic

Wavelengih (m)

(d)

Pliayer






media/file1.jpg
7 ’
(@) / NHH,0 7 n-hexane
) 4__+TEOS

Stirring
il 3
leionize 10 min

Stirring
—
12h, 35°C

D
Y






media/file7.jpg
(b)

E

206

§

= 04

3

8 o2

g

£ oo

Z % 40w w0 10 1 w0

Time (s)

© |

oy

°

£

= 50|

)

£

£ w0

H

2y

000 o0z 004 005 008 010
Concentration ratio(MSN/SD1)





media/file10.png
(a)

(b)

(€) ol
(* ]
- |
£ 30}
0 -
E °
= 20t \°\
2 i o\
o P
Q 10} °\
o ./
@ | ~o—
0 [ " | a [ " Il 2 1
0.00 0.05 0.10 0.15 0.20

Detector
Analyzer

Aperture

Sample

Polarizer
Condenser

Concentration ratio(MSN/5CB)

Response time (ms)

60

'S
(4]

w
o

-
o

—a— 1-0

—b—1-0.04
~—1-0.08
- 1-0.12
—e— 1-0.16

—o— 1-0.02
—v—1-0.06
——1-0.1
—o—-1-0.14
—de—1-0.18
——1-0.2

Voltage (V)





media/file9.jpg
Increase vol

Analyzer

Polarizer
Condenser

(©)e (d)ys
T I
Exn EY
s s
£ E%)
£ ) £
g g:n
21

5
H H
nn.lm 0.05 0.10 0.15 020 L 6 7 8 9 10 11 12

Concentration ratio(MSN/5CB) Voltage (V)





media/file0.png





media/file8.png
(b)

—a—1-0 —o—1-0.01

Y
o

0.8
0.6
04

0.2

0.0

Normalized transmittance

0 20 40 60 80 100 120 140

o
O
—

~
(=]

T T
[9]

.?/
e
%

Rewriting time (s)

\\

w
o

000 002 004 006 008 0410
Concentration ratio(MSN/SD1)





media/file6.png





